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3.9 MECHANICAL SYSTEMS AND COMPONENTS

3.9.1 Dynamic System Analysis and Testing

The startup functional testing.which will Include vibration, thermal
expansion, and dynamic effects (operational transients) on specified high and
moderate energy piping, and the associated supports and restraints. The test
program, to be supplied by the FSAR, will include:

(1) A list of systems to be monitored.

(2) A listing of flow modes and transients.

(3) A list of selected locations in the piping systems where visual
Inspections and measurements (as needed) will be performed.

(4) A l ist of snubbers on systems that will be measured for snubber travel
from cold to hot positions.

(5) A description of the thermal motion monitoring program.

(6) A description of actions necessary to correct vibration that is beyond
the acceptance levels.

3.9.1.1 Vibration Operational Test Program

The preoperational vibrational and dynamic effects testing program that is to
be conducted during startup functional testing for safety-related piping
classified as Code Class 1, 2 and 3 and for piping and component supports will
be described fully In the FSAR. The purpose of these tests will be to confirm
that the piping, components, and supports have been designed to withstand the
dynamic loadings from operational transient conditions that will be
encountered during service, as required by the ASME Code. In general terms,
the preoperational vibrational test program to confirm the adequacy of the
designs will consist of the following:

a. A listing of systems to be monitored.

b. A listing of the different flow modes such as pump trips, valve
closures, etc. to which the piping will be subjected during the test.

c. A list of selected locations In the piping system where visual
Inspections and measurements will be performed to assure that the
deflections are within the design limits.

d. A list of snubbers that will be measured for travel from cold to hot
posi tions.

e. A description of the thermal motion monitoring program.

f. If vibration is noted beyond the acceptance levels set by the criteria
of (c) above, corrective restraints will be designed, incorporated In
the piping system analysis, and Installed. Another test will then be
performed to determine that the vibrations have been reduced to an
acceptable level.
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3.9.1.2 Dynamic Testing Procedures

The seismic qualification program which will be employed to qualify all .
safety-related equipment will be described fully in the FSAR. The purpose of
this program will be to confirm the ability of all seismic Category I
mechanical equipment to function as needed during and after an earthquake of
magnitude up to and Including the SSE. In general terms, the seismic
qualification program will take into account the following:

a. Analysis without testing will be acceptable If structural Integrity
alone can assure the design-intended function. When a complete
seismic test is impractical, a combination of test and analysis will
be acceptable.

b. Mechanical equipment will be tested in the operational condition (if
possible or necessary). Loadings simulating those of plant normal
operation, such as thermal and flow-induced loadings, If any, will be
concurrently superimposed upon the seismic loading. Operability will
be verified during and after the test.

c. For the analysis or qualification, the characteristics of the seismic
input motion will be specified by one or more of the following:

(1) Sine Beats
(2) Response spectrum
(3) Time history

Such characteristics, as derived from the structure or system seismic,
will be representative of the seismic Input motion at the equipment
mounti ng.

d. The test Input motion will be characterized In the same manner as the
seismic input motion, and the conservatism in amplitude and frequency
content w Il be demonstrated.

e. When single frequency sine beat. resonant testing Is performed for
46 qualification testing, additional testing will also be performed with

multi-frequency motion such that the TRS (Test Response Spectrum)
envelops the RRS (Required Response Spectrum).

f. Dynamic coupling between the equipment and related systems, If any,
such as connected piping and other mechanical components, will be
considered.

g. Any test fixture used will meet the following requirements:

(1) Simulate the actual service mounting
(2) Cause no extraneous dynamic coupl ing to the test item

h. The in situ application of vibratory loadings on a complex active
device for operability testing will be used if It is shown that a
meaningful test can be made In this way.
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I. The test program may be based upon selectively testing a
representative number of mechanical components according to type, load
level, size, etc., on a prototype basis.

j. Analyses or tests will be performed for all support of mechanical
equipment to assure their structural capability to withstand seismic
excitation.

k. Supports that are to be tested, will be tested with equipment
Installed or with an equivalent mass that simulates the equipment
dynamic coupling to the support. If the equipment is Installed In a
nonoperating condition for the support test, the response at the
equipment mounting location will be characterized In the manner as
stated in (c) above. In such a case, the equipment will be tested
separately for operability and the actual Input to the equipment will
be more conservative In amplitude and frequency than the monitored
response.

I. The requirements of (c), (d), (e), (f) and (h), above, will be applied
when tests are conducted on equipment supports.

3.9.1.3 Dynamic System Analysis Methods for Reactor Internals

3.9.1.3.1 Summary of Overall Flow Induced Vibration Assessment Program
for CRBRP

A comprehensive vibration assessment program to assure that excessive flow
induced vibratory motion of reactor internals does not exist, is part of the
CRBRP program. The program, schematically illustrated In Figure 3.9-4,
assures the structural Integrity of reactor internals. The program
accomplishes this objective by means of the following key actions:

1. Design to avoid flow Induced vibration.

2. Evaluate susceptibility of each component to flow induced vibration.

3. Analyze to provide a model evaluation of each component.

4. Test both scale model and full system simulations.

5. Factor FFTF operational measurements and experience, as well as
relation between FFTF scale model testing and in-reactor data, Into
CRBRP evaluations.

6. Monitor upper Internals structure vibrational response during pre-
operational testing to supplement and confirm vibration results from
the model test program.

The program Integrates the Input from these sources to assure that excessive
flow Induced vibratory motion of reactor internals does not occur.

The overall program has been formulated to meet the intent of NRC Regulatory
Guide 1.20. The program relies on highly Instrumented model tests to assure
that flow Induced vibration problems will not exist in the reactor. This
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approach Is an extension of the vibration assessment program developed for
FFTF. It utilizes the experience gained from FFTF model testing, where models
were used to assess the potential for flow Induced vibration, with the
objective of developing correlations which will predict CRBRP prototypic
motions using scale model test data. Where scale model tests may not be
adequate, such as for long, slender members with flow thru clearances, full
scale tests are performed.

Details of the program's key features are provided in the following sections.

3.9.1.3.1.1 Design

CRBRP components are designed to avoid excessive flow Induced vibration.
Heavy structures are utilized, where possible, to withstand vibratory forces.
General ly, structures and components are designed to have natural frequencies
as high as practical to avoid coincidence with known forcing mechanisms.
Mechanical stresses that are caused by flow Induced vibrations that are
unavoidable must meet the fatigue requirements of the ASME Boiler and Pressure
Vessel, Section III, and Code Case N-47. When combined with the effects of
other operating conditions, maximum displacements will be limited, as
required, to assure proper functioning of the components.

3.9.1.3.1.2 Component Evaluation

A general survey of al l CRBRP reactor internals was made. in this survey the
following considerations were given to each component:

o Type of possible component excitation, vortex shedding, turbulence,
pump pulsation, jet impingement,, jet reaction, gap modulation or other
fluid elastic mechanisms..

o Importance index - based on the relative importance of the component
and type of excitation.

o Investigative priority - priority Is based on degree of concern and
whether the component can be evaluated by state-of-the-art methods.

Table 3.9-9 summarizes this survey and provides the methods selected to
address the question of flow induced vibration.

3.9.1.3.1.3 Analysis

Existing analysis methods (ANSYS, etc) are used to compute the natural
frequencies and mode shapes. Component response is calculated, assuming a
fluid forcing mechanism, and the resulting stress or component motion
evaluated. Presently, one of the most effective means of designing against
the occurrence of severe flow Induced vibration problems Is to separate
structural natural frequencies from expected excitation frequencies;
generally, natural frequencies of interfacing components are separated.

By utilizing existing flow induced vibration analysis and information, the
free and forced response of the CRBRP structures are Investigated. The
prediction of flow Induced vibration response is limited to the state-of-the-
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art in describing the fluid to forcing function associated with fluid
excitation mechanisms and.damping. Many excitation mechanisms could be
responsible for CRBRP component vibration. Some examples are cross-flow
vortex shedding, parallel flow boundary layers, fluid borne noise, wakes from
adjacent components and fluid elastic coupling between adjacent components.
Although all of these mechanisms are of concern, generally characterization Is
possible for only the first two mechanisms when each is assumed to act alone.
Even then the forcing functions are based on assumption. Therefore,
experimental evaluation of components using scale models is relied upon. The
results from the experimental portion of the program will be factored Into the
analysis and final assessment of the component acceptability regarding flow
Induced vibration.

3.9.1.3.1.4 Testing

For many regions of the reactor, the complex interaction of the flow field
with the reactor structures precludes the utilization of analytical methods
for evaluation of component flow Induced vibration. For this reason a
comprehensive series of system tests, both scale model and full scale, have
been planned for CRBRP. These tests reproduce flow fields closely matching
those which will exist In the actual reactor. The planning of the
experimental programs was carried out in consultation with recognized
personnel In the field of flow Induced vibration from the Argonne National
Laboratory, Hanford Engineering Development Laboratory and the Westinghouse
Research Laboratories. In addition, during performance of the program, the
test methods, similarity requirements, test results, etc. are continually
reviewed by these personnel as well as by personnel from other organizations
knowledgeable in flow Induced vibration. Every effort is made to ensure that
the results obtained from the model studies are correct and directly
appl icable to CRBRP.

The major models used in the experimental portion of the CRBRP comprehensive

vibration assessment program consist of the following:

a. Inlet Plenum Feature Model

b. Bench Test Models

c. Selected Full Scale Models

d. Integral Reactor Feature Model (IRFM)

A description of these various models follows. Since the IRFM test program is
the most significant part of the total test program this test is discussed In
detail in later sections. Results from the various model tests are provided
In Section 3.9.1.3.2.
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a. Inlet Plenum Feature Model (IPFM)

The IPFM models all hydrodynamically wetted surfaces in a full 360 degree
(0.248 scale) sector of the inlet plenum and lower Internal components.
This test, initiated In 1974, was completed in 1976. Seven of the 61
lower inlet modules (LIM) were dynamically simulated with accelerometers

mounted on four of these seven modules to monitor their vibrational
response. The LIMs which were dynamically simulated (i.e., equal Strouhal
number) are those located nearest to the reactor vessel Inlet nozzles,
because they are subjected to the highest cross-flow velocity and thus
most susceptible to vibration. Results from the IPFM test series are
summarized in Section 3.9.1.3.2..

b. Bench Tests

Based on component evaluations, an experimental program to evaluate the
flow Induced vibration characteristics of selected regions of the Upper
Internals Structure was established. Testing was performed by Argonne
National Laboratory in a 1/3 scale facility which structurally and
hydraulically simulated the instrumentation post and a chimney with a
lower shroud tube.

Results of these bench tests are given in Section 3.9.1.3.2.

c. Full 'Scale Model Testing

It was anticipated that during the performance of the experimental
program, the need for additional, selected full scale model tests might be
identified. For example, it became necessary to conduct selected full
scale tests on portions of the UIS~where similarity criteria or Reynolds )
number similarity could not be satisfied by scale model testing. These
full scale tests Include the gap modulation flow induced vibration test of
the control rod upper to lower shroud tube slip joint, the UIS chimney
vibro Impact test, and the IyTM port plug gap modulation flow induced
vibration test.

In addition to these full scale tests, a special test Is being conducted
on the IVTM Port Plug In conjunction with the gap modulation flow Induced
vibration test. During-the test It Is planned to assess the suscep-
tibility of the IVTM Port Plug to self-excited vibration. If the levels
do not increase, it will be a positive Indication that the potential for
self-excited vibration does not exist.

Finally, full scale testing of a prototype Primary Control Rod System - a
Primary Control Rod Drive Mechanism, Primary Control Rod Drivellne, and
Primary Control Assembly In sodium at 400OF - has been performed. The
Primary Control Drive (PCRD) was instrumented with three pairs of
accelermometers to measure Its flow induced vibration response. Emphasis
on the PCRD was at the dashpot/cup area. The PCA was Instrumented with
four accelerometers which were positioned at two elevations on the outer
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duct of the assembly. The in sodium tests were conducted In an aligned
and misallgned configuration, the test variables for a given configuration
being rod withdrawal height and prototypic sodium flow through the PCA and
the shroud tube enveloping the driveline. Results of this testing are
given i.n Section 3.9.1.3.2.

d. Integral Reactor Flow Model LIRFM)

The outlet plenum region of the reactor contains components which could
potentially have flow Induced vibration:problems. Therefore planning for
a 1/4 scale flow and vibration system model of this region was initiated
In 1975. The objectives of thelIRFM test program are as follows:

1. Measurement of the velocity pattern in the outlet plenum and In the
vicinity of major outlet plenum structures to provide input for the
prediction of flow Induced vibration.

2. Evaluation of flow Induced vibration characteristics of selected
outlet plenum structures.

3. Evaluation of flow Induced vibration characteristics of the primary
and secondary control rod drivelines.

It was decided that to satisfy these objectives the model test program
would be conducted in two phases since the design of all outlet plenum
components was not finalized. For the Initial phase of IRFM testing,
Phase I, approximately 100 accelerometers were located on critical regions
of the outlet plenum components as shown in Figure 3.9-5. The location of
this instrumentation Is based on modal analyses of these components.
Table 3.9-10 summaries the instrumentation planned for the Phase II
vibration tests in IRFM.

In order to satisfy the objectives of the test program the following tests
were performed during Phase I:

1. Velocity Test (outlet plenum for both three-loop and two-loop
operation, Inter-chimney region, chimney, core assemblies - upper
Internal s).

2. Flow Induced Vibrations (preliminary evaluation of current designs).

A flow step summary of the flow Induced vibration test is provided in Table
3.9-6. As the table shows, vibration data was obtained on the model for the
full range of anticipated flow including the refueling mode. In addition to
the flow Induced vibration data, experimental modal analysis (shaker tests) of
the UIS and outlet plenum Internals was conducted for two conditions: (1) the
model dry In air and (2) no flow but model vessel full of water. For the
Phase II testing, the flow Induced vibration test sequence will be repeated.
The shaker tests will also be repeated for the final designs.
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Model Description

The IRFM is an approximately 0.248 scale model of the wetted surfaces In the
CIBRP reactor outlet plenum. It Is a 3600 model, including three outlet
nozzles as In the CRBRP reactor, and is capable of two or three loop
operation. The vessel support Is not prototypic, but''is provides sufficient
frequency separation between support, vessel and components.

Both hydraulic and vibrational testing are performed In IRFM. However, since
flow Induced vibrations are of concern for only certain outlet plenum
structures, only those structures will reflect hydraulic and structural
simulation. Table 3.9-8 is provided to define the components which require
one or both types of simulation.

In the design of the IRFM, provision was made for simulating the height
variation of the reactor assembly exit nozzles., Provisions were also made for
simulating misal ignment between the UIS and'the core. Two height and two
radial alignment variations have been tested. Also, the refueling position
mode, In which the upper internals structure Is ralsed 9-1/2" and decoupled
from the lower Internals, has been tested..

For the Phase I serles of tests the fol lowing components were modeled in IFRM:

0
0

0

0
0

0

0

0

Upper Internals Structure
I nstrumentati on Post
Instrumentation Conduit.'
Liquid Level Monitor
IVTM Port Plug
Ex-vessel Transfer Machine Guide Tube
Upper Control Rod Shroud Tube
Control Rod DrIvellne
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The second phase of IRFM testing structurally simulates the final, released
designs of outlet plenum hardware. Phase II model simulations provide data on
prototypically modeled components prior to reactor operation and will be used
to predict prototypic vibration of outlet plenum components. To date the IRFM
has been modified to Include the thermal liner, the outlet nozzle liner; a
redesigned Liquid Level Monitor Port Plug (LLMPP), and a dynamic simulation of
the vortex suppressor plate. For the final series of IRFM Phase II tests, the
simulation of the UIS is being modified to Include dynamic simulation of the
following: two chimneys, the thermal liner plates In the mixing chamber, and
the UIS jacking mechanism method of UIS column support.

In addition, It Is planned to locate four blaxial accelerometers on the UIS
model to monitor Its gross motion during a simulation of the reactor's
preoperational test progran. The accelerometers are located on the model In
the Identical positions of the plant accelerometers. By correlating the data
fron these two sets of accelerometers, predictions on the motion of the
prototype unit can be made from data obtained from the highly Instrumented
IRFM model.

Vibration Modeling Considerations

The similitude requirements for valid flow induced vibration model testing are
generally well known (see Refs. 1 and 2).

Similitude ratios which are pertinent to flow Induced vibration modeling are
summarized below. Subscripts m and p refer to model and prototype,
respect i vel y.

(Re)W/(Re)p, where Re Is the Reynolds number (DU/y),

Sm/Sp, where S is the Strouhal number (fD/U),

(Ps/p)m/(Ps/pD)p, whereps Is the str•Ucture material density andp Is the
fluid density, and

(6nl) where bis the log decrement.
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For a given structure in Incompressible flow, and Ignoring (a) external ly
driven boundary motions, (b) external ly generated forces (such as pump
pulsations), (c) surface wave effects (Froude number), and (d) surface tension
effects (Weber number) the dependent parameters of Interest are a function of
four main Independent parameters.

/DA D LAyL p' 5[

where y = vibration amplitude

D characteristic length (diameter)

fn = natural frequency

U = flow velocity

/Os = density of structure

0= density of fluid

V•= kinematic viscosity

mechanical damping, log decrement

An equivalent set of parameters Is:

y/D 95 K As Da c7 =1-

where K = spring rate, lb/In
C = mechanical damping constant, lb-sec/In

9
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For gecmetrically similar structures, Ithe scaling law between model and
prototype using subscripts m and p respectively, Is

This relationship will hold when the four similitude paraneters are the same
In model and prototype.

Table 3.9-7 shows the flow vibration parameters and associated ratios for the
model and prototype.

In the following paragraphs, the similitude ratios are discussed as they
pertain to the IRFM simulation. The model fluid will be water at 100OF and
the prototype fluid is sodium at 9500F. The structural material is stainless
steel.

Reduced Frequency and Density

Using stainless steel and a model temperature of 100OF will result in com-
ponent stiffnesses which are approximately 24% greater than properly scaled
values.

Because the stiffness is about 24% higher, the vibration natural frequencies
will be about 11.4% higher as a result. To obtain the same values of reduced
frequencies fnD/U in the model as in the prototype, the model flow velocities
must be 11.4% higher than the prototype flow velocities. The structural mass
will be properly scaled, but the fluid densities will not.
Under these conditions, the fluid elastic parameter K/oU2 D will be .83 times

the prototype value, which Is conservative.

Reynolds Number

A modeling scale Dmodel/D prototype = 0.248 has been chosen. A flow velocity
ratio Umode,/U prototype = 1.1 was chosen, corresponding to an operation
condition giving the same reduced frequency of structural vibration, f-D/U, in
model and prototype. Under these conditions the ratio of Reynolds num ers (Re
- Du/V) will be:

Remodel/Reprototype =0.1

Reynolds number will not be duplicated In the model. This Is not considered
to be significant except possibly in a limited flow/vibration regime. This is
further discussed below.
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Circular cylinders In steady cross flow exhibit regular vortex shedding with
well defined shedding frequency in the Reynolds number redime 80<Re4_3.5 x 105
(subcritical) and Re > 3.5 x 106 (transcritical), where Re = DU/V Is based on
the cyl Inder diameter D and cross flow velocity U. For 500 <jRe<_ 3.5 x 105 the
shedding frequency fs is given with fairly good accuracy by fs = .2 U/D Hz*,
whereas for Re 2 3.5 x 10 , f = .27 U/D. In the subcritical and
transcritical regimes, coinclence between vortex shedding frequency fs and
structural vibration natural frequency f can give rise to large alternating
forces and large lateral vibration ampliqides. In the supercrit ical regime,
3.5 x 105 <_Re<- 3.5 x 106, any shedding Is Irregular and the resulting
vibration excitation forces are random. Therefore In the supercritlcal reglon
there is no possibility of driving frequency coincidence with the structural
vibration natural frequency.

On account of the foregoing considerations, It Is important to identify the
Reynolds number regimes of cross flow past cylindrical structural components
of CRBRP prototype and flow vibration models.

Values of Reynolds numbers in the model and In the prototype, determined for
the aforementioned assumed conditions are given in Figure 3.9-3 as functions
of the product (prototype cross flow velocity) x (prototype cylindrical-
component diameter). Also Indicated In Figure 3.9-3 are the limits defining
the supercritical regime of random excitation. It can be seen that the model
will be conservative for subcrltlcal flows but non-conservative for trans-
critical flows. That is, there is a DU regime (11 In-ft/sec <_DU<- 107
In-ft/sec) where vortex shedding frequency coincidence that might take place
In the model would not take place in the prototype; and there is another DU
regime (116 In-ft/sec <DUI< 1200 In-ft/sec) where vortex shedding frequency
coincidence that might take place In the prototype would not occur in the
model. CRBRP model vibration test results must be viewed with this point in
mind. The mismatch in Reynolds numbers emphasizes the need for analytically
examining upper Internals components for susceptibility to vortex shedding
excitation.

*In the formulas for shedding frequency, the units of U and D are such that
U/D has units of sec- 1 .
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Density Ratios

The value of density ratios, ýPs/p) (p s/ )PV from Table 3.9-7 is 0.851. The
hydraulic modeling in IRFM is desigNed To reproduce the flow fields and thus
the fluid forcing functions which will occur in the actual reactor. The
difference in density ratio between model and prototype results in model
structures having a lower natural frequency than comparable prototype
structures when the effects of the virtual mass of the fluid in the model are
considered. By applying equivalent fluid forcing functions on the model and
prototype, the onset of unstable vibrations, if present, will occur in the
model before the prototype. The increased density of the test fluid also
provides a slightly higher driving energy in the model as opposed to the
prototype. Both effects are small but make the model testing conservative.

Vibration Displacements

With respect to the modeling based on the requirements that the ratio of
model-to-prototype Strauhal number be unity, the previously cited regimes of
DU will establish the scalability of model results. In those regimes where
the model is conservative, the effect of density ratio damping should be
further conservatism. Then the ratio (y/D) = (y/D) is considered
conservative. The model results obtained imn the noneconservative regime and
the regime wherein S./S / I are not directly scalable to the prototype, and
the results must be further analyzed based upon the test circumstances to
establ ish applicability.

Model to Prototype Scaling Ratios

Based upon the values of Table 3.9-7 and the geometric scal ing ratio of 0.248,
the following are model-to-prototype ratios of measured parameters:

fm/fp = 4.432 (frequency)

A•/A = 0.248 (displacement)
m p

Fm/Fp = 0.076 (force)
m1 ,p

x m/X 4.871 (acceleration)
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To aid concentration of the testing on areas of significance, guidelines have
been established for vibration levels requiring detailed measurements and
assessment. If the vibration measurement for a component show either
acceleration levels greater than 0.3g's, occurrance of Impacting or a flow
rate dependent resonance, the component data Is assessed for potential design
Impact with additional measurements performed If necessary to obtain con-
clusive data. If neither of these effects occur, the component does not
require further vibration assessment.

3.9.1.3.2 Test Resuits

A. IEE

Data from the IPFM tests show the maximum prototypic vibrational
amplitude of a LIM Is 0.2 mils. This value Is very low and Is
structurally acceptable. The tests have also shown that dynamic
coupling between the Core Support Structure and the LiMs Is neglible.

B. Bench Model Tests

Test results from the 1/3 ANL scale model of an instrumentation post
Indicate vibrational response is extremely small, less than 0.4 mils
in bending. Testing of an outer chimney (chimney located above a
blanket region) showed small vibration amplitudes and only slight
rattling between the chimney and its support. Testing of a central
chimney with a shroud tubie (chimney located above an active region of
the core) Indicated similar results.

C. Full Scale Model Testing

o The upper to lower shroud tube slip joint test have been success-
fully completed with no excitation mechanism discovered for
simulated prototypic leakage conditions.

o The UIS chimney vibro-impact test has been completed and the data
is being evaluated. Preliminary evaluation of test data Indicates
that no gross motion of the chimney occurs at flow rates up to 95%
of design flow rate. At 95% of design flow rate, signals from
displacement transducers Indicated fluctuations. It does not
appear however that Impacting is occurring at the 95% flow
condition. Additional data evaluation Is being performed and the
model will be visually Inspected for signs of impacting at
disassembly.

Primary Control Rod System Tests

o Low energy level flow Induced vibration occurred across a broad
frequency spectrum.
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o Acceleration levels Increased according to the square of flow
velocity without Indicating any resonant peaks or Instabilities.

o Vibration behavior of the system was not significantly affected by
either rod withdrawal height or misalignment.

o Low level flow Induced impacting did occur In both the dashpot and
control assembly areas. The acceleration magnitude and rate of
Impacting also Increased approximately as the square of the flow
rate.

D. IRFM Phase I

Test results of the Phase I tests can be summarized as follows:

o The measured responses of instrumented components were general ly
small and proportional to the flow rate over the flow regime
tested.

o There were no observed unstable dependencies upon flow rate nor
abnormally high fluid excited forced components.

o There were no observed occurrences of vortex shedding synchronous
with component resonant frequency over the full flow range tested.

o The vibrational characteristics of the UIS and Instrumented outlet
plenum components were essentially Independent of core config-
uration, loop mode operation, and UIS/core alignment.

o Impacting was observed on the following components, with the
location of impacting coinciding with assembly gaps Incorporated
In the prototype design and scaled In IRFM;

UIS Keys/Core Former Ring

At 110% flow a maximum Impacting of approximately 2.1 g's peak-to-
peak was measured on an accelerometer mounted on the model core
former ring radially outward from the keyways. The cyclic rate of
this impact was less than 1 cycle/sec. The corresponding g value
In the plant is 0.43 g's.
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UIS Upper Shroud Tube/Lower Shroud Tube

At 110% flow a maximum Impacting of up to 3.5 g s p-p at a cyclic
rate of 4 to 5 Impacts/sec was detected. These measurements were
recorded from a shroud tube containing a control rod drivellne.
Another shroud tube without a CRDL exhibited Impacting level of 3
g's p-p with a cyclic rate of 2 impacts/sec. These g levels when
scaled to the reactor are 0.71 and 0.62 respectively. Based on
these results, a full scale model test of the upper to lower
shroud tube joint was performed for the final design configur-
ation. As noted In C above, no vibrational problems were found.

Chimney/Spider/Lower Shroud Tube

This region was not directly Instrumented for Phase I but
responses on neighboring accelerometers Indicate Impacting was
probable. The results of the full scale chimney test are
described in C above.

UIS Column/Closure Head

Indications of impacting were detected with maximum levels of
response less than 1 g p-p and a cyclic rate less than 1
Impact/sec. The corresponding g value for the plant is 0.21 g's.

Control Rod Drivellne .0
The control rod drivelineresponse was acceptable at 100% and
higher fluid velocities. Impacting at the dashpot/piston
interface was Infrequent.

E. IRFM Phase 1I

Results from the completed portions of the Phase II testing are as
fol lows:

o The measures response of the Phase II components was general ly
small.

o The termal liner, outlet nozzle liner, and the Liquid Level
Monitor Port Plug measured responses exhibited no unstable, flow
rate dependency nor excessively high fluid excited response over
the entire range of flow rates tested. Suppressor plate measured
response was generally consistent and small over the range of test
flow rates. The measured displacement amplitudes were less than
0.5 mils rms (model scale) at the maximum observed response
levels.

S
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o The gross motion of the UIS during simulated refueling conditions
(UIS raised to remove keys from the core former structure) was
generally of low amplitude and erratic. The dominant measured
lateral frequency was 12 Hz with calculated displacements on the
order of 0.1 to 0.2 mils rms (model). Infrequent large amplitude
responses were recorded. The maximum peak model displacement at
the lower end of the UIS during.these large amplitude responses
was 16 mils. The motion was very sporadic and random occurring
once every two to f ive seconds on the average.

3.9.1.3.3 ApplIcation of FFTF Experience to CRBRP

The CRBRP reactor intervals vibration program Is similar to the FFTF vibration
program and was formulated to maximize use of FFTF experience. Both programs
utilize a combination of analysis, scale model tests, feature tests and
selected in-reactor vibration monitors. The FFTF Hydraulic Core .Mockup (HCM),
a 0.285 scale model, was designed to simulate the vibrational and hydraulic
characteristics of the reactor system just as IRFM does for the CRBR.
Vibration measurements were obtained In the HCM and found to result in
acceptable vibration levels.

FFTF in-reactor vibration monitoring of selected components was performed
during pre-operational acceptance testing for confirmation of the scale model
test conclusions. Pre-operational, non-nuclear, In-reactor vibration tests
Included accelerometer instrumentation In the Instrument Tree Guide Tubes
(IGTs) and the Vibration Open Test Assembly (VOTA). Upon completion of the
non-nuclear acceptance tests, IGT accelerometers were replaced with normal
plant instrumentation for nuclear operation while the VOTA Instrumentation was
retained. Although the HCM and FFTF tests do not have identical Instru-
mentation locations to permit direct one-to-one comparison, the FFTF data
permits conclusions on the following points: 1) Overall vibration conclusions
from both FFTF and HCM; and 2) Comparisons of HON scale model .test results
with FFTF measurements for similar, although not identical, locations.

The overall conclusions from the HCM and FFTF tests are:

o Overall test results from HCM and FFTF were similar and in fair
agreement with respect to frequency and rms for similar instrumented
components.

o No gross vibrational problems such as significant Impacting were
observed in either HCO or FFTF.
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o The measured responses were stable and a function of Increasing flow
rate.

o There Is no Incidence of syncronous vortex shedding at component
natural frequencies.

FFTF In-reactor vibration measurements were obtained from two Instrument Tree
Instrument Guide Tubes (IGTs) representing the shortest and longest IGTs.
Accelerometers were mounted on a flow and temperature removable
Instrumentation assembly Inserted In the IGTs. The HON IGT accelerometers
were mounted external ly on the IGTs. However, the HCM IGTs were not
prototypic of the final FFTF design. Figure 3.9-7 compares the first mode rms
displacements for the two shortest HCM IGTs with the shortest FFTF IGT. The
HCM rms displacement prediction compares well with the FFTF results and are
conservative. The HON frequency prediction is quite good and consistent with
the slight length differences. For the longer HCO IGTs and the longest FFTF
IGT, the frequency and flow dependence are similar in trend with the HCM rms
displacement predictions being non-conservatively smaller (approx. 7 mils
max.) than FFTF (approx. 30 mils max.). The non-prototypical lty of the HON
IGTs is expected to be more Influential for the long IGTs and could be the
cause of the non-conservative HON results In this case.

The FFTF Vibration Open Test Assembly (VOTA) was designed primarily as a
vibration sensor and Is a 40 foot assembly spring loaded Into a core assembly
receptacle. The HCM Closed Loop In-Reactor Assembly (CLIRA) Is similar to the
FFTF VOTA. The HCM CLIRA accelerometer measurements were scaled to FFTF and
modified for differences In accelerometer locations based on analytical mode
shapes for fully constrained and partially constrained support conditions.
The Isothermal VOTA tests showed a first mode response of 4 Hz indicating
partial constraint. Figure 3.9-8 compares the FFTF VOTA Isothermal results
with the projected HCM results for partial constraint. The agreement is quite
good. During FFTF power ascent, the VOTA first mode shifts from 4 to 10 Hz
due to Increased core clamping. The VOTA results for this condition compared
to the HCM CLIRA projections for full constraint show that the HCM results are
conservative (approx. 3 mils rms displacement compared to 1 mil for VOTA).

The FFTF vibration comparisons confirm that the HON scaling parameters
(similar to IRFM vibration movel parameters given In Section 3.9.1.3.1.4)
generally result in the expected conservative predictions for the reactor
internals. The agreement between FFTF and HCM results Is quite good for both
overall vibration conclusions and for comparable vibration magnitudes.
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3.9.1.3.4 Overall Test Conclusions

The good agreement between FFTF and HCM test results support the validity of
well designed scale model testing for predicting reactor internals vibration
response. Acceptable comparisons between FFTF and HCM were obtained for
vibration displacements, flow dependence and frequencies with both tests
showing low vibration levels for FFTF.

The CRBR reactor internals scale model and full scale test results complated
to date show no Indication of any significant vibration problems. No unstable
dependence upon flow rate nor highly fluid excited forced components have been
observed. Vibrationally Induced Impacting at gaps has been shown to result In
low g level impacts judged to be below material damage thresholds. Although
some testing remains to be complated for final design configurations, the
differences between the preliminary and final test configurations are not
likely to cause a major change In the vibrational responses for the outlet
plenum components. Where the acceptability of scale model testing might be
questionable such as for flow thru small clearances (UIS shroud tube gap, IVTM
port plug, primary control rod driveline), full scale tests were performed to
further assess vibration potentials.

In general, the test configurations were constructed to maximize the gaps
between components. In the CRBR, misalignments from normal manufacturing
tolerances (UIS chimneys, shroud tubes and IVTM port plug for example) and
thermal gradients MUIS mixing chamber liner plates and the horzontal baffle
for example) tend to close gaps and minimize vibration potentials.

Both the FFTF and CRBR pre-reactor operation test programs have shown no
significant vibrational problems for the reactor internals. The CRBR plan for
In-reactor confirmation of the test results is similar to the FFTF In-reactor
program of using In-reactor vibration monitoring of selected components to
confirm the pre-reactor operation test and analysis results.

The FFTF VOTA accelerometers In the core regions exhibited excessively large
reciprocal of frequency (I/f) noise characteristics starting at very low power
levels (<1%). Accelerometers above the core had minor low frequency
degradation as a result of elevated temperature exposure (<10000F). The
mechanisms for these effects are not fully understood at this time. FFTF
utilized piezoelectric, lithium niobate crystal accelerometers for the In-
reactor tests which are the same accelerometers planned for CRBR In-reactor
testing. Based on these FFTF results, the accuracy of CRBR measurements under
reactor power conditions cannot be determined.
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3.9.1.3.5 CRBRP In-Reactor Vibration Monitoring for Reactor Internals

The results of the test and analysis program completed to date have shown the
adequacy of the reactor internals for flow Induced vibration considerations.
To supplement this comprehensive vibration assessment program and to provide
confirmation of scale model test results, vibration monitoring of the UIS is
planned for CRBRP. While the test results Indicate acceptable vibration
levels for all reactor internals, the principal area of concern from an
Inadequacy of the pre-reactor operation test program would be gross vibratory
motion of the UIS. Conceptually, gross vibratory motion of the UIS could
cause impacting of the keys to the core former structure keyways with
resulting fatigue failures at the keys or other gap elements. Based on the
vibration test results, other areas of the reactor Internals are even less
sensitive to vibration than the gross UIS motion.

Four blaxial accelerometers will be located on the UIS as shown In Figure
3.9-6. As can be seen from the accelerometers' orientation, lateral, vertical
and torional motions of the UIS or Impacting at the UIS keys can be monitored
with the accelerometers.

Accelerometer measurements will be recorded and evaluated at Varying flow
rates during pre-operational testing. Acceptable accelerometer performance at
temperatures above about 600OF and at reactor power conditions cannot be
assured. If the accelerometers remain operational with acceptable accuracy,.
data will be obtained and evaluated during the Initial power ascent.

Phase II of the IRFM scale model tests has four accelerometers in the UIS at )
the same location as the CRBRP UIS. These IRFM accelerometers willI be
correlated with other extensive instrumentation on the IRFM UIS to provide a
reference data base for interpretation of the CRBRP UIS accelerometer
measurements. Identification of the peaks and frequencies In the IRFM tests
will provide guidance for assessment of the CRBRP measurements.

Vibration data from the final series of IRFM tests will be evaluated to
demonstrate component acceptabil Ity and to develop acceptance criteria for the
CRBRP internals vibration tests. Components with significant vibration In the
IRFM tests will be evaluated to show stress, fatigue and wear acceptability
Including allowances for test uncertainties. These analyses will, be used to
develop acceptance criteria for the plant tests to assure that UIS structural
and functional requirements are satisfied. The UIS measurements will be
compared to the acceptance criteria and to the IRFM data. Major differences
between the IRFM and plant data will be assessed to assure that the
differences are not an indication of an unexpected, significant vibration
problem. Acceptance criteria for the UIS accelerometer measurements will be
provided In the FSAR.

)
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3.9.1.3.6 AoDlication of Reaulatorv Guide 1.20

The fol IowIng comments address appl Ication of Regu I atory gu I de 1 .20 to CRBRP.

Regulatory Position C.1: Classification of Reactor Internals

The classification provided In this regulatory position will be followed by
the CRBRP Project to categorize the reactor internals. It is anticipated that
most of the CRBRP internals will be in the category of "Prototype."

Regulatory Position C.2: Vibration Assessment Program for Prototype Internals

Item C.2.1 (Vibration Analysis Program), is applicable to CRBRP. The scope of
the analysis for the CRBRP is described In Section 3.9.1.3.1 and Chapter 4 of
the PSAR.

Item C.2.2 (Vibration Measurement Program) Is applicable to CRBRP. The test
operating conditions will be provided when the preoperational and Initial
startup test details are established.

The provisions as given In Item C.2.3 (Inspection Program) were developed
primarily for LWRs. Due to the limitation of the state-of-the-art of
inspectability of LMFBRs, the requirements set forth in Item C.2.3 are
considered largely not applicable to the CRBRP.

The Intent of Item C.2.4 (Documentation of Results) will be met, as
applicable, in the context of the program described above.

Item C.2.5 (Schedule) Is provided herein. Sub-item 1 requesting classi-
fication of the reactor Internals is fulfilled by the above "Prototype"
designation. Sub-item 2 for a commitment on the scope of the vibration
assessment program Is fulfilled by Section 3.9.1.3. Sub-items 3 (description
of the vibration measurement phase) and 4 (summary of the vibration analysis
program) will be provided in the FSAR as a further development of the
information given in Section 3.9.1.3. Sub-item 5 requests preliminary and
final reports within 60 and 180 days, respectively, of the completion of CRBRP
vibration testing. CRBRP reports will be provided consistent with these
requested periods.

Regulatory Position C.3: Vibration Assessment Program for Non-Prototype
Reactor Internals

Presently, no CRBRP reactor internals are expected to be classified as
"Non-Prototype." Therefore, no assessment with regard to the applicability of
this regulatory position Is attempted at this time.
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3.9.1.4 Correlation of Test and Analytical Results
(To be Supplied in the FSAR)

3.9.1.5 Analysis Methods Under Accident Loadings

Detailed information on the analysis methods for the reactor
components and the reactor coolant system under accident loadings will be
provided in the FSAR, including a summary of the results of the analyses
and the associated loading combinations. An over-view of the procedures
to be employed is summarized in the following. Structures and components
of physically connected systems will either be idealized as a single
mathematical model or subdivided into smaller separate mathematical models
depending upon the significance of the associated coupling effects. In
all cases, the dynamic coupling effects will be included in the analysis.
In most cases, the structures and components will be modeled as multi-
degree of. freedom spring-mass-da~hpot systems.

Where the complexity of the system and components so requires,
finite element codes will be used for adequate representation of the
structural system. Significant non-linearities, such as gaps or clearances
between components will be considered and included in the mathematical
model. A nonlinear time history analysis which considers the impact forces
generated at the gap locations will be used. Translational and rotational
degrees of freedom will be considered at the mass points, as well as
rocking at foundations or points of support. Nonsymmetrical features of
geometry, mass and stiffness will be modeled to include their torsional
effects in the analysis. Hydrodynamic effects resulting from confined 2
fluid subjected to vibratory motion will be considered in the mathematical
model where applicable. Soil-structure interaction parameters will be
included in the model of the structures.

0
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P Where appropriate, the mathematical model of a large system may be subdividedinto two or moe subsystems. The uncoupl ing of the mathematical models can be
justified If the mass and stiffness of the supporting and supported subsystems
are such that they do not appreciably affect the dynamic response of each
other, or If the mathematical models can be suitably modified to account for
the Interaction effects at the Interfaces. The justifications for
mathematical models uncouplling will be documented with the design analysis.
Decoupl ing criteria are given In Appendix 3.7-A.

The seismic forcing functions will be In the form of response spectra and/or
motion time histories at the support point of the system or subsystem being
analyzed. Other forcing functions will be provided later.

Dynamic analyses will be made using a modal analysis, plus either response
spectrum analysis, or integration of the uncoupled modal equations, or by
direct integration of the coupled differential equations of motion. In
addition, other dynamic analysis methods exist (such as Laplace and Fourier
transforms, and power spectral density analysis) and may be used, but the
Westinghouse computer program and machine capability conveniently perform the
above analyses on a production basis.

See Section 3.7 for a detailed description of the seismic analysis methods.
.Briefly, a dynamic analysis consists of mathematical modeling of a structure
or component, determining the equations of motion of the system, and solving
the equations of motion for the forcing functions considering the system
boundary conditions.

In general, a computer program will be used for performing the dynamic
analyses. Exceptions may exist where a limited amount of complexity and/or
number of degrees of freedom exists, and a hand solution can be made. The
mathematical model, boundary conditions, and forcing functions are Input to
the program and deflections, stresses, etc., are output from the program.

Loadings involving operating loads In conjunction with Seismic Loads for ASME
III Code components are combined In the manner described in Appendix 3.7-A.

In the design of the ASME III Code components, the absolute or linear
summation (ABS) method is in general used when combining the stresses due to
plant transients or accident loads and the loads caused by natural phenomena
such as OBE or SSE. The square root of the sum of the squares (SRSS) method
is used where-appropriate such as in the calculation or combination of the
seismic loads as described in Section 3.7.2.1.2 and Attachment A to Appendix
3.7-A of this PSAR.

• I
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3.9.1.6 Analytical Methods for ASME Code Class 1 Components and
Component Supports*

The design transients for these components are described in Appendix B of this
PSAR. The analytical methods and stress limits will be discussed In the FSAR.
The evaluation of ASME Code Class 1 components will comly with the
requirements of the ASME Boiler and Pressure Vessel Code Section III,
Subsection NB, supplemented by the following:

(1) Low Temperature Components (below 800OF) for austentic steels and below
720°F for ferritic steels):

RDT Standard E15-2NB-T, October 1975.

NUREG-0800, Section 3.9.3, ASME Code Class 1, 2, and 3 components,
component supports, and core support structures.

I (2) Elevated Temperature Components:

(a) Interpretations of the ASME Boiler and Pressure Vessel Code Case
1592, "Class 1 Components In Elevated Temperature Service Section
I I I".**

(b) RDT Standard F9-4T, "Requirements for Design of Nuclear System
Components at elevated Temperatures" Jan. 1976.

(c) RDT Standard E15-2NB-T, October 1975.

(d) NUREG-0800, Section 3.9.3.

The inelastic and limit analysis methods having the stress and deformation
(limits) established by the ASME Code, Section III, and Code Case 1592
(elevated temperature design) for normal, upset and emergency conditions may
be used with the dynamic analysis. For these cases, the limits are
sufficiently low to assure that the dynamic elastic system analysis Is not
I nval idated.

For the case of elevated temperature components designed in accordance with
Code Case 1592, conservative deformation (or strain) limits have been
formulated to help ensure the applicability of the other rules of the Code
Case; i.e. the strain limits In Code Case 1592 are set conservatively low such
that they effectively ensure that small deformation theory Is applicable for
most structural analyses of elevated temperature components. The small
deformation assumptions, which have been the cornerstone for analyses of
structures at low temperatures, are retained by the majority of current
computer structural models being used for elevated temperature analysis.

**There are no deviations at present. All supplemental criteria will be
fully identified and justified in the FSAR.

*The code editions and addenda are those shown In Table 3.2-5 for the
appropriate components

Amend. 76
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The elevated temperature Code Case places the following limits on the maximum
accumulated Inelastic strain for parent.materlal (Section T-1310 of Case
1592):

1. Strains averaged through the thickness, 1%

2. Strains at the surface due to an equivalent linear distribution of strain
through the thickness, 2%

These limits are consistent with the NRC Standard Review Plan, Section 3.9.1,
which states that small deformation methods of analysis typically tend to have
acceptable effective strain limits In the range of 0.5 to 1.5 percent.

For components designed in accordance with the low temperature rules of
Section III of the ASME Code, the 3 Sm limit on primary-plus-secondary stress
ensure the applicability of small deformation theory: i.e., the 3.Sm limit
ensures shakedown and precludes ratchetting.

For faulted conditions, the plastic and limit analysis stress and deformation
limits are specified in Appendix F of the ASME Code, Section III. These
limits are established in terms of an equivalent adopted elastic limit which
can be used with a dynamic elastic system analysis. Particular cases of
concern will be checked by use of simulated inelastic internals properties in
the elastic system analysis.

At the component level, use of plastic or inelastic stress analysis or
application of inelastic stress and deformation limits may be used with the
elastically calculated dynamic external loads provided that shakedown occurs
(as opposed to continuing deformation) or deformations do not exceed specified
limits. Otherwise, readjustment to the elastic system analysis will be
required. A list of components for which inelastic analysis has been
performed or is planned is shown In Table 3.9-11.

Complete system inelastic methods of flexibility analysis combined with
inelastic stress techniques may be used If there Is justification.

Design loading combinations to be used for ASME Section III Class I components
are those as given in Appendix 3.7-A with the additional combinations given
be Iow.

Normal and Emergency Conditions: Dead + Live + Operating
+ Thermal + Transients

The complete set of load combinations for ASME Code Class 1, 2, and 3
components Is summarized in Tables 3.9-5a and 5b. Active components will be
qualified for operability on a component by component basis in accordance with
Reference 12, PSAR Section 1.6.

ASME Class I Component Supports will be designed and analyzed to the rules and
requirements of ASME Section III Subsection NF. The methods for analysis and
associated allowable limits that are used in the evaluation of plate and shell
type and liinear supports for faulted conditions are those defined In ASME
Code, Section III, Appendix F.

Amend. 76
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The load combinations for ASME Class 1 Component Supports are given in Table
3.9-5a and 5b for normal, upset, emergency and faulted plant conditions. The
stress limits to be used in the design of the Cl~ass 1 supports for the various
service loadings are provided in Table 3.9-5c.

Component supports may be designed using the following three design
procedures: (1) Design by Analysis, (2) Experimental Stress Analysis, and (3)
Load Rating. Plate and shell type supports shall be designed and analyzed In.
accordance with the rules of paragraph NF-3220 of .Subsection NF. Elastic
analysis based on maximum stress theory in accordance with the rules of
NF-3230 and Appendix XVII-2000 (Section III) shall be used for the design of
linear type supports. For component support, configuration~s where compressive
stresses occur, the critical buckling stress shall be taken into account. To
avoid column buckling in compression members, local instability associated
with compression In flexual members and web/flange buckling In plate members,
the allowable stress shall be limited to one-half of the critical buckling
stress for plate and shell type supports and to two-thirds of the critical
buckling stress for linear type supports. The calculation of the critical
buckling stress shall account for the member slenderness ratio, width-to-
thickness ratio of member flange, depth-to-thickness ratio of the member web
and laterally unsupported length. Dynamic buckling as well as static buckling
shall be considered when calculating critical buckling stress. The critical
buckling Is defined as the CRC curve (Column Research Council).

The design of bolts for ASME Class I Component Supports for normal and upset
plant conditions will be in accordance with paragraph NF-3280 of ASME Section
Ill, Subsection NF. For emergency and faulted plant conditions, bolts will be
treated as linear supports, and the methods for analysis and associated
allowable limits are those defined in paragraph NF-3230, Subsection NF and
paragraph F-1370, Appendix F of ASME Code, Section 1.11, respectively.

The stress limits for the Emergency Conditions may be Increased by one-third
over the values for the normal/upset conditions.. For the Faulted Conditions,
the allowable stresses obtained for the normal conditions may be increased by
a factor of 1.2 (Sy/Ft). In no case shall the allowables for the Emergency/
Faulted Conditions exceed the yield strength of the material at temperature.

Additional Material Design Considerations

o The ASME Code, Winter 1982 Addenda,, reduced fatigue design curves for
austenitic materials cycled beyond 106 cycles will be evaluated.

o The design curves being developed by ASME Code Committees, Winter 1982,
regarding the 2-1/4 Cr - 1 Mo elevated temperature fatigue design will be
evaluated.

o Wherever the simplifled elastic-plastic method of the ASME Code has been
used, an evaluatlon of a conservative or actual :plastic strain
concentration and the resulting fatigue design life will be performed.
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3.9.2 ASME Code Class 2 and 3 Components and Component Supports*

3.9.2.1 Component Operating Conditions and Design Loading Combinations

Design pressure, temperature, and other loading conditions that provide the
design basis for fluid system Code Class 2 and 3 components are described in
Appendix B of this PSAR and referenced In the sections that describe the
system functional requirements.

3.9.2.2 Design Loading Combinations

Design loading combinations for ASME Code Class 2 and 3 components, and
piping, are given In Appendix 3.7-A which are the same as for Class 1
components. Corresponding stress and pressure limits for each case are
specified In Section 3.9.2.3.

For ASME-III Class 2 and 3 components which are not sodium-containing and high
temperature, the CRBRP will fully conform with the requirements of ASME-I1I
Code. The load combinations given In Tables 3.9-5a and 5b will be utilized.

ASME Class 2 and 3 Component Supports will be designed and analyzed to the
rules and requirements of ASME Section III Subsection NF. The design and
analysis of Class 2 and 3 component supports shall be as discussed In Sectionp 3.9.1.6 for Class I supports.

The load combinations for ASME Class 2 and 3 Component Supports are given In
Table 3.9-5a and 5b for normal, upset, emergency and faulted plant conditions.
The stress limits to be used In the design of the Class 2/3 supports are
provided In Table 3.9-5d.

The design of bolts for ASME Class 2 and 3 Component Supports for normal and
upset plant conditions will be In accordance with paragraph NF-3280 of ASME
Section III Subsection NF. For emergency and faulted plant conditions, bolts
will be treated as linear supports, and the methods for analysis and
associated allowable limits are those defined In paragraph NF-3230, Subsection NF
of ASME Section III. In no case shall the allowables for the Emergency/
Faulted conditions exceed the yield strength of the material at temperature.

*The code editions and addenda are those shown In Table 3.2-5 for the
appropriate components.

p
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3.9.2.3 Design Stress and Pressure Limits

Design stress and pressure limits for each component operating condition are
presented In Tables 3.9-3 and 3.9-4, respectively. The components covered by
these tables are ASME Class 2 and 3 vessels, pumps, and valves. Design stress
and pressure limits for Code Class 2 and 3 piping are Indicated in Table
3.9-5. The limits established for nonactive components and piping are Intended
to assure the structural integrity under all postulated service conditions.
As discussed in Section 3.9.1.6 for ASME Class 1 components, some Class 2 or 3
components may require Inelastic analysis. A list of components for which
Inelastic analysis has been performed or is planned Is shown In Table 3.9-11.

The design limits for Code Class 2 and 3 Active components are discussed In
Reference 12, PSAR Section 1.6.

3.9.2.4 Analytical and Empirical Methods for De sign of Pumps and Valves

Code Class 2 and 3 pumps and valves will be designed In accordance with the
requirements for ASME-II1 Subsections NC and ND. The components functional
capabilities during transients or events considered In the respective
operating conditions are assured by the low stress limits selected and
described In Sections 3.9.2.2 and 3.9.2.3.

3.9.2.5 Design and Installation Criteria: Pressure-Relieving Devices

Pressure-relieving devices for the over-pressure protection of Code Class 2
and 3 fluid system components will be designed to comply with the requirements
of ASME-III, Articles NC-7000 and ND-7000 of Subsections NC and ND,
respectively.

Although both apply only to open discharge systems with limited discharge
pipes, the basic intent of Regulatory Guide 1.67 and the recommendations of
Code Case 1569 will be followed in the Installation of the pressure relieving
devices. A dynamic hydraulic/structural analysis will be performed to
determine the load due to the fluid's reaction force from the opening and
subsequent venting of the relief device.

For the design and Installation of discharge piping supports, the rules of
ASME-I1I Subsection NF will be used. Supports will be provided as near to the
device as possible to minimize the load at the branch connection of the device
inlet piping and main flow piping during discharge.

The following loads will be considered in the analysis of the pressure relief/
safety valve station to determine the maximum stress:

a. Loads due to the dynamic and steady-state effects of the discharging
fluid;

b. Loads due to the dynamic effects of the disk assembly of the device
upon Initial lift and reseating during safety and power relief
operations;

c. Loads due to the thermal expansion of the device and its associated
piping; and

d. Loads due to the dynamic effects of the device and Its associated
piping during a seismic event.
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The combination, as applicable, of the above loads resulting In the highest
stress will be determined. At each location In the loop, the sequence of
valve openings which will result In the maximum instantaneous stress will be
analyzed. The design stress limits for Code Class 2 and 3 valves shall be
those provided In Table 3.9-3.

Details on design, installation, and pressure settings will be provided.

3.9.2.6 Component and Piping Supports

Class 2 and Class 3 components and piping systems will be supported at
specific locations for deadweight conditions and will be restrained at
specific locations against seismic disturbances. The supports to be used In
the CRBRP will be designed to meet the requirements of the ASME Code, Section
Ill, Subsection NF for Class 2 and 3 supports. The design and structural
integrity of the supports willI be evaluated to ensure adequate margins of
safety under all applicable combinations of loading. The assessments will
address the three types of supports: plate and shell, linear and component
standard types.

Although classified as component standard supports, snubbers will receive
special consideration due to their unique function. Snubbers provide no load
path or force transmission during normal plant operations, but function as
rigid supports when subjected to dynamic transient or seismic loads.

Components and piping systems which utilize snubbers as vibration and/or
seismic restraints will be analyzed using mathematical representations of the
snubbers to predict the piping or component dynamic response, and to ascertain
the Interaction effects of the snubbers with the piping and components to )
which they are attached. The representation of the snubbers,for piping and
component dynamic analysis, models the effective stiffness and mass of the
support train Including that of the snubber, clamp or attaching device and
supporting structure. Other characteristics of the snubber devices such as
damping and free play have been considered in developing the snubber models.
If snubbers are Instal led In locations different than those considered In the
design analysis, the differences will be fully evaluated and documented In the
as-built stress reports before pre-operational testing begins.

The general functional requirements, the operating environment and the
applicable codes and standards are specified for the Class 2 and 3 snubbers.
Special controls and requirements are provided to ensure that snubber
operability and structural integrity will be maintained during the CRBRP
lifetime. These include the following:

a) The manufacturer will perform rigorous acceptance testing for each
snubber from the production line and the results shall demonstrate
conformance with requirements. Acceptance tests to be performed will
Include dimensional and visual examination, breakaway load/drag load,
dead band, and acceleration limit tests.
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b) Qualification testing on each snubber design and rating to be used In
the CRBRP piping and component support systems. Qual ification tests
to be performed will include dynamic, low temperature, high humidity,
corrosion, sand and dust, Irradiation, low level vibration, faulted
load, sodium aerosol and sodium jet Impingement (if applicable).

c) Use of corrosion resistant materials for construction of those parts
where corrosion could Impair performance. The designs will Include
special features to prevent galling of any mating moving parts.

d) Use of minimum/maximum motion Indicators to verify snubber
operab I Ity.

e) Rigorous handling and Installation procedures will be utilized to
ensure that the quality of the Installed equipment is not degraded.

The operability of the piping and component snubbers will be monitored during
pre-operational testing and will receive pre-service Inspection prior to
ascent to power. Visual observation of-piping systems and measurements of
thermal movements during pre-operational tests will verify that snubbers are
operable (not locked up) and In their correct positions.

The operability of the snubbers will be confirmed during plant operation by
Inservice Inspections performed In accordance with Appendix G.

All safety-related piping and components which utilize snubbers In their
support systems will be identified and tabulated in the FSAR.

3.9.3 Components Not Covered by ASME Code (See Appendix 3.7-A)

3.9.3.1 Reactor System Components

3.9.3.1.1 Core Components

Details of the design procedures, design criteria, and/or applicable codes and,
standards are provided In Section 4.2.1.

3.9.3.1.2 Control Rod System

The analytical procedures and the design criteria are provided In Section
4.2.3.

The seismic impact analysis is presented In Section 3.7.3.15.3. See also
Sections 3.7.3.15.1 and 3.7.3.15.2 for the reactor system seismic analysis,
and Section 4.2.3 for the seismic scram analysis.

3.9.3.2 Other Mechanical Components

In Chapters 4.0 and 5.0, other safety related mechanical components not
covered by the ASME Boller and Pressure Vessel Code are identified, Including
design criteria and applicable code/standards..I/
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Tables 3.9-1, 3.9-2 and 3.9-2A
have been intentionally deleted.
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TABLE 3.9-3

STRESS LIMITS FOR ASME CLASS 2 AND 3*

COMPONENTS AND THEIR SUPPORTS

VESSELS AT MOSPHERIC 1 PLATE AND SHELL 3
PUMPS VALVES STORAGE TANKS AND SUPPORTS FOR

CONDITIONS 0-15 PSIG STORAGE CATEGORY I ACTIVE
TANKS COMPONENTS

ASME-III
NORMAL ASME-III ANSI B16.5 ASME III ASME III

UPSET a 1.1oS OW1 .1os I1.1os o<.s

uPSaT x+b<_l.65S ax+b<l.65S. ax+.bl. 6 5S 1+a2l1 .5S

'EMERGENCY oar_1l. 5S am•_l. 5S aitý_l. 5 S a i<_l. 4

x+ab<__l .8S ax+Obl . 8 S alx+ab:_. 8 S a 1 _ +7__ 2:1 .6

FAULTED o x+b2.o S an• +2. OS an .2. OS 0 1.8 s

I Iax+.2.4S a. o+abý2.4S a +ahg.4S 91+02<2.IS

1.3

44 1

WHERE Ox o or

1 Excluding the NC/ND-3200 alternate.

2 The quantities am, 0b' ol' [2 are defined in Code Cases 1607-1, 1635-1 and 1636-1.

3 For linear-type supports, the stress limits for Normal and Upset are as specified
in ASME III. For Emergency and Faulted, the stress limits are increased by
one-third over those values, based on ASME Code Subsection NF3231.1.

*Based on the following code cases:

CODE CASE

-29

1607-1

1635-1

1636-1

. . . Stress Criteria for Section III Class 2 and 3 Vessels Designed to NC/ND-3300
excluding the NC-3200 Alternate, approved 11/4/74.

. . . Stress Criteria for Section II1 Class 2 and 3 Valves subjected to Upset
Emergency and Faulted Operating Conditions, approved 8/12/74.

* . . Stress Criteria for Section III Class 2 and 3 Pumps subjected to Upset
Emergency and Faulted Operating Conditions, approved 8/12/74.

t, O. :I

25

K. e



This page intentionally left blank.

Amend. 29
Oct. 19763.9-9



Table 3.9-4

PRESSURE LIMITS FOR ASME CLASS 2 AND 3 COMPONENTS

PMAX 1 PUMPS AND VALVES

CONDITIONS

4

NORMAL

UPSET

EMERGENCY

FAULTED

1.0

1.1

1.2

1.5
44ý

NOTE 1: The maximum pressure shall not exceed the
tabulated factor listed under PM"X times the design
pressure or the rated pressure a. the applicable oper-
ating temperature.

17
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TABLE 3.9-5

STRESS LIMITS FOR ASME CLASS 2 AND 3 PIPING

471I

ASME III EQUATIONS1

CONDITIONS PRESSURE
LIMITS. STRESS LIMITS

4 80 11.

DESIGN P SLL Sh S OLI. 2 Sh

NORMAL 2  SL- <h SE SA STE<(Sh+SA)

UPSET SL Sh SOL < 1.2 Sh SE< SA STE<(Sh+SA)

EMERGENCY SOL< 1.8 Sh

FAULTED 2P4  SOL 2.4 Sh

__________________________ h______________________ _____________________ _____________________1

1

<CD

co --

2

3

4

ASME III equations and terms are defined in NC or ND sections 3641.1 and. 3652 for
Class 2 and 3 piping, respectively.

Use design pressure and normal operating temperature,

Use maximum pressure occurring during upset conditions.

ASME Code Case 1606 faulted stress and pressure limits.
S7



Table 3.9-5a

Load Combinations for Seismic Category I
Vessels, Piping and Non-Activ~e Pumps and Valves and

Associated Component Supports (Class 1, 2 and 3)

System
ODerating Condition

ASME
Service Stress

LimitsLoad Combination

Norma I

Upset

Emergency

Dead + Live + 6 perating
+ Thermal + Transients

Dead + Live + Operatin 9
+ Thermal + Transients"I)

+OBE

Dead + Live + Operating
+ Thermal + T5nslents

+ DSL

(a) Dead + Live + Operatln?3
+ Therml + Transients
+ DSL + SSE

(b) Dead + Live + Operatin?
+ Thermal + Transients
+ SSE

(c) Dead + Live + Operating
+ Thermal + Transients

Normal (or Level A)

Upset (or Level B)

Emergency (or Level C)

Faulted Faulted (or Level D)

Faulted (or Level D)

Faulted (or Level D)

)

(1) Includes worst normal operation transient with four OBEs and worst upset
operation transient with one OBE, independently.

(2) Includes only those dynamic system loadings associated with sodium water
reactions.

(3)

(4)

Dynamic system loadings and transients associated with ex-contalnment
IHTS design basis leaks and water/steam pipe rupture events.

Includes only normal operating transients.

j)
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Table 3.9-5b

Load.Comblnations for. Sel.smic CItegoryIl
Actlve Pumps-and Valves and Assoclated .Component

Supports (Class 1, 2 and 3)

System
Operating Condition

ASME
Service Stress

LimitsLoad Combination

Normal

Upset

Emergency

Dead + Live + Operating
Thermal,+ Transients

Dead + Live + Operatlna
Thermal + Transtents1

+ OBE

Dead + Live + Operating
Thermal + Trnsients

+DSL

(a) Dead + Live + OperatI 9
Thermal + Translents+ DSL2)+ SSE

(b) Dead + Live + Operatl0
Thermal + Transients(SY
+ SSE

(c) Dead + Live + Operating.
Thermal + Transients

Normal (or Level.A)

Upset (or Level B)

Upset (or Level B)

Upset (or Level B)

Upset (or Level B).

Upset (or Level B)

Upset (or Level B)

Fau I ted

(1) Includes worst normal operation transient with four OBEs and worst upset
operation transient with one OBE, Independently.

(2) Dynamic system loadings and transients associated with ex-containment
IHTS design basis leaks and water/steam pipe rupture events.

(3) Includes worst nominal operation transient with the SSE.

(4) Includes only those dynamic system loadings associated with sodium water

reactions.
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Table 3.9-5c

Stress Criteria for All ASME Code Class I
Component Supports of Plate and Shell Type

Condition StressLIM111 (1) (2)

Des Ign Pm : Sm
Pm + Pb < 1.5 Sm

Normal/Upset
(or Level A/B)

Pm
Pm
Pe
Pm

_<ý Sm
+ Pb < 1 .5 Sm
S 3bSm S .m
+ Pb + Pe :. 3 Sm

Emergency
(or Level C)

Faulted
(or Level D)

Pm 5 1 .2 Sm
Pm + Pb S 1.8 Sm

0.8 CL

Pmin 1.5 Sm
1.2 Sy

Pm + Pb < 2.25 Sm..
1.8 Sy

Notes:

(1) Terminology is as defined In the ASME Code, Subsection NF.
(2) For linear supports the stress limits given In NF-3231 of Subsection NF

and Appendix XVII of Section III may be used.
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Table 3.9-5d

Stress Criteria for ASME Code Class 2/3
Component Supports

CondItIlon Stress Limits (1) (2)

Design

Oa + r2 <_ 1.5

Norma I/Upset
ai+T2 :< 1.5

1.2 x Normal Condition Limits

1.5 x Normal Condition Limits

Emergency

Faul ted

Notes:

(1) Terminology is as defined in ASME Code, Subsection NF.
(2) For linear supports use same limits as for Class 1.
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TABLE 3.9-6

FLOW STEP SUMMARY

Test or Test Condition Flow Rate of Fluid Condition

Shaker Test Water (% of CRBRP Rated Velocity)+StillI

Three Loop Operation Air Water . 10 33 66 100 110 120* **

Velocity Test X

Vibrations

a) Operating Mode X X X X X X X X X

b) Refueling Mode*** X X X

.,.Two Loop Operation

Velocity Test X X

Flow Vibrations X X X

L

* Operating at this flow depends on proximity to vibration limit

** To be determinedvibration limit or test facility limit

+ For two loop operation, rated flow is approximately 2/3 three loop
operation value.

*** Approximately 11 in. gap between top of reactor assemblies and the upper internals

structure for the refueling mode.

OT0: All components will be monitored and only those shown most responsive
W will be recorded and analyzed. 19
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TABLE 3.9-7

Flow Vibration Parameters - CRBRP Model and Prototype

Conditions:

Same structural material in model and prototype
Model Fluid = water at 100°F
Prototype fluid = liquid sodium at 995°F

(stainless steel)

Parameter Model Prototype Ratio

Young's Modules of
Elastic,
E (psi)

Fluid Density, p
(lbs/cu in.)

Material Density, ps
(lbs/cu in.)

pS/p

Poisson's Ratio,

28. 2x10 6

0.0359

0.290

8.078

22. 7x10 6

0.0297

0.282

9.495

Em = 1.242
Ep

- = 1.206
Pp

(P5)pi

TP-s p
1.028

ps/p )p = 0.851

0.282 0.301 Pm = 0.937
lp

Kinematic Viscosity, v 9. OI0-1 6 3.05X10-6 m

p
= 2.951

30
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TABLE 3.9-8
Outlet Plenum Components Modeled

In IRFM Test
Hydraul ic Simul ation Structural Simutation FIV InstrumentRfinnComponent

UIS Structure

Support Col umns
Chimneys
Support Pl ates
Instrument Post
UIS Lower Shield

Pl ate

Yes
Yes
Yes
Yes

Yes

Yes
2 (Ph. II)

Yes
3

Yes
Yes
Yes
Yes

I

Yes Yes

Control Rod System

Control Rod
Drivel ne

Shroud
Guide Tube
Shroud/Guide Gap

Instrumentation

LLM

Vessel

Thermal Liner
Thermal Baffle
In-Vessel Storage
Suppressor Plate
Outlet Nozzl e Liner

Reactor

Fuel, Blanket and
Radial Shield
Assembly

Control Assembly
Core Barrel
Core Barrel UIS

Keys

Mi scel I aneous

EVTM Guide Tube
IVTM Port Plug

1
Yes
Yes

2

1
3 (Ph.I/1 (Ph.lI)

3
2

Yes
Yes
Yes I

2
Yes

2
1

Yes
Yes

I

Yes
Yes
e

Yes
Yes

Yes
No
No
Yes
Yes

Yes
No
No
Yes
Yes

I

Yes*
Yes*
Yes
Yes

Yes**
Yes
No
Yes

Yes**
No
No
Yes

Yes
Yes

Yes
Yes

Yes
Yes

* Flow Distribution and Assembly Exit Geometry need only be. simulated for

fuel, blanket and control assemblies. For radial shield assemblies, only
outlet flow distribution will be simulated.

**Testing Involving Core Dynamic Simulation may be performed at ANL rather
than. in the IRFM.

9

3.9-9e
Amend.. 69
July 1982



Table 3.9-9

FLOW VIBRATION OF CRBRP INTERHALS

General Survey

.THODS. SELECTED
I MP ORTAKCI I HN E X for

RESOLUTION

Reactor InternlS Type of Analysis IRF1 Testing Full Scale Bench

CompO,"CnnS Excitation High Mediua Lol Test Test

1. Entire Upper Internals Vortex Shedding X X
Structure Jet Impingement X X
(cross motto.) Jet Reaction X X

Turbulence X X
Pump Pulsations X X X

2. UIS Guide Tubes for Vortex Shedding I X X
Control Rod - Turbulence X X X X

Pump Pulsations X X .
Gap ttodulat'ion X X

3. UIS Chimneys Vortex Shedding X X X
Turbulence X • X X
Pump Pulsations X X X X
Jet Reaction X X

a. VIS Support Columns Vortex Shedding X X X
Turbulence XX X
Pump Pulsations XX X

S. UiS Instzunentation Vortex Shedding X X

Leads- Turbulence X X XPump Pul sations XX X
6.- UIS Support Plates Vortex Shetding X X

and Plate Liner Turbulence X X
Pump Pulsations X FX

7. UIS Instrue•ntation Vortex Shedding X X X

Posts Turbulence X X X
Jet Impingement X X kx

C. UIS Cyliffbrical Vortex She4ding X X

Liners Sleeve Turbulence X X

"Base Motion' X X

9. UIS IMVh frt Plug T eVortex Shed&ding X x * -X
Turbulence X X
Pump Pulsations X X X
Gap todulation X X I X

10. Control 20d Vortex Shedding X X X X
Orivelines Turbulence X I I X -

_____,, __________ Gap tiodulation , . x

11. Core Support Structure Turbulence X X
Core Barrel PLmp Pulsations. X X

12. Core Support Structure Vortex Shedding X X X
Iodule Liaers Turbulence X X X

Pump Pulsation X X X

13. Horizontal Baffle Vortex Shedding X X

Turbulence I X
- Pump Pulsation X

14. EVTI. Guide Tube Vortex She.ing X X X

-- Turbulence X X
Pump Pulsation X X

1s. Suwpres•or Plate Vortex Shedding X K X

Supro-ting Mangers Turbulence X X XPump Pulsation X X X

16. Suppressor Plate Vortex Shedding X X X

S-gment$ Turbulence X X. XPump Pulsati on X X X

17. Liquid Ltevl tinitor Vortex Shedding X X X

(LLii) Tubes and Turbulence X X
Support Vembers Pump Pulsation X

l^. Vessel Tiearmal Liner Turbulence X X X

Pum_,,p Pulsation X _ X

19. Outlet tiozzle Liner Turbulence
Pump Pulsation
Jet Reaction

I X
X
I

I
X
X

X
X
X

3.9-9f Amend. 69
,1-11 100Q)



Table 3.9-10

IRFM PHASE 2E VIBRATION 1ESI INSTRUMENTATION SUMMARY

1nlatr-umefttatimiQuaLI~tal y I nstrument at i on Location
DiJpac.oenwnl An eeLm~tr_.5 Srailn DJs.Lacemen Accel erometers Str i nLQ~_Qn~en~t oncer

1) UIS Keys
(0 &120'
& 2400)

Impact -
Stress

Wear Displacement -
Acceleration -
Force

6

co1enti

6 8 R-T R-T See Strain gages
Ccaments apprcpr I-

atel y
Iocated
and cal I-
brated -
need 4/Kery

Two str Ings
of four
accel ero-
meters along
Iength

2) IVTM
PI ug

Port Impact - Wear DIsplacement -
Acceleratlon -
Force

Accel eration,
Displ acement

3 11 R-T and R-T
0 , 1 8 0 ',, 3 0 0 0 00,900

3) UIS Chim- Exitation due
ney UIS motion,

Structural

8 8 R-T Top,
Bottom Sup-
port

R-T Midspan,
Top

4) UIS Col-
L umn

ICo

Node shape Strain a

5) UIS Col-
umn to
Bearing

Impact and Displacement
Bearing Load Force

2 4
(Force
Trans)

Two struct-
urally simu-
lated chim-
neys

Two strings
of four
acceleromet-
ers along
length
See Note I

Force trans-
ducers at top
of bearing
race on one
column)
See Note I

Force trans-
ducers on
structure
perpendic-
ular to pin
axis
See Note I

6) UIS Col- Impact -
umn to Force
Structure

Force 3
(Force
(Trans)

C_ (

rD.

() n



A
7) Column to Vibration

UIS CRCM
Plug

8) UIS Upper Impact -
/Lower Vibration
Shroud

Accel eration 2 R-T

Acceleration -
Dlsplacement - Mode
Shape

2 10 R-T R-T Two strings
of four
accel ero-
meters along
length 00,
900 shroud to
Include in--
.strumented
drivel ne and
dash pot to
monitor their
response to
shroud
exl tatl on

I.
1.-A

9) 1 nstru-
Post

10) UIS Top
PI ate

11) Bottom
Pl ate

12) UIS
Thermal
Liners

Vibration

Vibration

Vibration

Accel eration

Accel erati on

Accel eration

4

1

1

R-T Tip

V Center

V Center

Vibration Acceleration A study is
required to
establ Ish the
model ing for
this compon-
ent

Biaxial
accel ero-
meters
Iocated
same as
shown on
UIS drawing.

13) Prototype
Instrumen-
tation

Accel eratIon . 4

Note 1: This instrumentation to be aligned with same axis.



Table 3.9-11
Components for Which Inelastic Structural Analysis, Is Requfred

Reactor System
Reactor Vessel
Closure Head (reflector and suppressor plate assemblies only)
Liquid Level Monitor
Primary Control Assembly
Primary Control Rod Drivel Ine
Upper Internal Structure (including IVTM Port Plug and"Rotating Guide

Tube)
Lower Internal Structures (Core Support Structure, Core Barrel, Horizontal

Baffle Assembly and Upper Core Former)

Heat Transport System
PHTS and IHTS hot leg piping
PHTS and IHTS pumps
Intermediate Heat Exchanger
Cold Leg Check Valve
All guard vessels
IHTS transition joints
IHTS Expansion Tank
Steam Generators (rupture disks, tube sheets, Inlet nozzles and support

rings)
Small Sodium Thermal Transient Valves 0

)

0.)
3.9-11a Amend. 74

Dec. 1982
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Figure 3.9-5 Integral Reactor Flow Model and Instrumentation

3.9-14 Amend. 43
Jan. 1978



.00 - -

A4 A3.

Al

NOTE: Al TO A4 ACCELEROMETERS (BIAXIAL)

9088-1 Figure 3.9-6 Location of Accelerometers on Upper Internals. Structure

3.9-15 Amend. 43 9• Jan. 1978



-4h

2.0

FREQENCY (Hz)
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3.10 SEISMIC DESIGN OF CATEGORY I NSRENTTION AND ELECTRICAL EQUIPMENT

3.10.1 Seismic Design Criteria

The Category I Instrumentation and electrical equipment will be designed
against failure to perform their Intended functions during and after an
earthquake of the Intensity of the Safe Shutdown Earthquake (SSE) during
Inormal and accident conditions. The seismic qualification programi for Class

6 1 E equipment Is described In Reference 13 of PSAR Section 1.6, "1CRBRP
Requirements for the Qualification of Class 1E Equipment." The structural
requirements for foundations and supports will be in accordance with Section
3.8.

In addition, the Plant Protective System (PPS) actuation system and Its
controlled devices will be designed to have the capability to Initiate a
protective action during the SSE.

In addition to the general criteria as stated abovel, the standby power supply
,system and Category I Instrumentation and electrical equipment necessary for
safe shutdown will be designed to withstand seismic disturbances of the
Intensity of the SSE during post accident operation.

Category I Instrumentation and electrical equipment and components will be
designed to ensure the functional Integrity of the equipment under the
specified operating conditions. This equipment will require a detailed

0 31 investigation to demonstrate Its ability to withstand seismic forces while
performing its Intended function without leading to fuel damage or
unacceptable release of radiation.

IEEE Standard 344-1975, "IEEE Recommended Practices for Seismic Qualification
53of Class IE Equipment for Nuclear Power Generating Stations", supplemented by
51Regulatory Guide 1.100, Rev. 1 will be used as the basis for all seismic

46j qualification of Class 1E equipment. The qualification tests will be based on
either single frequency sine beat testing at resonance or multiple frequency
testing. Single frequency sine beat testing at resonance constitutes severe
testing under the most unfavorable conditions where a measured equipment
natural frequency has been conservatively assumed to coincide with a building

461 or supporting system natural frequency. Thus, uncertainties In the analytical
tUdetermination of building natural frequencies will be conservatively accounted
and the maximum peak response acceleration on the appropriate response
spectrum Is conservatively assumed to occur at the equipment's natural
frequency. However, when single frequency sine beat testing is used for
qualification, additional testing with multiple frequency motion Is performed.
to comply with the general requirements of IEEE Std. 344-1975, unless they are

46 fully satisfied by the sine beat testing alone. (See Appendix 3.7-A).

The factor of 1.5 In Section 6.6.2.1 of IEEE-344-1975 will not be used In
either the sine beat or the multi-frequency testing. The peak sine beat
acceleration and the maximum acceleration of the multi-frequency motion input
to the shake table will be at leas .t equal to the ZPA (Zero Period 25IAcceleration) on the appropriate response spectrum.

3.10-1 Amiend. 61
Sept. 1981



The static coefficient analysis in IEEE-344-1975 Section 5.3 9
would be used for simple systems for which it has been demonstrated
that this simplified analysis provides adequate conservatism. This
type of analysis, which uses the maximum peak response acceleration on
the response spectrum regardless of frequency, plus an additional
.factor of 1.5, is generally Very conservative. However, IEEE 344-
1975 is used as the criteria for testing and not for analysis.

Sine sweep testing is not used for equipment seismic qualifi-
cation. This type of testing would be used to locate the equipment's
natural frequencies for feasonant sine beat qualification testing as
discussed above. 25

The means by which a manufacturer can qualify the equipment include
analysis or testing the equipment under simulated seismic conditions or
qualification by combined test and analysis. The seismic specification will be
proviaed to the manufacturer with appropriate response-spectrum curves at
the floor elevations and instructions on their use.

The general approach employed in the dynamic analysis of Category I
equipment and component design will be based on the response spectrum tech-
nique where applicable.

At each level of the structure where Class IE equipment are located,

horizontal spectra for each of the two major areas of the structure and a
vertical response spectrum will be developed. 9

For certain Category I complex equipment for which analytic model-
ing is not feasible, the equipment supplier will be required to perform
dynamic testing using methods described in IEEE Standard 344-1975.

The above procedures are applicable to the analysis of seismic
design adequacy of Class IE equipment, including supports such as cable
tray supports, batteries and racks, instruments and racks, control con-
soles, medium voltage switchgears, unitsub-stations, motor control cen-
ters and motors.

Suppliers of such equipment will be required to submit test data
and/or calculations to substantiate that their components and systems will
not suffer loss of function before, during, or after seismic loading due
to the SSE.

All cable tray supports are designed by the response spectrum
method. Analysis and seismic restraint measures for tray supports-are
based on combined limiting values for static load, space length and com-
puted siesmic response.

Amend. 253.10-2 Aug. 1976



* The following basis will be used in the seismic analysis of typical
F'cable tray supports:

a. All Class IE cable tray supports will be designed to meet the
requirement by dynamic analysis using the appropriate seismic
response spectra.

b. The support system will be designed to exclude all natural
frequencies in a band covering the peak or peaks of response-
spectrum curve.

c. Maximum stress will be limited to 90 percent of minimum yield
to compensate for effects of higher modes and minor inaccuracies
in method-of analysis.

The design of typical instrument racks and supports for the instrument
tubing is based on the attainment of a fundamental natural frequency of more
than 20 Hz so that the floor seismic input will be transmitted through the
support without amplification.

The equipment will be analyzed as an assembly that simulates the
intended service mounting, thereby accounting for possible amplification
of the seismic input by the equipment support.

Seismic documentation submitted by the vendor will be reviewed by
Sthe design engineering group to ensure that the support system has been

considered.

Where it is necessary to test Individual devices (e.g., relays
or instruments) separate from the panel on which they are mounted, the
acceleration of the panel at the device locations will be checked to
ensure a level less than that at which the devices are qualified.

The structures that will be seismically qualified as Seismic Category
iI are listed in Section 3.2, Table 3.2-1. The Class 1E equipment is listed

SIin Table 3.2-3.

3.10.2 Analysis, Testing Procedures and Restraint Measures

The seismic qualification of safety related instrument ation will be
591 performed and documented as specified in Reference 1 3 of PSAR Section 1.6. I

Category I electric equipment such as battery racks, instrument
r'acks, and control consoles located in Category I structures will be
supported and restrained to resist uplift or overturning resulting from
seismic forces.

Amend. 59
3.10-3 Dec. 1980
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TABLE 3.10-1 (CONTINUED)

LIST OF CLASS IE ELECTRICAL POWER SYSTEM EQUIPMENT

Equipment

125 V DC Battery Distribution
Boards

Standby AC Power Supply System

Number in
Plant Location Expected Method of Seismic Qualifications

The battery distribution boards will ba seismically
qualified by testing*

3 CB

!n

Diesel Generators

Diesel Control Panels

Electrical Penetrations

2

2

DGB

DGB

The Diesel Generators will be seismically qualified by
Dynamic Analysis.

The control panels will be seismically qualified by
testina*

(Details to be provided in the FSAR) RCB

*Test reports of prototype or previously built equipment proven

to be of similar construction and/or dynamic analysis based on

previously qualified equipment will be acceptable.

Notes: Motors on Class I driven equipment are included
with the driven component listed in Table 3.2-2

SGB - Steam Generator Building CB -
RSB - Reactor Service Building
DGB - Diesel Generator Building
RCB - Reactor Containment Building

Control
Building

00 L



3.11 ENVIRONMENTAL DESIGN OF MECHANICAL AND ELECTRICAL EQUIPMENT

3.11.1 Equipment Identification

The safety-related systems which are required to function during and following
an accident are identified In Section 3.2. Worst case environmental
conditions Including temperature, pressure, humidity, sodium aerosol and
radiation exposure which result from a postulated design basis accident have
been defined for each location. The accident environments and the appropriate
time of operation applicable to safety-related mechanical equipment wil I be
Incorporated Into the Equipment Specifications. Reference 13, PSAR Section
1.6, describes the environmental qualification basis for 1E electrical
equipment and the program that will be followed to assure the-basis is
satisfied. The objective of this qualification basis and this qualification
program is to conform to IEEE Standard 323-1974, "IEEE Standard for Qualifying
Class 1E Equipment for Nuclear Power Generating Stations," and NUREG-0588,
Rev. 1, "Interim Staff Position on Environmental Qualification of Safety-
Related Electrical Equipment." Differences in CRBRP Reactor Technology and
Plant Configuration. exist and result In deviations from the specific LWR
requirements delineated in NUREG-0588 for electrical equipment. These
differences are: the use of liquid metal sodium for the reactor coolant and
the resulting sodium combustion product aerosol environmental parameter; a low
pressure coolant system with no mechanism for a highly pressurized
containment; the absence of steam, containment spray and the mechanism for
water flooding within the containment; environmental separation of the upper
containment from the lower containment; and placement of redundant heat
transport loops In separate cells resulting in independent loop environmental
conditions. (Environments In one loop do not propagate to the celIs of
another loop.)

NUREG-0588 specifies the worst radiation environment as an instantaneous
release from the fuel to the atmosphere of 100 percent of the noble gases, 50
percent of the iodines, and 1 percent of the remaining fission products. As
specified in NUREG-0588, CRBRP uses the normally expected radiation
environment over the equipment qualified life plus that associated with the
most severe design basis accident during or following which that equipment
must remain functional. The worst case radiation DBAs are the sodium tank
failure during maintenance, the cover gas release, and the application of Site
Suitabil Ity Source Term (SSST). For the Containment Isolation System, CRBRP
uses the source term defined in NUREG-0588 modified to include.1 percent
plutonium for qualifying Class 1E required to mitigate the consequences of any
SSST radiation environment. In NUREG-0588, minimum qualification time of 1
hour is specified. CRBRP requires that equipment be qualified for the
environment In which it must perform its safety function for the time duration
specified for the safety response plus time margin per IEEE Std. 323-1974.
CRBRP is in general compliance with the I hour time margin requirement;
however, CRBRP expects that specific exceptions to the I hour time margin will
be necessary. Each exception will be justified on a case by case basis.
Failure of any equipment after Its qualification (whether longer or shorter
than 1 hour) will not result in unsafe plant conditions.

Amend. 75
3.11-1 Feb. 1983



3.11.2 Qualification Tests and Analyses '7,
The CRBRP has a program for environmental qualification of Safety-Related
Electrical Equipment which is consistent with the objectives and requirements
delineated in NUREG-0588, Rev. 1, !'Ilntrelm Staff Position on Environmental
Qualification of Safety-Related Electrical Equipment," except as noted above.

This program is described in Reference (13) of PSAR Section 1.6, "CRBRP
Requirements for Environmental Qualification of Class 1E Equipment." This
document establishes the qualification program which will be conducted to
qualify Class 1E equipment located in different areas of the CRBRP and sets
forth the documentation to be completed for qualification. The entire program
is designed to conform to the IEEE Standard 323-1974 as endorsed by
NUREG-0588.

For safety-related mechanical equipment, the capability of the equipment to
perform its safety function will be demonstrated by design, analysis, testing,
prior operating experience, or a combination of these. When it is determined
that design and/or analysis is not adequate, environmental testing will b'e
performed. In addition, the safety-related mechanical equipment designs will
be reviewed to ensure material compatibility with the accident environments
and the maintenance and testing required to ensure operability throughout the
lifetime of the plant will be defined.

The analysis and/or test program will include aging of all age sensitive
components of mechanical equipment for the normal as well as accident
environments. )
3.11.3 Qualification Test Results

The results of the electrical equipment qualification tests will be documented
as specified in Reference 13 of the PSAR Section 1.6 and summarized, as
appropriate, in the FSAR. The mechanical equipment qualification results will
be contained with the Equipment Specification data package.

9

Amend. 76
3.11-la March 1983



3.11.4 Loss of Ventilation

All plant locations containing safety related control and
electrical equipment, that need a controlled environment to maintain the
required operability, are to be provided with redundant air conditioning
and/or ventilation facilities for the needed environmental control. Analytical
information on the various local environmental conditions in the plant is
given in the corresponding sections in Chapters 2, 3, 6, 9 and 15.

As described in Section 3.11.1 above, the safety-related equipment
is designed to operate successfully at environmental extremes.

3.11.5 Special Considerations

Enclosures containing safety related equipment will be designed
to withstand the effects of normal, emergency and faulted conditions
expected on the system. The effects of sodium spillage or fire will be
protected against by placing redundant safety related equipment in
separate compartments or rooms or by enclosing the safety related equipment
in nonabsorptive, noncombustable, explosion proof casings. Applicable
code requirements including those of the National Electric Code will be
satisfied, as appropriate.

3.11-2
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3A.0 SUPPLEMENTARY INFORMATION ON SEISMIC CATEGORY I STRUCTURES

This chapter provides additional information on Seismic Category I structures
discussed In Sections 3.8.3 and 3.8.4 of Chapter 3.0. The following Is a
listing of these structures.

Inner Cell System
Head Access Area (HAA)
Control Building (CB)
Reactor Service Building (RSB)
Steam Generator Building (SGB)

441321 Diesel Generator Building (DGB)

3A.1 INNER CELL SYSTEM

3A.1.1 Functional Design

The Inner cell system comprises individual cells housing the reactor, the three
sodium heat transport loops, sodium cold traps, sodium storage tank and reactor
overflow vessel. These inner cells will have a nitrogen Inerted atmosphere
with a very low (see Table 3A.1-3) and controlled oxygen content.

The functional design of the Inner cell system In the CRBRP is:

(1) To maintain an Inerted atmosphere In the Inner cells such that the
consequence of any potential spill of primary sodium inside these cells
will be mitigated and contained; and

(2) To provide a suitable structural configuration such that any potential
detrimental sodium/construction material reaction due to any sodium
spill will be precluded; and

(3) To maintain the structural Integrity of the inner cell system following
61 any of the design basis accidents.

To fulfill these functional requirements, the inner cell system Is designed to
have a nominal leak tightness for the purpose of maintaining the purity of the
Inerted atmosphere in the Inner cells during normal plant operation. For the
safety analyses of all the postulated sodium spill accidents, no credit Is
taken of this nominal leaktightness. In fact, no credit for any cell
leaktightness Is taken for any In-containment cells In the accident analyses.

This same basis Is used In all the analyses of the postulated accidents Inside
the containment, Including: the containment design basis accident (described
In detail In Section 6.2), and other postulated major sodium spill accidents
(described in detail In Section 15.6).

I
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All these cells have Engineered Safety Feature (ESF) steel liners and have the
structural capability to accommodate hot sodium spills (see Section 3A.8).,
The inner cell system Is designed to maintain the structural integrity
following any of the postulated accidents and prevent sodium concrete reaction
under DBA sodium/NaK spill conditions.

In the CRBRP, In addition to the inner cells Inside containment, there are
inerted cells inside the RSB (see PSAR Section 3A.4). These inerted cells
have the similar functional design requirements as'described above for the
inner cells, although the accidents ,postulated for thedesign evaluations are
of course different.

The above is based upon preliminary accident analysis as provided In Section
15.7 of this PSAR. /

3A.1.2 Design Bases

The design basis accidents used for evaluation of the functional capability of
the inner cell system have been identified in Section 3A.1.1 above. The inner
cell system is required to have the following functional capability during
normal plant operation or accident conditions as described below.

1) Cells which contain primary sodium will have a nitrogen Inerted
atmosphere to mitigate the effects of sodium spillIs.

2) CelIs which contain primary sodium will have a steel liner to conserve
nitrogen.

3) Those cells with large sodium inventories (the Reactor Cavity, PHTS
Cells, and the Overflow & Primary Sodium Storage Tank Cell) will have
steel liners capable of retaining a large sodium spill where a
potential sodium spill could accumulate.

4) Each inerted cell will be structurally capable of withstanding the
postulated accident conditions resulting from sodium and NaK spillIs.
The preliminary design conditions of the Inner celIs are presented In
Table 3.8-2. These accident considerations are further discussed In
Section 15.6.

5) Each inerted cell will be designed for an anticipated leak rate of
0.36% vol/day at 2.5 inches of water.

For a discussion of design bases see Section 3.8-B.3.

Amend. 75
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Functional Bases For Containment Barrier tells

The only inner cell specifically designed to act as a containment barrier
against the accidental release of radioactivity is the RAPS Surge and De-
lay Tank Cell, located in the Reactor Service Building.

The functional design basis for controlled leakage from the RAPS Surge
and Delay Tank Cell has been established to assure limiting the inte-
grated 2-hour, site boundary dose and the integrated accident duration
dose at the low population zone (B + y) to a value below 10% of l*OOFRQOO
following the postulated rupture of the RAPS Surge Tank. A detailed
description of this postulated event and the associated radiological
analyses are presented in Section 15.7.2.4.

Specific accident conditions and assumptions relating to this evaluation
are as follows:.

1. The RAPS, Surge Tank is pressurized to its design pressure,
135 psig. Pressurization occurs in such a manner as to
maximize the radioactive gas inventory in the Tank (See
item 2, below). It is then assumed that the Tank ruptures
and instantly releases its contents and mixes the contents
with the cell atmosphere. Concurrent with the postulated
rupture, it is assumed that a weather front occurs which
lowers the barometric pressure by 0.5 psi for the duration
of the accident.

2. The radioactive source term for this event is maximized by
assuming that the reactor has been operating sufficiently
long with gaseous fission products from 1% failed fuel that
steady-state conditions exist. Additionally, it is assumed
that outflow from the tank is cut off and that the normal
radioactive gas in-flow continues until the tank is pres-
surized to its design pressure. Energy release to the cell
is maximized by assuming instantaneous tank rupture and'an
adiabatic cell, i.e., all the fission product gases decay
heat raise the cell gas temperature; no credit is taken for
steel structures within the cell.

3. No credit is taken for the contribution of design features (such as
building retention) other than the limited cell leakage in limiting
the maximum value of radioactivity or energy released to the cell.

4. The only mechanism affecting post-accident cell pressure
reduction employed in establishing the functional design basis
is the limited leakage from the cell. The Cell Atmosphere
Processing System is available to purge the radioactive gas
from the RAPS Surge Tank Cell and this reduces cell pressure
but credit for this mechanism is neglected for establishing
the functional design basis.

3A.1-2a Amend. 1
July 1975



5. The consistent application of conservative assumptions with
respect to the radioactive term, the energy release to the
cell, and the mitigating contribution of other design features,
insures that the functional design basis for the RAPS Surge
and Delay Tank Cell provides adequate conservation.

3A.1.3 Design Description

There are 13 independent inner cells in the RCB having
4A inert atmospheres cooled by the Recirculating Gas Cooling System.

The Recirculating Gas Cooling System is described in detail in
47144.Section 9.16. Table 3A.1-3 lists these inner cells indicating the

3 equipment contained in each and the atmosphere cooled. The inner
cell arrangements and equipment layouts are shown in the RCB General

3 Arrangement drawings in Section 1.2.

The steel-lined reinforced concretewalls completely
enclosing each inner cell insure cell structural integrity under
dynamic effects associated with pipe breaks or equipment failure
resulting in the generation of missiles. The pressure boundaries

44f of the inner cells are designed for the pressures listed in Table
3A.1-3. Should dynamic effects following component failure result
in a sodium leak or spill, the steel liners are designed to contain

I the sodium and prevent degradation of the concrete, while the inert
441 atmosphere provided by the Inert Gas Receiving and Processing System 25

protects against sodium fires. Design and analysis procedures for
3 the inner cell concrete structures are described in Section 3.8.3.4,..

3 and for the cell liners in Paragraph 3.5 of the Appendix 3.8-B.

48
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3A.l.4 Design Evaluation

3A.1.4.1 Structures

Structural design information of the inner cell system is
provided in Section 3.8.

3A.1.4.2 Inerted Cell Atmosphere Control System

The function of the atmosphere control system for the inerted
cells is to maintain control of the composition and the pressure of the
cell atmosphere. All. of the systems involved in the control of cell
atmospheres are made of highly reliable, commercially available components.
The control logic used is similar to that employed in the control of cell
atmospheres in other reactors, in numerous hot cell and glove box appli-
cations and in certain industrial facilities and is therefore state-of-
the-art so that no development work is required to assure proper perfor-

47 mance.

These cells require a control and monitoring system to ensure that:

a) The oxygen and water contents of the inerted cells are suffi-
ciently low to mitigate the consequences of a major sodium spill
and fire. (See Section 15.6 for an analysis of these accidents.)

b) The oxygen content of the inerted cells is sufficiently high to
prevent nitriding of high temperature piping.

c) The radioactive gas content of the inerted cells is sufficiently
low to permit detection of system 16aks, and to ensure that cell
atmosphere leakage into corridors in the RCB and RSB will not
result in radioactivity concentrations in excess of IOCFR20 limits.

d) Cell pressures can be controlled within acceptable limits.

All cell purge gas that contains radioactivity will be processed by
CAPS. The CAPS system and its processing ability are discussed in detail in
Section 11.3. Table 3A.1-2 shows the acceptable ranges for impurities and
pressures in the RCB cells based upon these requirements.

Based upon preliminary design analysis, post-accident heat removal
or atmosphere control is not required.

Amend. 47
Nov. 1978
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3A.1.5 Testing and Inspection

371 Cell integrity will be assured during construction by the reouirements and
procedures as described in PSAR Appendix 3.8-B.

371 For inerted cells, the atmosphere control system
detection of any excessive leakage during plant operation
is cell-to-cell or cell-to-upper-containment.

may provide for
whether leakage

The inerted cells are designed to operate at slightly negative
371 pressure. The cell atmosphere control system may provide for the detection

of cell-in-leakage which could cause the oxygen-leve~l to exceed 2% (See
Section 16.3.6.3). Should the 2% oxygen limit be exceeded, the cell or
plant will be shut down and the leakage corrected. Currently the Cell
Atmosphere Processing System is sized to process 100 SCFM. -

The liner seam, penetration and attachment welds will be in-
stalled in accordance with the requirements of Section 3.8-B.

9

37

3A.1.6 Instrumentation Requirements

There are no instrumentation requirements identified with the inner
cells directly, but rather with the supporting systems. These are discussed
in Chapter 9.0.

3A.1.7 Materials

The cell structure will be of reinforced concrete.

371.,
Cell liner materials are described in Appendix 3.8-B to Section 3.8.

Materials used for construction of cells and associated fixtures
or appurtenances, besides concrete, are identified as follows: p1_

3A.I-5 Amend. 37
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Cell Liners and Liner Support System
Piping

I Pipe Insulation and Canning Material
Pipe Supports and Auxil lary Steel
Conduit
Embedments
Penetration Seals

Piping
Hatches and Doors

Electrical

Carbon Steel
Carbon Steel
Note 1
Carbon Steel
Carbon Steel
Carbon Steel

& Stainless Steel

Wel ded
Silastic Rubber Compression
Gaskets*
T1D

*Some hatches, such as the piping cell hatches (Cells 101C, D, and E)
may be seal-welded.

Note 1: Material requirements for piping Insulation and piping are applicable
to the components and piping In the Inner cells. These are discussed
In Chapter 9 for Individual systems.

3A. 1-5a Amend. 73
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471 Table 3A.1-1 is intentionally deleted.

3A.1-6
(Next page is 3A.1-8) Amend.. 47

Nov. 1978



0

TABLE 3A.1-1 (Continued)

W44

Sheet 3 of 4

Heat Load
per Gas Flow System Gas System %.s Liquid

Bldg. Served System Cell Subsystem per . Pressure Temperatures Temperature Liquid
Loc. (Nitrogen) Numbers 000 Subsystem To From To From Supply

(Btu/hr) 000 Operate Emergency Cell Cell Cooler Cooler Pressure
(scfn) in.-H2 0 psig F -F o oF

RCB Primary Na Make-up Pump 104 . :5 12 60 120 42 *65 100
Piping, Valves, Freeze vent
& Garmma Heat 104

Overflow heat exchanger &
Support 107

System 81 Piping & Valves 107
Gamma Heat' 107
System 85 Piping & Valves 107

RSB EVST
EVST Tank Insulation 327 12 -6]2 60 120 42, 65 100
Pipe Insulation 327
Upper Periphery 327
Lower Skirt 327

RSB FHC (Argon)
Spent.Fuel Storage Tank & . B

Gamma Heat .341 588 .- 6 12 60 120 . 42 65 100
New Fuel Flow Test 34-1
Motors, Manipulators, Crane

Misc. Elec. Equip. 341
Lighting

-S. =

oa -41

4:
13



TABLE 3A.1-1 (Continued.)

o-

43

4.51

- Sheet 4 of 4

Heat Load
per Gas Flow System Gas System Gas LiquidBldg. Served System Cell Subsystem. per Pressure Tem.peratures Temperature LiquidLoc.- (Nitrogen) Numbers 000 Subsystem " To From To .From Supply

(Btu/hr) 000 Operate Emergency Cell Cell Cooler Cooler Pressure'
(scfm) in.-H2 0 psig F F OF OF psig

RSB EVS. Pump Loop 2 360 -6 12 60 120 42 65 100EVS Na Cooler, Piping & -

Freeze Vents 360
EVS SSP, Piping & Valves 386
EVS PTI, Piping, Valves &

Freeze Vents 387
FHC Service Pump 3518

RSB EVS Pump Loop 1 357 667 t6 12 60 120 42 65 100EVS Cold Trap, Piping
& Freeze Vents 361

EVS Na Cooler, Piping
Valves & Freeze Vents 357

RSB EVS Loop 3 331 170 2.4 +6 60 120 45 65 100

___________ ___ _____1.. ___________ ___ __ _____

441

_.•

~COn. 3
[3..

*These values shall be provided at a future date.

4



TABLE 3A.1-2

ACCEPTANCE RANGES FOR IMPURITIES AND PRESSURES IN

CELL ATMOSPHERES DURING NORMAL OPERATION

Inerted Inerted RAPS and CAPS Fuel Handling
RCB Cells RSB Cells Cold Box Cells Cell

II

Oxygen

(Volume %) 0.5 - 2.0* 0.5-2.0* 20 0.005 t 0.0025 Ii

Water Vapor

471 (Volume ppm)

*Radioactivity

(UCi/cc)

Cell Pressure**

<8000

<0.001

<8000

<O.001

<14,600

<0.008

50 + 25

0.001

11123

591 (in H2 0) -10 to +10 -10 to +10 -10 to +10 -10 to +3

* Tentative Values

** Control range; the operation
quoted range.

specification may require control within the

8Amend. 59
3l-Dec. 19803A.I1-8.
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TABLE 3A.1-3

INNER CELL DESIGNATION LIST

REACTOR CONTAINMENT BUILDING

Sheet 1 of 3

CELL (1)
MO..

FLOOR RADIATION ZONE (2)
ELEVAION OERATO SHUTDOWN

STRUCT.
DES IGN
PRESS.

PSIG

UPSET
DESIGN (4)
TEMP. (OF

OPERATING NORMAL (3) EQUIPMENT
TEM 2 1(F) ATMOSI CINEDTITLE

I 101A Reactor Cavity ** 7401

I101C Flowmeter Cell (PHTS 7861-3"
Loop #1)

I 101D Flowmeter Cell
(PHTS Loop #?)

786 '-3"

7861-3"

V

V

V

V

V

V 35

V 35

V 35

V 35

150

150

150

150

120

120

120

120

120

W-

>.

101E

102A

FI owmeter Ce I
(PHTS Loop 13)

N Reactor Vessel,
Guard Vessel

N PHTS Piping Perma-
nent Magnet Flowmeter

N PRTS Piping Perma-
nent Magnet Flowmeter

N PHTS Piping Perma-
nent Magnet Flowmeter

N Primary Na Storage
Vessel, Reactor
Overflow Vessel, Na
Drain Tank

N System 81 Pri. Na
Overflow and Make-
up lines fron
Reactor Vessel-

N Primary Na EM
Makeup Pump

Overflow and Primary 7331-0"
Na Storage Tank Cell

IV 12 150

I 102B System 81.Reactor
Cavity Piping Penetra-
tion Area

Primary Na Make-up
Pump Cell

7821-0tt

7331-0"

V IV 12 150

150

120

1201 103 V IV 12

CD~

W Cn

4



TABLE 3A.1-3 (Continued)

Sheet 2 of 3

CELL (1)
NO.-

FLOOR RADIATION ZONE (2)
£LEVA•IND OPERATION HUTDOWN

STRUCT.
DES IGN
PRESS.

PSIG

UPSET
DESIGN (4)
1EMEJ.12E1

OPERATING NORMAL .(3) EQUIPMENT
TEMP.L2EI AflOS, CONTAINEDTITLE

I
104 Primary Na Makeup &

Future Pump Cell

107A Primary Na Makeup
Pump Valve Gallery

107B Aux. LM Pipeway and
Valve Gallery

121 PHTS Loop 11 Cell **

7331-0"

7331-O"

733 1-0"

7521-8.

V

V

V

V

IV 15

V 15

V 15

V 30

150

150

150

150

120 N 7 Primary Na EM Make-
up Pump

120 N Primary Na EM Make-
up Piping & Valves

120 N Direct Heat Removal
Service DHRS Cooler
Sodium Piping & Valves

120 N Primary Na Pump &
Guard Vessel, Inter-
mediate Heat Exchanger
& Guard Vessel, Cold
Leg Check Valve, PHTS
and IHTS Hot Leg &
Cold Leg Sodium Piping

I 122 R-ITS Loop #2 Cell **

123 PHTS Loop 13 Cell **

131 NaK Cooling Equip.
Cell

752 '-8"

752 '-8"

769 '-0"

769'-0"

V

V

III

V 30

V 30

III .12

V 12

150

150

150

150

120 N

120 N

120 N NaK Storage Tank,
NaK EM Pump, NaK
Cool er

I'

I 132 NaK Sampling Cell V 120 N Multipurpose Sample
(MPS), MPS Valve
Cabinet, Master
Slave Manipulator,
Sodium Piping,
Radiation Shielding
Window, Sodium
Transfer Tunnel



TABLE 3A.1-3 (Continued)

Sheet 3 of 3

STRUCT.
DES IGN
PRESS.

PSIG
CELL (1)

1 141

TIJLE
FLOOR RADIATION ZONE (2)

ELEVAIION OPERATION SHUTDOWN

UPSET
DESIGN (4)

150

OPERATING NORMAL (3) EQUIPMENT
TEMP,(2EI ATMOS& ONTINED

PTI Cell

1 143 PT I Cel I

I 157A Pri. Na Cold Trap
Cell (A)

I 157B Pri. Na Cold Trap
Cell (B)

I 157D Cold Trap Valve
Gallery (A)

I 157E Cold Trap Valve
Gallery (B)

7831-9"

792'-0"

793 f,-0"

792 '-9"

792 '-9"

792 '-9"

V

V

V

V

V 12

V 12

V 12

V 12

IV 12

IV 12

150

150

150

150

150

120

120

120

120

120

N "

N Plugging Temp. Indi-
cator (PTI), PTI
Valve Cabinet

N Pri. Na Cold Traps

N Prl. Na Cold Traps

N Cold Traps Piping &
Valves

V

V 120 N Cold Traps Piping &
Valves

NOTES: 1)
2)
3)
4)

Alphabetical designations following cell nos. Indicate
For definition of Radiation Zones see Table 12.1-1
N = Nitrogen
Liner Design Temperature

sub-cells sharing a common atmosphere.

** These cells shall. have a design capability of surviving a one time high temperature sodium spill of 10500 F.

(--D

.0T
03 -4
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Figure 3A. 1-3. Vertical Cooler-Fan Installation
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Figure 3A.1-5. High Pressure Cooler and Blower Installation





3A.2 HEAD ACCESS AREA

3A.2.1 Head Access Area Functional Design

The Head Access Area (HAA) provides electrical and gas services, access
platforms and the environment necessary for reactor operation, refueling,
inspection, surveillance and maintenance.

3A.2.1.1 Design Bases

The HAA air temperature must be compatible with instrumentation, equipment,
seals and personnel access. The temperature of all routinely accessible
surfaces of HAA equipment will be limited to 1250F maximum for metallic
surfaces and 140OF for insulated surfaces. Stairways, ladders, walkways, and
platforms will be designed to OSHA standards. The radiation dose rate will be
limited to values as defined in Section 12.1.

3A.2.1.2 Design Description

The HAA is open to reactor containment at the operating floor elevation (816').
The general arrangement Is shown on Figure 3A.2-1. The HAA is 44 feet square
and 14 feet deep (below operating floor level). The top surface of the reactor
head and the HAA floor are at the same elevation (802').

Electrical services enter the HAA by way of wall penetrations leading Into
terminal boxes and/or conduit. Electrical cables are routed via wireway and
conduit (separated according to signal type) to the equipment on the ractor
closure head. During refueling the service bridges are swung aside and the
cable transfer machine provides the services needed on the rotating plugs.

Gas services enter the HAA via
services to the rotating plugs
and cable transfer machines.

pipes through the south and east walls. Gas
are also provided through the service bridges

3A.2-1
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Major Items within the HAA include:

Small Rotating Plug/Riser Assembly-
In-Vessel Transfer Machine (IVTM) Port Nozzle
IVTM Port Adapter (Preparation for Refueling)
IVTM (Refueling)

Intermediate Rotating Plug/Riser Assemtbly
Primary Control Rod Drive Mechanisms:(PCRDMs)
Secondary Control Rod Drive Mechanisms (SCRDMs)
Shield & Seismic Support (S&SS)
Liquid Level Monitors (2)
Upper Internals Structure (UIS) Columns (4)
UIS Jacking Mechanisms (UISJMs) '(4)
IRP Platforms and Ladders
IRP Cable Transfer Machine & Cooling Duct
SRP Drive Unit & Lock

Large Rotating Plug/Riser Assembly
Fuel Transfer Port and Lower Adapter
FTP Upper Adapter & Floor Valve (Refueling)
Liquid Level Monitors (2)
LRP Platform & Ladders
Cable Transfer Machine and Cooling Ducts
IRP Drive Unit & Lock

Off Head Items 9
Reactor Vessel Support Ring & Cavity Seal
Head Heating System Cabinets
LRP Drive Units (2) and Lock
HAA Electrical Equipment & Wiring
Radiation Monitors (4)
FLux Monitor Preamplifiers
Remote Data Acquisition Terminal
HAA Service Bridges and Reference Units
HAA PCRDM Cooling Pipes
HAA Cooling Ducts
HAA Gas Service Equipment
Seismic Recorders
North & South Service Platforms & Stairs
HAA Plug Drive Control Box
EVTM Cavity Beams & Columns

3A.2-2
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3A.2.1.3 Design Evaluation

A Head Access Area which provides ready access to operating personnel enhances
both the safety and availability of the plant by permitting surveillance and
inspection of the many systems and component in this area during operation.
This will provide a good basis for decisions that must be made during
operation.

Radioactivity In the Head Access Area will be monitored to detect leakage of
gas from any of the seals In the head. Detectors will be located In the head
access area. The HAA air will be recirculated once every two minutes. This
will reduce the chance of pny local buildup of leaking gas. The relatively
low cover gas pressure (10 Inches of water) and the use of double seals with
buffer gas between will minimize leakage and dilute any cover gas which may
leak Into the HAA.

3A.2.1.4 Testing and Inspection

There are no testing and In-service inspection requirements for the Head
Access Area.

3A.2.2 Head Access Area Heat Removal Syst!m

HAA heat loads include heat from the reactor vessel support ledge, HAA floor,
closurehead and heaters, and miscellaneous electrical equipment. Cooling Is
provided by an independent air conditioning system located In an adjacent
cell. The cool pool/focused flow ducting system directs cooling air to
critical regions on the closure head. Warmed air returns to the air
conditioning system via a 9 rille located In the south wall of the HAA.

Loss of the heat removal system would result In a natural convective air flow
that would transfer heat to the reactor containment building atmosphere. In
the worse case (loss of off-site power and loss of power to the HAA cooling
system) the RCB atmosphere Is expected to rise to a maximum of 120OF from its
normal temperature of 80 to 850F resulting in a temperature rise within the
head access area which will not exceed 400F. Equipment In the HAA will remain
functional at an RC8 atmospheric temperature of 120 0 F.

3A.2-3
Amend. 62
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3A.3.1 Design Bases

The design bases accident used in determining the design requirements
for the Control Building (CB) and in particular the control room and its
Habitability System are discussed in detail in Chapter 6, Section 6.3.

3A.3.2 Design Description

The structural aspects of the Control Building are described in Sec-
tion 3.8.4.1 The Control Building houses the main control room which contains
both the NSSS controls and the balance of plant controls, the life supporting
heating and ventilating systems for the.main Control Room, the cable spreading
room, safety related a.c. and d.c. power supply, control rod drive mechanism
switchgear, primary and intermediate pump speed controllers and the NSSS
switchgear. The Control Building will be designed to allow access and
occupancy during and following any postulated accident. The building is a
tornado hardened, seismic Category 1 structure consistent with the requirements
to protect the control and safety related systems.

The plant will be controlled from the main control room during normal
operation and emergency conditions. Capability to shut down the plant and
maintain it in a safe condition is provided even if loss of control room access
is postulated.

The Control Building houses all or portions of the systems listed
below:

Control Building Contents

Building Electrical Power System
Heating, Ventilating, Cooling and Air-Conditioning System
Plant Fire Protection System
Plant Annunciator System
Piping & Equipment Electrical Heating Control System
Balance of Plant Instrumentation & Control System
Plant Control System
Data Handling & Display System
Radiation Monitoring System
Plant Protection System

To permit operating personnel access during and after postulated
accident conditions,, a life support heating and ventilating system provides a
safeand conditioned air supply to meet the continuous occupancy requirement.
This system includes suitable radiation monitors which initiate closure of out-
side air makeup in the event this becomes necessary.

3A.3-1



To meet the intent of Criterion 19, Appendix A, 1OCFR50 shield design
bases is such that the whole body dose for operating personnel will not exceed
5 rem for the duration of any design basis accident.

Design evaluations in this respect are provided in Sections 6.3.1.3 9
and 12.1.2.

Evaluation of the structural design is given in Section 3.8.4.

3A.3.4 Testing and Inspection

Tests and inspections conducted on the Control Room Habitability
System are mainly concerned with the HVAC System capability to keep a positive
pressure within the main control room, and the operation of the airborne
hazards monitors. Discussions are provided in Section 6.3.1.4.

There are no testing and in-service surveillance requirements for
the structures.

3A.3.5 Instrumentation Requirements

Instrumentation requirements for the Control Building are closely
associated with the Control Room Habitability System. This is described in
Section 6.3.1.5.

3A.3-2



3A.4 REACTOR SERVICE BUILDING (RSB)

S3A.4.1 Design Bases

The Reactor Service Building (RSb) design Is based on:

1) Providing housing and structural support for portions of the Auxiliary,
Liquid Metal Reactor Refueling, and Maintenance Systems. Table 3A.4-1

611 lists the functional systems located in the RSB. Table 3A.4-2 lists

391 the supporting systems located in the RSB.

2) Providing protection against seismic and tornado events, and some
degree of confinement for several systems that contain radioactive
materials and spent reactor fuel.

29 3) Servlng as an Intermediate transfer and storage facility for new and

spent fuel, other components, equipment, and materialsentering and
leaving the Reactor Containment Building (RCB).

4) Providing radiation protection, primarily in the form of concrete
shielding, to meet the radiation shielding-zoning criteria presented in
Table 12.1-I.

5) Allowing installation, removal, repair, maintenance, and re-
Installation of equipment and components housed therein.

29 6) Providing safe entrance and egress for operating and maintenance
personnel who perform work in the RSB.

7) Providing environmental control (heating and ventilating, Inerted cell,
etc.) for various functional systems.-

8) Providing sealing protection against ground water and flood water
conditions.

9) Providing security to safeguard fuel per 1OCFR73.

3A.4.2 Design Description

3A.4.2.1 Reactor Service Building

Following Is a brief description of the RSB and certain systems located
therein. Table 3A.4-1 lists all the systems the RSB and the appropriate PSAR
references for detailed Information of these systems. •Additional information
Is provided In Section 3.8.4.1.1. General Arrangement Drawings are provided in
Section 1.2.

3A.4-1 Amend. 61
Sept. 1981



The RSB is a reinforced concrete, and with the exception of the radwaste area
is designed as a Seismic Category I, tornado hardened structure above and
below grade level at El. 815 ft. The RSB structure, In addition, houses an
airlock, cranes, a freight elevator, and a railroad track that allows railroad
cars to be brought directly into the building.

The airlock, 13'4" in internal diameter, Is provided between the RSB and the
RCB. The elevation of the airlock is adjusted to provide a 8-ft. wide by
8-ft. high passage between the operating floor of the RSB (El. 816 ft.) and
the RCB. The minimum clear space between the doors of the airlock is 20 ft.

A 125 ton capacity bridge crane is provided in the RSB. The hook on the crane
will have a clearance of 42 ft. above the operating floor.

A hardened railroad door 18'0" x 22'0" is provided between the RSB and the.
Radwaste Building (RWB). This door is designed to withstand tornado generated
mlssil es,

Personnel access and egress Is provided In the RSB structure from all levels,
via four staircases and one elevator. The elevator and one of the staircases
are located in the southwest corner, the other three staircases are located in
the northwest, southwest and northeast corners, respectively, as shown in the
general arrangement drawings In Section 1.2. Corridors are extensively
provided throughout the building for rapid egress.

Leakage of radioactive gas from the various systems within the RSB will be
restricted by utilizing commercially available seals to limit, under normal
operating conditions, the dose rate within the RSB due to radioactive gas
leakage below 10% of the zoning criteria, as established In Table 12.1-1.

Additionally the RSB Internal pressure is maintained at negative 1/4" W.G. to
restrict the release of radioactive contaminants to the atmosphere.

The foundation for the west end of the Radwaste Area Is at grade elevation and
is founded on compacted structural backfill. The Radwaste Area structure Is
designed to meet the requirements of the Standard Building Code. In addition
the structure below grade as well as the Solid Radwaste Area above grade are
designed as reinforced concrete structure.

The upper part of Radwaste Area, the steel framed structure is designed to
ensure that the adjacent seismic Category I structure of Reactor Service Area
is not damaged nor its safety functions compromised during an SSE.

The RSB has been designed as Seismic Category I consistent with its safety
function. The sections In this report dealing with the various systems
located in the RSB (see Table 3A.4-1) present their Individual seismic
category requirements.

The RSB contains several inerted cells. These cells perform similar functions
as those for the inerted cells in the Reactor Containment Building (see PSAR
Section 3A.1). Table 3A.4-3 lists the inerted cells in the RSB.

Amend. 75
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3A.4.2.2 Auxiliary Coolant Systems

39

The decay heat generated In the EVST sodium Is removed by a Na-Nak heat
exchanger. The Nak, In turn, releases Its heat through an air blast heat
exchanger. These heat exchangers, Na-Nak are located at elevation 765'0" of

61 the RSB. A complete, redundant system of heat exchangers is present, as a
standby in the event of a failure. The redundant systems and their
accompanying lines are routed Independentally of each other by physical barrier
separation. The FHC Is cooled by the RecirculatingGas Cooling System, which,
In turn, gives up Its heat in gas-Dowtherm J heat exchangers. The Dowtherm J
gives up this heat to a Chilled Water System Dowtherm to water heat exchanger.

61 Section 9.7 provides more-details on this system.

3A.4.2.3 Deleted39'
3A.4.2.4 Heating and Ventilation

The Heating and Ventilation System provides for air-conditioning and
611 ventilating the plant atmosphere. Section 9.6 and 12.2 provides more details

on this system.

3A.4.2.5 Sodium Fire Protection

The Sodium Fire Protection System provides the means of detecting, alarming,
381 containing, and controlling sodium and/or NaK fires. Details of the SFPS are

described In Section 9.13.

3A.4.2.6 Recirculating Gas CoolIna

129

9
The Recirculating Gas Cooling System provides
is described In detail in Section 9.16.

cooling of the Inerted cells and

471
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471 3A,4.2.7 Reactor Refueling

The Reactor Refueling System performs all handling operations on core
441 assemblies destined for the reactor, from the new fuel shipping and receiving

to the Installation of the spent fuel shipping cask Into the railroad flat car.
Its functions are performed In the RSB and RCB. Section 9.1 provides details
of this system.

Thethree major areas occupied by this system within the RSB Reactor Service
61 area are as'follows:

1) Ex-Vessel Storage Tank - The EVST, located below the operating floor,
will receive, hold and cool all core assemblies discharged from the
reactor vessel prior to.shipment offsIte.

2) Fuel Handling Cell - The FHC is a subfloor hot cell which can hold up
to three core assemblies for Inspections, measurements .and transfer to.
spent the fuel shipping casks for offsite shipment.

3) Two New Fuel Unloading Stations - Each station will contain one new
20 fuel assembly In a new fuel shipping container.

44,
3A.4.2.8 Nuclear Island General Purpose Maintenance Equipment

The Nuclear Island General Purpose Maintenance Equipment System prov Ides the
capability for maintenance of the Nuclear Steam Supply System (NSSS). These
maintenance operations are accomplished within the Reactor Containment.
Building, The Reactor Service Building, and the Steam Generator Building. The
system provides general purpose equipment and procedures for removal and
replacement of radioactive and/or sodium service components of the Fuel
Handling System, Heat Transport System, Auxiliary Systems, and Reactor Systems.
Capability Is also provided for sodium removal and decontamination. The system
also provides the general purpose equipment used for the removal, repair,
maintenance, and reinstallation of equipment and components housed within the
nuclear Island.

99

Amend. 61
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3A.4.2.9 Auxiliary Liould Metal

The Auxiliary Liquid Metal System provides the facilities for purification and
cooling of the sodium In the ex-vessel storage tank (EVST). The EVST sodium
storage Is provided by the Primary Sodium Storage and Processing System of the
Auxiliary Liquid Metal System. This is discussed In greater detail In Section

461 9.1, 9.3.

The maximum activity In the EVST sodium (i.e., after 30 years of plant
operation and with no EVST cold trapping) Is given In Table 12.1-23.

3A.4.2.10 Inert Gas Recelvina and Processing

Sections 9.5 and 11.3 present details of this system. The radioactive
Inventory, by Isotope, present in the various cells within the RSB are given In
Table 12.1-12 through 12.1-18.

3A.4.2.11 Impurity Monitoring and Analysis

The Impurity Monitoring and Analysis System provides for the sampling
monitoring, and analysis of sodium and cover gas Impurities In the CRBRP
systems. The system provides the following areas of impurity monitoring and

461 sampling:

1) EVS cover gas sampling

2) Primary cover gas sampling

461 3) EVS sodium sampling

Section 9.8 presents more details of this system.

3A.4.2.12 Fuel Failure Monitoring

Section 7.5.4 presents details of this system. The Isotopic gas activity In
the sampling trap cell (gas tag analysis) and the cover gas monitor cell are
presented In Table 12.1-20.

3A.4.3 Design Evaluatlon

The RSB Is designed to house the various systems listed In Table 3A.4-1. Each
of the systems containing radioactive fluids or components will be housed In

61 separate cells, that are provided with walls of adequate thickness. These
walls, In addition to providing radiation protection to operating personnel,
will act as a confinement barrier. Accidents considered by the Individual
systems housed in the RSB are presented In Chapter 15.

3A.4-5 Amend. 61
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3A.4.4 Tests and Inspection

A CRBRP Quality Assurance Program is established to'assure that
critical structures are built in accordance with specifications. This pro-
gram is described in Chapter 17.

Principal Materials Used in the RSB - Concrete, reinforcing steel,
steel liner plates, and structural steel - are manufactured in accordance
with nationally recognized standards. User installation tests and inspections
are detailed in. construction specifications.

Conventional methods will be used to inspect the cell liners. These

methods may include:

1) Visual inspection of welds

2) Dye penetrant

3) Vacuum box

Tests .and inspection will be performed during construction of the RSB
structure, to verify conformance .with construction specifications and appli-
cable parts of building codes.

The tests and inspection of systems within the RSB are discussed in
detail in those sections of this, report pertaining to the individual systems
housed by the RSB (see Table 3A.4-1).

3A.4.5 Instrumentation Requirements.

The RSB will be sufficiently instrumented-to provide for the safety
of both operating personnel and the general public.:, This instrumentation
will include such items as neutron counters for EVST and the FHC area, radia-
tion detectors in all accessible areas, exhaust monitors for the H&V System,
etc. The specific instrumentation requirements for the various systems in the
RSB will be the joint responsibility of the functional system and its corre-
sponding instrumentation system. These pairs of systems, together with a
brief discussion of their instrumentation requirements, are given in other
sections of this PSAR (see Table 3A.4-1).. The responsibility of providing
general radiation monitoring (i.e., not within the jurisdiction of any func-
tional system) will be the Radiation Monitoring System. Section 12.2.4 of
this PSAR presents the requirement for radiation monitoring in the RSB.

3A.4-6



291

15

39

471

TABLE 3A.4-1

MAJOR SYSTEMS LOCATED IN RSB

System Name

Chilled Water (Normal & Emergency)

Heating and Ventilating

Sodium Fire Protection

Recirculating Gas Cooling

Reactor Refueling

Maintenance (NSSS)

Auxiliary Liquid Metal

Inert Gas Receiving and Processing

Impurity Monitoring and Analysis

Fuel Failure Monitoring

Radiation Monitoring

Non Sodium Fire Protection

PSAR Reference

9.7

12.2

9.13.2

9.16

9.1, 7.6

9.2

9.3

9.5, 11.3

9.8

7.5.4

12.2.4

9.13.1

!..

29>2

co--



TABLE 3A.4-2

SUPPORTING SYSTEMS LOCATED IN THE RSB

Service and Function

Building Electrical Power

Communication

Lighting System

Reactor Containment

Plant Annunciator System

Piping and Equipment
Electric Heating and Control

Radiation Monitoring

Plant Protection

Containment Cleanup System

61

Electrical power for outlets,
equipment, and emergency power

Communication within the RSB and

to outside areas

Provide space and special lighting

Provide equipment air lock andmaintenance cask door that opens
Into the RSB

Provide annunciators within appro-
prlate areas of the RSB

Provide trace heating on selected
piping In the RSB

Provide radiation monitoring
throughout RSB

Provide plant protection systems
and devices to prevent unauthorized
entry Into the RSB and fuel storage
vault

Provide cleanup operations for the
RCB Annulus Atmosphere during a
TMBDB event.

Amend. 61
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CELL NO.

331

331A

337

.341

351C

351D

351 A

351 B

357

357B

360

360A

361

386

387

TITLE

EVST Third Loop IHX
Cell

EVST Third Loop
Pl peway

EVST Cell

Fuel Handling Cell

Pi peway

Pipeway

Main EVS Cooling
Sys. PIpeway

Main EVS Cooling
Sys. Plpeway

EVS Cool ing Loop B
Cell

Cool Ing Loop B
PIpeway

Cooling Loop B
PIpeway

EVS Cool Ing Loop A
Cell

EVS Cool Ing Loop A
PIpeway

EVS Na Cold Trap
Cell

EVS SSP Cell

PTI Cell

FLOOR
ELEVAIO~

798'-6"

798'-6"

759'-4"1

781 '-0"

770'-0"

7701-0"'

775'-0"

7 7 5'-0"

779'-0"

798'-6"

798'-6"

7791-0"

798'-6"

7791-0"Q

779'-00"

765'-0"

INERTED CELL DESIGNATION LIST
REACTOR SERVICE BUILDING

STRUCTURAL UPSET
RADIATION ZONE(1) DESIGN PRESS.- DES. TEMP. NORMAL
ERAIO SHUTDOW (PSI) tF)(3)

IV III 12 150 N

IV 11I 12 150 N

V IV 12 150 N

V 111 12 150 A

IV 111 .12 150 N

IV 111 12 150 N

IV 111 12 150 N

IV III 12 150 N

IV III 12 150 N

IV 11I 12 150 N

IV III 12 150 N

IV III 12 150 N

IV III 12 150 N

IV IV 12 150 N

IV III 12 150 N

IV III 12 150 N

EQUIPMENT
CONTAINED

EVST Backup Na
Cooler

Piping

Ex-Vessel Storage

Tank

FHC Equipment

Piping

Piping

Piping

Piping

EVST Na Cooler
Pump

Piping

Piping

EVST Na Cooler &
Pump

Piping

EVS Cold Trap &
Econom Izer

Ex-Vessel Na SMPLG
Pkg.

PTI

Notes: (1) For definition of Radiation Zones see Table 12.3-1.
(2) N = Nitrogen A = Argon
(3) Liner Design Temperature



3A.5 STEAM GENERATOR BUILDING

3A.5.1 Design Basis

The Steam Generator Building (SGB) design Is based on:

1) Providing housing and structural support for portions of the
Intermediate Heat Transport System, Steam Generation and Steam

61 Generator Auxiliary Heat Removal System and Maintenance Systems. Table
3A.5-1 lists the functional systems located In the SGB. Table 3A.5-2
lists the supporting systems located In the SGB.

2) Providing protection against seismic and tornado events.

3) Allowing removal, repair, maintenance and re-installation of equipment
and components housed therein.

4) Providing environmental control (heating and ventilating) for the
various functional systems.

5) Providing sealing protection against ground water and flood water
conditions.

6) Providing safe entrance and egress for operating and maintenance
personnel who perform work in the SGB.

D 3A.5.2 Design Description

Following Is a brief description of the Steam Generator Building. Table 3A.5-1
lists all the systems Inside the SGB and the appropriate PSAR references for
detailed Information of these systems. General Arrangement Drawings are
provided in Section 1.2.

IThe Steam Generator Building Is a Seismic Category I, tornado hardened
45 611 reinforced concrete structure with an attached Seismic Category I unhardened

structure for equipment maintenance and repair. The building is functionally
subdivided Into four bays which house the major equipment noted below:

Intermediate Bay

Ex-Containment,
61 Primary Sodium Storage Vessel

Intermediate Sodium Piping
Cable Distribution

151 Chilled Water Systems

3A.5-1 Amend. 61
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Steam Generator Bay

Intermediate Sodium Dump Tanks
Evaporators
Superheaters
Intermediate Sodium Pump
Intermediate Cold Traps
Intermediate Sodium Expansion Tanks

61' Reactor Products Separation Tanks

Auxiliary Bay

Instrumentation and Control Panels
Auxiliary Heat Removal System
Steam Generator Recirculation Pump
Steam Drum

Maintenance Bay

611 Intermediate Sodium Removal System and Cleaning Cell
Maintenance Platforms for Steam Generator, Superheater and IHTS Pump
Railroad Siding

The Intermediate Bay, Steam Generator Bay and the Auxiliary Bay are tornado-
hardened Seismic Category I structures and will be reinforced concrete

611 enclosures with reinforced concrete slabs on structural steel framing. The 9
611 Maintenance Bay housing noncritical components and systems will not be a

tornado-hardened structure but will have a Seismic Category I steel framework.
The metal wall siding and metal roof decking will be designed in accordance
with standard practice for Industrial buildings. Interior structures will
consist of structural framing, floor grating or concrete decks. Structural
steel will receive a fire protection cover In accordance with the requirements

61145 of the Standard Bu-IldindnCode.

Postulated accidents as discussed in Chapter 15 do not impose a leak rate.
capability on the SGB (except the primary sodium storage cell In the
Intermediate Bay) or require more than a 3 psi differential pressure capability
as stipulated by the tornado considerations.

A brief description of the structural design features of the building is given

In Section 3.8.4. A detailed description of the Heating, Ventilation, Cooling
and Air-Conditioning System serving the building Is given in Section 9.6.61

Design characteristics of the SGB'to mitigate the effects of seismic and
61 tornado events and steam line ruptures, resulting loads and the building

structural design criteria are described in Chapter 3. General Arrangement
Drawings are provided in Section 1.2.

3A.5-2- Amend. 61
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3A.5.2.1 Heat Transport and Steam Generator Systems.

The SGB houses the three Intermediate heat transport loops. Each loop
transports heat from the respective IHX to the steam generator system and' returns the cooled sodium back to the IHX. All piping and components are
Selsmically supported and housed In Seismic Category I, tornado hardened

61 structures. The steam generator system consists of 2 evaporators and 1
superheater per loop with their associated steam drum and recirculation system.
Section 5.5 provides more details of this system.

3A.5.2.2 Steam Generator Auxiliary Heat Removal System SGAHRS

The SGAHRS Is a safety related system which provides safe shutdown of the
reactor for both short and long periods of time should the normal steam dump to
the condenser be Inoperative. This system is housed entirely within the

611 Auxiliary Bay. Section 5.6 provides more detailed description of this system.

3A.5.2.3 Heating and Ventilating

The Heating, Ventilating and Air Conditioning System provides for air-

conditioning of the atmosphere within the SGB. Sections 9.6 and' 12.2 presents

61 more details of this system.

3A.5.2.4 Fire Protection

* The Sodium Fire Protection System provides the means of detecting, containing,
alarming and controlling sodium fires. Details of the SFPS are described in

35 Section 9.13.

3A.5.2.5 Maintenance

A maintenance bay Is provided adjacent to the steam generator cell. This
structure provides housing for maintenance stands for both an intermediate

611 sodium pump and an evaporator/superheater module. Additional description Is
provided In Section 9.2.

3A.5.3 Design Evaluation

Sodium fires within the Steam Generator Building represent an additional
loading In the building as discussed In Section 3.8.4. The sodium fire

611 accident sequences and resulting loadings on the Steam Generator Building are
provided In Section 15.6.

0
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Each of three Intermediate sodium loops and its associated steam generator
system are physically separated In Independent cells to prevent an accident In
one loop from causing failures In any of the other loops. The extent of the
isolation is described below.

o Separate primary sodium loops contained within separate cells In the
RCB.

o Separate Intermediate sodium loops contained within separate cells in
the Intermediate bay.

o Separate steam generator systems and their associated portions of
SGAHRS contained within separate cells in the steam generator
building.

Reinforced concrete walls provide loop separation In all buildings and steel
catch pans will be provided to retain sodium at locations of potential
spillage. Each cell containing a portion of a loop is independently controlled
to permit loop-to-loop Isolation. Piping systems do not interconnect in the
intermediate system loops, except for small vent and draln lines which can be
closed off by valves to permit loop-to-loop Isolation. Drains from cells
containing portions of a loop will be Isolated by suitable valving.
Electrical, Instrument and control cabling will be routed separately to each
loop so that cabling for one loop does not pass through a cell containing
another loop. The same applies to piping and ventilation ducting. Where
unavoidable, piping and duct penetrations between cells containing loops, will 9
be provided with protective missile sleeves or similar protective measures.

Separation of the loops in the auxiliary bay Is provided to prevent propagation
of an accident into an adjacent cell. Reinforced concrete walls and barrier
doors provide this protection. The arrangement and orientation of components
(e.g., piping, valves, rotating machinery) Is such that the protection of vital
equipment in adjacent cells from equipment generated missiles Is provided.

In cases where piping systems do Interconnect the steam generating system
loops, (i.e. main steam lines, normal and auxiliary feed water lines) automatic
Isolation Is provided to prevent propagation of a fault from one loop system to
another. The auxiliary feed water system is designed so that no single active
failure following the Initiating event can prevent auxiliary feed water from
reaching the operating steam generator loops.

This separation is necessary to ensure the operability of the SGAHRS System
after an accident occurs In one loop.

Amend. 61
Sept. 1981
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3A.5.4 Tests and Inspections

A CRBRP Quality Assurance Program is established to assure that
critical structures are built in accordance with specifications. This
program is described in Chapter 17.

Principal Materials Used in the SGB - Concrete, reinforcing steel,
steel liner plates, and structural steel - are manufactured in accordance
with nationally recognized standards. User installation tests and in-
spections are detailed in construction specifications.

Tests and inspection will be performed during construction of
the SGB structure, to verify conformance with construction specifications
and applicable parts of building codes.

The tests and inspection of systems within the SGB are discussed
in detail in those sections of this report pertaining to the individual
systems housed by the SGB (See table 3A.5-1).

3A.5.5 Instrumentation Requirements

The specific instrumentation requirements for the various systems
in the SGB are discussed inChapter 7.0. These systems, together with a
brief discussion of their instrumentation requirements, are given in other
sections of this PSAR (See Table 3A.5-1).

3A.5-5



TABLE 3A.5-1

SYSTEMS LOCATED IN SGB

System

Heating & Ventilating

Plant Fire Protection

Maintenance System

Reactor Heat Transport System

Steam Generator System

Steam Generator Auxiliary Heat
Removal System

Inert Gas Receiving & Processing

Radiation Monitoring

Normal Chilled Water

Emergency Chilled Water

PSAR Reference

9.6 & 12.2

9.14

9.2

5.0

5.5

5.6

9.5

12.1.4 & 12.2.4

9.7.1

9.7.2

915

3A.5-6 Amend. 15
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TABLE 3A.5-2

SUPPORTING SYSTEMS LOCATED.IN.THE
STEAMGENERATOR BUILDING

System

Building Electrical Power

Communications

Lighting System

Compressed Gas System

Plant Annunciator System

Plant Protection

Plant Fire Protection

3A.5-7



3A.6 DIESEL GENERATOR BUILDING

3A.6.1 Design Bases

The Diesel -Generator Building is Immediately adjacent to the Control Building.

It contains safety related emergency electrical power supply equipment to

151 supply emergency shutdown power In the event of loss of all offsite AC power.

The Diesel Generator Building design is based upon:

61 1) Providing housing and support for portions of the functional systems
listed in Table 3A.6-1. Table 3A.6-2 lists the supporting systems in
the DGB.

2) Providing protection against seismic and tornado events for those
systems in the DGB.

3) Allowing removal, repair, maintenance and re-installation of equipment
and components housed therein.

4) Providing safe entrance and egress for operating and maintenance
personnel, who perform work in the DGB.

5) Providing environmental control (heating and ventilating) for various
functional systems.

6) Providing sealing protection against ground water and flood water
conditions.

3A.6.2 System Design Description

The Diesel Generator Building is a tornado hardened, seismic Category I
structure. The two diesel generators are supported at grade elevation, and are
separated from each other by a wall designed to withstand the Impact of any

61 missile generated by a diesel-generator casualty. Building materials and
adequate wall thicknesses provide the required fire barriers; doorways are
provided with the required fire rated doors. Openings in exterior walls and
roof are missile protected with barrier walls or a Penthouse. The building is
also protected against floods. (See Section 3.4)

The Diesel Generator Building HVAC system provides the required ventilation to

611 maintain adequate temperatures under normal and emergency conditions for the
various areas In the building. The description of the Diesel Generator
Building HVAC System Is presented In Section 9.6.

An equipment removal hatch Is provided In the building for the purposes of
Installation, maintenance, and removal of equipment located on the elevations
below grade.

3A.6-1 Amend. 61
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Complete separation Is maintained between the redundant diesel-generators with
their respective auxiliary support systems to ensure that a malfunction or.
failure of an active or passive component will not impair the :capabliIty of at
least one diesel-generator to supply power for a safe plant shutdown. The
diesel-generator auxiliary support systems, which Include fuel oil, *lube oil,
starting air, and cooling-water, systems, are classified moderate energy systems
and, as such, are subject to through-the-wall pipe leakage cracks with possible
subsequent flooding. Each diesel-generator cell is designed to prevent

611 propagation of flooding to the other diesel-generator cell.

A set of M. V. switchgear buses, unit substations, and motor control :centers
are located in the Diesel Generator Building. These electrical components are

53 separated by a wall to prevent a casualty to one cell from propagating to the
61 other redundant cell.

151
The Diesel Generator Building Is protected by the selsmically supported Non-

611 Sodium Fire Protection System. The appropriate fire extinguishing systemswilll
be provided throughout the building to minimize the adverse effects of fires to
safety related systems.

3A.6.3 Deslan Evaluation

The Diesel Generator Building has the following features that collectively
provide the capability needed to satisfy CRBRP General Design Criteria 2,:3,
and 4 as described In Section 3.1.

1) The building is designed to withstand natural phenomena such as
earthquakes, tornadoes, tornado-generated missiles, and floods as
described In SectIons 3.8, 3.3 and 3.4, respectIvely

2) The building and the systems contained are protected against fire using
detection equipment and the appropriate fire extinguishing devices as
described In Section 9.13.1.

3) All systems Inside the Diesel Generator Building, Important to safety,
are redundant and are separated and protected so that the failure of
one system will not cause the failure of the redundant system.

3A.6-2 Amend. 61
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3A.6.4 Testing and Inspection

611

611

Pre-operational and periodic tests and Inspections will be performed for the
HVAC systems and Fire Protection Systems In the Diesel Generator Building to
assure the adequate and reliable performance of these systems as described In
Sections 9.6.5 and 9.13.1.

Testing and Inspection of the systems contained In the building will be
performed as described In Sections 8.3, 9.7.4, 9.9.1.4, and 9.9.2.4.

A CRBRP Quality Assurance Program is established to assure that critical
structures are built in accordance with specifications. This program is
described in Chapter 17.

Principal materials used In the DGB - concrete, reinforcing steel and
structural steel - are manufactured In accordance with nationally recognized
standards. User installation tests and Inspections are detailed in
construction specifications.

Tests and Inspection will be performed during construction of the DGB
structure, to verify conformance with construction specifications and
applicable parts of building codes.

The tests and inspection of systems within the DGB are discussed in detail in
those sections of this report pertaining to the individual systems housed by
the DGB (See Table 3A.6-1).

Amend. 61
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TABLE 3A.6-1

SYSTEMS LOCATED IN THE DGB

151

171

611

Building Electrical Power Systems

Plant Protection System

Service Water System

Heating and Ventilating

PSAR Reference

8.0

7.0

9.0

9.6

3A.6-4 Amend. 61
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TABLE 3A.6-2

SUPPORTING SYSTEMS LOCATED IN THE DGB

Communications

Lighting

Plant Fire Protection

Plant Protection

Radiation Monitoring

3A. 6-5



3A.7 Deleted

32 Amend. 44
Anril 1978



45 32

3A.7-2 / 9
Amend. 45
July 1978



3A.8 Cell Liner Systems

Cell liners are located in Na and NaK cells In order to maintain the Inert
atmosphere (Nitrogen) under normal operating conditions, to facilitate.
decontamination and decrease downtime following an accidental sodium spill, to
provide an Engineered Safety Feature (ESF),sodium/NaK barrier to prevent
sodium concrete reactions, and to protect'the structural Integrity of the cellI
for the preservation of the capital investment.

3A.8.1 Design Bases

See Section 3 of Appendix B to Section 3.8 for a discussion of cell liner
requirements.

3A.8.2 Design Description

The CRBRP cell liner system utilizes a steel plate liner, Including edge
embedments, to restrain the thermal Inplane expansion - contraction forces,
and stud anchors (in walls and ceilings) and structural sections (in floors)
to provide out of plant restraints to minimize the effects of bending caused
by behind the liner pressure or by the buckling of the plate. Additional
features of the cell liner design Include an Integral Insulation panel to,
protect the structure from severe thermal loading, and an Integral vent
system, to relieve the behind the liner steam buildup under sodium spill
accident conditions. The cell liner
wall and ceiling panel elements:

1. Carbon steel liner plate -

2. Insulating Concrete panel-

3. Nelson Steel Anchors
(wall/ceilings) or
Embedded Structural
Sections (Floor) Welded
to Liner Plate

4. Continuous Air Gap Between -
Insulating Concrete and
Liner Plate

system consists of the following typical

to provide a leaktight sodium spill
boundary

to protect the structural concrete from
the elevated temperatures resulting from
the 'Na" spill

to minimize the out of plan bending of
the cell liner plate

to vent and relieve the buildup of gas
(steam) pressure behind the liner due to
the heating of the Insulating and
structural concrete

The typical wall and ceiling panels are prefabricated In large modular-panel
sections. This will minimize the amount of field welding required. The studs
anchors extend deep enough into the concrete structure so that the Integrity
of the w all/celling liner system is maintained and the full strength of the
stud anchor Is developed. At the corners the liner plates are attached to
steel sections embedded In the structural concrete in order to prevent the In
plane thermal expansion of the liner plate and the excessive strains In the
anchors that would result.

3A.8-1
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591 451

The typical floor liner is a carbon steel plate welded to rolled.
steel sections which are embedded in the concrete slab such that approx-
imately half their depth projects above the top of the floor slab. The
floor linerwillbe supported on embedded steel sections. The space
between the floor slab and the liner is filled with a precast insulating
concrete panel. The function of the floor insulation is to:

a) Provide an insulating barrier between the steel floor liner plate
and the structural concrete such that the temperature of the concrete
floor slab will not exceed the limits specified in Section 3.1.7 of
Appendix 3.8-B.

b) Provide a vent path. for the gasses generated beneath the floor liner
as a result of a sodium spill.

c) Limitthe deformations of the floor'liner plates under a positive
pressure differential by transmission of the internal cell pressure
through the insulation to the structural slab. 37

Amend. 59
Dec. 1980

3A. 8-1a



591 The insulating concrete floor panel is assumed to provide no lateral support to
Sthe embedded steel sections. The' size and spacing of the embedded rolled steel

sections are designed such"that stresses and strains in the beam web and the 37
liner plate fall within the limits specified In Table 3.8-1 of Appendix 3.8-B.

A liner vent system will be installed to limit the pressure behind the liner
generated by the heatup of structural concrete during a sodium spill. The
liners will be designed to withstand the pressure under the maximum liner

45 37 temperature.

The steam generated below the floor liner by the heat up of the structural and
Insulating concretes will be vented through the air gaps provided as shown In
Figure 3A.8-4 and through holes In the webs of the floor liner embedment beams
to collective points along the periphery of the cell. The steam generated below
the reactor cavity floor liner Is vented Independently of the cell walls due to
the need for compartmentalization of the cell liner vent system to satisfy1 TMBDB requirements*(Reference lOb, PSAR Section 1.6). Each zone In the reactor

59 cavity Is vented Independently and Is separated by a baffle plate for the
adjacent zone. In areas other than the reactor cavity, the steam from the
floors will be released with the steam from the walls and ceilings Into the
liner vent system piping. Effects on stiffness caused by linercorrosion will
be accounted for In the liner plate/anchors analysis.' Equipment supported on
the floor liner will be provided with special supports to transmit the loads
directly to the structural slab. During construction and maintenance the floor
liner will be protected from loading as specified in Section 3.1.1 of Appendix

_ 3.8-B. Diagrams of the cell liner configurations are shown i~n Figures 3A.8-4.
7 3A.8-5 and 3A.8-6.

The vent path for the cell liner wall and ceiling system is provided by a 1/4"1
continuous air gap as shown in Figures 3A.8-4 and 3A.8-5. The air gap Is 137
prefabricated with the modular cell liner panel. The air gap between the
Insulating concrete and the cell liner plate will be Inspected before

481 Installation. The continuity of the air gap Is maintained duringconstruction
and the life of the plant by a) sealing the joints between adjacent insulating

481 concrete panels during construction to prevent the entrance of the structural
concrete; b) the bearing and/or bond strength of the insulating concrete panel
to the cell liner plate at the stud anchors to prevent the closure of the air

59 gap during construction and Installation; c) the preoperational testing of the
cell liner vent system. Local plugging of the air gap Is precluded since the 137
air gap Is continuous over the entire surface area of the lined cell.
Therefore, there are no effects on the liner or liner anchors due to pressure
buildup.

• 3A.8-2
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59i

591

59

Liners will not ordinarily be exposed to sodium. The structural concrete will
be protected by an Insulating concrete between the steel liner and the
structural concrete. During accident conditions, some spalling of this non-
structural concrete Insulation may occur. However, this is considered
acceptable since liner failure due to spalling of the insulating concrete Is
prevented by embedding liner anchors Intothe structural concrete.

The inner cells are constructed reinforced concrete with steel liners designed
to maintain the atmospheric leak tightness requirement of section 3.1.1.1 of
Appendix 3.8-B during normal operating conditions. Piping penetrations
entering inerted cells are designed to prevent leakage, and are sealed by any
of the following methods, depending upon individual design requirements:

a) packing between pipe and a pipe sleeve which Is welded to the cell
liner using full penetration welds.

b) flued head or flexible bellows attachments welded to pipe and pipe
sleeve with sleeve seal welded to cell liner using full penetration.
wel ds.

c) pipe embedded in concrete and seal welded directly to cell liner with
full penetration welds.

3
3A. 8-2a Amend. 59
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Penetrations between Inerted cells having a common atmosphere may also consist
of an open pipe sleeve which is welded to the cell lilner at each face with
full penetration welds.

3A.8.3 Design Evaluation

The piping integrity Investigation analysis of crack growth due to all design
duty cycle events Indicated negligible crack growth. Based upon this

.evaluation, It is concluded that no leaks will occur under operation in
accordance with the piping design specifications.

The sodium and NaK components and piping In the CRBRP nuclear steam supply
system and auxiliary systems are all designed to prevent leakage. The liners
in cells which contain sodium or NaK should therefore not be exposed to any
conditions more severe than those corresponding to normal plant operation.
However, accidental sodium leaks or spills cannot be precluded and therefore
must be considered in the design of the liners.

To accommodate the effects of accidental sodium leaks or spills, the cell
liners will be designed for a design basis sodium spill. Based on the
operating experience of existing sodium facilities and previous assessments of
sodium spills, the amount and/or leakage rate of an accidental sodium spill
into a cell are minor. Leaks which could develop from flaws, fatigue, creep,
etc. are expected to be much less than the Design Basis Leak as discussed in
Reference 2 of Section 1.6.

3A.8.3.1 Sodium Spill Evaluation

The evaluation of the consequence of sodium spills Is provided in PSAR Section
15.6. Cells other than those analyzed In PSAR Section 15.6 are analyzed in a
similar fasion. The cells will be designed to accommodate the peak pressure
from these spills. For the cells that are specified as a 15 psig cell, the
worst case maximum peak pressure Is calculated to be 13 psig. For the cells
with a .12 psig design pressure the peak cell pressures are in the range of 2-6
psig. The method and criteria for evaluatIon of the cell liners are discussed
in Section 3.8-B.

3A.8.3.2 Brittle Failure Potential of the Liner In Irradiated Areas

The increase in ductile-brittle transition temperature due to neutron damage
is estimated to be less than 10OF for the reactor cavity liner. This is based
on damage function analysis, which indicates that the damage level for the
neutron spectrum in the reactor cavity will be approximately 100 times lower
than that for LWR reactor vessels.

For the neutron embrittlement evaluation of the cell liner plate, the methods
and limits established by USNRC Regulatory guide 1.99, "Effects of Residual
Elements on predicted Radiation Damage to Reactor Vessel Materials" will be
used. The only area of the plant exposed to neutron fluence Is the reactor

p
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59

cavity. By considering the worst case exposure condition for the reactor
cavity cell liner where the maximum fluence. is 7.8! x 10 18 n/cm2 , (E >0.1 MeV)
and. 6.1 x 1o13 n/xm2 (E <1.0MeV), the maximum adjustment of Nil-ductility
temperature (NDT) Is 10OF and does not require trace element control. This
Indicates that the liner steel is not effected by neutron embrittlement nor
does gamma radiation result In steel degradation.

3A.8-3a Amend. 59
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3A.8.3.3 Liner Analysis

.1 Qenealn

The liner system is described In Section 3A.8.2. The Design Requirements,
Load Categories, Load Combinations, Stress and Strain alloables and Design
Analysis procedures are given In paragraphs 3.1 through 3.5 of PSAR Appendix
3.8-B. Attachment D to Appendix 3.8-8 gives the bases for the strain criteria
and strain limits adopted for the Postulated Large Liquid Metal Spill (PLLMS)
Loads.

The spacing and size of the Nelson stud anchors in the wall and ceiling panels
and of the floor anchors are designed such that the stresses and strains fall
within the limits specified In Table 3.8-B-1 of Appendix 3.8-B.

The anchors will resist the shear forces Induced when unbalanced forces exist
between sections of the liner and axial forces caused by the maximum specified
pressure (5 psig) acting on the backside of .the liner under the PLLMS loads.
Since there Is a 1/4 inch gap between the cell liner and the insulating
concrete, some axial loads in the anchors will be caused by the cell's
Internal pressure.

The insulating concrete does not act Integrally with the structural concrete
and a bond breaker will be provided on the surface separating the two
materials to reduce shear transfer. The insulating concrete Is not considered
a main structural element; its main function Is to provide a thermal shield to
prevent degradation of the structural concrete under the elevated temperatures
of the PLLMS conditions. The adequacy of the Insulation thickness has been
demonstrated by a preliminary finite element thermal analysis using the
computer program ANSYS. The temperatures calculated at the face of the
structural concrete did not exceed the limits established in Section 3.1.7 of
Appendix 3.8-B. Local hotspots due to heat transfer Into the structural
concrete through the studs may occur. These effects will be evaluated by both
analytical and testing methods.

Spalling or degradation of the Insulating concrete under the PLLMS Loads will
not cause a fall ure of the liners or liner anchor system. The anchors will be
embedded In the structural concrete to ensure adequate restraint and the
design Is such that even if no lateral support to the anchors Is provided by
the Insulating concrete, the specified anchor strain limits will not be
exceeded.

Liner failure due to behind the liner steam pressure is prevented by the
provision of a venting system on the backside of the liner where necessary, to
reduce steam pressure generated from heatup of the Insulating material and
structural concrete during a sodium spill. The 5 psig cell liner vent system
pressure developed behind the cell liner plate Is addressed in the analysis of
the liner system. Two cases of pressure differential across the liner are
considered. The first case considers the 5 psig vent pressure behind the
liner combined with the peak Internal cell accident pressure; the second case
a 0 psig vent pressure combined with the peak internal cell accident
pressure. These two cases provide conservative bounding conditions for the
pressure differential across the cell liner under Design Basis Accident
conditions.

3A.8-4 Amend. 72
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Specific vent paths behind the liner will be provided where analysis and/or
testing Indicates they are required. Steam produced would be vented to the
non-inerted areas
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Specific vent paths behind the liner will be provided where analysis and/or
testing indicates they are required. Steam produced would be vented to the
non-inerted areas within the RCB or RSB consistent with the location of the
sodium spill. Preliminary analysis under Postulated Large Liquid Metal Spill
(PLLMS) conditions Indicates that this venting scheme will not require the
containment to be purged. A more detailed analysis will be performed to
verify these preliminary Indications. Since any steam produced during a
sodium spill would be vented to the non-Inerted areas, hydrogen evolution due
to sodium/water reactions would occur only following a liner failure. Failed
liner testing Is planned and the amount of hydrogen evolved during these tests
will be monitored. Even In the unlikely event of the liner failure, purging
of containment is not expected to be required. The liner system will be
designed to withstand a backside pressure of 5 psig.

Due to the magnitude of the compressive thermal forces caused by the
restraining actions of the concrete structure, buckling of the liner plates Is
anticipated. Buckling In Itself will not produce failure since the thermal
deformations are self limiting. However, due to the reduced load carrying
capacity of a buckled panel, unbalanced lateral forces can be induced at the
anchor. The liner-anchor system will be designed such that under the
unbalanced lateral forces due to opanel buckling, the strains will not exceed
the allowable limits. Buckling of panels will improve the stress-strain
conditions at the corner anchors since the unbalanced lateral forces will be
reduced.

The dead and live loads, seismic loads, operating pressure and thermal loads,
etc., will affect the cell liners through the interaction of the liner-anchor
system with the structural concrete. Since the structural concrete is by far
more rigid than the liner, the deformations of the concrete under these loads
and the restraint it provides to the liner will determine the stress-strain
condition of the liner-anchor system for these loads. For these conditions
other than sodium spills, the stress levels in the cell liners are expected to
be below the yield strength of the material. The maximum normal operating
temperature (peak) will not exceed 130OF and no significant stresses and
strains will be imposed on the liners under these conditions.

The cell liners shall be designed to have the capacity to sustain non-
mechanistic thermal cycling during the lifetime of the plant (15 cycles from
130OF to 220 0 F, 14 cycles from 130OF to 210 0 F, 3 cycles from 130OF to 150OF
and 1 cycle from 1300 to 260 0 F) which is within the ASME Code limitations such
that the cyclic fatigue should not be a problem. Based on Section NE-3222.
4d of Section III, Division 1 of the ASME B&PV Code, for the specified
temperature ranges and number of cycles, no fatigue analysis is required.

.2 Analysis

Calculations have been conducted to investigate the adequacy of the liner-
anchor system under the PLLMS Condition. They consist of elasto-plastic
analyses using the computer program ANSYS. The strain values obtained from
the finite element analyses under sodium spill conditions are compared against

Amend. 75
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' the allowable strains at the exposure temperature. The allowable PLLMS
strains are determined using Table 3.8-B-I and the materials test data
presented in 3A.8.4. Table 3A.8-1 summarize the allowable strains under load
combination D (PLLMS spill).

An analysis conducted at ORNL (Ref. 1) considered a wall liner panel, 15
inches square. It was assumed that the corners, where the stud anchors. are
located, were rigidly supported, which is justified when there are no
unbalanced lateral forces acting on the anchors. The analysis considered
transient conditions Immediately after the sodium spill, an isothermal
condition under a steady state of 1000OF and a cooldown to an isothermal
condition of 150 0 F. The maximum calculated strain was 1.7%.

To Investigate the cell wall liner-anchor system, a finite element analysis of
a typical cell liner panel having a 1/8" bow at the middle of the panel was
performed. A typical 75" x 75", portion of the wall liner having a line of
symmetry along the edges and 1/8" bow at the centr span was considered to
determine the effect of an unbalanced lateral force on the stud anchors. By
using symmetry, the model was reduced to a one eighth segment (Figures 3A.8-1
and 3A.8-2). The liner studs were modeled at 15" on center. The insulating
concrete was assumed to provide full lateral support to the studs. A behind
the liner pressure of 5 psi was included.

The cell liner (plate) temperature was raised prototypically from 70OF to
D 1000OF and the allowed to cool down gradually to 200 0 F. The cell liner

strains and displacements were observed at different stages. At 1000OF the
maximum strains In the bowed panel were 2.31% while the maximum strains in the
unbowed "Typical panel" were 1.5%. The result of these calculations show the
maximum effective strain in the liner system well below the allowable limits
presented in Table 3A.8-1.

Another analysis included a bi-planar corner (wall to floor). The
mathematical model is shown in Figure 3A.8-3. A 15 Inch wide strip (equal to
the spacing of the stud anchors) was considered. Two models were used: in
one the insulating concrete layer was assumed to provide the full lateral
support to the stud anchors; In the second it was assumed that the insulating
concrete layer provided no lateral support. In both model.s It was assumed
that the insulating gravel under the floor liner provided no lateral support
to the floor anchors. A 5 psi pressure was applled on the back face of the
liners (to simulate strain pressure buildup) and a uniform temperature of
1000OF in both Liner and anchors. The results give a maximumieffective strain
of 2.3% in the liner plate and 1.7% in the anchors. There is no substantial
difference between the results of the two models. Since the strains obtained
are much below the allowables specified in Table 3.8A-1 of Appendix 3.8A,
liner integrity is maintained. The effect of the Appendix 3.8B corrosion
allowance of 1/16 Inch was investigated using the same mathematical model
described above. A strain response was obtained after reducing the thickness
of the cell liner plates (both wall and floor) by 1/16 inch-to account for the
effect of corrosion while keeping the remaining parameters the same. The
results obtained~were of the same order of magnitude as was obtained from the
same model without corrosion.

3A.8-6 Amend. 75
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I This result was anticipated since the major components of the strain
591 induced in the liners are membrane strains. Accordingly it has been

concluded that the effect of a maximum 1/16" corrosion over a thirty4year plant life will not compromise liner integrity.451

*A finite element analysis was performed to determine the
response of the cell liner wall/ceiling system in the close proximity of
a large diameter penetration.. The cell liner panel, penetration sleeve,
and collar plate were evaluated under the PLLMS condition to verify the
integrity of the cell liner system under sodium spill conditions.

The large diameter pipe plnetration sleeve detail used in
this analysis utilized a thickened plate collar welded to the penetration
sleeve and the cell liner, for resisting the thermal expansion choking
forces developed by the fixed cell liner plate at the penetration opening.
The collar plate is anchored directly into the structural concrete.

The penetration analyzed consisted of a 24 inch diameter schedule
80 pipe sleeve reinforced with a circular stiffening collar with gusset
plates spaced at 450 around the penetration. A cross-section of these
elements is presented in Figure 3A.8-7. The penetration assembly was
located in a wall/ceiling liner area having the standard cell liner
configuration (Figure 3A.8-4).

The analysis 8 erformed considered tempratures ranging from
normal operating to 850 F. An elastoplastic computer analysis
was performed using one eighth symmetry as shown in Figure 3A.8-8.
The analysis considered the insulating concrete not available to support
the cell liner stud anchor lallerally, but available to support the liner
plate in the event of local closure of the air gap at the penetration/liner
interface.

At 8500F the maximum membrane strain of 2.02% was calculated
at the liner interface with the penetration collar. The combined membrane
plus bending strain at the same location was 2.14%. The maximum membrane
stud strain adjacent to the penetration was 1.7% with membrane plus bending
strain of 2.6%. These strains compare favorably with the alloýable values
of 7.6% membrane and 10.2% membrane plus bending strain at 850 F as presented
in Table 3A.8-1.

A thermal analysis was performed to determine the consequences
of thermal shock if any on the 3/8" wall liner plate resulting from a
design basis sodium spill accident. A finite element model was utilized
which'considered the sodium film coefficient, 3/8 inch liner plate, 1/4
inch air gap, 3-7/8 inch insulating concrete and 35 inch structural
concrete. The analysis assumed a one dimensional heat flow. The temperature
distribution through the thickness of the liner plate and the corresponding

59 time were required for the evaluation of thermal shock. )
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Using an initial sodium temBerature 100°F at time t=O hours
and a final sodium temperature of 100 F at time t=60 hours, the temperature
distribution through the thickness of the plate and the concrete were
obtained from the finite element computer solution. It was observed
that the max. temperature difference through the 3/8 inch thickness of
the liner was 95.50F at 3.12 seconds and that the difference was gradually
decreasing. This resultant temperature difference is insufficient to
cause any thermal shock. Moreover, during the heat up and cool down
phase of the analysis, the liner was subjected to yielding and high
strain as demonstrated in previous analyses. Accordingly, thermal shock
is not considered to be a problem in the analysis of the liner. Similar
results were also obtained in the case of a thermal shock analysis
performed on a floor liner.

The-stud anchor yield force, displacement capacity and ultimate
force and displacement capacity have been evaluated based on manufacturers
test data.

The final analysis considered load categories including thermal
shock, thermal transients, and the heat-up and cool-down of the liner
under the sodium spill accident; hot spots; the effects of variations in
the steel properties and thicknesses; the effect of the 1/16 inch corrosion
allowance, etc.

The postulated breaks of sodium lines may generate hot sodium
sprays on the liner. The effects of the hot spot on the liner including
the dynamic effects, if any, of the jet impact will be considered.

Amend. 59
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3A.8.4 TESTING AND INSPECTION

451 3A.8.4.1 Development Testing Programs

A series of development testing programs have been developed to
support the cell liner design. These programs provide materials data to
support the objective of designing the cell liners to accommodate large sodium
spills without failure, demonstrate through qualification testing that
integrity of the liner is maintained under sodium spill conditions, and
provide test materials data on sodium-concrete reactions to assess
the consequences of cell liner failure.

Five individual testing programs have been completed or are
ongoing in support of the cell liner design. These development programs
are:

(a) Comprehensive Testing Program for Concrete at Elevated
Temperatures

(b) Sodium-Concrete Reaction Tests

(c) Sodium Spill Design Qualification Tests

(d) Cell Penetration Sealant Tests

(e) Base Material Tests for Liner Steels

The tests included in the development programs listed above are
modeled to minimize the difference between small scale tests results
and the actual mass concrete response at elevated temperatures. The
development programs indicated above are directed toward the goal of
designing and testing a cell liner system which will not fail, even

59 under the unlikely event of a large sodium spill.

Comprehensive Testing Program for Concrete at Elevated Temperatures

451 This ongoing experimental program will define the variation
with temperature of various physical and thermal properties of prototypic
CRBRP limestone aggregate concrete and lightweight insulating concrete.
The properties include, but are not limited to, compressive strength,
modulus of elasticity, shear strength, bond strength, thermal conductivity,
specific heat, and coefficient of thermal expansion. The series of
experiments will be carried out at various temperatures including those

37 representative of accident conditions.
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The results of this testing-program can be directly applied to the analysis of
the building structures supporting the cell liners. The testing program is
nearing completion and the results will be Included in an ORNL/CRBRP report
fol low Ing completion.

Since the biaxial and triaxial testing of concrete at elevated temperatures
will yield a greater compressive strength than uniaxial testing due to the
Influence of the lateral confining stress, the concrete tests performed on
specimens In the uniaxial state of stress will yield a more conservative value
of strength. Therefore the consequences of blaxxial and triaxial loading can
be disregarded.

Sodium-Concrete Reaction Tests

The objective of this ongoing program is to determine the rate and extent of
penetration due to sodium-concrete reaction. The effect of reaction product
accumulation and gas release on the sodium-concrete reaction rates will be
determined to allow upgrading of analytical capability. Additionally,
intentionally defected I iner tests will be performed to assess the response of
the I iner to a sodium-concrete reaction. Results of these tests will be
documented as they become available.

The dimensions of the test articles have been selected to ensure that results
representative of the actual mass concrete structure can be obtained.

Sodium SpiIf Design QualificatIon Tests

A large scale model of a CRBRP cell I iner has been performance tested to
demonstrate the abil ity of the cell liner system to maintain liner integrity,
mitigate consequences of a large sodium spill, and prevent sodium-concrete
reactions. A total of 3500 pounds of liquid sodium at 1100OF was spilled
against a CRFRP cell liner wall forming a 50 Inch deep sodium pool above the
CRBRP liner floor in the test article. The sodium pool was then heated, using
electric heaters, to temperatures ranging between 14600F and 15800F and
maintained until six days after the spill. The 11000F sodium spill simulated
a Design Basis Accident sodium spill event and the subsequent heat up to
approximately 16000F simulated the fission decay heat of a sodium pool under
TNBD8 Accident conditions.

The test data and post test examination revealed no failures or liner defects
and minimal deformation of the liner system under the [PA and TIWB spill
conditions. The results of this testing program are Included in the HEDL
final report (Reference 5).

.Cell Penetration Sealant Tests

The objective of this program was to determine the effects of temperature,
sodium and radiation on various candidate sealant materials for cell
penetrations. This series of experiments enables selection of the most
suitable sealant material for use in the CRBRP. Following selections of the
prime sealant material, prototypic electrical cable penetration assembly
performance testing were conducted. The results of this testing program were
publ ished in Reference (4).

Amend. 73
3A.8-9 Nov. 1982



Base Material Tests for LIner- Steels

59

The objective of this completed testing program was to determine the response
of the cell liner plate material (SA-516 Grade 55) and Its associated weldment
material to elevated temperatures up to 71000 F. The base liner steel will be
tested for residual tensile strength (including stress-strain response),
stress-rupture (Creep) and thermal expansion. The weldment material was
tested for residual tensile strength (including stress-strain response) and
stress-rupture (Creep). Both longitudinal and transverse welds were
Investigated. The results of the base liner steel and weldment material tests
have been publ ished In Reference 6.

The material properties information at elevated temperatures which was
obtained in this program has been used In the design and analysis of the cell
liner system.
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TABLE 3A.8-1

STRAIN ALLOWABLES FOR

POSTULATED LARGE LIQUID METAL SPILL (PLLMS) CONDITIONS

LOAD COMBINATION D

TemperatureS OF

75

600

800

850

900

1000

Membrane Strain
0.50 epin/in

0.0955

0.1185

0.0815

0.0759

0.0703

0.0590

Membrane + Bending Strain
0.67 ellin/in

0.1280

0.1588

0.1092

0.1017

0.0942

0.0791

Where:

E-p

59

Uniform elongation or the strain at ultimate load as
obtained from the elevated temperature testing of SA 516
Grade 55. Liner Steel.
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3A.9 Catchpan System

The catch pan system is part of the Sodium Fire Protection System (SFPS) which
provides a passive fire suppression system for sodium fires in air filled
cells. The overall Sodium Fire Protection System is described In Section
9.13.2.2.

The catch pan - fire suppression system is an Engineered Safety Feature
located in non-radioactive Na and NaK cells. Its purpose Is to prevent
sodium-concrete reactions between the liquid metal pool and concrete following
an accidental spill, to reduce pool burning, to limit the temperature imposed
on the structural concrete, and to limit the amount of sodium aerosols
generated during a sodium-NaK spill accident.

3A.9.1 Design Description

3A.9.1.1 Catch Pan Types

There are two basic types of catch pans located In the air filled cells:

1) Catch Pans with Fire Suppression Deck - This catch pan type Is located In
sodium-NaK cells where the consequences of unmitigated sodium-NaK burning
would have a significant impact on the structures or safety related
systems. In these areas the liquid metal forms a pool in the catch pan
below a fire suppression deck. The fire suppression deck Is designed to
limit the oxygen supply available to the liquid metal pool for the
continued burning of the liquid metal. In this manner the consequences of
a postulated liquid metal spill are mitigated.

2) Open Catch Pans - This catch pan type Is located in sodlum-NaK cells where
the volume of the liquid metal spill is small and full burning of the
liquid metal will not have significant effects on the structures or safety
related equipment. The sodium Is collected in open catch pans to prevent
sodium-concrete reactions with the liquid metal pool.

Open catch pans are also used in cells with substantial sodium leak
volumes. In these cells, a pool is not allowed to form. The sodium
collects In an open catch pan and drains, by gravity, through drain pipes
or large openings in the catch pan into a catch pan cell equipped with a
fire suppression deck. The flow can be lateral or vertical.

One exception Is Cell 211A which drains into Cell 211 which does not have
a fire suppression deck. Both cells have a common atmosphere and contain
the Ex-Containment Primary Sodium Storage Tanks and associated piping.
These cells are Inerted prior to the Introduction of sodium.

Further descriptions and catch pan arrangements are presented In PSAR Section
9.13.2.2. Figures 9.13-3 and 9.13-4 present typical arrangements of the two
catch pan types described above.

Catch pans are located in the non-radioactive Na/NaK cells of the Steam
Generator and Reactor Service Buildings. Table 9.13-10 of Section. 9.13 lists
the RSB and SGB cells having each type of catch pan. The configuration of
these cells Is shown In PSAR Section 1.2.

3A.9-1 Amend. 74
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3A.9.1.2 Structural Features

3A.9.1.2.1 Catch Pan with Fire Suppression Deck

The components of a Catch Pan with Fire Suppression Deck are shown on Figure
3A.9-1 and consist of the following:

1) Catch Pan

2) Fire Suppression Deck and Structural Support Beams and Columns

3) Fire Suppression Deck Drains

4) Fire Suppression Deck Vents

5) Insulation

6) Catch Pan Lip Plate

3A.9.1.2.1.1 Catch Pan - The Catch Pan consists of 3/8 Inch thick carbon
steel plate constructed using full penetration welds and forming a leak tight
boundary to catch and contain a potential sodium-NaK spill.

In general, the catch pan is "floating", i.e., It Is allowed free thermal
expansion to minimize thermal stresses. Gaps are provided between the
concrete structures and the catch pan side walls to permit the thremal
expansion of the catch pan. Around embedments, penetrations, fire suppression 9
deck support columns or other elements attached directly to the concrete .
structure, a vertical sidewall catch pan plate is provided to permit the free
floating catch pan to expand or translate relative to the fixed embedment
location without imposing additional load on the catch pan (Figure 3A.9-1).

3A.9.1.2.1.2 Fire Suppression Deck and Structural Supports - The Fire
Suppression System consists of standard metal deck panels, 4-1/2 Inches deep,
supported on steel framing composed of wide flange beams. The steel framing
is supported above the catch pan plate by stub columns with base plates
anchored directly to the concrete floor slab. At the perimeter of the catch
pan cell, the support beams are attached to steel brackets anchored to the
concrete walls. The deck and beam structural connections are designed to
allow for thermal expansion therby minimizing thermal stresses.

A steel grating is located above the fire suppression deck and provided as a
walkway for maintenance access. The steel grating Is not a part of the catch
pan system and does not have a fire suppression function. It is supported by
the fire suppression deck support framing.

3A.9.1.2.1.3 Fire Suppression Deck Drains - As liquid sodium spillIs onto the
fire suppression deck Is flows through small diameter drain pipes in the fire
suppression deck and into the catch pan. These carbon steel drain pipes are
welded to the deck and extended downward to a point 1/2 inch nominal above the
catch pan. The drain pipes are spaced to form a uniform array over the catch
pan. As the liquid sodium drains Into the catch pans, the level of Na In the 9
drain pipe rises, thus limiting the effective surface burning area of the
resulting liquid metal pool to the cross sectional area of the drain pipes.

3A.9-2 Amend. 74
Dec. 1982



Burning is terminated when following the Na spill the drain pipes become
plugged with combustion products and air Is prevented from reaching the liquid
metal surface within the pipes.

3A.9.1.2.1.4 Fire Suppression Deck Vent Pipes -Vent pipes are also welded to
the fire suppression deck. They are provided to vent hot gases from the
region below the deck to the cell atmosphere to prevent the buildup of
pressure below the fire suppression deck.

3A.9.1.2.1.5 Insulation - Insulation Is provided under the catch pan floor
and alongside the catch pan walls to protect the reinforced concrete structure
from excessive temperature.

Below the catch pan a granular Insulation material (MgO) Is used in varying
thickness to limit the floor slab concrete temperature and to provide a vent
path for the water vapor released by the heating of the structural concrete.
A blanket type Insulation (aluminum silicate or the equivalent) is attached to
the reinforced concrete walls behind the side wall of the catch pan. A gap
between the Insulation and the catch pan side wall permits the free thermal
expansion of the catch pan.

3A.9.1.2.1.6 Catch Pan Lip Plate - To prevent liquid sodium from falling into
the gap between the building concrete walls and the catch pan side walls, a
continuous steel lip plate Is provided along the perimeter of the catch pan.
The steel lip plate Is welded to a plate embedded in the concrete wall and
covers the gap between concrete and steel walls. Lip plates are also provided
to cover gaps between catch pan and embedments or penetrations anchored in the
concrete floor slab.

3A.9.1.2.2 Open Catch Pans - The open catch pans are similar to the catch
pans described in Section 3A.9.1.2.1 except that they do not utilize a fire
suppression deck. Open catch pans utillize insulation under the catch pan
floor but not along the side walls. There Is no substantial buildup of liquid
metal in open catch pans since they are used where either the volume of the
spill is small or the liquid sodium can be conducted through drains Into catch
pans equipped with a fire suppression deck. In open catch pans with drains,
the catch pan floor is sloped toward the drains to facilitate draining. A
minimum slope of 1/8 to 1/4 inch per foot is used except for cells 244, 245
and 246 where the slope Is 1/10"/foot. The open catch pan drains in most
cells are vertical. However horizontal drains (scuppers) are used in regions
where vertical draining is not possible due to the arrangement of the catch
pan cells. In a limited number of cells located above celIs equipped with
fire suppression decks, the sodium flows to the catch pan below through large
lined openings passng through the floor slab. Some open catch pans are
equipped with a grating to facilitate access for equipment maintenance.

3A.9.2 Design Evaluation

3A.9.2.1 Sodium Spill Evaluation

An evaluation of the consequences of a sodium/NaK spill is provided In PSAR
Section 15.6.1.5. The methods and criteria used for the evaluation of the
catch pan system are discussed in PSAR Appendix 3.8-C.

3A.9-3 Amend. 74
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3A.9.2.2 Catch Pan System Analvsis and Desaln

The catch pan system is described in Section 3A.9.1 and 9.13.2.2. The Design
Requirements, Load Categories, Load Combinations, Stress and Strain
Allowables, and Design Analysis procedures are given in PSAR Appendix 3.8-C.
Attachment D to Appendix 3.8-C gives the basis for the strain criteria and
strain limits adopted for the cell liner system and utilized for the catch-pan
system under sodium spill accident conditions.

The catch pan plate has been designed for the loads and temperatures specified
In Section 3.8-C, Attachment A. The catch pan is designed as a free floating
basin to collect DBA sodium/NaK spills. The catch pan Is free to expand under
the thermal loading of a DBA sodium spill thus minimizing the induced thermal
stresses. The major stresses in the catch pan are generated by the
hydrostatic pressure of the sodium/NaK pool including the dynamic effects
during an earthquake. The hydrostatic seismic effects were calculated using
Housner's theroy (TID-7024; Nuclear Reactors and Earthquakes by T. H. Thomas
et al. USAEC., August 1963). The reduced strength of the catch pan plate due
to sodium spill temperature conditions has been Included based on Reference
(6) of Section 3A.8.

The fire suppression deck and fire suppression deck framing support structure
have been designed based upon typical panels and using beam theory. Seismic
effects were considered based upon the applicable floor response spectra by
using the appropriate seismic accelerations. The reduction in steel strength
with temperature was considered in determining the allowable stresses.

The catch pan is supported on granular Insulation.

The primary function of the Insulation Is to provide a thermal barrier to
prevent the degradation of the structural concrete slab supporting the catch
pan under DBA sodium spill conditions. The Insulation also provides a uniform
support for the catch pan plate while providing a vent path, through the voids
In the granular matrix, for the release of water vapor generated during the
heatup of the structural concrete.

Insulation is also provided, In some cases, along the perimeter of the catch
pan to provide a thermal barrier to protect the structural concrete near the
sodium pool. The insulation Is attached to the structural concrete and
separated from the catch pan plate by an air gap to permit the unrestrained
growth of the floating catch pan.

3A.9.3 Testing

For testing program see PSAR Section 1.5.2.8.

3A.9-4 Amend. 74
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CHAPTER 4.0 REACTOR

4.1. SUMMARY DESCRIPTION

The. Clinch River Breeder Reactor Plant (CRBRP) uses a mixed (Pu-U)
oxide fueled, sodium cooled fast reactor having a total thermal output of
975 Mwt. A schematic of the reactor is shown in Figure 4.2-36. The reactor
vessel, the closure head, the inlet nozzles and the core barrel are iden-
tified in this figure. The core support plate and the support cone form
the principal pressure boundary inside the. vessel. The fuel, control,,
blanket and removable shield assemblies are supported by the core support
plate which also supports a fixed radial shield. Each of these reactor
assemblies has two load pad areas which match the elevation of the core
former rings. The rings are supported by the core barrel which is welded
to the core support plate.

The upper internals structure, located above the core, is
supportedfrom the intermediate rotating plug of the vessel closure.and
keyed to the upper core former ring permitting vertical motion while re-
straining lateral and rotational motion. The structure laterally stabilizes
primary and secondary. control rod shroud tubes. In case of a loss of hydraulic
balance, the upper internals structure acts as a secondary holddown device.
The four support columns of the upper internal structure have jacks for lifting
the upper internals structure with its keys clear of the core former ring and
reactor assemblies for refueling. The in-vessel transfer machine rotates with
the upper internals structure for removing and replacing of reactor assemblies
at refueling.

A vortex suppressor plate. is provided just below the sodium.
pool surface to minimize gas entrainment in the sodium exiting from the
outlet plenum. Fuel transfer and contingency storage positions are pro-
vided in the annulus formed between the core barrel and the reactor vessel
thermal liner.

The active length of the core is 36 inches and the equivalent
diameter is 79.5 inches. The fuel region consists of a single enrich-
ment zone with a total fissile plutonium loading of "1500 Kg. The reactor
control systems include 9 primary and 6 secondary control rods. The two
systems are independent and diverse. Both the systems are capable of
shutting down the reactor from full power to hot standby conditions.
The core mid-plane details are shown schematically in Figure 4.3-1.

4.1.1 Lower Internals

The lower internals structure positions 'and restrains the reactor
assemblies. The main components of the structure are: the core support
structure.composed of the core support plate and core barrel, horizontal

I baffle, core former structure fixed radial shield, lower inlet modules,
58.1 bypass flow modules and fuel transfer and storage assembly. These compo-
51.- nents are shown in Figure 4.2-36. Most of these components are also shown
51 in Figure 4.2-37.
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The core support cone, A component of the reactor vessel, is an
inverted truncated conical shell that connects the thick circular perfor-
ated core support plate with the reactor vessel wall. These two welded-in
components (plate and cone) form the upper boundary for the reactor vessel
inlet high pressure plenum.

The core barrel is a thick Wall right circular cylinder that
extends upward from the outer-edge of the core support plate to the top
plane of the reactor assembly outlet nozzles.

The horizontal baffle forms the upper boundary of the annular
region between the core barrel and the reactor vessel and separates sodium.
iA the outlet plenum region from bypass flow sodium below the baffle. It
limits leakage to the outlet plenum and heat flow to the bypass sodium to
provide for cooling components within the annulus and the reactor ,vessel
above the baffle while minimizing flow which bypasses 'he core.

Supported inside the core barrel is the core former structure composed
of upper and lower core former rings. These rings are contoured inside to the
outline formed by the outer surfaces of the upper and lower load pads of the

.outer row radial shield assemblies. A small gap is provided in the cold condition
between the rings and shield assemblies to allow a small amount of free bow at
power operation. This gap facilitates replacement of reactor assemblies at
refueling.

Pitted to the inside of the, core barrel is fixed radial radiation
shielding for protecting the barrel from structural damage from neutron
fluence.

There are 61 lower inlet modules for the core. A lower inlet module
is shown in Figure 4.2-40. The lower inlet modules are inserted into lined holes
in the core support plate. Each lower inlet module holds and distributes
sodium coolant flow to the inlet nozzles of seven reactor assemblies. The
bypass flow modules also receive low pressure coolant from the lower inlet
modules and distributes the coolant to the removable radial shield
assemblies.

The core lattice of equilateral triangular pitch is established
by the core-support plate and the lower inlet modules. The inlet nozzles
of the reactor assemblies are held on this lattice by their respective
modules which allow some on-plant rotation of the nozzles as part of the
core restraint system. Lateral above-core restraint of the reactor assemblies is
provided by the core former rings of the core former structure, reference Figure
4.2-47, which are located at the upper and lower hard-faced Dadelevations of the
reactor assemblies. These rings act on the outer row radial shield assemblies and
contribute.to the stable control of reactivity as the reactor power and
coolant temperature are changed. In addition, they provide the lateral
support required to withstand seismic events.
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The fuel, control and blanketiassemblies are held down against
the upward flowing sodium by a hydraulic balance arrangement and their own

581 weight. The hydraulic balance i.s accomplished by differential coolant
pressure zones in the inlet modules and the.inlet nozzles of the assem-

:blies,. reference.Figure 4.2-40. Backup.mechanical. holddownfor all-reactor
assemblies is provided by the upper internal structure as discussed below.

4.1.2 Upper Internals

The upper internals structure, reference Figure.4.2-45, stabilizes
the control rod drivelines, supports in-vessel instrumentation and provides
mechanical backup'holddown for the reactor assemblies.ý Shroud and flow
conduits in this structure are designed to mitigate transient temperature
effects on the structure from the reactor core effluent. The principal
components of the structure are: the four support columns, two transverse
interconnected plates, four interconnecting shear webs, flow chimneys,
shroud tubes, and instrumentation posts.

'The support columns extend down from above the intermediate
rotating plug of. the reactor vessel upper closure head assembly. Connected
:to the upper end of each column is a jacking mechanism. Together, the
jacking mechanisms are used at shutdown-to raise and lower the upper in-
ternal structure to allow clearance for operation of the fuel handling
machines of the Reactor Refueling System and for rotation of the interme-
diate plug.:

The upper and lower support plates are integral with the four
columns and the interconnecting curved plates which form a shear web.
This welded assembly provides the structural. strength required in the upper
internal structure for withstanding seismic events. Three radial key
extensions from the peripheral shroud structure below the lower transverse
plate engage the lower internals structure. for providing alignment and
seismic support of the upper internal structure.

The instrumentation posts extend from the lower support plate
over the outlet nozzles of the fuel and blanket assemblies. The chimneys
pass through the transverse plates and conduct the hot reactor core effluent
into the upper region of the reactor vessel outlet plenum. Each chimney
collects outlet flow from a number of reactor assemblies.

Reactor system thermocouples of the Reactor and Vessel Instrumen-
tation System are mounted on the upper internals structure for measuring
fuel and blanket outlet and outlet plenum sodium temperatures., The leads

51 for these thermocouples are routed up and out of the reactor vessel inside.
the support columns.
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4.1.3 CreRestra irp

A passive core restralnt system is provlded in the design which involves all
of the fuel, control, blanket-and removable radial shield'assemblies, core
support, lower inlet modules, bypass flow modules, upper internal.s structures
and the upper and lower-core former rings of the core former structure. Theý
two core former rings'girth'the outside contours formed by the upper and lower
load pads on the outer row removable radial shield assemblies.

Outward actions by the fuel, control, blanket and removable radial shield
assemblies are limited at the core former rings which are placed at the same
elevations-as the hard faced load pads on the outside ducts of the reactor
assemblies. Interactions between the reactor assemblies and the core former
rings are limited to these pads since they are raised above the outer surfaces
of the assembly ducts.

Since the core restraint system involves all of the reactor assemblies and the
upper and lower internals structures, additional core restraint features which
apply to individual components are discussed in the component description
subsections which follow.

4.1.4 Fuel. Blanketand Removable Radial Shield Regions

The components in the core region include the 156 fuel assemblies, the 76
Inner blanket assemblies dispersed heterogeneous~ly throughout the central,
reglons of the core, the 6 assemblies which are alternately fuel or inner
blanket,: the 126 radial blanket assemblies surrounding the fuel, the 9 primary
system'control assemblies, and the six secondary system control assemblies.
Also discussed in the control subsection below are the control rod drivellnes
and controlirod-drivemechanisms. The axial blanket regions are formed in the
fuel assemblies above and below the fuel.

The 312 radial shield assemblies that are located In the radial rows outside
the radial blanket rows comprise the removable radial shield region.

4.1.4.1 Fuel and Axial Blankets

Each fuel assembly consists of 217 fuel rods, an outer duct, inlet and outlet
nozzles, and a lower shield piece. The outer duct Is a hexagonal tube that
forms a discrete coolant flow path for each assembly. A total of 156 + 6 (See
Section 4.1.4) fuel assemblies are installed in the core.

Each fuel 7rod-contains a stack of (Pu+U)O pellets which form the 36-inch
activecore regi-on, and 14-inch long stacis of-depleted-UO2 pellets that form
the upper and, lower axial blanket regions. The fuel rods are spaced from each
other by spiral wire wraps that allow space for and promote mixing and cross
flow of the coolant flow.
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A plenum is provided in each fuel rod above the upper axial
blanket for collecting the fission gases released from the pellets during
power operation. This plenum is non-vented and is sized to allow the design
fuel burnup to be reached without the buildup of excessive internal gas
pressure. Additional information on fission gas buildup is provided in
Section 4.2.1.1.3.9. A small capsule of tag gas that is unique to each
fuel assembly is included in the rod. After sealing the rod in low pressure
helium, this capsule is ruptured. The tag gas provides the basic means
for detection and location of assemblies containing leaking fuel rods.
(See Section 7.5.4.2.3.)

The-inlet nozzle is a cylindrical, hollow extension at the bottom
of the fuel assembly. It contains radial slots which admit reactor coolant
flow from the inlet module into which it is nested. Mechanical/hydraulic
features of the nozzle that complement those of the lower inlet module'
contribute to the balance of axial hydraulic forces so that the lifting
action of the sodium flow is eliminated.

The outlet nozzle is a hexagonal hollow extension at the upper
end of the fuel assembly. It releases the sodium coolant to the outlet
module of the upper internals structure above; This.nozzle also serves
asithe handling portion ofýthe assembly and is contoured to mate with the-
grapples of the fuel handling.machines..

A shield-orifice assembly is:located in the lower portion of each
fuel assembly, The shield piece of the assembly.has vertical flow holes

-but still provides the radiation protection required for.assuring the
design lifetime of the inlet modules and core support plate. The orifices,
located just below the shield.piece, control the flow of coolant to the
fuel assembly,

Pads are located on the outside faces of the.fuel assemblies at
two elevations above the fuel region, Similar pads are located on-the.
outsides of all other reactor assemblies, The above core load pads (ACLPs).
are ratsed or.thickened portions of the duct walls protruding slightly beyond
the dimensions of the nominal duct cross section, forming a continuous flat
load-bearing surface across the complete width of the hexagonal duct sides.
The flat surfaces of the hexagonal outlet nozzle serve as the top-load pads.
The above core load pad height will be approximately 4 inches. The load
pads will be hard surfaced with chrome-carbide.' Figure 4.2-11 provides a
schematic indication of the location of the load pads on the fuel assembly,
and Figure 4.2-36 illustrates the core former rings which are at the
matching load pad elevations. The purpose of the pads is to limit inter-
actions between reactor assemblies to these elevations so that the desired
bowed configuration of the fuel assemblies is achieved. As power is in-
creased, the fuel assemblies, under the restraints imposed at the pads and
in the inlet nozzles, bow increasingly into an "S" configuration. This'shape

51 generally results in a net outward bowing of the active region of the fuel
assemblies which contributes a negative reactivity effect.
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Several other important features are Included in the fuel assembly designs.
The fuel region of the core is divided Into six coolant flow zones for
flattening the temperature profile. The flow allocation to the orificed core
assemblies is such as to satisfy design and operational constraints as
discussed In Section 4.4i2.5. Discrimination posts at the bottom and
Identification notches near the top of each fuel assembly preclude placement
of a fuel assembly In a lattice position where It would be under cooled.
Camming surfaces on the outside of each assembly promote sel f-alignment upon
insertion into the reactor assembly group.

The residence time for the fuel In the first core of the CRBRP is expected to
be at least two calendar years (328 equivalent full power days), corresponding
to 74,000 MWD/T burnup in the peak fuel pellet. The structural analyses given
in Section 4.2 reflects this expectation. Similarly, the maximum residence
time of Inner blanket assemblies in the reactor is two years, whereas the
radial blanket assemblies reside in the reactor for 4 or 5 years,
respectively, In the first and second blanket rows.ý

4.1.4.2 Inner and Radial Blanket

The inner and radial blanket provides most of the fertile material for
breeding fissile plutonium. The 76 + 6 inner and 126 radial blanket
assembliesare constructed similar to the fuel assemblies but contain fewer
and larger diameter rods. They have the same length and outside shape as the
fuel assemblies.

Each blanket assembly consists of 61 rods, an outer duct, Inlet and outlet
nozzles, and a lower shield piece. The outer hexagonal duct forms a discrete
reactor coolant flow path for the assembly.

.Each blanket-rod contains a stack of depleted UO2 pellets of overal.l height
that matches that of the fuel plus the upper and lower axial blankets. The
stack height is centered on the core midplane. Space Is provided above the
stack for collecting fission gases.

As In the fuel assemblies, the blanket rods are spiral wire wrapped to allow
space for and promote mixing and cross flow of the coolant flow; each rod
contains.a tag gas that is unique to the particular assembly.

The blanket assemblies are classified according to their location In the core;
inner blanket assemblies are located among the fuel assemblies In the interior
region of the core, while radial blanket assemblies are located in two rows
around the core periphery (see Figure 4.2-I1A). Except for inlet nozzles and
flow orificing, the radial and inner blanket assemblies are identical.

4.1-6
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Three flow zones are provided for the inner blanket assembliesi A
discrimination system similar to that for the fuel assemblies is provided to
prevent Inner blanket assembly Insertion Into an Incorrect position. As
described in Section 4.3, three or six fuel and Inner blanket assemblies
exchange positions in alternating reactor cycles. All radial blanket
assemblies are Identical; orificing for these assemblies Is provided in the
lower Inlet modules.

4.1.4.3 Removable Radial Shield

Radial shielding is provided in approximately four radial rows outside the
radial blanket regions to protect the core former rings and the core barrel
from excessive radiation damage. The shielding in this region consists of
radial shield assemblies which have the same outside shape and length as the
fuel assemblies and can be moved in and out of the reactor vessel by the fuel
handl ing machines.

Each radial shield assembly consists of a thin-wall hexagonal tube or duct to
contain the shield material. The thin wall of the duct provides the required
coolant baffling and is the primary structural member in the assembly. The
assembly is reinforced at the load pads to absorb seismic loads. Thermal
stresses induced by transients are minimized by the thin wall. The design
allows placement of the shielding material as a bundle of solid shield rods
only at those elevations where it is required. Coolant is distributed through
the interstices of the solid shield rods.

The inlet and outlet nozzles of each assembly are included in structural
extensions at the bottom and top ends of the duct tube, respectively. Their
constructions are similar to those of the fuel assemblies described above.

4.1.4.4 Control

The net reactivity and the power level of the reactor core is control led by
two independent control rod systems, the primary and secondary. The primary
control system is used In the normal operating mode while the secondary system
is used only in shutdown of the reactor. Each system is capable of shutting
down the reactor in either the normal or scram mode with the other system
Inoperable.

Sufficiently different design features are included in designs for the two

51 systems to assure functional diversity and preclude common mode failures.
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The principal components for each system are the control assemblies, the
control rod drivelines (CRDs) and the control rod drive mechanisms (CRDMs).

The primary control system includes 9 each of control assemblies, CRDs and
CRDMs while the secondary system Includes six each of these components. All
control assemblies occupy *core lattice positions.

The control rod assemblies of both systems consist of pins with boron carbide
(B4 C) pellets sealed inside tubes or cladding in a manner similar to that of
the fuel rods. These pins are spaced with wire wraps on their outsides and
held within a duct which slides within an outer duct. Gas plenums are
provided in each pin above and below the pellets for collecting the helium gas
released from the B10 (n,M:) reaction.

The outer duct of each control assembly has inlet and outlet nozzle extensions
which provide an outside shape and overall length for the assembly that Is
nearly identical to that of the fuel assemblies. Each control assembly can be
moved in and out of the reactor by the fuel handling machines.

The control rods in both systems are connected to their respective CRDMs by
the long tubular CRDs to which they are coupled. The CRDMs are electro-
mechanical devices that are located outside the reactor vessel on top of the
Intermediate rotating plug of the upper vessel closure assembly. The primary
and the secondary mechanisms are Internally pressurized with inert gas. Both
mechanisms are sealed from the reactor vessel cover gas by bellows seals.

In the primary control system, the control rods contain 37 pins that are held
within the control assemblies in hexagonal inner ducts. The control rods are
vertically positioned in their respective core lattice positions by the CRDMs.

The secondary control rods each contain 31 pins surrounded by a. clrcular
wrapper tube. The lower end of the control rod is guided by the circular
piston assembly within a cylindrical guide tube; the upper end is guided
within'the hexagonal duct by a circular wear ring moduled at the top end of
the damper assembly. These rods are withdrawn from the core within their
respective assemblies during normal reactor power operation.

Both the primary and secondary CRDMs have sufficient stroke to drive the rods
fully into the core to the point where the neutron absorber bundles are
centered on the core midplane. It is not possible for the bundles to go below
this point due to mechanical stops within the drives and control assemblies.

The nozzles, shielding, orifices, and discrimination features of the control
assemblies are similar to those of the fuel assembly described previously and,
therefore will not be further described in this summary.
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4.1.5 'Design and Performance Characteristics

The reactor design is based upon the design parameters presented
in Table 4.1-1. Non-replaceable components are being designed with the
capability to accommodate the stretch power conditions as mentioned in
Section 1.1.

The reactor core has been designed to have a sufficiently negative
reactivity feedback coefficient. Redundancies and safeguards have been
designed into the reactor to assure a high degree of reliability. Redun-
dant flow paths are included in the inlet modules, support plate and
reactor assembly nozzles to preclude flow blockage. Strainer holes are
incorporated in the inlet module stems to prevent particulate matter
having dimensions greater than ¼ inch from entering the fuel and blanket
assemblies. Anti-blockage features are provided on the outside of the
inlet module liners to prevent plate or can-type flow blockages of the
inlet modules.

The spiral wire wraps on the outside of the fuel and blanket rods
and the neutron absorber pins promote sodium coolant mixing and hence
more uniform cladding and duct wall temperatures. The fuel and blanket
assemblies are enclosed in separate ducts to limit the potential for
propagation of local fuel failures and to.promote safety in fuel handling.

Operational and shutdown control reliability of a high degree.is
assured by redundancies and design diversities in the two control systems.
Each system is capable of shutting down the reactor independently of the
other system with the highest worth rod in the operable system stuck.
Scram release for the primary control rod system is located in the mech-
anism and releases the driveline and control assembly with spring assisted
scram insertion. Scram release for the secondary control rod system is
achieved by release of a pneumatically activated latch located within
the control assembly. A hydraulic scram assist is provided for the
secondary control rod.

Flux detectors are located outside the reactor vessel for con-
tinuous monitoring of the neutron flux level of the reactor core. Thermo-
couples are placed in selected fuel and blanket assembly outlet and outlet
plenum positions for surveillance of reactor thermal performance.

4.1.6 Loading Conditions and Analysis Techniques

The Reactor System is being designed to withstand the various
loadings which result from the CRBRP Design Duty Cycle events. The duty
cycle events are specified in Appendix B. This specification covers the
event categories of Normal, Upset, Emergency and Faulted Conditions of
Section III of the ASME Boiler and Pressure Vessel Code. RDT C16-1T,
"Supplementary Criteria and Requirements for RDT Reactor Plant Protection
Systems", December, 1969, is also being applied in the design of the

51 reactor In accordahce with the equivalent descriptions that are summarized
In Table 15,1.2-1.
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The analysis of the Reactor System performance under the various loading
conditions is being carried out by the extensive use of well established and 9
accepted computer codes. Analytical models are being established for the
reactor to determine neutronic, thermal-hydraul Ic and structural parameters
for the reference design and will be continued In the design evolution leading
to the final reactor design. Detailed and interrelated allowances for the
changes with time In the properties of the materials subjected to high-energy
radiation and high temperatures are being carefully considered and
accommodated in the design. Radiation shielding Is being strategically
located in the design with the aid of analysis to assure that the design
lifetimes of all materials and components are achieved and radiation streaming
Is controlled. Comprehensive tests are planned and are being implemented to
assure the validity of the reactor design and the analysis upon which It is
based (Sections 1.5., 4.2.1.3, 4.2.2.4, 4.2.3.4 and 4.4.4).

4.1.7 Computer Codes

The computer codes that are being used in the neutronic, thermal-hydraulic and
structural analysis for the Reactor System and Its components are included in
Appendix A.

4.1.8 Additional Items to be Addressed In the FSAR

1) An evaluation of the fatigue damage in the CDF and DLS models will be
included in the final design or justification for its omission will
be provided in the FSAR.

2) Failed fuel, blanket or control assemblies-will be removed at the
first shutdown after the failure occurs (i.e. not necessarily the
End-of,-Cycle).

Upon the detection of a breached fuel or blanket pin, as Indicated by
fission gas, the assembly will be removed from the reactor at the
first plant shutdown. Upon the detection of sodium-fuel contact, as
Indicated by a generally Increasing delayed neutron signal, the
reactor will be brought to a controlled shutdown and the assembly
removed from the reactor.

3) The fuel and blanket fuel design methodology will be verlfied against
steady state and transient data and will be documented In the FSAR.
Issues related to the "fuel adjacency effect" and fluence dependency
of material properties will be explicitly addressed.

4) The fuel and blanket fuel design methodology will be verified against
steady state and transient data and will be documented In the FSAR.
Issues related to the "fuel adjacency effect" and fluence dependency
of material properties will be explicitly addressed.

5) Prior to the FSAR submittal, the project will develop and submit
quantitative limits to assure a core coolable geometry. The
following potential mechanisms for compromising core coolable
geometry will be addressed:
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Fuel melting and expluslon.
Cladding melting and deformation
Coolant boiling and dryout.

6) The project wlll review the extent to which thermal uncertainties
were Included in the duct analyses to confirm adequacy .of the
analysis. FSAR core'selsmic analyses will include bundle-to-duct
Interaction evaluations.

7) The conservativeness of the umbrella events with respect to the
temperature and loading potential of the fuel and blanket design
events will be described further in the FSAR.

8) Prior to the FSAR submittal, the project will develop and submit
quantitative limits to assure core coolable geometry. The following
potential mechanisms for compromising core coolable geometry will be
addressed:

Fuel melting and explusion
Cladding melting and deformation
Cool ant boiling and dryout.

9) Final design documentation for the fuel and blanket design
methodology will address the procedures for determining load and
temperature .history, will address the adequacy of confidence limits
used for mechanical properties and will show that the statistical
methods utilized are appropriate.

10) The adequacy of methods used to determine the core power distribution
will be verified with ZPPR EMC data for the FSAR.

11) ZPPR EMC experimental data specific for Doppler constants have been
performed and will be evaluated for the FSAR.

12) Nuclear codes and design procedures usedifor reactivity coefficient
and control rod worth predictions, and verification of their adequacy
based on experimental data, will be documented for the FSAR.

13) The project will examine FFTF stability tests and. analyses to confirm
that no power oscillations exist and will so document this in the
FSAR.

14) Fuel densification-effects will be addressed In the FSAR.
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15) The Project will provide In the FSAR, revised, self-consistent sets
of hot channel factors for the core assemblies. Confidence levels of
the hot channel factors will be established where appropriate. The .9
effects of the non-linear application of the hot channel factors will
be Investigated; Monte Carlo analyses will be performed for
representative core assemblies to substantiate the conservatism of
the adopted factors and methodology.

16) The Project will consider the FFTF observed Increased reactor/primary
loop Delta P in the CRBRP final design and will provide documentation
in the FSAR.

17) The Project will incorporate results of the DEA-2 power-to-melt test
into the final design methodology and will provide documentation In
the FSAR.

18) Prior to the FSAR submittal, the Project will develop and submit
quantitative limits to assure core coolable geometry. The following
potential mechanisms for compromising core coolable geometry will be
addressed:

Fuel melting and expluslon
Cladding melting and deformation
Coolant boiling and dryout.

19) The nuclear impact of space-time kinetics will be accounted for and
will be addressed In the FSAR for appropriate transient analyses.

20) The applicant will' include in the FSAR, the response of the reactor
to the SCRS for extremely unlikely events.

21) The FSAR will reflect that the Secondary Control Rod system will
shutdown the reactor for al I design basis events (anticipated
operational occurrences) and will maintain a core coolable geometry
assuming the total failure of the Primary Control Rod System and one
stuck Secondary Rod. This Includes Chapter 15 accident analyses.

22) The FSAR will Include the End-of-Life criteria for the Drive
Mechanism Drivelines and Control Assemblies, and a limited scoping
analysis for failures resulting in exceeding these End-of-Life
criteria (both for the Primary and Secondary Systems).

23) The FSAR will reflect the results of an analysis of the effects of
increased primary system delta Ps (as observed in FFTF) on the
flotation of the Primary Control Assembly. The Project will also
reanalyze Primary Control Rod floatation using a 5% pump overspeed

.condition.
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TABLE 4.1-1

REACTOR SYSTEM DESIGN PERFORMANCE PARAMETERS

Parameter Value

Total Reactor power, MWt 975

Plant Capacity Factor (Availability factor x load
factor) Ultimate/First Cycle, % 75/35

Range of Operation, (% Rated Thermal Power)
(3 Loop Operation) 40 to 100

Total Coolant Flow Rate (Design Range),
106 lb/hr 41.5 to 47.7

51 Maximum Nozzle-to-Nozzle Pressure Drop (At 41.5 x
106 lb/hr, Thermal Hydraulic Design Value), psi 123

Reactor Inlet Temperature, (Thermal/Hydraulic Design Value)°F 730

51 Reactor Bulk Coolant Temperature *Difference (Thermal
!Hydraulic Design Value) F 265

Reactor Mixed Mean Outlet Temperature
(Thermal/Hydraulic Design Value), 'F 995

Average Breeding Ratio (Initial Cycle)* 1.29

51 Total Fissile Pu Inventory, Kg (for beginning of life) 1502

Fuel Burnup, Capability Objective, MWd/MT
Initial Core, Peak 80,000

Nuclear Power Peaking Factors
Initial Core, Axial, Beginning-of-Cycle 1.28
InitialCore, Radial, Beginning-of-Cycle 1.18

51 Maximum Neutron Flux, Total, n/cm2 /sec 5.5 x 1015

Cycle Lengths Initial Cycle (full power days) 128
Second Cycle (full power days): 200

51 Later Cycles (full power days) 275

Pressure Drop, psi
Across Core Support Structure (Design) 170
Through Reactor Vessel (Maximum Anticipated) 123

*The breeding ratio is the ratio of the production of fissile plutonium

161 (Pu-239+Pu-241) to the destruction of fissile material (U-235 Pu-239+Pu-241).
In this definition, Pu-240, Pu-242 and the mass of U-235 up to the weight

I fraction found in depleted uranium (0.2%). is not considered as fissile material.
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4.2 MECHANICAL DESIGN

4.2.1 Fuel and Blanket Design

4.2.1.1 Design Bases

The fuel and blanket assemblies shall be designed to satisfy the
general performance and safety criteria presented in Section 3.1 by per-
forming their respective functions in a safe and reliable manner over their
design lives.. The functional requirements, design and operational require-
ments, environmental and material considerations, and surveillance and
examination requirements to achieve this objective are delineated in the
following subsections.

4.2.1.1.1 Functional Requirements

The primary functions of the fuel assembly are:

1. Provide, protect and position the nuclear fuel of the fast breeder
reactor core type to produce heat for the Reactor Heat Transport
*System.

2. Provide neutrons for breeding plutonium in the fuel and blanket assemblies.

3. Breed plutonium in the upper and lower axial blankets.

The primary functions of the blanket assemblies are:

1. Provide, protect and position the fertile material in and around the
core for conversion to plutonium.

2. Produce heat for the Primary Heat Transport System.

Both assemblies shall also be designed to:

1. Provide a compact structural unit that can be moved in and out of the
reactor by the refueling machines.

2. Provide a controlled path for the primary sodium coolant of the Reactor
Heat Transport System.

3. Provide shielding to protect the core support structure from excessive
radiation.

4. Interact with the other core assemblies, core restraint system and
lower internals structure to assure safe and predictable reactor core

51 geometry.
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4.2.1.1.2 Operational and Design Requirements

4.2.1.1.2.1 Operating Conditions

The initial core fuel and inner blanket assemblies for CRBRP have
a maximum required residence time of 328 full power days corresponding to
the first two cycles of operation. (This results in a peak fuel pellet burn-
up of less than 80000 MWD/T in the peak power fuel assembly.) The initial
core radial blanket assemblies have an 878 day (cycle 1-4) lifetime in the
inner row, and an 1153 day (cycle 1-5) lifetime in the outer row. First-core
physics data and thermal hydraulic data (Sections 4.3 and 4.4) are generally
used as the basis for the PSAR design analyses. For certain specific analyses,
simplified enveloping environments are used to reduce the complexity of
the calculations.

It is primarily the initial core data needs that are being supported
by the LMFBR fuel technology programs. The scope and schedule of the steady
state fuel irradiation program, transient fuel irradiation program and reference
cladding and duct irradiated materials program are provided in the references
164, 168, and the Reference Cladding and Duct Test Plan (provided to NRC 6/7/76)
respectively. When the data from these programs supporting later cycle operation
are available it will be incorporated into the CRBRP FSAR.

During actual reactor operation, the long term damage accumulated by
the fuel and blanket assembly components is expected to correspond to the
damage which would be calculated using time averaged nominal temperatures.

However, in assessing the effects of steady state operation and
anticipated faults (normal and upset conditions), fuel and blanket assembly
component temperatures shall be based upon maximum expected plant operating
conditions and upper 2a level semistatistical hot channel, factors. At this
level, there is a 97.5% probability that the corresponding temperatures
will not be exceeded. This is conservative since the calculated damage
accumulation generally increases with temperature (for example, see Figure

54152 4.2-18, described in Section 4.2.1.1.2.2 below). ýFor the single unlikely and
extremely unlikely faults (emergency and faulted conditions), and upper
limit on plant conditions (T&H design values) and the 3o uncertainty level
shall be utilized. At this level, the probability of exceeding the calcu-
lated temperature is approximately 0.1%. Because of the life limiting nature
and safety consequences of these types of events coupled with their low
probability of occurrence, this extreme degree of conservatism is felt to
be warranted at this time.

During the life of the fuel and blanket assemblies they will be
subjected to non-operational shipping and handling loads. The fuel assembly
shipping loads shall be based on 6g axial and 2g lateral accelerations.
These limits were selected as the basis for FFTF fuel assembly design; sub-

51 sequent shipping tests have shown that the expected values are much lower
than this.
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The description and results of the tests which measured fuel
assembly shipping and handling loads are given in Reference 70. In these
'tests, shock and vibration measurements were made on the fuel assembly
shipping container (a wooden box) and on the floor of the vehicle trailer
in which the assembly was being transported.ý

The fuel assembly utilized in this test (the CCTL Mark II assembly)
is similar to the.CRBRP fuel assembly in cross'sectional configurations and
the fuel rod spacer and support methods. Other differences and similiarities.
between the CRBRP fuel assembly and the Mark II assembly are:

1. The CRBRP fuel rods are 21.0 inches longer;
2.. The overall CRBR assembly length is the same;
3. The CRBR assembly weight is.128 pounds greater.

Based on preliminary design requirements, it is anticipated that
the CRBRP fuel. shipping container will provide even better shock protection
than the box utilized in the tests.

The referenced tests demonstrate:

1.. It is possible to transport a LMFBR fuel assembly with maximum shipping
loads to the fuel assembly container far less than those specified,
and

2. The shipping and handling loads experienced by the Mark II assembly
during the test caused no discernable change to the fuel assembly
(Reference 71).

The CCTL Mark II fuel assembly and the CRBRP fuel assembly are
sufficiently similar that these conclusions apply to the CRBRP fuel assembly
shipping and handling loads as well.

The maximum shipping load for the blanket assemblies shall be 6g
axial and 6g lateral accelerations to facilitate shipment in commercial
containers. During in-reactor refueling operations, the maximum fuel and
blanket assembly drop heights are less than 1.5 inches when the assemblies
are correctly located. An incorrectly located assembly cannot be released
by the IVTM. These design limits are based upon the refueling grapple re-
lease mechanism, the assembly outlet nozzle configuration, and the dis-,
criminator post geometry.

The normal, upset, emergency and faulted operational conditions
.of the CRBRP Design, Duty Cycle (Appendix B) shall'be utilized in evaluating
the fuel and blanket assembly performance potential and safety aspects.
The number of events given in Appendix B for the 30 year reactor life shall
be uniformly appl ied until the number of events reaches an amount proportional
to the respective assembly design life. The design duty cycle conservatively.
identifies the undercooling, seismic, and reactiv.ity insertion events
appropriate for CRBRP operation. The appropriate accident conditions of

,Section 15.4 shall also be considered on an individual event basis.
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During the above operational and accident conditions, it is ex-
.pected that the fuel. and blanket assembly fuel rods would be subjected to a
combination of the following loading mechanisms:

1. Fuel and cladding loading due to differential growth between these
components shall be considered. Sources of differential growth are
fuel and cladding irradiation induced swelling and creep, thermal
expansion and creep, elastic and plastic strain. As described below,.
cladding deformation may be restricted by the spacer system.

2. Gas released from the fuel during burnup with additional release and
fuel expansion during overpower transients will produce cladding
pressure loadings in the sealed fuel and blanket rods.

3. During steady state operation, secondary stresses will be generated
due to radial, axial and circumferential thermal and flux gradients in
the cladding material. These stresses are generated primarily by
variations in local swelling rate; however, they are relaxed by fuel
rod bowing and irradiation creep. During transient events, thermal
stresses due to unequal heating or cooling rates may be generated. At
shutdown, part load, and refueling conditions, residual stresses
associated with the above relaxation mechanisms will be present.

4. Interaction forces between the rod cladding and the wire wrap will be
generated by differential axial and radial growth of the two com-
ponents. Furthermore, differential growth between the fuel-rod bundle .
and assembly duct will transmit compressive cladding forces back
through the wire wrap.

5. Fuel and blanket rod flow induced vibration will produce cyclic cladding
and wire wrap stresses. Low-cycle fatigue stresses may also be generated
during certain transients, seismic events, and non-operational shock
loadings.

6. Accident loadings such as fission gas jet impingement or sodium-fuel
interaction for rods are described and evaluated in Section 15.4.
Characteristics of fuel-coolant interaction are described in sub-
section 4.2.1.1.3.

As shown in Table 4.2-52 and the exemplary references cited therein,
the above loading conditions are supported by FFTF fuel assembly design eval-
uation and EBR-II reactor operating experience and information from the U.S.
and. foreign LMFBR programs. Therefore, as a minimum, these loadings shall be
required for evaluation of the design adequacy of the fuel and blanket assembly
fuel rods. Although not expected at this time, additional loading mechanisms
could be discovered during future irradiation testing and/or technology pro-
grams (see Subsection 4.2.1.5). The impact of any such additional loadings
on design adequacy shall also be evaluated. Reference 60 is provided to
identify loading mechanisms only and is not intended as a reference on actual
loads. Further information is given in the response to Question 241.68.
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In addition to items 3 to 6 above which produce interacting forces
with the assembly structure, the following events shall be considered for
evaluation of the fuel and blanket assembly structures. Again, these are
based upon a review similar to that performed for the rods.

1. Restraint of assembly bowing (due to differential growth rates across
the assembly) and interaction with other core assemblies and the core
support structure, including seismic loading, through the core re-
straint system.

2. Forces induced by sodium flow and the corresponding pressure drop through
the assembly. This would include axial lift forces counterbalanced by
assembly weight and hydraulic holddown and pressure differences across.
the duct wall, inlet and outlet nozzles.

3. Secondary stresses due to the steady state and transient temperature
gradients through the component thickness. Irradiation induced stresses
in the duct are included in the core restraint loading mechanisms.

4. Maximum push, pull and lateral loading applied through the refueling,
*equipment.

As in the case of the fuel rods, these loadings shall be the current mimimum
basis required for evaluation.

4.2.1.1.2.2 Design Requirements

For the CRBRP fuel and blanket assembly fuel rod operating con-
ditions and loading mechanisms identified in subsection 4.2.1.1, the following
criteria shall be satisfied on a conservative basis, i.e., assumption of
the maximum expected loading conditions and environment and the appropriate
material properties of subsection 4.2.1.1.3. These criteria were selected so
that the fuel rods will satisfy their functional requirements and performance
objectives in a safe and reliable manner based upon current LMFBR technology..
Further information on the bases of these design requirements are given later
in this Section. The same limits apply to the wire wrap.

It should be noted that the following design requirements are
preliminary estimates based upon available LMFBR technology. These estimates
are currently being evaluated through extensive LMFBR Base Technology and

521 FFTF development programs which are summarized in subsections 4.2.1.4 and
4.2.1.5 respectively. As data from these programs becomes available, the
following design requirements may change or the magnitudes of limits associated
with these requirements could change. Ultimately, there may be a single
criterion developed for the FSAR based on the best correlation with the
experimental data. The true measure of performance potential will be deter-

51 mined by the results from FFTF and CRBRP surveillance and post-irradiation.
testing.

Amend. 52
Oct. 1979

4.2-5



1. During steady state operation, the primary and secondary thermal
creep strain in the circumferential (hoop) direction shall be less
than 0.2% for a 2 to 1 stress biaxiality ratio. This criteria applies
primarily to fuel rod cladding and with appropriate stress biaxiality
corrections for other rod components.

This strain limit was selected for the design of fuel rods in FFTF in
1970. They were based on available strain-rupture data for 20% cold
worked and irradiated Type 316 Stainless Steel cladding material with
a 0.230 inch outside diameter and 15 mil wall thickness. The alloy
composition of the material tested was prototypic (see Reference 74g.
Templug information indicated an irradiation temperature of 525 +25 C,
but structural studies on other material irradiated in the experiment
suggest the temperature could have been as high as 700°C. All post-
irradiation testing was done at 550+ 1 0 C. The cladding was tested
using internally pressurized tube segments with hoop and axial stresses
(2 to 1 biaxiality ratio) calculated consistent with the thin-walled
approximations of the design procedure. The true circumferential
(hoop) strain which must be uniform through the cladding thickness,
was calculated based upon diameter measurements at four circumferential
locations using the expression:

E=ln(di /d 0 )

Where, do = original mean diameter after irradiation, but before
testing, and

di = mean diameter after irradiation and testing.

Therefore, any deformation occuring in the reactor, which would be
expected to be insignificant for the low levels of irradiation, would
be obviated by utilizing d0 in the ratio rather than the as-fabricated
diameter. For the maximum measured strain of 2.5%, the true circum-
ferential strain is approximated by (di - d )/d within an accuracy
of 1.2%. Figure 4.2-1 shows diametral rupture htrains plotted as a
function of rupture time. The figure includes the original data ob-
tained from material irradiated at about l10OF iq the Dounreay, ast
Reactor (DFR) to a total fluence of 3 x 10 n/cm' or -.2.6 x 10' n/cm2

for E > 0.1 Mev. The dashed curve shows an extrapolation of the data
to a fuel rod lifetime of approximately 10000 hr. At this maximum time,
the diametral creep rupture strain would be 0.7 percent. Based on
this 0.7 percent limit, a value of 0.2 percent hoop strain was selected
to cover steady state operation.

Within any reactor (DFR, EBR-II or CRBRP) thermal creep can only be
distinguished from irradiation creep if one form of creep is essentially
nonexistent. This could occur in a high temperature very low flux
environment, where thermal creep predominates, or in a low temperature
high flux environment where irradiation creep predominates. With re-
gard to the data of Figure 4.2-1, the creep strain shown is only the
amount of thermal creep measured during post irradiation testing. More
details are provided in the following paragraphs.
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Since the reporting of the above DFR ipformation in 1968, more biaxial
rupture strain data has been obtained for prototypic FTR cladding from
EBR-II irradiations. These data in Figure 4.2-1 show that the long
term creep rupture points in general still indicate that steady state
strains of up to at least 0.3% could be attained at maximum fuel burn-
up without failure and indicate a safe margin against failure for the
design limit of 0.2% hoop strain.

A preliminary indication that the 0.2% thermal creep strain limit in
conjunction with the strain calculation procedure described in Section
4.2.1.1 and summarized in Table 4.2-A, is conservative relative to life-
time prediction is given in Reference 75. This reference used a pro-
cedure similar to that of Table 4.2-A to calculate the design life-
time of 20% cold worked 316 stainless steel clad fuel rods irradiated
in EBR-II over a temperature and burnup range encompassing CRBRP
operation. The prototypicality of the design and operating conditions
of the EBR-II experimental fuel pins is demonstrated in Table 2 of
Reference 75. The major differences in the procedure used for experi-
mental verification and the design.procedure of Table 4.2-A are:

Nominal, rather than hotspot temperatures were utilized,
strain due to radial temperature gradient was neglected, and
no fuel loading was considered.

Even with these assumptions, the procedure and the corresponding strain
limit, were shown to be conservative as summarized in Table 4.2-B.
In the last two cases where the post irradiation examination is in-
complete, preliminary evidence suggests that cladding fretting and
wear may have been significantly in excess of the design wastage
allowance. This was because these EBR-II experimental assemblies had
bundle to duct porosities well in excess of the current design given

521 in Section 4.2.1.2.2.

To determine the primary and secondary thermal creep strain limit for
other stress biaxiality ratios, the curves on Figure 4.2-lA are being
utilized for preliminary design. Only the largest component of strain,
hoop or axial,is considered. For a given stress biaxiality ratio,
the strain correction factor for the largest strain component is
read from Figure 4.2-lA. This factor is then multiplied times the
0.2% strain limit to obtain the limit for the maximum strain component
for the given biaxiality ratio. For example, for a rod component
in pure axial tension, the axial strain component is the largest.
For this stress biaxiality ratio (0/1), the strain correction factor is
%3.0. Thus, the limit for the primary and secondary thermal creep strain
in the axial direction for this component is 3.0 x 0.2% or 0.6%.

The curves in Figure 4.2-lA are discussed in Reference 95.

For a thin, internally pressurized cylinder, the circumferential to
51 axial stress ratio is 2 to 1. See, for example, Reference 96..
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For the purpose of fuel rod performance analysis, the calculated cladding
strain Is not directly related to the measured cladding strain at any 7
given time. Instead, for a given set of environmental conditions, the
cladding strain is calculated as a function of time to determine the time
required for the cladding to reach the appropriate strain limit. This
time Is considered to be the maximum fuel rod design lifetime as
determined by the strain criteria for the given conditions. To verify
this performance evaluation method, calculated fuel rod lifetimes have
been compared to the actual lifetimes of fuel rods exposed to a particular
environment. These comparisons have Indicated this technique for
calculating fuel rod cladding lifetimes to be conservative.

The radial blanket rod cladding experiences a lower stress level over a
longer period of time, resulting In a lower creep rate than In the fuel
rod-cladding. Figure 4.2-2 which was used In selecting strain limits
shows the diametral strain at failure as the function of the average
deformation rate. The deformation rate of radial blanket fuel rods Is
only 20% of the deformation rate of the core fuel rod. Assuming that the
core fuel rods will fall with 0.7% diametral strain then Figure 4.2-2
shows the radial blanket with a 20% lower strain rate will fail with 1/2
this strain of 0.35%. The maximum allowable steady state ductility
limited strain Is set at 0.1% for the radial blanket rods. For the Inner
blanket rods a 0.2% strain limit is utilized since the inner blanket rod
lifetime does not exceed that of the fuel rods.

To maintain fuel rod cladding Integrity during the faster acting
transients the design limit discussed below must also be satisfied. This
design limit Is that the total thermal creep strain and plastic strain
accumulated during steady state operation, all operational (upset) events .
and the worst minor incident (emergency event) shall be less than 0.3% at
a 2-to-I stress blaxiallty ratio. Plastic strain accumulation shall be
calculated using the bilinear stress strain curve approximation shown in
Figure 4.2-2A. This figure shows simplified (bi-linear) stress strain
curves for three temperatures. The permanent strain at the beginning of
the transient (Yp) has resulted from steady state creep plus any
additional creep strain which has resulted from previous operational
transients. The total strain (c) at the beginning of the transient is
the sum of this permanent strain and the elastic strain (sE) associated
with the operating condition at the beginning of the transient. The
design strain limit (E*) determines the shape of the curve between the
yield stress(ay and the ultimate stress (a) for any temperature. This
method assures that failure is predicted whenever the ultimate stress is
exceeded Independent of the accumulated creep strain. The ultimate
strength of the material is an Important parameter in the above
application of the strain criteria. The stress-strain curves used for the
analysis are those for unirradlated solution treated Type 316 stainless
steel. Confidence that the ultimate strength for irradiated cold worked
Type 316 stainless steel will be greater than these values is supported by
comparing the assumed values with recently published Irradiated data from
Reference 183. Figure 4.2-2B shows the experimental data for typical
transient strain rates (as calculated with the above bi-linear model) and
the values assumed In the analysis. As can be seen, by comparing the
experimental data and the values assumed for the analysis, conservatism Is
built Into the analyses with respect to the ultimate strength of the '9
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actual coldworked cladding. In keeping with the lower design limit for
radial blanket rod steady state cladding strain, the design. basis strain
limit for radial blanket rod steady state and transient operation shall be
0.2%. Again, the fuel rod design limit (0.3%) Is applied to the Inner
blanket rods since their lifetime does not exceed the fuel rod lifetime.

2. During steady state operation, the power (and corresponding fuel
temperature) In the peak power -fuel and blanket assembly rod shall be less
than the minimum value for incipient fuel melting with a 15% overpower
margin. The purpose of this requirement is to provide some margin between
the normal operating power level required to produce Incipient fuel
melting. This Is not meant to Imply that Incipient fuel melting Is, In
Itself, detrimental. Rather, by providing such a margin, the task of
terminating severe transients, In which gross fuel melting can be
important, becomes easier.
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One of the design guidelines to assure conservative design of the
CRBR core and operational margins is no inception of fuel melting
under steady state operation up to 115% of rated power. Conse-
quently, the Plant Protection System and the Control System limits are
established to assure that the above criterion is not violated. In
fact, the CRBRP power can increase by a minimum of 7% and a maximum of
15% over the rated level (975 MWt) without causing reactor trip. At
115% power level, the reactor will be tripped over a high flux signal.
Therefore, fuel temperatures and linear power ratings have been calcu-
lated under the maximum possible overpower conditions to assure that
the no-melting criterion was satisfied.

3. Ductility limited strain components include only thermal creep strain
(covered in item 1) and plastic strain. Therefore, to maintain a total
ductility limited strain of less than 0.2% consistent with item 1, no
plastic strain is allowed during steady state operation. The design
limit for steady state operation is that the primary equivalent stress
must remain below the proportional elastic limit or alternatively 90 per-
cent of the yield strength.

Irradiation induced creep and swelling are currently believed to be super
plastic phenomenon and thus not ductility limited. Although LWR experience
with Zircaloy-2 cladding indicated that irradiation creep strains on
the order of 10% were achievable without failure, it had been postulated
that there might be a limit on either total cladding strain (as measured
by profilometry) or on inelastic strain which is total strain less one-third
the volumetric change due to swelling (as measured by immersion density).
However, as of this time no unique limit or sets of limits can be identified
for total strain, swelling induced strain or inelastic strain which is
primarily irradiation induced creep. Table 4.2-IIA summarizes the failures
of EBR-II irradiated fuel pins clad with 300 series austenitic stainless
steel which have been characterized. These failures are described in
Section V.E of Reference 101 and Reference 158. Table 4.2-11A shows a
wide variation in both total and inelastic strain at breach, probably due
to the lack of consistent breach causes. Furthermore, Figure V.E.2 (for
PNL 5-1) of Reference 101 and Figures 7, 8, 9, and 10 (EBR-II Driver
Fuel) of Reference 158 clearly show that cladding breach did not occur
at the axial locations with either maximum total strain or maximum inelastic
strain. Finally, recent results from the Reference Cladding and Duct
Irradiated Materials Program, Task A, Mechanical Properties, reported in
Reference 159, support the design position that prior irradiation creep
is superlastic and thus not damaging. Simulated transient testing was com-
pleted at 1500 F on 10 spscimens from X-157B and X-157C, which had been
irradiatM at 790 to 1000 F under 0 to 60,000 psi stress to fluences of
1.1 x 10 n/cm . The failure strengths during the postirradiation transients
for the unstressed specimens were not significantly different than those
of the stressed specimens which had accumulated up to 1% irradiation
creep strain.
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4. While irradiation induced fuel rod and wire wrap deformation is not
ductilitylimited, it is deformation limited by the following re-
striction. Flow channel closure due to fuel rod bowing and differential
radial growth of the fuel rod, wire wrap and duct shall be limited by
the flow area reduction used to derive the thermal hot'spot factors
of Section 4.4. This requirement is necessary to preclude locally
damaging hot spots in excess of those considered in the design basis
of subsection 4.2.1.1.2.

The hot spot factor referred to here is the statistical factor on
coolant subchannel flow area where a subchannel is the region between
3 adjacent fuel rods. Therefore, the effect at 3o confidence of the
statistical combination of fuel rod bowing, nominal geometry variations
and differential radial growth variations along the length of the sub-
channel shall not produce a variation in the hot subchannel coolant
temperature rise at the core outlet greater than the value accounted
for in the hot channel factor.

It would be inappropriate to provide only a maximum value of irradiation
induced deformation which would account for the full hot spot uncer-
tainty. The coolant temperature at the core outlet is the result of
integrating all geometric and thermal variation over the lower length
of the rod bundle in both the hot channel and in neighboring channels.
Therefore, the irradiation induced deformation must be evaluated with
all other geometric and thermal variations considered. )
Fuel rod bowing in combination with irradiation induced deformation
and other geometric and thermal variations such as manufacturing
tolerances shall be evaluated against this limit.

5. To insure structural integrity up through an unlikely fault the cumulative
mechanical damage function (CDF) for the fuel and blanket rod cladding
shall be limited by

[ N1

AL1 + Z AL i + ALE + z<1

j=2 i~l J
where

ALl = COF increment due to steady state operation,

M-l = number of different types of upset events,

N. = number of occurrences of the jth type upset event,.3

AL = CDF incrementdue to the i th occurrence of the th
A~j~i.type event, •

E = total uncertainty in the CDF,

AL = CDF increment due to the single unlikely fault
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As shown, the CDF considers normal steady state operation, the expected
number and types of upset events and the life limiting emergency
transient. A description of the CDF procedure Is given in Reference 58.

An example CDF analysis Is Illustrated in Figures 4.2-18 through 4.2-23.
For this example analysis, a fuel rod was subjected to a hypothetical
steady state environment, and a transient duty cycle which Included the
transient cladding temperature histories shown in Figures 4.2-19 and
4.2-20.

The CDF due to the steady-state environment and the combined upset events,
which essentially give no additional damage at the three levels of

.uncertainty, are shown In Figure 4.2-18 for the example problem. At the
design level, excluding any emergency events, the expected failure would
occur at 540 full power days. However, at the lesser levels of
uncertainty an 800 day lifetime is achievable.

This example cladding CDF evaluation assumes the upset transients are
applied at equal time intervals throughout cladding life, with the
emergency event applied at end-of-life. Cladding temperature increases
during all transients Were set equal to the maximum beginning-of-life
values. Degradation of. the cladding materials properties due to the
environment at the time of transient occurrence was Included in all CDF
calculations.

The transient limit curves (TLC's) for the case in question are shown in
Figures 4.2-21 and 4.2-22. The TLC's in Figure 4.2-21 are for any
undercooling emergency event within the indicated time envelope of Figure
4.2-20, I.e., a 25 second transient followed by a 2 minute coastdown to
equilibrium. The curves show, at the three levels of uncertainty, the
time dependent peak cladding temperature expected to cause failure during
undercooling event.

The family of TLC's shown in Figure 4.2-22 are for any rapid reactivity
Insertion <1 second in duration. These curves show, at the maximum level
of uncertainty, the combinations of peak cladding temperature and fuel-
cladding contact pressure expected to cause failure.

The general time dependence of the TLC's results from the combined effects

of the following continuing phenomena:

(a) the build-up of fission gas,

(b) the degradation of mechanical properties caused by interstitial loss,

(c) the effective clad thinning caused by the growth of the depleted
substrate (ferrite layer) and the fuel-clad reaction zone,

(d) the degradation of mechanical properties due to prior mechanical
history Including that from steady-state operation and the umbrella
upset events.

4.2-11
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(e) the steady-state temperature change due to burn-up and control rod
movement with residual time.

It must be emphasized that the above TLC's are restricted to:

(a) the fuel rod steady state environment assumed In this example problem;

(b) the classification of the upset events In the derivation;

(c) the time envelope considered.

The generality of the TLC's not withstanding, a specific emergency event
was analyzed via direct application of equation (lI.B1) In Reference 58.
In this case the limiting emergency event was taken to be that given In
Figure 4.2-20 (notably, this is the identical time envelope used for the
TLC's).

Importantly, the analysis of this particular event is not meant to Imply
that it iS the most limiting in its'category; rather, the intention Is to
provide a benchmark solution to which other emergency events may be
compared, In the future, vis-a-vis the TLC's.

The example combined CDF's from steady-state operation, from the upset
events and from the above emergency event are shown In Figure 4.2-23. As
shown, the umbrella emergency event would cause failure, at the design
level, at 485 full power days*, this includes 26 slow reactivity
insertions and 18 undercooling (upset) events.

For nominal material properties, a 700 day lifetime is readily achievable.
Thus, as measured in operating time, the total uncertainty for this event
exceeds 200 full power days. This uncertainty Is the effective'design
margin associated with this particular analysis (i.e., 28%) and is
Indicative of the design margins typically obtained through the CDF
procedure.

It is emphasized that this CDF analysis Is an example for Illustrative
purposes only; the CDF analysis of the CRBRP fuel rods is presented In
Section 4.2.1.3.1.2.1.

*At this time the peak clad temperature at the end of the transient period is
1505OF. Thus, the above expected failure time would have been obtained
directly from the TLC in Figure 4.2-21.
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In the classical sense, the safety factor is a number greater than
unity, which is divided into a material property (e.g., ultimate
strength) to obtain a design limit below which a particular design is
expected to operate. For example, for a stress limit based on the
ultimate strength, we may specify.

ult (3)
adl S.-F.(

where a is the design limit for the operating stress for a specific
envionrMhnt, S.F. is the safety factor, and, for this example, ault is
the material ultimate strength. Assuming the design loads are accurately
and/or conservatively known, this safety factor is a measure of the un-
certainty in the.values of the materials properties used in the design
limit calculation, i.e., the safety-factor approaches unity as the con-
fidence in the materials property values increases. Equation (3) may
also be written

(S.F.)adl < 1.0 (4)

a ul t

In general, if the part in question is subjected to a time varying environ-
ment, F(a) will also be a function of time. Note that in this case,
the factor of safety is contained in the expression for F(a) rather
than in the 1.0. Thus, if for some reason the factor of safety were
to change, we would not change the 1.0, but would rather change the
value of F(a) calculated for a given time.

Equation (4) is analogous to the CDF limit in Equation (1). However,
unlike the simple example of equation (4):

a. The CDF is a complex function of several material properties, and

b. The CDF does not utilize the classical safety factor concept, i.e.,
a single valued, simple factor applied to the various materials
properties. Instead, the CDF procedure calculates statistically
the time varying worst expected values of the pertinent materials
properties at a given level of confidence, and uses these worst
expected materials properties to calculate a maximum expected CDF

51 at that level of confidence as a function of time.
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The relationship between the classical safety factor and the statistical
confidence limits used in the CDF is difficult to define explicitly because
the concepts are mathematically completely different. Roughly speaking, the
ratio of a CDF value calculated with worst expected materials properties to
the same CDF calculated with nominal materials properties is analogous to a
safety factor which would be applied to the nominal CDF. However, this ratio
Is time varying, and Is not used directly in fuel rod performance analysis.
If desired, such "safety factors" can be calculated from Figure 4.2-18. In
this Figure, the ratio of the upper curve CDF values to the middle curve
values represent a time varying safety factor based on materials properties
alone. The ratio of the upper curve CDF values to the lower (solid line)
curve values represent a time varying factor of safety which includes
uncertainties in the applied loads as well as material properties. The
uncertainties in the applied loads are considered separately from the CDF
analysis (see Section 4.4). A definitive discussion of the techniques used in
the CDF procedure to calculate statistically these worst expected values is
given in Appendix E of Reference 58.

6. As of this time, the cumulative damage analysis technique does not
consider fatigue effects. For cyclic fatigue due to transient and seismic
events, vibration, handling and part. load operations the criteria will be
of the form:

CDF + iI < 1.0 (2)

where

CDF Is the cumulative damage function of item

Jp

n Is the number of events at a given stress or straln range,

Ni Is the allowable number of events at the corresponding str
strain range,

ess or

I is the index on the different types of events
design life.

expected over the

If necessary, the appropriate fatigue component will be added to the CDF.
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7. As a design guideline, the maximum cladding midwall temperature during an
emergency event shall be less than 16000F for any extended period of time
(on the order of minutes) (the term "design guideline" is defined in the
response to NRC Question 241.85). The rationale for this guideline Is the
lack of long term tensile and creep rupture data beyond 16000F.
Transients of short duration (on the order of seconds) and in excess of
1600°F, are felt to be within the extrapolation capability of the CDF'
analysis, since recent data on irradiated prototypic cladding Indicate
short term failure at temperatures much higher than 16000F.

8. For faulted conditions, the required coolable geometry is achieved by
maintaining the sodium temperature below Its boiling point, saturation
temperature at the existing pressure. As described in subsection 15.1.2.2
this criterion is a necessary and sufficient condition to preclude
cladding melting.

The analysis results of Section 4.2.1.3.1.2 showed that no coolant boiling
occurred for the worst umbrella transient conditions in the fuel assembly.

The cladding stress, strain, and deflection limits given In the fuel rod
design criteria elsewhere In this Section are design limits chosen to preclude
failure. If these limits are exceeded, cladding failure and/or coolant
boiling does not necessarily occur. The conditions in the fuel assembly
corresponding to a specific transient event must be calculated to determine if
coolable geometry (i.e., no coolant boiling) is maintained during that event.

4.2.1.1.2.2.1 Fuel and Blanket Assembly Structural Component Design Criteria

For the CRBRP fuel and blanket assembly structural components and the
operating conditions and loading mechanisms Identified in subsection
4.2.1.1.2.1, the criteria listed in Table 4.2-7 shall be satisfied on a
conservative basis, I.e., assumption of the maximum expected loading
conditions and environment and where appropriate, worst case material
properties. These criteria were selected so that the assembly structural
components (excluding the previously covered fuel rods) will satisfy their
functional requirements and performance objectives in a safe and reliable
manner. As for the fuel rods, the design requirements of Table 4.2-7 are
preliminary estimates based upon available LMFBR technology and are subject to
change as results from the LMFBR Base Technology and FFTF development programs
become available.

The CRBRP structural criteria require special consideration of nuclear fluence
effects at elevated temperatures in a liquid sodium environment. The proposed
Structural Design Criteria for Breeder Reactor Core Components provide
guidelines to cover the combined effects of Irradiation at elevated
temperature, but recognize that specific structural criteria In terms of
deformation limits which assure the functional requirements of a core
component
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can only be specified on a case-by-case basis. The CRBRP structural criteria J
and limits were therefore formulated in accordance with the general rules
and guidance provided in the RDT Draft for Breeder Reactor Core Components,
(Reference 174) but were modified to include additional safeguards and to more
properly reflect the fuel and blanket assembly functional requirements as
identified in the Equipment Specification.

In accordance with the RDT draft rules and guidelines, the CRBRP
fuel and blanket assemblies are considered Class B Breeder Reactor core com-
ponents which require a high level of assured structural integrity in pro-
tecting against crack initiation, elastic/plastic/creep instability, and
excessive deformation so as to satisfy reliability and functional require-
ments during. Normal, Upset, Emergency and Faulted conditions specified for
the reactor core. A summary of the failure modes protected against by the
CRBRP core component criteria are as follows:

* Crack initiation caused by ductile rupture-from combined short and
long term loading,

* Crack initiation caused by creep-fatigue interaction under combined
short and long term loading,

e Elastic/plastic/creep instability causing gross distortion or incremental
collapse under short and long term loading, and

* Loss of reliability and function due to excessive deformations under
short and long term loading. .

The fundamental difference between RDT draft rules for Breeder Re-
.actor Core Components and the CRBRP structural design criteria is that crack
initiation and elastic/plastic/creepinstability failure modes are only of
significance if the loss of function expressed in terms of excessive deformation
limits are not exceeded. Alternately, crack initiation and elastic/plastic/creep
instability failure modes which occur at deformations which exceed the defor-
mation limits necessary to assure function for the specific core assembly region
evaluated are not relevant. Accordingly, the CRBRP inelastic structural "
criteria were formulated on the basis of assuring that crack initiation and
elastic/plastic/creep instability failure modes would not occur before defor-
mation associated with functional limits are exceeded. The protection
against elastic/plastic/creep instability failure modes-prior to ex-
ceeding deformation limitswas assured by requiring large deformation
non-linear analysis for core assembly-regions subjected to mechanical
loads which are energy unbounded and' load controlled. Conversely, for
core assembly regions with thermal .loads which are energy.bounded and
deformation controlled,. non7linear small deformation. analysis is required.
In this arrangement, the structural-integrity of the:CRBRP core assembly
regions reduces to assuring that crack initiation failure modes Would
not occur before limits on excessive deformation failure modes were
exceeded.

51 S
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The detailed formulation of the design criteria of Table 4.2-7 and the
conditions for which they are applicable, are given in the CRBRP fuel assembly
stress report, Reference 171.

4,2.1.1.2.2.,2 R.gmoyable Radial Shield Ag y (RRS) Structural
-, OQmponent Design g r t•rLe

The design criteria were selected so that the'RRS structural componentswill
satisfy their functional requirements described in Section 4.2.2.1.1.9 at the
following operating and loading conditions over their design life within the
constraints of the damage severity limits of Table 15.1.2-1.

(A) Operating and Loading Conditions

1. Thermal-Hydraulic:

Steady-state and transient conditions shall be considered.

The umbrella transients for the shield assembly include normal, upset,
emergency and faulted categories. An appropriate number of events will be
determined for hottest shield assemblies based upon the design replacement
schedule, since some of the shield assemblies will have less than a 30
year life.

2. Mechanical Loads

For determining loading sources'to be consildered in the structural
evaluation of shield assembly duct structures; core restraint, seismic,
thermal and miscellaneous effects are considered.

These loadings represent a generalization of all the currently postulated
loading mechanisms applicable to CRBRP core assembly duct structures.
While some of these loadings may be negligible or inapplicable to the
shield assemblies, they nevertheless form the minimum basis for the
conservative evaluation of the design adequacy of the shield assembly duct
structures. The determination of structural loads shall:utilize the
environmental conditions in accordance with the requirements of Table
15.1.2-1.

3. Nuclear Environment

Table 4.2-9A summarizes the range of environment of the shield assemblies.

(B) Structural Design Criteria

The shield assembly is not currently covered directly by an existing
structural design code. The shield assembly structural design criteria are
basically similar to those in 4.2.1.1.2.2.1 for fuel and blanket assemblies.
The following subsections describe specific requirements which are used for
the design of the RRS.
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1. General Criteria for All Shield Assembly Structures

The general structural criteria which are used In the shield assembly )
structural evaluation are defined in Table 4.2-9B. The shield assembly
structural components shall be designed so that deformation due to
mechanical loading, thermal expansion, and neutron irradiation Induced
swelling and creep does not produce gross interference with adjacent
components such that the equipment functional requirements of 4.2.2.1.1.9
cannot be satisfied. The effect of loss of carbon, nitrogen, and alloying
elements shall be considered when determining the strength of the
material.

2. Component Structural Design Criteria

Shield Assembly Inlet Hardware:

In the Inlet hardware (nozzle, transition, orifice, rod support), where
maximum temperatures do not exceed 8000F, the base metal Is ductile and
the time dependent thermal creep Is expected to be negligible. Time
Independent ductile failure modes covered by the applicable ASME Boiler
and Pressure Vessel Code are used as the basis for structural design
requirements.

Consequences of shield assembly Inlet hardware loss of structual integrity
are significantly less severe than those for pressure boundaries and
permanent components. Therefore, the emergency stress limits for shield
assembly inlet hardware are higher than those given by the ASME B&PV
code(l), but the maximum stress Intensity shall not exceed the minimum
ultimate tensile strength.

Shield Assembly Outlet Hardware:

The material is expected to be ductile and thermal creep may be
significant. Both the time-independent and time-dependent ductile failure
modes covered by the applicable ASME B&PV code, code cases and RDT
standards are used as the basis for. the structural design requirements.

The time independent stress limits for normal and upset condition
specified by the ASME B&PV Code are used directly for outlet nozzle
design.

Thermal fatigue failure and creep related failures (creep rupture,
excessive strain, creep fatigue) are prevented by Imposing the appropriate
design limits In Table 4.2-9B.

3. Shlelda Assembly Duct

Where a minimum uniform elongation greater than 3% cannot be demonstrated,
brittle fracture Is considered as a potential failure mode and specific

( 1 )The ASME B&PV Code Is applicable to pressure boundaries and permanent
components. The shield assemblies are not pressure boundaries and are
removable. )
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analytical methods to be used In fracture mechanics evaluations are

developed.

4. Design Limits for Inelastic Analysis

Because of the inherent simplifications in elastic and simplified
Inelastic analyses which are offset by additional conservatism In the
corresponding limits, inelastic analysis methods may be used in lieu of
the elastic analysis methods. The structural criteria are given in Table
4.2-9B.

5. Special Weld Requirements

Since all of the joining Is accomplished by mechanically pinning the
components and seal welding, there are no structural weldments In the
shield assembly.

4.2.1.1.2.3 Requirements for Design Features

In addition to the preceding operational requirements, specific design
features shall be Incorporated into the fuel and blanket assembly designs to
preclude the accident conditions discussed in Chapter 15.4 and any detrimental
effects which could adversely affect the attainable design life.

1. Sufficient constraint shall be applied to the fuel and blanket rods to
minimize fretting and wear at the support points.

2. The fuel and blanket assembly materials shall be compatible with adjoining
materials and environmental conditions during their design lifetime.
Where potential for excessive galling or self-welding exists, mating
components shall be hard coated.

3. The relative location of the pellet column with the fuel and blanket rods
shall be maintained during shipment to prevent damaging reactivity
fluctuations during start-up by utilizing a properly designed axial spring
support system.

4. The assembly axial support system shall maintain fuel and blanket assembly
axial positions under all steady-state and transient operating conditions
while providing for differential thermal expansion of the internal
structures and the irradiation induced expansion of the assemblies. With
the current CRBR baseline design, the limit is 2.5 Inches at 700 F.

5. The inlet nozzles for the assemblies, in conjunction with the reactor
internals, shall be designed with sufficient aperture redundancy to
preclude total inlet blockage and to provide for adequate cooling even
after total blockage of one inlet passage.
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6. Adequate precautions are taken via project procedures to preclude fuel,
blanket and removable radial shield assembly (RRSA) blockages after
assembly at the fabricator and prior to reactor insertion. These
precautions include 1) an air flow test at the fabricator after component
assembly, 2) control led storage and shipment to the CRBRP site, and 3)
visual inspection of inlet nozzles upon assembly receipt at the CRBRP
site. These precautions preclude the necessity for evaluations of blocked
assemblies during and after refueling.

7. To prevent loading of a fuel or blanket assembly into a position where It
is undercooled, the following situations must be prevented by a properly
designed discrimination system.

a. Fuel assembly Insertion into a position where It would be undercooled,
I.e., a position in which more coolant flow through the assembly Is
required for heat removal than can be admitted by the flow orifice in
that assembly or receptacle.

b. Fuel assembly insertion Into positions in the core that are provided
for the control rod assemblies, blanket assemblles and removable
shield assemblies, except for those positions where fuel and inner
blanket assemblies are intentionally interchangeable.

)
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c. Blanket assembly insertion into positions that are provided for
control rod assemblies, removable shield assemblies, or fuel
assemblies, except for those positions where fuel and inner
blanket assemblies are intentionally interchangeable.

4.2.1.1.3 Environmental and Material Considerations

The following design basis material properties shall be used for
assembly design and analysis either directly or by modification of previous
material property correlations.

Post irradiation test data do not represent in-reactor environ-
ment; they provide a conservative measure of in-reactor degradation effects
as discussed below.

The major effects of in-reactor degradation are the enhancement of
thermal creep rate and the reduction of tensile properties (strength and
ductility) and creep rupture strength. As discussed in the Sections be-
low, the causes of this degradation are depletion of interstitial elements
due to sodium exposure and damage due to irradiation. Since the mechanical
properties affected by in-reactor degradation cannot be physically monitored
during reactor operation, post irradiation testing is required to obtain the
appropriate data.

The use of post-irradiation test data for design-basis degradation
effects is conservative. For interstitial loss and irradiation effects, the
degradation is zero upon reactor insertion and reaches its maximum value at
the end of a given residence time. It is at this maximum level of degradation
that post-irradiation test data, which is used as the design basis, is
acquired. Furthermore, if the test material was irradiated in flowing sodium,
any synergistic interaction of irradiation and interstitial loss would be in-
cluded in the post irradiation test data.

As an example, assume that the loading causing damage in-reactor
remains constant. Then for this example, the cladding damage ratio would be
represented by:

DR= 1_ T R(t) dt
T 0

where: T = in-reactor residence time, and

*R(t) = the variation in degradation with time, t.

This damage ratio is a measure of the cladding damage averaged over
the in-reactor residence period. It is further assumed that the actual in-re-
actor degradation is linear with time, ie:

RACT(t) = REOLt/T
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Thus, for an actual irradiation period, the damage is

DRAcT ACT(t) dt = T RtEOLt dt = REOL

using the assumptions given above.

However, for performance analysis studies, the design.basis de-
gradation.determined from post-irradiation testing corresponding to
residence time t is assumed to be:

RDES(t) = REOL

Thus, for design performance analysis studies, the damage ratio is:

DRDES = I T Rdes(t) dt = REOL
T 0

utilizing the assumptions given above.

Figure 4.2-lB shows the comparison of the actual and design basis
damage ratios. The design basis cladding damage ratio at end of life is
twice that actually accrued assuming time linear degradation. Using the
same logic, similar results can be derived with any non-linear in-reactor de-
gradation which increases. Thus, the application of irradiated materials
properties in this manner to design performance analysis gives conservative
results.

4.2.1.1.3.1 Irradiation Induced Creep and Swelling

The stress free swelling equations used in the CRBRP fuel and blanket
assembly analyses are shown in Figure 4.2-3, while the irradiation induced
creep and stress enhanced swelling equations which were used aregiven in
Figure 4.2-4.

,In the cladding analysis, irradiation induced creep is considered
as a significant deformation mechanism. However, it is not currently
considered to be ductility limited as stated in fuel rod design requirement
4 of Section 4.2.1.1. To date, there has been no evidence that prototypic
cladding material will breach when a certain level of irradiation induced
creep is exceeded.

4.2.1.1.3.2 Creep Rupture Properties and Thermal Creep

Creep rupture properties include primary and secondary thermal
creep rates and rupture stress as a function of time.' They are used primarily
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to evaluate cladding integrity either by inelastic strain accumulation or cumu-
lative damage analysis (see Section 15.1.2). Thermal creep is an insignifi-
cant deformation mechanism when compared to irradiation induced creep and
swelling.

For conservatism, the thermal creep correlation for solution annealed
.316SS is also used for 20% cold worked material for evaluation against the
strain criteria. The thermal creep correlation is given in Ref. 1. The
rupture strength-time correlation used for cumulative damage analysis is
described in subsection 15.1.2.1.

4.2.1.1.3.3 Tensile Properties

Tensile properties used in the evaluation include the modulus of
elasticity, proportional limit and ultimate tensile strength. The unirra-
diated modulus of elasticity is reported for both solution annealed and 20%
cold worked 316SS in Ref. 153. The proportional limit and ultimate strength
variation with temperature and irradiation are given in subsection 15.1.2.1.

4.2.1.1.3.4 Cladding Wastage

Cladding wastage is a broad term used to denote both material loss
and degradation of properties due to the high temperature, high energy neu-
tron flux, and sodium environment. Various mechanisms that have been identified 9-Ae
include:

a. Loss of material and surface depletion (chromium and nickel) due to

sodium corrosion.

b. Internal cladding attack by redistributed fission products.

c. Loss of material due to fretting and wear.

d. Degradation of material strength due to loss of carbon and nitrogen.

e. Decrease in time to rupture and material strength due to irradiation.

f. Manufacturing tolerances and defects.

The wastage associated with inelastic strain analysis is as follows:

1. Sodium corrosion allowances (item a) are consistent with the time and
temperature dependent material loss of the LIFE-Ill National Fuel Rod
Performance Code (see following subsection).

2. Allowances for fission product attack (item b) are consistent with the
burnup and temperature dependent material loss of the LIFE-III code.
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3. Tolerance and defect allowances (item f) are consistent with CRBRP
cladding drawing tolerances and inspection techniques.

4. Other allowances (items c, d, and e) are simulated by an additional
2 mil material loss at 80,000 MWD/T peak burnup, use of solution
annealed rather than cold worked thermal creep equations and a factor
of %3 on rupture strain. These allowances are consistent with FFTF
fuel rod analysis assumptions.

In the context of fuel rod design, cladding wastage rates are
utilized in the various analytical models which are used to evaluate fuel
rod performance under a variety of expected environments.. If the various para-
meters used in these analytical models are inadequate (including cladding
wastage), the experimentally determined fuel rod performance will be less
than that predicted by the models. Thus, the ultimate adequacy of the cladding
wastage allowances are determined comparing experimental fuel rod performance
and fuel rod performance calculated by the criteria of PSAR Section 4.2.1.1.2.2.

In this manner, the comparison of the analytical and experimental
fuel rod performance presented in Section 4.2.1.1.2.2 confirms the adequacy
of the cladding corrosion and wastage allowances. If these allowances were
inadequate, i.e., if the cladding corrosion and wastage rates were appreciably
greater than assumed, the fuel rods subjected to steady state tests would have
failed sooner than predicted by the analysis. However, as noted in Section
4.2.1.1.2.2 for the cases where the experimental fuel rod assembly porosities
were prototypic of CRBR values, the burnups attained by the fuel rods under
steady state test conditions were well in excess of the calculated burnup.

Further verification of the adequacy of the cladding wastage allow-
ance is found in the results of FFTF fuel rod transient tests. These tests
are described in detail in Reference 57; the pertinent results are given in
Tables 4.2-D and 4.2-E. For these tables the cladding strain limit criteria
and the calculational techniques outlined in Reference 57 were used to calcu-
late the expected rod failure limits. Cladding wastage effects were included
in these calculations. Again, if the assumed cladding wastages would have been
adequate, the tested rods would have failed at levels below those pre-
dicted by analysis. As shown in Tables 4.2-D and 4.2-E, only one of the rods
tested failed below the predicted levels. This single failure appears anomalous,
since a rod subjected to the same pre-transient environment but twice the
transient stress level than this rod failed at higher temperatures. Thus,
both steady state and transient test results indicate the design wastage allow-
ances are adequate.

Neutron hodoscope data from HUT tests 5-3A and 5-5B, and a very re-
cent LASL experiment (PINEX) qualitatively demonstrates that the time for fuel
pin cladding failure as indicated by the thermocouples in the capsules corres-
ponds directly with actual, real time observation of cladding failure. De-
tailed analyses of these data which quantitatively supports this conclusionS51 is included in Reference 173.
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For cladding cumulative damage analysis, the treatment of wastage
is reported in subsection 15.1.2.1.

Fretting and Wear

The fuel rod cladding design-basis Wastage allowance for fretting
and wear referred to above is as follows:

* 0.5 mil at beginning of life for either fretting and wear or cladding
.scratch.

. 2..0 mils per 80,000 MWD/MT burnup linearly applied during life for
fretting and wear.

Although the 2.5 mil wastage at end of life Would be localized cir-
cumferentialiy near the wire Wrap interface, it is conservatively applied
to the full 360 degrees of cladding outside circumference.

The magnitude of the fretting-wear wastage allowance was based upon
316 stainless steel pin-disk tests performed in sodium at Westinghouse
Research Laboratories (Reference 76). The oscillatory pin (6 cycles per
minute) was 0.25 inch in diameter and ground to a 4-inch hemispherical radius.
The disks were machined from bar stock with a flat test face dimension of
0.67 inch by 0.75 inch. Sodium oxygen content was less than.5 ppm. Average
wear depths for prototypic loads and sodium temperatures are qiven in items 1
to 4 of Table 4.2-C. Similar tests at Karlsruhe with higher loads and cycles )
subsequently indicated a similar Wear. depth, see Reference 77 and item 5 of
Table 4.2-C.

The above data are nonprototypic with regard to geometry; the pin-
disk tests were primarily intended to simulate.fretting wear between fuel rod
cladding and a spacer grid support system. However, fretting-wear tests
utilizing prototypic cladding and wire wrap geometry have been performed in

531 sodium (3-5 ppm oxygen) at ETEC (Reference 78). As the data (items 6 to
11 of Table 4.2-C) are similar to the preceeding 1000 cycle data, it is
believed that the major portion of the wear depth occurred during the early
stages of the test and that it is not extremely sensitive to geometry.

The major driving force for fretting and wear in wire wrapped
assemblies has been ascertained to be a combination of individual fuel rod
and overall rod bundle flow induced vibration. This premise arises from the
behavior of loosely packed rod bundles irradiated in EBR-II. For a given.:
fuel rod geometry, flow induced vibration is in turn controlled by coolant
flow velocity, wire wrap axial pitch and the amount of porosity per fuel rod
ring in the rod bundle. The following features are being incorporated into
the fuel assembly design to minimize flow induced vibration and the potential
for fretting and wear:

1. The CRBRP utilizes 6 discrete flow orificing zones within the fuel
assemblies so that overcooling (flow velocities higher than necessary)

51 is minimized.
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2. The shield block exit geometry and rod attachment assembly are designed
to promote uniform flow distribution across the inlet of the fuel rod
bundle.

3. The axial pitch of the fuel rod wire wrap is 11.9 inches, the same
as FFTF.

4. The radial porosity between the fuel rod bundle and the duct is
minimized by the selective assembly techniques described in Section
4.2.1.2.2.

The adequacy of items 3 and 4 in controlling fuel rod cladding fretting
and.wear has been confirmed in the prototypic EBR-II experimental sub-
assemblies P13, P14, and.Pl4A.

The purpose of the EBR-II experimental subassemblies P13, P14,
P14A is included on page VC-46, and page III.C-3 of PSAR Reference 101.
The irradiation schedule for these tests is included in Reference 162,
page A-23. These,tests7.have .been completed and the assemblies have been
examined. In a topical report, "Flow Induced Vibration of Fuel Rods in
CRBRP",*the relevance of these data for the CRBRP design in conjunction With
other tests is discussed. This topical report was submitted in February, 1977.
Examination of the P13 and P14 test assemblies revealed that a decrease of
the radial porosity between the fuel rod bundle and the duct in these test
assemblies did indeed prevent significant cladding and wire wear. The results
from these tests are used to set the rod bundle porosity. Final confirmation
will come from the FFTF operation or CRBRP surveillance.. The results of these
examinations and the testing status were reported at the "CRBRP Fuel Meeting"
with NRC, October 13 and 14, 1976 in Bethesda, Maryland.

4.2.1.1.3.5 Effects Of Fuel and Cladding Swelling

As noted in subsection 4.2.1.1.2.1, fuel-cladding interaction due
to differential fuel and cladding swelling is a design basis operating con-
dition. The magnitude of the fuel cladding interaction is to be calculated
using the LIFE code which evaluates the thermal and mechanical effects of both
the fuel and cladding as well as their interaction. This code has been adopted
as the national LMFBR fuel pin performance code. All cladding material pro-
perties as well as the following fuel properties have been jointly agreed to
by the National LIFE committee which includes representatives of DOE/RRT, AI,
ANL, GE, HEML and W-ARD:

a) fuel mechanical properties including the effects of fuel cracking and
subsequent healing,

b) fuel restructuring including porosity, grain size and plutonium dis-
tribution,

c) fuel swelling including. the effects of hot pressing and solid fission

products,
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d) fission gas release and the resulting plenum pressure, and

e) gap conductance, fission gas thermal conductivity and conductance for
fuel cladding, contact..

It should be noted, that the LIFE fuel rod.performance predictions
using the fuel properties above are based upon comparisons with actual rod
performance:determined through irradiation tests in EBR-II. In many cases.,
certain aspects of these tests are prototypic of CRBRP design conditions
(see subsection 4.2.1.3 Irradiation Experience).

• The changes in fuel properties with temperature and irradiation ex-
posure described above can adversely affect the allowable power (or temperature)
.for fuel melting which as noted in subsection 4.2.1.1.2.2 is.a design basis.
The effect of initial O/M (oxygen/metal) ratio on the melting point is
negligible while the melting temperature drops initially and then continues
to decrease with burnup at a much lower rate. However, the fuel restructuring
and gap closure effects calculated by the LIFE code tend to compensate some-
what for the decrease in power to melt. The evaluation of the power-to-melt
of the CRBRP fuel rods is discussed in Section 4.4.3.3.6.

The LIFE code (Reference 175)•consists of two interconnected sets
of computational modules, thermal and mechanical. The thermal module calcu-
lates parameters such as fuel and cladding temperature, power to melt and fission
gas release while the mechanical module calculates parameters such: as fuel-
cladding contact pressure, cladding *stress and the resultant cladding defor-
mation. In the current pre-release version of the LIFE code, LIFE. III, the
thermal modul.e has all models in place. However, the iterative process of de-
fining calibration constants, qualitative checking and verification of the
mechanical rmodule against experimental data over the entire range of ex-
pected CRBR environments is still in progress. Also, several mechanical design
parameters, such as cladding wastage and plenum gas pressure, are presently
calculated more conservatively in the fuel rod design *codes FRST and FURFAN
than in the LIFE III code. For these reasons, the following restrictions
and modifications to the LIFE III code results, were applied to the CRBRP first
core fuel and blanket rod evaluations:
a) The LIFE III code .has been formulated, calibrated, and verified for steady

state conditions only. Thus, this version of the LIFE code cannot be used

to determine.FCMI during rapid transient events.

b) The LIFE III code models are capable of predicting steady state FCMI
loads in blanket rods. This code can also calculate fuel and blanket
rod responses to mid-life power increases which may occur over time
periods.of 10 hours or greater; However, these predictions must be used
with:judgement since the LIFE III code has neither been calibrated or
verified to account for blanket rod effects in general or rod environ-
ment change rates of this magnitude in either fuel or blanket rods.
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c) The steady state FCMI pressures calculated by the LIFE code are adjusted
to account for the differences in cladding wastage between the LIFE III
code predictions and the fuel rod design code predictions.

These restrictions and adjustments will be re-examined and modified,
if necessary, for later versions of the*LIFE code.

For the fuel rod, analyses were performed for steady state FCMI loads
at axial locations 12,18, 27 and 36 inches above the bottom of the fuel pellet
stack (i.e., at X/L = 0.33, 0.5, 0.75 and 1.0, where L is the fuel pellet
stack length of 36 inches).: For the blanket rods, these calculations were
performed for axial locations 29, 40 and 50 inches above the top of the rod
lower end cap (i.e., at X/L = 0.46, 0.62 and 0.78 where L is the blanket pellet
stack length of 64 inches). Prior experience indicated that the most signifi-
cant FCMI effects occurred at these locations.

Item b) above notes that the LIFE III models are mathematically
capable of predicting steady state FCMI in blanket rods. They can also pre-
dict effects of mid-life power increases which occur over time periods on the
order of tens of hours or longer in both fuel and blanket rods. However, LIFE
III calibration and verification has not included either of these considerations.
Thus, while the LIFE III code was utilized in this study to investigate both
blanket. rod FCMI and effects of mid-life power increases in blanket rods, these
results are preliminary and subject to changes in magnitude as more advanced
versions of LIFE become available. To compensate for this uncertainty, the
following procedures were followed in this study:

a) The steady state FCMI adjustment noted in item c above which compensates
for the conservative design cladding wastage was not applied to the blanket
rods. This results in considerably higher calculated FCMI loads in the
blanket rod cladding.

b) In the LIFE III analyses, the rods which experience a mid-life power in-
crease were brought to power at varying rates during the startup of the
second cycle. As discussed in Section 4.2.1.3.1.1 below, this indicates
the effects of programmed startup on FCMI loads, and suggests a method
whereby excessive FCMI (if present) due to the mid-life power increase

• experienced by blanket rods may *be minimized. Also power jumps greater
than those actually calculated to occur are assumed in these evaluations.
Thus, the calculated power jump effects on cladding performance are con-.
servative, based on current models.

• By taking this approach, the LIFE III results may be used to formulate
qualitative conclusions about blanket rod behavior under certain conditions

51 for which thi.s version of the code has not been specifically calibrated.
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4.2.1.1.3.6 Environmental Effects- Blanket Assemblies

The effect of operating environmental conditions In the blanket assemblies
will be slmilar to those for the design equations and considerations for fuel
appear ing In Section 4.2.1.1.3. Four areas are different, however.

1) Because of low sodium flow in the radial blanket assemblies, the corrosion
rate on the cladding will be lower than that for the fuel rod cladding.
It has been noted that there Is:a linear flow rate dependency when the
velocity is less than 10 ft/sec (subsection IV.H of Reference 58). Hence,
corrosion values may be variable in the various orificing:zones of the
radIal blanket.

2) Due to the chemical nature of the UO , its Initial O/M ratio, and the
flssion product spectrum in the blanlet rods, it is anticipated that there
will be less fuel-clad reaction for a given temperature condition and
temperature gradient than for mixed oxide fuel rods.

3) Based on present CRBRP nominal and specification values of oxygen In
sodium and blanket U02 , the theoretical uniform volume expansion would be
2%,aV/V for extreme reaction conditions after a failure late In life
(subsection 4.2.1.1.3.8).

4) As noted in subsection 4.2.1.1.3.5, the LIFE fuel rod performance
predictions including the effects of fuel cladding Interaction are based
upon comparisons with actual rod performance determined through
irradiation tests In EBR-ll. These tests are prototypic of CRBRP fuel rod
design conditions and may not apply to the blanket rod. (See subsection
4.2.1.4 Irradiation Experience.)

Further Information on these differences is provided In the response to
Question 241.74.

4.2.1.1.3.7 Fission Product Redistribution

The primary fission product which may affect the in-reactor performance of
fuel rods Is cesium (Ref. 2). Cesium can lead to the formation of low-melting
mixed oxide compounds at the fuel-cladding interface and these compounds
Increase the intergranular attack of the cladding. Cesium can also react with
fipsslon-product molybdenum to form cesium molybdate. Under the radial thermal
ýgradieht:- n the fuel, this compound can transport molybdenum and oxygen to the
ftuel-claddlng Interface by vapor-phase transport. Cesium can migrate axially
and react with axial-blanket urania pellets to form cesium uranate. This
reaction leads to swellIng of the pellets. However, In cases where sufficient
voidage is available near the Insulator, failures should not occur even though
extensive reaction may be observed. Some cesium reaction-with the axial
blanket is anticipated In the CRBRP fuel rods; therefore voldage must be
avallable In the gap to preclude significant interaction with the cladding.
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Axial migration is observed in fuel rods in which the initial O/M
ratio of the fuel is <2 (i.e., ul.95). In fuel pins with initial O/M ratio
closer to 2, the fission product cesium is observed to remain as Cs2MoO 4 and
not migrate to the insulator pellets. The formation of Cs2 UO4 in blanket
pellets also depends on the stoichiometry of the urania. Formation of
significant amounts of Cs2UO4 is expected only if the urania is hyperstoichiometric.

Electron microprobe studies (Ref. 3) of radial cross sections of
fuel rods have shown that fission-product cesium tends to concentrate in the
cooler region of the oxide, especially in the region of the fuel-cladding
interface. Also highest concentrations of fission-product molybdenum are found
in the noble-metal alloy inclusion and in the cooler region of the fuel
adjacent to the fuel-cladding interface'. The CsMo04 is Observed to be stable
under conditions of low temperatures and high oxygen potentials (Ref. 4). Low
oxygen partial pressures and/or high.temperatures decrease the tendency to form
gaseous Cs2 MoO 4 in the hot region of the fuel and thus hinder the migration of
molybdenum. Under these conditions, the cesium will migrate axially to react
with urania blanket pellets to form cesium uranate. Evaluation of the potential
and magnitude of this effect is reported in item 5 of the Fuel Rod Steady-State
Evaluation (Section 4.2.1.3). This evaluation also refers to the irradiation
tests which will be used to update the migration phenomenon and associated
understanding of fission product cladding reaction and interaction effects.

4.2.1.1.3.8 Performance of Defected Fuel and Blanket Rods

The CRBRP is being designed for operation with limited amounts of
failed fuel, as described in Chapter 11. Fuel or blanket rod failures which
exhibit only fission gas releases will not be removed from the core as they
present no safety problem provided design basis limits are not exceeded (see
Chapter 15.4). Fuel assembly failures having concurrent or subsequent
indications of fuel exposure to sodium by a defined limit, are to be removed
from the core. Development of this limit is dependent on the development of
appropriate technology which will assure the benign nature of operation with
limited fuel-sodium contact (see response to NRC Question 241.76). Failed
fuel assemblies characterized as having gross fuel losses or exposure to sodium
in excess of the limit are to be removed from the reactor vessel on a priority
basis.

When the Delayed Neutron Detectors (DND's) indicate that there are
gross fuel losses or excess sodium exposure, suspect assemblies which have
been identified by the Fuel Failure Monitoring System will be removed from
the core. Verification that the correct assembly has been removed will
be obtained by reactor startup and monitoring of the DND's. The frequency
of inspection will be controlled by the frequency of failures that
exhibit gross fuel losses or excess sodium exposures as indicated by the

51 DND's.
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This subsection reviews the available information concerning
operation with fuel or blanket material exposed to sodium.

Out-of-pile and in-pile tests (GETR and EBR-II - References
5-9) have shown that both UO and (U,Pu) 02 will react with sodium,
where the reaction product h~s the generic formula, Na MO (where M
is U or [U, Pu]). These tests and isothermal equilibr~tign tests at
Argonne National Laboratory (ANL) (Reference 10-14) have indicated
that this compound forms in the presence of excess sodium under
conditions where the oxygen activity is sufficient to stabilize the
compound. Oxygen, which is the limiting specie, may come from either
fuel, sodium or both.
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The evaluation of possible reactions between fuel orblanketnmaterials
and sodium indicates that effects of the reaction can be deleterious, but
proper control and additional testing and development can result in safe
operation of an LMFBR with failed fuel or blanket rods. It is concluded that:

1. The reaction product between sodium and fuel or blanket material is
Na3MO4 ,'where M is (U, Pu) or U, respectively.

2. If the oxygen concentrations in the sodium and the fuel or blanket material
are greater than the respective equilibrium values, the reaction will pro-
ceed and fori.] a stable product. If the oxygen content in either specie is
below equilibrium value, a stable reaction product will not form.

3. The reaction product, Na MO , has a density about one-half that of the re-
acting fuel or blanket m~te~ial.

4. Volumetric swelling under uniform reaction conditions at equilibrium is
approximately equal to the difference between the initial and equilibrium
deviations frorii stoichiometry.

5.. Volume expansion under uniform reaction conditions appears to reach a
maximum value in time, consistent with the attainment of equilibrium.

6. The higher temperatures and higher initial O/M values are conductive

to more rapid attainment of reaction equilibrium.

7. The O/M of fuel or blanket material increases with higher burnup.

8. Present LMFBR nominal and specification values of oxygen in sodium and
fuel or blanket materials are higher than presently available experimental
equilibrium values. Confirmation of this point is needed.

9. Theoretical uniform volume expansion of CRBR fuel and blanket pellets
would be 5% and 2% AV/V, respectively, for extreme reaction conditions
after a failure late in life.

lO. Sufficient data is not available to predict local swelling under.
non-uniform reaction conditions in CRBR fuel and blanket rods.

11. Many bare fuel rods have operated in fast reactors for periods up to
2 1/2 years after failure without reported difficulty or effects on
reactor operation.

Irradiation tests, in sodium, of defected. blanket rods are planned
(See Section 1.5.1.5) to resolve the unknown described above. In addiction,

51 it is currently planned that run-beyond-failure irradiation testing of fuel
will be done in EBR-II in support of the LMFBR program.
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A detailed discussion of the considerations which led to these
conclusions follows:

The Na-U-0 System

Various compounds of Na with U02 have been reported.in the litera-
ture. to have densities (Table 4.2-1) lower than the density of U02
('ll g/cc). Pepper (Ref. 9) et. al. and Blackburn (Ref. 14) et. al. studied
the various regions of the Na-U-0 system. These phase relations are shown in
Figure 4.2-5 at about 8000C (14720F). The three phase region of importance
to the U02-sodium reaction is Na-U0 2 -Na3 U04, since Na3UO4 has been estab-
lished as the phase. in equilibrium-with U02 and Na in defected fuel or blan-
ket elements. The mass-balance reaction between sodium and uranium oxide is

2 -y.u + 3Na Na UPOI+ 2 X-x(1)
x - y 2+x. 3 4 x - y 2+y

where 2+y is the final equilibrium stoichiometryof uranium oxide.1 Sodium
will react with U02+x as long as the oxygen pressure, which is determined by
temperature, oxygen concentration.of U0 2+x and oxygen dissolved in sodium,
is greater than that in equilibrium with theU0 2-Na7Na3UO 4.three-phase sys-
tem. The reaction will proceed until the oxygen pressure is reduced to the
equilibrium value.

The equilibrium reaction i~n the three-phase.region, Na-U0 2 -Na3U0 4 ,
is

3 Na (1) + U02 (c) + 02 (in UO2 ) Na3 U04 (c)" (2)

Measurements have been made at ANL (Ref. 15. to 18) to acquire the thermo-
dynamic data for Na3UO4 . Data from these studies were used to derive the
following equation for the equilibrium oxygen pressure as a function of
temperature and sodium activity.

In P(02) - -220,500 + 62.7 3 In (3)
) RT R aNa(

where -220,500 is the difference in the enthalpies of formation for Na3 UO4
and U02 , and 62.7 is the corresponding difference in entropies of formation.
If the liquid sodium is at the same temperature as the oxides, the last term
is zero. When there is a temperature differential (where the fuel is hotter
than the sodium), the sodium activity is equal to PNa/PONa, where PNa is the
equilibrium so.dium pressure at the. temperature of the liquid.sodium and
PONa is the equilibrium pressure calculated for the temperature of the U02.
For the Na-U0 2 -Na3 UO4 three-phase region, PNa is. given by

log P(Na) - 51.20 + 45 (4)
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Combining equations .(3) and (4), one can obtain the oxygen pressure in terms
of sodium and U02 temperatures:

In P(0 2 ) - -290,800 + 70,300 + 62.7 (5)
2) RT UO RT N R

The partial molar free energy of oxygen in urania as a function of tempera-
ture for various values of the O/U ratio are shown in Figure 4.2-6. From
this data and equation (3) or (5), the equilibrium O/M values in the Na-U0 2 -
Na3 UO4 system can be calculated.

Based on the oxygen pressures in three-phaseequilibrium Henry's
Law and the solubility of sodium oxide, the equilibrium oxygen content (in
ppm) of sodium in contact with U02 and Na3 UO4 is given by (Ref. 15).

ln[O] (ppm) -11,550 + 14.33. (6)

The U-Pu-Na-0 System

The reaction product of sodium and mixed-oxide fuel has been estab-
lished as Na3MO4 , where M represents (U,Pu). It was also observed that the
(Pu/U+Pu) ratio in the Na3MO4 phase was essentially the same as that of the
mixed-oxide from which it formed.

As noted earlier, the oxygen required to-form Na3MO4 in the sodium-
mixed oxide reaction could come from either the mixed oxide, the sodium or
both. However, if the initial oxygen of sodium is less than its equilibrium
value when in equilibrium with (U,Pu)0 2 and Na3MO4, the sodium cannot con-
tribute oxygen to the reaction. Furthermore, if the oxygen content in
sodium remains below the equilibrium value, the formation of a stable reac-
tion product, Na3MO4 , is not possible.

Neglecting the oxygen content in sodium the reaction can be written
as

MO2  (c) + 3(y -yx) Na(1) ÷ - x Na MO 2 + x (7)-2 +y ÷2+y 234 + y M2-y

where (2-x) is the initial O/M ratio of the fuel and (2-y) is the corres-
ponding equilibrium value below which reaction wilth pure sodium cannot occur.
To calculate oxygen pressures for Na.3 MO4 and mixed oxide, the difference
between the free energies of formation of Na3 MO4 and (U,Pu)02 is assumed to
be the same as the difference between the free energies of formation of
Na3 UO4 and U02. The equilibrium reaction in the three-phase region is

MO + 3 Na(1) + 2 + x 0
2-x N- 02 2 Na3MO4 . (8)
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Equations (3) and'(5) are also applicable in this case because it has been
assumed that the U-Na-0 system approximates the U-Pu-Na-O system for low,
concentrations of Pu. As before, with the partial molar free energy of
oxygen in mixed oxide and equation (3) or (5), the equilibrium O/M ratio for
the mixed oxide can be calculated.

There is a great variation in the measured oxygen potentials by
various.authors (Ref. 19 to 21). In this calculation however, Rand and
Markin's (Ref. 22) data are used (Figure 4.2-7). Table 4.2-2 shows the calcu-.
lated equilibrium O/M values for different fuel compositions along with some
measured values (Ref. 16) and oxygen concentrations in Na in equilibrium
with Na3MO4 .

Nature of Reaction Products

The principal characteristics of Na3 UO4 are:
0 0

-fcc structure with a 4.77 A to 4.80 A

-theoretical density of 5.6 g/cc

-melting temperature of 1420'C,

-for 80% TD, heat conductivity at 5409C is an, order of magnitude
less than that of UO2 .

The Nature of Reaction and Relationship to Swelling .

Previous discussions of the reaction between U0 2+x and Na, and "
(U:,Pu)02_x and Na indicated the reactions will be limited by.the available
sodium or oxygen. In the case of failed fuel or blanket elements in a
reactor, excess sodium will be present and hence, oxygen will be the reac-
tion limiting specie. The reaction appears to start with the formation of
a surface layer product followed by reaction within the fuel matrix at grain
boundaries. The initial grain-boundary penetration proceeds by formation of
a very thin.intergranular layer. The intergranular layer thickness
leads to cracking and further intergranular attack.

Theoretical volume expansion due to the reaction can be calculated
based on the initial O/M of the fuel, theoretical densities of the reactants
and reaction products, and the theoretical equilibrium O/M of the system.
The degree of swelling thus depends on the amount of oxygen available in the
system. The volumetric swelling observed at equilibrium is proportional to
the divergence between the initial O/M of the fuel and the equilibrium O/M
in. the system. That is,

% AV/V 1 0OIx - A

where x and y are the deviations from stoichiometry initially and at equi-
librium, respectively.

4.2-31 Amend. 51
Sept. 1979 )



Kinetics of the Reaction

The data for reaction rates of sodium with fuel, or blanket material
*are still incomplete. Aitken (Ref. 5) has described the in-pile reaction
rates of defected pins with sodium showing a one-fourth power time depen-
dence. The proposed mechanism assumes the rate to be controlled by sodium
diffusion through the reaction product layer. If this is the rate limiting
mechanism, one would expect the product to form ajlayer of near-uniform
thickness on the surface of-the fuel. Since intergranular attack is
observed, reaction control by. sodium diffusion appears unlikely. However, if
the diffusion of the sodium to the fuel through the product interface'is
faster than the oxygen diffusion within the fuel, then intergranular attack
can be explained because oxygen is believed to diffuse more rapidly along..
grain boundaries than normal to grain surfaces.

Kinetic studies at ANL (Ref. 23) show that in most instances the
curves of volume expansion versus time level off at each temperature to form
plateaus. The volume expansions at the plateaus' were in fair agreement with'
the maximum theoretical expansions calculated based on.the equilibration
studies. Therefore, it is assumed that the plateaus do represent the attain-
ment of equilibrium conditions. The time to reach equilibrium depends on
the reaction temperature and initial O/M of the fuel. The results indicate
that the. higher the temperature or the higher the.O/M, the more quickly the
reaction attains equilibrium.

The effect of fuel density on the volume expansion is not clear.
In one test, high density pellets underwent larger volume expansions than
less dense pellets. This can be explained on the basis that high density
pellets contained smaller void volumes and hence, less of the expansion could
take place internally by a process of void filling. The data also indicate
a more rapid reaction for the higher density pellets.

Tests to determine the lower temperature threshold for the formation
of the reaction product, Na3MO4 , indicate the reaction initially'occurs in
the range of 400 to 450'C. However, Housseau et. al. (Ref. 24) have reported
an effect of fuel-sodium reaction on cladding in the range of 300 to 400'C.

Effect of Burnup on Reaction and Swelling

As burnup increases, the O/M of the fuel increases and various fis-
sion products are introduced in the fuel matrix. The increase in O/M will
increase the oxygen available for the reaction, which increases the amount
of swelling. This increased oxygen is due to a lower affinity for oxygen in
the fission products than in the fuel. Fission products insoluble in the
matrix are observed to have no effect on the reaction. However, soluble
fission products, like rare earths and Zr, are observed. to.increase the
swelling. Chemical analyses have failed to show any reaction products other
than Na3 MO4 and hence,, the effects of soluble fission products are'not clear.
However, considerable acceleration of the reaction kinetics is reported
(Ref. 24) in the presence of soluble fission products.
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Limitations in the Application of Theory and Experimental Data

Inherent difficulties in accurate analysis of both the O/M ratio of
mixed oxides after exposure to sodium!, and oxygen concentrations.in sodium
after exposure to mixed oxides, have limited the amount of experimental data
available to establish the oxygen level in sodium required to form the reac-
tion product.

Based on the thermodynamic data, one can calculate the equilibrium
oxygen pressure over the Na-M0 2 _x-Na3MO4 system and then convert the oxygen
pressure to equilibrium O/M based on the oxygen potential data for the fuel'.
The experimental oxygen potentials for mixed oxide fuel vary as much as
20 Kcal and exhibit great differences in temperature dependence. In most
cases, the experimental determinations were done at higher temperatures, thus
requiring extrapolation of the data to lower temperatures for the reaction
equilibrium O/M calculations. Depending on-which oxygen potential data for
mixed oxide is selected, .one can obtain significant increases (Martin and
Mclver's data) (Ref. 19), decreases (Woodley's data) (Ref. 21) and essenti-
ally no change (Blackburn model). (Ref. 16 and 17) in the O/M ratio with
temperature*at the three-phase equilibrium. Experimental determinations by
Smith (Ref. 25) and Martin and Schilb.(Ref. 23) show a decreasing O/M with
temperature at the three-phase equilibrium.

The equilibrium O/M ratios givenin Table 4.2-2 are calculated for
fuel in contact with sodium. Since the LMFBR fuel is expected to have a radial
temperature gradient. from about 2800'K to 1300°K, the oxygen will be dis-
tributed non-uniformly in the fuel. Because of this non-uniform distribu-
tion. of oxygen, the mole fraction of oxygen within the fuel is not
necessarily the same as.that at the interface. Thus, the total fuel oxygen
content may differ significantly from those values given in Table 4.2-2.
In addition, oxygen content of thefuel increases with burnup because the
fission products have a. lower capacity for. oxygen than the fuel. Hence, the.
start-of-life oxygen content alone is not sufficient to define the condi-
tions for sodium-fuel reaction in irradiated fuel.

The equilibrium oxygen content of sodium for fuel-sodium-Na3MO4
equilibrium is practically constant for either. U02 or U-Pu oxide fuel. The
calculated oxygen concentrations in thesodium are independent of the fuel.
oxygen. potentials and therefore, ar.e not affected by the uncertainties in
the fuel oxygen potential.. These calculations are based on the solubility
of Na?0• in sodium,.Henry's law, and oxygen. pressures determined from
equati.on 3 or 5. The calculated equilibrium oxygen content of the sodium,
as shown in Table.4.2-2, is strongly dependent on the temperature at the
sodium-fuel interface. Typical oxygen levels in cold-trapped sodium (like
EBR-II or an LMFBR) are I to 2 ppm. This indicates that the sodium would
act as a sink for oxygen above 700 to 800'K. In this instance, the excess
oxygen for the reaction is supplied by the high O/M-ratio of the fuel that
results from oxygen redistribution and burnup in the fuel. However, theý
flowing sodium would tend to reduce any reaction product that might be
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.initially formed when the sodium contacts fuel. Since the amount of oxide
fuel in the failed pin is small compared to the total flowing sodium, one
might expect a limited reaction and therefore; extended operation of the
failed fuel rod without any safety hazards.

.Smith (Ref. 25) has experimentally determined the equilibrium oxygen
concentrations in sodium for the fuel-sodium-Na 3 MO4 system using the vandaum
wire equilibration method. The oxygen concentrations in sodium at the three-
phase equilibrium varied from nO.l to 0.4 ppm in the temperature range of
650 to 900'C. The oxygen concentrations are given as a function of tempera-
ture by

5720ln[O] ppm = - lK + 3.91.

where K is the fuel-sodium interface temperature. The important consequence
of this result is that the sodium in typical cold-trapped systems will serve
as a source of oxygen for the fuel-sodium reaction in the event of a breach
of the cladding. The reaction product is stable under these conditions and
increased swelling of the fuel (and therefore fuel rod) with time can be
expected. Additional experimental work may be needed to confirm this exper-
imental data.

Effects of Reaction on Cladding Strain (Review of Defected Fuel Rod
Experience)

The available kinetic data (Ref. 23) indicate that the fuel-sodium
reaction in the presence of excess sodium attains equilibrium within two to
six days depending on the initial stoichiometry of the fuel and reaction
temperature. The amountof sodium available will depend on the defect size
and the sodium flow conditions.

Under uniform reaction conditions the swelling or fuel volume
expansion due to reaction will be uniform. If there is no gap available,
the volume expansion will force the cladding radially and the strain on the
cladding can be assumed to be uniform *and equal to the diametral expansion
of the fuel. This situation is observed in sodium bonded mixed oxide fuel
pins. In the B8 series (sodium bonded mixed-oxide fuel rod) tests diametral
increases up to 12% were noted (Ref. 5). The observed changes were in
reasonable.agreement with the uniform swelling predictions when other
deformations were considered..

For example, consider the case of a CRBRP fuel element failing late
in life with a sizeable breach of the cladding such that uniform reaction of
the fuel is assumed'to occur and go to equilibrium. The O/M of the fuel
increases during burnup from a specification value of 1.96 to 2.00, as
shown in Figure 4.2-8 which will be the value at the time of failure and the
start of the fuel-sodium reaction. Assuming an equilibrium O/M value of
1.95 for the fuel, the uniform volume expansion from the relationship given
earlier will be 5% AV/V, or about 1.67% diametral increase. In contrast,
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the blanket material O/M increases from a maximum specification value of
2.01 to approximately 2.019 at the end oflife. If failure occurs and *re-
action starts at this point in time, a uniform volume expansion of 1.9%
is calculated at equilibrium where the O/M will be 2.00, as shown in
Table 4.2-2. This results in a O..63%.diametral growth.

However, under conditions of a localized cladding breach, the re-
action may not take place uniformly but may occur in a narrow sector near
the defect. This gives rise to non-uniform fuel volume expansion leading to
a non-uniform strain in the cladding near the defect. The non-uniform
strain.or localized.strain would enlarge the defect and, under extreme
conditions, potentially lead to a gross cladding rupture.

Several encapsulated rod failures and defected fuel rod tests have
shown non-uniform strain near the defect due to sodium-fuel reaction (Ref. 8
and 26). However, none of these tests have shown gross rupture, primarily
*because the fuel rods were exposed to a.limited quantity of static or flowing
sodium, which limited the oxygen available from the sodium. The localized
strains in the rods were at least three to four times that evaluated for
theoretical fuel volume expansion. Values as high as 30% AD/D have been mea-
sured in some tests, as shown in Figure 4.2-9. The size of the cladding defect
plays an important role in this type of non-uniform reaction. Murata el. al.
(Ref. 6) have emphasized the uncertainties associated with predicting the
swel.ling resulting from in-reactor sodium-fuel reactions in defected fuel
pins (B9A).

Specific data on the extent of sodium-fuel reactions resulting from )
bare fuel rod failures in fast reactors is essentially non-existent. Faile.d

*rods have operated in DFR for over 100 days with little or no deterioration
observed after 'the post-failure operation (Ref. 27). Failures in Rapsodie
and BR-5 driver fuel have also occurred. and the fuel has remained in the
reactor for even longer than 100 days, apparently without deleterious effects.
These experiences give credence to the operation of fast reactors with failed
fuel rods.

4.2.1.1.3.9 Fission Gas Release

The CRBRP fuel rod design is based on the principle that released
fission gas communicates freely with the plenum during normal operation. This
principle is used in the design of all operating light water and fast re-
actors and in those which are currently undergoing design or construction. The
basis for using this principle is presented below:

.1. It is well established that mixed oxide fuel is extensively cracked when
brought to power. Crack healing will occur while the fuel is at power,
but not all cracks will heal or heal completely, particularly in the
cooler, outer regions of fuel and in the low power, top and bottom sections
of the rod. The large body of post-irradiation examination results show
that cracks caused during the rise to power (as distinguished from those
caused by shutdown) are still present.
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Thus, a network of fuel cracks will exist in the outer, cooler regions
of the fuel which will maintain contact with the plenum even if the
fuel-cladding gap is closed. Also, in the case of high power fuel
rods which form a central cavity within the fuel column, experimental
results (see 2 below) indicate that fine cracks or openings will
exist, which permit communication of this cavity with the cooler
regions of fuel and the plenum. The openings may exist anywhere
along the cavity, at pellet interfaces for example, or near the ends
of the cavity where the fuel temperatures are relatively low because
of the axial power profile.

2. Communication between the plenum and fission gas released within the
fuel column (to outer fuel regions or the central cavity) was
demonstrated in two sets of experiments which employed continuous
measurement of released fission gas. Both sets of experiments were
designed to test fast reactor fuel and used fuel rod diameters,
fuel compositions, and linear power typical of fast reactors.

.0. The first set of exneriments (References 97 and 98) was perfornc'!
in the BR-2 and used pressure sensors to continuously measure
fission gas release. The experiments included twelve pins, two
referred to as Mol 8B tests and ten as the Mol C tests. One of
the Mol 8B tests achieved a maximum burnup of 11.5,000 MWD/T and
the other 40,000 MWD/T (the pressure sensor failed). The ten Mol
C fuel pin tests operated to burnups in the range of 74,000 to
96,000 MWD/T. Both Mol 8B pins showed central cavity formation.

.Post-irradiation examination of the Mol C tests have not been
reported, but the linear powers are high enough to form central
cavities in the fuel.

Both the Mol 8B and Mol C tests showed-a continuous release of
fission gas to the plenum while at power throughout life. The
effects of shutdowns on gas release were negligible. The latter
point is important because if any gas was trapped within the fuel
column, it would have been released during shutdowns as a result
of the extensive fuel cracking that occurs. These experiments,
therefore, show that released fission gas is in communication with
the plenum throughout life.

b. The second set of experiments (References 98, 99 and 100) was per-
formed in. the. Oak Ridge Reactors and used a helium gas sweep sys-
tem introduced at the bottom of.the fuel column in one case and at
the top of the fuel column in the other case, and monitoring
of the sweep gas for fission gas detection. Two fuel pin tests
were performed., one using solid pellets, GB-IO, and the other
annular pellets GB-9. The latter test, therefore, does not
directly apply to the question but is of interest. The GB-9
pin achieved a burnup of 55,000 MWD/T. The GB-10 pin is, still .
undergoing irradiation and results have been reported for burnup
-to 7,000 MWD/T. The linear power in the latter test is high
enough to form a central cavity. 16
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In both cases, results showed a continuous release of fission gas while .
the pins were at power and negligible effects of shutdowns similar to
the Mol 8B and C experiments. In the case of the GB-10 test where the
sweep gas was introduced at the bottom of the fuel column at a pressure
of 1,000 psig, the pressure drop through the fuel column was initially
70 psi and dropped to 10 psi as irradiation proceeded indicating that
there is significant permeability in the column at low burnup.

Summary

In summary., post-irradiation examination of fuel indicates that fuel
cracks are present during steady-state operation. These cracks provide
communication to the plenum of gases released within the fuel column. Instru.-
mented tests of fast reactor type fuel rods demonstrate that communication
exists to burnups of 115,000 MWD/T. The low burnup fast reactor fuel re-
sults (GB-I0 in particular) also show that communication exists.

Additional detailed analysis of fast reactor fuel pin tests will be
performed to further verify the design, bases for the FSAR and additional re-
sults from the instrumented tests will be monitored and analyzed.

4.2.1.1.4 Surveillance and Post Irradiation Examination of Fuel and. Blanket
Assemblies

Current designs and analytical predictions of the behavior of fuel
assemblies and rods are based on models supported by experimental data. As
more results become available from test programs including EBR-II and other
fast reactor experiments, the models will be revised and modified to reflect
the behavior and effects indicated by the new post-irradiation data. (See
Sections 1.5 and 4.2.1.5 for a description of the fuel and blanket' assembly
development program.) Frequent assessment and correlation of the analytical

*codes will continue with the objectives of establishing firm design and per-
formance limits, minimizing uncertainties in the analysis, and understanding,
rod and assembly behavior. However, restraints on the design and operating con-
ditions of experimental assemblies partially preclude' simulating CRBR con-
ditions for all important parameters simultaneously. Therefore, it will be
necessary to perform'limited periodic examinations of the initial core assemblies.
Such examinations will. also be used to verify safe operation to the esta-
blished operating limits; and to obtain data that could. beused to establish
improved design and operating limits. The following surveillance and post-
irradiation examination plan is designed to satisfy these requirements and
objectives.

This program is preliminary and the final selection of the surveillance
schedule and examination plan (Table 4.2-3 is typical) will be dependent uplon
the available information from various sources (i.e., EBR-II, FFTF, etc.).
The depth and extent of the finalized program will be formulated to provide
verification information of parameters which are not available from other
sources. 'Final surveillance and examination plans will be submitted con-
sistent with the FSAR submittal.
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The.CRBRP can be operated with gas leakers; no reactor shutdown will
be required for gas leakers except as noted in Section 7.5.4. The gas leaker
.is characterized by a fission gas monitor signal but no fuel-sodium reaction
signal. Fuel assembly failures having concurrent or subsequent indications
of fuel exposure to sodium above a defined limit, are to be removed from the
core. Development of this limit is dependent on the development of appro-
priate technology and will permit operation with limited fuel-sodium contact.
Failed fuel assemblies characterized as having gross fuel losses or exposure.
to sodium in excess of the limit are to be removed from the vessel on a priority
basis.

When failures occur in assemblies, the method of detection will
generally be either a cover gas monitor signal or a delayed neutron signal or.
.both. The former indicates a release of fission gas from the failed rod, which
will also expell a tag gas for assembly identification. The latter type of
signal indicates the release of solid fission products *to the primary sodium
coolant and, most likely, the fuel material in the breached rod is in contact
..with the sodium, giving rise to the possibility of a reaction between sodium
and the pellets (see Section 7.5.4).

All known defected fuel rods having fuel-sodium contact will be re-
moved at each refueling until sufficient data are available to show that such
fuel can be operated with predictable and safe results.

4.2.1.1.4.1 General Surveillance and Examination Plan-Fuel Assemblies

The assemblies to be selected for examination in the surveillance
program should not have special handling, but should be typical and repre-
sentative of the production lot of rods and assemblies. All CRBRP fuel
assemblies will have a unique identification number legibly marked in
arabic numerals and in coded notches on the outlet nozzle. For a given fuel
assembly, this unique number provides traceability to the quality conformance
•inspection reports for that particular assembly. Fuel assemblies charged
into the.initial reactor loading will have quality conformance inspection re-
quirements patterned after those required for the FFTF Driver Fuel Assemblies.
These requirements have been incorporated in the materials and fabrication
sections of the appropriate CRBRP fuel assembly equipment specifications.

The quality conformance inspection report and its associated docu-
ments for a particular fuel assembly compare the.fabrication attributes or
parameters, whizh occur in that assembly (e.g., dimensions, material pro-
perties, surface smoothness, etc.) to the nominal design parameters and
tolerances. Thus, assemblies can be randomly selected for examination but
without specific attention which would tend to make the assemblies non-typical
prior to irradiation.

Fuel assemblies located in instrumented positions within the cen-
tral part of the core should be used for the surveillance tests. They
would provide representative thermal history of operation for assemblies
with a variety of linear heat ratings, fluence, and burnup conditions.
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Schedules of assembly discharges for examination should be planned
to maximize the usefulness of the data obtained and to minimize the per-
turbation of the surveillance program on reactor and plant operation. Special
reactor shutdowns or fuel handling activities will not be scheduled solely
for discharge of surveillance assemblies.

Fuel assemblies should be removed at several different burnup
values consistent with the constraints given above. It is anticipated that
the first of these scheduled removals would occur after the first year
cycle of operation at a burnup which corresponds to 25,000 to 30,000 MWD/T.
Future removals will be dependent upon the need for verification information.

The examination of the surveillance assemblies is described in a
later section. To maximize the utilization of results for each increment of
burnup, all examination and testing should be accomplished as soon after.
discharge as possible, but certainly before the next planned incremental
discharge. Furthermore, every attempt will be made to minimize the time re-
quired to initiate examinations.

4.2.1.1.4.2 General Surveillance and Examination Plan - Blanket Assemblies

The surveillance program must be carefully planned to yield infor-
mation for critical times during initial operation of the reactor. Results
of the examination will be evaluated and used to guide reactor operators
through all phases of reactor operation from initial criticality and con-
servative performance to the ultimate goal of maximizing the plant operating
factor with a statistically safe number of failed rods. The surveillance
plan identified assumes that pertinent blanket rod tests will have been per-
formed in EBR-II and FFTF with results capable of predicting CRBRP rod per-
formance. If these tests are not available an alternate surveillance pro-
gram will be developed.

Selection of Surveillance Assemblies

The assemblies to be selected for examination in the surveillance
program should be typical and representative of the. production lot of rods
and assemblies. Radial and inner blanket rods selected for surveillance
in the initial reactor loading should be well characterized and identified
relative to fabrication attributes, but special handling that would intro-
ducelany bias in results should be avoided. The most desirable situation
would be to examine assemblies and rods that span the applicable specifi-
cation. and drawing limits.

Radial and inner blanket assembly positions should be selected

which provide the best characterization of the irradiation environment.
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Operation Without Failure

Schedules of assembly discharges for examination should be planned
to maximize the usefulness of the data obtained and to minimize the per-
turbation of the surveillance program on reactor and plant operation. Special
reactor shutdowns or fuel handling activities should not be utilized solely
for discharge of surveillance assemblies. Blanket assemblies should be re-
moved at a minimum of two different .(and adequately spaced) increments of
exposure between initial insertion and the end of assembly life. The first
blanket assembly should be removed shortly after the first cycle.

Operation With Failure

Surveillance and examination plans in CRBR will be prepared to
handle the presence of failed rods which can occur during all periods of reactor
operation. Unexpected failures occurring prior to reaching the design end-of-
life burnup include rods suffering from "infant mortality" generally caused by
undetected defects in material or workmanship, and rods experiencing transient
conditions in the reactor. Failed assemblies may be discharged from the re-
actor at the next refueling after detection to determine the cause and nature of
the failure. However, experiences from previous test programs should provide
sufficient guidance to indicate safe operation can be achieved with such
failures in reactor. It may be possible to allow surveillance assemblies to
be operated to and beyond failure once the Demonstration Phase of the reactor
operation is completed.

4.2.1.1.4.3 Typical Examination Requirements - Fuel and Blanket Assemblies

A typical example of a surveillance examination plan for fuel and
blanket assemblies, rods, ducts and assembly end pieces.is shown in Table
4.2-3. Following discharge, a visual examination and dimensional character-
ization of the assembly should be performed. Provisions should.be available
for shipment of the assemblies to hot cell facilities for-detailed non-
destructive and destructive examinations noted in the table.

Visual examination and bow and length measurements on the rods
should be performed prior to removal of the spirally wrapped wire. In addi-
tion, the rods should be visually examined after wire removal for signs
of wear or reaction on the cladding caused by the wires. Depending on
the burnup and condition of any rod at the time of examination, more or
less detail will be included in the items listed in the table for the
rods. In particular, the extent of sectioning and cladding property
tests may be varied as required by non-destructive test results. Similarly,
destructive testing of ducts and end pieces will be accomplished only
when observations and exposure conditions indicate the need.

Care must be taken throughout the examinations to be able to re-
51 late in-reactor orientation to component behavior.
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4.2.1.1.4.4 Evaluation of Results - Core Fuel and Blanket Assemblies

The data obtained from this surveillance program will be analyzed
in sufficient detail to permit evaluation of current conditions in the
assemblies and to provide guidance for the extrapolation and estimation of
behavior to higher exposure conditions. Test results from each incremental
examination will undergo a timely evaluation to identify satisfactory per-
formance to the next examination point or the possibility of a problem
developing which could impact on assembly operation. ýExamination results
will be compared and related to similar findings from experiments in test
reactors to assist in the prediction of subsequent operation. The data will be
utilized to improve design codes and behavior models which are actively
used in the design of reactors.

The proper execution of a surveillance program on core fuel and
blanket'assemblies and rods in CRBRP will provide a sound basis for improving
design lifetimes of assemblies and the overall fuel management and economics
of the reactor. Timely data and immediate implementation of results will
accelerate the schedule for improved operation of the reactor. Experiences
and information developed from this program will also benefit the design and
future operation of LMFBRs beyond the CRBRP.

4.2.1.2 Design Description

4.2.1.2.1 Core Design and Operation

The Clinch River Breeder Reactor fuel is a mixed (Pu-U) oxide. It is
cooled with sodium. A schematic of the reactor is shown in Figure 4.2-36 to pro-

vide orientation for the fuel and blanket assembly locations. The core support
plate and the core barrel form the principal locators for the fuel inside the
vessel. The fuel, control, blanket, and removable shield assemblies rest on
the core support structure. Hydraulic balance is employed to offset the
upward forces resulting from the coolant flow through the fuel and blanket
assemblies. Each of these reactor assemblies has two load pad areas which
match the elevation of the core restraint former rings. The rings are
supported by the core barrel which rests on and is attached to the core
support plate.

The upper internals structure is located above the core. The
structure laterally stabilizes the primary and secondary control rod shroud
tubes and also provides secondary holddown for the fuel, most blanket and
control assemblies. The four support columns of the upper internals have
jacks for lifting the upper internals clear of the removable reactor assemblies
for refueling. The in-vessel transfer machine (IVTM) rotates with the upper
internals structure for removing and replacing of reactor assemblies at re-
fueling. Fuel transfer and contingency storage positions are provided in
the annulus formed between the core barrel and the reactor vessel thermal liner.
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The active length of the core Is 36 inches and the equivalent diameter of the
fuel and inner blanket region Is 79.5 inches. The fuel region initially
consists of 156 fuel assemblies with a total fissile plutonium loading of 1502
Kg. The reactor core also Initially contains 82 inner blanket assemblies, 126
radial blanket assemblies, and 312 removable radial shield assemblies. The
total number of fuel and blanket assemblies varies slightly from cycle to
cycle as described in Section 4.3. During Initial reactor heat-up and sodium
fill, the reactor core is completely occupied by core special assemblies
(CSA). These core special assemblies are also utilized during special
refueling operations (i.e., lower inlet module replacement) to support the
core array while the spent core active assemblies are being replaced. The
special assemblies are not utilized during normal refueling operations.

The reactor control systems Include 9 primary and 6 secondary control
assemblies. The two systems are independent and diverse. Both systems are
capable of shutting down the reactor from full power to hot standby
conditions. A core map is shown schematically In Figure 4.2-IA, while the
fuel and blanket numbering scheme is shown in Figure 4.2-1OB.

The reactor system Is being designed to withstand the various loadings which
result from the CRBRP steady state and transient duty cycle events. Details
of the steady state nuclear, thermal-hydraulic and mechanical load
environments during reactor operation are given in Sections 4.3, 4.4 and
4.2.1.3 respectively.

The umbrella transient duty cycle for the initial CRBRP core is described in
Sections 4.4 and 4.2.1.3. This duty cycle covers the current categories of
normal, upset, emergency, and faulted conditions as defined in Appendix B.

4.2.1.2.2 Fuel Assemblies

There are six different types of CRBRP fuel assemblies corresponding to the
six flow orificing zones as described In Section 4.4.2.5. Coolant flow is
controlled by orifice plates within the assembly.

The CRBRP fuel assembly design Is based upon the FFTF driver fuel assembly
design and LMFBR development experience with modifications necessitated by the
breeding, operational and cost requirements of the CRBRP. A detailed
comparison of the CRBRP and FFTF fuel assembly design details Is given in
Table 4.2-4. Welded into a compact structural unit, the fuel assembly can be
handled by the refueling machines and provides a controlled path for the
primary sodium coolant. As shown in Figure 4.2-11, each fuel assembly is
comprised of the following subassemblies:

A. 217 fuel rods that contain the fuel pellets,

B. -An Inlet nozzle,

C. A shield and orifice region,
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D. A rod attachment assembly,

E. A duct, and

F. An outlet nozzle.

The fuel rod design is illustrated in Figure 4.2-12. The mixed
plutonium-uranium dioxide sintered powder fuel pellets supply heat and
neutrons for breeding, the uranium dioxide axial blanket pellets above and
..below the fuel enhance breeding, and an upper plenum containing fission j
product gases generated during operation. ýPlenum volumes larger, than FFTFs
are required to allow for the higher fission gas pressures caused by some-
what higher operating temperatures and by potential operation to higher
equilibrium burnup levels.

Pertinent safety features of the CRBRP fuel rods, similar to those
in FFTF, are:

1. Normal high level quality assurance will be supplied to. prevent mixing•
of the fuel pellet enrichment types or interchange of fuel and axial
blanket pellets inside a fuel rod.

2. The fuel pellet column is retained in position during preirradiation
shipping and handling by a preloaded helical compression spring made
of Type 302 Stainless Steel. After insertion of the fuel rod into the
reactor, the spring is flexible enough that it will not restrict-the 9
axial expansion of the fuel pellet column. )

3. Each fuel rod contains a gas tag capsule which identifies failed fuel
rods by a unique gas mixture for each assembly.

4. A wire wrap spacer system is employed to maintain required lateral
spacing during normal and transient operation.

The fuel assembly inlet nozzle is designed to support and locate
the assembly in the lower internals inlet modules, furnish a mechanical dis-
criminator, provide a hydraulic balance system and allow the primary coolant
flow to enter the assembly. These design features are accomplished by using
the FFTFiinlet nozzle design, except: a) the bypass flow is restricted
by piston rings in both directions, and b) six discriminator posts are re-
quired to identify the six flow zone assembly types. A detailed description
of the discriminator's geometry and functions is given in Section 4.2.1.2.5.

Fuel column holddown spring design calculations were performed
following the standard, industry accepted analysis techniques in References
148 and 149. The following requirements were satisfied by the fuel pellet
holddown spring (made from type 302 Stainless Steel):

e Prior to insertion into the reactor, the spring shall maintain pellet
.position during a maximum axial shipping and handling load of 6g.

Amend:. 52 ,
4.2-43 Oct. 1979



* After irradiation and thermal induced changes of the spring pro-
perties, the spring shall accommodate a pellet column growth of 1.0
inch before compressing the spring to 90% of its solid height.

* The maximum material volume of the fission gas plenum components shall
be equal to or less than 15% of the total fission gas plenum volume.

The difference between the minimum and the nominal spring preload

provides allowances for:

a) spring preload deviations at the specified deflection; and for

b) variation of the compressed spring length caused by manufacturing
tolerances.

The torsional wire stress in the spring at the maximum preload was
verified to be less than the allowable value.

In addition, the following requirements were satisfied:

* A minimum coil-to-coil clearance during pre-irradiation shipping and
handling loads shall be maintained; and

* The spring outside diameter increase due to compression shall not inter-
fere with the minimum cladding inside diameter.

No tests of the fuel column hold down spring are planned except
for the required QA tests during fabrication.

The primary coolant flows from the lower internals through slots.in
the receptacle side walls that match with slots on the side of the inlet
nozzle into the fuel assembly. This coolant path is designed to prevent
passage of foreign objects that may cause total or partial coolant flow blockage
to a fuel assembly. In the lower internals the primary flow is strained to
preclude passage of particles greater than 0.25 inches in diameter. The total
area of the six inlet nozzle slots is 3.5 times greater than the assembly
internal flow area. The geometrical configuration of the inlet slots pre-.
cludes total blockage and disperses gas bubbles. Hydraulic and gravity forces
acting on the fuel assembly determine the net hold down force which is used
to keep the assembly seated in the receptacle and maintain correct axial
location of the fuel. The FFTF-type piston ring seal and inlet slots con-
tinue to sustain the hydraulic holddown even if the fuel assembly should be
lifted a maximum of 2.5 inches to contact the upper internals structure.

In the context of CRBR fuel assembly design, the term "hydraulic
holddown" refers to the design features which assure that the hydraulic forces
when acting in conjunction with gravity forces, keep the assembly seated in
the lower inlet module. These design features are illustrated in Figure
4.2-11A and are explained below.
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The fuel assembly is designed so that the hydraulic forces acting ..
on it remain unchanged:even in the event that the assembly is lifted from
its seated position in the core. The inlet nozzle at the lower end of the
fuel assembly is inserted into the cup-like receptacle of the lower inlet
module (LIM). The fuel assembly cannot disengage from the LIM in an
assembled reactor because it is trapped by the upper internal structure. How-
ever, sufficient clearance is provided between the fuel and upper internal
structures to allow for axial expansion of the fuel assembly caused by
thermal and fluence effects.

Coolant flow *enters the inlet nozzle of the fuel assembly radially
from holes in the sides of the LIM. A piston ring.is used to seal the
annulus.between the nozzle and.LIM to prevent this flow from entering the.
core interstitial region. Although nominally the sealing requirement is for
a static seal, a piston ring type dynamic (moving) seal was selected. This
piston ring is fitted inside a finished cylindrical bore in the LIM where
borelength is greater than the clearance at the top.of the fuel assembly.
This arrangement ensures continuous sealing even if the fuel assembly should
lift up from its seated .position in the LIM. Necessarily, this piston ring
is located above the nozzle inlet holes and the finished bore is located
above the LIM radial flow holes.

.Reduction of the hydraulic pressure load acting upward on the inlet
nozzle is accomplished by venting the space at the lower end of the inlet
nozzle to a low pressure region. A second piston ring seal is used near.

.the bottom of the nozzle to separate the high pressure inlet flow from the
vented space. This seal has the same requirements as does the other seal used
between the inlet flow and the core interstitial spacewith the exception that
the piston ring and its mating bore must be located below the inlet flow paths.

The sum of the various vertical forces acting on the fuel assembly
determines the net holddown force which keeps the assembly seated in the
receptacle and maintains correct vertical location of the fuel. The weight
of the assembly in air is approximately 450 lb., but it weighs only about
390 lb. when submerged in sodium because of bouyancy effects. Small differ-
ences in diameter between the top and bottom piston rings combined with the
differential pressures acting on the assembly result in a net upward hydraulic
force of about 50 lbs., which reduces the seating force of the assembly to
roughly 340 lb. Because of the seating arrangement discussed above, this net
seating force exists even if the assemblies are-raised by some hypothetical.
mechanism to bring them into contact with the UIS. In addition, the inlet
nozzle and LIM is designed to provide adequate coolant flow regardless of
whether the assembly is seated or in contact with the UIS.

Coolant flow control and attenuation of damaging neutron fluence
to the lower internals structure is provided by the shield block and orifice
plates. The five flow rates required for proper cooling of the fuel assemblies
are accomplished by varying the number of orifice plates and the number
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and size of the holes in a plate. Staggering of the holes between the
plates and shielding provide the maximum flow control by preventing flow
streaming and limits the maximum length of foreign particles. Only
objects smaller than the orifice holes in the individual orifi:cing zones
can enter the shield block. Axial grooves and numbers on each orifice plate
assure hole staggering and plate identification when the plates are welded
together to form a subassembly.

Recent nuclear experiments at ORNL indicate that one shield block
with sufficiently long, straight through holes (or hole)will reduce the neutron
streaming and flux to acceptable levels. The lower internals lifetime is
longer than FFTF's, requiring more nuclear shielding provided by the lower
axial blanket and longer shielding effective length. The shield block exter-
nal geometry and the connection of the rod attachment assembly, duct and
inlet nozzle to the shield block are the same as in the FFTF. The proper
assembly of these components is done with normal high level quality control.
When completed, the shield and inlet assembly can be inspected visually to
confirm proper assembly.

When all the attachment rails have been pinned in place a plenum
is formed between the attachment rails and shielding, providing mixing and
uniform flow to the fuel rods. The attachment rails divide the flow. Only
objects smaller than the sub-channel flow area can pass through the bundle.
No over-heating of fuel rods will occur even if a large portion of the flow
area at the attachment rails should become blocked by loose objects because
flow redistribution will take place beyond the rails prior to the fueled
section.

Similar to FFTF, a closed hexagonal duct surrounds the fuel rods
and directs the primary coolant flow. The assembly duct wall also prevents
the adjacent assembly from being in direct communication with molten fuel
and/or coolant pressure resulting from fission gas ejection and possible
interaction between molten fuel and the sodium coolant. It provides a means
of absorbing the damage due to local pressure pulses caused by fission gas
ejection and provides a delaying mechanism against melt-through to the
assembly adjacent to the failed one. The load pads, thicker than FFTF's be-
cause of the larger core, are capable of transmitting the radial core re-
straint loads and assure that adjacent assembly ducts contact only at the
pads to prevent hangups during refueling operations. Large contact areas
minimize local bending stresses and reduce the probability of self-welding.

The across flats clearance between the fuel rod bundle and the
duct will be controlled through selective assembly. The selective assembly
will be as follows.

1. 217 fuel rods and a fuel assembly duct are selected from inventory.
The fuel rods are not wrapped with the spacer wire at this point.
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2. The diameter of each of the 217 fuel rods is measured-at a number of
axial locations.

3. The flat-to-flat inside dimension of the duct is measured at a number
of axial locations.

4. From the measured dimensions obtained in steps 2 and 3, the arithmetic
average rod diameter of the 217 fuel rods and the arithmetic average
duct flat-to-flat inside dimension is calculated.

5. These average dimensions are entered into the graph of Figure 4.2-12A
to determine the diameter of the wire wrap.

6. The wire'wrap of the required diameter is attached to the fuel rods.
Next the rod bundle is assembled, strip-by-strip onto the rod attach-
ment assembly on the shield block. The duct outlet nozzle subassembly
is then slid over the completed bundle and welded to the shield block.

The location and number of axial measurements on the rod and duct
will be specified in the CRBRP fabrication requirements when sufficient
statistical data from FFTF fuel assembly fabrication is accumulated.

The outlet nozzle is designed to guide the flow from the fuel assembly
into the flow collector and instrumentation in the upper internals, to pro-
vide refueling features, and with the inlet nozzle and load pad, provide
fuel assembly radial positioning and support. The outlet nozzle inside sur-
face controls the coolant exit velocity to minimize the potential for outlet
nozzle vibration and directs the flow into the proper flow collector and
associated instrumentation. Design features of the outlet nozzle and inlet
nozzle will be provided to preclude fuel rod damage in the unlikely event of
an assembly entering an occupied position.

The outlet nozzle geometries that assist refueling are:

1. An inside surface. groove to receive the refueling machines' grapple
fingers.

2. A large exit diameter to guide the grapple nose into the nozzle when
the IVTM and outlet nozzle are misaligned,

3. An external diameter that does not prevent a discrimination post on a
neighboring assembly that is misaligned from being inserted,

4. Assembly tapers to guide a fuel assembly in and out of its receptacle
or to guide neighboring assemblies during refueling, and

4.2-47 Amend. 51

Sept. 1979



5. A transition from the outlet nozzle outside diameter to the load pad
hexagonal geometry to provide a tapered surface that, when mated with
the shielding transition region tapers on an assembly entering the
core, will rotate the assembly to a correct azimuthal orientation.

After an assembly has been completely withdrawn from the core,
axial grooves on the outlet nozzle can be interpreted to verify a specific
type of core assembly, its serial number and the reference orientation by
the refueling machine (See Section 9.1). Normal high level quality control
and administrative procedures will be utilized to assure the identification
notches on the outlet nozzle match with the flow orifices.

With the exception of the fuel and axial blanket pellets and the
Inconel 718 piston rings and locking bar, all other fuel assembly components
are austenitic stainless steel. These materials have been selected because
of their toleration to the reactor operating conditions and the avail-
ability of prototypic operating experience being developed for the LMFBR
fuels program. As in the FFTF driver fuel assembly design, the fuel rod
cladding, end caps and wire wrap as well as the fuel assembly duct are Type
316, austenitic stainless steel nominally 20% cold worked. The inlet and out-
let nozzles and shielding orifice subassembly are solution annealed Type 316.
To minimize the potential for damage, galling and wear, the mating surfaces
of the inlet nozzle and piston rings with the lower inlet module are chrome
plated while the load pads on the duct and outlet nozzle are chrome-carbide
coated.

The selection of chromium carbide coatings for the load pads in the
outlet nozzle and duct is the consequence of an intensive program on friction,
wear and self-welding, supported by the USDOE. From this program, test re-
sults showed that bonded chromium carbide based materials provided the lowest,
most consistent friction coefficients. Further investigation of a variety
of processes for applying chromium carbide based materials revealed that the
detonation-gun process was able, to provide a coating that could pass the friction,
wear, sodium corrosion, thermal cycling, mechanical integrity and irradiation
tests required to meet acceptance criteria. Additional information on this
program and testing involved in the development, evaluation and qualification
of chromium carbide coatings for sodium cooled reactor applications is given
in Reference 165.

The selection of chrome plating for the inlet nozzle was based upon
its successful performance for similar applicati.ons in EBR-II and verification
testing for FFTF. Reference 48 reports that the compatibility of chromium
plating with EBR-II primary sodium coolant was determined by two techniques.
First, stainless steel components that had been chromium-plated were examined
after years of exposure to primary sodium in the reactor. Second, a special
subassembly was exposed to EBR-II primary sodium for 13 months in which a

51 loss of chromium plating of as little as 10-0 in. couldbe detected by
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gravimetric means. The results obtained indicate that chromium plating is
completely compatible with the flowiog EBR-II primary sodium coolant at
temperatures at least as high a8 840 F, which is higher than the CRBRP,
sodium inlet temperature of 730 F at the chromium plated inlet nozzle.

The FFTF testing consisted of withdrawal and insertion of a full
size assembly under prototypic and experimental core configurations. Nozzles
of 316 SS or chromium plated SS were used in contact with Inconel 718 liners
.(prototypic f8r FFTF and CRBRP). Tests were run in air and in high purity.
sodium at 400 F (refueling temperature). The occurrance of wear and material
transfer on the nozzle, piston ring and, liner surface, as well as axial with-
drawal forces and lateral forces at the load pad and nozzle receptacle regions
.were determined as a function of the following FFTF parameters (which umbrella
the CRBRP design and environment):

e nozzle.design,
* nozzle surface material,
* deflection of the fuel assembly duct produced by thermalexpansion,

irradiation induced creep and/or swelling distortion,
e deflection of adjacent load pad configurations, and
6 IVTM grapple misalignment

fc i Testing results verified that selection of the chromium plated sur-

face in place of stainless steel (see Figures 2 and 3 in Reference 166) would53 provide superior resistance to nozzle wear damage, not cause damage to the

long-life receptacle and provide withdrawal forces well below the IVTM (for
CRBRP) and'IVHM (for FFTF) capability.

Dissimilar materials mentioned above may be in contact as described
below:

1. In the fuel rod attachment assembly, the Inconel 718-locking bar mates
with surrounding parts made of type 316 stainless steel (316SS). The
locking bar is located in a hole in the top of the attachment assembly.

2. The chrome plated Inconel 718 piston rings are located in grooves in
the 316SS inlet nozzle.

3. The 316SS inlet nozzle mates with.the Inconel 718 receptacle in the
lower inlet module (LIM). The inlet nozzle is chrome plated at
potential points of contact with the.LIM.

The'materials indicated above were selected specifically to-pre-
clude galling and self-welding. In addition, the Above Core Load Pad and
Top Load Pad are chrome-carbide hard surfaced to prevent galling and self-

51 welding at inter-assembly contact points.
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4.2.1.2.3 Radial Blanket Assembly

The functions of the radial blanket assemblies are:

a. Provide, contain and position the fertile material for conversion
to plutonium.

b. Produce heat for the Primary Heat Transport System.

c. Provide radial shielding of the core support structures and the radial
shield.

AVradial blanket assembly consists of 61 rods arrayed in a tri-
angular pitch and supported in a hexagonal duct. The duct is axially and
laterally positioned by the inlet nozzle at the lower end; additional lateral
positioning is provided by 2 rows of load pads at intermediate elevations
located on the outside of the assembly. The assembly is also axially positioned
by the hydraulic balance system acting on the inlet nozzle. .. The outlet. nozzle
at the upper end has an internal shoulder to accommodate the refueling grapple.

Radial Blanket Rod

The radial blanket rod is shown in Figure 4.2-13. Each rod consists
of cold worked stainless steel cladding surrounding depleted U02 pellets and
a fission gas plenum above the fuel pellet column. The rods are fixed to the
assembly at the lower end and spaced at intermediate points along the length
with helical wire wrap with a 4 inch pitch. The radial blanket cladding tube
prevents contact between the pellets and sodium, and prevents radioactive
fission gas from being released to the primary system. The radial blanket
pellets are manufactured from depleted Uranium oxide with the dimensions
given in Table 4.2-5. The fuel pellet column is held in place during ship-
ping and handling by a helical coil holddown spring. The spring is designed
to not interfere with the thermal expansion of the fuel pellet column during
reactor operation. The dimensions of the cladding and rod are given in
Table 4.2-5. The lower end cap provides a keyhole slot which mates with an
attachment rail to positively locate the rod within the assembly. After the

51. rod assembly, a tag gas is released into the fission gas plenum.
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The spacer wire is made of cold-worked Type 316 stainless steel .
and is wound in a clockwise helical spiral around the'blanket rods with
sufficient preload to prevent wire slackening during operation. The wire
is wound with a 4 inch pitch and the ends of the wire wrap are welded to
the end plugs.

Radial Blanket Assembly

The radial blanket assembly is shown in Figure 4.2-14. The key
dimensions are compiled in Table 4.2-5. The features of the radial blanket
assembly are similar to the Core Fuel Assembly with the following exceptions:

1. The radial blanket rod bundle contains 61 rods..

2. All radial blanket assemblies are identical before irradiation.

3. The discriminator post is different, preventing insertion of a. control,
inner blanket or fuel- assembly into a radial blanket location or a
radial blanket into a control, inner blanket or fuel assembly location.

4. Four different orifices are built into the lower inlet modules of the
radial blanket region of the reactor, see Section 4.4.

The radial blanket residence time in the inner row.is four years.
The lifetime in the outer row of radial blankets is limited to five years
because experience and materials data for longer irradiations are not yet '
available. Radial blanket shuffling is not currently planned; however,
shuffling or rotation of the radial blanket assemblies is possible if more
detailed analysis reveals the desirability for such operations.

4.2.1.2.4 Inner Blanket Assembly Design

The inner blanket assemblies perform functions (a) and (b) of
Section 4.2.1.2.3. They are located in the core where they are surrounded
by fuel and control assemblies. The inner blankets use the basic features
of the radial blanket assembly design; in particular, the blanket rod
bundle configuration and duct design are identical for the two types of.
assemblies. With this approach the inner blanket design can be based on
much of the development and test data which is being or will be generated
for the radial blanket assembly. This minimizes the need for additional
development (see Section 4.2.1.5).

The inlet nozzle, shield block, and orificing of the inner blanket
is designed to interface with the inlet modules in the inner core region. To
accomplish this design, features similar to those of the fuel assembly inlet
and hardware are adopted. Unlike most of the radial blanket assemblies
significant flow orificing will be incorporated into the lower end of the
inner blanket assemblies.
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The assembly discrimination system will prevent insertion of an
inner blanket assembly into a fuel, control, or radial blanket assembly
position.

4.2.1.2.5 Discrimination System for Correct Loading Assurance

The fuel and inner blanket assemblies are designed to be inserted
in discrete positions throughout the reactor core. Each fuel and inner
blanket assembly position in the core requires a particular assembly type.

The assembly type is determined by the required amount of flow
through the assembly. There are a total of six distinct fuel assembly types
and three distinct inner blanket assembly types. However, the discriminator
on one of the inner blanket assembly types is the same as one.of the fuel
assembly discriminators. This is to allow alternation between an inner blanket
assembly and a fuel assembly at uniquely defined core locations (see Figure
4.2-10A). Thus, eight different discriminator configurations, or eight
different assembly types are located in the fuel/inner blanket region of the
core. These eight different types of assemblies are located in a unique

pattern that is repeated for each 60 degree sector of the core. Figure 4.2-IOA
shows a typical core segment containing all of the different types of
assemblies.

All radial blanket assemblies are identical; the correct amount of
flow for each blanket position is regulated by orifices located in the assembly
and in the lower internals inlet module receptacle. Any radial blanket assembly
can be inserted into any location in the radial blanket zone. The potential
for and consequences of-an incorrect radial blanket placement are discussed in
Section 15.4.3.

To prevent overheating and possible melting of the fuel the following
design basis of subsection 4.2.1.1.2.3 (item 6) must be satisfied and the
following operational error must be prevented:

Inclusion of an incorrect type component into a fuel assembly
which would result in improper fuel loading, improper flow
orificing, or insertion into an undercooled position in the core.

The following subsections describe how the required protection is
provided..

a. Insertion of the fuel or inner blanket assembly into a fuel or inner
blanket assembly position where it would be.undercooled is prevented
by a mechanical core location discrimination system. It consists of
eight unique 2.35-inch. long discriminator posts at the bottom end of

51. the inlet nozzles that are distinguished by combinations of post and.
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blind axial hole diameters... This geometry was selected for its manu-
facturing simpl.icity and. independence of orientation to the load pad
hexagonal .geometry. The discriminator posts interface with 2.30-inch
high discriminator inserts which have matching hole and post diameters.
The discriminator inserts are made of Inconel 718 and are located at.
the bottom of the receptacles in the lower internals inlet modules.
The post and hold diameters vary to form the eight types of one-way
fuel and inner blanket assembly discriminators identified in Figure
.4.2-15. The diameters were chosen to minimize the refueling stresses
for both the normal and mis-loaded condition. If a fuel or inner blanket
assembly is inserted-into an incorrect fuel or inner blanket assembly
location, the discriminating features will not match; the receptacle
insert will not accept the fuel or inner blanket assembly discriminator
post and will stop the assembly 2.30-inches short of its fully inserted
position. The resulting 2.30-inch height difference is detected by the
in-vessel transfer machine axial position locating system. In addition
the IVTM cannot release the assembly from the grapple. Thus, loading
of a fuel or inner blanket assembly into an incorrect fuel or inner
blanket assembly location is prevented.

b. Loading of fuel and inner blanket assemblies. into control assembly
locations is prevented by a similar system of discriminators as described
above.

The radial blanket and removable shield assembly inlet nozzle and

receptacle diameters are smaller than the fuel assembly nozzle and

receptacle diameters. Thus, insertion of a fuelor- inner blanket
assembly in these locations is precluded. Insertion of radial blanket
*or shield assemblies into fuel assembly locations is prevented by inter-
ference between the inserts in the receptacles for fuel and inner
blanket assemblies and. the inlet nozzles of the radial blanket and
shield assemblies which do not have corresponding interfacing features.
Incorrect insertion in these cases will also result in a height.difference
of 2.30 inches or more that is detected by the IVTM and which will pre-
vent release of theassembly from the grapple.

c. Each of the six unique fuel assembly types is composed of one of six
unique types of inlet nozzles, one of six unique types of orifice
assemblies, and a handling socket assembly that has a unique arrange-
ment of identification notches for an individual fuel assembly.

d. Each of the three unique inner blanket assembly types is composed of
one of three unique types of inlet nozzles, one of three unique types
of orifice assemblies, and a handling socket assembly that has a
uniquearrangement of identification notches for an individual inner
blanket assembly.
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Prevention of improper combination of these fuel assembly components with
variable geometries for the purpose of distinguishing between orifice
configurations, core lattice position and identification Is Insured by
adhering to high level quality assurance procedures. These Include measuring
component dimensions and visual inspection of component features and
Identification markings. All variable geometry components have Identification
features or letters that are visible throughout the entire assembly process.

4.2.1.3 Design Evaluation

The fuel rods are designed and analyzed to meet the design criteria of Section
4.2.1.1.2.2 for the design environments which envelope the steady state and
transient environment presented In Sections 4.3 and 4.4. The analytical
methods utilized to assure fuel rod conformance with the cladding strain limit
and CDF criteria are also described In Section 4.2.1.1.2.2. The conservatism
of the rod performance capabilities calculated with CDF and strain limit
analytical techniques and criteria will be verified by comparing actual fuel
rod lifetimes from the steady state and transient test programs (References
162 and 168) with corresponding rod design lifetimes calculated using these
techniques and criteria. To assure a valid verification, the test rod will:

1. Be subjected to steady state and transient environments whose severity
levels envelope those of the CRBR design environment and

2. Provide sufficient data to allow conservative extrapolation to those CRBR
conditions which cannot be duplicated In the current test facilities.

Thus, the analytical tools which are used to preclude failure of fuel during
steady state and transient reactor operation will be verified by direct
comparison with representative rod lifetime data.

The work performed to date towards verifying the analytical methods and
criteria is described in References 75, 57 and Section V of Reference 58 and
is summarized in Tables 4.2-B, 4.2-D, and 4.2-E.

The data used In this verification work was obtained from in-reactor test
programs In which over 1000 rods have been tested in environments typical of
the CRBRP, and from ex-reactor, materials property test programs In which
hundreds of Individual tests of several different types (e.g., stress rupture,
FCTT, etc.) have been performed.

In Reference 75, a strain limit procedure for determining rod steady state
lifetime similar to that described In Section 4.2.1.3.1.2 was utilized to
calculate the design lifetimes of several EBR-11 test rods which were exposed
to a temperature and burnup range encompassing CRBRP operation. The major
differences In the procedure used for experimental verification and the CRBR
design procedure of Table 4.2-A are:
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a. Nominal cladding temperatures were utilized in the verification work
calculations. The CRBR fuel rod design procedure utilizes the cladding
design hot spot temperatures (see Section 4.4), and therefore would
predict shorter lifetimes than the procedure used in the verification
study.

b. The thermal stress due to the temperature gradient across the cladding
wall was neglected in the verification study. In the CRBRP design pro-
cedure, this thermal stress is assumed to be relieved entirely by
ductility limited thermal creep. This assumption adds to the total
cladding ductility limited strain, and therefore results in shorter
fuel rod lifetime predictions with the CRBRP design procedure than
with the verification procedure.

c. No fuel cladding mechanical interaction (FCMI) was considered in the
verification study. In the CRBR design procedure, FCMI loads are con-
sidered, and under certain conditions can reduce the calculated rod
lifetime compared to fuel rods which are loaded by plenum gas pressure
alone.

Even with these assumptions, the procedure and the corresponding strain
limit were shown to be conservative as summarized in Table 4.2-B.

9
)
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Further verification of the conservatism of the cladding lifetime determined
by the strain limit techniques is found in the results of FFTF fuel rod
transient tests. These tests are described in detail in Reference 57; the
pertinent results are given in Tables 4.2-D and 4.2-E. For these tables the
cladding strain limit criteria and the calculational techniques outlined In
Reference 57 were used to calculate the expected rod failure limits. As shown
in Tables 4.2-D and 4.2-E, only one of the rods tested failed below the
predicted levels. This single failure appears anamolous, since a rod
subjected to the same pre-transient environment but twice the transient stress
level than the anamolous rod failed at higher temperatures. Thus, both steady
state and transient testresults indicate the cladding strain limit analysis
techniques and design criteria are conservative.

Verification of various aspects of the CDF technique using a variety of
materials test data is described In Section V of Reference 58. These
verification studies have shown that:

a. The cladding mechanical damage due to a series of loading conditions is
the sum of the damage due to each load;

b. The materials property models in the CDF procedure are basically correct;

c. The method used in the CDF to analyze transients is correct;

d. The distribution of experimentally observed failure times lies within the
uncertainty bands around the nominal failure times predicted by the CDF
procedure.

Preliminary work which compared experimentally observed rod lifetimes from
steady state EBR-11 tests with the lifetimes predicted for these rods by the
CDF procedure also showed the CDF procedure to be conservative. This work
will be updated in the future using more accurate values for the reactor
environment, as noted below.

The rod cladding loads utilized in both the strain limit and CDF verification
calculations summarized above was assumed to be due to fuel rod internal gas
pressure only. Also, the combined steady state and transient experimental
environments used in these verification studies do not completely envelope
CRBRP conditions. Additional experimental fuel rod lifetime and cladding
loading data must therefore be obtained before the verification of fuel rod
design criteria and analysis techniques can be completed. Also, the published
values for the in-reactor environments for the completed fuel rod tests of
Interest are preliminary. Further analysis verification work will be
performed with the final environment values only. The general verification
plan for the CDF related design procedure as it relates to the various aspects
of design analysis verification Is given In Items 3 and 4 of Table 4.2-65.
The experiments to obtain additional data for verification
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(References 162 and 168) and the refinement of the in-reactor environment
values for completed fuel rod tests are currently In progress. Based on the
Information given In Table 4.2-65, a general plan for the CDF and strain limit
design procedure verification activities is given In Table 4.2-5A. The fuel
rod design analysis verification work will be completed and reported In the
FSAR.

The purpose of the design analysis techniques and criteria (both CDF and
strain limit) Is to assure that the design lifetime of a particular rod design
Is sufficlent to meet performance objectives (i.e., preclude failure). The
verification calculations Indicated above are Intended to assure these
calculated design lifetimes are conservative (i.e., that the fuel rod
performance objectives will actually be met). The various models which are
utilized In the design analysis techniques (e.g., material stress-strain
curve, material UTS vs. temperature data) should be realistic, yet the design
analysis procedure and criteria must be capable of precluding failure. The
verification results obtained to date (see Tables 4.2-B, 4.2-D, 4.2-E, and
Reference 58) indicate that this is indeed true for the models and techniques
used In the CDF and strain limit design procedures. As noted above, these
verification studies will be extended in the future to include experimental
fuel rod environments which envelope both steady state and transient CRBR
conditions. Thus, the viability of the analytical procedures and criteria can
be adequately demonstrated without showing that each model within these
analytical procedures is always conservative for every conceivable combination
of environmental conditions. Alternatives and fallback positions are defined.
in Section 4.2.1.6 in the event that future testing and analytical efforts do
not verify the adequacy of the preliminary design limits and techniques.

There is a direct relationship between the analytical fuel and blanket rod-
performance results, the reactor damage prevention methods (plant protection
system), and reactor control points such as total plant power and core mixed
mean outlet temperatures. The fuel and blanket rod are designed and analyzed
to meet their design criteria for a specified steady state and transient core
design environment. As discussed above, correlation with test results will
verify the conservatism of the design procedures, and will assure that rods
which meet these criteria will fulfill their performance objectives for the
specified design environment. The plant protection system and control points
are designed to limit the actual reactor steady state and transient
environment to severity levels below those of the design environment. Thus,
performance of the plant protection and control systems within their
specifications will assure that the fuel and blanket assemblies operate within
their design environment limits. This assurance of specified core environment
levels, In combination with the verified fuel rod design procedures discussed
previously, In turn assures that the CRBR fuel will meet its lifetime
objectives.
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4.2.1.3.1 Fuel and Blanket Rods

An analysis of the CRBRP fuel and blanket rod designs was per-
formed to show that the design requirements of subsection 4.2.1.1.2.2 are
satisfied for the worst initial core operating conditions. The analysis
concentrated upon the steady state (normal) conditions and the design
transients for upset and emergency conditions that were expected to be
life limiting. The basis for this selection was experience from the FFTF
fuel assembly design evaluation and the analysis of experimental oxide-
fueled assemblies which are being irradiated in EBR-II. The steady state
and transient analyses are described below; the analyses of the consequences
of faulted and accident conditions are considered on an individualevent
basis in the appropriate subsections of Chapter,15.

In all design calculations, design basis temperatures and pressures
were assumed which equal or envelope those described in Section 4.4. These
temperatures and pressures, when utilized with design basis materials pro-
perties, cladding wastage rates, and fuel swelling models, resulted in design
stresses and strains with conservative design margins. Stress effects on
irradiation swelling and swellingeffects on irradiation creep were included
when needed to obtain conservative results.

In accordance with the design bases of subsection 4.2.1.1 de-
tailed analyses were also performed for the blanket components in the
areas of thermal hydraulics, stress, deflection, flow induced vibration,
seismic response, and irradiation damage. The blanket assembly failure
mechanisms considered were ductility limited creep rupture strain, over-
stressing due to steady-state and-transient loads and temperatures, and inter-
ference between adjacent parts. Additional consideration must be given to
the increased uncertainties in material properties over long radial blanket
component lifetimes.

In these analyses, the postulated failure modes for the blanket
assemblies and the fuel assemblies are generally the same. Therefore, the
same basic analytical tools were used for the analysis of both. Some design
conditions which are more severe in the radial blanket than in the fuel assembly
are the large radial temperature gradients and larger required component life-
times. The radial blanket can surviVe these conditions because the neutron
fluxes, temperatures, and damaging effect of transients are less severe than

51 in the fuel assembly region.
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4.2.1.3.1.1 Fuel and Blanket Rod Damage Mechanisms

Steady State Loads .

Based upon previous experience, the primary sources of steady
state cladding damage that were considered in the first core evaluation
included the following:

A. Secondary stresses due to differential growth are generated by the
radial temperature gradient through the cladding thickness. All
cladding temperatures used in the analysis enveloped the design basis
hot spot temperatures reported in Section 4.4.

B. Fission gas release during life generates pressure stresses on the
sealed fuel rod cladding. The fission gas pressures used were deter-
mined as discussed in Section 4.4.

C. Wastage effects reduce cladding thickness and strength as described
in subsection 4.2.1.1.3.4.

D. Fuel-cladding contact pressure is generated by differential growth
with respect to the fuel pellet. Fuel-cladding mechanical inter-
action was investigated by use of detailed fuel pin performance codes.
Such codes are necessary to integrate the various phenomena occurring
in the fuel and cladding which determine the stress at the fuel-cladding
interface. The basic element of such codes is a thermomechanical stress
strain analysis system which analyzes the interactionsoccurring between
the fuel and cladding and within each of these components. The codes )
were used to incorporate thermal expansion, swelling, creep, and elastic
deformations of the fuel and clad and hot pressing and restructuring of
the fuel into columnar, equiaxed, and undisturbed zones.

The fuel swelling calculation is based on a phenomenological model
of fission gas forming bubbles that achieve equilibrium with their surface
tension and the hydrostatic stress in the fuel and are later released to the
plenum. Since independent measurements do not exist, the fuel swelling and
restructuring models are calibrated from measurements of irradiated fuel rods.
These rods cover a broad range of operating conditions with linear poer
from 6 to 19 kw/ft; 92 to 122 atom %; cladding temperature, 900 to 1300 F;
fluence, 0 to 8 x 10, n/cm (E > 0.1 Mev); fuel density, 88 to 96% theoretical;
and fuel centerline temperatures up to melting.

Fuel rod performance codes with their mechanical analysis and
materials models determined from independent experiments and fuel swelling
and restructuring calibrated to a variety of fuel irradiations are used to
calculate fuel clad mechanical interaction (FCMI). This interaction is
caused by differences in swelling between fuel and cladding. Cladding swelling
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has an incubation period in which the swelling rate is low. During this
time the fuel swelling generally closes the fabricated fuel-clad gap and
generates a fuel-clad interaction stress. After the incubation period the
increased clad swelling relieves the interaction stress. Under certain
conditions, this increased cladding swelling results in re-opening the fuel
clad gap. This has been observed experimentally with solution treated cladding
in EBR-II.

The code used in the ongoing calculations of cladding loads is
LIFE, Reference 175, (see Appendix A). LIFE was developed by Argonne National
Laboratory as a fuel performance code with the capability of following the
reactor power history. The magnitude and duration of the fuel-cladding mechanical
contact are calculated with the LIFE code. LIFE has been adopted as the
national fuel pin modeling code and is undergoing further development at
ANL, W-ARD, HEDL, AI and GE. Limitations on the current version of the
LIFE code (LIFE-Ill) and the methodology by which it is applied to fuel and
blanket rod analysis is discussed in Section 4.2.1.1.3.5.

Two types of rods were investigated for FCMI effects: those with
the highest end-of-life damage due to fission gas loads, and those which
experienced the highest percent increase in steady state power level between
cycles. The first type of rods are the least capable of withstanding any
additional loading of any variety. In the second type of rod, the power in-
crease at middle-of-life could lead to FCMI due to fuel-cladding differential
thermal expansion, particularly if previous conditions resulted in a closed
fuel-cladding gap at the time of the power increase. For all rods, the
axial locations which showed the most significant calculated FCMI loads

56 were analyzed'in detail for cladding damage. A corewide map of end-of-life
cladding steady state CDF for the hot spot of the hot rod in each assembly
is given and discussed in Section 4.2.1.3.1.2. The hot rod of radial
blanket assembly 201, which experiences a 12% power jump between cycles 2
and 3,-was chosen for investigation of power jump effects. In addition to
experiencing a relatively high power jump, this rod also has one of the
higher cladding CDF values at end-of-life.

Steady state FCMI loads were calculated for the hot rods of fuel
assemblies 10 and 14, inner blanket assembly 67, and radial blanket

531 assembly 201 (see Figure 4.2-lOB).- These rods were found to sustain the
highest cladding damage due to fission gas pressure alone (see Section
4.2.1.3.1.2.1 below). Between cycles, a 10 hour drop to zero power followed
by a 10 hour rise to full power was assumed. The FCMI pressure values
calculated by LIFE III for the fuel rods were adjusted to account for the
greater cladding wastage which is assumed in the CRBR for design evaluations.

51 For example, in the LIFE III calculations, the initial cladding thickness

I
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9
of 15 mils typically decreased by a maximum of 2 mils at X/L ='.75. In
the fuel rod design code FRST (see Section 4.2.1.3.1.2.2 below), the initial
cladding thickness of 13.5 mils typically decreased by 6 mils over the
design lifetime at X/L = 75. To compensate for this effect, the FCMI loads
calculated by LIFE for the fuel rods, were multiplied by the ratio of the
average cladding thickness calculated by FRST to that calculated by LIFE
III over the rod design lifetime for each rod and axial location considered.
Pending calibration of the LIFE code for blanket rods, the blanket rod
FCMI loads were not adjusted for cladding wastage when input to the
design code for added conservatism.

The results of these calculations are shown in Figures 4.2-17A,
4.2-17B, 4.2-17C and 4.2-17D. These figures are plots of total internal
cladding pressure (plenum gas pressure + FCMI pressure) at the three
cladding axial locations under consideration. The straight line pressure
histories are due to plenum gas pressure only while the non-linear portions
of these pressure history plots indicate the occurrence of FCMI loading.

The effects of the mid-life power increase on FCMI in the hot rods
of radial blanket assembly 201 was investigated with the LIFE-IlI code by
varying the power ramp rate at the beginning of the third cycle. For this
study, three third cycle startup programs were considered:

a Normal startup (3 loop operation)
e Fast startup (3% min.)
* Programmed startup )

The three startup procedures used in the analysis are shown in
Figure 4.2-16. The fast startup was based on the maximum possible ramp
rate achievable in the reactor, i.e., 3% per minute. The piogrammed start-
up was based on an earlier fuel pin power-to-melt uncertainty analysis for
CRBR (Section 4.4).

Figure 4.2-24 shows the maximum calculated FCMI loads during the
third cycle startup for the three startup schemes described above. This
figure demonstrates that the FCMI loading calculated by LIFE III due to
mid-life power increases in radial blanket rods can be significantly altered
by varying the rates at which these rods are brought up to power at the
beginning of the cycle when the power increase occurs. The effects of
these cladding loadings on rod lifetime, and the overall conclusions de-
rived from these calculations are discussed in Section 4.2.1.3.1.2.

Based upon experience with FFTF and EBR-II fuel assembly design,
the following mechanisms were expected to be of secondary importance with
respect to cladding damage in CRBRP but important to overall fuel and
blanket rod performance.
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1. Cladding-Wire Wrap Interaction

Rod growth exceeding the wire wrap growth results in compressive and
helical bending stresses in the rod and tensile stresses in the wire
wrap. This loading might produce cladding damage or wire wrap breakage.
Wire wrap breakage or slackening with respect to the cladding might
allow either excessive vibration causing additional fretting and wear
or fatigue damage, or alternatively slumping in such a way as to
disrupt the inter-rod spacing and corresponding coolant flow.

2. Bundle-Duct Interaction

The fuel or blanket rod bundle cross-section could grow faster than the
duct cross-section giving interference to such an extent that the fuel
rods see localized stresses and strains at the planes of lateral support
provided by the wirewrap. Conversely, the duct cross-section could grow
at a faster rate than the fuel rod bundle giving increased clearance
between the bundle and the duct. As a result, the fuel rod bundle may
either vibrate giving increased fretting and wear and increased fatigue
damage or the coolant flow may redistribute causing local fuel rod
overheating in the center pins and leading once again to increased
cladding damage.

3. Rod Bow

Fuel Rods

The fuel rod bow is dictated by the wire wrap pitch. One design require-
ment is that the fuel rod bow due to temperature gradients across the
fuel rod and axial loads and the growth of the rods shall not decrease
significantly the nominal coolant flow channel between adjacent fuel rods.
Based on FFTF analyses, the above mentioned design requirement is expected
to be satisfied and no limit on fuel pin performance imposed. Analysis
and a prototypic irradiation test to confirm the above conclusion will
be performed.

Blanket Rods

The contact forces between the blanket rods are caused primarily by
bowing due to the radial thermal and flux gradients across the
blanket assemblies. These contact forces control the cladding fretting
wear, which is a component of the total cladding wastage rate. The
bowing of the blanket rod should generally result in larger contact
forces than in the fuel assembly. This is due to the larger temperature
gradients across the blanket rods and the greater blanket rod stiffness

51 as compared to the core fuel rods.
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The contact forces between the blanket rods were calculated as a
function of time over the blanket assembly lifetime for a row of nine
rods using the ANSYS computer code. The blanket rods were modeled as
a linear series of two-dimensional beam elements with regularly spaced
friction link gap elements for lateral restraint. Loads were assumed
to be due to axial and radial thermal and neutron flux gradients
typical of the blanket assembly.,, The temperature gradients and dis-
placement boundary conditions were chosen to give conservative results.
Stress effects on irradiation swelling and swelling effects on irradiation
creep were neglected. Except for short transient forces lasting for
a few minutes, the maximum rod-rod contact force was found to be < 4 lb.
and would result in less wear than that used in the cladding strain
calculations where wear is calculated as a function of contact force.

In a blanket assembly, cladding temperature and neutron fluence in-
creases as distance from the core center decreases (i.e., the temperature
and flux gradients are positive towards the core center). The portion
of the blanket rod cladding facing the core center thus tends to expand
more than the cladding facing away from the core center. For an uncon-
strained geometry, this would cause the blanket rods to bow toward the
core center during reactor operation (see Figure 4.2-88). However, because
of the duct constraint, the rods were actually held relatively straight
by the rod-rod and rod-duct contact forces. This results in the rod
cladding facing the center of the core being subjected to a compressive .
stress, while the portion of the•cladding facing away from the core is .
under a tensile stress. Based on the irradiation creep and swelling
formulation given in Reference 153, irradiation creep and stress enhanced
irradiation swelling tend to relax these stresses. As these stresses
relax, the rod-rod contact forces are reduced. Thus, neglecting stress
effected irradiation swelling, and swelling enhanced creep, results in
higher rod-rod contact forces during the core residency time considered
in the calculation, and is therefore a conservative approach.

4. Rod Vibration and Fatigue

Fuel Rods

The primary concerns regarding fuel rod vibration are fatigue failure
of the cladding and wire wrap and the potential for excessive cladding
and wire wrap fretting and wear which could reduce the load carrying capa-
bility of these components. Fuel assembly design features critical to
fuel rod vibration, such as fuel rod diameter, cladding thickness, wire
wrap diameter and axial pitch and bundle porosity, are identical to
those used in the FFTF fuel assembly. Therefore, based upon FFTF water
and sodium flow test results, no'problems are expected in these areas.
However, water flow tests and irradiation tests are planned to verify
this conclusion (see subsection 4.2.1.5).
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The FFTF Fuel Assembly Flow Vibration Test results are reported in
great detail in Reference 169 and are summarized in Reference 170.
The results from these flow vibration tests demonstrate that fuel rod
vibrations in FFTF and CRBRP fuel assemblies will be small. The FFTF
fuel assembly flow vibration test is directly applicable to CRBRP fuel
design. The relevance of these data for CRBRP design and the correlation
of these data with recent irradiation test data is discussed in the
topical report "Flow Induced Vibration of Fuel Rods in CRBRP", sub-
mitted in February, 1977. The additional flow-vibration test of a
CRBRP fuel assembly is planned to confirm that the rod vibration
amplitudes are as low or lower than those measured in the FFTF fuel
assembly flow vibration test.

The results of fuel rod bundle irradiation tests on cladding with
vibratory wear, including all 37 rod bundles, are reported in Reference
101, Section VC-4. These results will also be discussed in the topical
report,"Flow Induced Vibration of Fuel Rods in CRBRP". These 61 rod
bundle irradiation tests designated as P13, P14, and P14A are being
performed in EBR-II to substantiate the present assumption that a small
rod-bundle-duct clearance will prevent significant rod vibratory wear.
Preliminary results from interim examination of these tests were re-
ported at the "CRBRP Fuel Meeting" with NRC, October 13 and 14, 1976 in
Bethesda, Maryland (additional details are contained in the handout from
that meeting HEDL-TI-76035-2, "Reference Fuel Steady State. Irradiation
Program" and Appendix ). An examination of the P13 and P14 test at a
burnup of 45,000 MWD/MTD exhibited insignificant cladding and wire wrap
wear. In Table 4.2-67 the test parameters of the P13, P14 and P14A test
assemblies are compared with those test assemblies which exhibited signif-
icant wear. The major differences in the design between both types of
assemblies are the smaller initial porosity of the P13, P14 and P14A test
series and the use of 20% cold worked type 316 stainless steel ducts. The
use of this duct material in conjunction with cold worked cladding main-
tained or decreased the small initial rod bundle porosity with increasing
burnup. In earlier tests the rods did exhibit vibratory wear because
the large initial rod bundle porosity was amplified by inserting low
swelling cold worked type 316 stainless steel cladding into a fast
swelling type 304 stainless steel duct. A comparison of the rod bundle
porosity of many assemblies in Figure 4.2-129 shows that those assemblies
which experienced porosity greater than 6 mils per ring did experience
vibratory wear. The irradiation and examination schedules for these
tests are included in the Reference Fuel Steady State Irradiation Pro-

51 gram Plan, Reference 162, Page A-23.
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A water flow test of a prototypic FFTF and nearly prototypic CFRRP fuel )
assembly showed that the maximum fuel rod vibration occurred at the top of
the fuel rod bundle and was on the order of 2 to 5 mils peak-to-peak. A
preliminary assessment revealed that the alternating stress and
corresponding strain range associated with the range of peak amplitudes of
vibration is 2.8 to 7.0 times lower than the fatigue endurance limit given
in ASME Code Case 1331-8. For the wire wrap the ratio is from 2.2 to 5.4.
It Is expected that these ratios are sufficient to account for any
degradation In fatigue strength due to sodium exposure and irradiation
damage. Fuel rod vibration Induced fatigue damage Is therefore expected
to be negligible. In-reactor confirmation will be obtained from FFTF
driver assemblies and CRBRP In-Reactor Tests (in FFTF) In 1984.

Blanket Rods

At this time the maximum vibration amplitude of the blanket rod is not
known. However, the vibration amplitude is limited by the available
rattle space between radial blanket rods which is approximately 0.003 in.
on the average. Vibrations with larger amplitudes could occur locally if
the rod bundle is tightly compacted In other regions of the assembly cross
section. However, It was noted that damaging core fuel rod vibration is
not expected. Vibrations are less likely to occur in the blanket rod
bundle because (a) the blanket fuel rods are stiffer, (b) blanket rod
vibration frequencies are higher, (c) flow velocities are lower in the
blanket assembly, (d) the thermal gradient is larger than in the fuel
assembly bundle, and (e) the average radial rattle space for each rod is
approximately the same in the fuel and blanket assemblies. All known
correlations for flow induced rod vibration predict insignificant bending
vibration amplitudes. However, vibration modes can be postulated other
than the vibration of a single rod. When considered as an entity, the rod
bundle is a mass-spring system which can-vibrate laterally. The rod
bundle has a relatively large mass and a small spring constant, and
therefore has a low vibrational frequency. Vibration of the entire bundle
could be caused by pressure differentials across the rod bundle or by
transmission of reactor structural vibration.

Rod vibrations, if they occur, might potentially lead to local cladding
wear. Fatigue failure or degradation of cladding strength is not likely
to occur because the bending stresses and strains caused by postulated
vibrations are small. For example, a 0.003 inch vibration amplitude over
a 12 inch length causes a bending stress of only 4404 psi and 5.2 x 10
in/in; bending strain, which is far below the endurance limit of Type 316
SS. Therefore, no significant degradation of cladding strength due to
radial blanket rod bending vibration is expected. The necessary
conditions for cladding wear to occur, such as vibration amplitudes,
surface conditions, and temperatures, are not well understood andewill be
evaluated as test data become available. Water flow and.vibration testing
will be completed in 1982. Confirmatory In-Reactor Tests (In'FFTF) willbe
completed in 1985.

Si)
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Flow vibration tests of a prototypic FFTF control rod absorber
assembly have been performed and the results reported in Reference 29a.
These results indicate rod vibration less than 1 miu RMS. The blanket
rod assemblies will operate at flow rates equivalent to those utilized
in Reference 29a, and the dimensions and stiffness of the tested
rod bundle are of the same order of magnitude as those of the blanket
rod bundle. Thus, the blanket rod vibration amplitude is also ex-
pected to be less than 1 mil RMS.

A blanket rod bundle flow test in air and in water will be performed.
If a blanket rod bundle vibration test does become necessary, the
vibration response of selectively instrumented blanket rods will be
determinedin this flow test, to demonstrate freedom from severe flow
induced vibration within the available space.

Although blanket rod vibration is not expected to cause random failures,
it is shown in Section 15.4 that random rod failures are not a safety
hazard. Hence, blanket rod vibrations or their consequences likewise
pose no safety hazard.

5. Cesium Migration and Axial Blanket Pellet interaction

There are two general aspects o.f cesium.migration and axial blanket
interaction. The first deals with the complex combination of con-
ditions that favor the Cs-UO2 reaction. The second deals with those
design parameters that would preclude a severe mechanical interaction
if the CS-UO2 reaction occurred.

The reaction of cesium with hyperstoichiometric urania was investigated
at ANL. The experiments suggest the following equation for the re-
action (Reference 2).

2 Cs(g) + UO2+x + (I - x/2)0 2 CS2 UO4 (s)

531 The standard free energy of formation of cesium uranate is given by

G fo = -453350 + 9.16T cal/mol

Here
x = the deviation from stoichiometry

T = temperature in OK

51 g,s = gaseous and solid phases respectively
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If the fission product cesium is free to migrate to the cooler ends
of the fuel pin it will react with urania to form Cs2UO4 whose molar

531 volume is -3.5 times more than that of. the UO2 .

Obviously, if there is insufficient voidage available to accommodate
the Cs UO4 reaction product, then a mechanical interaction with the
claddihg.will result.

The propensity for the axial migration.of cesium is sensitive to
the prevailing Operating conditions, particularly as they affect the
availability of fission product molybdenum. Given the proper thermo-
dynamic conditions, Cs and Mo will react with available oxygen to form
Cs MoO, which will deposit at the fuel-cladding interface and sub-
se~uen ly react with the-stainless steel.. Thermochemical studies at
ANL (Reference 159) have shown the following reaction:

2 Cs(g) + Mo + 20 2 (g) ÷ Cs2 MoO 4 (s)

541 AGfo = -362000 + 85.68T ( 0 K),cal/mol

The Cs MoO reaction competes for the molybdenum which may also com-
bine with loble metals to be deposited as metallic inclusions within
the (U, Pu) 0 fuel. This alloying process is favored at high
temperatures .nd low O/M ratios within the fuel. In this case, the
gaseous cesium is free to migrate axially toward the cooler regions
of the fuel pin. The conditions that partition the two competing
molybdenum reactions are not known exactly, However, observations
from EBR-II irradiated fuel pins (e.g.

51 scheme shown in Figure 4.2-9A.
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Clearly, the Cs2 MoO4 reaction is undesirable from the standpoint
of cladding attack and a low O/M ratio is specified to minimize the reaction.
Thus, for all practical purposes it must be assumed that the CsUO reaction
will occur in some CRBRP fuel pins. In this regard it must be assured that
sufficient voidage is available for the Cs 2UOA product. Voidage is defined
as that free space required to accommodate thi Cs 2 UO reaction product and
preclude a severemechanical interaction with the clAdding.

The formation of cesium-uranate also depends on the stoichiometry
of the urania in the axial blanket pellets. Formation of a significant
amount of Cs2 UO4 is expected only if the urania is hyper-stoichiometric.
The reaction of cesium with hyper-stoichiometric urania is limited by the
excess oxygen in urania. The volume change that accompanies the formation
of Cs 2UO4 can be calculated from the following reaction:

x Cs + UO2 +x =x/2 Cs2 U04 + 2-x UO

The difference, AV, between the volume of reaction products and
volume V inside the fuel pin is given by

UV = 2 x VCs2UO4 + (I - T)Vuo 2j

where

Psm = fractional smeared density

V = molar volume of U0 (%24.6 •-i)
UO2+x 2+x mol

= molar volume of UO2 (24.6 c-i)

UO2 mo2l.6 i 1

VCsuo = molar volume of Cs2 UO4 (85.3 cc

By setting AV equal to zero in the above equation, the following
expression relates the initial value of the smeared density and the initial
value of the deviation from stoichiometry such that the maximum value
(xav) of deviation forms a mixture that exactly fills the available space.

,Th• •xpression is:

2VUO?+x V
2m+x.______ 1 VU0 2

Xmax C 4-Vuo2 sm VU02+x
29
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If no credit is allowed for accommodation of the reaction pro- >7
duct by the UO2 pellet porosity, then p becomes the ratio-of pellet to
cladding cross sectional area. This modTfication of the above equation is
reflected in Figure 4.2-9B. Theoretically mechanical interaction between
the Cs UO reaction product and the cladding would not be expected until
100% oi thi voidage in the pellet to cladding gap was expended. However,
as shown by the X on Figure 4.2-9B, reference fuel pin PNL-8-25 irradiated
in EBR-II to a peak burnup of %60 MWD/kg (Reference 160) did experience.
a slight local cladding strain in the vicinity of a cesium activity peak
when on a nominal basis only 95% of the gap voidage had been consumed.
Note that pin PNL-8-25 did not experience cladding breach'. This difference
in theoretical versus observed voidag'e to preclude mechanical interaction
may be hypothesized as being due to pellet and cladding surface irregularities,
non-uniform reaction product formation of the reaction product being less
than 100% dense.

The above considerations have been factored into the design of
the UO CRBRP axial blanket pellets adjacent to fuel. Based upon fabrication
experignce with similar FFTF insulation pellets, the UO, pellet initial
O/M ratio should be less than 2.005 and the ratio of cr ss sectional areas
should be within the range of 88.4% to 92.2% (90.25% nominal). As shown
in Figure 4.2-9B, this is well below the thresholds for severe mechanical
interaction of the reaction product with the cladding.

With regard to the experimental data base and its uncertainty, the
examination of reference fuel pins irradiated in EBR-II for cesium migration
and insulator (blanket) pellet reaction is reported in Section VH of Ref-
erence 101. Of the approximately 100 pins examined after the wire wraps
were removed, three high power, high burnup pins show both cladding strain
and a sharp peak in cesium gamma activity at the interface between the bottom
of the fuel column and the insulator pellets. However, none of the three
had failed. To date, seven pins have been completely examined after being
irradiated to high burnup (>50,000 MWd/T). All seven had operated at peak
powers in excess of 11 kW/ft. Other high power pins have been examined
at burnups from 60 to 50,000 MWd/T and lower power pins have been examined at
burnups ranging from 2,000 to 43,000 MWd/T. None of the latter have shown
cladding strain or cesium segragation at the insulator pellets. It is noted,
in Reference 101, that the three pins exhibiting strain due to cesium reaction
PNL-5B-25, PNL-8-11 and PNL-8-25 were quite similar to other pins in the EBR-II
subassemblies which showed no evidence of cladding strain due to cesium reaction.

The planned EBR-II and FFTF irradiation tests that will pro-
vide additional information on cesium migration and associated cladding
reaction and pellet interaction effects is given in Revision 1 of the
Reference Fuel Steady-State Irradiation Program Plan (Reference 162) which
was provided in Response to Question 241.56. Specifically, Table 4.2-62
of the PSAR (Table II in the program plan) identifies the following areas
of investigation:
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II. Solid and Volatile Fission Product Migration

5. Cesium migration in long pins.
6. Effect of cesium migration in mechanical strain.
7. Confirmation of design fixes.
8. Effect of low O/M fuel (0/M<I.95).
9. Tests in FFTF (effect of peaked axial power profile).

IV. Fuel-Cladding Chemical Interactions

16. Effects on cladding mechanical properties.
17. Correlation of temperature and burnup effects.
18. Effect of 0 potential (O/M and fission product spectrum).
19. Effects of getters.
20. Effects of all Pu fissioning in FFTF (EBR-II tests included

enriched uranium).
21. Effect of FFTF axial power profile.

The schedule for EBR-II testing to support CRBRP FSAR submittal
is given in Figure A-1 of the program plan (Reference 162) while the schedule
for FFTF testing in support of CRBRP initial core operation is given in
Figure A-3 of Reference 161. Figure A-2 gives the EBR-II irradiation
experiments, described in Table A-i, which support activities II and IV
above.

Fuel and Blanket Rod Cladding Design Transients

The CRBRP design duty cycle which is described in Appendix B
classifies all operational events as normal, upset, emergency and faulted.
Individual and faulted events are described and analyzed in the appro-

51 priate subsections of Chapter 15.
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The upset and emergency events of the design duty cycle were first categorized
according to their effect on cladding temperature and type of initiating
mechanism. For the transients of Appendix B, the three categories are
considered as follows:

Down Transients

Cladding temperature decreases to values below those for normal
steady state operation. Because the cladding transient strength
decreases with Increasing temperature (see Figure 4.2-2B),
significantly higher loading can be accommodated during reduced
temperature operation. Therefore, In this preliminary assessment no
additional cladding damage was associated with this type of
transient.

Undercooling Type Up Transients

Cladding temperature increases to values above normal operation due
primarily to a reduction in coolant flow. Fuel temperature does not.
change significantly. The damaging effect of these transients is due
primarily to the increased fission gas pressure and reduced cladding
strength.

Reactivity Insertion Type Up Transients

Both cladding and fuel temperatures Increase above their normal
operational values due to higher power generation without
proportionately higher coolant flow. In addition to the damaging
mechanism identified for undercooling transients, there is a
potential for Increased fuel-cladding mechanical interaction and
additional fission gas release. Fuel-cladding mechanical interaction
was neglected in this preliminary evaluation for reasons discussed
later.

Ideally, each damaging up transient of Appendix B should be fully
characterized and evaluated according to Its effect on fuel rod cladding
performance. However, the more practical approach is to umbrella these events
in a conservative manner; that is, the damage due to the umbrella events would
exceed the damage of the combined Individual events. This would normally
involvethe following steps:

1. The major categories of damaging events would be subdivided according to
transient duration. For example, fast acting transients which usually
achieve higher cladding temperature would be categorized against longer
acting lower temperature transients.
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2. Each transient within these categories would be qualitatively examined
for potential cladding damage with respect to its normal operating con-
ditions at event initiation. Further subdivision may be required. For
example, transients during startup with reduced temperature and power
as initial conditions may be less damaging than normal full power
operation.

3. Finally, within each category the transient which would probably pro-
duce the most damage would be selected as the umbrella transient.
The umbrella event frequency would be established by encompassing all
damaging events within that category.

Based on these considerations, the U-2b,OBE, E-16, and SSE
(604 step) events were chosen as the most damaging events for each transient
category. •These events were therefore utilized in the fuel and blanket
rod performance evaluations. These events are described in Table 4.2-59.
The cladding temperature histories during the umbrella transients for both
fuel and blanket rods are shown in Figure 4.2-24E through 4.2-24J.

No transient FCMI effects were included in the CDF analyses
presented here. For these calculations, the very conservative cladding

* transient temperatures and duty cycle indicated above were assumed. For
the cladding strain analyses, the procedure used to calculate transient
FCMI for the FFTF evaluations was utilized (Reference 57 and 173). This
procedure is described in Section 4.2.1.3.1.2.2 below.

As a better understanding of the transient behavior of prototypic
irradiated cladding evolves, the design duty cycle is defined in more de-
tail and the PPS design and trip settings are finalized, the fuel rod
cladding transient analysis will be updated as follows:

1. The cumulative damage function analysis procedures and the inelastic
strain criteria and associated procedures will be continually updated
to incorporate all recent testing data relative to irradiated materials
properties and fuel rod failure mechanisms.

2. The design duty cycle events will be examined more thoroughly for
time effects, initial state points, and probable damage (e.g., effect
of down transients) as indicated by the revised CDF analysis procedures.

3. More realistic umbrella events and frequencies will be defined based
upon the above examination.

Sodium Voiding Accidents

The mechanical effects of gas bubble passage through the core
51 have been treated in Section 15.4.1.5.6.
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4.2.1.3.1.2 Rod Performance Analysis Results

.4.2.1 .3.1 .2.1 Cladding C•DF -

*The cumulative damage function (CDF) histories were calculated for the hot
rods of the active core assemblies and checked against the CDF limit given In
Section 4.2.1.1. For this assessment, only the effect of steady state and
transient plenum gas pressure and steady state FCMI are specif.ically included.

Maximum design basis cladding temperatures were used in these analyses. Also,
the properties and behavior of the cladding material at the 99% confidence
limit were assumed, I.e., the probability that the most conservative value of
each material property was used Is 99%.

Clearly, this assumption defines the most conservative condition for
evaluation of the design requirement case.

In general, results are conservative when an upper limit on rate correlations
is used, and when a lower limit on strength correlations Is used. An example
of where using upper material property design limits Is conservative is the
calculation of Internal and external cladding degradation. Maximum values of
sodium corrosion, fretting wear, and fuel-cladding chemical Interaction result
In the minimum end of life cladding thickness. This results in conservatively
high cladding stresses and a conservative lifetime prediction.

The cladding CDF evaluation assumes the upset transients are applied at equal
time intervals throughout cladding life, with the emergency event applied at
end-of-life. Cladding temperature increases during all transients were set
equal to the maximum values. Degradation of the cladding materials properties
due to the environment at the time of transient occurrence was included In all
CDF calculations.

The FURFAN computer code (See Appendix A) Is used to calculate the steady
state and transient CDF histories (See Appendices A and Fof Reference 58).
Cladding temperatures, steady state plenum pressures, local rod burnup, and
steady state FCMI pressure histories are Input to this code. A minimum
beginning-of-life cladding thickness of 0.0135 inch, which is consistent with
cladding tolerance and defect allowances, Is assumed. The cladding material
wastage rates and mechanical properties are discussed In Section 4.2.1.1.

Initially, the cladding steady state CDF history at the hot spot due to plenum
gas pressure only Is evaluated for each hot rod in the core. These results
are then used as bases for further analysis as follows:

1. The fuel and blanket rods with the highest end-of-,life, steady state CDF
are analyzed for transient effects using the FURFAN code.
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W 2. The fuel and blanket rods with the highest end-of-life, steady state CDF
are analyzed for steady state FCMI loads as described In Section 4.2.1.3.
The total plenum gas plus FCMI loads are then utilized In FURFAN to assess
the total cladding Internal pressure effects on rod performance. Since
FCMI occurs in general over the middle-to-lower sections of the rod, the
CDF of the rod must be calculated at locations other than the cladding hot
spot when assessing FCMI effects.

3. The fuel and blanket rods which experience the highest power increase
between cycles are also analyzed for FCMI (see Section 4.2.1.3.1.1). If
any appreciable FCMI occurs in these rods, the CDF histories due to total
Internal pressure are calculated for those axial locations where the FCMI
exists.

Fuel Rods

The end-of-life, steady state CDF values for the hot rod of each fuel assembly
in the core calculated according to the methods and assumption described
above, are shown in Figure 4.2-25. The lifetime for these rods is defined as
the duration of cycles 1 and 2 or 328 full power days (fpd).

The first core fuel rods all attain their goal design lifetime of 328 fpd when
steady state plenum gas pressure loading only is considered.

Based on the steady state results of Figure 4.2-25, the hot rods of fuel
assemblies 10, 11, 14 and 24 were analyzed for transient effects at the
cladding hot spot. These rods have the highest calculated steady state CDF at
the cladding hot spot at end-of-life. The transient duty cycle and the
cladding temperature histories at the hot spot due to these transients are
described in Sections 4.4 and 4.2.1.3.

The effects of the transient duty cycle on the fuel rod lifetime was assessed
with the CDF transient limit curves. This technique is described In detail in
subsection II.C of Reference 58 and has been illustrated by an example in
Section 4.2.1.1. Briefly, in this method, the maximum transient cladding
temperatures and the maximum allowable transient cladding temperatures as
determined by the CDF technique are plotted as a function of time on the same
graph. The time at which the plots intersect determine the rod lifetime due
to steady state and transient conditions. If the goal lifetime Is achieved
without these plots Intersecting, the difference between the maximum and the
allowable transient cladding temperature at the goal lifetime (i.e., 328 days)
gives a measure of the cladding margin remaining at that time.

I
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The transient limit curve for the hot spot location on the hot rod
:of assembly 14 is shown in Figure 4.2-26A. This curve shos that-this rod
achieves the goal lifetime of 328 days with a margin of 18 F at the hot
spot. The remainder of the fuel rods considered achieve goal lifetime
with larger calculated margins or at the lower peak power.

At rod locations below the hot spot, FCMI loads are calculated to
occur in addition to the plenum gas pressure loads. Thus, even though the
cladding temperatures at these locations are lower than at the hot spot, the
increased loading may cause more rapid damage accumulation.

To investigate this possibility, the hot rod of fuel assembly 14
was selected for detailed calculation. This rod achieved goal lifetime with
a small positive margin remaining at the hot spot, and therefore is one of
the most severely loaded fuel rods in the core. For the CDF analyses, cladding
design temperatures were utilized for the axial locations under investigation
(X/L = .33, .50 and .75). The total cladding pressures are shown in Figure
4.2-17A. The transient limit curve technique was used to evaluate cladding
performance at these axial locations.

The results of this calculation are shown in Figure 4.2-26B, which
is the transient limit curve for the cladding axial location X/L = .75 of
the rod under consideration. This figure shows this cladding location achieves
goal lifetime with considerable cladding transient temperature margin. The
end-of-life transient-temperature margins for the X/L = .33 and X/L .5 locations
are even greater than for the X/L = .75 location.

Blanket Rods

The end-of-life, steady state CDF values for the hot rods of each
blanket assembly, calculated according to the methods and assumptions described
above, are shown in Figure 4.2-27. The lifetime for the inner blanket rods
is the first two cycles, or 328 full power days. The inner row of the radial
blanket has a four cycle lifetime, while the outer row of the radial. blanket
has a five cycle lifetime. For this study, the radial blanket inner row was
analyzed for the first four cycles of operation, or 878 full power days, and
the outer row of radial blankets was analyzed for the first five years of
operation, or 1153 full power days.

For loading due to fission gas pressure only, the inner blanket
hot rods generally have a lower steady state CDF at end-of-life than do the
radial blanket rods. This also provides margin for any effects the inner
blanket rods may experience due to the power increase which occurs after
the first cycle of operation in many inner blanket assemblies (see Figure
4.2-16).
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From the data of Figure 4.2-27, the hot rods of outer blanket
* assembly 201, and inner blanket assembly 67 were calculated to have the
highest end-of-life CDF values at the hot spot for each blanket type.
These rods were analyzed for transient effects at the hot spot using the
methods and assumptions previously described for the fuel rods. The re-
sults of these analyses are shown in Figure 4.2-28A and 4.2-28B. These
results show that these blanket rods achieve the goal life with the transient
limit curves at end-of-life lying above the peak transient cladding hot
spot temperature. The cladding hot spot transient temperature margins

5 •at end-of-life for the other blanket rods are greater than the hot spot
margins for the hot rods of assemblies 201 and 67.

As noted in Section 4.2.1.1, the LIFE III code has not been calibrated
for blanket rods. However, the magnitude of the calculated blanket rod FCMI
loads as a function of rod power, temperature, etc., correlate well with the
calculated fuel rod FCMI dependence on these parameters. This indicates the
LIFE III models are mathematically capable of predicting blanket rod FCMI
results. To compensate for the uncertainty in blanket rod FCMI magnitude due
to lack of specific calibrations, the blanket rod wastage was assumed to equal
the conservative design cladding wastage. This resulted in conservative calcu-
lated FCMI stresses.

The effects of these calculated steady state FCMI loads and the
transient duty cycle on cladding lifetime at axial locations X/L = 0.46 and
0.62 were determined for the hot rods of outer blanket assembly 201 and inner
blanket assembly 67. The cladding temperature assumptions and transient limit
curve techniques utilized for these blanket rods are identical to those utilized
for the fuel rods. The total cladding internal pressures are shown in Figures
4.2-17C and 4.2-17D for the axial locations considered. These calculations
predict that at end-of-life, the steady state and transient CDF margins
at these axial locations on both blanket rods exceed the CDF margins at

56: the hot spot location.

Mid-Life Power Increase Effects

As noted in Section 4.2.1.1, the LIFE III code has not been cali-
brated to calculate the magnitude of FCMI loads for this type of environment
change. However, the code models are capable of predicting the qualitative
physical relation between FCMI and power change rate over the periods of time
typical of reactor startup. Thus, for this study, blanket rod cladding per-
formance with these startup programs at the beginning of the third cycle
were calculated and compared. These startup programs were described in detail
in Section 4.2.1.3.1.1.

The cladding CDF due to the most severe startup loading (100% power
at 3% per minute) was calculated with the FURFAN code. Results of these
analyses are shown in Table 4.2-10. Steady state CDF values are shown for
878 EFPD (4 cycles of operation) with and without accounting for the power
jump. Comparison of the results shows that even in the worst case the mid-life
power jump, per se, has no significant deleterious effect on the steady

51 state performance capability (CDF) of the blanket rod.
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4.2.1.3.1.2.2 Claddina Ductilltv'Llmited Strain

The FRST computer code (see Appendix A) was used to calculate fuel rod
cladding ductility limited strain versus time. This code provides a means of
calculating effects of time-varying cladding temperature, plenum pressure,
cladding wastage, and fuel-cladding contact pressure on the cladding ductility
limited strain as defined In Section 4.2.1.1.2.2. This Is done by utilizing
the cladding thermal and pressure loads which equal or envelope those of
Section 4.4 In the splution annealed 316 SS thermal creep equation, referenced
in Section 4.2.1.1. Cladding wastage and steady state fuel-cladding contact
pressure effects are considered In the cladding load calculations.
Irradiation creep and swelling strains are also calculated by FRST using the

20% cold worked 316 SS models. The FRST calculational procedure has been
verified against both hand calculations and MINIGRO code results.

For conservatism, the FRST computer code used the material modeling
assumptions presented in Section 4.2.1.1; all pertinent initial environmental
conditions considered for the fuel rod cladding strain calculations are also
described or referenced In this section.

*A sub-routine to the FRST code which calculates the cladding plastic strain
Increment and thermal creep strain rate during the transient, was used to
determ'ine the effects of transients on cladding strain accumulation. For the
cladding material, the solution annealed 316 SS thermal creep strain relation,
specified In Section 4.2.1.1, and the stress-strain relationship given in
Figure 4.2-2A, were assumed. Fisslon gas plenum pressure and FCMI at the time
of transient occurrence Is Input to this sub-routine from the steady state p
analysis results. During a given transient, the sub-routine adjusts this
pressure to reflect increased fission gas pressure, transient fuel-cladding
differential expansion, and the time varying cladding temperature. During the
transient, the code calculates the cladding stress, and utilizes this stress
and the cladding temperature In the solution annealed 316 SS thermal creep
equation to calculate the cladding strain rate due to the transient. Whenever
the cladding stress exceeds the material proportional elastic limit given by
the stress-strain-temperature relation of Figure 4.2-2A, the code uses the.
mathematical equation of this relation to calculate cladding plastic strain,
and this value Is added to the plastic strain to obtain the total cladding
transient ductility limited strain. This technique, which is the same as used
for FFTF, Is described and verified in References 57 and 173.

A minimum beginning-of-life cladding thickness of 0.0135 Inches was assumed,
which allows for design tolerances and defect allowances. The cladding
material wastage rates and mechanical properties are discussed in Section
4.2.1.2. The pertinent initial conditions used for these calculations were
previously described In this section.
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I Strain Limit Analysis Results
V

Cladding ductility limited strain history calculations for steady
state operation were first performed for the hot rods of the equilibrium
core fuel assemblies assuming cladding loading due to plenum gas pressure
only. The lifetime for these rods is defined as two equilibrium cycles,
or 550 full power days. The results of the analyses are summarized on
Table 4.2-11, which lists the end-of-life cladding ductility limited strain
at the cladding hot spot for the hot rod of each assembly. The table shows
that the highest steady state strain accumulated by any fuel assembly at
the hot spot is 0.042%, versus an allowable of 0.2%.

Cladding ductility limited strain calculations for steady state
operation were also performed for the hot rods of selected cycle 1 and 2
inner blanket assemblies (550 fpd life) and selected cycle 1 to 4 radial blanket
assemblies (875 fpd life) using the FRST computer code. The outer row of
radial blankets (1150 fpd lifetime) operate at much lower cladding temperatures
and stresses than do the inner row of radial blankets, and therefore accumulate
less cladding strain. The inner and radial blanket assemblies with the highest
pressures and temperatures were analyzed because their maximum cladding strains
enveloped those of the remaining assemblies. The results show that the inner
blanket assemblies have steady state ductility limited strains well below their
allowable limit of 0.2%. Radial blanket assemblies 201, 203 and 206 were
analyzed, and found to have steady state cladding hot spot strains of 0.007%,
0.028%, and 0.022% respectively at end-of-life. These strains, which are ex-
pected to be the highest to occur in the radial blanket rods, are well below
the design limit of 0.1%.

The cladding strains resulting from the combined gas pressure and
FCMI loads were calculated at the X/L = .33, .50, .75 and 1.0 axial locations
for the hot rod of fuel assembly 10, and at X/L = 0.31, 0.62, and 0.81 for
inner blanket assembly 67, and outer blanket assembly 206. As indicated above
and in Table 4.2-11, these rods have the highest end-of-life cladding hot
spot strains for their respective types. The total internal pressure histories
at these axial locations for the rods of interest are shown in Figure 4.2-17B
through 4.2-17D. For these calculations, cladding temperatures under the spacer
wire with statistical hot channel factors at the 2a confidence level were
utilized. The results of these calculations are presented in Table 4.2-14.
These results show that the fuel and blanket rods considered in this study
achieved goal lifetimes with ductility limited strains less than the limit
when FCMI pressureswere included in cladding loads.

The effects of the design transient duty cycle of Section 4.2.1.3
on cladding ductility limited strain was also determined with the FRST code.
The hot rods of fuel assembly 10, inner blanket assembly 67, and radial
blanket assembly 206 were investigated at the axial locations previously
noted. Transient FCMI effects were included as described above. The maximum
total (steady state and transient) cladding ductility limited strain for all
axial locations equalled 0.277% for the fuel rod, 0.028% for the radial
blanket rod, and 0.004 % for the inner blanket rod. Since these strains are
all less than the limit, all rods achieve goal lifetime.
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4.2.1.3.1.2.3 Wire Wrap Loads

During the fuel and blanket rod design life, the relationship
between spacer wire legnth and rod axial height changes. The predominant
sources of this differential elongation are:

1. Differential wire and cladding thermal expansion;

2. Differential irradiation induced axial swelling of the wire and fuel
rod cladding;

3. Change of the fuel rod cladding length due to internal fission gas
pressure effects;

4. Increase of the fuel rod cladding diameter due to fission gas pressure
and irradiation induced swelling which increases the required length of
the wire helical path.

If the axial component of the wire growth is greater than the fuel
rod cladding growth, wire slackening occurs. If the cladding growth is larger
than the wire growth, then the wire and cladding are deformed to accommodate
the differential growth. The four modes of deformation are:

1. Axial elongation of the wire;

2. Helical bending of the cladding which allows the wire to assume a )
shorter path;

3. Axial compression of the cladding;

4. Torsional deformation (twisting) of the cladding.

Excessively tight wire wrap may rupture, potentially causing increased
cladding fretting wear, and potentially disturbing the flow path locally. To
determine the wire load such that the axial components of wire and cladding
elongation are compatable, wire stress, cladding stress, and cladding and wire
deformation are calculated as a function of time with the WRAPUP D computer
code (Reference 163). In the event the wire slackens to zero stress, the wire
slack, which is the difference between the actual total wire length and the

531 wire length necessary for complete contact of the blanket and fuel rods at zero
stress, can also be calculated with the WRAPUP D code. The maximum wire stresses
and strains are checked against the limits given in Section 4.2.1.1.

Uncertainties in wire-cladding interaction modes and in material
responses to in-reactor environments are accounted for by adjustable input
parameters to the WRAPUP D code. Until WRAPUP D verification against.
experimental data is accomplished to reduce these uncertainties, reasonable
worst case combinations of material creep and swelling rates, wire-cladding

.5 frictional forces, and material wastage configurations are used to calculate
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wire wrap lifetimes for the fuel and blanket rods. The details of how these
combinations are achieved in the-WRAPUP D code are-described in Reference 163.
For the WRAPUP D analysis of the CRBR fuel and blanket rods, conditions were
chosen to produce maximum wire stress and maximum wire strain for the specified
core environments as follows:

a. Maximum Wire Stress

This condition is produced by assuming maximum irradiation swelling,
minimum irradiation creep, zero wastage at the wire-cladding interface
line, zero wire-cladding slippage, and core midplane conditions (maximum
wire-cladding temperature difference).

b. Maximum Wire Strain

This is achieved by assuming the same conditions as for the maximum
wire stress, except that free wire-cladding slippage is utilized, and the
rod axial temperature distribution is considered.

The justification for these assumptions is given in Reference 163.

Toestimate the wire wrap performance of the fuel and blanket rods,
the wire stress and ductility limited creep strain histories were calculated
for the hot rods of fuel assembly 14, inner blanket assembly 67, and outer
blanket assembly 203. As shown in Figures 4.2-25 and 4.2-27, these rods
have relatively high end-of-life steady state CDF values for each rod type.
Circumferentially averaged design cladding temperatures at the upper 2o con-
fidence-limit were utilized in this calculation while the spacer wire tem-
perature was assumed to the upper 2a hot channel temperature (see Section
4.4). This results in a conservative temperature differential between the
wire and the cladding. Fast neutron flux values from Section 4.3 were also
utilized in these calculations. Previous studies have shown FCMI effects on
wire loads to be negligable, so these effects were not considered.

The results of the wire wrap performance calculations are summarized
in Table 4.2-15. This table also presents the wire stress and strain safety
margins based on the criteria of Section 4.2.1.1. These results show the
spacer wire on the rods investigated in this study meet their lifetime goals
with wide margins of safety.

In addition to the wire-failure mechanisms considered above, it is
also possible for the wire wrap to grow in length relative to the cladding
and become loose. It has been postulated that excessively loose wire could
rub over the cladding, causing rod-rod cladding contact and hot spots. How-
ever, EBR-II experimental results (Reference 163) have shown that test rods
with extremely loose wire wrap suffered no damage until assembly reconstitution

51 loads caused wire displacements and cladding contact between rods. These test
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rods were wrapped with solution annealed 316 stainless steel, and therefore
experienced much more wire loosening than is possible in the CRBR rods, which
are wrapped with 20% cold worked 316 stainless steel. Also, the CRBR fuel
and blanket assemblies will not be disassembled and reconstituted during their
lifetime. Finally, scoping calculations predicted wire wrap maximum slack
in fuel and blanket rods to be less than 0.1 inch at end-of-life. For these
reasons, wire loosening is not considered an important contributor of fuel
rod failure.

Preliminary studies on the effects of transients on the wire wrap
performance completed to date show that:

a. Transient effects on the wire wrap are primarily due to differential
thermal expansion between the wire and cladding and therefore are
governed by the-coolant-cladding temperature differential during-the
transient.

b. The coolant-cladding temperature differential increases by a maximum of
15% above its steady state value for approximately 5 minutes during the
worst duty cycle upset transient considered. Preliminary calculations
show that the wire ductility limited strains due to this loading do
not exceed the wire wrap transient design limit. These calculations
will be performed using a validated version of WRAPUP D and updated
environments and reported in accordance with the schedule for submittal
of the FSAR.

Due to these considerations, a detailed analysis of the effects of
wire rupture, especially simultaneous wire rupture, is unnecessary at this
time.

The effect of temperature gradients.across the rod on the wire
stress was also neglected. Both effects cause higher stresses on the blanket
wire wrap than on the fuel rod wire wrap because in the blanket assemblies;

a. The wire diameter is smaller

b. The rod stiffness is greater

c. The temperature gradients across the rods are larger

d. The wire pitch is smaller.

The potential consequence of wire loosening or rupture on the
assembly performance is less severe than that for a small local flow blockage.
The impact of local flow blockages and flow recovery are evaluated in Section
15.4.
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4.2.1.3.1.2.4 Fatigue Effects in Fuel Rods

A scoping calculation was performed to assess the fuel rod cladding
fatigue damage due to the current CRBRP duty cycle. The types of transients
considered include:

a. Normal scram followed by a normal startup to former-power level.

b. Reactor trip from full power followed by a subsequent startup to former
power level.

c. Reactivity insertion upset event, followed by a scram and subsequent
startup to former power level.

For each type of transient considered, cladding fatigue loadings
were assumed to be caused by:

a. Plenum pressure changes

b. Changes in the temperature gradient across the cladding

c. Steady state fuel cladding mechanical contact pressure.

The strain versus cycles to failure curves and creep fatigue inter-
action assumptions of ASME Code Case 1592, Sections T-1413 and T-1423 were
utilized for the cladding, since fatigue data on irradiated 20% CW 316 SS is.limited. Such data that do exist (Reference 167) show this approximation to
be conservative. The following assumptions were also made for this calculation.

a. During the hold at hot standby (600 0 F) between a scram and subsequent
startup, no cladding thermal or irradiation creep occurs. The cladding
thermal creep equation discussed in Reference 1 and the negligible
fast neutron flux during hot standby shows this to be an acceptable
assumption.

b. After a combined scram and startup to the former power level, the cladding
loading due to fuel-cladding mechanical interaction does not exceed that
which existed prior to the scram. This assumption is consistent with

.results of LIFE code calculations.

c. Fuel-cladding mechanical interaction (FCMI) effects during the upset
reactivity insertion transients-were not directly assessed. However, for
the relatively small number of transients of this.type postulated , FCMI
cladding stresses would have to exceed the cladding proportional elastic
limit for fatigue effects to be significant. The magnitude of this inter-
action is not quantified at this time, but it is under investigation (see
Reference 168).
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d. The fatigue damage D to the fuel rod cladding for a particular strain
range AE is •expressed as

D0 = (ni/Ni)

where ni is the number of applied cycles of the strain range, and Ni is
the allowable number of cycles for that strain range. The total cladding
fatigue damage is

Dt = (ni/Ni) AE

AE

which is the sum of the fatigue damage components due to the individual
fatigue strain ranges. Per the methodology of Reference 167, the design
limit is Dt=l.O.

The total fatigue damage to the fuel rod cladding due to the transients
and loads listed above was calculated to equal

D = 4 x 10 3

and is summarized in Table 4.2-66.

As noted, this does not include the effects of transient FCMI stresses.
Based on the methodology of Code Case 1592 to Section III of the ASME Code
(Section T-1413 and T-1423), creep-fatigue interaction is negligible for this
low value of fatigue damage. Thus, no cladding lifetime reduction is expected
from fatigue effects, provided FCMI stresses do not significantly exceed the
cladding proportional elastic limit.

The methodology for including fatigue effects into the CDF procedure
is discussed in detail in PSAR Section 4.2.1.1.2.2.

4.2.1.3.1.2.5 Load Follow Capability

The CRBRP plant control system and other permanent features are
being designed to provide load following capability. However, at this point
in time and current status of technical knowledge on the behavior of fuel
assemblies under load follow conditions is essentially nonexistent. A ten-
tative test program to verify load following capability is described in Table
4.2-9. Because the in-reactor simulation results were not available for initial
core-design, the fall back position can be either oneý,6f two poss~ibilities:'
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a. A verification of the in-pile performance utilizing a CRBRP fuel sur-
veillance program and pertinent testing to confirm analytical pre-
dictions, followed by de rating the core burn-up capabilities, if
necessary.

b. Not to load follow for initial cycles of CRBRP operation until the in-pile

performance is simulated in FFTF and adequately understood.

4.2.1.3.2 Fuel and Blanket Assembly Structural Evaluation

4.2.1.3.2.1 Duct Dilation

Dilation of the hexagonal ducts can occur due to volumetric growth
caused by irradiation swelling, thermal expansion, and thermal and irradiation
creep due to internal coolant pressure. To preclude possible difficulties
during refueling, current design practice requires the dilated duct diameter
to be less than the assembly pitch except at the load pad areas. To assure
the fuel and blanket assemblies meet this requirement, the duct dilation was
calculated for selected assemblies over the axial region most likely to exceed
the pitch line.

Duct dilation due to the thermal-hydraulic and nuclear environments
was calculated as a function of time. The computer model 'used for these calcu-
lations is shown in Figure 4.2-29. The upper bound design basis creep and
swelling correlations which were used in the duct dilation analysis are dis-
cussed in Section 4.2.1.1.3.1. The duct dilation calculational method was
verified by comparing analysis results with independent calculations using
similar input conditions. During steady state operation, the duct experiences
a temperature that increases over the length of the active core and is nearly
constant both below and above the active core. The pressure differential across
the duct wall is greatest at the bottom of the duct and decreases along its
length. For this study, the duct temperature and fast neutron flux distri-
butions described in Sections 4.4 and 4.3 respectively, were utilized. Based
on a scoping examination of the assembly ducts with the highest temperature-flux
combination, the ducts of radial blanket assembly 201, inner blanket assembly
67 and fuel assembly 45 were chosen for detailed analysis.

The analysis results are shown in Figures 4.2-30, 4.2-31A, and 4.2-31B.
Figure 4.2-30 illustrates the shape of the duct cross section after irradiation
creep and swelling. The line at 108 mils in Figures 4.2-31A and B represents
the allowable duct dilation based on the thermally expanded assembly pitch
dimension. For all cases considered, the maximum duct expansion did not exceed

51 this limit.
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4.2.1.3.2.2 Rod Bundle-Duct Interaction

Due to the higher average rod temperatures, the fuel and blanket
rod bundle cross sections can grow faster than. the duct cross sections at
the same axial location. This can cause interferences between the rod bundles
and ducts, resulting in fuel and blanket rod distortions, additional cladding
stresses, and increased cladding temperatures. However, a.s noted below,
analytical and experimental results demonstrate that moderate amounts of rod
bundle-duct interference will not significantly reduce rod lifetime.

The rod bundle growth is influenced by irradiation swelling of the
rods and wires, by thermal expansion of both, and by irradiation induced creep
of the cladding under internal pressure. Initially (at beginning of life), a
gap exists between the duct and the rod bundle, assuming the bundle is in a
perfectly straight, tight configuration. The minimum value of the gap is 0.015
inch in the fuel assemblies and'O.006 inch in the blanket assemblies... Sig-
nificant compression of the rod bundles (i.e., rod bundle-duct interference),-
is achieved only after differential bundle-duct growth causes this gap to close,
and the fully compressed rod bundle begins to press against the duct. This
differential growth between the rod bundle and duct is accommodated by the
following mechanisms:

1. :helical distortion of the rods;

2. rod dispersion, i.e, displacement of the rods from their nominal locations
in the bundle.

These mechanisms are all described in detail in Reference 172.
Briefly, the rod helical distortion is caused by loads applied to the rods at
the wire wrap contact points due to the bundle-duct interference (see Reference
172). This distortion stresses the rods, and in extreme cases can shorten
the cladding lifetime by causing excessive strain accumulation. The rod helical
distortion can be reduced by the dispersion mechanisms. However, excessive
rod dispersion can decrease the coolant channel flow areas to the extent that
cladding hot spots occur causing premature failure.

Previous studies (Reference 172) have demonstrated that for fuel
rods, rod bundle-duct interferences on the order of one wire wrap diameter
(0.056") cause neither excessive cladding stresses or hot spot temperatures.
Thus, as a design guideline, maximum rod bundle-duct interaction is to be
maintained less than one wire wrap diameter in the fuel assemblies. This
same guideline is also currently applied to the blanket assemblies (where
the wire wrap diameter is 0.033 in.), even. though the blanket rod bundles are
much stiffer than the fuel rod bundles, and no data comparable to that for
the fuel rod bundle is currently available. The rationale behind applying
this bundle-duct interference guideline to the blanket assemblies is dis-
cussed below.
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To calculate the actual amount of bundle-duct interference in the
CRBR core assemblies, the free cross-section expansion of selected rod bundles
was calculated and compared to the dilation of the corresponding duct cross
sections. Duct loading was assumed due to coolant pressure only, which re-
sulted in conservatively high values of calculated bundle-duct interference.
For a given assembly, the bundle-duct interference equals the rod bundle cross
section dilation, minus the sum of the duct dilation and the initial bundle-duct
clearance. Negative values of interference indicate that for the time and
location considered, a net clearance between the rod bundle and duct still
exists.

For this study, the rod bundle-duct interferences at end-of-life.(the
maximum value) were calculated fQr fuel assembly 45, inner blanket assembly
67, and radial blanket assembly 201. The rod bundle growth was based on the
assembly nominal average cladding temperature, and the neutron flux environ-
ments presented in Section 4.3. Maximum rod material irradiation creep and
swelling rates consistent with the relationships.discussed in Section 4.2.1.1.3
were also assumed. The design minimum rod bundle-duct initial clearance values
noted above were utilized in the interference calculation, along with the duct
dilation values presented in Section 4.2.1.3.2.1.

The results of these analyses are shown in Figures 4.2-32 and 4.2-33.
These results show that the maximum rod bundle duct interference in the fuel
and blanket assemblies considered did not significantly exceed the guideline
values of one wire wrap diameter. Also, the maximum fuel rod bundle-duct
clearance did not exceed 6 mils/ring which is the empirically-determined
porosity below which fretting wear is not expected to occur (see Figure
4.2-129 and Section 4.2.1.3.1.1).

Because of the relative stiffness of the blanket rod bundle as com-
pared to the fuel rod bundle, the cladding stresses due to a given amount of
helical distortion will be much higher in the blanket rods than in the fuel
rods if no stress relaxation mechanisms are considered. However, irradiation
creep relaxes much of the helical distortion stresses due to bundle-duct inter-
action in the fuel rods; it is anticipated that this will also occur in the
blanket rods. In addition, local dimpling deformation of the cladding con-
tributes somewhat to the compressibility of the rod bundle.

The limit on the blanket rod bundle duct interaction will be verified
as a result of the following analytical and experimental process:

* The blanket rod bundle/duct interaction analysis will be repeated with
updated material property data, temperatures, and models.

* The blanket rod bundle compressibility will be determined in a rod
bundle compaction test, the results will be extrapolated analytically

51 to inreactor conditions.
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* The above two results will yield a bundle/duct interaction force and the )
resultant cladding stress. The cladding stress, which generally relaxes
rapidly due to irradiation induced creep, will be considered in the design
evaluation.

0 As a result of this analysis, the adequacy of the minimum blanket rod
bundle/duct clearance will be determined. It will be.determined as part
of the final blanket design process, and the results will be provided
to the NRC in the FSAR. Further information is given in the response to
Question 241.105.

Final experimental verification of the adequacy of the design will
be obtained from irradiation testing of a radial blanket assembly (WBA-40)
in FFTF.

4.2.1.3.2.3 Stress Analysis.of Core Assembly Structural Components

As was the case for the rod evaluations, the CRBRP fuel and blanket
assembly structural components were analyzed to show that the design require-
ments of subsection 4.2.1.1 are satisfied for the operating conditions of sub-
section 4.2.1.1 which, based upon previous experience, were expected to be
life limiting.

These analyses were comprised of the following steps:

1. Determination of the most significant loading mechanisms;

2. Determination of the critical assembly structural regions;

3. Determination of the magnitudes of the enveloping loads and environ-

ments applied to these regions;

4. Formulation of suitable materials property models for the regions;

5. Calculation of the stresses, deflections, and damage in the components
due to the loads and environments;

6. Comparison of the calculated stresses, deflections, and damage to the
structural criteria of Section 4.2.1.1 to determine structural margins.

These steps were performed separately for the fuel and blanket
assemblies, although the considerations and analysis techniques applied to
both assembly types were similar. A brief description of the considerations and
techniques is presented below, as well as summaries of the enveloping loads and
margins for the limiting fuel and blanket assembly structural regions. The
detailed analysis of the fuel assembly structure is given in Reference 171,
while the corresponding stress report for the blanket assemblystructure will be
submitted prior to the FSAR.
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4.2.1.3.2.3.1 Loads Specification

A typical core assembly in CRBRP is subjected to varying environ-
ment and load conditions depending upon its relative location and interface
with other core and out of core components. The loads required for the
structural analyses are core restraint loads, seismic loads, thermal loads
and hydraulic loads. In addition, since the core assemblies operate in an
irradiated environment, fluence and heat generation rates are also important.
As a result of the requirements discussed in Section 4.2.1.1, the loads data
must include values for all the environmental and loading conditions listed
above.

4.2.1.3.2.3.2 Selection of Data Locations

The various assembly loads identified above are selected for
specific radial locations across the core depending on the type of loading con-
dition and the type of analysis for which these loads are needed. In addition,
the selection is also based on assuming the "worst case" loads to occur in
the assembly under the "worst case" environmental conditions.

Figure 4.2-11 shows the schematic elevation view of a typical fuel
assembly. The critical locations along the fuel assembly where the loads are

31 quantified are the shield block region, the duct mid core region (CMP)*, the
load pad region (ACLP)+, and the outlet nozzle region (TLP)A. The shield
block region is characterized by thick walls and relatively high coolant
pressure and thermal gradients. The mid core region is characterized by peak
material degradation due to irradiation effects resulting in loss of residual
ductility. The load pad region is characterized by high seismic and core
restraint loads whereas the outlet nozzle region is characterized by high
temperatures and temperature gradients.

Additional fuel assembly components identified as requiring loads
specification are the orifice plates and the fuel rod attachment assembly.
The fuel assembly orifice plates are located at the top of the inlet nozzle. The
nuclear, thermal and seismic load conditions are the same as in the inlet nozzle
region. The fuel rod attachment assembly is located at the top of the shield block

53 region. The nuclear, thermal and seismic load conditions are the same as in the
shield block region. In addition, the dead weight of the fuel rod bundle (217
rods) supported by the attachment bar is approximately 235 lbs.

Based on the results of the fuel assembly structural analysis and
an evaluation of the significant blanket assembly loads, the critical regions
of the blanket assembly (Figure 4.2-14) identified for detailed load and
structural analysis are the shield block region, the load pad region (ACLP)+,
the outlet nozzle region (TLP)A, and the blanket rod .attachment assembly.
These regions have the same characteristics as their counterparts in the

51 fuel assembly.
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4.2.1.3.2.3.3 Loads and Environments for Core Assembly Components

The maximum calculated values of the loads and environments to
which the fuel and blanket regions are subjected are given in Tables 4.2-8A,
4.2-8B, 4.2-8C, 4.2-12 and 4.2-13. These maximum values were often assumed
to occur simultaneously and on the same assembly although-thi's does not
actually happen. The details of the assembly component loading is discussed
in Reference 171. Brief descriptions of how these loads and environments
were determined are given below.

(

Nuclear Data

The nuclear data utilized in these analyses in terms of assembly-
average total flux, assembly-average fast flux fraction and axial distributions
of total and fast flux in fuel and blanket assemblies equal or envelope that

531 given in Section 4.3 for the most significantly loaded structural components.
The fluences are calculated by assuming that the BOC flux distribution is appro-
priate for the first half of the cycle and the EOC flux distribution is appro-
priate for the second half of the cycle. Table 4.2-8A gives values of the design
total and fast fluences at various axial locations for the fuel assembly, while
the design total and fast fluences for the blanket assembly duct region and non-
duct components are given in Table 4.1-12.

Steady State Thermal Environment

The steady state design temperatures utilized in these analyses
equal or envelope those given in Section 4.4. For the fuel assembly components,
the steady state duct temperatures and temperature gradients defined at BOCI
provide the worst case. Therefore, the steady state fuel assembly thermal
conditions described in this section are based on BOCl data. Both beginning and
end-of-life temperature and temperature gradients are utilized in the blanket
assembly region structural analyses.

Tables 4.2-8A and 4.2-12 give the maximum steady state temperatures,
cross-assembly temperature gradients, and assembly-to-neighboring assembly
temperature gradients for the fuel and blanket assembly regions, respectively.

ýThe maximum gradients were assumed to occur throughout the life of the
assemblies.

Thermal Transients

The duty cycle for fuel and blanket assemblies is defined in Section
4.2.1.3 and Appendix B. Given therein is the definition, classification and
frequency of various thermal transients applicable to the fuel and blanket
assembly structural components. In certain cases, the duty cycle evaluation
requires that the mechanical loading associated with an earthquake be combined

51 with the thermal loading due to transients.
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As in the case of the fuel and blanket rods, umbrella transients
were chosen for the various core assembly regions. These are the most
severe.1 or 2 transients in each category which, for design purposes, are
assumed to occur at a frequency equal to the total number of transients in
the duty cycle. In the shield block and inlet nozzle region for the fuel
and blanket assemblies, the umbrella thermal transients are U-18 (loss of
offsite power), and E-4a (saturated steam line rupture). For the other fuel
and blanket assembly regions, the E-16 transient (three loop natural cir-
culation) was chosen as the Umbrella thermal transient for both upset and
emergency conditions. The fuel assembly region temperature and temperature
gradient histories for these various transients are given in Reference 171.
Similar data for the blanket assembly regions will be given in the blanket
assembly structural analysis stress report.

Core *Restraint Loads

Core restraint loads are developed due to duct-to-duct interaction
at the load pads caused by cross flat temperature and flux gradients and
swelling in core assemblies. Preliminary analyses indicate no duct-to-duct
contact occurs in the mid core region. These loads have a peak value at
beginning of life, decreasing rapidly in early life due to creep relaxation
and subsequently increasing again slowly due to swelling. The loads re-
ported here are the peak beginning of life loads.

The maximum design, interduct forces on the load pads are given in
Table 4.2-8B and 4.2-12A for the fuel and.blanket assemblies, respectively.
The direction and application of these forces are shown in Figure 4.2-33A.
Further details of the core restraint contact loads are given in Reference
171. The maximum bending moments in the core assemblies due to steady
state temperatures and flux conditions and core restraint are also given in
Tables 4.2-8A and 4.2-12 for the critical regions on the assemblies. The
bending moment at the top load plane is zero for both assembly types.

Hydraulic Conditions

The maximum nominal duct coolant pressures at plant thermal hydraulic
design conditions are given in Tables 4.2-8A and 4.2-12 for various assembly
locations. The coolant pressure in the core assembly ducts decreases linearly
with axial location to approximately 1 psi at the top of the rod bundle. The
coolant pressures given in Table 4.2-8A for the orifice plate and rod attach-
ment represent the coolant pressure drops across these components.

Seismic Loads

The seismic loads are loads generated in core assemblies due to
seismic activity at the plant site. Based on the design.duty cycle, the
seismic events are represented by two earthquakes - the operating basis
earthquake (OBE) and the safe shutdown earthquake (SSE) - and loads produced
*by the worst of the two earthquakes were accounted for in the analyses.
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The horizontal seismic loads in fuel assembly ducts at the above . J
core load pad were determined by a finite-element planar model of the core
cross section referended in (171). The loads from this model are the "likely
worst case" interduct forces applied at the above core load pad under a
lateral, unit gravitational, quasi-static loading in one horizontal direction.
To apply the Ig ACLP loads from the finite element core model to the duct
analysis, the following procedure was adopted:ý

(a) The portion of the fuel assembly weight supported at the load pad was
added to the calculated loads. This weight was distributed evenly at
each load pad corner.

(b) The 1g loads from the planar core model calculation were multiplied
by the appropriate seismic acceleration factor for each load pad.

(c) The seismic loads from the planar core model are applicable to the duct at
the above core load pad. The top load pad forces were calculated by
multiplying the above core load pad forces by a load factor which is
equal to the ratio of the.assembly weight supported at the top load pad
divided by the assembly weight supported at the above core load pad.
The top load pad seismic load effects were found to be negligible com-
pared to the effects of other transients on this region.

Various core assembly locations were screened to determine the
worst loaded duct. The interduct ACLP design seismic forces at these lo-
cations calculated according to the above procedure are given in Tables
4.2-8B and 4.2-13 and the tabulated forces are identified in Figure 4.2-33A.
The maximum vertical forces due to OBE and SSE events at various characteristic.
locations are given in Table 4.2-8C for both the fuel and blanket assemblies.

For the core assemblies, the frequency of the OBE event is determined
by prorating the given number of design events for the plant life (30 years)
into the component lifetime in years and rounding up to the next higher whole
number. Each event is characterized by 10 peak response cycles. The ex-
tremely unlikely SSE event is assumed to occur once.

4.2.1.3.2.3.4 Materials Property Considerations

For both the fuel and blanket assemblies, the duct (including the
ACLP) is made of 20% cold worked 316 stainless steel (20% CW 316 SS). All
other components considered in the structural analyses consist of solution
annealed 316 stainless steel (SA 316 SS). The-pertinent properties of these
materials must be adjusted for temperature and fluence effects. The most
important properties of these materials and the methods or sources from which
their numerical values as functionS of fluence and/or temperature are obtained

53 151 as given below.
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Thermal Properties

These values were obtained from Reference 153 for both material
types. This reference also gives the temperature dependence of these pro-
perties.

Elastic Properties

These values and their temperature dependence were also obtained
from Reference 153 for both material types.

Stress-Strain Curves

Reference 153 data was utilized to construct the stress-strain curves
531 for unirradiated 20% CW 316 SS and for unirradiated and irradiated SA 316 SS asa function of temperature and fluence. Reference 171 describes how the inelastic

material properties were derived for irradiated 20% CW 316 SS from the data of
Reference 176. Fluence effects were considered by utilizing the average values
of the beginning and end-of-life stress strain curves. Data scatter was accounted
for by utilizing the minimum property values for irradiated 20% CW 316 SS, 80%
of the average values for unirradiated 20% CW 316 SS, and 90% of the average
property values for irradiated and unirradiated SA 316 SS.

Fracture Strain

The true minimum irradiated fracture strain (f, min) for both material
types over the temperature-range 800 to O00 F 2s a function of fluenre
(E>O.l Mev, where (pt) is in units of I0 n/cm ) and temperature (T- F) is
given by the following relations (see Reference 171):

1
£f, min cf for (pt) < (ýt)o

mf f = € f J for (st) > (ct)o

where,
0.45 for 800 < T < 1000

.f __

-5.50.45 T for 1000 < T < 1400
1000

("t)o 1.4 T for 800 < T < 1000
1000

T(4t)o = -1 for 1000 < T < 1400

T
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Fatigue Properties

For both material types, the Manson Universal Slopes Method was used,
to construct fatigue curves from the elastic and inelastic property values
of the materials. Irradiation and temperature effects were accounted for
by including them in the pertinent properties. Multiaxial stress states were
accounted for by applying the higher of the equivalent or maximum principal
strain range to the fatigue curves. Data scatter was included by reducing
the uniaxial fatigue life by a factor of 2 on strain range or a factor of 20
on life, whichever is more severe. This process is described in detail in
Reference 177.

Stress Rupture

Stress rupture properties for irradiated SA 316 SS are based on the
minimum properties given in Reference 175,. while Reference 58 presents this
data for 20% CW 316 SS.

4.2.1.3.2.3.5 Analysis Methods

The fuel and blanket assembly structural evaluation was performed
in accordance with the criteria identified in Section 4.2.1.1 which assure
that the intended function of these assemblies is not impaired over the CRBR
first core, comprising a total of 328 full power days for the fuel and inner
blanket assemblies, and 878 or 1153*days for the radial blanket assemblies.
The criteria protect against the crack initiation failure modes of local ductile 0
rupture and combined creep-fatigue damage. In addition, the excessive de-

531 formation failure modes of peak plus accumulated and residual deformation are
protected against by the criteria. The core assembly structural evaluation
was based on the loading magnitudes and currently available materials data
identified above.

The detailed analyses of the fuel assembly structural components
identified above are presented in Reference 171. A similar analysis for. the
blanket assembly components will be presented in the blanket assembly structural
design support document, to be released prior to the FSAR. The analysis and
evaluation techniques used for both assembly types are.generally quite similar.
A brief description of those assembly component structural analysis techniques .
is given below.

The structural'evaluation approach adopted for the fuel assembly
shield block, CMP and ACLP hex ducts, TLP outlet nozzle, attachment assembly,.
and orifice plate was to construct analytical models for the respective regions
in relation to prominent design features and loading Conditions which would
provide worst case structural damage. This same approach was taken for the
blanket assembly components, except for the blanket assembly attachment region for

53151 which an experimental determination of the worst case structural damage was made.
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In the assembly component structural analysis and evaluation, a
loading analysis was first made that considered the mechanical, seismic, core
restraint, and thermal steady state and transient loads presented above in
establishing the number of characteristics of a worst case transient sequence
that umbrellas all expected transients for the region or component during the
CRBR first core operation. Next, an inelastic structural analysis of the
component or region was made for a single worst case time independent transient
sequence and time dependent hold time to calculate the strains and dimensional
changes from which total lifetime bounding values were calculated. The ANSYS
Computer Program (Appendix A) was used extensively in the analytical approach
adopted for the structural evaluation. This is a finite element structural
analysis code, to which a component or region model, materials properties,
and steady state and transient boundary conditions are input. With this code,
the same model can be used to calculate component temperatures due to a
boundary condition input, and the thermal stresses resulting from these
temperatures. Both time dependent and steady state component structural
analyses are performed, depending on the loading condition. Finally, the
time dependent and steady state analysis results were compared to the criteria
limits to determine the adequacy of the component or assembly region performance.

The procedure for evaluating peak plus accumulated and residual
deformations in relation to deformation limits was relatively direct as the
inelastic deformations due to the applied transient-hold cycles are known
from the ANSYS displacement solutions. However, for comparisons of the
stress and strain response with crack initiation failure mode criteria, the
structural evaluation procedure is not direct because a detailed examination
of local multiaxial stress and strain behavior in relation to uniaxial tensile
and biaxial pressurized tube data is required prior to evaluating the local
ductile rupture and combined creep-fatigue factors. Further, the component
models include a large number of finite elements (see Figure 4.2-33B, for
example) which must be screened to determine the worst location for crack
initiation. Accordingly, an important consideration in performing a thorough
structural evaluation of crack initiation is a means of processing the stress
and strain response into a format that permits a ready comparison with allow-
able limits. In this evaluation, a special purpose damage processor was
written to access the stress and strain response data determined by ANSYS for
each converged time-independent and dependent solution throughout the worst
case duty cycle and identified the element with the maximum local ductile rupture
and combined creep damage factors. These worst damage factors were then com-
pared to the criteria limits.

The structural performance of the blanket rod attachment assembly
was assessed by a series of assembly drop tests. In these tests, a test
assembly which included a prototypically loaded blanket rod attachment assembly
was dropped from successively increasing heights up to a maximum drop height
of 3 inches. This resulted in blanket rod attachment loadings far in excess

51 of values expected to occur in service.
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Several tests of duct sections and irradiated materials have been
performed (Reference 178) and additional tests are planned to confirm the
conservatism of the analysis and the adequacy of the design.

4.2.1.3.2.3.6 Design Margins

The bounding design margins for the critical fuel and blanket
assembly components or regions due to the loadings discussed in Section
4.2.1.3.2.3.3 and based on the criteria presented in Section 4.2.1.1 are
given in Tables 4.2-16 and 4.2-17. These results show that all components
and regions considered achieved design lifetime within the limits pre-
scribed by the structural design criteria of Table 4.2-7. The drop tests
on the blanket rod attachment assembly indicated that no deformation of this>
component occurs up to a drop height Qf 3 inches. After a 3 inch drop on
a rigid plate, which produces loads in this component far in excess of ex-
pected values, a slight buckling was observed in one part of the blanket
rod attachment assembly which in no way would have impaired the function of
the assembly. Thus, it is concluded that all structural components of the
fuel and blanket assemblies meets their structural requirements.

4.2.1.4 Irradiation Experience

4.2.1.4.1 Fuel Rods

The design of mixed-oxide fuel rods has been developed from
theoretical models and a broad range of irradiation experiment results. The

theoretical developments of the phenomenological models considered in the 9
evaluation of fuel rod behavior have been discussed in the literature.
Verification and modification of these models is primarily based on the data
and subsequent analyses derived from the irradiation tests performed in the
U.S. and abroad. It is the purpose of this subsection to review the irradiation
experience to date and the applicability of the test results to the CRBRP fuel
rod or blanket rod design and their anticipated performance.

The LMFBR Fuel Development Program includes an extensive irradiation
testing program for the verification of FFTF and CRBRP fuel rod design
adequacy. The irradiation testing program includes steady state testing of
fuel rod assemblies in EBR-II and encapsulated rods in the General Electric
Test Reactor. Transient overpower and flow coastdown tests on fresh and
irradiated fuel rods are conducted in capsules and self-contained loops in
the TREAT facility. The transient testing program, has two major test series,
engineering proof testing and transient overpower testing.

Figure 4.2-34 illustrates the numbers and schedules of tests which
have been or are being conducted in the various development areas. The steady
state irradiation testing program provides for design verification by testing
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prototypic fuel rods at linear heat ratings, cladding temperatures and
burnups representative of operating conditions expected in FFTF and CRBRP.
900 0 operation refers to the initial operating conditions of the FFTF and
1100 F operation refers to rated FFTF core operating conditions. olt should be
noted that the FFTF fuel rod hot spot cladding temperature at 900 F operation
corresponds to the CRBRP fuel rod cladding 8ot spot temperature at end of
design life. The thirteen tests at the 900 F operation conditions include
37 and 61 rod EBR-II subassembly tests. Some of these are representative
of earlier FFTF fuel rod designs (quarter-inch diameter rods clad in solution
treated 304 or 316 stainless steel). These tests have been continued because
they provide a broader data base for the formulation of fu 8 l rod performance
analysis models. The fuel rod hot spot temperature at 900 F operation
corresponds to the CRBRP fuel rod cladding hot spot temperature at end-of-life.
Although these lower temperatures simulate only end-of-life CRBRP conditions,
the results are used in evaluating particular attributes (i.e., wastage) incor-
porated directly or indirectly into performance models and/or are used in
design verification through extrapolational procedures. An example of how
the data may be used in an overall sense has been given in PSAR Section
4.2.1.1.g.7 and also in the response to Question 241.85. The five tests in
the 1100 F operation range are conducted in 37 rod EBR-II subassemblies.

The fuel design criteria of subsection 4.2.1.1.2.2 specified that no
fuel melting should occur at a 15 percent overpower condition. In-reactor fuel
rod tests to establish the thermal performance limits of the FFTF fuel have been
conducted. These tests will provide information for designing CRBRP fuel. The
six thermal performance tests include two 19-rod assemblies and a 37-rod instru-
mented subassembly in EBR-II and special capsule irradiation tests on vendor
fuel in the GETR. General Electric Company's Breeder Reactor Operation has
also conducted a thermal performance test of mixed oxide fuel rods in EBR-II
which included rods manufactured by HEDL that were siblings to the rods used
in the HEDL tests. Postirradiation examination of the rods is underway at
LASL. Preliminary results further substantiate the earlier HEDL thermal
performance test results. Both the capsule irradiation program for FFTF driver
fuel rods and the irradiation program for vendor produced fuel pellets in
EBR-II are described in detail in Task D - Vendor Fuel Irradiation of Reference
164. Tests within this task are conducted in the General Electric Test Re-
actor (GETR) and in EBR-II. Data for comparison of general performance of
HEDL to vendor fuel to intermediate goal burnup is obtained at prototypic
FFTF rated core heat rate and cladding temperatures in instrumented caps~ules
irradiated.in the GETR Radially Adjustable Facility Tube (RAFT) facilities.
Thermal. performance is compared in special capsules irradiated sequentially in
the GETR trail-cable facility. Fast flux fuel performance is compared in

51 a 37-rod, high cladding temperature test currently being irradiated in EBR-II.
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Three main conditions of irradiation performance are being tested:
1) g-neral performance of randomly selected rods at prototypic heat rates
and to low and intermediate burnup in GETR-Raft Capsules, 2) thermal per-
formance of randomly selected fuel to establish relative nower-to-melt
using GETR trail-cable capsules, and 3) low power, fast flux, high cladding
temperature performance of randomly selected fuel in a 37-rod EBR-II test,
HEDL-P-15.

As explained in Reference 164, four FFTF fuel rods were selected
at random from available lots of accepted rods, two from each fuel vendor,
and four comparison rods were fabricated by HEDL. All were encapsulated
and irradiated in GETR-Raft facilities. Parts of HEDL-vendor rods were
removed after % 10,000 and 36,000 MWD/MTM for disassembly examination and
evaluation. Examination was scheduled to be completed during the first
half of 1976 but has not yet been reported.

In the thermal performance series, four capsules of HEDL-vendor
fabricated fuel and a calibration capsule of HEDL fabricated fuel were
irradiated. On the basis of the calibration capsule results, the remaining
capsules were tested to cause partial centerline melting of the fuel column.
Destructive examination will establish the comparability of power-to-melt
of HEDL and vendor fuel. Examination was scheduled to be completed during
the first half of 1976. Recommendations on operation of FFTF cores 1-4 from
the capsule tests are scheduled during the first half of 1978 (see Figure
D-2', Reference 164). The results of these capsule tests will aid in the
CRBRP fuel design by providing thermal performance data comparisons of vendor
produced fuel versus the HEDL produced fuel that was tested previously.
CRBRP will utilize the data to establish whether there is a larger or
smaller margin to melt, and whether there is'a typical effect on vendor )
fuel performance which must be taken into account through design margin
adjustment. The EBR-II tests of vendor fuel will aid in a comparison of
HEDL-vendor fuel fast flux performance including fission gas release confir-
mation at lower power, fuel stability and consistent migration and potential 29
fuel cladding chemical interactions. The schedule for the HEDL-P-15
test is given in Figure A-2 of Reference 164.

Fuel rod ultimate life and fuel rod cladding failure mechanisms
and modes are being determined in tests that are deliberately continued until
cladding failure occurs. Plans are also being formulated for conducting
irradiation tests on fuel rods which have failed to establish rod and fuel
assembly behavior under these conditions. The HEDL fuel development program
includes ten run-to-failure tests. Five failed rods are now under detailed
examination. The consequences of mixed oxide fuel rods failing by natural
causes have been consistently benign. There has been no failure propagation
or explosive release of fission gases. The cladding defects are typically
grain boundary separations, and are so small that special examination
techniques have been developed to find them. Identification of EBR-II
subassemblies which contained xenon tagged failed rods was quite
straightforward. The RTCB task of the Reference Fuel Steady-State Irradiation

Program (Reference 164), utilizes fuel rods containing prototypic cladding,
a temperature range applicable to FFTF and CRBRP, and are contained in
EBR-II subassemblies with other fuel rods of the same design and containing
the same materials so that the data are significant and the subassembly
spacing system is representative of current LMFBR design. Fuel rods selected

29
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for RTCB testing in EBR-II are irradiated until a cladding breach is de-
tected by fission gas release. Aftera breach is detected, the assembly is
immediately removed from the reactor and the breached, rod is identified.
The breached rod and selected sibling rods are examined to establish the
cause and mechanism of the breach. The results of these examinations to-
gether with the fabrication and irradiation variables form the basis for
establishing fuel rod lifetime criteria and models for determining the.excess
lifetime beyond the design lifetime of the fuel rods. A specific example
of the use of these and other obtained data has been given in PSAR Section
4.2.1.1.2.2.

The scope and up-to-date schedule for RTCB testing has been given
in Reference 164 in more detail and the results of examinations of RTCB
experiments have been reported iU Reference 101. The RTCB assemblies for
irradiation in EBR-II are shown in Table B-i of Reference 164. A milestone
schedule for the EBR-II testing is shown in Figure B-l of Reference 164.

FFTF driver fuel rods manufactured by the two vendors supplying
fuel for the FFTF and potentially CRBRP are being irradiated in capsules in.
the GETR to establish their irradiation performance in comparison with the
HEDL-prepared fuel and fuel rods used throughout the irradiation testing pro-
gram. Vendor-produced fuel pellets will also be irradiated in special rods

*in EBR-II to further demonstrate the satisfactory dimensional stability of
the FFTF and CRBRP fuel. The five vendor fuel tests include two rods from
each vendor irradiated in capsules in GETR. Three of these rods and their
matching HEDL rods were discharged at goal exposures of ten thousand and
thirty thousand MWd/T and are undergoing postirradiation examination. Per-
formance of the vendor fuel rods has been completely satisfactory.

A more detailed description of the tests and test results obtained
and illustrated in Figure 4.2-34 may be found in Reference 101.

In addition to the secondary references provided in Reference 101,
a National Reference Fuel Steady State Irradiation Program Plan is being
formulated and a summary provided to NRC in June, 1976. Program Plan sub-
tasks are: Steady-State Irradiation Performance, Run-to-Cladding Breach,
Run-Beyond-Cladding Breach, Vendor Fuel Irradiation, Fuel Performance Analysis
and Prediction, and Load Following. The program activities are summarized in
Table 4.2-62 which is taken from a preliminary draft of the program plan.
The National Reference Fuel Steady-State Program Plan will include a schedule
responsive to specific milestone needs of CRBRP. Test data from these pro-
grams will be reported periodically in status reports similar to Reference
101.

The National Reference Fuel Steady-State Irradiation Program includes
a range of in-reactor environments that encompass these of CRBRP. Data
from these tests will be used in developing and verifying the fuel performance
models which will be utilized in CRBRP fuel design. An example of this

51 application of steady state irradiation data is given in Section 4.2.1.1.2.2.
In addition, the steady state program provides rods for transient testing.
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Commitment to a precise method of utilization of the specific
scientific information from each test is not feasible at this time because
of the multiple alternatives that exist in applying the results to the
design, follow on testing, surveillance, and reactor operations. How-
ever, preliminary planning for utilization of ongoing and planned EBR-II
testing has been formulated and is provided for information in Table 4.2-65.
This preliminary planning identifies a method of potentially verifying the
adequacy of the CRBRP fuel design from the extensive EBR-II test programs
without need for extensive follow-on effort.

Figure 4.2-35 illustrates the growing number of stainless-steel-clad,
mixed oxide fuel rods in the U.S. Program which have been irradiated in
EBR-II to greater than the FFTF/CRBRP initial peak fuel goal burnup of 80,000
MWd/T. This graph does not illustrate'the larger statistics of the foreign
programs, i.e., Dounreay and Rapsodie. However, each of the rods illustrated
in this figure is much more extensively characterized both before and after
irradiation, a feature which provides more precise information from each
irradiation test in the U.S. Program. This does not imply that better
characterization necessarily leads to better performance predictability over
larger statistics. Rather more precise information may be derived from each
irradiation test if thorough pre/post characterization work is utilized.
Features which are characterized prior to irradiation vary somewhat in
attributes but generally include the following:

a. - pellet O/M ratio, density, smear density

b. - pellet diameter

c. - cladding outer/inner diameter

d. - fuel column length

e. - cladding mechanical properties

f. - cladding chemistry

Features characterized following irradiation also vary but

generally include:

a. - fission gas release

b. - fuel stability and consistent migration

c. - pellet diameter and central hole dimensions

d. - cladding profilometry and/or diameter

e. -pellet density and/or column length change

f.- fuel cladding chemical interaction .

g. - fuel/cladding gap Amend. 51
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Significant results obtained from the steady state test program
to date are summarized as follows:

1. Sodium corrosion, fuel-cladding chemical interaction, and
manufacturing tolerances have all been demonstrated to be less
than the current design wastage allowances.

2. Dimensional stability of the fuel has been predictable and
satisfactory. There is no "Fuel Densification" problem.

3. Thermal performance capability revealed by integral tests has
exceeded the design requirement-for linear heat rating by 20%.
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4. To the extent tested, natural fuel rod cladding failures
from foreign programs.

The fuel rods referred to in Figure 4.2-35, from the test
programs of Figure 4.2-34, are described in reference 101. These fuel
rods may be compared to the CRBRP fuel rod design parameters described
in Table 4.2-4. The test environments given in Reference 101 may be
compared to the steady-state operating conditions for CRBRP given in
Table 4.2-61. Comparing the CRBRP conditions with those in reference
101,the major differences are in the fluence/burnup ratio, axial power
distribution, and coolant velocity temperature combinations. FFTF fuel
performance verification discussed above will provide more data to
verify both the CRBRP fuel design and/or analytical methods.

The LMFBR fuel transient.testing program being conducted by
HEDL complements that being pursued by Argonne National Laboratory's
reactor analysis and safety division. A commonality is provided to both
programs by the HEDL EBR-II steady state irradiation testing program
which is the source of irradiated prototypic fuel rods used in the
transient tests.

The HEDL program includes two principal test series, engineering
proof tests and transient overpower tests. The objective of the engineering
proof test series is to confirm the ability of the FFTF and CRBRP fuel
rod to withstand events terminated by the plant protection system (PPS),
without exceeding their design limits. The test matrix which was based
on very conservative design analyses of the FFTF fuel rod, includes fast
and slow reactivity insertion ($3/sec. and 3¢/sec.) and a loss of. cooling
test for variable fuel rod linear power, fluence to burnup ratio and
cladding temperature. To the extent tested, the results showed that for
the PPS terminated events, design limits for the FFTF fuel rod were only
distantly approached. This test series also includes reirradiation to
fuel clad breach, in EBR-II, of rods subjected to terminated events in
TREAT, to further demonstrate the PPS terminated events have no deleterious
effects on subsequent fuel rod performance and lifetime.

Overpower tests determine the fuel rod cladding failure
threshold for terminated events. Data from these tests are used in the
formulation of analytic models to describe fuel rod performance up to
the point of cladding failure. Mechanisms which cause cladding failure
and the location of the failure are of primary interest. Post failure
behavior of fuel rods and assemblies under transient overpower conditions
are addressed experimentally in the ANL-E Series tests. These tests are
of primary interest for performing analyses of the more severe faulted
conditions and hypothetical accidents. The test program matrix includes
simulating 60/sec. and $3/sec. transient overpower conditions on
encapsulated, previously irradiated prototypic FFTF/CRBRP fuel rods. An
important parameter in the test program is the steady state irradiation
linear heat rating of the rod because cladding failure threshold depends
on the microstructure of the irradiated fuel. The test program also
includes:plans for a test of fuel rods with full-length FFTF/CRBRP fuel
columns in a flowing sodium (MK-IIC) loop .
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qIn evaluating the relative fuel damage potential for
the transient events in the CRBRP design duty cycle, engineering
judgement was applied. The general procedure and rationale used
for determining the design basis umbrella transients for fuel
performance analyses and transient testing is as follows:

1. For undercooling transients, maximum cladding temperature
increase and transient'duration (time) are the primary factors
considered. Maximum cladding temperature increase is important
because of the significant reduction in cladding tensile and
rupture strength and significant increase in thermal creep rate
with increasing temperature. Furthermore, maximum cladding
temperature gives an indication of plenum temperature increase
which, by the ideal gas law, would increase the fission gas
pressure within the constant volume of the fuel rod. Time or
duration of the transient is important because the creep rupture

-damage (thermal creep strain) is time dependent.

2. For overpower transients, maximum cladding temperature increase
and transient duration are also considered. In addition,
maximum fuel temperature and the fuel to cladding temperature
difference are used to evaluate transient severity. Maximum
fuel temperature is considered because as fuel temperature
increases, the fission gas stored in the fuel either expands,
increasing fuel claddinq mechanical interaction (FCMI). or is
released, increasing the fission gas loading. Fuel to cladding
temperature difference is considered because it is the driVing
force for FCMI due to differential thermal expansion.

While a value for FCMI and the corresponding cladding damage
may not be calculated for each transient in the CRBRP duty cycle,
FCMI and cladding damage are definitely considered in formulating
the CRBRP design-basis umbrella transients. The verification of the
above rationale, consideration of second order effects (e.g., rate of
change) and determination of the worst conditions for a given transient
are provided by the LMFBR Mixed Oxide Fuel Transient Testing Program
Plan described in Reference 168. The detailed logic for the integrated
CRBRP/FFTF transient testing portion of this program is also given in
Reference 168.

Briefly, there are two primary types of transient events
considered in the Transient Testing Program: undercooling events
and overpower events. For the undercooling events, there are four sets
of tests currently planned; for the overpower events, there are seven
test. sets. Each set has a specific purpose. For the undercooling
event test, these purposes are:

1. Determine the worst transient event;

2. Check for the worst time in the fuel rod life for the transient

51 to occur;
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3. Determine the margin to cladding failure after transient
occurrence;

4. Check the effects of breached cladding on fuel rod transient
behavior.

Four of the sets of overpower fuel rod tests have the
same purposes as above. In addition, three other overpower test
sets are planned to:

1.o Determine the effects of rate of change on environment;

2. Determine the effects of prior transients;

3. Determine the effects of fuel microstructural changes.

The integrated CRBRP/FFTF Transient Testing Program is broad
in scope. It is designed to determine the worst PPS terminated
undercooling or overpower conditions or events. If the worst events
for CRBRP are not encompassed by the current (PSAR) analyzed umbrella
conditions, new umbrellas will be chosen and eventually analyzed..
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As part of the National Reference Fuel Steady-State Irradiation
Program and the National LMFBR Mixed Oxide Fuel Transient Performance Program,
run-to and beyond cladding breach programs are planned for steady-state
irradiation in EBR-II to meet the CRBRP requirements.

The Run-to-Cladding-Breach tests of the Reference Fuel Steady-
State Irradiation Programs provide the experimental test data to establish the
reference fuel lifetime, establish the cause and mechanism of the
cladding breaches, establish the consequences of a steady-state cladding
breach, and provide the requisite fuel pin lifetime statistics to develop
and verify design and performance codes. The test program is designed to
irradiate prototyp.ic fuel pins in EBR-II until a cladding breach occurs in
one fuel pin in the test assembly. Reference 101 discusses seven rods with
breached cladding, confirming that: 1) a cladding breach has no deleterious
effect on the subassembly hardware or on the neighboring fuel rods, 2) the
leakage of fission gas through the breach is slow and gradual, 3) the fissures
appear to form after considerable plastic deformation of the cladding,
4) there is no evidence that fuel sodium contact is an immediate consequence
of a cladding breach.

The run-beyond cladding breach program activities are given in
34.1 Table 4.2-62, items 39 and 40. The run-beyond-cladding-breach tests of the

Reference Fuel Steady-State Irradiation Program provide the experimental
basis for long-term operation of CRBRP with breached fuel pins residing in
the core. Activities carried out under this task will: 1) include continued
irradiation of fuel pins after they sustain an inreactor cladding breach and
2) provide predictability of events subsequent to a fuel pin cladding breach.
An additional accomplishment under this Task will be to provide breached fuel
pins to the transient test program. These breached fuel pins will be tran-
sient tested to confirm the satisfactory performance of breached fuel pins
during a typical design basis Plant Protection System terminated transient.

The irradiation of breached fuel pins in EBR-II will provide:
1) reactor operational experience with breached fuel pins, 2) confirmation
of the capability of reactor instrumentation to monitor fuel and fission
product release from a breached fuel pin, 3) verification of the capability
to detect a new cladding breach with a previously breached fuel pin residing
in the core, 4) data on the growth of a cladding fissure after breach,
5) potential for fuel washout, and 6) insight into any possible tendency
for failure propagation to neighboring fuel pins.

Extensive analytical and experimental results (summarized in Section
15.4)demonstrate that the probability of a local in-core fault leading to a
condition where substantial damage is propagated throughout the assembly is
extremely remote. In addition, many of the mechanisms involved in local
failures are inherently benign and/or self-limiting.

The evidence presented in Section 15.4 shows that existing exper-
imental data is adequate to confirm the safety of the reactor from the pot-
ential propagation of local faults. 20
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A complimentary out-of-reactor program of testing cladding from Irradiated
fuel rods Is being conducted In support of this effort. The significant
results obtained from the HEDL transient testing program are summarized as
follows:

1. Fuel microstructure of the steady state Irradiation history of a fuel
rod affects the fuel rod cladding failure threshold.

2. No significant fuel rod damage has been observed for PPS simulated
terminated events.

3. An empirical correlation for fuel rod cladding failure threshold is
being developed.

References 53 through 57 provide currently available fuel rod transient test
data and descriptions of analytical models that have either been formulated
from the data or evaluated against the data. In addition, a first phase
verification of the Cumulative Damage Function procedure based upon some of
this transient test data Is presented in Section V of Reference 58. The
complete verification plan for the fuel assembly (including the CDF design
procedure) Is provided In Table 4.2-65.

At this time, the LMFBR fuel development program has concentrated primarily on
testing the FFTF fuel rod for FFTF initial and rated core operating
conditions. This program provides useful Information for initial design and
analyses of the CRBRP design and operating conditions. However, as the CRBRP
design and operating conditions evolve, the LMFBR fuel development program
will be reviewed In detail. Where necessary, additional testing will be )
planned to support CRBRP cladding Integrity limits, fuel assembly design bases
and performance predictions.

As an example, for the current CRBRP design, initial Pu/(U + Pu) contents of
33 w/o are needed. Although the fuel programs previously mentioned have
concentrated on Pu/(U + Pu) contents of 25 w/o, significant differences are
not anticipated. Plans are underway to confirm these points. In particular,
cladding wastage (FCCI), constituent migration, solid and volatile fission
product migration, fuel rod thermal performance, and fuel/sodium (RBCB) tests
are in the preliminary planning stages.

In addition, modest fabrication development testing Is also in the preliminary
planning stage to confirm that the higher Pu/(U + Pu) content does not result
in unforeseen fabrication difficulties. These tests are primarily associated
with potential Inhomogeneous effects which could affect fuel pellet
specifications.
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The fuel rod tests in EBR-II described in References 162
and 168 can not be used directly to establish or extrapolate to the
expected fuel failure statistics of the CRBRP core.. These EBR-II
experiments are in many instances intended to resolve key issues by
providing data for models which are used to analyze fuel rod behavior
and lifetime. For example, models for fission gas release, solid and
volatile fission product migration, fuel cladding chemical interactions,
thermal performance, bundle-duct interactions, etc., are all derived
from the EBR-II experimental data. In addition, certain operations such
as reconstitution take place in many of the EBR-II tests and are
believed to have contributed to subsequent failures. Clearly, there
will be no reconstitution of CRBRP assemblies. Hence, failures
attributable to such a non-prototypic process are in no way representative
of expected CRBR fuel rod performance.

In addition to the above considerations, certain results
which are obtained can lead to improvements in the overall design.
One example may be found in the bundle-duct interaction area, where
significant learning was obtained, through failures, on the amount of
wear as a function of bundle porosity (see References 101 and 176).
The failures found led to a correlation which has, in turn, provided
a superior support system. Obviously, failures of this type should
not be attributed to designs employing the superior support system.

The operating CRBR fuel may also, through the design process,
have built-in conservatisms which are not reflected in the EBR-II fuel
rod failure statistics. For example, as part of the design analysis
procedure, the CRBR fuel rods are assumed to operate at hot channel and
hot spot temperatures at the upper 2a level of uncertainty. To
validate the calculated fuel rod performance, EBR-II tests are performed
with nominal temperatures set equal to the expected CRBR 2a hot spot/
hot channel temperatures. Thus, the EBR-II test rod population is
exposed to a more severe temperature environment relative to that of
the CRBR fuel rods. Again, this prevents EBR-II test rod failure
statistics from being directly applicable to CRBR fuel rods.

Because of all the above considerations, it is concluded that
experimental EBR-II fuel rod failure rates are not typical of
expected CRBR fuel rod failure rates. Therefore, EBR-II failure
statistics cannot be used to formulate CRBR fuel rod failure statistics
without excluding failures due to non-prototypic loads and environments,
and accounting for significant differences in the environment distribution
that each population of pins encounters.

In addition to the U. S. steady-state irradiation program,
considerable data have been generated by the foreign programs on cold
worked 316 stainless steel clad rods. Burnups of 100,000 MWD/MT have
been achieved on PFR-type fuel pads in DFR. Although no bare fuel rods
have been irradiated beyond failure in the U.S., foreign experience includes
operations with failures for periods up to 2-1/2 years without apparent
significant mechanical effects on the fuel assembly.
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The results
MWD/MT) and operation
and in References 102
to provide confidence

of foreign experience to high burnups, (100,000
with failed fuel are described in Reference 27
and 103. As noted previously, this data is used
that CRBRP design goals..are achievable.

Test results from foreign programs are qualitatively assessed
for trends in fuel and fuel assembly behavior. However, foreign fuel
rod test data are not being used to quantitatively evaluate the
performance of CRBR fuel rods, or to formulate analytical models used
in their design. For this reason, a detailed comparison.between foreign
test programs and CRBR is not necessary.51
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4.2.1.4.2 Blanket Rods

The design of the CRBRP blanket'rods has been developed
from theoretical models based on mixed oxide fuel rod experiments
and light water reactor fuel rod operating experience. No irradiation
experience with prototypic blanket rods is available. This section
reviews the irradiation experience which is applicable to the blanket
rods.

In 1970, several experiments were initiated which contained
mixed oxide fuel rods clad with reference 20% cold worked 316 stainless
steel tubing. These experiments investigated the effects of varying the
amount of cold work on the performance of the cladding at high tempera-
tures and high fast fluences and studi-ed the geasibility of increasing
the cladding operating temperature up to 1385 F. Results from the
fuel rod tests will be directly applicable to the blanket cladding
design; however, the performance of the fuel pellets in these tests
is not applicable to the radial blanket. In addition to the U. S.
steady state irradiation program, considerable materials data have
been generated by foreign programs on cold worked 316 stainless steel.

In February 1974, a 7 rod blanket test was inserted into the
EBR-II reactor. The rods have diameters, temperatures, and power
ratings similar to CRBRP blanket rods. The experiment is to determine
the performance characteristics of blanket rods during steady-state
operation and for a step increase in power late in life. The power

531 step simulates the effects of assembly rotation, an out-in-shuffling
scheme, or a midlife power increase in the CRBRP.

The mixed oxide fuel rod irradiation tests provide basic
design information for analytical modeling of fuel rods. The analytical
design tools which are under development for fuel rods are also used for
blanket rods. The basic information is generated in three development
programs:

1) Reference Cladding and Duct Test Plan (transmitted to
NRC via letter S:L:1112, dated June 7, 1976)

2) Reference Fuel Steady State Irradiation Program (Reference
162)

3) Reference Fuel Transient Testing Program (Reference 168).

The technical information that will be obtained from these
programs and its utilization in fuel design are described in Section
4.2.1.4.1, including information on both cladding behavior and fuel
behavior. The generated information will cover a parameter range which
generally envelops the environmental conditions for blanket rods (e.g.,
temperatures, fluences, flux, burnup, sodium velocities). However,
some blanket parameters (e.g., the long radial blanket operating time) are
not enveloped and must be addressed by supplementary means. Table

51 Q.241.74-1 (see the response to Question 241.74) identifies technical
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information obtained from fuel rod development that.is: applicable to
areas of technical uncertainty for blanket rods. This table also shows
how the information is supplemented by approved blanket rod irradiation
tests designated as WBA-20, WBA-21, WBA-40 and WBA-41. The fuel rod
test information and the blanket irradiation tests are also supplemented
by out of reactor tests which are included in Table Q241.74-1 and are
described in Table 4.2-20 of the PSAR.

The cladding materials data and other design information
obtained from the Reference Cladding and Duct Program is incorporated
in the design computer codes which are used for fuel and blanket rod
design. The technical information incorporated in these codes is
listed in Table Q241.74-I and includes:

a Basic Cladding Material Properties (UTS, YS, Rupture Strength)
* Cladding Wastage (inside and outside)
e Cladding Damage and Failure Properties
* Cladding Swelling and Creep

The applicability of these data to blanket rod design will be
assessed separately before submittal of the FSAR. Table.Q241.74-1
also indicates how cladding data are supplemented by blanket rod
irradiation test data. However, even these test programs do not
eliminate the uncertainty caused by extrapolation of.available cladding
performance date from -I0,000 hours to the goal operating time of
n,21,000'hours. Confirmation of the validity of the extrapolation will
be obtained from irradiation of WBA-40 in FFTF, which will test
operation of the CRBRP blanket.

This test and the other planned blanket irradiation tests
were described at the CRBRP Fuel Meeting with NRC, October 13 and 14,
1976 in Bethesda, Maryland. (Additional details on test WBA-20 are
contained in the handout from that meeting entitled "Radial Blanket
Rod Test", H. D. Garkisch.)

4.2.1.5 Testing and Inspection Plans

4.2.1.5.1 Fuel Assembly Design Verification Tests

To verify the adequacy of design features unique to the CRBRP
fuel assembly,*a testing program has been identified. This program
is based upon a thorough review of existing FFTF and LMFBR Base
Technology programs for applicability to CRBRP fuel assembly design.
For example, Table 4.2-18 addresses the application of the FFTF fuel
assembly design verification tests. LMFBR Base Technology programs
such as thosediscussed in subsection 4.2.1.3.1.3 and the National
Irradiation Creep Experiments are expected to provide a better under-
standing of in-reactor behavior and performance potential.. Verification
of the specific CRBRP fuel assembly design would probably not be addressed.
As a result of this assessment, the design verification tests of Table

51 4.2-19 have been identified. It is planned that all out-of-pile test
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data resulting from the design verification program should be
available'prior to final design release and either verify the
adequacy of the design feature in question or dictate required modi-
fications for adequate design conservatism. For test data when not
available prior to the fuel manufacturing release, the information will be
used to limit performance objectives during the initial core operation.

The HEDL PPS terminated transient overpower (HOP) and
undercooling (HUC) tests and the unterminated (up to cladding breach)
transient overpower tests (HUT) that are planned to support CRBRP fuel
rod design are given in the "Plan for NationalVLMFBR Mixed Oxide Fuel
Transient Performance Program" (also referred to as simply Program
Plan). This Program Plan also supports FFTF, advanced oxide system
design and general analytical methods-development. A summary of
transient tests that support CRBRP was provided to NRC in May, 1976.
The impact of this test program and the associated transient testing
schedule on the CRBRP design, is that the experimental data from the
post EBR-II irradiation transient testing program will be utilized
directly to support CRBRP design and FSAR submittal.

The general objectives of the LMFBR Mixed Oxide Fuel Transient
Performance Program relative to CRBRP are as-follows:

l)' To acquire experimental data so that analytical models
describing transient behavior of prototypic fuel and cladding
can be developed and independently verified. The data shall
envelope the expected range in the CRBRP design and
steady-state and transient operational parameters.

2) To provide experimental data so that new or existing
cladding damage models and the associated limits for each
level of damage severity cah be substantiated. Testing
in this category would be aimed at determining the amount
of damage accrued during a specific type of transient
event as well as the allowable limit for a given damage
severity level.- Again, the expected range in CRBRP design
and operational parameters shall be considered.

3) To furnish well-documented experimental data which will
verify the adequacy of the CRBRP fuel rod design to
accommodate design basis transients. Predicted design
margins for CRBRP shall also be experimentally established.

The referenced Program Plan is responsive to the. first two
CRBRP objectives by including activities for transient performance code
and associated analytical models development. Moreover, specific experiments
are included in the Program Plan to provide data to resolve key

51 uncertainties in current analytical models and to provide a wider range
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of integral test conditions for transient performance code development,
calibration and verification. The methods developed must be capable
of analyzing single transients, multiple transients, and post-transients
operation for fuel rod conditions up to and including cladding breach.
Documentation of validated analytic methods is planned to meet
objectives 1 and 2 consistent with CRBRP milestones. Results of
tests that support FFTF and advanced ,oxide fuel designs will also
be used in development of validated analytic methods.

The preliminary testing program and schedule to directly
support objective 3 for CRBRP fuel design is also included in the
Program Plan. Specifically, a set of steady-state irradiation conditions
and a corresponding set of umbrella transients to envelope multiple
testing needs are included in the Program Plan. This testing program
is responsive to the specific CRBRP fuel rod design basis transients
summarized in Table 4.2-59, and the tables and figures referenced
therein. Approximately 25 transient .experiments are planned to envelope
the CRBRP design basis transients. This program is focused upon EBR-II
irradiated fuel rod transient testing in support of the initial cycles
of CRBRP operation. Transient tests will be performed primarily in
TREAT with some testing in an appropriate loss of flow facility. This
CRBRP transient testing program will guide the planning offuture test
programs as follows:

1) Test results will dictate which rod burnup or microstructural
conditions are of primary significance for a given transient
event,

2) Test results will provide severity comparisons so that the
transient testing scope can be limited to a minimum number
of worst events, and

3) Results of pre and post transient examinations in conjunction
with the corresponding transient performance will provide
guidance as to the key fuel or cladding parameters that
must be measured during surveillance.

In summary, the current* CRBRP transient testing program is
responding to CRBRP needs by supplying:

A set of well-documented experimentally-verified design tools
to analyze the response of CRBRP fuel pins to design basis
transients, and

Experimental evidence to demonstrate both the conservatism of
the design analyses and the transient performance limits of
fuel pins in CRBRP

* As knowledge is derived from early tests, the detailed test matrices
in the Program Plan will be updated and changed as necessary to
focus testing efforts on most pressing data needs. NRC will be
advised of the changes.
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4.2.1.5.2 Fuel Assembly Fabrication and Site Examination Quality
Assurance Provisions

A. Fabrication Examination

A comprehensive qual ity assurance program will be employed during all phases
of the fuel assembly fabrication to ensure compliance with design parameters
to a high degree of certainty. During final design, the delalls of the
program were documented as qual 1t conformance Inspection plans. In the
formalization of these plans, all available Regulatory Guides and the DOE
Reactor Development and Technology Standards used for FFTF fuel assembly
fabrication were considered. For the fuel rods, fuel assembly duct tubes and
fuel assembly hardware, dimensional Inspection will typically be 100%. In
Tables 4.2-59A and 4.2-59B are lists of typical inspection characteristics In
the plan for the fuel rod and fuel assembly and their various components.
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B. On-Site Acceptance Tests

To assure that damage during shipping, loading and unloading or from sabotage
has not occurred, a standard Inspection procedure will be performed on every
fuel assembly entering the plant site. Similar to the.inspection for incoming
light water reactor and FFTF assemblies, this procedure consists of:

a. Examination of the shipping container for broken seals, dents,.
penetrations, sheared bolts or any sign of shipment damage and
verification that the shipping container shock Indicators were not
tripped.

b. A standard visual inspection of the assembly for dents, nicks, and
gouges, especially In the area of hexagonal load pad corners, shield
block corners, the Inlet nozzle, piston ring and discrimination post,
and correct assembly Identification by verifying handling socket
Identification, discrimination post geometry and assembly serial
number.

Defects determined during visual examination shall.be photographed and
selective dimensional Inspection of external features shall be performed using
manual general purpose tools that are commercially available. This Inspection
would be performed to determine If defects are of such an Insignificant nature
to be acceptable. A photographic record will be maintained for all accepted
defects.

4.2.1.5.3 Blanket Assembly Planned Design VerQflCtation 1TstA

The Inner and radial blanket assemblies have no equivalent In the FFTF
reactor. The assembly hardware (inlet nozzle, outlet nozzle, and duct) are
similar to the CRBRP core fuel assembly hardware, however, significant
differences between the fuel and radial and Inner blanket assemblies require
the design verification tests presented here. The blanket rods have outside
diameters and fuel pellets which are similar to LWR fuel rods. Thus, this LWR
fuel rod fabrication technology can be used to fabricate and inspect the
blanket rods.
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Planned blanket design verification tests are listed in
Table 4.2-20 along with the activity descriptions and planned completion
dates. These tests will be performed unless data can be obtained
through analysis or from other tests. The load pad strength and duct
bending stiffness test, and rod cladding rupture tests are component
verification tests, determining the strength characteristics of important
blanket components which differ significantly from corresponding core
fuel assembly components. The rod irradiation in EBR-II will verify the
performance of blanket rods in a fast sodium reactor environment.
The performance of the entire blanket rod bundle in a fast sodium reactor
will be tested by the rod bundle irradiation test in FFTF.

4.2.1.5.4 Blanket Assembly Examination Quality Assurance Provisions

A. Fabricator Acceptance Tests

A comprehensive quality assurance program will be employed
during all phases of the blanket assembly fabrication to insure compliance
with design paramaters to a high degree of certainty. The program
is planned to comply with stringent commercial fuel fabrication standards.
The radial blanket fuel pellet characteristics, will be measured using
applicable sampling plans. The blanket rods, ducts and other hardware.will generally have 100% dimensional inspection. Following is a list
of typical inspections and the probable reference techniques specified
(other techniques equal to or better than the listed techniques may
be used):

a. Blanket Fuel Isotopic Content: Applicable sampling plan;
calculated from mass spectrometry for isotopic content and
weight per unit length measurement.

b. Blanket Fuel Pellet Density: Applicable sampling plan;
calculated from dimensional and weight measurements and
thermogravimetry for oxygen-to-metal ratio.

c. Blanket Fuel Pellet Dimensions: Applicable sampling plan;
thermogravimetry.

d. Oxygen-to-Metal Ratio: Applicable sampling plan; thermo-
gravimetry.

e. Blanket Rod Component Placement: 100% radiographic of

upper fuel column.

f. Blanket Rod Dimensions: 100% standard gauging.

g. Blanket Rod End Cap to Cladding Tube Weld: Lot qualification,
metallographic examination, radiography, visual examination,

51 and dimensional examination using go no-go gauge.
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h. Blanket Assembly Duct Tube Material Properties: Applicable lot
sampling; chemical analysis for composition, applicable E-Spec for
grain size, corrosion resistance, tensile testing, and hardness.

I. Blanket Assembly Duct Ultrasonic Inspection: 100%; pulse-echo, In

accordance with applicable E-Spec.

j. Blanket Assembly Duct Dimensions: 100%; standard gauging.

k. Blanket Assembly End Hardware Dimensions: 100%; standard gauging.

B. On-Site Acceptance Tests

To assure that damage during shipping, loading and unloading or from sabotage
has not occurred, a standard Inspection procedure will be performed on every
blanket assembly entering the plant site. This procedure will consist of:

a. Examination of the shipping container for broken seals, penetrations
or any sign of shipment damage and verification that the shipping
container shock Indicators were not tripped.

b. A standard visual Inspection of the assembly for dents, nicks, and
gouges, especially in the area of hexagonal load pad corners, shield
block corners, the inlet nozzle, piston ring, and discrimination post;
handling socket Identification, discrimination post geometry and
assembly serial number. Visual Inspection of accelerometers on the
assembly to confirm that the maximum allowable loads have not been
exceeded.

c. A standard dimensional Inspection shall verify that the assembly
straightness and overall twist are within the drawing tolerances.

Defects determined during visual examination will be photographed and
measured. This Inspection would be performed to determine If defects are of
such an Insignificant nature to be acceptable. A photographic record will be
maintained for all accepted defects.

4.2.1.6 Alternatives and Fallback Positions

Design requirements and limits for fuel and blankets are defined In Section
4.2.1.1.2.2. Currently, two alternative limits are utilized
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W in assessing cladding Integrity during normal, upset and emergency events.
These are: 1) cumulative damage function (CDF) and 2) cladding strain
(calculated as defined in Section 4.2.1.1.2.2). These limits are Intended to
preclude cladding failure. Preliminary verification of the limits and the
techniques utilized In assessing CRBRP fuel and blanket rods against the
limits are summarized In Section 4.2.1.1.2.2 for cladding strain, and Section
V of Reference 58 for the CDF. Further development and verification of these
limits and techniques based on the results of the Irradiation experience
summarized in Section 4.2.1.4 and the tests summarized In Section 4.2.1.5 Is
planned consistent with the schedule for submittal of the FSAR. In addition,
the CRBRP design includes systems that will enable detection and location of
failed fuel (see Section 7.5.5). A preliminary assessment of the performance
of failed fuel Is given In Section 4.2.1.1.3.8 and further data relative to
operation with failed fuel will be available prior to the FSAR from run-
beyond-cladding breach testing In EBR-II.

Within the framework of this overall approach, several alternatives and
fallback positions are available for Implementation If future testing and
analytical efforts do not verify the adequacy of the preliminary design limits
and techniques. Specifically, fallback positions are available In the
following five areas:

1. Design Limits and Techniques

.2. Design Features

3. FFTF Testing

4. CRBRP Surveillance

5. CRBRP Operating Limits

Fallbacks for Design Limits and Techniques

If the CDF and strain limits utilized in preliminary design cannot be
adequately verified for final design purposes, four alternatives are available
as fallbacks. These are:

1. Develop a new analytical technique based on a statistical approach and
empirical data. Consistent with the event classification and cladding
damage severity limits given in Table 15.1.2-1, a small fraction of fuel
rod cladding failures are permitted during emergency events.

4.2-116
Amend. 65
Feb. 1982



2. Reduce the allowable CDF'and/or strain limit downward as
required to conservatively envelop future test results.

3. Adopt completely either the CDF or the strain limit if the
other cannot be verified.

4. Develop a new design criterion based on either an analytical or
empirical approach.

These fallbacks will be implemented as required during the

evolutionary design process prior to FSAR submittal.

Fallbacks for Design Features

The results of ongoing and planned tests can also be used
to adjust features of the design. Figure 4.2-35A illustrates the
relationship between the current design and licensing schedules and
provides several examples of.design features that could be adjusted as
a result of ongoing tests. Such changes will be considered during
the evolutionary design process that extends to a release to initiate
fabrication of the CRBRP first core fuel.

Testing and Operational Fallbacks

The final three areas in which fallback positions are
available involve FFTF testing and CRBRP operation and surveillance. /
Driver core assemblies, surveillance assemblies, and test assemblies
in FFTF will provide significant experience and data on the performance

of reference LMFBR fuel. Although these data will not be available
until after fabrication of CRBRP first core fuel has begun, they will
be available for FSAR submittal and review. The data can be used to
confirm previous results, resolve any remaining issues and reduce
uncertainties and design allowances.

Data derived from surveillance of CRBRP operations and core
assemblies can also be utilized as a fallback if the design limits and
techniques cannot be completely verified prior to CRBRP operation (see
Section 4.2.1.1.4). Such data can be used for final verification
of overall performance; verification of the effects on perform-
ance, of differences between actual operating conditions and those used
in design evaluations and development.tests, and reduction of uncertain-
ties.and allowances.

As a final fallback, the CRBRP operating limits can be
adjusted. Reactor power, allowable fuel burnup, and operating temperature
(either as a. function of power or through the use of values measured
during operation) can be adjusted consistent with the extent to which
the design limits are verified.
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Numerous combinations exist for the implementation of these final three
failback positions. In addition, the extent to which they are needed for
verification purposes cannot be accurately assessed until final design and the

.ongoing and planned testing Is completed. Plans to utilize these fallbacks
for verification or to Increase the ultimate operational limits for the
reactor will be prepared on a schedule consistent with that for preparation of
the FSAR.

4.2.2 Reactor Vessel Internals

4.2.2.1 DnanRasesJ•

4.2.2.1.1 Functional Requirements

Two major assemblies form the reactor Internal s support structure. These are
the multiple component lower internals structure (LIS) and the multiple
component upper Internals structure (UIS). An additional major system Is the
core restraint system (CRS), which consists of the core formers and the
removable'radial shielding.

The lower Internals structure consists of the core support structure, lower
Inlet modules, bypass flow modules, fixed radial shielding, fuel transfer and
storage assembly, and horizontal baffle. Support for the core formers of the
core restraint system is provided by the lower internals structure.

The following are primary functional requirements for these components. Also
Included are the maintainabil ity and surveillance requirements.

4.2.2.1.1.1 Core Support Structure

The core support structure consists of the core plate, the core barrel, and
the module liners. The core plate and support cone form the upper surface of
the inlet plenum, provide the structure for the upper surface of the Inlet
plenum and provide the structure for the support of the core. The core barrel
encloses the core and provides a base for the core former rings. The core
support structure Is welded to the support cone which is an Integral part of
the reactor vessel. The Core Support Structure to Core Support Cone and Core
Support Cone to Reactor Vessel Welds are both in an area where the temperature
is below 800OF and therefore the high temperature ASME Code Criteria Is not
appl icable. The welds made to the Core Support Cone were analyzed util izing
the ASME Code Criteria and Material Allowables. As a permanent structure, It
must be designed for the "stretch" conditions* and have a design life of 30
years. The core support structure has the following principal functional
requirements:

a) Provide support for the weight of the core assemblies, lower inlet
modules, bypass flow modules, fuel transfer and storage assembly,
horizontal baffle, fixed radial shielding, removable radial shielding,
spacers and core formers.

*See Section 1 .1
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b) Transmit reaction loads due to pressure differences, weights
and seismic disturbances to the interface with the reactor
vessel.

c) Withstand all specified loading conditions without exceeding
the design primary and secondary stress limits for the
appropriate loading categories as specified in Section III
of the 1974 Edition of the ASME Boiler and Pressure Vessel
Code.

d) Provide the foundation for vertical and horizontal restraint of

581 the core and removable radial shield assemblies.

e) Control (limit) axial deflections of the core relative to the
control rods, which are supported by the reactor closure head.

581 f) Provide a stable base for the core former structure.

g) Provide, together with features of the upper internal structure
and the core former structure, adequate alignment between the

581 upper and lower internals.

h). Provide features to preclude major flow blockage at the module
liner inlet.

581 i) Distribute coolant to the lower inlet modules and bypass flow
modules which distribute the coolant to the reactor assemblies.

j) Distribute coolant to the fuel transfer and storage assembly,
and to provide the coolant for the reactor vessel/liner
annulus.

k) Provide features to minimize gas entrapment during sodium fill.

1) Provide interface features with the horizontal baffle for the
degree of sealing required to limit the metal temperature of

581 the core barrel below the horizontal baffle.

581 m) Limit the maximum deflection of the CSS to 0.150 inch upward,
under the maximum design AP.

4.2.2.1.1.2 Lower Inlet Modules (LIM)

The lower inlet modules are removable components of the lower
581 internals structure (see Figure 4.2-40). They are designed to fit into

and seal with the core support structure module liners with strainer
holes in the modules aligning with coolant slots in the liners. Each
module directs the coolant flow to seven reactor assemblies which could
consist of fuel, control, blanket, and removable radial shielding assemblies

51 and combinations thereof depending on core location. There are a total of 61
modules, the outer 24 of which will be designed to divert flow by bypass
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orifices to provide coolant flow to the bypass flow module/removable
radial shielding and the core barrel/reactor vessel annulus. Although
the modules are 30 year life components, they will be designed to be
removable. The inlet modules have the. following.principal functional
requirements:

a) Support, vertically position and restrain downward, position
and restrain horizontally the reactor assemblies during assembly,
operation and refueling of the reactor using hydraulic
balance features where required.

b) Distribute and provide coolant to the various reactor assemblies
(fuel assemblies, blanket assemblies, control rod assemblies,
and removable radial shielding)..

c) Provide a source of low pressure bypass coolant to the bypass
flow. module/removable radial shield assemblies and the core
barrel/reactor vessel annulus.

d) Provide features to assure correct placement of the reactor
assemblies in a safe location.

e) Maintain a pressure boundary between the high pressure region
and low pressure region within the reactor vessel and limit
the leakage flow across-the boundary.

f) Provide a low impedance flow path through the LIM for the Secon-
dary Control Rod System bypass flow.

g) Provide retention of loose debris greater than 0.25 in. in
diameter to preclude blockage of the reactor assembly rod
bundles.

h) Provide for the retention of the modules during normal reactor
operation using hydraulic balance features where required.

i) *Assure that the LIM can be removed through the Upper Internals
Structure and the IVTM port.

j) Maintain nominal primary coolant flow and preclude any adverse
change of flow paths.

k) Provide a capability to use multiple coolant flow sources in the
core support structure module liner.

4.2.2.1.1.3 Bypass Flow Modules

The Bypass .Flow Modules (BPFM) shown in Figure 4.2-41A, are
supported by the Core Support Structure (CSS). The BPFM supports and
positions the Fixed Radial Shield (FRS) and Removable Radial Shield (RRS)
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assemblies. The BPFM is designed as a permanent component. The BPFM
receives low pressure coolant from the inlet modules and distributes the
coolant to the RRS assemblies. A total of 6 BPFM provides a flow to a
total of 264 RRS and each is designed to meet the following-functional
requirements.

a) Support and position a total of 44 removable radial shield
assemblies per module during reactor assembly, operation,
and refueling.

b) Distribute and provide coolant to each of the radial shield
assemblies supported.

c) Provide features to insure placement of only removable radial
shield assemblies into any of the receptacles in the bypass

flow modules.

d) Provide a redundant flow path for the coolant which feeds the
RRS assemblies.

e) Support and position the Fixed Radial Shield (FRS).

f) Provide a thirty year life (22.5 full power years) with no
planned maintenanceý

4.2.2.1.1.4 Fixed Radial Shielding

The fixed radial shielding is located inside the core barrel
beyond the radius of the removable radial shielding and rests on the
bypass flow module and beneath the lower core former. The fixed radial
shielding is designed for the 30 year plant life. The functional
requirements for this component are:

a) Provide in conjunction with the removable radial shielding
assemblies, radiation protection for the core barrel and
reactor vessel. This shielding will contribute to the overall
reactor shielding system. The minimum ductility provided by
the combination of the fixed and removable radial shielding is
10% residual ductility for the core barrel and reactor vessel.
This value is based on the total elongation at end of design
life and includes effects due to stretch conditions.

b) Operate for a thirty year life at seventy-five percent plant
capacity factor. The minimum ductility limit (based on total
elongation) for the fixed radial shielding is 10%.

571 51,
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14.2.2.1.1.5 Fuel Transfer and Storaqe Assembly

Reactor refueling requires bringing new fuel into the reactor
vessel and removing the spent fuel. The fuel is brought in and out
through the vessel head by the ex-vessel transfer machine. A transfer
position is required so that the ex-vessel machine can decouple and move
out of the way so that the in-vessel transfer machine can grapple the
assembly and continue the fuel handling operation.

Operational flexibility in scheduling fuel replacement requires
the capability for interim storage of two irradiated fuel assemblies.

Accumulation of material property trend data requires a position
for exposing the surveillance specimens to the appropriate environmental
conditions.

The above needs are met by the fuel transfer and storage assembly
the following principal functional requirements:which has

58 51

a) Provide features which allow cooling of the stored fuel
assemblies.

b) Provide interface features that minimize leakage with the
horizontal baffle.

*c) Provide support for the weight of the core component pot,
stored core components and surveillance specimens and fixtures.

Amend. 58
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4.2.2.1.1.6 Horizontal Baffle

The horizontal baffle forms the upper boundary of the core barrel/
reactor vessel annulus and physically separates the hot sodium in the
outlet plenum from the cooler bypass flow sodium in the core barrel/reactor
vessel annulus. The horizontal baffle has the following functional,
requirements:

a) Limit heat flow from the outlet plenum sodium to the
core barrel/reactor vessel annulus sodium to an
acceptable level.

b) Form an effective hydraulic barrier between the. core
barrel/reactor vessel annulus sodium and the outlet
plenum sodium.

c) Insure that temperature oscillations on metal surfaces
in or adjacent to the coolant flow paths are .
compatible with the horizontal baffle service life )
requirements.

d) Deleted

e) Position and support-the upper end of the fuel transfer
and storage assembly.

f) Provide a guide for entry of the core component pot
and passage of sodium from the outlet plenum into the
fuel transfer and storage assembly.

g) Provide a thirty year service life (22.5 full power
years) with no scheduled maintenance..

h) Transmit the IVTM and EVTM transient mechanical loads
from the fuel transfer and storage assembly to the
core support structure and reactor vessel thermal liner.

i). Provide access through the horizontal baffle base plate
into the core barrel/reactor vessel annulus.

Amend. 58: . 0
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4.2.2.1.1.7 Upper Internals Structure (UIS)

The upper internals structure* is located in the reactor outlet
plenum immediately above the core. This is an area characterized by a
demanding thermal fluids environment. The structure must be designed
to perform satisfactorily in this environment for the design life of
30 years while meeting the following functional requirements:

a) Provide secondary core holddown for the fuel, blanket,
and control assemblies.

b) Provide support for routing reactor system instrumentation
including that to selected fuel and blanket assemblies.

c) Assure alignment of the control rod shroud tubes in the
upper internals structure with the control rod ducts in
the core.

d) Provide means for ducting the core effluent to the upper
regions of the outlet plenum so as to effectively mitigate
stratification during the scram transient, and to promote
mixing during normal operational sequences.

e) Protect the control rod drivelines from potential flow induced
vibration excitation from cross flow in the outlet plenum.

f). Provide for mounting of the control rod scram arrest dashpots,
and for reaction of the associated scram arrest loading.

g) Provide access to the core to allow the withdrawal of a core
support structure inlet module.

h) Provide upper internals structure jacking mechanism (UISJM)
mounted on the Intermediate Rotating Plug (IRP), which will
engage with the upper internals support columns and lift
the upper internals structure to permit rotation for refueling.

S i) Provide shielding approximating that of the uninterrupted
head for the penetrations of the upper internalsstructure

58 support columns through the intermediate rotating plug.

-Forthe sake of continuity and completeness, the UIS jacking mechanism
• 51 is included herein with the UIS.

Amend. 58
4 2-19A Nov. 1980



J) Provide the penetration of the IRP by the upper internals structure
columns with seals and above the head shielding, so as to limit the
irradiation dose to the head access area to be compatible with a total
head dose rate of 25 mREM/hr.

k) Provide a source of material for surveillance of the upper internals
str ucture.

I) Provide for the routing and support of the diagnostic instrumentation
required for initial confirmation of the satisfactory performance of
both the upper Internals structure and the.. outlet plenum flow control
features.

m) Key the upper Internals structure, to the core barrel1 such that the

lateral movement is limited.

-4.2.2.1.1.8 Core Restraint System

The core radial restraint system is comprised of formers mounted on rings In
the core barrel, and all the core assemblies supported within those formers.
Design of the system is based on the limited free bow concept. Since it is
not economically feasible to replace the core restraint system formers during
the life of the plant, these components shall be designed for a 30 year life.
Principal functional requirements to the core restraint system are as follows:

a) Provide means for the control of core motion so that it is both
predictable and safe.

b) The reactivity feedback attributable to the core restraint system .

shall be such that Criteria 9 and 10 are satisfied for reactor power
range operations.

c) Limit the potential magnitude of core compaction (and the resulting
reactivity insertion) due to postulated stickslip motion to less than
allowable values which assure that the fuel and cladding will not be
damaged. The allowable step reactivity Insertion magnitude Is 601 at
full power, and 85e at hot standby (5% power).

d) Provision shall be made for release of core restraint inter-assembly
loads, such that refueling insertion and withdrawal loads will not
exceed 1000 lbs., including the buoyant weight of the assembly being
handled.

e) With the core In the refueling configuration, all core components
handling sockets must be positioned within plus or minus 0.58 Inches
of true position.

U
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f) The core restraint system shall position the upper end of the
control assembly ducts to within plus or minus 0.53 inches of
true position.

g) Positioning control of the fuel assembly duct nozzles shall
be such as to minimize lateral hydrodynamic forces imposed on
the upper internals structure instrumentation posts.

h) The core restraint system shall be designed to prevent a
general condition of duct-to-duct contact in the active core
region.

i) The design life for the core formers is 30 years for the 75%
plant capacity factor.

j) Design of the core restraint system shall be consistent with
annual refueling.

k) The dynamic radial deflection of the inner profile of the Upper
Core Former (UCF) shall be less than + 0.100 inch, relative
to the UCF centerline during an SSE or OBE event.

1) The Lower Core. Former (LCF) radial deflection relative to
the LCF centerline during an SSE or OBE shall be limited to
less than + 0.100 inch.

m) Provide vertical load reaction to the core barrel.

51
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4.2.2.1.1.9 Removable Radial Shield (RES)

The removable radial shield assemblies are core assemblies (see Figure 4.2-43) )
which mechanically Interface with the radial blanket assemblies, the core
former structure, the lower Inlet modules, the bypass flow modules, and the
upper Internals. These assemblies have the following functional requirements:

a) Provide radiation shielding to ensure the structural integrity of the
reactor permanent components beyond the radius of the RRS for 30 years.

b) Provide a compact structural unit that can be handled In and out of the
reactor by the normal fuel handling equipment.

c) Transmit lateral core restraint loads without contributing significantly
to the magnitude of these loads.

d) Provide flow paths for cooling of the RRS to preserve structural
Integrity.

e) Provide a means for locating surveillance specimens In the RRS and a

method for their expedient recovery.

The bases for these requirements are described In 4.2.2.1.2.9.

4.2.2.1.1.10 Core Former Structure (CFS)

The Core Former Structure provides the restraint to limit the bowing of the
core assemblies for the Core Restraint System. The CFS consists of the Upper
Core Former, the Support Ring, the Lower Core Former, keyway Inserts and
azimuthal spacers. The CFS has the following functional requirements:

a) Provide peripheral constraint for the reactor core assemblies.

b) Provide lateral location and restraint for the lower end of the Upper
Internal s Structure.

c) Transmit the applied loads from the reactor core assemblies and the
Upper Internals Structure to the Core Barrel Including upward vertical
loads.

d) Provide a structural attachment for the Fixed Radial Shield.

e) Provide a temporary vertical support for the Upper Internals
Structure.
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581 4.2.2.1.1.11 Maintainability

The structures must be designed to facilitate sodium drainage.

Any structure or assembly which may ultimately require removal
from the reactor vessel for maintenance or inspection must be removable
through the head openings and must be provided with lifting lugs or
fixtures for use during these operations.

581 4.2.2.1.1.12 Surveillance

Irradiation damage data for specific locations is required such
.that changes in material properties can be monitored. Material surveillance
coupons will be located such that accelerated irradiation data is available
at the time of normal coupon inspection for a particular component/location
of interest. This will enable a potential deteriorating condition to be
detected before the next scheduled coupon inspection.

581 4.2.2.1.1.13 Margin Beyond The Design Base, Considerations

In addition to the functional requirements discussed previously,
the core support structure and horizontal baffle shall be designed to
satisfy the margin beyond design basis considerations of CRBRP-3
(Reference 10 of Section 1.6). Structural Margin Beyond Design Base
(SMBDB) is not a design loading condition. However, it represents addi-
tional requirements to provide margin for highly improbable loading
conditions. These loads are postulated to arise from a core related event
during normal full power operation, independent of any other event.

4.2.2.1.2 Bases for Functional Requirements

Bases for the requirements of Section 4.2.2.1.1 are given below:

4.2.2.1.2.1 Core Support Structure

a) Requirement - Provide support for the weight of the core assemblies
inlet modules, bypass flow modules, fuel transfer and storage
assembly, horizontal baffle, fixed radial shielding, removable
radial shielding, spacers and core formers.

Bases - Self evident.

b) Requirement - Transmit reaction loads due to pressure differences,
weights and seismic disturbances to the interface with the
reactor vessel.

51 Bases - Self evident.
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581 c) Requirement -. Withstand all specified loadinq conditions without
exceeding the design primary and secondary stress limits for
the appropriate loading categories as specified in Section III

581 of the 1974 edition of the ASME Boiler and Pressure Vess&l
Code.

Bases - The various load combinations produce deflections of
the CSS core plate and core barrel. The resulting deflections
can be evaluated for their suitability so long as the structure
returns to its zero position when the loads are removed.
However, if yielding occurs the zero position and'thus maximum
deflection positions would be indeterminate and thus the
predicted reactivity changes and relative clearances would be
indeterminate. Thus, the CSS must be designed such that the
primary stresses throughout the structure are below the
material yield.

d) Requirement - Provide the foundation for vertical and horizontal

581 restraint of the core and removable radial shield assemblies.

Bases -. Internally or externally induced loads on the core (fuel,
control and blanket assemblies) and removable shield assemblies
would result in motions of-these components which could have
adverse reactivity effects unless the motion is limited by' a
stable base inboth the vertical and horizontal positions. The
CSS core plate and core ba'rrel must be designed to limit these
motions such that the resulting clearances of the control rod
and control rod drive remainsufficient to provide reliable
scram capability.

e) Requirement - Control (limit) axial deflections of the core relative
581 to the control rods, which are supported by the reactor closure head.

Bases - Vertical pressure and/or mechanical loading causes the
CSS to deflect vertically relative to the reactor vessel head.
The fuel assemblies, which are supported by the CSS, move
vertically with the CSS. The control rods however are supported
from the reactor vessel head and thus do not move with the CSS.
Deflections of the CSS produces differential axial motion of
the core relative to the control rods, thereby producing a
reactivity change in the core. The CSS must be designed to
limit axial motion such that the resulting reactivity change
does not result in exceeding the fuel damage limits for an
upset event.
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f) Requirement- Provide a stable base for the core former rings.

Bases - The core former rings are positioned by the core barrel.
The location and rigidity is critical as it limits the radial
motion of the core. All transverse loads from the core are
transmitted through the core former rings to the core barrel.

g) Requirement - Provide together with features of the upper
581 internals structure and the core former structure, adequate alignment

between the upper and lower internals.

Bases - Operation of the control rod driveline system is dependent
on the alignment of the control rod guide tubes in the upper
internal structure and the control assemblies located in the
core support structure by the core plate and the core restraint
system.

Monitoring of the outlet flow temperature from core assemblies
is done by instrumentation located in the flow ducts of the
upper internals structure. Accuracy of measurement is
dependent on the alignment of these flow ducts with their
respective core assembly outlet nozzles.

h) Requirement - Provide features to preclude major flow blockage
at the module liner inlet.

Bases - Blockage of coolant to the inlet module can create a
hazardous condition by starving any one or more of the core
assemblies within the module. This could occur regardless of
the precautions taken during assembly and construction. Thus
the CSS should have design features capable of capturing and
retaining loose debris, upstream of the module inlet.

581 i) Requirement - Distribute coolant to the lower inlet modules and
bypass flow modules which distribute the coolant to the reactor
assemblies.

Bases- Adequate coolant is required to all reactor assemblies
so that requirements on upper temperature limits on the various
materials are not exceeded.

A relatively uniform flow is required at the inlet to fuel and
blanket core zones.

j) Requirement - Distribute coolant to the fuel transfer and storage
assembly, and provide the coolant for the reactor vessel/liner

581 51 annulus.
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Bases - Remove decay heat generated by the storage of irradiated
reactor assemblies, and provide coolant for the annulus
between the reactor vessel and vessel thermal liner to limit
the maximum temperature of the reactor vessel wall to an
acceptable value.

k) Requirement - Provide features to minimize gas entrapment during
sodium refill.

Bases - If allowed to accumulate in the inlet plenum, trapped
gas could be carried into the coolant stream and cause temporary
coolant starvation to reactor assemblies. This would possibly
overheat fuel cladding material beyond its upper temperature
limit.

1) Requirement - Provide interface features with the horizontal

baffle for the degree of-sealing required to limit the metal

581 temperature of the core barrel below the horizontal baffle.

Bases - It is required that the core barrel temperature be at,
or. close to, the temperature of the adjacent core former rings
to maintain the lateral location of the reactor assemblies.
To meet this requirement, only inlet/bypass coolant can be
in direct contact with the outside profile of the core barrel.

581 m) Requirement - Limit the maximum deflection of the CSS to 0.150
inch upward under the maximum AP.

Bases - The maximum step reactivity insertion due to a downward
deflection of 0.150 inches of the CCS plate is worth 17ý. For
a 170 step reactivity insertion at full power, the hoý channel
maximum cladding temperature increase is less than 20 F.

4.2.2.1.2;2 Lower Inlet Modules

a) Requirement - Support, vertically position and restrain downward,
and position and restrain horizontally the reactor assemblies
during assembly, operation, and refueling of the reactor using
hydraulic balance features where required.

Bases - The pressure difference between the inlet and outlet
plena is sufficient to raise some reactor assemblies from their
required location. The function of the hydraulic balance
system is to equalize (balance) the pressure forces on the
fuel and blanket assemblies so that the there is little or
no lifting force. This design.approach elimi-nates the need
of a mechanical restraint to assure positive downward load

51 and facilitates the removal and installation of reactor assemblies.
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In the LIM design the criterion to be used is that the minimum
net axial restraining force shall be downward and approximately
equal to the buoyant weight of the lightest reactor assembly,
which is the fuel assembly (387 lb. in Na.).

It is intended to use hydraulic balance when the combination of
dead weight buoyancy and hydraulic loads produce a force which
does not meet the above criterion. To. facilitate design and
fabrication, hydraulic balance will not be utilized for
restraint of the radial blanket and removable radial shield
assemblies where the criterion is met.

Control of reactor criticality requires accurate vertical and
horizontal positioning of the reactor assemblies during assembly,
operating and refueling.

b) Requirement - Distribute and provide coolant to the various
reactor assemblies (fuel assemblies, blanket assemblies, control
rod assemblies and removable radial shielding).

Bases - The core location-of each LIM dictates its coolant flow
requirements. The modules provide flow control to radial blanket
and removable radial shield assemblies by orificing. Coolant flow

5is delivered to the fuel, blanket, control and removable radial shield
. 58 •assemblies through various passages within the LIM.

c) Requirement - Provide a source of low pressure bypass coolant
to the bypass flow module removable radial shielding assemblies
and the core barrel/reactor vessel annulus.

Bases - Components encompassing the core must be cooled to
limit their temperatures to acceptable values. The coolant
passages from the inlet plenum to these components is via the
CSS and peripheral modules.

d) Requirement - Provide features to assure correct placement
of the reactor assemblies in a safe location..

Bases - The various reactor assemblies are required to be in
discrete locations within the core to meetnuclear requirements
and assure adequate cooling. Thus the LIMs will.incorporate
pin alignment devices to assure proper azimuthal orientation
of the modules. Various discriminators will be assembled into
each reactor assembly receptacle to ensure that only those
assemblies can be interchanged which will not result in an
undercooled assembly. The discriminators will.have "no go"
devices such that they will limit axial travel and prevent

51 "seating" of an assembly when in an improper core location.0
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e) Requlrement - Maintain a pressure boundary between the high pressure 7region and low pressure region within the reactor vessel and limit the
leakage flow across the boundary..

Bases- Flow leakage must be limited to ensure adequate flow of
coolant to the fuel assemblies. The LIM is a 30 year component
designed to be removable and yet it must maintain a pressure boundary
between the high and low pressure regions. Therefore, where
differential movement is expected between mating parts due to either
thermal expansion or mechanical loads, dynamic sealing devices must be
incorporated. Thus, the module will be designed to insure sealing
utilizing piston rings and/or other sealing devices within the state
of the art that can be used in the reactor environment.

f) Requirement - Provide a low impedance flow path through the LIM for
the Secondary Control Rod System bypass flow.,

Bases- The secondary control rod system (SCRS) provides a back-up
shutdown capability and utilizes a hydraulic assist for Insertion of
the control rod. Approximately 73 percent of the coolant flow is
redirected downward to the module providing a large pressure drop
across a piston attached to the control assembly. This pressure drop
across the piston provides the Insertion force required to assist
Insertion of the secondary control rods during a SCRAM. Therefore,
the LIMs containing SCRSs will incorporate flow conduits designed to
minimize flow losses through the module to the low pressure region in
the CSS.

g) Requiremen t- Provide retention of loose debris greater than 0.25 in.
in diameter, to preclude blockage of the reactor assembly rod bundles.

Bases - Blockage of coolant flow In fuel assemblies cancreate a
hazardouscondition. Should loose debris be present during reactor
operation despite the precautions taken during reactor construction
and sodium fill, the LIM will trap loose debris greater than 0.25 in.
diameter and prevent a flow blockage by means of strainer holes
incorporated into the module stem.

h) Requirement - Provide for the retention of the modules during normal
reactor operation using hydraulic balance features where required.

Bases - It is desirable that no mechanical devices be used for
retaining the LIM. in the core support structure. Such devices

9

Amend. 76
4.2-133 March 1983



are difficult to engage or disengage with remote handling
•equipment and would impair the module removal capability. The
use of a hydraulic balance module retention feature satisfied
this requirement.

i) Requirement - Assure that the LIM can be removed through the
Upper Internals Structure and the IVTM port.

Bases - The LIM configuration, dependent on core location, may
not be symmetrical about the longitudinal centerline. The
c.g. eccentricity from this centerline will cause tilting
of the module upon removal and installation. Handling tools
and module design will be such that the module will be
constrained within a dimensional envelope capable of passing
through the most restrictive passage and components such as
the IVTM port. This requirement is necessary in order to
insure that the module-can be removed from the reactor
without the requirement~for major disassembly of the reactor

581 internals.

j) Requirement - Maintain nominal primary coolant flow and preclude

581 any adverse change of flow paths.

Bases - The LIM receptacle flow slot geometry, which interfaces
with reactor assembly inlet nozzle slots, is designed so that
flow is provided to the reactor assemblies in the event of
inadvertent rise of the assemblies due to loss of hydraulic
balance. Also, the strainer hole pattern in the LIM stem is
designed to provide adequate flow through the LIM in the event
of inadvertent rise of the LIM due to loss of its hydraulic
balance.

581 k) Requirement - Provide a capability to use multiple coolant flow
sources in the core support structure module liner.

Bases - The LIM stem is provided with strainer hole pattern
to interface with both the primary and secondary flow parts
in the core support structure module liners.

4.2.2.1.2.3 Bypass Flow Module

-a) Requirement - Support and position a total of 44 removable radial
shield assemblies per module during reactor assembly, operation,
and refueling.

Bases - The shield assemblies as part of the core restraint
system require vertical and horizontal positioning within certain

51 tolerances to assure proper alignment of the core and conse-
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quently control reactor.criticality. In addition, the position
of the removable radial shield assemblies must be such as not to
interfere with insertion and removal of adjacent inner assemblies
(radial blanket assemblies) during initial core loading and
subsequent refueling conditions.

b) Requirement - Distribute and provide coolant to each of the radial
shield assemblies supported.

Bases - Bypass flow provided by the lower inlet modules to each'
of the bypass flow modules is distributed uniformly to the removable
radial shield assemblies through the use of a low pressure plenum.51

51
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581 c) Requirement - Provide features to insure placement of only
removable shield assemblies into any of the receptacles in the
bypass flow modules.

Bases - The fuel assemblies, radial blanket assemblies, and
control assemblies must be prevented from being placed in a
shield assembly location to assure safe operation. Thus a
discrimination feature system will be provided within the
bypass flow module receptacles to preclude the placement of any
of the above core assemblies into a shield assembly location.

d) Requirement - Provide a redundant flow path for the coolant
which feeds the RRS assemblies.

Base - The RRS assemblies must have an adequate coolant flow
to prevent excessive temperatures which could contribute to
increased assembly bowing, creating problems with refueling.
In the unlikely event of flow blockage into one BPFM, the re-
dundant flow passages will allow sufficient coolant flow to

581 that BPFM to keep the RRS assemblies within acceptable tem-
perature ranges.

e) Requirement - Support and position the Fixed Radial Shield
(FRS).

Base - The FRS requires support and positioning in the ver-
tical and horizontal direction within certain tolerances at
the base of the FRS. The BPFM is that component which satis-
fies these requirements.

f) Requirement - Provide a thirty year life (22.5 full years) with
no planned maintenance.

Base - The design of the FRS is such that it will not be re-
moved during the life of the reactor. Subsequently, the BPFM
has to be designed such that it requires no maintenance for the
life of the reactor.
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4.2.2.1.2.4 Fixed Radial Shielding

581

581

361

a) Requirement - Provide in conjunction with the removable
radial shielding, radiation 'protection for
the core barrel and reactor vessel. This shielding will con-
tribute to the overall reactor shielding system. The minimum
ductility assured by the combination of the fixed and removable
radial shielding is 10% residual ductility for the core barrel
and reactor vessel. This value is based on total elongation at
end of design life and includes effects due to stretch
conditions.

Bases - The combination of removable and fixed radial shielding
must assure that the core barrel and reactor vessel remain
within ductile limits stated above. Should the ductility of the
material drop below the 10% level the ability of the material
to yield locally would be reduced. The lack of residual
ductility would add uncertainty to the integrity of the structure.

The ductility of the structural regions of the core barrel and
reactor vessel must be maintained at a level which will insure
that ductile failure mode analysis used in analyzing the
design remains valid.
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b) Requirement - Operate for a thirty year life at seventy-five
percent plant capacity factor which also includes effects due
to stretch conditions. The minimum ductility limit (based on
total elongation) for the fixed radial shielding is 10%.

58
Bases - The combination of removable and.fixed radial shielding
must be designed such that the fixed radial shielding remains

58 ductile within the limit stated above. The ability Of the
material to yield locally would be reduced if the ductility of

58I the material dropped below the stated limit. This situation
would produce uncertainties concerning the integrityof the
structure.

The ductility of the structural regions of the fixed radial
shielding must be maintained at a level which will insure that
the ductile failure mode analysis used in analyzing the design
remains valid.

4.2.2.1.2.5 Fuel Transfer and Storage Assembly

a) Requirement - Provide features which allow cooling of the stored
fuel assemblies.

Bases - The removed fuel assembly cannot be allowed to increase
in temperature such that the gas pressure would build up and
result in cladding failure. Additionally, a removed fuel
assembly inherently contains useful information which could be
compromised or destroyed if the fuel temperature subsequent to
removal is permitted to exceed significantly the peak operating
temperature. Thermal analysis has indicated: that cooling of
the transfer and storage assembly is required to remove the
heat generated in a spent fuel assembly. Note that during normal
refueling operations, no core assembly may be stored in the
FT&SA while another assembly is being inserted or withdrawn from

58 an in-core location.

b) Requirement - Provide interface features that minimize leakage
with the horizontal baffle.

Bases - The outlet plenum is filled with the. hot core effluent,
while the plenum underneath the horizontal baffle is filled with
the cooler core inlet sodium. The upper portion of the fuel
transfer and storage assembly is a part of the horizontal baffle
and provides the guidance for insertion of the core component

51 pot and the stored fuel into the fuel transfer and storage
assembly. If significant leakage flow were permitted in between
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the fuel transfer and storage assembly and the horizontal baffle
it could lead to possible insufficient material fatigue strengths
to withstand the potential hot and cold flow oscillation sweeping
the interface surfaces between the horizontal baffle and the
fuel transfer and storage assembly.

c) Requirement - Provide support for the weight of the core component
pot, stored core components and surveillance specimens and fixtures.

Bases - Self evident
58

4.2.2.1.2.6 Horizontal Baffle

a) Requirement - Limit heat flow from the outlet plenum sodium to
the core barrel/reactor vessel annulus sodium to an acceptable
level.

Bases -Bypass flow in the core barrel/reactor vessel annulus
cools components within and on the periphery of the annulus as
well as the vessel and vessel liner. Therefore, heat flow
across the baffle must be within limits which will provide
acceptable bypass cooling flow temperature to components which
utilize bypass flow for cooling.

b) Requirement - Form an effective hydraulic barrier between the
581 core barrel/reactor vessel annulus sodium and the outletplenum sodium.

Bases - Random mixing of hot sodium flowing through and exiting
through the fuel region and sodium rising in the annulus between
the core barrel and the reactor vessel creates unstable flow
conditions characterized by thermal plumes and/or widespread
turbulence. In addition, bypass flow must be directed to provide
coolant to the reactor vessel and liner above the baffle.

c) Requirement - Insure that temperature oscillations on metal
surfaces in or adjacent to'the coolant flow paths are compatible
with the horizontal baffle service life requirements.

Bases - Thermal stratification exists in the flow exiting the
core. The flow through the radial blanket will be cooler than
that in the main core region. The radial blanket flow will
tend to be split off at elevation just above the core barrel
(base of the UIS) This cooler flow will mix with that circula-

51 ting in the outlet plenum, and thermal striping can result.
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d) Deleted

491

e) Requirement - Position and support the upper end of the fuel
*transfer and storage assembly.

Bases - The upper end of the FT&SA must be located accurately
both circumferentially and radially ona designated arc
concentric with the reactor core vertical centerline.

f) Requirement - Provide a guide for entry of the core component
pot and passage of sodium from the outlet plenum into the
fuel transfer and storage assembly.

Bases - Guidance for the entry of the core component pot into
the fuel transfer and storage assembly must be provided to
permit in-core fuel transfer apparatus to correct for low
order misalignment during fuel transfer and storage operations.

g) Requirement - Provide a thirty year service life (22.5 full

581• power years) with no scheduled maintenance.

Bases - The horizontal baffle must operate in the reactor
environment for this period of time without failure as this
component cannot he replaced or fully inspected.

.h) Requirement - Transmit the IVTM and EVTM transient mechanical
loads-from the FT&SA to the core support structure and reactor
vessel thermal liner.

Bases - The In-Vessel Transfer Machine (IVTM) will transport
a reactor assembly to the fuel transfer and storage assembly
area, align the reactor assembly with a core component pot
(CCP) and insert the assembly into the CCP. The grapple
device holding the reactor assembly will contact the upper
surface.of the FT&SA inlet port nozzle on the horizontal
baffle and overtravel vertically downward to actuate a release
mechanism in the IVTM grapple. The Ex-Vessel Transfer Machine
(EVTM) could misalign slightly and a core component pot hit

58.1 the:FT&SA inlet port nozzle.

Amend. 58
Nov. 1980

4.2-140



S ) Requirement - Provide access through the horizontal baffle base
plate for access to the core barrel/reactor vessel annulus.

Bases.- Access to the core barrel/reactor vessel annulus is
required for in-service inspection.

4.2.2.1.2.7 Upper Internals Structure

a) Requirement - Provide secondary core holddown for the fuel, blanket,
and control assemblies.

Bases - It is possible to postulate mechanisms which would result
in the core moving upwards within the core barrel. Among the
mechanisms of concern is gradual undetected loss of hydraulic
holddown (although no cause for such an event has been identified).
Were this vertical motion to occur then it is possible to postu-
late sudden downward motion of the core in response to a
seismic event. The amount of downward motion acceptable is
governed by the resulting reactivity insertion and the associated
effect on fuel damage. The upper internals holddown is required
to limit the maximum possible upward motion of the core such that
the sudden downward motion of the same magnitude will not result
in the core damage limits being exceeded.

b) Requirement - Provide support for routing reactor system instru-
mentation including that to selected fuel and blanket assemblies.

Bases - Above core thermocouples are required for monitoring
and verification of acceptable core performance. Practical
considerations of thermocouple replacement requires the use of
dry-well housing tubes. Provision is being made to position

,a thermocouple over selected fuel and blanket assemblies to
provide both surveillance/diagnostic information and reactor
control.

c) Requirement Assure alignment of the control rod guide tubes
in the upper internals structure with the control rod ducts
in the core.

Bases - The control rod driveline passes through the upper
internals structure and into the core. Lateral displacement of
the upper internals structure relative to the core could cause
structural loading between, the driveline and the interfacing
components. The frictional component of these loads retards
rod insertion.: Therefore, this effect must be controlled. In
part, this control is achieved by limiting the lateral displacement
of the upper internals structure relative to the core. The allowable
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alignment error between the upper internals structure and the
core is determined from the total reactor system alignment
analyses, in which control rod driveline interactions from all
sources are included. The maximum misalignments permitted in
the reactor are shown in Figures 4.2-95A & B. 114

d) Requirement - Provide means for ducting the core effluent to
the upper regions of the outlet plenum so as to effectively
mitigate stratification during the scram transient, and to
promote mixing during normal operational sequences.

Bases- Sodium exiting from the core following the scram is
cooler, and therefore denser than the sodium already in the
outlet plenum. Because of this density difference, it is
possible to postulate a condition in which the cool sodium
settles to the bottom of the outlet plenum, forming a stratified
condition.

At the instant of scram, kinetic energy is stored in the
torodial sodium flow in the outlet plenum, and-analysis
indicates that this kinetic energy will act to promote mixing
of the cool sodium exiting from the core with the hot sodium
already in the outlet plenum via a flywheel effect. The degree
to which this kinetic energy effect will be effective in prevent-
ing flow stratification is at present, unknown. To provide the
required assurance against outlet plenum flow stratification,
the upper internals structure is being designed to promote
mixing. The effective control of stratification is essential
to control the ramp rate of the transients experienced by the
hot leg equipment. This control is required to minimize the
component cumulative damage usage factors.

Since some uncertainty exists as to the behavior of the sodium
in the reactor outlet plenum following a scram transient, flow
stratification tests are planned to provide data which will be
used to verify the effective operation of the upper internals
structure mixing features..

Mixing of sodium streams at different temperatures could produce
cyclic straining in structural members. Stainless steel
components must be protected from this condition (thermal
striping) to minimize accumulation of fatigue damage.

e) Requirement - Protect the control rod drivelines from potential
flow induced vibration excitation from cross flow in the outlet
plenum.
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Bases - Sodium exi.ting.from the core flows vertically upwards
to a plane beneath the suppressor plate where it turns and flows T
radially outwards. Cross flow in this area can cause'flow
induced vibration and unacceptable associated fretting damage
i.n an unprotected control rod driveline. Fretting damage of
this type could impair control rod system performance, and
therefore must not be allowed to occur. The upper internals
structure is required to isolate the control rod driveline from
potential flow induced vibration excitation.by providing shroud
tubes which surround the driveline and isolate it from sodium
cross flow.

f) Requirement - Provide for mounting of the primary control rod
scram arrest dashpots, and for reaction of the associated scram
arrest loading..

Bases - Retardation of the downward velocity of the control rods
following the scram is achieved by the use of sodium filled
dashpots. These dashpots must be positioned in the sodium pool
where they will always be primed, and in a region sufficiently
remote from the core that they will not besignificantly affected
by irradiation induced ductility loss. These twin constraints
placed the dashpots in the region of the upper internals
structure. The structure must provide for positioning and
retention of the dashpots, and also provide a structural path
by which the scram arrest loads may be grounded to the reactor
vessel mounting. )

g) Requirement - Provide-access to the core to allow the withdrawal
of a core support structure inlet module.

Bases - Geometric constraints on the rotating plugs dictate
that the AHM be positioned such that it passes through the
outer region of the upper internals structure. The size of the
opening required in the upper internals structure is dictated
by the functional requirement for inlet module removal and
replacement.

h) Requirement - Provide.upper internals structure jacking mechanisms
mounted on the IRP, which will engage with the upper internal
support columns and lift the upper internals structure to permit
rotation for refueling.

Bases - The upper internals structure has, at its lower end,
k-eys which engage in slots in the upper core former ring during
normal operation. Disengagement of the keys requires the upper
internals structure be lifted vertically. The 9-1/2 inches vertical
lift provided is sufficient to disengage the keys and provide
an adequate working clearance between the upper internals structure
and all projections on the core support structure.
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i) Requirement - Provide shielding approximating that of the unin-
5terrupted'head for the penetrations ofithe upper internals structure

581 support columns through the intermediate rotating plug.

Bases - Radiological design requirements for the head access area
dictate that the dose rates in this area shall not exceed 25
mREM/Hr. In order to meet this dose rate limitation, it is
essential that there be no radiation streaming paths through the
head.

j) Requirement - Provide the penetration of the IRP by the

581 upper internals structure columns with seals and above-head
shielding that limit the radiation dose to the head access area

41 dose rate of 25 mREM/Hr.

Bases - At the upper internals structure head penetrations, the
primary containment boundary is extended upwards in the form of
the UIS jacking mechanism housings. The potential exists for
radioactive cover gas to penetrate the area between the outside
of the upper internals structure support columns and the inside
of the jacking housings. Penetration of radioactive cover gas
to the area above the head must be minimized, since this is a
source of radiation to the head access area. The upper internals

* structure column seals are provided to minimize cover gas leakage.

k) Requirement - Provide a source of material for surveillance of
411 the upper internals structure.

Bases - The design of the upper internals structure is based on
the assumption of ductile behavior in both time-dependent and
time-independent failure modes. Ductility of the material can

47 I be reduced by the leaching of carbon and nitrogen by the dynamic
sodium-environment. Materials evaluations based on relatively
short exposure time tests indicate that ductility loss will not.
be a problem in the upper internals structure. The surveillance
specimens are required to confirm this behavior in the actual
reactor operating environment over the full service life.

1) Requirement - Provide for the routing and support of the diagnostic
instrumentation required for initial confirmation of the satis-
factory performance of both theupper internals structureand the
outlet plenum flow control features.

S
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Bases - The upper internals structure is designed to promote
mixing and control stratification in the outlet plenum. Water
simulation tests, and a small scale sodium test will be used to
provide early confirmation of this aspect of the upper internals
design. It is impossible, however, to fully simulate all aspects
of the CRBR outlet plenum transient behavior in'these tests.
Full simulation will be obtained for the first time during the
initial stages of CRBR operation. Thermocouples strategically
located on the upper:internal structure will monitor outlet
plenum temperatures during the early stages of operation, and
provide confirmation of the effective operation of the upper
internals flow control features.

The upper internals structure may be subject to vibration
excitation by impingement of the core outlet flow and cross flow
in the upper plenum region. The structure is designed to have
the stiffness required to minimize dynamic response to this
excitation. During the design phase, water loop testing of
upper internals structural models will be used to optimize the
design from a vibration viewpoint and confirm acceptable
vibration behavior of the final configuration. Accelerometers
positioned within the CRBR upper internals structure will )
provide confirmation that the upper internals structure
behaves in a manner similar to that predicted from the model
tests.

I
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m) Rgqauirement - Key the upper internals structure to the core barrel
such that the lateral movement Is limited.

Bases - Keying the upper Internals structure to the upper core
restraint former limits the lateral deflection of the lower end of the
upper Internals structure during seismic excitatlon. This deflection
control is essential to satisfactory operation of the control rod
sy stem.

4.2.2.1.2.8 Core Restraint System

a) Requirement - Provide means for the control of core motion so that it
Is both predictable and safe.

Bases - Reactivity feedback In an LMFBR core is sensitive to core
geometric changes. In the case of the CR6RP, uniform radial
compaction of the core Inserts reactivity at the rate of approximately
1/20 per mil of inward motion of the outer core radicl boundary. The
core restraint system is designed such that reactivity Insertions from
this source are sufficiently small so as to produce no damage to the
core components. In addition, core design features are employed which
enhance predictabil ity of core movement and minimize the occurrence of
spurious scrams due to Incremental core motion.

b) Requirement - The reactivity feedback attributable to the core
restraint system shall be such that Criteria 9 and 10 are satisfied
for reactor power range operations.

Bases - Satisfaction of the reactivity related design bases identified
in Criteria 9 and 10 In Section 3.1.3.1.

c) &equirement - Limit the potential magnitude of core compaction (and
the resulting reactivity Insertion) due to postulated stick-slip
motion to less than allowable values which assure that the fuel and
cladding will not be damaged. The allowable step reactivity insertion
magnitude is 60ý at full power and 850 at hot standby (5% power).

B - The important parameters for determining a step reactivity
insertion limit are fuel temperature, cladding temperature,. and sodium
temper ature.
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Analysis presented In Section 15.2.3.3 of this document has shown that
a step reactivity Insertion of 60e at full power will not bring the
fuel centerline temperature to the level that would initiate fuel
melting, will not result In the clad reaching the emergency event
temperature limit of 16000 F, and will not result In sodium boiling In
the hot channel. These results were all achieved simultaneous with
the assumption of an SSE seismic event which retards insertion of the
control rods. An assumed 90U reactivity Insertion 'y contrast does
produce up to 25% melting of the fuel and peak clad temperatures up to
17000 F. A 60e step reactivity, Insertion limit.provides a satisfactory
margin against damage to the core components.

For a step Insertion of 850 at hot standby (5% power) fuel cladding
temperature, fuel temperature, and coolant temperature will not even
reach normal full power temperature levels. Thus no damage would
occur and the reactor would be shut down by the..PPS system.

d) Requirement - Provision shall be made for release of core restraint
Interassembly loads such that refueling insertion and withdrawal loads
will not exceed 1000 lbs., including the buoyant weight of the
assembly being handled.

Bases - This requirement is based on the field experience and
recommendations of engineers with reactor refueling experience. The
requirement for refueling loads to be kept at a low level Is based on
concern for the possible consequences of applying high loads to
adjacent core assemblles scheduled for continued operation in the core
and the reduced ductility of the core assemblies being removed.
Limiting the Insertion and withdrawal loads to 1000 lbs. maximum )
effectively precludes the potential for damage to either the core
assembly being handled or the adjacent core assemblles.

e) ReLiyie - With the core 'In the refueling configuration, all core
component handling sockets must be positioned within +0.58 Inches of
true position.

Bases- The IVTM Is being designed to locate and engage with the core
components when the IVTM grapple head and the core component handling
socket are misaligned by up to 1.75 inches. A conservative scoping
analysis of the potential positioning errors in the IVTM grapple due
to head tolerances, IVTM tolerances, and structural deformations gives
a maximum IVTM grapple position error of +1.1 Inches. This leaves an
additional 0.65 inches for core component handling socket positioning
errors. The core component handling socket positioning

)

4.2-147 Amend. 74
Dec. 1982



requirement is set at +0.58 inches leaving a 70 mil contingency.
allowance that will not be exceeded using the most conservative
assumptions relative to component tolerance stack up and
structural deformation.

f) Requirement - The core restraint system shall position the upper
end of the control assembly ducts to within +0.53 inches of
true position.

Bases - Deviation of the control assembly ducts from their
true position results in clearances between the control rod
driveline and the interfacing structures being reduced. Reduc-
tion of these clearances eventually leads to the generation
of interaction loads between the driveline and the surrounding
structure. The allowable limit to this clearance reduction
is set by the effect that the resulting interaction loads
have on control rod scram insertion times. A conservative
scram dynamics analysis has shown that the +0.53 inch control
assembly positioning error is compatible with acceptable
control rod system scram performance. A larger control rod
duct positioning error may be compatible with acceptable
scram performance. Fixing the maximum allowable control rod
duct positioning error at +0.53 inches represents a conservative
design approach which assures that positioning errors in the
control rod ducts will not impair in any way the functional
capability of the control rod system.

g) Requirement - Positioning control of the fuel assembly duct
nozzles shall be such as to minimize lateral hydrodynamic
forces imposed on the upper internals structure instrumentation
posts.

Bases - Water loop testing of reactor internals dynamic models
has shown impingement of the core effluent jets on the upper
internal structure immediately above the core to be a potential
source of upper internals structure vibration excitation.
The potential for this excitation increases when the jets

53Ij impinge on flat surfaces with hydrodynamic force generating
capability. The UIS instrumentation posts and shroud tubes
have small transverse dimensions and large vertical dimensions
to provide the required bending strength while producing
minimum drag. The requirement for core effluent position
control assures that the main body of the effluent jet will
pass cleanly between the instrumentation posts and shroud
tubes, thereby minimizing the potential for hydrodynamic
force generation.

h) Requirement - The core restraint system shall be designed to
prevent a general condition of duct to duct contact in the

51 active core region.
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Bases - The purpose of this requirement is to assure that the
ncional capability of all core components is preserved. Potential

failure mechanisms associated with a general condition of duct to '.
duct contact are: duct brittle fracture under seismic loading,.
excessive duct deformation with the buildup of large interduct contact
loads and adverse pin bundle-duct interaction. By limiting the degree
of duct-to-duct contact, the functional capability of all core

59 components is preserved.

i) Requirement - The design life for the core formers is 30 years
for the 75% plant capacity factor.

Bases - This requirement assures that the core formers will not need
to be replaced during the design life of the plant. The primary
incentive for this requirement is economic and operational benefits.

j) Requirement - Design of the core restraint system shall be consistent
with annual refueling.

Bases - This requirement provides consistency with established plant
operating guidelines.

k) Requirement - The dynamic radial deflection of the inner profile of
the Upper Core Former (UCF) shall ,be less than + 0.100 inch, relative
to the UCF centerline during an SSE or OBE event.

Bases - Proper alignment of the control assembly handling socket is
necessary to meet protection system (SCRAM) insertion rate requirements.

The insertion rates required during a seismic event are slightly
lower than those required during non-seismic events (see Figures 4.2-93
and 4.2-94).

For non-seismic events, control rod system alignment requirements
.41 are defined by Figures 4.2-95A and B. The contribution from the core re-

straint system and core former clearances and tolerances is limited
to less than 0.530 for the control assembly handling socket to
reactor vessel centerline.

However, for seismic events, a similar alignment limit was considered
not to be applicable, since dynamic analysis is being performed
to adequately account for deflections of each component interfacing
with the control rod system. Qualitatively, theobjective for the
core former is to limit seismic deflections to as small as practical,
within the various design restrictions. The 0.100 inch dynamic
deflection limit is thus established as a reasonable design objective
for such a large (150 inch O.D.) ring. It should be pointed out

14
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that the UCF time vs. deflection history in relation to that for the
control rod system and other interfacing components is also an important
parameter in the scram analysis, and is not easily factored into a simple
deflection requirement.

1) Requirement - The Lower Core Former (LCF) radial deflection relative to
the LCF centerline during an SSE or OBE shall be limited to less than
±.l00 inches.

Bases - The Lower Core Former, interfacing with the above core load pads
on the reactor assemblies, performs a geometry control function. To
limit the seismic loads on the assemblies and to limit the magnitude of
and reactivity insertion during a seismic event, the LCF deflection must
be limited. If the distance across the core former were significantly
reduced due to an elliptical deflection of the ring, the reactor assemblies
would be compacted, causing a reactivity insertion and higher loads on the
load pads. By limiting the LCF deflection to less that 0.100, an increase
in load pads is avoided since adequate clearances exist between load pads
and between the outermost load pad and the Lower Core Former. This is
shown in Figures 4.2-84 and 4.2-92. Preliminary ccre restraint models
indicate that cumulative clearance is slightly more than 0.150 inches
between the first row blanket assembly load pad and the LCF segment for
on-power operation. Therefore, if the LCF deflects up to 0.100 inches,
the compaction would primarily affect the shield and outer blanket
assemblies and would not be expected to result in a significantly greater
seismic reactivity insertion.

During low power operation, the gap existing in the outer core region is
less than for on-power operation due to the outward assembly bow. This
could result in a slightly larger seismic reactivity insertion; however,
the allowable reactivity insertion is also larger for low power operation.
Further evaluations are planned to better determine the effect of core
former deflection on seismic reactivity insertions. These evaluations will
lead to an improved definition of LCF deflection requirements.

There will be a seismic induced core compaction in an orthogonal direction
which will occur even with zero LCF deflection. This is discussed in Section
15.2.1.3. The intent of the LCF deflection limit is to prevent an addition-
al source of core compaction during a seismic compaction event. 14
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m. Re•iJre•Lnt - Provide vertical load reaction to the core barrel.

Base - The core former structure Is subjected to mechanical loads caused )
by the incremental thermal growth of the fuel assemblies. Due to
stick-slip friction of the assemblies and alternating heating and cooling
cycles, a new upward force may be developed on the core former ring.
Additionally, the SMBDB loadings can cause upward forces on the upper case
former.

4.2.2.1.2.9 Removable Radial Shield (RRS)

a) Requirement - Provide radiation shielding to ensure the structural
integrity of the reactor permanent components beyond the radius of the RRS
for 30 years.

Bases- The structural integrity of the reactor permanent components is
based on the requirement that at the end of the 30 year life the minimum
total residual elongation of the materials must be not less than 10%.

b) Requirement - Provide a compact structural unit that can be handled in and
out of the reactor by the normal fuel handling equipment.

Bases - Efficient and economical means of installing and removing the RRS
by the fuel handling equipment. This is achieved by commonality with the
fuel and blanket assembly design.

c) Requirement - Transmit laterial core restraint loads without significant
contribution to the magnitude of these loads. .

Bases- The load buildup at "on power" conditions must be minimized to
increase the margin of safety against duct crushing. Also, It is desited
to attain lower withdrawal forces at reactor refueling conditions.

d) Reu mnt - Provide flow paths for the sodium for cooling of the RRS to
preserve the structural Integrity.

Bases- Coolant flow must be provided Inside the assembly to maintain the
maximum material temperature below a reasonable limit (01100 0 F), and to
limit the maximum temperature gradients due to nuclear heating so that the
resulting thermal stresses will not exceed the allowable limit.

e) Requirement - Provide a means for locating surveillance specimens In the
RRS and a method for their expedient recovery.

Bases- As described in 4.2.2.1.1.12, surveillance Is required to obtain
information on materials Irradiation damage so that changes in material
properties can be monitored and potential deteriorating conditions
detected.

I
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4.2.2.1.2.10 Core Former Structure (CFS)

a) Re.q•1cremQnt - Provide peripheral constraint for the reactor assembl ies.

Bases - Positioning of the core former structure relative to the core
maintains, as part of the core restraint system, proper core geometry
during all modes of operation.

b) Requlrem•nt - Provide lateral location and constraint for the lower end of
the Upper Internals Structure.

Bases- Maintain alignment of the Upper Internals Structure for proper
operation of the reactor control system. Interface constraints are
imposed by the In-Vessel Transfer Machine, the reactor vessel, and the
rotating plugs.

c) Requirement - Transmit the applled loads from the reactor core assemblies
and the Upper Internals Structure to the Core Barrel Including upward
vertical loads.

Bases - Transfer loads to the Core Support Structure, the primary

structural support and positional reference for the Core Former Structure.

d) Requirement - Provide a structural attachment for the Fixed Radial Shield.

Bases - Maintain lateral restraint at the upper end of the Fixed Radial
Shield.

e) Requiremeni - Provide a temporary vertical support for the Upper Internals
Structure.

Bases - React the dead weight of the Upper Internals Structure during
Installation of reactor components.

4.2.2.1.3 Design Loading

The loading conditions to which the reactor internal structures may be
subjected are categorized into Normal, Upset, Emergency, Faulted, and Design
Conditions as defined in Section III NG & NB-3000 of the ASME Boiler and
Pressure Vessel Code.

Table 4.2-21 provides for the 30 year life reactor internals components the
design temperatures versus the predicted steady-state temperatures (including
uncertainties) at the maximum temperature point of the components.

Design loading conditions are given for the two principal groups of reactor
Internals components, the upper internal structure and the lower Internals
structure.

The only structural component of the lower Internals structures Is the core
support structure. Thus the temperature, pressure and static loads for the
lower Internals which follow are stated for the core support structure.
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4.2.2.1.3.1 Core Support Structure

I. Temperature and Pressure

The CSS shall be designed to meet temperature and pressure conditions
as follows:

Design Condition Parameters

Core Plate ....................................... 775 F

Module Liner.......................................775 F

Core Barrel ............................................ 775 0 F - l015°F

Support Cone ......................................... ... 775°F

Design AP......................................... 170 psi

Stretch Condition Parameters

0

Core Plate...............................-.. ...... ..... 715°F

Module Liner................ ............................. 715°F

Core Barrel ................. ...................... ..... 715°F -F lO15°F

0Support Cone... ......................................... 715°F
Refueling Temperature ...... . 5.......

:Pressure Difference at Stretch

Conditions..,....................................... 139 psi

Maximum Sodium Velocity .................... ........... 30 Ft/Sec.

System Design Life ................................ 30 Calendar Ye•

2. Mechanical Loads

The CSS shall-be designed to support all of the reactor components
during initial reactor assembly as follows:

CSS Static Loads Dry Weight (lbs.)

CSS............................................... 198,800

Inlet Modules (Based on Average Weights) ............... 72,100

ars
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CSS Static Loads Dry Weight (lbs.)

Fuel Assemblies ......... . ...... ...... ...... .. 69,000

Blanket Assemblies......................... ..... 114,700

Primary Control Assemblies ............ .. .... 9,250

Secondary Control Assemblies....... .. .... .... 2,100

Removable Radial Shield....................... 125,460

Bypass Flow Modules ................ ........ ... .. 38,100

Core Former Structure..... ...... ...... 41-,750

Horizontal Baffle.... .......... .......... 17,200

Fuel Storage and Transfer Assembly..................... 4,800

Fixed Radial Shleld.... .................. - 74,000

Upper Internals Structure ............................... 100,000

Transient mechanical loads imposed on the core support structure are due to
fuel transfer operations and actuation of the control rod systems (PCRS&SCRS).
The transient fuel transfer conditions are as follows: The first condition Is
that due to the invessel transfer machine (IVTM) In transferring fuel to or
from the core. An axial load of 5,000 pounds maximum is anticipated for this
operation. The second condition Is that due to the IVTM in transferring fuel
to or from the fuel transfer and storage assembly. The anticipated axial load
for this operation Is also 5,000 pounds maximum. These loads are the maximum
down thrust of the IVTM including the weight of an assembly. The third
loading condition Is that imposed by the ex-vessel transfer machine (EVTM) In
transferring fuel to or from the fuel storage assembly. A maximum axial load
of 2,200 pounds is expected for such an operation.

A transient condition Imposing mechanical loads on the LIS Is the actuation of
the SCRS. The end-of-scram deceleration of each of the six SCRS imposes a
1,700 maximum pound axial load on the core support structure for a total axial
load of 10,200 pounds. The fifth condition Is the scram arrest load from each
PCRS control rod. This load Is conservatively calculated to be 5,000 pounds
for each of 9 rods or 45,000 pounds maximum. This is a dynamic load applled
for a very brief period.

0
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Normal

Mechanical loads applied to the CSS during operation are
reduced relative to the dead weight loads during assembly by the buoyancy
of the core and core support structure in the sodium.

47 441Upset

The CSS shall be designed for five (5) OBE events with ten (10)
maximum peak response cycles each. Of the five (5) OBE events, four (4)
of these OBE's shall be assumed to occur during the most adverse Normal
Operating Conditions determined on the CSS design limit basis. The
other one (1) OBE shall be assumed to occur during the most adverse Upset
event, determined on the CSS design limit basis, and at the most adverse
time in the upset event. The most adverse events to be combined with
the OBE's shall be established during the structural evaluation and in-

47 cluded in the formal stress report.

For structural systems which are attached directly to either the
top of the core barrel or to the CSS plate, the horizontal and vertical
OBE response spectra will be used. These spectra represent smoothed
curves of acceleration response versus natural frequency of simple single
degree of the freedom systems subjected to time-dependent excitation at
the point in the overall reactor system where the spectra are being
developed.

Emergency

There are no mechanical loads caused by the emergency conditions
specified.

Faulted

The CSS shall be designed for one (1) SSE event with ten (10)
maximum peak response cycles. This SSE event shall be assumed to occur
during the most adverse Normal Operating Conditions determined on the
CSS design limit basis. Furthermore, this same SSE event shall also be
assumed to occur simultaneously with the saturated steam line rupture
event and to start at the same time as this event. The most adverse
event/events to be combined with the SSE shall be established during the

47 structural evaluation and included in the formal stress report.

To meet the requirement of safe shutdown during and after an
SSE, the nuclear core must bemaintained in approximately the same axial
and lateral position relative to the control rod as existed prior to the
event. To meet.this requirement, the CSS shall not exceed the limits of
Section III, subsection NG of the Code for Faulted Conditions during and
after an SSE. The maximum lateral displacement between the CSS and the
vertical centerline of the stationary outer ring of the reactor vessel
support during and after an SSE shall be minimized.

Amend. 51
Sept. 1979

4. 2-156



4.2.2.1.3.2 Upper Internals Structure (UIS)

Outlet Temperature and Flow Profiles

The outlet temperature and flow profiles will be used to
obtain steady-state thermal input for the design of the upper internals
structure. Core temperature andoflow patterns are symmetrical for 60
sectors of the core, and each 600 sector also has an axis of symmetry
and may therefore be represented by a 300 sector.

Reactor vessel outlet temperature, mixed mean 995°F

+20°FOperating dead band

)Temperatures in the sodium exiting from the core vary widely as reported
in Section 4.4.3.3. Mixing of the core effluent with the bypass flow
yields a mixed-mean temperature at the vessel outlet of 995 + 20 F.
The structure wll also be designed to operate with a maximum thermal
mismatch of 390 F between individual core and control assemblies. At
the hot/cold interface between the radial blanket and the core, the
sod um flow from adjacent assemblies may differ in temperature by up to
273 F. Mixing of these sodium streams on the surface of UIS structural
members immediately above the core gives rise to thermal striping stresses.

4.2-157
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Transients

Summarized below are the transients to which the upper internals
structure was thermally and structurally evaluated. Due to recent changes
in the plant duty cycle and further evaluation of plant performance, the
plant duty cycle transients (Appendix B) are judged to have approximately
the same severity as the transients for which the upper internals structure
were evaluated. Final evaluation of the upper internals structure with the
Appendix B duty cycle will confirm its structural adequacy.

Normal Transients

The following three design events equal or exceed the frequency and
severity of all anticipated 'normal' thermal transients.

RV - 1N Dry heat up - 5 events

700 to 400'F at 10F/Hr

RV 2N Normal heatup - 670 events

400'F to 925°F at 150°/Hr

Ramp: 25' in 25 sec. at l.0O/sec. 6 times/hr/event

50' in 50 sec. at l.0O/sec. 1 time/event

RV - 3N Normal Load Follow - 12,000 events

9250 to 10100 at 850/1400 sec. 1 event/24 hr.

Upset Loading

The following three events equal or exceed the frequency and sever-
ity of all 'upset' thermal transients. In the case where values

*are given for more than one mixing value, the more severe case will
be used for analysis.

RV-IU: Reactor Trip - 361 Events (Includes 11 emergency events)

Core outlet

Vessel outlet - 5% mixing

Vessel outlet - complete mixing
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RV-3U: Uncontrolled Rod withdrawal @ full power - 26 events

Core outlet ..

Vessel outlet - 5% mixing

RV-4U: Uncontrolled Rod withdrawal @ Startup - 20 events

Core outlet

Vessel outlet 5% mixing

Emergency T and H Loading

The effect of the emergency transients identified is judged to be
less severe than that ofan upset reactor trip. Conservative
account has been taken of these emergency events by adding eleven
(11) events of transient.RV-IE to 350 events of RV-lU for a total
of 361 events of RV-lU.

Faulted T and H Loading

The following event is specified to assure that sufficient margin
exists in the design to survive the 'faulted' transient event,
however unlikely.

RV-lF Unmitigated Rod Drop - 1 Event ,:

It is noted that there are reactor trips to prevent such a condition..

Mechanical Loads

During normal operation the upper internals structure must support
its own weight and carry relatively small hydraulic forces.

Upset Mechanical Loads

The upper internals structure provides backup holddown capability
in case of seismic disturbance or loss of hydraulic holddown.
Seismic input.produces the UIS mechanical upset conditions.

The structure shall also be designed for seismic loads which
have been determined from a seismic analysis of the entire
reactor system using the OBE floor response-spectra as input
to the reactor vessel support (99' elevation). Acceleration
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history of the support point may be used in lieu of the floor
response spectra. The structure when subjected to the OBE
seismic loads shall satisfy the ASME Code criteria for upset
conditions. Specific objects of thisanalysis are as follows:

The seismic response of the UIS must be evaluated both with
engaged and disengaged radial keys.

In the engaged condition, freedom for lateral movement at
the keys will be less than 0.060.

For OBE seismic loads the UIS must be designed to limit
deflection during refueling to preclude impact between the
UIS and the vessel thermal liner.

Emergency Mechanical Loads

The upper internals structure provides backup holddown capability
in case of a seismic disturbance or loss of hydraulic holddown.
The SSE seismic disturbances will be.conservatively defined as
an 'emergency' event instead of the allowable ',faulted' definition.

The upper internals structure shall be designed for seismic loads
which have been determined from a seismic analysis of the entire
reactor system using the SSE floor response spectra given above
as input to the reactor vessel support (99' elevation). Acceleration
histories at the support point may be used in lieu of the floor
response spectra. The structure, when subjected to the faulted
conditions SSE seismic loads, shall satisfy the ASME Code criteria
for emergency conditions in the operating position.

Scoping analysis has shown that the vertical excitation is
insufficient to cause core movement leading to loading of the
upper internals structure. The maximum emergency condition
vertical loading occurs in the event of a loss of hydraulic hold-
down. The UIS is designed to carry the impact loading caused by
arresting the upward velocity of core and blanket assemblies
caused by loss of hydraulic holddown.

Faulted Mechanical Loads

The SSE earthquake has been transferred to the 'Emergency Loads' for
definition, even though this is in fact a 'faulted' condition.
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4.2.2.2 Design Description

4.2.2.2.1 Reactor Internals Structures

The structural components of the reactor internals are
grouped into two major assemblies: the upper internals structure
and the lower internals structure, Figure 4.2-36.

The upper internals structure maintains alignment between
the fuel/control assemblies and the control rods with their associated
drive mechanism. Additionally, the upper internals structure collects
the core coolant and channels it through the coolant tubes. Channeling
the coolant flow parallel to the control rod driveline insures that
cross flow induced vibration of the driveline is prevented. The channeled
coolant also promotes mixing.of the outlet plenum which mitigates the impact

53'1 of thermal transients on the outlet plenum structures and nozzles.

The lower internals structure supports the reactor assemblies.
Additionally, the lower internals structure limits fuel assembly.
radial motion, and distributes flow through the various core regions
by means of modules sealed in the core support plate. The core
support plate also has an integral core barrel which provides support
for the core formers which limit core motion, the permanent shielding .
which shields the core barrel and vessel, and the in-vessel transfer
and storage wells which provide a transfer station for the reactor
assemblies.

581

The reactor internals structures utilize a variety of
structural materials which include:

Material

1. Type 304 SS
2. Type 316 SS
3. Type 304 SS w/Chrome Plate
4. Alloy 718.
5. Alloy 600 (Locking Pin)
6. Type 316 SS with Haynes 273 weld deposit
7. Type 316 SS with Chrome Carbide hard surface

51. 8. Alloy 718 with aluminized surfaces
9. Weld-deposited 308SS

10. Weld-deposited 316SS or 16-8-2.
58 11. Type 316 SS with aluminized surfaces

Amend. 58
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Much of the data available on neutron Irradiation of materials used In the
CIRBR have been obtained at temperatures at which thermal aging effects might
be expected. Whether the observations In such cases represent the simple sum
of irradiation and thermal aging effects taken independently, or whether
synergism is involved is not known. Consequently, no attempt has been made to
differentiate between the two effects when evaluating irradiation experiments
and making estimates of material radiation damage. A design ductility
criteria is used for CFRRP reactor internals permanent components to assure.
structural integrity.

The design ductility criteria for the CRBRP reactor internal components are
based on end-of-life residual total elongation of unlaxial tensile specimens.
Values of 10% and 5% minimum r esidual total elongation are being used as a
general design rule for the permanent components. The use of the 5% residual
total elongation criteria is restricted to selected low stress areas in the
Inlet module and fixed radial shield. Table 4.2-53 lists the general residual
ductility criteria in use together with component material irradiation
temperature, predicted maximum end-of-life fluence, predicted average neutron
energy, and fluence limit for the stated minimum residual total elongation.
The material fluence limits for the minimum total elongations indicated have
been defined using an neutron energy-dependent technique developed In
References 178, 179 and 180.

The data used in the determination of energy-dependent fluence limits have
been acquired through irradiations in EBR-Il, and are stored in the HEDL data
bank. The available data on types 304, 316 and weld-deposited 308L stainless
steel, the major materials from which the reactor internals are fabricated,
are given inReferences 178, 179 and 180. Data on Alloy 718 are contained in
References 178 and 179 only.

References 178 and 179 document the Interim interpretation of behavioral
trends in these materials for an ongoing irradiation effects program designed
to provide an improved data base for evaluation of fluence limits using
energy-dependent methods. Application of simple scaling procedures yielded
relative damage cross sections which were found to incorporate separable
spectrum and temperature dependencies. The irradiation effects program
entitled "FFTF/CRBRP Structural Materials Irradiation Experiment", has been
completed and the results published in Reference 188.

Reference 180 uses the results of References 178 and 179 as a guide in the
analysis of a larger data base (Tables 4.2-54, 4.2-55 and 4.2-57) to develop
stainless steel property correlations for engineering applications In reactor
component design and analysis. Trend curves for nominal and minimum property
values which incorporate effects of temperature, exposure and spectrum are
def i ned.
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Minimum ductility trend lines defined by Reference 178, 179 and 180 have been 9
used in defining the energy-dependent fluence limits *for the minimum residual
total elongation of Table 4.2-53. Energy dependent fluence limits for the
reactor internals structures are defined at worst case Irradiation
temperature, i.e., 7000F for the lower Internals structures and 12000F for the
upper internals structure.

Lower internals stainless steel energy-dependent fluence limits are based on
the data of References 179 and 180. Lower internals Alloy 718 energy-
depe 5yent fTuence limits are represented by a single, conservative, value of 5
x 10 n/cm . The Alloy 718 fluence limit assures a residual total elongation
of 10% for average neutron energies less than 0.23 Mev (lowest mean energy of
test data). The Alloy 718 fluence limit i~s based on establishing a minimum
property line for the Alloy 718 data of Reference 179, using engineering
judgement to account for increased data uncertainty associated with the data.
base.

Upper Internals structure stainless steel and Alloy 718 energy-dependent
flynce Ilmits are also represented by a single, conservative, value of 1 x
10 n/cm . The fluence limit, representative of a level for onset of notable
Irradiation damage, assures no measurable loss 2n component ductility from
that of the unirradiated material. The 1 x 10i n/cm fluence limit was
chosen in order to restrict the allowable neutron exposure to low levels where
irradiation damage can be ignored. g
Existing 316 stainless steel and AýJoy 719 radiation effects data of Tables
4.2-55 and 4.2-56 support a I x 10 n/cm fluence limit for average nptron
energies greater than 0.4 Mev, but do not necessarily support a 1 x 102 n/cm2
fluence limit for average neutron energies typical of the upper internal
structure, E <0.1 Mev.

Helium embrittlement effects which dominate physical property behavior at
irradiation temperatures of the upper internals structure (1200 0 F max), are
greater in a soft spectrum (E <0.1 Mev) than in a hard spectrum (E >0.4 Mev),
for the same fluence level. Adjusting the Table 2 .2-55 2and 4.2-56 data to
account for spectral effects results in a I x 10 n/cm fluence limit
applicable to the upper internals structure. An irradiation effects program
wlI be c 9 nducted using the FFTF MODA-1 facility (late 1982) to support a I x
10 n/cm fluence limit for average neutron energies less than 0.1 Mev.

4.2.2.2.1.1 Lower Internals Structure

The lower internals structure consists of six components: the core support
structure, the lower inlet modules, the bypass flow modules, the fixed radial
shielding, the fuel transfer and storage assembly and the horizontal baffle.
The core support structure, Figure 4.2-37, Is the major support member of the
lower internals structure.

I
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The core support structure is welded Type 304 stainless
steel structure which includes the core support plate and the core
barrel. The core support plate contains module liners which serve
as receptacles for the lower inlet modules. The core support structure
carries the weight of the other portions of the lower internals
structure, the reactor removable assemblies (fuel, blanket, control
and radial shield assemblies) and the core former structure. The
core support structure provides the upper boundary of the vessel inlet

581 plenum and distributes the coolant to the lower inlet and bypass flow modules.
The core support structure transmits the dead weight hydrostatic pressure
and seismic loads to the reactor vessel.

The core support structure concept is based upon the FFTF core
support structure, however, the FFTF manufacturing experience has been
utilized to reduce the complexity of the core basket. The FFTF core
basket was a core diameter size structure containing receptacles so that
each reactor assembly could be "plugged" into the core basket. This
single large core basket has been simplified by designing mini baskets
(lower inlet modules). Each inlet module receives seven reactor assemblies.
Each module in turn plugs into liners which are integral to the core
support plate. The concept of these liners is shown in Figures 4.2-38
and 4.2-39. Each liner is a Type 304 stainless steel tube inserted into
the support plate seated to the bottom of the plate by a flange and
clamped to the support plate by a cap at the top of the liner. The
cap complies with the ASME Code requirements for the use of the non-

51 integral joints. The liner is sealed near the lower surface of the.
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plate to permit hydraulic balance of the lower inlet modules.. The liner has
an alignment feature mating with the supportý',plate and an alignment feature
for the lower Inlet modules. These two'alignment features assure that the
lower Inlet modules are positioned correctly. The reactor assembly
discrimination feature precludes placing an assembly In an improper location.
Auxiliary flow ports and debris barriers,-,as shown In Figures 4.2-38 and
4.2-39 have been provided In each module liner- to preclude the possibil ity of
large debris of any type from blocking all flow to one or more of the Inlet
modules. The auxillary flowports are located Immediately below the CSS plate
in a secondary Inlet plenum formed by the"hexagonal debris barriers, which
separate the auxiliary flow ports from the primary flow ports and the radial
ribs on the peripheral liners. The primary flow ports are designed to prevent
large debris fran entering.the module liner stem and blocking the auxiliary
ports fron the Inside and the peripheral ribs prevents debris from working Its
way in from the side of the array. In the event that one or more of the
primary flow ports become blocked, the affected liner would then draw cool ing
sodium via the auxil iary flow ports from the secondary plenum. Sodium feed to
this secondary plenum Is by (1) the auxil iary flow ports In the unblocked
liners and (2) the array of 2 inch diameter holes In the hexagonal debris
barrier array.

Lower Inlet modules support and position the reactor assemblies on the core
support plate. These modules, as shown In Figure 4.2-40, distribute the
coolant to the various reactor components=: fuel assembl ies, blanket
assembl les, removable shlel d assembl les and control rod assembl ies. Each
module fits Into a liner integral to the .support plate and receives seven
reactor assembl ies and provides or-ificing that is unique to specific reactor
assembly locations as shown In Figure 4.2-41..

Each of the LIMs feature one alignment pin and two shorter discriminator pins.
Proper al ignment of each LIM is assured through the mating of the alignment
pin to the module liner hole. Each LIM group has two uniquely machineddiscriminator pins that mate with two uniquely drilled holes on each of the

module liners. During Installation, the'alIgnment pin will properly align the
LIM. However, complete installation wll l be prevented if the two
discriminator pins do not line up with module liner holes.

Sufficient clearance exists between the LiM and the module liner, as well as
pin/hole diminsions, to allow thermal expansion. The module liner has an
Interference fit with the Core Support P'la.tpland it maintains a fixed position
with the plate. Both the liners and the-Core Support Plate experience similar
steady state temperatures and are made frbm the same material, therefore,
thermal expansion variations between the two are minimum.

Mechanical discriminating features are designed Into each module to assure
placement of the reactor assembt les Into the'proper region (i.e., fuel,
blanket, and control) so that assembl les cannt be undercooled. Furthermore,
mechanical discrimination assures the proper core lattice positions for fuel
assembl les. Angular al ignment to the module6 for the correct lattice position
Is assured by an al ignment pin between the I iner and the core support plate.
The modules are shielded by the lower shietd within the reactor assemblies so
that the loss of ductility limit is not-exceeded during the plant life. The
modules are a welded 304 stainless steel sfrUcture and all 61 modules have the
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same envelope dimensions. However, there are several distinct configurations
due to the differing flow requirements of the reactor assembl ies.
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54

Loads from weight, hydraulic pressure drop and seismic acce-
leration are transmitted by the support plate to the reactor vessel.
Sizing analysis for internal pressure, flow blockage, control rod
drop, and seismic loads indicate that under normal operating loads
with flow blockage the inlet module meets the ASME Section III cri-
teria for primary stresses.

Six bypass flow modules, surrounding the lower inlet modules,
distribute low pressure coolant received from the lower inlet modules
to the removable radial shield assemblies. The bypass flow modules
provide receptacles to accept the removable radial shield assemblies
that are not positioned in the lower inlet modules.

The details of the FRS are provided in Section 4.2.2.2.1.4.
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The general design rule of 5.0% minimum residual ductility insures
that non-ductile fracture will not occur during short term loadings in
reactor internal structures. This criterion is based upon the minimum
residual total elongation of 10.0% and the established relationship
between total and uniform residual elongation of et = eu + 5% as noted
in Table 4.2-53. This relationship is based upon the end-of-life tensile
test data in Tables 4.2-54 through 4.2-57 and data from References 178, 179
and 180. It is conservatively based upon a data set showing the least
uniform elongation for a total elongation of 10.0%. An evaluation of all
current data indicates that when the degradation on ductility is greatest
at a particular fluence level the uniform elongation tends to be a greater
fraction of the total than this relationship indicates. Since this limit
is based upon uniaxial test data a correction for the multiaxial state of
stress for actual reactor component conditions is required., This correction
can be performed using scientific paper 67-1DO-CODES-Pi, "Applied Mechanics
in the Nuclear Industry Applications of Stress Analysis". For a typical
thermal stress conditions which causes an equibiaxial stress state the 5.0%
would be reduced to 0.9%. The elongation available to insure ductile behavior
can be determined by considering the factor of safety, consistent with the
ASME Code Section III factor of safety protecting against ultimate failure.
The use of the factor of safety of 3.0 would reduce the elongation for a
equibiaxial state of stress to 0.30%.

The applied strain considered relevant to this elongation limit is
the maximum value of the three principle strains and represents an accumulation
of elastic plus plastic strain at the end of life. These limits would apply
at a minimum to membrane plus bending strains regardless of whether the
loading is primary or secondary. Thermal transient strains in reactor in-
ternal components are less than the 0.30% membrane plus bending. Therefore,
from the tensile data base that is presently available, the ductility required
at the end-of-life in reactor internal components is sufficient to insure
their integrity-when 10% residual total elongation is available and the
criteria described is applied. In locations where significant fatigue damage
occurs in the low cycle regime, which is also affected by the ductility of
the material, corrections to the fatigue design curves are applied using
accepted theories of fatigue'design curve construction which are based upon
reduction in area.

A test program is presently in place which will experimentally
characterize the fracture toughness of reactor component materials when
subjected to a fast-neutron irradiation environment. This program includes
tests of smooth, notched and welded specimens. The establishment of the
fracture toughness and fatigue crack propagation characteristics will provide
a basis for confirmation of the described criteria or the substitution of a

57 more refined criteria.

4.2.2.2.1.2 Lower Inlet Module

Sixty-one inlet modules support and position the reactor
assemblies on the core support plate. These modules distribute the
coolant to the following reactor components: fuel assemblies,
blanket assemblies, removable shield assemblies, control rod
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assemblies, core barrel, pressure vessel thermal liner, fuel transfer
and storage assembly and horizontal baffle. Each module fits into
a liner integral with the core support plate and supports and
positions seven reactor assemblies while providing orificing that
is unique to specific reactor assembly locations. Figure 4.2-41
shows 1/6 of the core and indicates the relative position of fuel
and radial blanket assemblies and orifice zones.

The module stem acts as a strainer which collects and
prevents loose debris from directly blocking the various reactor
assemblies.

Mechanical discrimination features are designed into each
module to assure placement of the reactor assemblies into core
lattice positions that will not result in assembly undercooling.
Angular alignment of each module for its lattice position is assured
by an alignment pin between the module liner and the module.. The modules
are welded 304 stainless steel structures. There are several internal
configurations, excluding discrimination differences, due to the differing
flow requirements of the reactor assemblies.

4.2.2.2.1.3 Bypass Flow Module

The bypass flow modules shown in Figure 4.2-41A, are
functionally similar to the lower inlet modules in that they provide
support and position removable radial shield assemblies and direct low
pressure flow to cool these assemblies. There are a total of 6 modules

581 designed to. rest on the core support plate and conform to the periphery
formed by the 61 lower inlet modules. A flow pipe attached to the
bottom of a bypass flow module mates with a hole in the core support
plate. This provides a flow path for the coolant between the lower
inletmodule and bypass flow module.

581 The bypass flow modules distribute reactor flow to 264 removable
radial shield assemblies, 44 of which are in each module. Flow enters
each of the six bypass flow modules through a bottom entry port. Each
bypass flow module is hydraulically interconnected to the adjacent two
bypass flow modules giving multiple flow sources for all the RRS assemblies
served by the bypass flow modules. The removable radial shield assemblies
fit into receptacles integral with the bypass flow modules. These
receptacles are designed with a mechanical discrimination feature to
assure placement of only-the removable radial shield assemblies into the
bypass flow module.

The low pressure existing within the region of the outer
removable radial shielding results in negligible hydraulic forces
and consequently a hydraulic balance system is not required. The
assemblies are simply slip fitted into the receptacle permitting

* easy insertion and removal.
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4.2.2.2.1.4 Fixed Radial Shield

The fixed radial shield is a segmented annular ring of type 316
stainless steel located between the removable radial shielding and the core
barrel as shown in Figure 4.2-42. The segments rest on the bypass flow mod-
ules and extend upward to the lower core former structure. The segments
are laterally positioned by captured pins at the lower end to the bypass
flow modules and at the upper end to the former structure. The pinning
arranoement accommodates diffprential thermal expansion and results in the

p -
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fixed radial shield being a simple unrestrained structure. The fixed
radial shield weight is carried by the bypass flow modules and the
seismic loads are transmitted through the core former structure
and bypass flow modules to the core support structure. The fixed
radial shield in conjunction with thp removable shielding protects
the core barrel and vessel from radiation damage to assure the
retention of ductility for a design lifetime of thirty years.

581 4.2.2.2.1.5 Fuel Transfer and Storage Assembly
Reactor refueling requires bringing new fuel into the

reactor vessel And removing the spent fuel. The fuel is brought
in and out through the vessel head by an ex-vessel transfer machine
and is handled inside the vessel by an in-vessel transfer machine.
A fuel transfer position is required to set down an assembly so that
one machine can decouple and move out of the way so the other machine
can grapple the assembly to continue the fuel handling operation.

The component surveillance program necessitates placement
of specimens outside the core barrel. The fuel transfer, fuel
storage, and surveillance specimen positions are provided by the
five wells in the reactor vessel/core barrel annulus.

The wells are fabricated of Type 304 stainless steel and
are attached to the core barrel and the horizontal baffle. Thus all
dead weight and earthquake loads are transmitted to the core support
structure.

4.2.2.2.1.6 Horizontal Baffle

The horizontal baffle shown in Figure 4.2-44 forms the
upper boundary of the core barrel/reactor vessel annulus and
physically separates hot sodium in the outlet plenum from the cooler
bypass flow sodium in the core barrel/reactor vessel annulus. The
baffle maintains the temperature of the sodium in the core barrel/
reactor vessel annulus close to reactor inlet temperature to reduce
temperature differences across components below the baffle and to
provide for decay heat removal from the irradiated reactor assemblies,
stored in the fuel transfer and storage assembly. In addition, the
boundary formed by the baffle forms a part of the flow path which
diverts bypass flow between the reactor vessel and reactor vessel
thermal liner, through uniformly spaced holes in the thermal liner
below the baffle, to provide cooling for the reactor vessel and
reactor vessel thermal liner. A small pressure differential must
be maintained across the horizontal baf 'fle to provide the head for
this flow. The pressure differential, approximately 0.5.psi, causes
leakage through the seals at the edges of the horizontal baffle base
plate and at the FT&SA inlet port nozzles. However, the leakage is
limited to 12.5% of bypass flow to insure that sufficient cooling flow

51 is provided to the Vessel and vessel thermal liner.
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The horizontal baffle design incorporates a single 1.5 inch
thick simply supported base plate restrained on the outer diameter by
a segmented ring outer edge attachment. Each outer ring segment includes
a top ring segment, a spacer block and a bottom ring segment, all of
which are bolted to the vessel liner flange with a single bolt that
extends through the ring segments and spacer block and into the vessel
liner flange. At the inner diameter the base plate is supported on a
ledge on the core barrel wall. It is held vertically by continuous ring that

571 fits into a groove near the upper end of the core barrel. Circumfer-
ential motion of the base plate relative to the core barrel is restrained
through a key. Radial movement of the base plate at its outer periphery is not
restricted and wear resistant surfaces of Haynes 273 are provided on both sides of
the plate at the inner and outer diameters and on the continuous ringand ring
segments to accommodate relative radial and angular rotation displacements due to
thermal and seismic effects at the outside diameter and angular rotation diplace-
ments due to thermal effects at the inside diameter.

The base plate normally operates with a 150-200°F temperature
difference through the thickness. Since the upper surface is hotter,,
the plate will tend to develop an upwardly convex spherical curvature.
The plate edges, however, are restrained Vertically to the relative
vertical thermal displacement between the vessel thermal liner flange
and the core barrel ledge. As a result of the vertical restraint, a
thermally induced vertical downward force will act on the vessel liner
flange and an equal upward force will act on the core barrel..

These vertical reaction forces provide a positive seal at the
base plate outer and inner diameters. During down transients, the
direction of the holddown forces can reverse due to the reversal of
the through-the-thickness temperature gradient. The core barrel ledge
will be in compression (down load) and the upward load at the vessel
liner flange is carried through the top ring segments.

The portion of fuel transfer and storage assembly associated
with the baffle consists of five penetrations through the base plate at
a radius of 85.62 inches with an inlet port nozzle at each penetration.
The penetrations allow access to the portion of the FT&SA located in the
core barrel/reactor vessel annulus. The nozzles are fabricated from

58l Alloy 718 because of the thermal striping (alternate washing of a
metal surface with hot and cold fluid) anticipated in the FT&SA inlet
ports.

Six 8" diameter access ports are provided in the Horizontal Baffle,
equally spaced around a circle. These ports are provided with removable plugs
that are locked in place during reactor operation. The plugs can be removed
during installation of the Horizontal Baffle to provide access to the core

58 barrel/reactor vessel annulus.
49

581 The horizontal baffle, except for the Alloy 718 FT&SA inlet
41 port nozzles, is fabricated from Type 316 stainless steel. "
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4.2.2.2.1.7 Upper Internal Structure

Principal features of the upper internals structure are illustrated
in Figure 4.2-45. The main body of the load bearing structure is a Type
316 SS weldment comprised of four support columns, an upper plate, a lower

411 plate, four curved shear webs, and a combining mixing Chamber and holddown
structure which also supports shear keys for locating with slots in the core
restraint upper former.

Scoping stress analysis of the upper internal structure and its
components has established the necessity for thermal shields for the support
columns to upper plate welds and for the inner surfaces of the mixing chamber.
Thermal shields for the upper plate to support column weld consists of 316 SS
collars whose lower end rests on the upper plate external to the welds. The
lower surface of the lower plate, which forms the upper boundary of the mixing
chamber, is shielded by stainless steel insulator plates and alloy 718 liners,
and the inner periphery of the chamber is protected by an alloy 718 shroud.
Three arch shaped shear webs integrate the upper and lower plates with the
support columns. A modified shear web is provided adjacent to the IVTM
penetration in the lower plate. Core holddown loads are transmitted through
the mixing chamber to the load bearing structure by instrumentation posts as
shown in Figure 4.2-45A, and lower shroud tubes.

The mixing chamber and its components serve three purposes:

a) to mix the core outlet sodium and duct it via
chimneys into the outlet plenum,

b) to provide structural members to transmit core
holddown loads to the main load bearing
structures, and

c) to provide location and support for core
instrumentation.

To provide a mixing function, the chamber is a volume surrounded at
the top by the UIS lower plate, and around the periphery by a curved peripheral
shroud. Both of these plates are lined with alloy 718 for resistance to
thermal shock and striping. Inside the enclosed volume of the mixing chamber
are instrumentation posts and lower shroud tubes, as shown in Figure 4.2-45B,
which react the core holddown loads and transmit them to the load bearing
structures. In addition to reacting core holddown loads, the instrumentation
posts locate thermocouples in the outlet sodium from core assemblies and hold
the thermal liners to the lower plate, as shown in Figure 4.2-45c. Those
portions of the instrumentation post exposed to flowing sodium are made of

41 alloy 718.
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The alloy 718 lower shroud tubes react the control assembly
holddown, and if necessary, control assembly breakaway loads. They
are mechanically attached to the inner rings of alloy 718 chimney
support forgings in the upper and lower support plate as shown in
Figure 4.2-45B. Tangential spokes connecting the inner and outer
rings of these support forgings alleviate thermal stresses due to
radial temperature differences by inducing relative twist between
the rings. The support forgings are mechanically fastened to the
lower support plate. The outer rings of the support forgings
at the upper support plate are free to move vertically, compensating
for differential thermal expansion between the shrouds and the
basic structure, but are restrained from rotation and horizontal
moVement. Above the upper support plate, the lower control rod
shroud tubes mate with larger diameter upper control rod
tubes using slip fit connections. This assembly method permits
the upper internals structure to be raised for refueling.

Flow chimneys are fixed to the outer ring of the support
forgings, as shown in Figure 4.2745B, and duct sodium flows from
the mixing chamber into the outlet plenum as shown in Figure
4.2-45D.

A hole is provided through the support plate and outer S
perimeter of the mixing chamber to provide the in-vessel transfer
machine (IVTM) with access to the reactor assemblies. During normal -
operation, this hole is filled with an IVTM port plug.

The IVTM port plug is included as a component of the UIS.
It is supported by a riser of the small rotating plug (SRP) which is
part of the reactor closure head assembly of the Reactor Enclosure
System. The IVTM port plug, when removed, leaves an access hole
extending through the SRP, the outlet plenum, and the UIS. The
IVTM operates through this access hole in conjunction with the
auxiliary handling machine (AHM) (both a part of the Reactor Refueling
System) to remove reactor assemblies and items as large in cross
section as the Lower Inlet Modules. Whten installed, the plug
blocks flow through the mixing chamber wall thus preventing
aberrant sodium flow and leakage. It also limits radiation
streaming through the reactor vessel closure head assembly/IVTM
port plug interface to safe levels.

The reactor system thermocouple instrumentation enters
the reactor vessel through the support columns of the upper
internals structure. Each thermocouple is routed to a position

51 above a core assembly to monitor the outlet temperature as shown
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in Figure 4.2-45D. Each support column houses up to eight stainless
steel conduits each containing up to 4 thermocouple dry wells. Each
dry well is made of stainless steel tubing and encloses one thermo--
couple. The conduits emerge through openings in the side of the
support columns at a location below the upper plate of the upper
internals structure. At their lower end the conduits engage the
upper ends of the instrumentation posts. Individual thermocouple
dry wells branch out from the conduit ends to specific positions
(in the instrumentation posts). The ends of the dry wells, at the
monitoring positions, are sheathed in Inconel 718 to reduce the
thermal shock to the stainless steel thermocouple dry wells.

The complete upper internals structure is supported from
the intermediate rotating plug via the upper internals structure
jacking mechanisms. Three radial locating keys are positioned at
the lower end of the structure. These are supported on Type 316 SS
box weldment, which forms the outside of the mixing chamber. Mating
keyways are provided in the top of the upper core restraint former
ring. Keys are required'in this location to insure that: 1) the
overall structure is acceptably aligned with the core for control
rod driveline connection and unimpaired motion; 2) instrumentation
posts are properly positioned over the core assembly outlet nozzles;
and 3) sufficient support is provided to the upper internals during
the seismic event. The location keys can be disengaged by lifting
the upper internals structure 9-1/2 inches from the operating
position to allow free rotation of the rotating plugs during fuel
handling operations.

Beyond the functional requirements, the operating environ-
ment in the reactor vessel outlet plenum imposes additional design
requirements on the upper internals structure. Sodium streams, exiting
from the core at differing temperatures, mix in the outlet plenum
resulting in fluctuating temperatures on the surface of the upper
internals structure. During the scram transient, the section of
the upper internals structure immersed in the sodium pool is sub-
jected to a rapid drop in surface temperature. Jet impingement forces
from the core outlet flow., and upper plenum cross flow forces must
be accommodated by the design. Experience in designing the instru-
ment trees for FFTF has shown that consideration of environmental
factors dictates the selection of many of the internals design
features.

Effective utilization of the reactor vessel outlet plenum
mixing volume is essential for mitigation of the transient experienced

51 by the reactor vessel and the hot leg components. The upper internals
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structure chimneys provide a means of forcing the required mixing,
by ensuring that a major portion of the core effluent exits into
the plenum at a high elevation. Flow stratification tests provided
data used in evaluating the upper internals structure mixing
performance.

The design of the main load bearing Type 316SS structure
reflects the requirements for stiffness to control flow induced
vibration and thin structural walls to minimize thermal stresses
in the non-isothermal environment. Flow tests on an early upper
internals structure design for the British PFR reactor substantiated
the need for adequate structural stiffness. The lower portion of
the load bearing stainless steel structure is in the form of a
structural box which imparts stiffness without the use of heavy
structural members. Careful attention has been given to matching
member thicknesses at structural junctions to avoid transient

.thermal stresses resulting from inertia discontinuities. The shear
webs are perforated to maximize the uniform response of the structure
to transient sodium temperature changes.

Loads imposed by a postulated loss of hydraulic holddown
are transmitted directly to the lower plate via the instrumentation
posts. The upper internals, structure is designed to survive without
damage an operational basis earthquake with the lower locating keys
disengaged.51
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W Flow patterns in the region Immediately above the core have been Investigated
In water table tests. These tests have shown that a torroldal flow pattern
exists in the mixing chamber located directly above the core. A large portion
of the stream to stream temperature differences are reduced In this chamber
before the flow exitst. Temperotures In thqse flow streams differ
substanti-ally, hence the mixing adjacent to the inner surface of the mixing
chamber results In thermal striping. The material selected for the exposed

411 surfaces in the mixing chamber must therefore have an endurance stress limit
59 in excess of the maximum anticipated stress amplitude produced by fluid
581 mixing. This requirement led to the selection of Alloy 718 for the exposed

41 surfaces of mixing chamber components.

4.2.2.2.1.8 Core Restraint System

Design of the CRBRP core restraint system Is based upon the limited free bow
concept. Essential features of this concept are Illustrated In Figure 4.2-47.
Fixed peripheral formers provide lateral support to the core assemblies at two
locations above the active core. A third support at the core support plate
elevation completes the lateral support configuration.

Relief of restraint loads for refueling In the limited free bow core restraint
concept is achieved by allowlng the core assemblies limited freedom for
unrestrained bowing during the core startup and shutdown transients.

The amount of free bow permitted is controlled by sizing the gaps between core
assembly load pads, and between the peripheral load pads and the adjacent core
formers. The upper bound of the allowable core and former gaps is defined by
a conservative analysis'of the effect on critical core components of a step
compaction of the core through the range of free motion permitted by the gap
configuration. The resulting core step reactivity Insertion Is not allowed to
produce transient heating rates In the fuel which would result in the fuel pin
upset condition damage limits being exceeded.

It is evident that the core restraint system in its entirety Includes all the
reactor assemblies plus elEments of the core support structure and the upper
internals structure. Only the core formers, their associated retention and
positioning hardware and the removable radial shield assemblies are
categorized as core restraint hardware.

58 49
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4.2.2.2.1.9 Removable Radial Shield (RRS)

The RSS assemblies are removable core assemblies (see Figure 4.2-43) having a )
structure basically similar to the fuel and blanket assembly structures
consisting of Inlet nozzle, hexagonal duct tube and outlet nozzle. The shield
material Is made up of stainless steel rods within thin walled ducts. The
assemblies are designed to be as flexible as possible in order not to
contribute to the off-power restraint loads. A close-fitting support block is
inserted Inside the duct at the ACLP to provide axial restraint for the shield
rods and to absorb seismic loads that are transmitted through the ACLP to the
core former. Control of flow through the RRS Is provided by a stack of
orifice plates located inside the inlet nozzle.

4.2.2.2.1.10 Core Former Structure

The core former structure Is composed of three substructures, the upper core
former ring, a spacing cylinder, and the lower core former ring. The core
former rings are comprised of.profile milled segments assembled Into continu-
ous rings, as Illustrated In Figure 4.2-46. The above core load plane former
ring, called the lower core former ring, Is mounted on a ledge machined in the
Inner diameter of the core barrel. The spacing cylinder, called the support
ring, provides holddown for the lower core former ring and support for the top
load plane former ring called the upper core former ring. The upper core for-
mer ring has six lugs that fit slots in the top of the core barrel to transmit
seismic and other loads to the core barrel. A series of L-shaped keys are
circumferentially slipped Into the groove on the inside of the core barrel,
between each of the six lugs, and trapped by means of a radially oriented
dowell pin on either side of each slot. These L-shaped keys prevent vertical
displacement of the core former rings. The upper core former ring Is centered
In the core barrel cavity by means of the six radial lugs. The lower core
former ring is centered in the core barrel cavity by means of radial shims.

4.2.2.2.1.11 Maintainability

All the reactor internals except for the removable core assemblies, are
designed for a 30 year life with no scheduled maintenance. However, provision
has been made to permit removal of the lower Inlet modules to assure full
plant life and malfunction recovery capability. Contributing factors which
may require malfunction recovery capability Include:

1. Potential damage to the reactor assembly receptacles, as a result of
Insertion and removal of reactor assemblies.

2. Potential wear or partial pluggi:ng of strainers and orifices, as a result
of coolant induced changes.

4.2.2.2.1.12 Surveillance

Material surveillance coupons are contained within special removable radial
shield assemblies and a fuel transfer and storage assembly. In addition to
these special assemblies, all Irradiated removable assemblies will be
available for material surveillance. The orifice plates of four removable
radial shield assemblies are used to monitor carbon mass transfer effects of
Type 304 stainless steel.
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4.2.2.3 Design Criteria

The design criteria presented in this section are those that were in effect at
the time analyses were performed. These analyses reflect the requirements of
the ASME Code, which provides the basic design criteria for these components.

Fabrication of all of the reactor internals components is done by holders of
Code Certificates of Authorization for fabrication of Core Support Structures
and/or Class I Appurtenances. Construction is performed per the applicable
requirement of the ASME Code Section III, Subsections (NA, NB, NG), with
modifications as appropriate for each of the components. Modifications
include permitting the use of Inconel 718 as a structural material and the use
of austenitic stainless steel at temperatures above 800 0 F. Independent
fabricator verification is performed by Code Authorized Inspectors or by the
designer's representative. The fabricator and designer provide written
certification that all applicable requirements of the Code have been met.
Code stamping is performed only where permitted by the ASME Code rules.

4.2.2.3.1 Lower Internals Structures (LIS)

The LIS components and Core Former Structure (CFS) are evaluated as nuclear
components in accordance with the rules of: The ASME Boller and Pressure
Vessel Code,. Section III.

Where these rules cannot be applied, the following rules are invoked:

a. Code Case 1592, Class I Components in Elevated Temperature Service,
Section III.

b. RDT F 9-4 Components at Elevated Temperature (Supplement to ASME Code
Cases 1592, 1593, 1594, 1595, and 1596).

c. RDT F 9-5, Guidelines and Procedures for Design of Nuclear Systems
Components at Elevated Temperatures (Non-mandatory).

d. The special purpose strain controlled high-cycle fatigue criterion
discussed in Section 4.2.2.3.2.3 may be applTed to 304 and 316
austenitic stainless steel at temperatures up to 1100 0 F.

Material properties not given In the Code are taken from the Nuclear Systems
Materials Handbook, TID-26666, and Section 4.2.2.3.3.1 below.

4.2.2.3.1.1 Core SuDport Structure (CSS)

The CSS was analyzed using the following additional rules:

a. The 1974 Edition of the Code, Subsection NB and selected portions of
Subsection NG with Addenda through Summer 1975.

b. RDT Standard E 15-2NB, November 1974, (Supplement to ASME Code Section
III, Subsections NA and NB).
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c. Modification to the high temperature design rules for Austenitic
Stainless Steel creep fatigue evaluation per Section 4.2.2.3.2.3.

d. In the use of Code Case 1592, the effect of the sodium and radiation
environment on material properties was evaluated as defined in Section
4.2.2.3.3.2.

e. Because of radiographic examination limitations for the 20 inch thick
weld between the core plate forging and the ring forging, progressive
liquid penetrant examination was performed per paragraph NG-5231 as
specified for Type I welds in Table NG-3352-1.

4.2.2.3.1.2 Lower Inlet Module (LIM). Bypass Flow Module (BPFM). and Core
Former Structure (CFS)

The 1974 Edition of the Code with Addenda through Winter 1976 were used for
the LIM, BPFM, and CFS analyses.

4.2.2.3.1.3 Horizontal Baffle (HB), Fuel Transfer & Storage Assembly
(FT&SA). and Fixed Radial Shield (FRS)

The HB, FT&SA, and FRS are internals structures and are not covered by
mandatory Code rules, but the Owner's designee has required that the rules
stated In Section 4.2.2.3.1 be applied to the design and analysis of these
components. The HB and FT&SA use the 1974 Edition of the Code with Addenda
through Winter 1976, and the FRS uses the 1977 Edition of the Code with
Addenda through Winter 1977.

4.2.2.3.1.4 Removable Radial Shield (RRS)

The RRS is a replaceable core component with a structure basically the same as
those of the fuel and blanket assemblies. Therefore, the structural design
criteria applicable for the RRS are also basically similar to those of the
fuel and blanket assemblies, rather than those described in Section 4.2.2.3
for the permanent reactor vessel internals components and structures. The RRS
design criteria are described in Section 4.2.1.1.2.2.2.

4.2.2.3.2 Upper Internals Structure (UIS)

Code criteria applicable to the analysis of the UIS are divided Into two
categories as follows:

4.2.2.3.2.1 Class 1 Appurtenances

Those portions of the UIS support columns located within the boundary of code
jurisdiction for appurtenances and the IVTM port plug cap shall be analyzed as
Class 1 appurtenances in accordance with:

a. 1974 Edition of the ASME Boiler and Pressure Vessel Code, Section III,
Subsection NB with addenda through Winter 1974 and,

b. RDT Standard E15-2NB, November 1974.
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4.2.2.3.2.2 Internal Structure

Even though the existing ASMI Code dQes nQt provide rules for the analysis of
components operating at temperatures In excess of 800 0 F, those portions of the
UIS located within the primary pressure boundary shall be analyzed as Class 1
components in accordance with the following:

For temperatures below 800OF the 1977 Edition of the ASME Boiler and Pressure
Vessel Code, Section III, with addenda through Summer 1977, Subsections NA and
NG shall be used.

For temperatures In excess of 800OF the following shall be used:

a. The 1977 Edition of the ASME Boiler and Pressure Vessel Code, Section
Ill, with addenda through Summer 1977.

b. Code Cases 1592, 1593, and 1594.

c. RDT E15-2NB (Supplement to Section III).

d. RDT F9-4 (Supplement to Code Cases 1592, 1593, 1594, and 1596).

e. The Nuclear Systems Materials Handbook, TID 26666, "Inconel Alloy
718", Technical Bulletin T-39, International Nickel Company and the
Alloy 718 design fatigue curve, Figure 4.2-48 shall be used.
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591 4.2.2.3.2.3 Modifications to the High Temperature Design Rules for
Austenitic Stainless Steel

Creep-Fatigue Evaluation

Creep-fatigue evaluations will be performed in accordance with the.applicable
criteria except as modified herein.

The creep-fatigue damage rules of Paragraph T-1400 of Code Case 1592 consider
creep damage accumulations resulting from stresses which are clearly com-
pressive to be equally as damaging as creep damage accumulations from
tensile stresses. The damaging effects of compressive stresses in a high
temperature environment are known to vary considerably from one material
to another. Strain controlled fatigue test data of austeniticstainless
steels (304 and 316 SS) consistently point to compressive residual stresses
having little or no deleterious effect. There is also test evidence that
suggests that when subjected to alternate hold periods in both tension and
compression that hold in compression has a healing effect on the damage
produced by the tensile hold. Based upon these data, the creep-fatigue
damage rules are modified as described in subsequent paragraphs.

The effects of the presence of stress concentrations on stress rupture
properties are known to vary considerably with the material, geometry of
the stress concentration, magnitude of the stress level, the environment,
and life. In the case of austenitic stainless steels, test data consistently
points to stress concentrations having a less severe effect on stress

59 irupture strength than predicted using the analytical approaches of Code
591 Case 1592 and RDT Standard F9-4 criteria, and in the case of 316 SST,

there is a consistent trend to significant notch strengthening for some
types of geometries, particularly with a service environment and life at

591 the upper limit of those in the UIS. The rules of RDT Standard F9-4T
and Code Case 1592 require comparing the peak stress to the Code strength
which is based upon smooth specimen data. They do not recognize that
peak stresses may have no adverse effect on stress rupture strength nor
do they recognize that non-uniform stress states may alter the strength
of the material. Based upon test data, the creep damage rules are
modified as described in subsequent paragraphs to allow the use of a
peak stress to rupture design curve.

Modifications to Creep-Fatigue Damage Rules

In cases where, in the service life of the component, all three principal
stresses are clearly compressive during a hold period, the creep-fatigue
evaluation shall be modified as described herein. If prerequisites for
the use of the modified rule are not met for a portion of a component's
life, the creep-fatigue rules of T-1400 of Code Case 1592 shall be used
without modification for that portion of the component's life. The
modified rule is described in items (1) to (7), where (1) to (5) are pre-
requisite conditions, and item (7) is a final applicability criteria to

49 be satisfied.
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(1) None of the three principal stresses is tensile during hold period.

(2) The material is austenitic stainless steel type 304 or 316.

(3) Metal temperature does not exceed 1200oF.

(4,) The structure does not require a Code Stamp under existing Code rules.

(5) Simplified or rigorous inelastic analysis is used.

(6) Subject to the above limitations, creep-fatigue damage may be calcu-
lated in accordance with T-1400 of Code Case 1592 as modified by the
following steps.

Step I - Calculate the fatigue damage in accordance with T-1411,
-1412, -1413, and -1414.

Step 2 - Calculate the creep damage in accordance with T-1411
and T-1420.

Step 3 - Multiply the cumulative creep damage by 1/f, taking f = 5,
for those hold periods where the stress is compressive, i.e.

1 q'(t
f .k~ Td k, where q, are the compressive holds.

Step 4 - Calculate the total damage including creep damage from
conditions where the principal stresses are not clearly
compressive, i.e.,

P ••qll< d) •kq2 -d

j=l k=q 2

Step 5 - The acceptability of the damage (D e) is determined in
accordance with T-1411. The creep-fatigue damage envelope

531 is shown in Figure 4.2-47A (Figure T-1420-2 of Code Case 1592).
If the total damage (D ) falls within the envelope, the
damage level is acceptable.

531 D is plotted on Figure 4.2-47A and the 6ll6wable damage (D) is
t~e sum of the allowable creep and fatigue damage components
at the intersection of the damage envelope and a line extended

531 from the origin through D See Figure 4.2-47A.
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D = n+ t7

To meet criterion: De < D

(7) A cycle limiting criterion is required to verify the applicability of the
modified rule. The effective number of allowable design cycles is:

ne = n (-

Where n is the total number of significant strain cycles between hold
periods. Low amplitude high cycle strain fluctuations (such as normal
power fluctuations) need not be considered in n if they are elastic
excursions that result in negligible fatigue damage.

For the modified rule to be applicable, ne shall not exceed 3000 for type
316 stainless steel nor 6000 for type 304 stainless steel.

Modification of Creep Damage Rules

In cases where a local stress concentration exists, the creep-fatigue damage
evaluation may be modified as described herein.

(1) The material is austenitic stainless steel Type 304 or 316 solution
treated.

(2) The structure does not require a Code Stamp under existing Code rules.

(3) Simplified or rigorous inelastic analysis is used.

(4) Stress rupture test data of the same type of stress concentration with
similar geometric proportions tested at prototypic temperatures are used
as a basis for modification of the Code Strength. The test temperature
may be higher than the service temperature in order to more closely
simulate the actual component lifetime and the.stress level.

(5) The notched stress rupture data shall be from specimens which are
comparably or more severely loaded than the component, i.e., membrane
loading of a notched specimen should be more severe than a gradient
loading.

(6) The stress rupture test data include data up to 1/60 of the component
lifetime at prototypic temperatures or the equivalent when a short-time
high temperature combination Is used to simulate the desired long-time
serv ice environment.

.(7) Subject to the above limitations, the creep damage may be calculated In
accordance with F9-4T and Code Case 1592 with one of the following
modI f icati ons..
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(A) Use a peak stress-to-rupture design curve based upon the stress-to-
rupture design curve in Code Case 1592 adjusted for the influence of
a non-linear stress state caused by the presence of a geometric
stress concentration.

(a) Determine the smooth specimen stress rupture strength curve by
tests of the same material at the temperature of Interest.

(b) Determine the stress rupture strength curve with the presence
of the geometric stress concentrations under the same
conditions In (a) with specimens of the same heat of material
with the same histories. Analytically determine the peak
stress rupture strength in terms of "peak stress" vs time to
rupture.

(c) Ratio the Code Case 1592 stress-to-rupture design curve by the
ratio of (b) divided by (a). This must be done for at least 3
points In time with a separation In time of at least two orders
of magnitude. In cases where the strength ratio varies with
lifetime, the lesser of the value extrapolated to the component
lifetime or the experimental value for the longest duration
tests shall be used.

(d) Use the greater of the creep damage using this modified rule
and the creep damage using the stress unaltered by the stress
concentration and the Code Case 1592 stress-to-rupture design
curve.

(B) If tests subject to the above limitations (I through 6) show no
decrease in rupture life for prototypic notch geometries, calculate
the component creep damage neglecting the stress concentration due
to the notch. No reduction in damage below the damage using the
stress unaltered by the stress concentration and the Code Case 1592
stress-to-rupture design curve shall be used.

(8) The total creep-fatigue damage is determined by addlng to the creep
damage and fatigue damage calculated In accordance with T-1411, -1412,
-1413, and -1414 of Code Case 1592.

(9) The allowable creep-fatigue damage (D) Is determined from the lesser of
the values from Figure T-1420-2 of Code Case 1592 (See Figure 4.2-47a)
and an average of test values from creep-fatigue interaction tests of
notched specimens.

High Cycle Strain Controlled Fatigue Limits

For those 304 and 316 Stainless Steel components which are outside ASME Code
jurisdiction, the fatigue damage for strain controlled cyclic deformations In
excess of Ix10 6 cycles may be evaluated using allowable strain ranges obtained
from Figure 4.2-47B, provided metal temperatures do not exceed 1100 0 F.
Fatigue life reduction factors must be applled Independently for slow strain
rates and hold times, In accordance with ASME Code requirements.
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Equivalent strain range shall be used to evaluate whether or not the allowable
strain range limits have been met. The equivalent strain range value for
entering the curve shall be calculatedin accordance with the procedures
specified In ASME Code Case 1592 except that one of the following formulations
shall be used:

Formula 1. When the elastic and plastic components of the total strain range
are not known, the equivalent strain range shall be calculated as:

6 equiv.,= 1 + 1) .- E2) 2+ A(62 - E3), + A(O3 - E111

where v = Poisson's ratio for elastic strains.

1/2

Formula 2.are known,

equivalent

When the elastic and plastic components of the total strain range
the equivalent strain range shall be calculated as the sum of
elastic strain range.

e 22 " -I _ c_2)_2 +
Ac equivalent = 2(1 + V

and equivalent plastic strain range

A(£2 £3)2 + 1/2A~2- c3ý+ A(F-3.- F-1

p
A£ equivalent =

-2 £2) 2 2 + - 1/2A3, - E. 2)+ A(c2 - F-3) + A(c3 -el

where Poisson's ratio for elastic strains.

Formula 3. The following formula is Included as an alternative to formula 2
as It represents the method of calculating. total equivalent strain range
employed in some computer routines, e.g. ANSYS. The total equivalent strain
range is calculated as:

AE equiv.
2(1 + vg) - £2)2 + A(£2 - £3)2 + A(c3 - £l) 1/2

where Vg is a general ized Poisson's ratio found as:

vg = 0,5 - (0.5-v) (Es/E)

where v = Poisson's ratio for elastic strains
Es Z The material secant modulus prior to the last plastic strain

increment
E =,The material elastic modulus

4.2.2.3.3 Additional Material Propertles

4.2.2.3.3.1 Inconel 718 Fatigue Properties

The Alloy 718 design fatigue curves Figures 4.2-48 and 4.2-49 shall be used
as Interim data until their inclusion In the NSM Handbook. Modulus and mean
stress corrections should be made to the data of Figure 4.2-4 9. The effects
of the fabrication processes and service environment on the structural
integrity of the UIS shall be considered. The effect
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I

of grain size on the behavior of Alloy 718 shall also be considered. The ASTM
grain size for Alloy 718 shall be specified to satisfy the.fatigue environment
existing in each part of the UIS design.

4.2.2.3.3.2 Environmental Effects on Material Properties

4.2.2.3.3.2.1 Sodium Effects

Most of the data used to define the allowable design stresses In the ASME
Boiler and Pressure Vessel Code were obtained from mechanical tests conducted
In air. The code requires the designer to account for environmental effects
in his assessment of structural Integrity.

This section describes the effects of the sodium environment upon the response
and failure characteristic of the structural materials and the use of these
sodium environmental factors In design evaluation. These factors are
dependent only on the service temperature. The effects of loss of carbon plus
nitrogen (C + N) on Types 304 and 316 stainless steel (annealed) are to lower
the yield and ultimate strength, Increase the elongation, and reduce the
stress to rupture life.

References pertaining to effects of sodium, carbon and nitrogen on mechanical
properties of materials are listed in references 104-135, 150-152 and 185.
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Primarv Stress Limits

The primary stress limits are based on.-Su, S , S , onset of tertiary creep and
stress to achieve 1% creep strain. In deter4Ining the primary stress limit,
the stress to rupture value is degraded by:

- a fixed percent per Figure 4.2-48C for sodium exposure, and

- an amount per Figures 5.3-6 and 5.3-7 based upon the change In the
average C+N concentration at the end of life.

The yield and ultimate strengths are degraded an amount per Figures 4.2-48L
and 4.2-48M based on the average C+N concentration at the end of design
lifetime.

Primary Plus Secondary Limits

When elastically calculated stresses are being evaluated, the design stress
limits are modified based on the effect of the average C+N concentration on
the SUP S , and S properties. In addition, the effects of the exposure to
sodium on~the Sr value (Figure 4.2-48C) Is considered.

When inelastic analysis Is used to determine the actual strains for comparison
to the Inelastic strain limits, the effects of the average C+N content upon
the response characteristics (e.g., stress-strain equation) Is considered. As
an alternate, the inelastic analysis may be performed using time and position
dependent material properties which account for the current C+N profile.

Creep-Fatigue Damage

In performing the creep-fatigue evaluation, the effect of the local C+N

concentration at the point of Interest is considered.

Effects of Liquid Sodium on Mechanical Properties

Two effects may occur due to continued exposure to liquid sodium. These are
surface effects and Interstitial transfer effects.

1. Surface Effects

The Interactions of the sodium environment with the material being tested,
excluding interstitial transfer effects, may be defined as surface effects.
Compared with air testing, liquid sodium may cause certain metallic elements
to be transferred from the hotter to the cooler regions of LMFBR systems. In
addition, surface oxidation in liquid sodium Is greatly reduced when compared
to air testing. These surface effects are Insignificant In their influence on
short-term tensile properties.

j
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For time-dependent deformation, such as stress-rupture:and:.fatigue, the
effects of a liquid sodium environment are complex and need to be considered
in detail. In the case of stress-rupture, it has been shown'that for a given
temperature and stress, rupture times In air are longer :than those In liquid
:sodium. Figure 4.2-48C gives a sodium-environment correction factor, which may
be applied to the rupture strength data specified In ASME.Code Case N-47 or
Code Case 1592 for Types 304 and 316 austenitic stainless steel.. This effect
should be used in all evaluations where stress to rupture Is Involved.

Fatigue properties of materials can be greatly affected by the environment in
which.,the properties are measured. The avoidance of excessive surface
oxidation by testing In sodium (or inert gas) Instead of in air Increases the

I.cycles-to-failure for a given strain range. No Increase In the design fatigue
limits due to exclusion of oxygen effects is taken at the present time.

2. Interstitial Transfer Effects

In an al l-austenitic decarburizing LMFBR system, Interstitial carbon and
nitrogen are transferred frcm the hotter to the cooler regions. This leads to
weakening In the decarburized and denitrided regions and to strengthening In
the carburized and nitrided areas. In the case of fat:igue behavior however,
the effects of Interstitial absorption at the surface are complicated because
of two concurrent mechanisms. On the one hand, it can lead to enhanced crack
nucleation at carbide particles and, on the other, surface strengthening
during strain-controlled fatigue will Increase the.proportion of elastic
straining which is less damaging than plastic deformation.

In. austenitic/ferritic LMFBR systems, studles Indicate that, in general, the
austenitic materials will be carburized and the ferritic materials will lose
Interstitials. However, the cross-over carburization to decarburization is
sy-stem dependent and it Is likely that, In..certain systems, at least some of
the austenitic material will be decarburized.

Reference 185 and the following subsections describe procedures by which the
extent of interstitial transfer for Types 304 and 316 stainless steel for
LMFBR components can be determined, and from this, the effects on mechanical
.behavior may be calculated. Procedures are given for calculating surface and
.average interstitial concentrations and Interstitial gradients for Types 304
and 316 stainless steel under decarburizing and denitr.lding conditions. Since
these values are system dependent, the necessary system conditions must be
supplied for the calculations.
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Effets of Sodu.. Exposure on Short-Term Tensile Prooertles

Sinpe the pr•incipal effect of sodium exposure in the high-temperature regions
of an LIyFBR is tq remove Interstitials, the short-term tensile behavior of
Typos 304 aPI 316 stainless steel may be estimated by directly considering the
qffects Qf (q t N) level on the mechanical properties. Such an approach is
necepp$y because of the scarcity of
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data on sodium-exposed materials. For solution treated Type 304 stainless
steel, the average yield strength, ultimate tensile strength, and uniform and
total elongation may be given by the equations In Table 4.2-30. For solution-
treated Type 316 stainless steel, the equivalent equations are given In Table
4.2-31, and Figures 4.2-48L and M.

These equations are strictly valid for materials containing uniform
distributions of Interstitials, but they may be used to estimate the behavior
of materials containing interstitial gradients. In these cases, the (C + N)
concentration represents the bulk average Interstitial concentration.

To determine the effect of decarburization on the minimum anticipated yield
strength (S ) for use with primary stress limit checks at a glven temperature,
the followihg procedure Is used:

(a) The average (C+N) concentration is determined using the technique
described above.

(b) The decreased yield strength due to Interstitial depletion is
calculated from the equations described above and In Reference 185
assuming that the starting Interstitial level Is known.

(c) The S values in the ASME Code are then decreased to these modified
valueA representing the sodium exposure effects.

When the starting carbon concentration in the component Is less than 0.04
weight percent, the S values for L grade material are used. Decarburization
and denitriding will require the L grade S values to be modified In a similar
way to those for regular grade alloys described above.

Determination of the effects of interstitial transfer on the design stress,
Sm, follows a similar procedure to that described above, with additional
calculations of effects on the ultimate tensile strength. For ASME Class 1
components, the design stress, Sm, is defined as the lowest of the following

,stresses:

(i) 1/3 of specified minimum UTS at room temperature

(II) 1/3 of the UTS at temperature (-U' for 304/316)
3

(Mi) 2/3 of the specified minimum yield strength at room temperature

4.2-188
Amend. 66
March 1982



(Iv) 90% of tte yield strength at temperature for austenitic stainless,
steels and 2/3 of the yield strength for other materials.

Effect of Sodium Exposure on Stress-Strain Curves

Data exist to show that, for Types 304 and 316 stainless steel, the following
relationship is valid:

=AMt. en (1

where: 6 engineering' stress

E= engineering strain

A(t) = a constant at constant temperature

n = a strain-hardening coefficient which may be
temperature dependent

From Figure 4.2-48G the stress-strain relationship for a specified temperature
and interstitiqJ level may be computed using the equations In Table 4.2-30 for
Type 304 stainless steel and those In Figures 4.2-48L and M for Type 316
stainless steel. Note that the calculated stress-strain curves are strictly
Valid for OIlloys containing uniform Interstitial distributions.

However, approximate stress-strain curves may be obtained for materials
containing Interstitial gradients by Inserting bulk average (C+N)
concentrations Into the equations..

For analysis In which the stress-strain characteristics are considered to vary
as a function of (C+N) the value of each point of Interest as a function of
time:may be determined. The equations mentioned above are used to determine
the instantaneous stress-strain relationship.

Alternatively, If the stress straln curve Is known for the material, it can be
reduced by the sodium effects factor KN which Is obtained from the expression:

6y (C+N)
KN =Cy(C+N)0

where

Oy(C+N) is the Interstitial level of carbon plus nitrogen
concentration before sodium exposure, and 6y(C+N) is
determined from Figure 4.2-48L for the particular location
of Interest.
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Effect of Interstitial Transfer on Stress-Rupture Properties

It can be shown that losses In carbon and nitrogen reduce the rupture strength
of Types 304 and 316 stainless steel. Figures 5.3-6 and 7 give correction
factors which are used to evaluate this effect.

In evaluating primary stress limits the first requirement is to calculate the
new average (C+N) for the component of Interest, using the technique described
previously. Assuming that the rupture strength is determined by the bulk
average (C+N), then the percentage decrease. in rupture strength resulting from
Interstitial depletion is obtained from Figure 4.2-48J. This Interstitial
transfer factor Is then added to the surface-effect factor to give the total
modification to the stress-rupture curves given in ASME Code Case.
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A similar analysis may be used to modify the St design stresses.

For qreep-fatigue evaluation the rupture strength decrease at the point of
interest 1s determined by reducing the Code value by a factor fran Figures
5.3-6 and 7 using the (C+N) at that point.

Effect of Interstitial Transfer on Strain-Controlled Fatigue Properties

It Is well known that fatigue failure Is Initiated at the metal surface. When
a surface crack Is formed, the stress concentration at the crack tip causes It
to propagate relatively quickly until complete failure occurs. The total
cycles-to-fallure may be given by the sum of N and N , where N Is the number
.of cycles to coas crack initiation and N is 1he num~er of cyce
the crack to propagate to failure.

An indication of the effect of Interstitial transfer can be seen In the Type
316 stainless steel fatigue data in Figures 4.2-481 and 4.2-48K. For roomtemperature and IZOQ0F tests in air, the fatigue life Is larger for the lower

Interstitial c ncentrations. This is likely to be caused by the smaller
amount of carbide In low-carbon material since previous work has shown that
fatigue cracks are prqferentlally formed at this brittle phase.

For 0$RP components, in the high-temperature locations, where surface
Interstitial losses occur, the fatigue life would be expected to Increase.
Because of the absence of appl icable data on strain-control led fatigue
behavior In sodium It is not currently possible to quantify this effect. It
appears, however, that a substantial Increase In fatigue life will result for
materials exposed to high-temperature sodium environments. However, until
there are data to predict the magnitude of this effect, and the role of
nitrogen Is-known, it is suggested that no correction for interstitial
transfer be made to the fatigue curves.

Corros ion Effects

The design of the Internals will account for the corrosion effects of flowing
liquid sodium. Figure 4.2-48A and 4.2-48B are Included for Type 304 and 316
$S (Ref. 50) and Inconel 718 (Ref. 51). It can be seen from the curves that
negligible corrosion effects will occur for those materials even at the
maximum design temperature of 1208°F. It should be noted that the austenitic
stainless steel corrosion rate has been normalized with respect to oxygen
content In the sodium,, whereas nickel base alloys, such as Inconel 718 have
corrosion rates independent of oxygen content. Few specific data are
available for theType 304 SS w/chrome plate and the Inconel 600- however,
those materials are'located in a relatively low temperature (775 F) region of
the reactor and the avallable data (Ref. 52) lead to the conclusion that
negligible corrosion- effects are to be anticipated over the life of the
reactor.

4.2-190
Amend. 66
Mnr-rh IOR9



3. Combined Surface and Interstitial Transfer Effects on 316 SS Stress
Rupture Strength

Stress rupture strength of 316 SS Is affected by both surface and Interstitial
transfer effects in a sodium environment. The following approach should be
used In combining these effects on stress rupture and St allowables.

Define the % change In rupture strength per subparagraph 1 above for surface
effects.

Define the % change in rupture strength per subparagraph 2 above for
intestitial transfer effects.

Define the total rupture strength degradation (F) by the following:

F = (FNI) (FNS)

where

FNI = (100 - % reduction due to Interstitial transfer effects)/100

FNS = (100 - % reduction due to surface effects)/100
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4.2.2.3.3.2.2 Irradiation Effects

The effect of irradiation on material properties is obtained from
Reference 1. When additional considerations are necessary, a description
is provided in the appropriate component evaluation.

4.2.2.3.3.3 Friction, Wear, and Self Welding Considerations 15

The CRBRP Lower Inlet Module and Fuel Assembly components which
interface. or contact during normal operation at a temperature 730°F
include: Fuel Assembly Lower Inlet Module

Inconel 718 w/chrome plate -against- Inconel 718 recpetacle
pitton ring

Type 304 SS w/chrome
plate fuel nozzle -against- Inconel 718 receptacle

No data is available for the above interfacing couples. However, data on
less compatible types have been documented. Previous experience in EBR II
(Ref. 48) combined with data obtained from tests at ARD (Ref. 49) indicate
that self welding will not occur at temperatures below 800'F. The EBR II
experience included chrome plated Type 304SS working against uncoated
Type 304SS. ARD experience included Type 304 against Type 304 and alloy
A 286 at pressure up to 30,000 psi for 6 months. Thus, it has been con-
cluded that the additional precautionary measure of hard coating and the
use of dissimilar metals will preclude the galling and self welding of the
interfacing material at the expected operating temperature of 775 0F. Tests
are being conducted on all CRBRP material pairs including those listed above.

Information on the friction, wear, and self-welding properties of various
mating materials in the reactor internals obtained through a national program
which took into account specific component requirements may be found
in References 79 through 94. The materials couples tested include Inconel

531 :718/Inconel 718 (Refs. 79-86, 89, 91); chromium carbide/chromium carbide
•(Refs. 81, 94), Type 316SS/Type 316SS (Refs. 80, 90); Inconel 718/Chromium
2Plate (Refs.90,94).; Haynes 273/Inconel 718 (Refs. 86, 91); Inconel 718/

•Type 304SS (Ref. 79); Inconel 718/Type 316SS (Refs 80, 89); Inconel 718/
Ni Resis (Ref. 91); 17-4 PH/Inconel 718 (Ref. 91); and Stellite 6B/

53.1 Inconel 718 (Refs. 79, 92). Friction and self-welding data are available
at temperatures upto 1200OF where testing has been performed 0n both
liquid sodium and sodium vapor environments. Most of the tests have been
conducted on as-received material, but a small amount of data exists for
sodium pre-exposed and for neutron-irradiated samples. Although there

:appears to be a slight deterioration in friction properties due to sodium
ire-exposure, none at all seem to result from neutron irradiation.

The above referenced test data comprise several hundred pages of test
results. To assure disassembly after operation of certain reactor internals
(replacement of core assemblies, lifting upper internals), reduction and use
of this test data for design information is described below: 15
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The principal reactor internals components involved in normal dis-
assembly (refueling) operations are: the Upper Internals Structure
(UIS), the Core Former Structure (CFS) and the Core Restraint
System (CRS). In these items, sliding motion occurs in two friction
couples; between the UIS keys and the CFS keyways and the second
between reactor assembly duct load pads. Neither of these
couples is a safety related item in that motion between mating
parts of the couples needs to occur only during reactor refueling
operations. Any increased friction would be an operational concern
only.

1. Friction Couples

Preliminary selection of the mating couple materials has been
made for the preliminary designs of the UIS, CFS and reactor
assembly duct load pads. The UIS key to CFS keyway couple is

531 Haynes 273 against-Alloy 718 at 400 ± 50OF in sodium with
approximately one year soak at approximately 1000 F. The
couple between the load pads chromium carbide against

5311 chromium carbide at 400 ± 50 F with approximately one year
soak at the assembly-outlet sodium temperatures. Coefficients
of friction to be used in preliminary design are shown in
Tables 4.2-31A, and 31B. Test data will be used as the design
is preliminary, final selection of mating materials is yet
to be made, and the use is not safety related.

2. Antigalling Characteristics

Tables 4.2-31A and 31B show friction testing date of candidate
samples.

3. Irradiation Stability

No irradiation test data is available for Haynes 273 against
Haynes 273. However, the maximyW fluepce at the UIS key to
CFS keyway location is 1.4 x 10 n/cm . The probability
for radiation damage at this fluence is very small.

Table 4 lists coefficients of friction measured after irra-
diation of the chromium carbide test specimens in EBR II to
approximately I x 10 n/cm . Additional chromium carbide

51 specimens are being irradiated in EBR II to higher fluences.
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9
4.2.2.4 Evaluation 7
4.2.2.4.1 Lower Internals Structure

This section discusses the stress and thermal analyses of the
following components:

Core'Support Structure
Lower Inlet Module
Bypass Flow Module
Fixed Radial Shielding
Fuel Transfer and Storage Assembly
Horizontal Baffle
Core Former Structure

These components were all analyzed for the
and shown to meet the governing structural criteria.
reported in each subsection.59

critical loading condition
Further details are
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4.2.2.4.1.1 Analysis of Core Support Structure (CSS)

Alternate Low Temperature Design Criteria

Section III of the ASME0 Code provides stress limits for austenitic
steelsofor temperatures up to 800 F. The design temperature of the lower CSS
is 775 F; however, during ssme thermal transient events the maximum metal
temperature does exceed 800 F for short periods of time.

59
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Since the time-dependent failure modes were shown to be significant for the
CSS by satisfying the conditions of Test No. 4, Code Case 1592 and RDT F9-4,
the alternate structural limits of the code case were employed in the CSS
eval uati on.

Geometry

The core support structure (CSS) concept considered In this analysis Is shown
in Figure 4.2-50. The CSS consists of a perforated support plate, core
barrel, and lower Inlet module liners. Portions of the support core and
reactor vessel, are included In the analytical model, and all of these
components are referred to as the "core support structure" In this analysis.

Thermal Analysis

Two thermal models were developed to calculate transient temperatures in the
CSS. A 30 degree sector model (TAP-A computer code) was used to calculate
temperatures in the perforated support plate and an axisymmetric model (ANSYS
finite element code) was used to determine temperatures in other CSS
components. The element geometry of the thermal models is Identical with the
corresponding stress models shown In Figures 4.2-52 and 4.2-54.

The sector an axisymmetric models were used to analyze the CSS-6N (N-4a as
described in Appendix B of this PSAR), CSS-2U (U-2e), CSS-4U (U-18) and CSS-1E
(F-4a) design transients for the CSS. It was shown that these four transients
conservatively umbrella all of the plant duty cycle events.

Reactor inlet plenum mixing analyses were performed to determine the transient
sodium boundary temperatures for the CSS. Convective heat transefer
coefficients were calculated for the CSS surfaces exposed to flowing sodium.
Interface conditions with the lower inlet modules (LIMs) were determined with
detailed local models.

4A.2-195 Amend. 69



59
Structural Analysis Models

The ANSYS finite element computer program in conjunction with the
"equivalent solid plate" method of analysis for perforated plates (Article
A-8000 of Ref. 33) was used to perform the detailed structural analysis of
the core support structure. Two types of finite element models were used
lin this analysis. The axisymmetric model (Figure 4.2-51 was used to cal-

591 culate stresses in parts of the CSS other than in the perforated region.

The perforated plate region of this model defined by R* in Figure
4.2-51 was modeled by using the equivalent solid plate method of analysis
for perforated plates. In this method, the perforated plate is replaced by
a solid plate which is geometrically similar to the perforated plate but has
modified values of elastic constants. The effective elastic constants E*
and -v are functions of the ligament efficiency, in. The deflections computed
using conventional methods are correct; however, the actual values of the
stress intensities in the perforated plate are determined by applying multi-
plication factors to the nominal stresses computed for the equivalent solid
plate. The second model used in the analysis is shown in Figure 4.2-52.
This model essentially substructures the perforated region of the core
support plate by having boundary conditions applied at the sector periphery
correspond to conditions at the equivalent location in the axysymmetric model
for the transient time being analyzed. A third model was used in the analysis
which is unrelated to the previously described models. Figure 4.2-53 illus-
trates the lower inlet module liner model used for calculating both primary
and secondary stresses. In addition, the key structural evaluation sections

5 9 are detailed to identify critical regions in the structure.

Structural Analysis

The CSS was analyzed for pressure, dead weight, OBE and SSE seismic,
and the thermal transients using the structural models previously described.

The dead weight load used in this analysis is obtained by adding
elements to the model shown in Figure 4.2-50 to correctly simulate the
masses of the core assemblies, lower inlet modules, bypass flow modules and
core former structure. The modified finite element model is shown in Figure
4.2-54.

The CSS axisymmetric model (Figure 4.2-54) was used to evaluate
the primary stresses due to the seismic loads using ANSYS. Results of the
seismic analysis indicated that OBE and SSE stresses are generally low,
with the minimum margin-of-safety being conservatively calculated as 0.77

59 for the faulted event.

Thermal stresses were calculated in the CSS for the thermal
591transients using the CSS axisymmetric and sector models with the internal

temperatures which were calculated in the thermal analysis.

4.2-196 Amend. 59
Dec. 1980



I
Structural Evaluation

Five sections in the CSS axisymmetric model shown In Figure 4.2-51 and 10
sections of the core support plate sector model shown In Figure 4.2-52 were
selected for the structural evaluations. These sections represent the high
stress areas in the CSS structure, and their selection was based on a thorough
review of the finite element stresses for pressure, dead weight, seismic, and
the thermal transients.

The primary plus secondary stress Intensity limit of 1.5 Sm was reduced to
1.35 Sm In the perforated region of the core support structure. This
reduction was made to account for the actual bending shape factor for the
geometry of the ligament. The 1.5 shape factor Is only applicable for a
rectangular cross section.

The primary, primary plus secondary, and fatigue evaluation results are
summarized in Table 4.2-23 These data are limited to the maximum of each
stress intensity category for the locations identified In the table.
Simpl ified Inelastic analysis techniques were utilized to show that the areas
with primary plus secondary stress intensity values exceeding the 3 Sm
allowable limit are acceptable. A fatigue factor of 0.9 was used In
evaluating the fatigue damage In the area of the full penetration weld,
Section C-C, Figure 4.2-51. This factor is imposed to meet the requirements
In paragraph 4.2.2.3.1.1 for the method of examination employed. P

)
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4.2.2.4.1.2 Analysis of Lower Inlet Module (LIM)
.511

The LIM was analyzed to the requirements for the criteria listed in
Section 4.2.2.3.1.2. Because of the complicated geometry of the LIMs and the
Varying thermal/hydraulic environmenton each of the 61 units, a number of
finitie element models were developed for the analysis. Two separate LIM
designs are analyzed which envelop the existing configurations. These two
basic cases analyzed are for a peripheral module and a central module (See
Figure 4.2-50). Cross-sections at four different elevations were analyzed
with at least one finite element model generated at each section for both
cases.

Primary stresses in the LIM are due to deadweight, differential
pressure, seismic events and IVTM loads, while secondary stresses are generated
by thermal loading. In particular, the U-18 (Loss of all offsite power) and
the F-4a (Saturated steam line rupture) thermal events from Appendix B'were
analyzed since these were shown to be enveloping down and up umbrella events
respectively.

Results of the load controlled portion of the analysis indicate that
all applicable requirements are satisfied with the minimum margin-of-safety
being 1.09 in the conservatively modeled upper body region of the LIM.
Similarly, secondary stresses are relatively low in the component with the
greatest fatigue damage occurring in the peripheral module stem and having

5 a magnitude of 0.354.

4.2.2.4.1.3 Analysis of Bypass Flow Modules (BPFM)591 ___ _

Geometry

The BPFM geometry and relationship to adjacent components is shown
in Figures 4.2-41A & 4.2-41B. Each individual module is composed of an upper
forging with holes for the RRS assembly receptacles, side wall plates, and a
bottom plate as shown in the section view of Figure 4.2-41B. The geometries

38 of two analytical models are shown in Figures 4.2-63A & 4.2-63B.

Thermal Analysis

The ANSYS finite element program was used to perform the heat trans-
fer analysis of the BPFM for the most adverse thermal transients considered.
Two finite element models were developed to calculate the transient tempera-
tures. The outside half of the BPFM was modeled for two-dimensional analysis

511 to determine the critical region in the BPFM due to the most severe transient
event. A one-eighth section, three dimensional finite element model was
developed for the critical region evaluations.

The U-18 duty cycle was concluded to be the most adverse transient
38 for the BPFM. The most severe temperature gradients occur in the interval
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900-1000 seconds, near the termination of the steep down temperature tran- 2
sient. From this data the Intervals Stress Analysts identified the region
of the BPFM requiring further detailed analysis.

Figure 4.2-63A shows the three-dimensional thermal model of the
BPFM developed cooperatively with the Stress Analysts. In addition to one
corner of a BPFM, the model includes the core barrel and stagnant sodium at
the side and end walls. Comparison of the two-dimensional analysis temperature
contours with those from a similar plate of the three-dimensional analysis
shows good agreement between the models.

Structural Analysis

The structural integrity of theBPFM was evaluated to Subsection
NG, Section III, of the ASME Boiler and Pressure Vessel Code. Along with the

5 thermal transients, the seismic loads, differential pressure load, loads due
59~ to core former misalignment and duct bowing, and transient mechanical loads

due to the transfer operations of the Removable Radial Shield (RRS) assemblies
have been investigated.

The functional requirements of the module to module connecting lugs
and pins and the BPFM/CSS connecting pins were evaluated for seismic loads
using a 3-D finite element model composed of the six interconnected modules.
The structural evaluation results for the most critical loads (OBE) versus
the Code criteria are given in Table 4.2-29A, showing positive margins in
every area.

For the evaluation of the BPFM body, a perforated thick plate model
was used to study the IVTM transient mechanical load. The differential
pressure load was evaluated using the one-eighth 3-D BPFM Solid Model (shown
in Figure 4.2-63B) plus the perforated thick plate model. Thermal transient
stresses were evaluated using the one-eighth BPFM solid model in conjunction
with all of the above mentioned mechanical stresses. The BPFM inlet port
region where the bypass flow is fed into the BPFM mixing chamber from the

38 CSS was also analyzed, using an axisymmetric finite element model. This
91 region proved to be the most critical area of the BPFM body.381

The minimum margin of safety in the structure is 0.23 for the
bearing stress between the BPFM body and the CSS. The minimum margin of
safety in the entire component is 0.64 for the primary stress intensity
category. A simplified elastic-plastic analysis was performed to show that
the structure does shake down to elastic action during its service life. The
maximum calculated creep fatigue damage is 0.27 compared with an allowable
of 1.0. In conclusion, the BPFM has been shown to meet all of its design

59 requirements.

4.2.2.4.1.4 Analysis of the Fixed Radial Shield (FRS).

This section summarizes the stress analysis performed on the Fixed
Radial Shield (FRS) and is based on the requirements of the criteria listed

59 in Section 4.2.2.3.1.3. The load controlled portion of the analysis was )
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conducted using the 3-D solid finite element model shown in Figure 4.2-75.
Since the three segments of the shield are identical, only one sector is
modeled. Deadweight,.vertical seismic and landing loads on the structure
are minimal and do not generate any significant stresses. The only primary
load then considered is horizontal seismic. The primary stress tabulation
at the critical locations in the FRS is, shown in Table 4.2-29D. All primary
limits are satisfied for the FRS and its attachment pins. Mode frequency
analysis conducted on the FRS indicates a fundamental mode frequency of
67 Hz, precluding any possibility of dynamic amplification.

Strain-controlled stresses in the FRS were also calculated using
finite element modeling techniques. The primary source of elevated temperatures
in the FRS is due to nuclear heating where the center of the shield remains
hot while the surfaces are cooled from being washed by sodium. By analyzing
steady-state, U-18 and U-2B transients, the most critical thermal events are
analyzed. Effects of neutron irradiation and sodium exposure are shown to
either be small or to make the evaluation non-conservative, and were therefore
ignored. Results of the secondary stress analysis indicate that creep/fatigue
damage effects are small (0.055 out of an 0.9 allowable) and that strain limit
requirements are satisfied.

4.2.2.4.1.5 Analysis of the Fuel Transfer and Storage Assembly (FT&SA)

The fuel transfer and storage assembly (FT&SA) was analyzed to the
r equirements listed in Section 4.2.2.3.1.3. Analyses performed show that the
FT&SA satisfies ASME Boiler and Pressure Vessel Code Limits for primary type
loadings. For this structure, primary loads include deadweight, OBE & SSE
seismic and external pressure. A finite element model using 3-D beam elements
is shown in Figure 4.2-76 which is used to determine load-controlled stresses.
Results of a mode frequency analysis indicated a fundamental mode frequency of
30 Hz. Seismic stresses calculated in the tubes were shown to be small. Pri-
mary stresses in the lower support block region of the FT&SA are also shown
to be small as indicated in Table 4.2-29E.

Finite element analyses were also used to generate temperatures and
thermal stresses in the FT&SA. The thermal stress analysis of the tubes was
conducted elastically for steady-state and the U-4 transient discussed in
Appendix B.

The U-4 transient enveloped all thermal events to which the FT&SA is
exposed. Results of the thermal stress analysis indicate that the creep/
fatigue damages are well within the interaction envelope of code case 1592.
In addition, the strain limit requirements are satisfied for the most critical
section. Thermal analysts of the lower support block was conducted using a
finite element model of a cross-section of the block. Results of this defor-
mation controlled stress analysis indicate relatively low-stress levels. Due
to the low service temperature of the block no creep damage will occur. The

59 fatigue damage was also low with a value of .149.
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4.2.2.4.1.6 Analysis of the Horizontal Baffle (HB)

The Horizontal Baffle (HB) was analyzed to the criteria outlined
in Section 4.2.2.3.1.3. Analysis results show that the HB satisfies the ASME
Boiler and Pressure Vessel Code Criteria. HB plate stresses were obtained
using finite element modeling techniques. Primary loads considered include
deadweight, pressure, fuel transfer machine loads and seismic events. It
was shown that there will be no dynamic amplification and the rigid plate
can be analyzed seismically using maximum support accelerations. Table
4.2-29F indicates results of the load controlled analysis for the HB plate
for loadings discussed above. All primary limits for the HB and interfacing
components have been satisfied.

Loadings considered for the strain-controlled portion of the analysis
are due to the plate preload and thermal transients. The transients examined
in the analysis are the U-1, U-4 and E-2 events discussed in Appendix B, and
envelop all, thermal events. The thermal stress analysis was also conducted
using finite element techniques. Structural evaluation of the results of the
strain-controlled analysis indicate that all areas of interest demonstrate
structural adequacy by elastic analysis except the HB plate. Resulting
steady-state stresses and transient strain ranges are small enough so that
the creep/fatigue damages are within the limits of Code Case 1592. A thermal
striping assessment was made, results og which indicated negligible fatigue
damage since the maximum potential is 4 F. Since the elastic stresses calcu-
lated in the HB plate were too high to meet the limits for elastic analysis,
a simplified inelastic analysis was undertaken to demonstrate the structural )
adequacy of the part. Results show that total strain accumulated throughout
the life of the component satisfy the allowables of 1%, 2% and 5% on average,
linearized and peak respectively. The creep fatigue requirements are also
satisfied.

4.2.2.4.1.7 Analysis of the Core Former Structure (CFS)

This section summarizes the results of the Core Former Structure
(CFS) stress analysis. The evaluation is made to requirements of criteria
used in Section 4.2.2.3.1.2. Primary stresses in both the upper and lower
core former rings are determined by generating a 2-D in-plane finite element
model. This model consists of beam elements with varying cross-sections to
simulate both the irregularly shaped core former ring and the segmented
inserts. Loads are applied to the upper ring through the 3 UIS keyways and
6 core barrel lugs, and to the lower ring through 12 equally spaced compression
only azimuthal spacers. These loads are due to deadweight, seismic events,
core misalignment and core reaction.

Mode frequency analysis was conducted on both the upper and lower
geometries. The minimum fundamental mode was 66 Hz, on the upper ring,
placing the structure in the zero period acceleration domain.

Results of the load controlled analysis determined that all primary
59 limits were satisfied as required by the applicable criteria.
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The deformation controlled stresses and strains were determined by a 2-D
axisymmetric model of a cross section of the ring. The model used for both
the thermal and thermal stress analyses of the ring Is shown In Figure 4.2-77.

Thermal boundary conditions applied to the upper core former model were fluid
temperatures appl led through a convection coefficient In several different
regions of the model as shown in the figure. The structure was analyzed
elastically for the U-lb, U-2b, U-18 and E-16 thermal events which may be
conservatively used to umbrella all other loadings.

All regions of the CFS were shown-to be adequate using elastic analysis
methods except the top surface of the upper ring. This area was shown to be
adequate by simplified Inelastic methods. The fatigue damage at this location
was .414 with a creep damage of .239. This combination of damages falls
within the creep fatigue Interaction envelope of Code Case 1592.

4.2.2.4.2 Upper Internals Structure

This section presents the analysis performed in support of the final design of
the Upper Internals Structure (UIS) and used to demonstrate the adequacy of
this component for the expected service conditions and environment. The
adequacy of the design is based primarily upon meeting the criteria of Section
III of the ASME Boller and Pressure Vessel Code, including Code Case N-47, and
supplemented by RDT Standards F9-4T and F9-5T and special project structural
design rules presented in Section 4.2.2.3.2 and 4.2.2.3.3. These special
project structural design rules have been developed based on material
properties testing. A summary of the components analyzed, material
properties, structural design criteria, mechanical loads, thermal environment,
methods of analysis and structural analysis is presented herein.

4.2.2.4.2.1 Components Analyzed

The major components of the UIS are Identified in Figure 4.2-45. A brief
outline of the functions of the UIS Is given in Section 4.2.2.2.1.7. A list
of the components of the UIS analyzed to demonstrate structural adequacy of
the design are:

o Lower Plate and Ligament

•o Upper Plate

o Support Columns

o Shear Webs

o Core Barrel Key
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o Instrumentation Posts

o Upper and Lower Shroud Tubes

o Chimney Assemblies

o Mixing Chamber Thermal'Liners

o IVTM Port Plug

o IVTM Port Plug Cover

4.2.2.4.2.2 Material Properties

The ASME Code Is the prime source for materials properties. For material
properties not specified in Section III of the code or applicable code cases,
the mechanical properties are based on the Nuclear Systems Materials Handbook
TID-26666, RDT Standard F9-4T, RDT Standard F9-5T or the sources given In
Section 4.2.2.3.3.

There are no Irradiation effects on the mechanical properties of Inconel 718
or 316 stainless steel at the highest fluence levels attained at the end of
its 30 year service life. The maximum fluence level Is less than:

1 x 1021 n/cm2

Type 316 stainless steel Is a non-age hardenable alloy. Therefore, no
significant changes In strength or hardness should result from long term
exposures at temperatures up to 1100°F. Inconel 718 is an age hardenable
alloy, however, the age hardening process does not result in significant
reductions In mechanical properties when subjected to temperatures up to
11000F for component lifetimes. No allowances have been made for the effects
of thermal aging on the properties of either alloy. However, experimental
material properties programs to study the behavior of both alloys due to the
thermal environment and sodium exposure are discussed in Section 1.5.

The sodium effects of Section 4.2.2.3.3.2.1
damage evaluations of 316 stainless steel.
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i Cyclic Hardening

I

A factor Kc Is applied to alter the stress-strain curve yield surface.

where:

Kc = (-0.144 + 3.094A )1/2 for A• > 0.36%

If the strain range Aeis S 0.36%, then Kc = 1.0.

High Cycle Design Fatigue Strength

Stainless steel materials subjected to high cycle thermal fluctuations and
flow induced vibration phenomena require a 4atigue strength evaluation beyond
the Code Case 1592 (N-47) curve limit of 10 cycles. The Code Case 1592
(N-47) curve Is extrapolated beyond 10 cycles Using a slope on cycles of
-0.12 for load controlled situations. In cases where conditions are strain
controlled, the special purposg high-cycle fatigue criterion, as described in
4.2.2.3.2.3, Is used beyond 10 cycles.

4.2.2.4.2.3 Structural Design Criteria

The portion of the UIS within the reactor vessel operates at elevated tempera-
tures above 8000 F. Under these circumstances the UIS is classified as an
elevated temperature structure and Is designed and analyzed as an ASME - Ill
Code Class I component.

Alternate structural design criteria have been adopted in the cumulative
creep-fatigue damage rules of Code Case 1592 (N-47) and RDT Standard F9-4.
These criteria assume that in compressive hold, creep rupture damage is 20% as
damaging as the damage caused by the same sustained stress in tension. It
applies for austenitic stainless steel (Types 304 and 316) at metal tempera-
tures less than 12000F (649 0 C). At times in the duty cycle when sustained
stresses are tensile, damage is computed in accordance with Code Case 1592
(N-47).

'
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591 4.2.2.4.2.4 Mechanical Loads

Design Loads

The design condition loads are ýhe dead weight and pressure.
The design temperature of the UIS is 1220 F.

Normal Loads

During normal operation, the UIS carries no mechanical load
except its own weight and loads due to actuation of the control rod
system. The upper shroud tubes carry the dashpot loads resulting
from the primary control rod scram arrest accelerations, and the
lower shroud tube is designed to react a 19,000 pound upward load
incurred in exercising the control rod breakaway joint.

The UIS is designed to preclude the occurrence of adverse
structural and dynamic effects due to flow induced vibration. Where
possible, the entire structure and its components are designed such
that their natural frequencies do not coincide with any vortex
shedding frequencies. Component mechanical stresses caused by flow
induced vibration are required to meet the limits of the ASME Boiler

591 Code Section III and Code Case 1592 (N-47) for normal conditions to
*ascertain structural integrity with regard to fatigue.

During refueling operations, the UIS is raised and lowered
S- so that the rotating plugs may be positioned to provide access to

various reactor locations. Misalignment of the UIS keys with respect
to the keyways in the CFS will cause loads between the keys and
keyways. Both the normal and frictional force resulting from this
misalignment are considered in the analysis.

Upset Loads

The upset mechanical loads on the UIS are the seismic
input for the operating basis earthquake (OBE). The UIS is designed
for OBE in accord with the criteria described in Section 3.7.

Emergency Loads

The UIS is designed to accommodate loads due to loss of
primary holddown (hydraulic balance). Loss of hydraulic balance
is classified as an emergency event and is assumed to occur five
times, but for conservatism it is analyzed as an upset event.

59 51
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5 Li

The UIS is designed to withstand the effects of a safe shutdown earthquake
(SSE). The SSE is a faulted condition, however, to be conservative, the UIS
is designed to satisfy the ASME Code criteria for emergency conditions when in
the operating configuration and subjected to the SSE loads.

4.2.2.4.2.5 Thermal Environment

Operating conditions for the UIS are specified in a 30 year histogram using
the ASME Code categories of normal, upset, emergency, and faulted conditions
for the mechanical loads and steady state and transient temperatures. Plant
capacity Is 75% giving a full power life of 22.5 years.

Normal Loads

The UIS is designed to accommodate thermal striping during normal operation.
The UIS.surfaces directly exposed to the more severe thermal striping are the
Instrumentation posts, control rod shroud tubes, keys, the Internal surfaces
of the chimneys, and the UIS mixing chamber. Sodium exiting from the chimneys
will subject the support columns to thermal striping.

The reactor operating temperature, for long term .steady state effects in a
cumulative damage analysis, Is based on reactor coolant outlet temperature of
1000OF with a 2a, uncertainty.

During refueling operations, which are normal operating conditions, the UIS
will be at the refueling temperature of 400 0 F.

Normal operating temperature transients such as startup and shutdown are less
severe than the upset and emergency events and are enveloped by them.

Upset and Emergency Loads

)

Steady state temperatures with 2
temperature of 10150F are used to

uncertainties for a reactor
begin transient analysis of

outlet nozzle
UIS components.51
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For most areas of the UIS the most severe thermal transient among the Upset
(U) and Emergency (E) Duty Cycle events is an uncontrolled rod 'withdrawal from
full power. For the lower shroud tube, the E-16 emergency transient, three
loop natural circulation, Is also severe. All other UIS transients are
grouped with respect to severity under these transients. The fluid
temperature changes are less severe farther from the fuel exit as a result of
mixing with control assembly flow and blanket assembly flow. These other
assemblies also have less severe changes occurring at their exits. The heat
transfer analyses of different areas of the UIS account for all these
differences.

Faulted Loads

Two faulted events are identified in the UIS duty cycle. Only one occurrence
of either of these events is considered. Faulted events are not considered in
cumulative damage calculations.

4.2.2.4.2.6 Methods of Analysis

Elastic analysis, simplified inelastic and rigorous inelastic analysis have
been used to develop the detail design which meets all Its structural
requirements. The simplified inelastic analysis used for the UIS are 1)
Neubers method, this method is presented in Code Case 1592 (N-47) in Section
T-1430, and 2) Simplified inelastic analysis of plates and cylinders under
thermal transient loadings. This technique is used In the program HOTDAMG
described In Appendix A. This method utilizes a strain correction factor
which is a function of the elastically calculated stress and the yield stress
to account for plasticity.

The rigorous inelastic analysis for the UIS was performed using finite element
analysis methods. ANSYS and WECAN (both described in Appendix A) have been
utilized for this type of analysis. Verification problems have shown that
both programs are adequate for detailed Inelastic analysis.

Computer Codes

The following computer codes are utilized in the heat transfer and structural
analysis of the upper internals structure:

ANSYS
HOTDAMG
WECAN
TAP-A
TRUMP
VARR-1 I
TEMPEST

Descriptions of these computer codes are given in Appendix A.

4.2.2.4.2.7 Structural Analysis

The detail rigorous analysis can be divided between overall analysis and
detail part analysis. The seismic analysis, duty cycle evaluation, and
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overall thermal stress analysis are overall analyses. Other items discussed
are detail part analyses.

,i ")

II
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Seismlc Analysis

The UIS column seismic loads are obtained from the reactor system seismic
analysis. The SeIsmic analysis for the remainder of the UIS, was performed
with a 1800 finite element model of the structure with all of the details
essential to dynamic po•lysis, Modal analysis of the UIS Model for both
operating and refuellng configprptions is performed to obtain natural
frequencies and mode shaPes,

Seismic Response Spectrum Anplysls is used to evaluate primary stresses in the
UIS due to seismic excltatlon." The analysis is performed utilizing the CRBRP
Seismic Design Criteria and the dynamic models identified above. Further
details are described In Section 3.7. The displacements were'checked to
verify that impact did not occpr at close clearance locations. Stresses due
to horizontal support pQint motion and due to dead weight, are added by
absolute value to response spectrum analysis stresses to give final values for.
comparlSon to the criteria.

Duty Cycle Evaluation

The UIS Is subjected to a large number of Upset and Emergency condition
thermal transients. The purpose of the duty cycle evaluation is to reduce the
number of events to be applied in the analysis of each area of the structure
to only one or two events so as to obtain an equivalent creep and fatigue
damage for the entire duty cycle. In a high temperature component time
dependent response and environmental effects become governing factors.
Residual stresses. holdtime between cycles, elastic-plastic strain, cyclic-
hardening, and creep/fatigue Interaction must all be properly accounted for.
In general, simplified creep-fatigue damage evaluations have been used to
perfcrm the duty cycle reduction and determine the umbrella tra.-sients.

Overal h a ss Analysis

The UIS gross model is generated from, 1) shell elements for the lower and
upper plates, shear web and skirt, 2) pipe elements for the columns, and 3)
rigid beam elements I(- connect the columns to the plates and shear web. The
primary purpose of the elastic lower plate model is to provide boundary forces
for the more detailed inelastic lower plate model at various times during the
U-2b transient (see Appendix B for description of this transient). Since the
entire UIS is included in the model, it is possible to obtain boundary forces
for other components such as the column center region and the column/top plate
joint.

I
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The analysis consists of generating temperatures at various times in the U-2b
transient from thermal data obtained from the overall model thermal/structural
interface analysis. These temperatures are applied to the overall structural
model. The forces produced at the boundaries of the individual components by
the thermal loadings are then applied to the more detailed models of these
components.

Lower Plate Analysis

The main purpose of the lower plate inelastic thermal stress analysis. is to,
1) provide nodal forces for the ligament analysis due to the transient, 2)
ascertain adequacy of the lower plate to react the loss of hydraulic holddown
load, and 3) determine if the lower plate'satisfies the ratcheting criteria.

The boundary forces-are obtained from the UIS overall structural model

analysis together with temperatures provided by T/H Analysis.

Lower Plate Ligament Analysis

The critical lower plate ligament is analyzed for the steady state, the
critical thermal transient and the applied interaction loads from the lower
plate model. A 3-D finite element model Is used In the analysis. The results.
are then compared to the allowables to determine the lifetime of the lower
plate.

Upper Plate Analysis

The upper plate overall stresses are evaluated In the analysis of the overall
model. A 2-D finite element model of this area Is used and transient
solutions obtained for the governing transient. In addition, the seismic
stresses and steady state thermal stresses from the overall model were
superimposed on the detail model.

Column Center Region

The creep-fatigue damage In the column center region due to the critical
transient combined with the seismic loads was calculated. Inelastic stress
analysis Is performed with a through thickness 1-D model applying the critical
thermal transient combined with the highest possible selsmic load.

Shear Webs

The shear web and its attachment to the lower and upper plates have been
considered In the gross model.
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Core Barrel Key

• The core barrel key .is :Included In the gross model used.for seismic analysis.
In addition, detalled.creep-fatigue analysis of the Haynes 273 hardfacing on
the keys is. performed using the results from a 3-D finite element model. The
thermal stress analysis Is based on the critical transient. The creep-fatigue
.evaluation used a fatigue curve derived from monotonic tensile properties
using the "Method of Universal Slopes". Additional structural reliability was
generated by a test program which included both low cycle fatigue due to
reactor transients and high cycle'fatigue due to normal load fluctuations.

Instrumentation Post

The analysis of the Instrumentation post considers steady state and U-2b, and
E-16 transient thermal loadings, striping, seismic conditions, loss of
hydraulic holddown loads, and loads induced in the Instrumentation. posts by
bowing of the UIS lower plate liners. Appropriate 2-D finite element models
are used to represent different portions of the post.

Upper and Lower Shroud Tubes

The upper and lower shroud tubes are both Inconel 718 due to the severe steady
state and striping environments. The lower shroud tubes are double wall
construction in order to minimize the thermal stresses induced by the severe
steady state gradients. These thermal loadings have been defined through the
use of small scale thermal hydraulic models. The results of the thermal
stress analysis considering both reactor transients and the Interference fit
between the mating tubes shows an acceptable creep-fatigue damage. These .. )
analyses are performed using 2-D finite element model-s and elastic analysis.

Chimney Assemblies

The Inconel 718 chimney shell was analyzed for steady state and transient
conditions. The critical part of the assembly is the spider forging which was
analyzed using a 3D finite element model for both steady state and thermal
transients.

Mixing Chamber Thermal Liners

The mixing chamber thermal liners are Inconel 718 and are analyzed for the
steady state and transient environment using simplified analysis techniques.
In general, these parts have low cumulative damage by comparison to other
parts.

9
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IVTM Port Plug and IVTM Port Plug Cover

The principal loadings for the IVTM Port Plug and IVTM
Port Plug Cover are due to seismic events. Dynamic analysis using
finite element models is performed for this condition and the
results have been used to design the attachments to the reactor
head.51
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0
4.2.2.4.3 Core Restraint System Evaluation

4.2.2.4.3.1 Summary of Results

511i The adequacy of core restraint-system performance is based on,

comparison of core restraint system model results with the requirements
defined in Section 4.2.2.1.2.8. The core restraint system results include
the effects of uncertainties in the model environmental data, material
properties and core component dimension. Uncertainties are combined
statistically but always in a way to produce a conservative result relative
to the defined requirement. The following comparison of core restraint
performance to the system requirements utilizes data for the first core
of CRBRP.

a) Reactivity

Feedback reactivity attributable to core assembly motions is
assumed to occur either predictably, as a result of power-to-
flow variations during the reactor startup process or unexpectedly,
due to the suddedn movement of the core assemblies within the
confines of load plane gaps illustrated in Figure 4.2-84.

As discussed in Section 4.2.2.4.3.3, the reactivity feedback
due to predictable assembly motions such as those which occur
during reactor startup, may be positive or negative. Performance
results show that the positive feedback effect is limited to
power-to-flow ratios less than0.7 and that the rate of positive
reactivity insertion is a function of the core assembly duct
temperature patterns, assembly motion reactivity coefficients
and the lifetime status of the core assemblies. Assembly motion
reactivity patterns with uncertainty effects included are provided
for use in the evaluation of the reactor control system, plant
protection system and reactor stability. These evaluations
demonstrate that Criteria 9 and 10 in Section 3.1.3.1 are satisfied.

The analysis of sudden reactivity insertions utilizes conservative
assumptions with regard to assembly positioning, interaction and
dimensions which although plausible are all extremely unlikely.
The event is also assumed to occur at the worst time in assembly
life. This very conservative design procedure is used to set the
cumulative load plane gap at the ACLP so that a sudden (or step)
reactivity insertion at full power no greater than 60¢ is predicted.
This design procedure insures that the step reactivity insertion
limit at power levels of one megawatt or less is automatically
satisfied.

b) Core Component Contact Loads and Distortions

The core restraint system model described in Section 4.2.2.4.3.3
is also used to predict interassembly contact loads, core to
peripheral support component loads and overall assembly distortions

59
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arising fromradiation induced creep and swelling in the core
assembly ducts. Uncertainties in dimensions, environment, material
properties and the model are all considered to arrive at
enveloping contact loads. Contact loads are predicted for
both normal and non-seismic off-normal events for both on-power
and off-power (refueling) conditions. Non-seismic loads obtained
from this model are combined with seismic and other loads as
indicated in'Section 4.2.1.3.2.3.3. These combined loads are
used in the structural evaluation of reactor system components
which interface with the core restraint system. Loads calculated
at refueling conditions are utilized to demonstrate that the
refueling limit for assembly insertion and withdrawal is satisfied.
System model results predict core assembly bowing and dilation
effects as influenced by the environmental conditions (temperature
and flux) within the core. Core assembly distortions are predicted
to be sufficiently small so that the interassembly contact limits
and the assembly handling envelope limits are satisfied.

c) Top End Misalignments

The evaluation of misalignment of the core assembly handling socket
is based on stackup of top load plane gaps from a given assembly
to the farthest location on the upper core former ring. Thermal and
dimenstional uncertainties and permanent component misalignment
effects are also included. This very conservative procedure is
used to set the top load plane gaps to insure that assembly top
end misalignment limits are satisfied.

d) Duct-To-Duct Contact

Interassembly contact at non-load plane locations due to the
combined effects of bowing and duct dilation is also computed.
Present evaluations indicate that local non-load plane contact
between assemblies will initiate between fuel assemblies during
the second cycle of irradiation. The results show, however, that
no general duct-to-duct non-load plane contact pattern is established.

4.2.2.4.3.2 Material Properties

The analyses of this section utilize material properties found in
Reference 181 for irradiation swelling and creep. Analyses were performed
using nominal forms and with uncertainties conservatively applied.

4.2.2.4.3.3 Analysis of Assembly Bowing and Duct Dilation

Core restraint analyses were performed using the NUBOW-3D core
restraint system analysis computer code (see Appendix A). The code analyzes
a 300 sector of the core restraint system including irradiation and mechanical
influences as shown in Figure 4.2-85.
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Assembly duct temperature data and neutron flux data used In the core
restraint analysis are shown in Section 4.4.3.3.5, "Core Assemblies Duct
Temperatures", and Section 4.3.2.9, "Vessel Irradiation". These data were
applied over a time period corresponding to two cycles of reactor operation to
determine the thermal, Irradiation swelling, and creep bowing response of the
modeled assemblies. Examples of assembly bowing profiles and interassembly
loads are presented In Figures 4.2-88 and 4.2-89 for the following conditions
in the operating cycle:

1. At power, start of cycle one.

2. At power, end of second cycle (328 days).

Assembly Bowing and Interassembly Load Patterns511
Influencing the bowing profiles In the time domain were the effects of
Irradiation swelling and creep. The effect of Irradiation creep is to relax
loads caused by on-power thermal bowing, while swelling act to bow the
assemblies in the direction of Increasing lateral thermal and flux gradient.
Figure 4.2-90 illustrates the Interassembly load pattern at ACLP due to on-
power thermal bowing loads. Irradiation creep effects occur almost
Immediately, however, a delay or Incubation period Is required before swelling
effects become pronounced. For the row 9 assembly, swelling became
significant during the second cycle of operation (compare Figures 4.2-88 and
4.2-89).

Sudden Core Radial Motion

The presence of Interassembly gaps at the above core load plane gives rise to
the potential for Inward radial motion of the core assemblies. A positive
reactivity insertion due to assembly motion requires a general radial Inward
movement of the core. A conservative design procedure employed in CRBRP Is to
set the ACLP load plane gaps so that the maximum sudden Inward motion of the
core assemblies within the confines of the ACLP radial gap would result in a
step reactivity Insertion no greater than 600 when the reactor Is at full
power. The assembly motion necessary to cause a step Insertion of this
magnitude Is Improbable. During reactor startup, the establishment of
temperature gradients across the assemblies will cause them to bow generally

611 inward tending to close ACLP gaps In the core region in a predictable and
controllable manner. Once the ACLP gaps are closed, further inward motion of
the core assemblies Is not possible. Consequently, the only possible way for
a sudden Inward core motion to take place is for the core not to compact
radially Inward at the ACLP as It is brought to power. The only non-
compaction effects which have been Identified and experienced In core array
mechanical Interaction testing are the combination of high friction (0>0.6)
and assembly azimuthal rotation.

Consequently, in the analysis of the step insertion event it Is assumed that
during the Insertion of assemblies Into the core, the assemblies are rotated

59 uniformly so that the Interassembly load plane gap is eliminated.
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It is further assumed that the friction coefficient is sufficiently high that
thermal bowing forces generated as the reactor is brought to power will
not be sufficient to overcome load pad frictional forces and realign the
assemblies. Secondly, it is assumed that when full power is achieved, a
seismic event occurs which produces forces sufficient to overcome the load
pad frictional forces and realign the core assemblies into their nominal
orientation. The rotational alignment of the core is assumed to occur
suddenly, displacing the core radially inward.

The conservatism of this procedure can be illustrated by examining
the assumptions which are employed in the step insertion procedure.

1) Core assembly load pads and the core formers are assumed to be
at their nominal dimensions. Fabrication experience indicates that
the as-built assembly load pad dimensions in the aggregate will be
larger than nominal and that the core former ring smaller than:
nominal thus the as-built load plane gap is likely to be smaller
than the nominal load plane gap. Furthermore, tolerance effects
between adjacent assembly faces would result in the smaller of the
distribution of interassembly gaps controlling the compaction
process. The net effect of load pad tolerances would be to reduce
the load plane gap.

2) Load plane surfaces are coated with a low friction hard surface
coating of chromium carbide. The mean friction coefficient of
this surface coating in the reactor operating range is 0.2 to 0.4.
Analytical and experimental evidence on core array mechanical
simulations indicates, that for this range of friction coefficient,
non-compaction effects are not significant.

3) The rotational alignment of assemblies within the core is expected
to be distributed statistically about the nominal orientation a3
determined by the core assembly and core former load plane as-built
surface dimensions. No operational bias has been identified which
could preferentially orient the core assemblies so as to close the
load plane gap but still permit installationand removal of assemblies
into and from the core.

Reactor Assembly Bowing Reactivity

During a change in reactor power-to-flow ratio, temperature gradients
change or develop across assembly ducts, causing the assemblies to bow.
Lateral motions of the core regions of these assemblies result in a reactivity
change. This reactivity change differs from that discussed in the previous
paragraph in that it is assumed to occur in a predictable and controllable
manner in response to duct temperature changes.

Figure 4.2-92A depicts the row average assembly bowing patterns and
corresponding reactivity effects that develop during a power to flow ratio.59
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transition. At near-zero power-to-flow ratios, the assemblies tend to bow
freely within the constraints of the interassembly and peripheral load plane
gaps. The presence of a peripheral gap at the TLP core former ring permits a
net outward motion of the core region of the outer core fuel and radial
blanket assemblies producing a negative reactivity effect as shown for the 0.2
power-to-flow ratio pattern. When the closure of TLP gaps from the outer
blanket rows to TLP core former ring prevent further outward motion, the core
regions of the outer core fuel and radial blanket assemblies bow Inward as
shown for the 0.4 power-to-flow ratio pattern. The net inward motion of the
fuel and radial blanket assemblies continues until the ACLP gaps close from
the center of the core to the radial blanket rows. During this phase the
bowing reactivity contribution is positive. Subsequent increases in power-to-

flow ratio result in more complex S-shape bowing patterns and a net outward
motion of the active core regions of the high worth fuel and radial blanket
assemblies. During this phase, the bowing reactivity contribution is negative
as depicted for the power-to-flow ratio equal to 1.0 pattern in Figure
4.2-92A.

Figure 4.2-92B shows the bowing reactivity characteristics which are predicted
for nominal thermal, nuclear and load pad dimensional data at various times in
the fuel assembly lifetime. Differences between the bowing reactivity
patterns are attributable to the irradiation effects of creep and swelling in
the reactor assembly ducts. Early in fuel assembly life (125 and 250 days in
Figure 4.2-92B), the high worth assemblies at the fuel-radial blanket .

interface are bowed outward at the ACLP at refueling conditions as a result of
irradiation creep. On a subsequent reactor startup (power-to-flow
transition), these high worth assemblies traverse inwardly to a greater extent
than initially straight assemblies. Later in the fuel assembly lifetime (500
days In Figure 4.2-92B), the high worth assemblies at the fuel-radial blanket
interface bow inward at the ACLP at refueling conditions as a result of
swelling. The startup bowing reactivity late in the fuel assembly life
resembles the characteristic behavior of Initially straight assemblies.

Figure 4.2-92C shows the bowing reactivity characteristics which are predicted
for various assumptions of nuclear and thermal data, load pad mechanical
interaction and dimensional uncertainties.

The curves In Figures 4.2-92B and 4.2-92C, when combined with other
significant reactivity effects such as the Doppler effect., are used, in the
reactivity feedback evaluations which are provided In Sections 4.3.2.8,
Reactor Stability, 7.7.1.2, Reactor Control System and 15.1.4.5, Reactor
Assembly Bowing Reactivity Considerations.

Withdrawal Loads at Refueling

The frictional components of assembly withdrawal loads are obtained from the
NUBOW-3D analysis. The effects of uncertainties are combined statistical ly
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and the sodium buoyant assembly weights are added to the friction forces as

shown below:

Fw= Eij (UF!j)i + U + W

where: Fw Is the withdrawal load, iii are friction coefficients at load
planes, F- are the duct normal forces at load plane i, U is the
uncertainty adder and W is the assembly sodium buoyant weight.

Mldcore Duct-to-Duct Contact

Duct-to-duct contact at the core midheight was investigated via NUBOW-3D. It
was found that assembly bowing alone was not sufficient to cause midcore
contact. However, with duct dilational behavior modeled, midcore contact does
occur In the outer core region. Naminal calculations predict the first
occurrence just after the end of cycle 2 (u335 vs. 328 days). This is a duct
midheight pressure bulge-to-pressure bulge type of contact from internal
pressure driven creep dilation, and is not likely to cause high contact loads.

Conclusions and Future Work

Assembly motion reactivity effects are conservatively predicted by current
analytical procedures. The results shown indicate that reactivity related
core restraint requirements of Section 4.2.2.1.2.8 are satisfied.

Core component contact loads and distortions are predictable using cur-rent
analytical *methods. Additional work is planned to verify dilation induced
duct-to-duct contact predicted in NUBOW-3D with more detailed models.

Additional areas where further work is planned include:

1) Detailed analysis of core restraint performance beyond core 1.

2) The simulation of fuel management in the NUBOW-3D model.

3) Verification and improvement if necessary of the duct dilation Induced
duct-to-duct contact model.

4.2.2.4.4 Removable Radial Shield Assembly (RRS)

The RRS configuration Is shown in Figure 4.2-43. The structural analyses
included two critical regions of the RRS, the Above Core Load Pad (ACLP) of
the duct and the outlet nozzle. The selection of these two regions was based
on structural analyses of the basically similar fuel and blanket assemblies
which indicated that the assemblles inlet regions comprising the inlet nozzle,
orifice assembly and transition had very high design margins, while operating
under more severe environmental conditions than the RRS. The above mentioned
structural analyses Indicate that the ACLP is the critically loaded region.

In the ACLP analyses, maximum values from all loading sources were assumed to
occur simultaneously at the single assembly subject to the worst environmental
conditions. The various loading conditions considered were seismic, core
restraint, and steady-state and transient thermal loads. Three different sets
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of thermal-hydraulic conditions were considered from which the worst
combinations of maximum duct midwall and cross-duct gradient temperatures was
obtained. Stresses, strains and damage were determined for the ACLP resulting
from the above loading sources and conditions.

An ANSYS finite element computer code was used for the RRS duct stress
analyses. Based on the results of this analysis, Inelastic and fracture
toughness analyses of the ACLP were also performed.

The inelastic analyses were performed to determine strain and damage of the
ACLP using the iHERN elastic-plastic-creep computer code. Two separate sets
of analyses were performed, one representing BOL conditions, and one
representing EOL conditions correponding to a design life of 10 years. Twenty
out of the 190 loading cycles of the unit histogram (see Figure 4.2-43A) were
run for each of the two conditions to overcome the transient portions of the
elastic-plastic-creep domain, and the remaining 170 cycles were conservatively
duplicated by the 20th cycle. Both the calculated total maximum strain and
the calculated maximum creep-fatigue damage when compared with the minimum
allowable values yield positive design margins equal to 14.0 and 0.14,
respectively.

A fracture toughness analysis of the duct ACLP was also performed, since the
minimum elongation in the load pad at end of life is <3%, and brittle fracture
Is a potential failure mode. For this analysis, an initial flaw size and
shape, and two orientations were assumed, consistent with the requirements
defined in RDT E6-20T (now NE E6-20T). The analyses consisted of the
following steps:

a) The critical stress intensity factor KIC for BOL and EOL material
conditions were derived from data on unirradiated sub-compact test
speciments made from FFTF duct material.

b) The stress intensity factor for the assumed semi-elliptical flaw under
tensile stress was determined.

c) A crack propagation analysis was performed to determine the crack growth
under the applied duty cycle.

d) The maximum stress intensity factor K was determined for the final flaw
size obtained from the crack propagation analysis.

e) Finally, the margin of safety was determined by comparing the calculated
maximum EOL stress Intensity factor Kmax with the allowable design value
which was obtained by applying a design margin of 1.5 on the calculated
critical stress intensity factor KIC. This evaluation yielded a positive
margin of safety equal to 5.7.

4.2.2.5 Welding and Seizing of Reactor Internal Parts

The design considerations for welding and seizing of rotating or moving parts
for reactor internals are presented in Table 4.2-64.
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4.2.2.6 Thermal Striping Evaluation of Reactor Internals

4.2.2.6.1 General Methodology for Thermal Striping Evaluation

The general method used to evaluate components for thermal striping is
illustrated in Figure 4.2-130. The steps Involved are as follows:

a) The maximum potential for thermal striping Is identified. This potential
Is the calculated temperature difference In sodium coolant from adjacent
streams. Included In the temperature difference are 2-Ouncertainties.

b) Scale model tests are run as appropriate and the component thermal
striping factors are measured. The measured striping factors are combined
with the maximum striping potential to generate a thermal striping
temperature time history and define a maximum fluid A T.

c) The thermal striping temperature time history Is used as the boundary
temperature in a transient thermal analysis of selected component. This
analysis calculates the magnitude of the fluctuating difference in the
surface temperature and the mean temperature (Ts-Tm).

d) The range of Ts-Tm Is used to determine a stress or strain range which is
used In the fatigue evaluation of the structure.

There are primarily 4 methods used to evaluate structures for thermal
striping.

Ist Method

This is the most simplified and conservative method used. In this method the
maximum fluid AT (Hottest fluid Temp. - Coldest Fluid Temp) Is compared to an
allowable metal AT. (Temp. of the metal surface - metal mean temp). The
method for determining allowable metal AT is described In Section 4.2.2.6.4.

If AT fluid < AT metal allowable the structure is adequate for striping.

Discussion of Conservatism:

There are several factors which cause this method to be conservative.

1. Using fluid temperatures is conservative, since this assumes an Infinite
film coefficient and neglects the mean temperature effects on strain.
Since striping Is a fast transient the mean temperature effect will be
small for most cases. However, the film coefficient effect can be
significant.

2. Using the observed maximum and minimum as umbrella temperatures is
conservative since each cycle would not have this maximum strain range.

3. Assuming a blaxial stress state Is conservative for some locations such as
at corners, where there Is no biaxial stress state.

4. Conservatism, incorporated Into the design such as factors on design
fatigue curves and temperature uncertainties.
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2ndZMethod

The second method Is used when the 1st method does not show the structure
adequate. This method Is to use the film coefficient and the materials
thermal properties to determine the actual metal surface temperature. The
metal surface AT Is then compared to the allowable metal AT (Surface-mean)
used In method 1. If ATmetal surface <ATmetal allowable the structure Is
acceptable for striping.

Discussion of Conservatism

Conservatism Is the same as for method 1 but excluding Item 1.

3rd Method (Detailed Analysis)

.This method Is used when methods 1 and 2 are not adequate to show that the
structure Is acceptable and there Is reason to belleve It can be shown
adequate with this method. This method Involves the evaluation of actual
temperature data from prototypic tests. In this evaluation instead of using
the hottest and coldest fluid temperatures, the fluid temperature data Is
first converted to metal temperatures by thermal solutions. Then the metal
temperature peaks are umbrellaed i,.e., all temperature peaks between specified
values are grouped and given the highest absolute temperature within the
group. These umbrella temperatures are used to calculate strain ranges for
each group.

a = Instantaneous coefficient of
thermal expansion

E r a ATmetal V = Polsson's ratio
(1 - v ) Sr Strain range

Where ATmetal = Difference between the max and min temperature variation of
the metal within the group (conservative).

The number of cycles within each group (n, ) is projected throughout the
reactor life. The allowable number of cycles (Nd.) for the strain range In
the corresponding group Is obtalneg from the applicable fatigue curve. The
total striping fatigue damage Is, fatigue = El nl/Nd.

This damage will then be added to the creep-fatigue damage calculated for
other transients. If the damage calculated here Is within the creep-fatigue
damage envelop, Figure 4.2-47A, the striping Is considered acceptable.

Conservatism

Items 3) and 4) from Method I

There is still some conservatism in umbrellaing the temperatures, but not as
significant as before.
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4th Method (Alternate Detailed Analysts)

Again this method is used only when methods 1, 2, or 3 are not adequate to
show the structure acceptable. This method is used when the geometry of the
structure is such that the previously discussed methods are overly
conservative i.e., thin walled structures where mean temperature effects can
be substantial, and corners where biaxiality effects vanish. Either effects
tend to reduce the stress and strain.

For this method detailed finite element models are developed to determine the
thermal and stress response of the structure for the specific striping ,
environment. The stress and strain ranges determined from the models are then
used to evaluate the fatigue damage due to striping.

Conservatism

See item 4, from Method 1.

4.2.2.6.2 'Maximum Potential Fluid ATs

To evaluate the effects of thermal striping on reactor internals, a first step
.is to determine the maximum potential for thermal striping that exlsts at each
selected component. This maximum potential Is the maximum temperature,
difference (AT) between the different sources of sodium In each region,
including 2a uncertainties. For example, the striping potential at a lower
shroud tube is the AT between the control assembly (C/A)-2a exit temperature
and the hottest adjacent fuel assembly (F/A) +2aexit temperature. The
striping potentials are developed using a conservatively high core AT that
represents a 115% power condition. This core AT is about 600 F higher than
expected In the CRBRP. A listing of the maximum potential fluid for different
components is included in Table 4.2-68.

4.2.2.6.3 Maximum Fluid ATs

The maximum fluid AT at a given location Is determined empircally as a
fraction of the maximum potential fluid AT. Water model testing was performed
in 1) a full scale mockup of a cluster of seven removable assemblies and in 2)
the quarter scale IRFM (Integral Reactor Flow Model) at HEDL. Hot and cold
water exiting the core assembly outlet nozzles at appropriate flow rates
simulate the assembly to assembly AT. Fast response thermocouples near the
surfaces of the components models provide the time history of the fluid
temperature fluctuations normalized to determine a normalized striping factor..

The results of these tests provide a measure of the maximum fluid AT at
critical locations.
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7-Assembly Tests

The 7-assembly test model Is a full scale model of the reactor internals ,
configuration above a cluster of 7 core assemblies Including the assembly exit
nozzles. Configurations tested Include the following components above the
central of the 7 core assemblies.

o Lower shroud tube and primary control rod drivel ne.

o Lower shroud tube and secondary control rod drivellne.

o Lower shroud tube at core periphery without control rod drivel ine.

o Instrumentation post.

Figure 4.2-131 is a sketch of the 7-assembly test model. The configuration
shown here Is with an Instrumentation post. In this configuration the thermal
striping factors are measured on the Instrumentation posts for the different
combinations of fuel assemblies and blanket assemblies that are below It.

Integral Reactor Flow Model - Thermal Striping

The integral: reactor flow model (IRFM) Is a 360 degree 0.248 scale model of
the CRBRP outlet plenum and Its internal components which models significant
hydraulic and vibrational characteristics of the CRBRP. Sodium In CRBRP is
modeled by water In IRFM. An overall view Is shown In Figure 4.2-132. Fuel,
control, and blanket assemblies are represented by tubes orificed at the
bottom to give the proper flow distribution. The top ends of all core outlet
nozzles are prototypic to produce the proper velocity profile. Four different
Zones (fuel assemblies, Inner blanket and control assemblies, radial blanket
assemblies, and removable radial shield assemblies)•were provided with
different specified flows and temperatures and were varied to model striping
conditions at various core life conditions.

The frequency and amplitude of fluid temperature oscillations were monitored
on the outlet plenum permanent reactor structures. Thermal striping In these
regions are due to temperature differences between the fluids exiting the fuel
assemblies, the radial blanket assemblies, the Inner blanket assemblies, the
control assemblles and the removable radial shield assemblles.

In addition to the striping measurements at the reactor components,
measurements were made In the outlet plenum using radial traversing probes.
The axial location of these probes Is Illustrated on Figure 4.2-133.

A
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Test Results

The results of these thermal striping tests are listed on Table 4.2-68 in the
form of normalized striping factors. The factors are a fraction of the
striping potential with a factor of 1.0 being 100% of potential. Results from
the traversing probes In the outlet plenum are Illustrated on Figure 4.2-134
In the form of striping AT contours. The striping levels on all components
outside of this region, such as the reactor vessel thermal liner, the
suppressor plate, and the primary piping, are within the range of allowables
as shown on Table 4.2-69.

4.2.2.6.4 Striping Limits for Alloy 718 and Stainless Steels 304 and 316

Many reactor Internal components 6experience strain controlled cyclic
deformations in excess of I x 10 cycles. From the available ýatlgue data,
reference 182, the allowable strain or stress range for I x 10 cycles or more
approaches the endurance limits of each of the concerned materials. These
allowable strain or stress limits can be converted Into limits on the metal
surface to mean temperature range (AT total). The allowable striping,T metal
can be conservatively determined from the endurance stress or strain ranges
for a fully constrained blaxial stress case, e.g. thick flat plate. The
following relations are used;

AT meta = (1-v) AG. (a) (stress formula)
•, E ai"

ATmetal = (1-,) A er (b) (strain formula)
al

where &Tmetal - Metal surface temperature minus the mean temperature
See Figure 4.2-130, Section C

Ar = endurance stress range (25 )

Ac = endurance strain ranger

a. = Instantaneous coefficient of thermal expansion
1

S = polsson's ratio

E = modulus of elasticity
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This Ilimit represents one of the most conservative cases as discussed in
Method 2 In 4.2.2.6.1. If the stripingAT metal on the component Is below )
this limit, no further analysis Is necessary.

In some applications the alternating stress or strain Is accompanied by mean
stress or strain. The mean stress or strain effect Is detrimental and the
allowables should be adjusted accordingly.

For 304 and 316 stainless steel the design endurance strain ranges can be
obtained from Figure 4.2.47B, provided that the metal temperatures do not
exceed 11000 F. The striping AT meta limits are given in Table 4.2-69 with
selected mean strain effects.

The allow 718 fatigue curve is shown In Figure 4.2-48. The striping stressv
limits are developed from the endurance stress range of the up-to-date data
provided In Reference 183. The high cycle (10 or more cycles) design fatigue
strength curve with no mean stress is shown In Figure 4.2-49. Corrections for
mean stress effects should be made by calculating a reduced allowable
alternating stress Intensity, sa, as follows:

Saa t a X 200,000 - Smax
where 200,000 - 2Sa

s the lowest allowable alternating stress Instensity
a from Figure 4.2-49 for the metal temperature range of

Interest, psi

s = the maximum calculated stress Intensity during the
max. stress cycle, psi

s = material yield stress for the metal temperature range
Y of interest, psi

The above equations for sa, are used with the following restrictions:

A. If 2 s >- s or 2 s >
at =Ys and t e equation Is not used.
a

B. If sa s and 2 s max the equation is directlyappl ca le.Taa sx,'

C. If s > s and 2 s < Sy, use s =s In the equation.max. y a y max. y

The striping ATmetal limits are obtained for any s I by applying equation
(A). The allowable T metal range for a fully constrained blaxial case with
zero mean stress Is shown In Figure 4.2-135 for allow 718. TO obtain the
allowable4T metal from Figure 4.2-135 the metal temperature used Is the value
within the striping range that yields the lowest allowable AT metal range.
(The data base Includes ASTM grain sizes of 5 through 10 with an average grain
size of 7)
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The effects of the fabrication processes and service environment on the
structual Integrity of the involved component shall be considered. The effect
of grain size on the behavior of Alloy 718 shall also be considered. Some of
the UIS liner plates cannot be purchased with an ASTM Grain size finer than 2,
therefore a reduction In the allowable stress range Is required. The
allowable metal AT for a required reduction of 32% is shown In Figure 4.2-136
which does not include mean stress effects. When other grain sizes are used
the allowable must be adjusted accordingly. Data used to determine the grain
size effects on the endurance limit are from References 4.2-186 & 187.
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4.2.2.6.5 Summary of Thermal Striping Results

The thermal striping evaluation methods an results are summarized in Table
4.2-68 for the permanent reactor internals.t The general conclusion from this
table Is that all the permanent reactor internals are acceptable for their
thermal striping environments. As cited previously and indicated by Figure
4.2-498, the striping values for all reactor components outside the Upper
Internal Structure and above the Horizontal Baffle are below the allowable
limits for stainless steel.

4.2.3 Reactivity Control Systems

The mechanical designs of the reactivity control systems consist of the
primary control rod system (PCRS) and the secondary control rod system (SCRS).
Each mechanical system consists of a control rod drive mechanism (PCRDM for
primary, SCRDM for secondary) mounted on the top of the reactor vessel closure
head; a control rod driveline (PCRD for primary, SCRD for secondary).
connecting the mechanism to the absorber in the core region; and a control
assembly (PCA for primary, SCA for secondary) located in the core region. The
control assembly consists of a movable absorber pin bundle called the control
rod and outer duct assembly.

These control rod systems perform the following functions upon signal from the

Instrumentation and Control Systems:

Primary Control Rod System

1. Provide the primary shutdown (scram) system for the off-normal
conditions.

2. Provide normal operational control.

3. Provide normal reactor startup and shutdown reactivity control.

4. Provide additional margin for control in the event of any anticipated
reactivity fault.

Secondary Control Rod System

1. Provide the secondary shutdown system for off-normal conditions.

2. Provide reactor shutdown independent of the primary system.

3. Provide additional margin for shutdown in the event of any
anticipated reactivity fault.

Amend. 76
4.2-228 March 1983



Primary Control Rod System Codes

The analytical codes being used to evaluate and verify the design of the
primary control rods are as follows:

1) THI-3D; Steady-State Thermal-Hydraulic Multichannel Analysis.

2) COBRA; Steady State and Transient Thermal-Hydraulic Analysis
of Rod Bundle Elements.

3) FORE-If; Transient Thermal-Hydraulic Analysis.

4) CRSSA; Thermal-Hydraulic and Mechanical Analyses over the Primary
Control Assembly Lifetime.

5) CRAB; Steady State Hydraulic and Scram Dynamics Analyses of the
Primary Control Assembly

A brief description of each of these codes is presented in Appendix- A.
"Computer Codes of the PSAR". 16

)
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4.2.3.1 Design Basis

4.2.3.1.1 General Safety Design Criteria

The General Safety Design Criteria are discussed in detail in Section 3.1.3,
subsection Ill, Protection and Reactivity Control Systems, and are outlined
here for completeness. Specific criteria which are a part of the design basis
for the reactivity control systems mechanical components are:

1. Criterion 20 - Protection System Independence

2. Criterion 21 - Protection System Failure Modes

3. Criterion 23 - Protection System Requirements for Reactivity Control
Mal functions

4. Criterion 24 - Reactivity Control System Redundancy and Capability

5. Criterion 25 - Combined Reactivity Control Systems Capability

These criteria are augmented by the following requirements:

1. The speed of response of the control rod system, acting as part of the
Plant Protection System, shall be sufficient to assure that the'Damage
Severity Limits of Table 4.2-35 are not exceeded. Specific requirements
for speed of response are presented by Figure 4.2-94 for the SCRS.

The allowable damage limits are related to the frequency of the transient
condition so that anticipated events do not lead to a reduction in the
effective fuel lifetime. RDT Standard C16-1T, Dec. 1969, is used as the
basis for the primary control rod system damage severity limits, without a
stuck rod. (See Table 4.2-35.) To provide conservative plant protection,
the same primary system damage limits are required to be satisfied under
the assumption of a stuck rod. The primary system has the function of
limiting fuel damage to design limits for anticipated events. Failure of
the primary system is an extremely unlikely event. Consequently, the
secondary system, which is needed for shutdown only if the primary system
fails, need only limit damage to the major incident limit of an extremely
unlikely event. For additional conservatism In limiting plant damage for
an anticipated event, the limits of Table 4.2-35 require only minor
incident damage for the secondary system. The combined probability of an
extremely unlikely fault event concurrent with failure of the primary
system is exceedingly low and is not applied as a design basis.
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2. For an Operational Basis Earthquake (OBE), an anticipated fault,
both control rod systems shall be capable of functioning,
including reactor scram, both during and after the earthquake.
Reactor shutdown shall be achieved assuming loss of offsite

51 I power and/or a step reactivity insertion (maximum of-30Q) coincident
with the earthquake (concurrent events defined as an unlikely
fault) without exceeding the damage severity limits of a minor
incident for primary system shutdown and of a major incident
for secondary system shutdown.

For a Safe Shutdown Earthquake (SSE) (extremely unlikely fault),
either control rod system shall be capable of shutting down the
reactor during the earthquake but is not required to function
after the earthquake other than passively assuring that shutdown
is maintained. Reactor shutdown shall be achieved assuming
concurrent loss of offsite power and a step reactivity insertion

51 (maximum of 60) coincident with the earthquake without exceeding
the damage severity limits of a major incident for both systems.

The requirement for functioning of the secondary system in an SSE
provides an additional protective margin beyond that of Table
4.2-35.

3. No electric or other external (to the mechanical control rod
system.) power shall be required for a scram of any control rod.

4.2.3.1.2 Control Rod System Clearances . )
The specific goal in establishing control rod system clearances

is to ensure safe and reliable shutdown and control capability for the
reactor. To this end, the basis for establishing clearances fall into
the following general. categories:

Limit scram retarding forces resulting from misalignment

of components.

Limit scram retarding forces resulting from material effects
from thermal, radiation, and other environmental characteristics.

Assure normal operation of the control rod systems under
misaligned and environmental conditions.

Control Systems clearance requirements and their bases are

summarized in Table 4.2-36.

4.2.3.1.3 Mechanical Insertion Requirements

This section describes mechanical insertion requirements with
regard to scram speed of response, alignment requirements, scram arrest,
normal insertion and withdrawal speeds, and coefficient of friction
considerations.
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Scram Speed of Response

The minimum scram speeds of response for the control rod systems are as
follows:

1. The primary and secondary control rod systems shall satisfy the scram
Insertion speed requirements of Figure 4.2-93 and Figure 4.2-94,
respectively.

2. Figure 4.2-93 Includes 0.1 second unlatch time delay between start of
CRDM stator current decay and start of the primary control rod motion.
Flgure 4.2-94 Includes 0.1 seconds unlatch time delay between current
interruption to the solenoid valves and start of secondary control rod
motion.

3. The control rod systems shall Include limit stops to assure that the
control rods cannot be withdrawn above the design basis maximum
withdrawal stroke. The control rod drive mechanisms shall limit
drivellne and control rod withdrawal, when the driveline and control
rod are coupled, to a value of 37.5 inches for the primary sysfem and
to a position such that the absorber operating position is above the
fuel and upper blanket interface for the SCRS. The maximum withdrawal
position shall be developed to ensure insertion requirements are met
for the secondary system. Scram speed requirements shall be satisfied
for fully withdrawn control rods assumed to be at the maximum
withdrawal position.

4. Once the scram signal has been input to the control rod systems, there
shall be no way to over-ride or countermand the signal or to delay
completion of the scram cycle.

I The scram requirements of Figures 4.2-93 and 4.2-94 are values that represent
the minimum Insertion speeds required to assure that the damage severity
limits of Table 4.2-35 are not exceeded for all design basis transients.
Iterative transient evaluations such as for the transient evaluated In
Chapters 15.1 and 15.3 of this PSAR have led to the specified minimum
Insertion rates. Anticipated transients such as the loss of offsite power
have been particularly influential in establishing the requirements of Figure
4.2-93 and 4.2-94.
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These requirements are to be satisfied under all potential control
rod positions within the design limits established by requirement
3 above and within worst case positional uncertainties for banked
primary system control rods. The nominal delay times of 0.1 second
for requirement 2 are specified for consistency with the insertion
speeds. Potential tradeoffs between the delay time and insertion
speed requirements may be made while assuring that the overall
insertion, time requirements are met.

Scram during a seismic event is not specifically required unless an
event coincident with or caused by the earthquake leads to a reactor
trip requirement. The seismic speed of response requirements of

461 Figures 4.2-93 and 4.2-94 are preliminary values to assure that the
appropriate damage limits are not exceeded for the infrequent seismic
event. The specific seismic scram requirements of Section 4.2.3.1.1
lead to a slightly slower speed of response for the OBE than for the
non-seismic events in the case of the PCRS (see Fig. 4.2-93), but

46 coincidentally equal speed of response for both OBE and non-seismic
events in the case of the SCRS (see Fig. 4.2-94). For the SSE,
which is an extremely unlikely fault, the higher allowable damage
severity limit (see Table 4.2-35) permits the slightly slower

461 speed of response requirements given in Figures 4.2-93 and 4.2-94
for the SSE. For the secondary system, major incident damage limits
apply to both OBE and SSE.

The required insertion speeds for full power and low power or low
461 flow transients are shown in Figures 4.2-93 and 4.2-94. The speed

of the PCRS is only slightly dependent on flow with insertion speeds
tending to increase with decreasing flow rates. The minimum PCRS
worth available for shutdown is slightly smaller at low power due
to the increased rod insertion required to compensate the negative
power coefficient between zero and full power. Thus, the speed
of response requirements for the PCRS in Figure 4.2-93 reflect only
the difference in total reactivity assured for reactor shutdown
(see Section 4.2.3.3.1.3) ..

TheoSCRS utilizes hydraulic scram assist for which the insertion
461 speeds tend to decrease with lower flow rates. Therefore, a

specific requirement for low flow speed of response has been
developed for the SCRS based on satisfying appropriate damage
limits for low power initiated transients. The requirements have
been specified for 40% flow on the basis that plant operating
procedures specify a minimum of 40% flow for low power operation
and approach to critical startup procedures.
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The upper limit on control:rod travel is required to prevent the absorber
region of the control rod from accidentally being separated from the fueled
core region by a gap exceeding the design bases. If a scram were called for
when a large gap existed, a longer delay time would result before the control
rod entered the core. Operation above the specified withdrawal limit is to be
prevented by appropriate mechanism and control assembly design limits. The
mechanical limit stop may be an upper stop i'n the control assembly preventing
further withdrawal of the control rod or an electrical limit switch which the
operator cannot, bypass during operation.

Misal ignment

The control rod systems shall be capable of satisfying all normal operation
and scram Insertion requirements under the maximum misalignment design
conditions given in Figures 4.2-95A and 95B. Misalignment causes drag forces
which tend to Inhibit rod insertion. Consequently, the control rod systems
must be designed to meet minimum scram requirements under maximum misalignment
condi ti ons.

SCRDM/SCRD Misal ignment

The reactor system misalignments are specified as cylindrical or conical
envelopes in which the Individual components may assume any arbitrary
position. Different combinations of the individual component m isalignments
produce different degrees of interference with the driveline. The effects of
the interference can be assessed in terms of the contact loads and drag
forces. Analysis shows that the interference loads and deflections resulting
from the specified reactor system misalignment. will be relatively small and
will not impact the structural integrity or functional performance of the SCRS
drivel ine.

The analysis involved a search for contact points between the driveshaft and
the misaligned interfacing components, calculations for the deflections,
contact loads and drag forces, and evaluation of their impact on the driveline
structural and functional performance. The analysis was repeated for various
combinations of the component misalignments to determine the reactor
misalignments producing the maximum interference loads on the drive shaft.
Next the effect of these misalignments on the driveshaft/sensing tube
Interfaces was evaluated. Finally, the sensing tube/tension rod interference
loads were calculated. The analysis was performed for the normal operating
conditions misalignments and the refuel ing condition misalignments which
envelop the "hot standby" condition misalignments.

SCA Misalignments

The upper duct and the guide tube in the lower duct in the Secondary Control
Assembly (SCA) define the control rod insertion path into the core. The
scram-clearance analyses demonstrated adequate operating clearances between
the control rod and the guide ducts to permit free passage of the rod into the
core at any time during the design li fe.

During operation, the original fabrication clearances are reduced due to
thermal and irradiation Induced deformations, and free passage Is not assured
even If the control rod diameters remain smaller than the guide tube and duct
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diameters. This is because the operational deformations include axial bending
In addition to the diametral distortions, and the differences in the bowing
profiles of the control rod and the guide ducts (upper duct and the guide
tube) have a potential for producing a forced three-point contact. A forced
three-point contact between the guide tube/duct and the control rod isnot
acceptable because the resulting rod decelerations and their Impact on the
scram time are not readily evaluated. The analyses demonstrated that a forced
three-point contact will not occur between the control rod and the guide ducts
after allowing for the fabrication tolerances and operational deformations.

The effect of fabrication and assembly tolerances on the control rod was
accounted for by using the maximum diameters In the tolerance bands and
assuming the control rod wrapper tube to be bowed In the form of a circular
arc to reflect the straightness tolerances. The thermal bow due to diametral
temperature gradients was assumed to be In the same direction as the
fabrication bow. The piston swelling was based on +3a uncertainty levels in
the correlation.

The effect of the fabrication and assembly tolerances on the guide tube/duct
was accounted for by using the minimum diameters In the tolerance bands and
assuming the guide tube and upper duct to be bowed in the form of circular
arcs to reflect the straightness tolerances. The analysis included
possibilities of the bows of the two components being In the same direction
and in the opposite directions. The guide tube deformations due to creep
under external pressure were calculated using +3a uncertainty level creep
rates and initial ovality based on the fabrication tolerances on the tube
diameter. The analysis was based on the assumption of plane strain
deformations of individual cross-sections. Swelling related increases in the .
tube/duct diameters were ignored. The operational bowing of the SCA duct and
the guide tube resulting from thermal and irradiation induced deformations was
calculated in an overall core Inter-assembly analysis. This bowing was
combined with the fabrication bow In a manner leading to maximum mismatch
between the control rod and guide tube profiles through parametric analyses.

The interference analyses to calculate the clearances between the distorted
ducts and control rod were performed using the SCRAMLAR Code, which adds the
effects of the different sources of deformations to obtain the distorted
control rod and guide tube/duct profiles and diameters and calculates the
least possible clearance between the guide path and the control rod during
scram travel. The results show acceptable margins against a forced
three-point contact between the control rod and guide tube/duct for 328 days
and 550 days operation.

• " 0 •
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Figures 4.2-95A and 95B provide schematics (Operating and Refueling
Conditions) of the reactor system static misalignment sources (and their
magnitudes) that can produce mechanical contact causing scram retarding drag
forces. This schematic Illustrates that the major sources of misalignment are
the accumulation of fabrication tolerances in the reactor vessel closure head
which limit the accuracy of lateral and angular location of the CRDM nozzle
with respect to the reactor vessel reference centerline, and the accumulation
of core component inter-assembly clearances that permit misposltioning of the
control assembly handling sockets with respect to the reactor vessel reference
centerline. The total misalignment drag forces resulting at these locations
must be consistent with the insertion requirements and the available scram
forces. The actual operational misalignments of the various components of the
reactor system are defined by the magnitude of Figure 4.2-95A; however, the
magnitudes and the orientations of these individual misalignment sources may
be randomly distributed within this available envelope for each individual
control rod location.

Scram Assist

The control rod systems shall provide scram assist features to enhance the
scram speed of response.

The primary system provides a spring scram assist over approximately the first
27 Inches of travel from the fully withdrawn position, with a 362 lb minimum
force at the fully withdrawn position. The secondary system scram assist
initially provides approximately 248 lb hydraulically applied at Thermal
Hydraulic Design Value conditions. This ensures that the scram requirements
will be met for the SCRS.

A scram assist feature improves the shutdown system safety aspects in two
ways. First, the scram speed is improved from the greater unbalanced force
provided by the scram assist. Second, scram stroke completion is more
positively assured because a greater drag force would be needed to stop the
control rod than for a gravity only scram. A scram assist active over
approximately 27 In. from the fully withdrawn position provides positive force
over sufficient distances to Insert the absorber into the high reactivity
worth region beyond the core midplane.

Insertion and Withdrawal Speeds

1. The design withdrawal speeds for the control rod systems shall assure
conservatively small rates of reactivity insertion and the maximum
withdrawal capability of the mechanisms, in case of overspeed signal from
the controller, shall assure that the rate of reactivity insertion Is less
than 30/sec.
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a) The PCRS maximum withdrawal and insertion rates have been con-
servatively established as 9 in. per minute maximum design

51 speed, and 73 in. per minute for the maximum speed limit
in the event of an overspeed signal from the controller.

b) The SCRS withdrawal and insertion rates have been conserva-
tively established as 9 inches per minute for the!design
speed and 20 inches per minute for the limiting mechanism
capability in the event of an overspeed signal from the
controller.

2. The PCRDM shall be designed for selectable rod movements between
0.36 and 9.0 inches per minute to accomplish the normal opera-
tional reactivity control functions related to plant load follow,
burnup compensation, startup and normal shutdown, with incre-
mental steps of 0.025 inches in order to provide fine resolution
reactivity control.

The maximum design basis withdrawal speeds of 9 inch per minute
for both the PCRDM and the SCRDM have been selected to assure
maximum reactivity insertion rates of only a few cents per second.
This speed assures that ample time exists for reactor shutdown
response before a large reactivity insertion can occur even in
the event of an uncontrolled rod withdrawal. For the very un-
likely event of an overspeed signal from the controller, the
maximum PCRDM speed limit restricts the maximum reactivity insertion
rate to approximately 330/second, which is well within the Plant
Protection System capability.

The 0.025 inch incremental step size (applicable to PCRS) is based
on the requirement to have the magnitude of the incremental
worth adjustment significantly less than the total dead band

541 of the power controller. The controller dead band is +2% at full
power and the power coefficient is such that approximately 2.04
worth is equivalent to 1% at full power. The maximum primary
control rod worth is less than $3.53 which corresponds toan
average reactivity of approximately 160 worth per inch. :The
0.025 inch incremental control rod step size in combination with
the 160 average worth per inch leads to a linear reactivity
resolution of 0.400 worth per control rod step which is signifi-

541 51 cantly less than the 8.00 worth of the controller dead band.

Insertion and Withdrawal Forces

1. To provide extra shutdown margin for the reactors, each control
rod system shall provide a minimum insertion force capability

541 for a 1000 lb. force applied to the control rod in an attempt to
free a stuck rod by driving in with the mechanism.
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2. Each control rod system shall provide a minimum withdrawal force.
capability to assure control rod-withdrawal under worst case
assumptions of alignment, drag forces, flow conditions and duct
bowing.

3. The control rod systems shall be designed to assure that the
control rods cannot be significantly lifted (floated) from the
fully inserted position under maximum control assembly pressure
drop conditions. This requirement shall apply to all rods in
each system with the driveline connected to the control rod or
to refueling conditions for which the driveline is disconnected
and withdrawn to its refueling position. Significant lifting is
defined as the withdrawal distance that would reduce shutdown
reactivity margins by more than the excess margin provided by
the stuck rod requirement used to establish rod worths.

The above reactivity limit on rod lifting defines limits on rod
motions that might occur as a result-of inadvertent flow rateý
increases with the drivelines disconnected, even if full flow is
initiated in the shutdown refueling condition. (However, it is
noted that to initiate full flow in. this condition would.require
multiple operator errors and the violation of interlocks).

51 4. Each control rod system design shall provide capability, as a non-
routine operation, of permitting refueling withdrawal of the
driveline and replacement of the control assembly in the event .
of failure of the driveline coupling to release the control rod,
or a control rod stuck in any position.

A primary control rod stuck in the withdrawn position, or a
coupling failure would prohibit the rotation of the reactor
closure head required for normal refueling operations. This
requirement is to provide capability for an abnormal operation
permitting appropriate separation of the driveline and control
rod.

Coefficients of Friction

Scram insertion speeds shall be assured for a coefficient
of friction of 1.5 for sliding contact and 1.0 for dynamic impact

531 I contact (such as in a seismic event), or other values as established

51I by appropriate test programs.

Seismic excitation of the reactor system results in the
structure surrounding the control rod and absorber and driveline being

51 1 subjected to dynamic lateral displacements. The result of this exci-
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tation Is that the surrounding structure Impacts the driveline and absorber at
the guide points, thereby generating Impulsive lateral interaction loads which
characteristically exist for less than a millisecond. Specific loading
effects at the point of impact related to the presence of the coolant and the
local dynamic deformation of the material cannot be separated-uniquely.
However, both are embodied In an "Effective Coefficient of Friction",
applicable to Impact load condition, which is expected to be substantially
less than the design value of a 1.0. A test, described below, was performed

611 to determine this "Effective Coefficient of Friction".

Coefficient of sliding friction test data from sources external to CRBRP
indicate that friction coefficients for material couples occurring In the
control rod systems are substantially below 1.5 (Ref. 40). These tests were
performed using a pin slider on a flat plate under steady loading. These
data, contained In References 79 and 80, are summarized In Table 4.2-36A.
This table contains data taken at temperatures ranging from 400OF to 1160OF
and represents the maximum observed dynamic friction for each couple. The
ETEC data for Inconel 718/718 did not represent the maximum observed value
during sliding, but rather the combination of the Initial and final values.
These data appear to be inconsistent with the other data for Inconel 718/718.

To resolve this inconsistency and to create a large body of applicable data
for a variety of material couples appropriate to the control rod systems, a

*series of tests on the sliding coefficient of friction using a pin slider on a
61 flat plate have been performed. These data, presented In Table 4.2-36B,

represent the average value of the sliding coefficient of friction for each
material couple for a variety of temperatures, pin pressures and over two
stroke lengths. For certain couples such as Inconel 718/718 and Inconel 718/
316SS the complete tests were repeated and two lines of data appear In Table
4.2-36B. Average values of the sliding coefficient of friction are presented
because these data are more appropriate to the conditions that exist during
scram than the momentary peak values or the initial and final values presented
In Table 4.2-36A. Also, data In Table 4.2-36B has been presented as a
function of temperatures and pin pressure to allow review of these functional
variables. Since the data In Table 4.2-36B show no significant dependence on
temperature, the upper three sigma data have been averaged over temperature
for each of the material couples in Table 4.2-36B. The results are shown In
Table 4.2-36C for comparison with the prior, less extensive Table 4.2-36A.
These data demonstrate a dependence on pin pressure with the lower pin
pressures having the higher coefficients of sliding friction. This pressure
dependence occurs frequently In pin on plate measurements and may not be a
material couple characteristic. There also appears to be a slight correlation
with stroke length. In this case, the longer stroke length of .750 Inches

59 would be more appropriate for the control rod system during scram.
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5115

In summary, the data presented in Table 4.2-36B and 4.2-36C repre-
sent the most recent and most appropriate values of slidi;ng friction data
for the material couples used in the control rod system... The upper
three sigma values of Table 4.2-36B, as selected for the most appropriate
analysis conditions, are the recommended values for design.analyses.

Tests were performed to determine the effective coefficients of
friction under dynamic impacting conditions such as would occur between
the PCRS fixed boundaries and the translating elements during a seismic
event. In these tests, the effective dynamic coefficient of friction was
determined by solution of the equations of motion based on measured.
impact loads and drop times of test rods subjected to lateral dynamic
excitation (Ref. 182). These tests were simplified simulations of the
circular PCRS driveline and hexagonal control rodoscillating within
their respective constraints. To reduce complexity but still retain the
principal dynamic effects'on the coefficient of friction, the test
articles were a straight circular rod traveling through three bushings,
and a hexagonal rod traveling in a hexagonal duct. Bushing clearances
were chosen to provide both lateral and rotational impactunder lateral
dynamic input similar to PCRS driveline response.to seismic excitation.
The hexagonal rod to duct clearances were typical of PCA design clearances.
Material couples were prototypic of the PCRS (i.e., Inconel 718 on
Inconel 718, circular, and Inconel 718 and 316 SS, hexagonal).
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The test media were air, water and liquid sodium. Only the
591 circular rod was tested in sodium to determine the differences, if any,

between the water and sodium media.

The input was a simple sinusoid at a frequency typical of the PCRS
predicted response to seismic excitation. Different frequencies and

59 amplitudes were tested. Input was applied to the test vessel simulating
the PCRS fixed boundaries which are excited in an earthquake. Bushing

591 and hex duct loads were monitored by strain bolts to determine the drop
rod impact magnitudes.

591 The tests have been completed. Table 4.2-36E summarizes the
resultant coefficients of friction. It can be seen that the dynamic

,,,coefficient of friction is significantly less than the 1.0 design value
specified in the absence of corroborative test data for a lower value.
The effective friction coefficients from these tests are used for seismic

59 scram insertion speed analyses.

Antigalling Characteristics

Table 4.2-36D summarizes the FFTF Prototype Control Rod System
Tests and the completed CRBRP Prototype Control Rod System Tests. Throughout
all these tests, there were no failures to scram and no galling was found
except for a slight effect in the FFTF tests between the control assembly
wear pads and the outer duct which did not impare scram performance. For
CRBRP, this wear effect was eliminated by including a rotational joint in
the control rod shaft. In all tests except the CRBRP Unlatching Test, the
environment simulated a reactor environment of liquid sodium with an0 argon
coves gas. In all cases the sodium pool temperature ranged from 400 F to
11006F. In the CRBRP Unlatching Test the liquid medium was water and a
dummy weight was used to simulate a PCA.

The prototypic FFTF CRDD accumulated a total travel of 23,635
feet and 828 scrams, and the CRD/CA disconnect coupling was operated 50 times.
When Phase 2 of the CRBRP tests have been completed, all CRBRP Prototype
Units will have exceeded the CRBRP requirements of 17,000 feet of travel
and 750 scrams over the 30 year life of the mechanism.

These test results for the PCRS design and associated material
couples show negligible galling. Consequently, galling will not significantly

59 affect PCRS performance.

Irradiation Stability

As stated in an earlier paragraph, the friction coefficient
was only slightly affected by sodium exposure and there was no effect
due to irradiation. In addition, the control rod drive mechanism and
the control rod driveline fluences are too low for the radiation to
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)
affect their performance. Core assembly irradiation induced swelling
has been conservatively included in the design process to establish
the clearances for control assembly components..

Based on the above test data, subsequent analysis and utiliza-
tion of this data in the CRBRP design, the operability of the reactivity
control systems and their disassembly after reactor operation seemed
assured. However, to provide the desired assurance, additional testing
described in Section 4.2.3.4 and Appendix C, Section C.5.1.2 has been'established for the CRBRP Primary Control Rod System. These tests will

51 provide additional data regarding the operability of CRBRP at LMFBR
operating temperatures.
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4.2.3.1.4 Positioning Requirements

The positioning requirements for the control rod systems are:

1. Both the primary and secondary control rod system shall each provide
two Independent position Indication systems and a means for
verification of coupling and disconnect between the drivellne and
control rod.

2. Each control rod system shall provide capability for measurement of

scram Insertion times for Individual control rods with the reactor
shutdown (not more than 5% power) and flow not more than 40%.

3. One of the position indication systems for each control rod system
shall have a minimum Indication accuracy of ±0.5 Inch for the full-in
and full-out position of the control rods and ±1.25 inches over the
full control rod.stroke. These accuracies apply to the positions of
the translating assemblies (drivelines) relative to the CRDM housings.

4. One of the primary control rod system position Indication systems
shall provide an accuracy of +0.15 Inch for the leadscrew relative to
the full insertion position.

5. One of the secondary control rod system position Indication systems
shall provide an accuracy of +0.5 inch at the full-in, withdrawn
operating and refueling positions.

Two Independent position Indication systems are provided for each system to
give positive verification of control rod position and a means to check
operation of each system by comparison with the other system. These systems
are expected to monitor the positions of the control rod drivelines
(leadscrews). Consequently, an additional indicator is provided to verify
connection and disconnection operations between the driveline and control rod.

Testing capability for control rod scram performance Is planned for all plant
conditions between cold shutdown and full power conditions. Measurements of
individual control rod scram Insertion times are required to ensure this
capability and to provide periodic checks for abnormal control rod
performance.

Position accuracy of +0.5 inch at full Insertion Is provided to verify the
fully Inserted positions for reactor shutdown and to assure Insertion
positions for control rod disconnect and subsequent refueling operations.
Accuracy in the fully withdrawn position Is specified to assure adequate
positioning for potential scrams from the parked position. These positions
are also used for safety Interlocks with the reactor control and refueling
systems.

The primary control rod system is used for establishing criticality and
subsequent power control operations... While the rod position Indication
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Is not fed back directly to the reactor control system, the operator utilizes
the position data to evaluate the plant and to interpret reproducibility of
reactivity control. The relative position Indication accuracy of ±0.1 inch
leads to reactivity reproducibility of approximately 10 for the highest worth
rod in the primary system. In addition, the position Indication Is utilized
for logic Interlocks and alarm as described In Section 7.7.1.3.

4.2.3.1:.5 Structural Requirements

Control Rod Drive Mechanisms

The primary and secondary control rod drive mechanisms are designed to the
following classes of components:

1. ASME Boiler and Pressure Vessel Code, Section III, 1974 edition, Class 1.
For the primary control rod system, the mechanism motor tube, motor tube
hold-down ring, nozzle extensions and position Indicator housing form a
part of the pressure retaining boundary. For the secondary control rod
system, the extension nozzle, the hold-down ring, the upper SCRDM housing,
the upper portion of the lower SCRDM housing, and the connector. plate form
a portion of the pressure retaining boundary.

2. Seismic Category I. The control rod systems are required to remain
functional and shutdown the reactor in the event of an SSE. (See Section
3.2.1 for detailed discussion).

3. Safety Class I. The control rod systems are categorized as Class I
because of their control and shutdown functions. (See Section 3.2.2 for .
detailed discussion).

The primary control rod drive mechanisms shall be designed to the load
conditions of Table 4.2-37. For these loading conditions, pressure boundary
components shall meet the structural requirements of Section III of the ASME
Pressure Vessel Code together with appl icable code cases and amendments to the
code by RDT Standards. The portion of the Secondary Control Rod System that
Is coded In accordance with the ASME B&PV code and hence forms a part of the
pressure retaining boundary shall be designed to the load conditions of Table
4.2-37. The structural requirements of Section III of the ASME Pressure
Vessel Code together with appl Icable code cases and amendments to the code by
RDT Standards shall be met.

The governing stresses In the mechanism are the time Independent effects of
primary mechanical loads, secondary thermal loads and fatigue. Use of the
methods of these codes together with consideration of material effects such as

9
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carbon and nitrogen depletion, thermal aging, and environmental correction
factors to account for material Interaction with sodium leads to conservative
structural designs of the mechanisms.

The primary and secondary control rod drive mechanisms shall have a design
life of 30 years. This lifetime Is consistent with the design lifetime of the
reactor. Interim maintenance of some replaceable components will be required
in order to achieve this lifetime.

The PCRDM and SCRDM shall remain structurally intact and attached to the
reactor vessel, and shall not permit sodium leakage under Structural Margin
Beyond the Design Base conditions. (See Reference 10a, Section 1.6). This
requirement provides added margin of safety for an event for which no
causative mechanism is known.

The PCRDM and SCRDM shall be designed such that no mechanical failure can
result in any parts becoming missiles.

Control Rod Drivel ne

The primary control rod drivel ne (PCRD) and the secondary control rod
drivellne (SCRD) shall meet the Intent of the structural requirements of
Section 111, ASME Pressure Vessel Code, together with applicable Code Cases
(1592), and amendments by applicable RDT Standards. The stress and stability
criteria for evaluation of the design shall be as specified In the above codes
for all significant loading conditions Including those identified In Table
4.2-37. Material physical property changes due to Irradiation, thermal, and
sodium environments shall be considered in evaluating the design.

The ASME Code specifies conservative allowable stresses for various loads and
combinations of loads. The compressive load limit shall be no greater than
1/3 the buckling stability load of the driveline, and the design stress
intensity limit shall be the lower of 1/3 ultimate or 2/3 yield stress.,
Satisfaction of the criteria assures that conservative margins exist for all
conceivable loads including rod ejection for which no causative mechanism is
known.

The design lifetimes of the primary and secondary drivelines shall be as shown
in Table 4.2-38. The design lifetime requirements are conservative with
regard to material considerations, taking Into account the Irradiation
environments of these components (Table 4.2-39).

The following SCRS description Is included in response to NRC Regulatory Guide
1.87, "Guide for Construction of Class 1 Components in Elevated Temperature
Reactors," which supplements ASME Section III Code Case 1592. Code Case 1592
is used in analysis of those sections of the SCRS driveline which operate at
temperatures above 800 0 F. The drive mechanism operates at temperatures below
450OF and is not In scope of Code Case 1592. The control'assembly Is not in
the scope of the ASME Code because of the Irradiation effects. The most
highly stressed section of the drivel ne operating at temperatures exceeding
800OF is the joint between the lower and upper tension rods. The lower and
upper tension rods are under uniaxial tension produced by the pneumatic
pressure in the scram cylinder. Load transfer between the two halves of the
tension rod is through a mechanical coupling where multiple flanges at the
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ends of the two halves are engaged in grooves in a split shell which is held
together by a lock sleeve. The stress levels In this section were calculated
by multiplying the uniform tensile stress in the principal section of the
tension rod by elastic stess concentration factor. This Is equivalent to
elastic analysis. Equal load distribution was assumed between the three
flanges at the end of each half of the piston rod. The Code allowable stress
limits were conservatively based on temperature estimates which assumed no
mixing In the coolant from the core exit to the, sodium surface level. That
is, the Code stress allowables for 1080OF based on "no mixing" assumption were
used Instead of the 1000°F value corresponding to the expected plenum
temperature, which is applicable contlinuously throughout the design life.

)
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Control Assemblies

The structural design basis for the control assembly is very
similar to the design basis for the fuel and blanket assemblies given in
Section 4.2.1.1. Applicable criteria from Section 4.2.1.1 are given
below assupplemented by additional criteria unique to the control
assembly.

1. Operating Conditions and Loads

The control assemblies shall be designed to operate over a minimum
design life goal of 328 full power days (FPD) corresponding to
operation over the first two cycles of 128 FPD and 200 FPD together
with capability for a minimum of one cycle of 275 FPD for later
cores. The mechanical design of the primary control assemblies
shall be based on a lifetime goal of 550 FPD. This requirement
is established so as to not preclude two cycle operation in the
event it can be shown that nuclear effects on B4C pellets and

51 absorber pins are not limiting to two cycles operation.

For design analysis at steady state and anticipated fault (upset
event) conditions, control assembly temperatures shall be based
on expected plant operating conditions and semistatistical hot
channel factors at the upper 2a confidence level. For unlikely
and extremely unlikely faults (emergency and faulted events)
for which a single worst case event is considered in the design
basis duty cycle, the upper limit on plant conditions (T&H design
values) and hot channel factors at the upper 3a confidence level
shall be utilized. Damage associated with long term steady state
operation or accumulated over a number of anticipated events
would be associated with average temperature behavior so that a
2o confidence level is conservative for these conditions. However,
a single worst case event such as an unlikely fault tends to be
life limiting with potential safety consequences so that very
conservative 3a confidence levels are applied for these events.

Normal, upset, emergency and faulted events shall be utilized in
evaluating the control assembly performance and safety aspects
as noted in Section 4.2.3.1.6.2. Appropriate accident events of
Section 15.4 shall also be considered on an individual event basis.

The following loading mechanism shall be considered in the
absorber pin design:

a) Clad pressure loads in the sealed absorber pins produced by
helium released from captures in the B4 C absorber. Clad
loading due to differential pellet and clad growth will be
minimal due to the pellet clearance requirements given in
Table 4.2-36.
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b) Primary and Secondary clad stresses generated by radial, axial and
circumferential thermal and flux gradients In the clad material.
These stresses will be relaxed by pin bowing, Irradiation creep and
thermal creep.7 At shutdown conditions, residual stresses associated

* with these relaxation mechanisms will be present.

c) Interaction forces between the clad and wire wrap generated by
differential axial and radial growth. Interaction forces between the
pins and inner duct will be controlled to a small value by the
clearance requirements of Table 4.2-36, and will be considered in the
structural evaluation of the primary control assemblies.

d) Potential fatigue stresses resulting from flow induced vibrations and
transient events.

Evaluation of thecontrol assembly Included the following loading
considerations as a minimum design basis in addition to the-absorber pin
loading mechanisms described above:

a) Duct loads introduced by the core restraint system as a result of
assembly bowing and/or seismic events. Note: This design aspect is
not currently finalized; this work will be completed prior to issuance
of the FSAR..

b) Forces induced by sodium flow and associated pressure drops through
the assembly Including-pressure differences across the duct walls and ..

nozzles as well as axial lift forces offset by the assembly weight and
hydraulic holddown features. The secondary control assembly shall
consider irradiation creep deflection of the Inner cylindrical guide
tube caused by the external pressure loading on this tube.

c) Secondary stresses due to the steady state and transient temperature
gradients through the component thickness.

d) Maximum Insertion, withdrawal and dynamic loads applied through the
refueling equipment and during refueling operations. The design shall
accommodate maximum shipping and handling loads based on 6g axial and
2g lateral accelerations.

e) Maximum Insertion and withdrawal loads applied by the CRDM's (see
Table 4.2-37) and scram arrest loads.

2. Design Criteria

Control assembly structural criteria are specified for the absorber pins
and the balance of the assembly. Absorber pin criteria are similar to and
are based on a common methodology with fuel rod criteria. Table 4.2-37A
provides the absorber pin structural criteria.

0
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The balance of the assembly criteria have been patterned after ASME
Section III Code requirements, with modifications to account for the
reduced ductility of irradiated material. The Code based design stress
limits are derived from consideration of ductile failure modes only.
Their use in core component design is restricted to applications in which
it can be demonstrated that ductile failure mode analysis is applicable.
Factors considered in this evaluation are the effects of Irradiation,
stress multiaxiality, and straining rate on the fracture elongation of the
material. Where ductile behavior cannot be guaranteed, additional design
limits are Imposed to provide safeguards against brittle failure.

Table 4.2-37B provides the balance of the assembly structural criteria.

Thermal and hydraulics design criteria have also been established for the
control assemblies in addition to the operating conditions previously
discussed. The following are the T&H criteria specified:

a) No centerline absorber melting at an upper 3 confidence level shall
be permitted at either a 15% overpower condition or under transient
conditions including upset and emergency events. This requirement is
specified as a conservative design basis since test data is not
currently available on B4 C behavior at incipient melting conditions.

b) As a design guideline, the maximum cladding midwall temperature during
an emergency event shall be less than 1600°F for any extended period
of time.

c) For faulted conditions, the sodium temperature shall be maintained
below its boiling point, saturation temperature at the existing
pressure.

d) Hot channel factors shall be determined by taking into accountPCA and
SCA tolerances and flow channel closure due to absorber pin bowing or
differential radial growth of the clad, wire wrap and inner duct.

3. Safety Related Design Features

In addition to the control assemblies safety features for shutdown and
reactivity control, the design shall Include the safety features for the
fuel assembly given In 4.2.1.1.2.3 together with the following
requl rements:
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a) A dIscrImInatlon system shall be provlded to Insure against a
refueling error which could result in a significant reactivity error
or undercooling of the control assemblies. This system shall prevent
the following situations:..

Insertion of any assembly other than a control assembly into a control
assembly position.

Insertion of a control assembly Into a fuel assembly position or a
wrong control assembly position (i.e. Interchange of a primary and
secondary control assembly).

b) The relative location of the absorber pellet column within the pin
shall be maintained under shipping, handling and scram arrest loadings
by a properly designed axial spring support'system.

4.2.3.1.6 Environmental Requirements

The control rod system shall provides safe reliable shutdown and control
capability when subjected to the following environmental conditions with the
ability to withstand the total loss of N2 cooling without a loss of CRDM
safety function.

The external surfaces of the Control Rod Drive Mechanisms are exposed to the' head access area environment at temperatures between 70 and 265 0 F during full
power operation. The internal atmosphere of the CRDM is inert gas at
temperatures ranging from 70 to 4500 F. Normal primary mechanism Internal
pressures range from 15 to 30 psla.

The control rod drivellnes are exposed to an environment of liquid sodium
containing 2 (>800 0 F) to 5 (<800 0 F) PPM oxygen over the lower 60 percent of
its length (approx.). The remaining upper portion Is exposed-to an atmosphere
of inert cover gas and sodium vapor.

The control assemblies are exposed to an environment of liquid sodium
containing 2 (>800 0 F) to 5 (<800 0 F) PPM oxygen.

The design of the CRBRP Primary CRDM/CRD is conceptual ly the same as that used
on the FFTF program. This design employs some proven design concepts,
(References 145, 146 and 147) that inhibit the upward movement of sodium vapor
laden cover gas by reducing the annulus width while increasing the length
thereby minimizing the effect of natural convection.

To further Insure the reliability of the Primary CRDM/CRD a continuous purge
system consisting of recycled cover gas will be utilized to provide a constant
downward flow through the annuli Into the reactor.
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In addition, testing has been incorporated into the CRBRP reliability program
which is aimed specifically at determining the effect of sodium vapor
condensation on the Primary CRDM/CRD. A failed-bellows environment test will
be conducted In which a prototype PCRDM/PCRD willI be operated In a sodium
vapor-argon gas environment with a failed main bellows. This test will
confirm acceptability cf operation with a falled bellows.

In addition, a duplicate test has been performed on the FFTF program which

provides preliminary data regarding the basic design adequacy.

Secondary Control Rod System

Condensation of sodium vapor in the reactor head area around the Secondary
Control Rod Drivelmne will have no Influence on scram release of the Secondary
Control Rod because only the tension rod needs to move (<0.09 inch) to allow
the latch to release the control rod. The tension rod is located within the
sensing tube which Is, In turn, enclosed in the driveshaft. The regions
between these shafts and tubes are sealed by bellows, and consequently, sodium
vapor is prevented from entering these regions and condensing there. The
clearances between the outside of the driveshaft and the upper internals
structure are relatively large In the region above the liquid sodium level.
Consequently, accumulation of sodIum vapor condensation wIll not Inhibit
drive-in of the driveshaft for normal reactor shutdown. Furthermore, these
regions are normally kept well above the sodium solidification temperature and
so the vapor that does condense will be In liquid form rather than as a frost.
Because of these considerations, sodium vapor condensation Is not expected to
adversely affect the case of movement or operation. of the Secondary Control
Rod Drive Mechanism and Driveline nor adversely affect scramrirelease of the
Secondary Control Rod.

A failed-bellows test was conducted to demonstrate the extent of,,sodium
Ingress Into the SCRDM/SCRD moving parts and to demonstrate the degree to
which performance Is degraded following prolonged operation with failed
bellows. Operation with the defected bellows for 11 months had no detectable
effect on the scram performance and the mechanism performance. The sodium
Ingress to the mechanism was negligible. The sodium Ingress to the upper
driveline was sufficient to reduce the sensing tube travel, resulting In the
loss Of the direct position indication of the control rod coupling head within
the latch. The reduced sensing tube travel had no effect on the ability to
couple to the control rod or on the scram performance. The reduced sensing
tube travel was attributed solely to the operation with the detected driveline
lower bel lows.

4.2.3.1.6.1 Nuclear Environment

Table 4.2-39 represents a preliminary evaluation of the axial distribution of
the total and fast neutron flux along the Row 4 control rod system for the
control rod in a fully withdrawn position at the end of Cycle 4. The fluxes
at other control locations will be less than the values given for the Row 4
control rod system at this time in life.
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4.2.3.1.6.2 Control Rod Systems Duty Cycle

The CRBRP duty cycle consists of normal, upset, emergency, and faulted events.
From this complete duty cycle a lesser number of umbrella transient events is
selected and a histogram prepared for use in the evaluation of the capability
of the control rod system design to satisfactorily withstand the effects of
the thermal transient requirements. A histogram for the primary and secondary
CRDM and CRD which depicts a reactor operating cycle that begins during a dry
reactor heatup and terminates during a dry reactor cooldown is shown in Figure
4.2-96. A tabulation of these umbrella transient events is included in Table
4.2-40.

The service life of the primary and secondary systems Is derived from the duty
cycle in Figure 4.2-96. Table 4.2-38 summarizes the required service life of
the components of the primary and secondary systems. Allowance Is made in the
design of the mechanisms for the replacement of certain replaceable components
at periodic maintenance Intervals, based on experience gained from initial
Inspections. The design life of the drivel.ines shall be maximized to the
extent possible with a goal of no required replacement during the 30 year
plant life, with minimum lifetimes as shown In Table 4.2-38.

4.2.3.1.6.3 Thermal and Hydraulic Environment

The evaluation of the effects of the thermal and hydraulic environment on the
control rod system components shall be based on consideration of both steady
state and transient conditions. This evaluation required consideration of the
simultaneous temperature versus time and flow versus time relationships for )
the sodium coolant exiting the control assemblies, the sodium coolant exiting
from the surrounding fuel assemblies, as wellI as the control rod moving
downward during a scram.

The steady state temperature distribution of the control rod system must be
determined from evaluation of the following thermal and hydraulic parameters:

The Reactor Steady State Thermal Environment (see Figure 4.2-97) defines
the steady state temperature distribution.

The steady state mass flow rate and temperature of the sodium flowing
through the control assembly, and the mixing of this sodium with the
adjacent assemblies sodium in the 2 inch space below the shroud tube.

The location of the bleed holes in the driveline shroud tube.

0
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Thermal transient conditions are defined by the duty cycles described
previous I y.

4.2.3.1.7 Material Selection and Radiation Damage

Material choices for control rod systems were based on prior experience and
data from FFTF (Ref. 1, 40, and 41), and on the goal of maintaining adequate
mechanical properties in an atmosphere of inert gas, sodium vapor, and liquid
sodium. Additional discussion of the Interaction of the sodium environment
with austenitic stainless steel Is presented in Sections 5.3.2.2.2 and
5.3.2.2.3.

Control Rod Drive Mechanisms

The primary mechanisms utilize Type 403 SS in the motor tube and segment arms
for its ferro-magnetic properties. In addition, both Types 403 SS and 17-4 PH
are utilized in highly stressed areas such as the segment arms, and
leadscrews, because of their high strength. The secondary mechanism will
utilize many different types of materials. Selected load-carrying members are
made from high strength materials suitable for the conditions.

Regarding Type 17-4 PH material for the PCRDM, only the leadscrew will be
fabricated from this metal and exposed to elevated temperatures. The 17-4 PH
material being utilized in the leadscrew will be procured and heat-treated per
ASME Standard SA-564 as modified by RDT Standard M7-6. The latter standard
permits only two heat treat temperatures; 1100OF and 11500 F. The FFTF
mechanism leadscrew was purchased and heat treated to the same specifications.
In service, the maximum temperature experienced by the lower portion of the
leadscrew, which is fabricated from 17-4 PH, will be In the temperature range
of from 400 to 4500 F. This maximum temperature will be experienced only when
the control rods are fully inserted. During reactor operation, with the rods
fully or partially retracted, the service temperature of the leadscrew will be
less than the 400 to 450°F region. This latter condition should account for
the major exposure time for this 17-4 PH material.

In selecting the 17-4 PH material for this application, the early experience
(References 140, 141 and 142) with this alloy involving embrittlement was
considered, especially when the material Is aged at a relatively low
temperature such as 950OF and subjected to a service temperature In the 600 to
800°F range. Based on the high aging temperature of 1100OF coupled with a
service temperature of 450OF or lower, embrittlement was not considered a
problem. If was concluded that below 550°F the embrittlement is minimal. The
position is substantiated by the data presented in References 143 and 144.
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The exposure time required to cause room temperature charpy impact values to
fall below 15 ft. lbs is shown In Figure 4.2-97A together with the exposure
time to deplete room temperature Impact values by one half shown in Figure
4.2-97B. This Indicates that at temperatures below 500 0 F, essentially no
effect on Impact strength is observed.

Drivel Ine and Bellows

Material choices for the drivellnes and bellows were predicted on maintaining
adequate margins of strength in the high temperature sodium and irradiation
environment. Inconel 718 is utilized for the PCRS to take advantage of its
high strength and hardness and its favorable wear and antigalling
characteristics. The Primary CRDM bellows consist of a main bellows, a
disconnect actuating rod bellows, and a position indicator rod bellows. All
of the bellows are Inconel 718, and located above the sodium level in a low-
level irradiation environment. The main bellows Is cycled as the control rod
system is moved. The outer two bellows cycle only for the refueling or
maintenance modes. Before Installation in the mechanism, all bellows are
required to pass a 20 cycle breaking test with subsequent leak testing. Table
4.2-36D summarizes FFTF and CRBRP CRDM testing completed. These tests have
been completed without a bellows failure. Details of additional FFTF bellows
testing Is described below.
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35 1

The prototype design test objectives are to confirm the design
and operating characteristics of the PCRS in a sodium-argon environment
of the design basis service life, including a minimum of 17,000 feet of
travel and 732 scrams. The reliability objective is to confirm the shut-
down reliabilty of the PCRS. 14

Three prototypic FFTF CRDM bellows were life tested over a vessel
containing a pool of sodium with argon cover gas and one bellows was tested
in argon gas. The tests included cyclic tests and scram tests. The FFTF
life requirements were identified as 20,000 feet of travel, and 1500 scrams,
which represents twice the expected usage in service. No testing was
performed in sodium, since sodium immersion is not a service condition.
The results of the bellows tests are summarized below:

Ft. of Travel
(does not includE

Bellows No. Environment Scrams Scram Travel)

SS/N 001 Argon 1200 19,000

S/N 002 Argon-Sodium vapor @ 45 0 °F 2500 23,000

S/N 003 Argon-Sodium vapor @ 4500F 2250 20,700

S/N 004 Argon-Sodium'vapor @ 450°F 1530 13,770

Bellows No. Comments

S/N 001 Indicated a leak after 1200 scrams and 19,000 feet of travel

S/N 002 Completed the test with no indications of failure, but helium
leak test later indicated leakage

S/N 003 Subsequent helium leak test confirmed leakage

S/N 004 Failed after 1530 scrams and 13,770 feet of travel. Subse- 14
quent helium leak test confirmed leakage.
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Three of four of these bellows exceed the CRBRP travel requirements, and all
exceed the scram requirement.

PCRS operation or scram performance is not expected to be sensitive to a
failed bellows condition for operating periods of at least one year. Testing
with a purposely failed bellows In Phase IV of the FFTF Control Rod
Environmental Life Test was completed in June 1976. The FFTF Control Rod
System performed satisfactorily with a failed bellows. In addition to the
FFTF failed bellow tests, the CRBRP CRDM will be tested for operation with a
failed main bellows to represent a year of in-service operation under this
condition.

Although no bellows testing In an irradiated environment has been performed,
Irradiation is not expected to detrimentally affect the Inconel 718 bellows
since the flux level will be low. The environment conditions for the CRDM
bellows are less than 2.5 x 105 n/cm2 /sec total flux. The fluence for this
condition after 30 years will be about 1.8 x 1014 n/cm2 .

No data are available for Inconel 718 irradiated at the low fluence service
conditions. Data for substantially more severe Irradiation exposures are
given In References 72 and 73. The very low levels of irradiation of the CRDM
bellows would not be detrimental to bellows strength, ductility, or
performance.

Coupli ngs

The material selected for the primary control rod driveline coupling Is
Inconel 718, based on the same criteria as the driveline material choices.
The PCRD coupling will be only Infrequently actuated and is not required to
release during scram. Thus, high strength retention In hot sodium is the
primary consideration In the choice of Inconel 718 for the primary coupling.
Type 304 stainless steel is utilized In the compression sleeve around the
coupling, taking advantage of Its greater thermal expansion vs. Inconel 718 to
create a thermally locking joint.

The secondary drivel ne/control assembly coupling includes the coupling head
at the upper end of the control rod, the col let gripper that engages the head,
and a cam that serves in the actuation of the assembly and performs the
release function for scram. Therefore, friction, wear, and self-welding
considerations are Important In the choice of materials for the secondary
coupling. Selection of materials was based on results of a prototypical test
program conducted to examine the material combinations and functional
performance for the coup l ing components.

)
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The three components of the secondary coupling was fabricated from Inconel 718
in the aged condition. Selection of Inconel 718 was based upon the results of
the national program on friction and wear, (see Section 4.2.3.3, Table 4.2-50,
and Ref. 42 and 43) which Identified this alloy as exhibiting low friction and
low self-welding tendencies In sodium.

Additional comments regarding self-welding considerations for the Secondary
Control Rod System are found in Section 4.2.3.3.2.4.

Control Assembly

Structural material for the control assembly must have good stability in
sodium, resistance to deleterious Irradiation effects and good high
temperature strength. Cold worked Type 316 stainless steel exhibits the above
characteristics to a greater degree than other candidate materials with
significant irradiation experience and is, therefore, the material of choice
for the control assembly and absorber pin cladding. Structural materials used
for the control assembly are consistent with fuel and blanket assembly designs
discussed in Section 4.2.1. Material properties utilized In the control
assembly design and analysis are discussed for the core assemblies in Section
4.2.1.1.

B4 C was selected for the absorber material to fully utilize the developmental
and applied effort on this material under the FFTF program. B-l0 enriched B4 C
will be used for the CRBRP absorber. Ref. 44a and 153 describes the B4 C data
currently being applied on the CRBR program.

Wear Surfaces

A number of components in the control rod systems will experience sliding
contact with adjacent components, or wil .remain in static contact for long
durations in sodium or sodium vapor. Low friction and wear materials have
been selected for critical wear surfaces.

The only material couple Involved In the operating parts of the primary
coupling is Inconel 718/Inconel 718. This particular materials combination
has been subjected to extensive testing in sodium and has proven to have
excellent resistance to self-welding. Test conditions have Included

I
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temperatures of 850 and 1050 0 F, for contact pressures of 16,000 and
148,000 psi, and times up to 6 months, with separations being performed at the
exposure temperature (References 136 and 137). Other tests, primarily aimed
at collecting sliding friction data, Indicated that no self-welding took place
after I week In 1100OF sodium under pressures up to 5000 psi (Reference 138).
These findings by ARD experimenters, are in l ne with those of a German
laboratory, which found that no self-welding occurred after 168 hours in
1292 0 F sodium under a contact pressure of 7000 psi (Reference 139)..

From the above observations, It is apparent that Inconel 718/Inconel 718
materials couples will perform more than adequately in applications where
resistance to self-welding is a major requirement.

A failure of the coupling to decouple has no safety consequence. Although the
CRD must be disconnected from the control assembly to permit refueling, the
breakaway joint (discussed In Section 4.2.3.1.3) may be utilized in the
unlikely event that a failure to decouple did occur. Refueling could then
proceed normal ly.

At potential high wear points in the primary system, resulting from the
operating requirements of the system, low wear material couples have been
selected. For in-sodium applications, including the control assembly wear
pads, Inconel 718 in contact with 316 SS is the material of choice due to its
favorable wear, anti-galling characteristics and stability in sodium. Above

511 the bellows, materials such as Stellite 6B and modified 440C are utilized for
their superior abrasion resistance. Typical applications in the primary
system include Stellite 6B for the mechanism leadscrew bushings In contact
with 17-4 PH leadscrew, and Stellite 6B for the torque taker in contact with
the Inconel 718 torque taker tube. Areas above the bellows employ dry film
lubricant extensively.

For the secondary system, critical surfaces such as the control rod wear-pads
will be fabricated from low friction and galling resistant materials such as.
Inconel 718.

4.2.3.2 Description and Drawings

The two redundant control rod systems, called the primary and secondary
control rod systems, are shown schematically in the reactor in Figure 4.2-98.
Table 4.2-41 Illustrates the diversity in these systems. Reactor shutdown can
be achieved by either system with the other system completely inoperable and
with the highest worth rod stuck In the system which is operable. This
redundancy assures safe and reliable shutdown capability.

The two shutdown systems are completely independent including the Plant
Protection System (Section 7.1) which provides separate signal and command
arrangements for each of these systems.

J
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IV Each system consists of a control assembly, a control rod driveline and a
control rod drive mechanism. The control assembly, located in the core-
consists of a movable absorber pin bundle called the control rod and an outer
duct assembly. The control rod drivellne provides a linkage between the
control rod and the control rod drive mechanism, located above the reactor
closure head, which positions the control rod at appropriate axial core
positions.

The control rod systems operate on the principal of varying the neutron
absorption in the core by movement of the control rods in and out of the core.
The primary system provides a means for start ing up the reactor, regulating
the power level of the reactor and compensating the reactivity loss due to
fuel burnup as well as functioning as the primary shutdown system. The
secondary system provides reactor shutdown In the extremely unlikely event of
failure of the primary system to shutdown the reactor.

4.2.3.2.1 Primary Control Rod System

The 9 core locations comprising the Primary Control Rod System (PCRS) are
shown in Figure 4.3-1. The three major components of primary control rod
system are shown schematically in Figure 4.2-100. The PCRS design is
essentially the same as the FFTF CRS design in order to maximize the use of
the FFTF design, analysis, and testing experience. Figures 4.2-101 through
4.2-104 show the principal design features of the primary control rod system.

P 4.2.3.2.1.1 Primary Control Rod Drive Mechanisms

Principal features of the Control Rod Drive Mechanism (PCRDM) are shown in
Figures 4.2-101, 102 and 103.

The PCRDM is an electro-mechanical actuating device which utilizes a
collapsible rotor roller nut drive, and Is actuated by signals from the
reactor control system. These signals cause the stator to be energized and
magnetically actuate the rotor assembly arms, causing the roller nuts to
engage the threaded portion of the leadscrew. Rotation of the electrical
field of the stator causes rotation of the roller nuts with respect to the
leadscrew which is rotationally restrained. This rotation raises or lowers
the leadscrew whereas, stopping the rotation causes the rotor assembly to hold
the leadscrew at any desired position. De-energizing the stator causes the
roller nut to disengage the leadscrew, causing the leadscrew, drivellne and
the control rod absorber to drop into the core at a rapid rate of insertion
(scram). Heat from the stator is removed by the recirculating gas cooling
system (see PSAR Section 9.16.2.2). Loss of stator cooling will not inhibit
the ability of PCRDM to perform its safety function. Two independent control
rod position indicating systems are incorporated in each control rod drive
mechan i sm.
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The primarysafety function is to safely and reliably control .
and shutdown the reactor. The function of the mechanism, while engaging
the leadscrew or disengaging for a scram, is sometimes also referred
to as a "latching" or "unlatching". The scram function is described
in detail in following sections and the mechanism components are shown
in referenced figures. Other functions of the mechanism may also be
referred to as a latch. However, the scram function of the mechanism
is the only function directly associated with shutdown and control
of the reactor.

Other design functions of the CRDM are:

Position and hold the control rod at desired elevations in
t~ie core.

Insert and withdraw the control rod in appropriate increments.

Release the control rod for rapid insertion (scram) following
a reactor trip.

Provides a means for uncoupling the control rod for
refueling and recoupling after refueling.

Indicate control rod position by two independent systems.

Bellows seals placed between the PCRDM and the PCRD in the
reactor vessel prevent the sodium vapor laden cover gas from entering the
mechanism cavity. A positive pressure of inert gas is maintained within
the CRDM above the bellows.

The internals of the mechanism operate in an inert gas at 2
to 15 psig pressure. The reactor cover gas pressure at the bellows-is

51 essentially atmospheric so the bellows normally are subjected to a
maximum pressure differential of 15 psi.

Material choices for the CRDM are summarized in Section
4.2.3.1.7.

The PCRDM consists of four major subcomponents: roller nut
drive, absolute position indicating system, relative position indicating
system and the seal system.

A seismic support for the mechanism nozzles will be provided on
the reactor head to ensure adequate support under seismic loading condi-
tions. It will support the CRDM nozzles at approximately 80 inches
above the head. This seismic support will also provide radiation
shielding in the Head Access Area.
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Roller Nut Drive

The drive mechanism is a collapsible rotor, roller nut type
having the stator outside the pressure boundary and the rotor and
rollers inside operating in an inert atmosphere. The design features
of the mechanisms are similar to the FFTF mechanism; however, designI changes have been. made to provide greater drive motor power for the
increased weights of the CRBR'CRD and control assembly. The rollers
engage the threaded lead-screw and drive the driveline assembly up or

51 down. The drive motor is a 6 Phase 4-pole DC type that. can be indexed
in 15 degree increments (0.025 inch leadscrew steps). Gas forced
through a housing about the stator cools the stator coils.

The rotor assembly is composed of an axially located hollow
tube or spider on which are pivoted two rotor segment arms or shells
that are semicircular in, cross section. Two rollers are mounted in
windows in the lower end of each rotor arm. In addition, four double
springs are captured between the arms, tending to force the arms apart.
When the stator is energized, the upper ends of the arms are pulled
outward by the magnetic field, the lower arms are pivoted inward
engaging the rollers with the thread on a leadscrew. The bottom end
of the leadscrew is connected to the control rod through the driveline
assembly.

When the power to the mechanism stator is cut off, the magnetic
field holding the upper ends of the rotor arms outward collapses. The
springs separate the lower arms and the rollers release-the leadscrew,
allowing it, the driveline-and control rod to drop into the core. A
scram assist spring is provided to supplement the gravity drop over
the first 27 inches of rod travel on a fully withdrawn rod.

Separation of the lower segment arms activates out motion
limiter pawls which engage the leadscrew to limit upward motion of the
control rod when-the rollers are disengaged. These pawls are spring-
loaded for positive engagement to retard upward motion. However,
for rod insertion, they allow the leadscrew, driveline and control
rod to ratchet into the core with minimal drag.

The four rollers are mounted in the rotor arms on ball bearings
to carry the axial loads. The axes of the rollers are inclined by the
leadscrew helix angle and the vertical position of the rollers is
offset by one-fourth the leadscrew pitch (0.6 in. to align them with
the double thread of the leadscrew. Axial and radial rotor loads
are transmitted to the mechanism housing through a large bearing below

51 •the rotor segment arm pivot pins (Figure 4.2-101). A smaller radial
bearing is located near *the top of the housing, just above the syn-
chronizer bearing which serves to coordinate the radial motion of the
rotor segment arms. Bearing lubrication is of the dry film type.
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Relative Position Indication System

The relative position indication system consists of an.electro-
magnetic.sensor that counts the number of passes ofthe magnetic poles
of a position indicator rotor attached to the top of..the drive mechanism.
rotor..

The number and fraction of revolutions, multiplied by the
0.6 inch pitch of the leadscrew, indicates the distance .of rod withdrawal
from the fully inserted position. If a scram occurs, the indicator
will lose its position reference and be referenced from an extreme
rod position. This is the more accurate of the two position indication
systems. The position indication accuracy of the present design is

51 +0.150 inch.

Absolute Position Indication System

The absolute position indication system measures the position
of the CRDM leadscrew directly through sensor elements located on the
inside of the position indicator housing. The sensing elements are reed
switch type sensors, selected for CRBRP based on FFTF experience. This
system does not lose its reference position following a reactor trip.

51 J The.position indication accuracy is specified in Section 4.2.3.1.4.
The absolute position indicating system has provisions for "full-in"
and "full-out" indication and for confirming positive coupling with .the control rod.

Seal System

The purpose ofthe seal system is to prevent sodium vapor from
the reactor from entering the drive mechanism cavity and depositing on
the internal working components of the control rod drive mechanism.
Three separate bellows are used in the seal system. The large bellows
seal the driveline to the upper bellows support, and must operate over
a range of approximately 37.5 inches with a 2 to 15 psi .pressure diffe-

51 rential across it. Two smaller bellows seal the coupling actuator
shaft and the position indicator rod which run coaxialTy within the
driveline. These bellows flex only during coupling and and uncoupling
of the driveline and control rod.

A torque restraint is provided in the space outside of the
large bellows to prevent the CRDM leadscrew, belows and driveline from
rotating. Torque taker keys on the driveline ride in full-stroke

51 I vertical keyways in the torque tube (see Figure 4.2-102).
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A pressure switch is located in the CRDM pressure enclosure.
) This switch is designed to sense the reduced pressure associated with a

bellows leak. When such a leak is sensed, an alarm will be sounded
notifying personnel of a bellows failure and that replacement is
necessary.

A continuous purge system using recycled cover gas is provided
to prevent sodium vapor and radioactive cover gas from rising through
the annuli of the CRDM to an elevation above the reactor head. The
purge supply is connected to each CRDM extension nozzle and produces a
predominantly downward flow of recycled cover gas through the small
annuli between the driveline, shield plug and shroud tube. This system
is also effective in the event of a failed bellows in preventing
sodium vapor from entering and depositing in the drive mechanism
cavity.

4.2.3.2.1.2 Primary Control Rod Driveline

The PrimaryControl Rod Driveline- (PCRD).is..an approximately
37 ft. long hollow:shaft which connects the mechanism leadscrew with the

51 control rod (Figures 4.2.2102 and103). The PCRD is made of-Inconel -718,
and its total weight is approximately 315 pounds.

The control rod disconnect coupling is located at the lower
end of the PCRD and is shown on Figure 4.2-103. A manual disconnect
tool, similar to the FFTF disconnect tool, is used to couple and uncouple
the control rod. The design of the coupling elements of the disconnect
is essentially the same as the design used on commercial pressurized
water reactors and on FFTF.

A. position indicator rod.or telltale rod (see Figure 4.2-103)
passes through the coupling and contacts a surface on the control rod
shaft. This position indicator rod extends into the PCRDM leadscrew
and is used to verify that the control rod remains fully inserted when
the driveline is disconnected and raised for refueling.

The piston-type dashpot, identical to the dashpot used on
the FFTF PCRD, is a part of the driveline (see Figure 4.2-103). The
dashpot has a radially free floating cup which is vertically supported
on a seat in the upper guide tube and a piston which moves with the
overall driveline assembly. The dashpot is designed such that the
piston travels the full driveline stroke but only.provides a 9 inch
dashpot stroke. The upper end of the cup is perforated to reduce
weight and to prevent fluid from being. trapped during the remainder
of the piston travel. The inside diameter of the cup is tapered in
the last 9 inches to restrict flow between the piston and the cup
and provide retarding force. The upper and lower-cap of the dashpot
cup center it on the piston and outer tube. The piston which is
an integral part of the main structural member of the driveline, is.
also tapered so that a large clearance exists between the cup and the
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p iston at the beginning of the dashpot stroke,. which is reduced as the
piston travels its length.. The tapered piston configuration provides
the capability of supplying a fairly constant decelerating force over
the entire stroke.

4.2.3.2.1.3 Primary Control Assemblies

The Primary Control Assembly (PCA) contains boron carbide in a
movable-pin bundle, with corereactivity controlled by moving the pin
bundle axially. Absorber assembli-es are replaced in the core during
reactor refueling. The absorber assemblies are designed to:

Provide neutron absorber material to control reactivity for
reactor startup, power level control, fuel burnup compensation,
and reactor shutdown.

Provide passages to guide and control the sodium coolant.

Provide shielding to protect the core support structure
from excessive neutron fluence.

Provide features for proper interfacing with other core compo-
nents, the core support structure, the fuel handling machine,
and the core restraint system. .

Mate with the PCRD to form a portion of the control rod system. *

A pictorial drawing of the control assembly is shown in Figure
4.2-104. The control assembly is a hexagonal component consisting of
the control rod (movable 37 pin bundle) assembly and the outer duct

51 assembly. The control rod consists of the absorber pellets, absorber
pin cladding, the pin support structure, wear pads, control rod shaft,
rotational-joint and the female driveline coupling. The outer duct
assembly consists of the control assembly handling socket (flow outlet
nozzle.) outer duct, radiation shielding, inlet flow orifices and
inlet nozzle. Externally the control assembly is nearly identical,
geometrically, to the core fuel assembly. The assemblies are supported
at their inlet nozzles by the lower core support structure inlet modules.
The upper ends of the core assemblies of.the reference design are
restrained radially by a passive core.restraint system (see Section
4.2.2) at two elevations; namely, the above core load plane and the
top load plane. Load pads are provided on the core assembly ducts at
these two core restraint elevations and former rinqs are provided
between the'core assemblies and the core barrel to limit radial mis-
alignment.

The control rods must move axially within the outer ducts of
the control assemblies from the fully inserted to the fully withdrawn.

l I. positions. Positive position.stops are provided-in the handling socket
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to limit the control rod travel. The overall length of the control
assembly is 168 inches. The center of the 36 inch absorber pellet

I column is located at the center of the 36-inch core fuel height in the
51 fully inserted position. For the fully withdrawn position the bottom

of the absorber pellet column is located at the top of the fuel pellet
region. Radial misalignments between the control assemblies and the
driveline have been established by alignment studies which are presented
in Section 4.2.3.1.1.

51 I Control Rod and Control Rod Shaft

The principal component of the control rod' is the absorber pin
bundle. The structural support for the pin bundle is an inner duct tube
which encloses the absorber pins. The inner duct is attached to the top
and bottom grid plates which align the pins,. The top grid plate and
inner duct are welded to an adaptor plate. The adaptor plate is connected
to the bottom of the control rod shaft with a rotational joint (See
Figure 4.2-104). This swivel type joint prevents end moments from
being carried into the control rod from the control rod shaft and
driveline. This feature minimizes normal forces and frictional forces
between the wear pads and the control assembly outer hexagonal duct
thereby reducing outer duct wear and scram retarding forces. A female
coupling is provided at the upper end of the control rod shaft for
joining with the male coupling of the CRD. The inner ductwall thick-
ness has been determined based on the applied loads, clearances for
duct bowing and radial coolant pressure differential. The thin wall
inner duct together with the rotational joint increase the bundle
flexibility and reduce resistance to control rod travel in a bowed
outer duct. The coolant bypass flow minimizes thermal bowing of the
inner and outer ducts. Hydraulic tests on the FFTF control rod have con-
firmed the design methods for pressure drop and flow through the control
assembly. Final confirmation of pressure drop and flow characteristics
of the CRBR control assembly with the labyrinth wear pads will be provided
by the ongoing CRBR PCA hydraulic tests.

Labyrinth seal wear pads are provided at the top and bottom
of the inner duct. These wear pads guide the movement of the pin
bundle within the outer duct, establish the clearance to minimize contact
between the inner and outer ducts, enhance bundle to assembly flow

51 split, and provide a hard material wear interface with the outer duct.

Absorber Pins

The absorber material portion of the pin consists of a stack
of boron carbide pellets (92 + 2 percent theoretical density), 36 inches
long. Gas plena are provided-in the absorber pin to limit internal
gas pressure build-up caused by helium generation.' The total plenum
lengths are 14.2 and 24.3 inches for the bottom and top plenum,
respectively. Within the upper plenum there is a spacer and spring
to keep the boron carbide pellets and lower plenum spacer compressed
during handling and at impact after scram. The absorber pellet stack
consims of hot pressed boron carbide pellets, enriched to approximately
92% B
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Absorber pins are arranged on a triangular pitch to diameter
ratio of 1.05. Each of the absorber pins in .the interior rows of the
pin bundle is helically wrapped with a wire to provide lateral spacing
along its length and promote coolant mixing. The exterior row of pins
is wrapped with elliptical cross section wire with reduced minor diameter
to provide clearance between the pins and inner duct to accommodate normal
swelling. Reduction of the wire size in the peripheral pins minimized
overcooling of the side channels and provides improved flow distribution
to the interior channels. The wire is pulled through and welded at its
end to the bottom end cap and is laid &loig and welded to the
upper end cap. The pins are approximately 78 inches long within an
overall bundle length of 80 inches. The cladding is 0.602-inch nominal,
outside diameter by 0.49 inch thick and is 20 percent-cold drawn Type
316 stainless steel. The cladding tube and end caps provide structural
support and hermetic sealing for the absorber pellets and spacer
components. The pins are supported at the top plate by a weld and are
free to expand through the bottom plate. This puts the pin in tension
during deceleration at scram arrest since the control rod stop is

51 located in the outlet nozzle.

Outer Duct Assembly

In the assembled configuration,- the pin bundle is held inside
the outer duct assembly by the outlet nozzle which has an internal shoulder
serving as the interface for the refueling gripper. An interior shoulder
in the nozzle serves as the full insertion stop for the control rod. )

I The principal structural member is the 0.120-inch wall thickness, 20
51 percent cold worked Type 316 stainless steel duct tube which extends

from the outlet nozzle at the top to the radiation shield at the bottom.
The duct wall is increased in thickness locally to approximately 0.21
inch at the load pads. The load pads mate with similar pads on surrounding
fuel assemblies to provide lateral positioning of the core components and
to transfer the loads developed through interaction with the core
restraint system.

Neutron Shield Block

The shield block is a hexagonal block, 4.575 inches across flats,
approximately 22 inches long including a hex to round transition over
the bottom 6 inches. An internal cavity in the circular section contains the
orifice plate assembly. A single flow hole, 1.5 inches in diameter,
extends through the length of the shield concentric with the shield.
The lower end of the shield block is welded to the inlet nozzle which
provides the interfaces with the inlet modules. These interfaces include
six inlet flow ports, external piston rings limiting leakage flow to
the low pressure region of the reactor to maintain hydraulic balance

51 and the discrimination features.
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Assembly Discrimination

Two unique noninterchangeable discriminator types are provided
51 for the control assembly discriminator types to preclude insertion of a

control assembly into a non-control assembly core location and also
preclude insertion of any other type of reactor assembly (fuel, blanket
or removable radial shield) into a control assembly core location.
In addition, these two unique control assembly discriminator types
preclude insertion of each type of control assembly into an incorrect
control assembly location. The two types of control assemblies that
require discrimination from each other are as follows:

1. Primary control assemblies that are to be located in Row 4 or
Row 7 corners, only.

2. Secondary control assemblies that are to be located in Row 7 flats
51 only.

The geometries of the control assembly discriminators are
similar to that shown in Figure 4.2-15 for the fuel assemblies. However,
the diameters of the discriminator~posts on the control assemblies are
sufficiently different from the corresponding diameters on the other
types of reactor assemblies to preclude incorrect insertion of an assembly

I during.refueling. The discriminator system will stop the insertion of
any assembly into an incorrect assembly location 2.35 inches short

l Iof its fully inserted position. This resulting 2.35 inch height diffe-
rence is detected by the In-Vessel Transfer Machine (IVTM) axial
position locating system and the IVTM will not release the assembly
from the grapple.

4.2.3.2.2 Secondary ControlRod System

iThe Secondary Control Rod System (SCRS) (shown schematically
51 I in Figure 4.2-105) provides six two-position control rods that move

from their full-out position to their full-in position to shutdown
the reactor. Each control rod is held in its full-out position by a
scram latch that engages the control rod's top end. The scram latch
is located at the bottom end of a drive shaft extending through the
reactor closure. The Secondary Control Rod Drive Mechanism (SCRDM)
that positions the drive shaft and latch is mounted above the reactor
head. The control rod has gravity and hydraulic pressure forces from
the coolant pressure drop across the core which are applied to the
control rod in a direction that tends to drive it into the core. The
latch holds the control rod in the full-out position against those
forces.

The SCRS hardware includes the following major items:
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I. The Secondary Control Assembly (SCA) that has a hexagonal configu-
ration similar to fuel assemblies and contains the movable
control rod (Figure 4.2-106).

2. The Secondary Control Rod Driveline (SCRD) that extends through
the reactor closure and seals the reactor cover gas (Figures

5-4 4.2-107a and 4.2-107b).

3. The Secondary Control Rod Drive Mechanism (SCRDM) mounted to the
reactor closure top side and connected to the drive shaft seal

501 assembly (Figures 4.2-108a and 4.2-108b).

The SCRS utilizes hydraulic forces to assist scram action. The control
rod moves axially within the control assembly guide tube. During normal reactor
operation, the rod is supported above the core by the latch that is actuated by
a pneumatic cylinder. Appropriate flow paths and orifices within the assembly
allow the reactor coolant to flow from the high pressure plenum to the region
above the piston. Sodium below the piston is ducted to the low pressure plenum.

Therefore, a pressure drop in the downward (scram) direction
exists across the control rod piston continuously during normal operation.
Upon receipt of a scram signal, the control rod is released by depressurization
of the latch-actuating cylinder and is forced down by the hydraulic pressure
force and gravity into the core region. Coincident with scram initiation, the
primary coolant pumps are tripped, that is, turned off; however, the transient
pressure decay is relatively slow with respect to the SCRS scram speed, so that
sizeable scram assist pressure forces exist throughout the scram stroke. This
relatively slow decay of the scram assist pressure due to the primary coolant
pump coast down also applies when consideration is given to the postulated

531 undercooling accident.
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The latch can be actuated to release the control rod by venting the pressure
in the pneumatic cylinder. The-weight of the rod and the hydraulic forces
cause the grippers to spread and release the rod.

To retrieve the rod from the full-in position, the latch is lowered by the
SCRDM. Upon engagement of the latch with the control rod, the pneumatic
cylinder Is pressurized to secure the rod in the latch. The SCRDM is then
actuated to raise the control rod slowly out of the core region to its normal
full-out position. In this position the latch is located Just below the top
of the handling socket as shown In Figure 4.2-105.

For head rotation, the control rods are released and the drivelines below the
closure are withdrawn well into the upper Internals structure to provide
protection for them during head motion.

4.2.3.2.2.1 Secondary Control Rod Mechanism

Extension Nozzle - The extension nozzle that is attached to the reactor head
provides the support and mounting feature for the SCRDM and Its attached SCRD
and control rod. The mechanism holddown ring at the nozzle upper end attaches
the SCRDM to the nozzle In a manner similar to that used by the primary drive
mechanism.

Sealed Housing - A two part sealed housing (upper drive housing and lower
drive housing) forms the outer shell of the SCRDM that will contain the argon
pressure that backs up the main shaft bellows. An Integral flange at the
housing's mid-section mounts and seals the SCRDM to the extension nozzle. The
sealed housing upper end is capped off by the connector plate. The fixed end
of the main shaft bellows attaches and seals to the lower end of the sealed
housing. The sealed housing Is pressurized through a connector in the top
connector plate. The housing pressure Is maintained at approximately 5 psi
above the reactor cover gas pressure. Should a bel lows or any other gas seal
fall, the leak will be detected, and an alarm sounded, by a system that
continuously monitors argon flow In and out of the SCRDM.

Mechanism Frame - The main structural framework for the SCRDM Is provided by
the mechanism frame (see Figures 4.2-107b, 108a and 108b). The frame Is
composed of two rails (beams), end plates, mid-supports, and a number of rail
cross tie brackets. These components, bolted and keyed together, form a
structurally rigid open frame. The rails provide the guidance for the coil
cord assembly and the carriage assembly. The lower end plate contains the
leadscrew thrust bearings. The mid-supports contain the needle bearings and
provide radial support for the leadscrews at their midpoint. The mechanism
frame Is coupled to the lower housing where the load is transferred to the
extension nozzle. The coupling Is made with a flange (formed by brackets at
the frame mid-length) clamped to a ledge on the lower drive housing.
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I rews - The axial motion for the drive Is generated by twin ball-nut
leadscrews. Bearing support is provided at three elevations. The lower ,i
bearings are In a duplex arrangement that takes the axial load and gives a
rigid support for column loading considerations. The mid-support bearings use
needle bearings for a thin cross section and provide lateral support. The
positioning carriage bal I-nuts travel between the lower two bearings. Each
leadscrew Is rated for 10,000 pounds column loading and 25,000 pounds tensile
static load. The leadscrew has 0.2-in. lead per revolution. The upper
bearings provide radial support at the gear drive.

Motor and Locking Device - Power to the leadscrews is provided by an electric
motor. Two Idler gears from the motor pinion gear transfer the torque to the
leadscrews. Two methods are provided for preventing the driveline and
carriage from coasting downward. During normal operation (when power to the
motor Is available), the electrical braking capability of the motor is used.
During Installation and refueling (when power is not available), the motor
shaft lock device Is used. This device, by mechanical means, prevents motor
shaft rotation. The lock device will maintain its functional state (locked or
unlocked) without the application of power.

Latch Mechanism - The latch mechanism is mounted to the upper side of the
positioning carriage and provides the function of operating the control rod
release latch at the end of the drive shaft. The main components of the latch
mechanism are the position indication devices, the pneumatic actuator, and the
scram valves. The motion of the concentric shafts Inside the drive shaft are
indicated by two LVDTs (linear variable differential transformers).

The pneumatic actuator utilizes high pressure argon In order to apply a
tensile force to the tension rod to keep the latch locked. The scram valves
that vent the pneumatic actuator, which in turn releases the control rod
latch, are mounted below the pneumatic actuator. Guides, located above the
scram valves on the positioning carriage, engage with the frame guide rails to
provide a stable motion path for the positioning carriage and latch mechanism.

The scram valves are redundant and testable. A system of two-out-of-three
logic permits any one of the three solenoids to be actuated for test purposes
without causing scram. However, actuation of any two of the three solenoids
is sufficient to release the control rod. The valves are Instrumented to
monitor response during testing. This feature permits periodic testing of the
scram valves thereby enhancing reliability of the system.

Electrical Lead Coll -The electrical cables needed for the latch mechanism
LVDTs and scram valves and the pneumatic tubes needed for the pneumatic
cylinder and driveline Internal pressurization are routed to the latch
mechanism by a helical coil assembly.

Position Indication - Two separate indication systems are provided for
indicating carriage position. The two systems consist of (1) a signal

9
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converter driven by the motor Input signal which displays a derived carriage
position, and (2) a rotary encoder providing continuous absolute position
indication (reference position Is not lost with power failure) over the full
stroke.

The rotary encoder's function Is checked by redundant verifier switches
actuated as the carriage passes a predetermined position. This Initiates a
comparison of the encoder reading against a calibrated value. This checking
function Is intended as an advisory Indication only.

The carriage position is also Indicated by two proximity switches mounted at
elevations corresponding to the control rod fully Inserted position and the
Sdrivellne refueling position. The upper limit switch stops the carriage at
the position required for refueling. The lower limit switch stops the
carriage at a position such that the lower drivellne nose cone remains a. short
distance above the fully Inserted control rod. An override permits the
drivel ine to be driven down until the nose cone contacts the top of the
control rod.
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Connector Plate - Hermetically sealed, electrical connector feedthroughs are
threaded Into the top plate and sealed by welding. Connectors from the SCRDM
cables can be attached to the feedthroughs on the lower side of the connector
plate before it is mounted to Its housing. Room Is provided at the top of the
drive to accommodate the cable Iength needed for this operation.

4.2.3.2.2.2 Secondary Control Rod Driveline

Latch - The control rod scram release latch is located at the bottom end of
the drivellne. The coupling head on the control rod is gripped by the latch
gripper fingers that are held In the locked position by the latch tension rod.
Less than 0.1 Inch downward stroke of the gripper fingers and latch tension
rod will release the control rod by permitting the control rod coupling head
to slide out of the gripper fingers. The upper end of the latch tension rod
is coupled to the pneumatic actuator discussed In Section 4.2.3.2.2.1. The
pneumatic actuator has a stroke range of plus or minus one inch, as compared
to the 1/4-in. gripper motion thus allowance is provided for differential
thermal expansion over the driveline length. Since the latch tension rod is
tensioned by the pneumatic actuator the pneumatic actuator piston can shift
either up or down slightly to accommodate drive line expansions and
contractions and still maintain a relatively constant force on the latch
tension rod.

The angle surfaces contacting the gripper fingers are designed to operate over
a coefficient of friction range of 0.2 to 2.0. The latch has been designed to
be capable of carrying a 500 pound downward load on the latch fingers from the
control element. Preliminary estimates indicate an applied load of
approximately 330 pounds at reactor full power of which 250 pounds is
developed by the hydraulic scram assist feature of the SCRS. The remainder is
due to gravity loads.

The presence of the control rod coupling head within the latch fingers is
indicated by a mechanical extension of the sensing tube that contacts the top
of the coupling head. The sensing tube has a stroke range of minus 0.5-in.
and plus 1.0-in. from the latched position shown on Figure 4.2-107a.

Rigid Drive Shaft Section - At the minus 344-in. elevation, where the relative
motion between the core assemblies and the upper core support structure is
postulated, the drive shaft portion of the driveline has a thick wall to
protect the latch tension rod inside. The surrounding core support structure
and control assembly handle are expected to deform before the drive shaft
crushes, thereby keeping the latch tension rod free to release.
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Bellows- The latch tension rod and sensing tube are sealed with metal bellows
located at two elevations: the lower end of the upper drivellne above the
three-shaft coupling and the upper end near the positioning carriage. The
volume Inside the drive shaft between these two sets of bellows will be
pressurized with argon from a source outside the SCRDM. The internal drive
shaft pressurization Is higher than the maximum pressure at the latch end.

Three-Shaft Coupling - The three shaft coupling (shown on Figure 4.2-107a)
joins the lower drivellne to the upper driveline. This coupling enables
disassembly and assembly of the lower driveline without affecting the
remainder of the drivellne and mechanism.

Coupling of the tension rod is performed by butting the two ends together,
engaging the split shell retainer halves In the tension rod grooves, and
lowering the lock sleeve to encompass the retainer halves. The lower end of
the lock sleeve is deformed to retain It over the split shell. The coupling
concept used for the tension rod is also used for the sensing tube. The
driveshaft connection Is made with a coupler tube. The tube Is bolted to the
lower driveline. Attachment of the coupler tube to the upper driveline
utilizes two sets of split r-ings and a threaded locknut. The locknut in
combination with the split rings couples the tube to the upper drivellne.

Head Shielding - The head shield plug design Is similar to the primary system
shielding design.

Attachment to SCRDM - The SCRD attaches to the bottom of the SCRDM positioning

carriage by a bolted flange.

4.2.3.2.2.3 Secondary Control Assembly

The control assembly consists of a hexagonal duct that is similar to the fuel
ducts, a nosepiece, a shield, a guide tube, a control rod, and an upper
handle. The principal dimensions of these components are summarized In Table
4.2-42.

The control rod Is composed of 31 absorber pins surrounded by a circular
wrapper and Includes a piston assembly at the bottom and a damper assembly at
the top. Each absorber p in contains a 36-inch column of enriched B4 C pellets,
and the minimum total BI0 loading in the control rod is 4.66 kg. The absorber
pin has a gas plenum above and below the pellet column with thin walled spacer
tubes in each to maintain position. The upper plenum also contains a holddown
spring.

The piston assembly has an Inlet plenum region to provide good flow
distribution for the coolant as it enters the piston region from the guide
tube. There is a small clearance between the piston assembly and the guide
tube above and below the Inlet region. The lower region requires small
clearances to create high pressure drop for hydraulic scram assist. The upper
region has small clearances to minimize leakage flow around the outside of the
control rod.
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The damper assembly above the absorber pins contain the damper and
dashram, a coupling head to mate With the latch, and an exit plenum for the
flow through the absorber pin bundle. The damper is made up of a series of
plates and belleville-type springs. Two types of plates are alternately
stacked with the springs. All plates have a hole in the middle to accommodate
a shaft. The shaft has a plate at one end and an arresting arm at the other.
After the rod has traveled 90% of the scram stroke, the arresting arm contacts

391 the downstop and starts to compress the stack of springs and plates. Sodium
between the plates is expelled, slowing down the rod. The exterior of the
housing containing the springs and plates is tapered to act as a dashram.
The dashram starts to slow the rod when it enters the guide tube by reducing
*the annular flow area between the rod and guide tube.

A downstop is attached to the outer duct such that the boron carbide
is fully inserted in the core when the control rod is resting on the downstop
and the damper is compressed. The top end of the guide tube is also attached
to the downstop, while the lower end of the guide tube contains a shield plug
which has a sliding fit with the nosepiece. The guide tube has ports to pro-
vide upflow for cooling the control rod and downflow around the piston for
hydraulic scram assist. The guide tubes'-ports are adjacent to the inlet
region of the control rod when the rod is in the withdrawn parked position.

The shield plug at the lower end of the guide tube has a hole
through the middle to permit downflow to the low pressure plenum. The shield
is sized to provide a steel volume fraction of 73% averaged over the 20 inch
shield height and the 4.76 inch assembly pitch. The shield plug also has
grooves in its perimeter to permit the upflow from the nosepiece inlet to

39 traverse the shield region.

The nosepiece contains two concentric flow regions. Coolant from the
reactor high pressure plenum enters the outer flow region of the nosepiece

391 through inlet ports. Sodium flows upward through the shield qrooves and then
between the guide tube and outer duct until it reaches the ports in the guide
tube.

Part of the flow goes through and around the control rod to cool the
absorber pins and exits the assembly around the latch seal. Most of the coolant
at the guide tube ports flows downward around the piston, through the shield
and inner flow region of the nosepiece, and into the reactor low pressure
plenum.

4.2.3.3 System Evaluation

4.2.3.3.1 Primary System Evaluation
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4.2.3.3.1.1 Alignment Analysis
531 This section presents the results of an evaluation of. the forces

which occur .due to lateral misalignment of the CRBRP primary control rod
system components. These forces act to retard control rod translation
during scram and therefore must be considered in the Scram Analysis
(Section 4.2.3.3.1.3).

All the effects contributing to drag forces (product of a
lateral load and a coefficient of friction) were considered including
lateral bending effects,-torsional windup of the driveline, constant
operational effects (e.g., out-motion limiter pawl ratchetting along
the leadscrew) and PCA duct-bowing. The lateral bending loads
resulting from system misalignmeht were determined by a static analysis
using the ANSYS finite element structural computer code (APP-A) to
model the PCRS. The worst case misalignment of the fixed (non-moving)
boundary of the PCRS was determined to be the refueling misalignment,
Figure 4.2-95B. This misalignment envelope was further defined by
determining the shape of the upper shroud tube, assumed to be initially
straight, when forced to interact with a misaligned non-translating
assembly (NTA) and constrained to the defined end points-according to.
Figure 4.2-95B. The NTA, consisting of the upper bellows support,
torque tube, shield plug, shield plug extension and shield tube, was
assumed to be misaligned in the direction opposite to the direction
of.the installed shroud tube.

A finite element model of the translating assembly (leadscrew, )
driveline, dashpot cylinder and piston) was prepared and forced to
conform to the envelope defined by the misalignments from Figure
4.2-95B design clearances and the analysis of the NTA above (see

531 Figure 109a). The translating assembly itself was assumed to
be misaligned, Figure 4.2-109b, as determined by an analysis of
tolerances of the component parts. This resulted in a system of static
forces required to elastically bend the translating assembly into
conformance with the fixed envelope (Figure 4.2-109c). Analyses as

5 described above were performed for each significant withdrawal position
59j (6 total) from fully inserted to fully withdrawn.

Assumptions salient to the lateral misalignment force analysis
were as follows:

1. The control rod system is.at a uniform temperature which corres-
ponds to the "worst case" refueling conditions for misalignments
(see Figure 4.2-95B). Axial thermal expansion of the components

51 has been ignored.
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5912. Linear interpolation between the maximum misalignment values of
the top and bottom of the control assembly is valid.

3. The dashpot cylinder is forced over to one side of the shroud tube
and parallel to the slope of the shroud tube.

4. The NTA and TA are initially misaligned as in Figures 4.2-109a & b,
and these are the worst possible configuration.

5. The stiffness of the disconnect actuating rod internal to the
control rod driveline is negligible when compared to the outer tube.

6. The sum of the absolute values of the reaction forces acting on the
T.A. will be greatest (largest retarding forces) for the two-
dimensional case with the greatest curvature in the elastic curve
of the control rod.
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The total lateral loads calculated for each withdrawal position
are summarized in Table 4.2-43.

The same analysis was performed for the PCRS sodium test mis-
alignment conditions, which envelopthe design basis in order to determine
the validity of the worst case assumptions made. These assumptions were
a) the position of the dashpot and b) worst case NTA and TA misalignments.
Table 4.2-43a summarizes the analysis bases and the resulting total forces
for the fully inserted position.

Subsequent system tests at the misalignments defined by Figure
4.2-95a resulted in a measured drag load of approximately 10 pounds.
This confirmed that the dashpot moves laterally as-designed (i.e. is not
fixed as assumed) and that the assumption of combined worst case mis-
alignment of the translating and non translating assemblies is
extremely conservative.

Only slight variation in the calculated lateral loads was observed
over the control rod stroke except near the full insertion position. The
end of stroke drag forces are effective only over the last six inches
where the control rod coupling can contact the inside diameter of the
scram arrest flange.

The maximum coefficient of sliding friction from the available
data (see Section 4.2.3.1.3) was used for each of the material couples in
the primary control rod system. These coefficients are greater than the
3a values given in Table 4.2-36A. Table 4.2-43 summarizes the lateral
misalignment drag loads at each withdrawal position.

Torsional effects are minimized by the Rotational Joint at the
top of the absorber bundle. Torque taker clearances and normal manufac-
turing twist of the absorber ducts can lead to twist of the driveline
which is torsionally restrained by the Torque Taker at the top and by
the hexagonal control rod at the bottom. The Rotational Joint provides
the azimuthal degree of freedom to relieve the potential driveline
torsion, as well as providing lateral degrees of freedom which minimize
moment transmission between the shaft and the control rod. Tests
performed on prototype Rotational Joints (Ref. 177) established that
the maximum torque transmitted through the joint was 20.5 inch pounds.
This was observed after an extended soak period in sodium and represented
only a momentary "static" friction peak which immediately reduced to
approximately 8 inch pounds torque. Because of the nominal cross corner
hex diameter of 4.6 inches, the maximum torsional contribution to lateral
load is 9 lbs. acting momentarily at the beginning of a scram.

The out-motion limiter pawl drag must be considered in the scram
retarding forces acting on the translating assembly. This load results
from the spring loaded pawls ratchetting along the leadscrew as it

51 scrams. The magnitude of this load is approximately 14 lb.
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Control assembly duct bowing can modify the system of misalignment
drag forces by changing the material couples and slightly altering the,
available clearances. Two point contact occurs when the inner and outer
ducts are in contact. Depending on the misalignment condition, duct
to duct contact relieved the contact at one or both of the wear pads.
Only a very small incremental change in misalignment or duct bowing can
cause a change from wear pad to duct to duct contact. Thus, the principal
contributor from duct bowing results from the change in material couples,
i.e., from Inconel 718/316 Stainless Steel to 316/316. In'rod~withdrawal
positions greater than approximately 6 inches, only about 7%Mof the total
drag loads occur at the wear pads. Between 6 inches withdrawn and
fully inserted approximately 20% of the total drag occurs at the PCA
wear pads. Therefore, since the coefficient~of friction for the 316/316
couple is approximately 16% lower than for the 718/316 couple, the
loads due to duct bowing decrease and are estimated at approximately
-1 lb. for withdrawn positions and -8 lbs. for near and fully inserted
positions. These forces were neglected in the scram analysis.

The drag forces used in the scram analysis for the PCRS are
given in Table 4.2-43. Drag forces are less than 135 lbs. for the control
rod stroke from full out to approximately 6 inches withdrawn and increasing
to about 290 lbs. at full insertion.

4.2.3.3.1.2 Control Assembly Bowing Analysis

Assembly bowing results from three factors: flux gradients
across the assembly causing differential irradiation swelling, thermal
gradients across the assembly, and mechanical loading from adjacent
assemblies together with creep or plastic deformation. The movable
control rod is suspended from the rotational joint which provides
sufficient degrees of freedom to prevent large moments in any plane
being transmitted through the joint to the shaft. Thus, control rod
bowing is not mechanically influenced by the shaft nor by.,adjacent
assemblies because of the clearances between it and the outer duct,
The outer duct is restrained at the inlet nozzle, the above core load
pad (ACLP) and the top load pad (TLP). Therefore, the outer duct bow
is dependent on a static equilibrium condition with adjacent assemblies,
and the magnitude of bowing deflection at any axial position is limited
by this condition and the clearances ofthecore restraint system at
operating conditions.

The control rod moves inside the outer duct, positioned and
guided by the Inconel 718 labyrinth seal wear pads at the top and bottom
of the rod (Fig. 4.2-104). The nominal diametral (flat to flat) clearances
between the control rod and duct are 0.100 inch at the bottom wear pad,
0.120 inch at the top wear pad to allow for radial thermal growth relative

51 to the bottom, and 0.297 inch inner duct to outer duct clearance. The
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limiting bowed condition is three point contact, defined as contact between
both wear pads and the outer duct on one side of the rod, and duct to
duct contact on the opposite side (see Section 4.2.3.1.2). Beyond this
condition, the drag loads are directly proportional to control rod,
stiffness.

The control rod preliminary bowing analyses model was derived
from the core restraint system analyses.(Section 4.2.2). The model is a
3 assembly model for simplicity, which was shown to predict essentially
the:same interassembly loads and deflections as the much more-complex
row model used for core restraint system analysis. The model includes
all the phenomena contributing to bowing as discussed above.

Worst case bowing tends to occur in the Row 7 corner control
rod due to maximum flux and thermal gradients at that location, relative
to other control assembly locations. Therefore, the anlysis for the
Row 7 Corner assembly conservatively envelopes all other primary control
assemblies, and is used as the basis for demonstrating satisfactory
performance for all PCAs.

The maximum transverse thermal gradient in the control rod
occurs during full power operation with the rod at or near full insertion
and the rod misaligned such that both top and bottom wear pads contact
the outer duct toward the center of the core. This condition is shown
in Figure 4.2-111(a). For purposes of this evaluation, it has been
conservatively assumed that the R7C.rods can be in fully inserted position
during power operation. It is expected that the R7C rods will be with- .

541 drawn at least 13.6 (18.6 nominal) inches at the beginning of the
minimum withdrawal cycle (BOC-4) for full power operation.

The direction of potential reaction forces for the assumed
initial condition are indicated by the arrows in the sketches (Fig.
4.2-111). Both the inner and outer ducts are assumed to'be straight
for the initial configuration. The outer duct then bows convex toward
the center of the core under the influence of transverse thermal
gradients and 'irradiation induced differential swelling. Swelling
induced bow tends to become significant only toward the end of one year
of operation. The inner duct is assumed to remain straight for this
configuration resulting in the point contact conditions shown in sketch
(B). The reaction loads for sketch (B) would be small and similar -in
magnitude to sketch (A).

If the rod is assumed to be misaligned so that both wear pads
contact the outer duct on the side away from the core centerline, a small
reverse thermal gradient (high on the outside) can occur across the rod

51 (Sketch F, Fig. 4.2-111). The resulting small control rod reverse bow
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W together with any outer duct .bow, which must be convex relative to the
core centerline at power operation, redistribute the bypass flow'to
reach a thermal equilibrium condition similar to.a straight rod. There-
fore, it is concluded that the worst case assembly bowing condition is
achieved by assuming no operational bowing of the control rod, while
permitting the outer duct to bow as dictated by the adjacent assemblies.
Predictions of control rod bowing utilizing the maximum transverse
thermal gradients predicted for the rod over a range of radial mis-
alignments and rod withdrawal and using extremely conservative flux
data have indicated that the rod bows less than 0.01 inch (deviation
from a straight line connecting the end points) in a direction parallel
to the outer duct bow. Therefore,, the assumption of.no control rod
operational bow has been analytically confirmed.

Outer duct bowing is primarily dictated by interactions with
adjacent assemblies. However, the thermal and flux gradients across
the assembly do contribute to a small extent to the equilibrium bowed
condition. For bowing predictions a combination of high flux and high
temperature was conservatively assumed in the analysis despite the fact
that these maxima occur at different rod withdrawal conditions and
therefore do not concurrently exist in actual operation. In addition,
a low flux case was assumed which maximizes the flux gradient across the
adjacent fuel assembly, together with the further conservatism of
assuming that the adjacent fuel assembly is initially pre-bowed for
one cycle to cover the possibility of non-batch refueling.

The three assembly bowing model together with its assumptions
introduces conservatism into the analysis. Since assembly interaction
effects dominate control assembly duct bowing, the inherent assumption
of two face stiffness leads to greater predicted bow. In-service,
assemblies adjacent to the four duct faces not in the plane of bowing
add stiffness to the assembly and reduce the magnitude of the bow.
This conclusion is supported by preliminary data from the Core Restraint
Test Facility, and will be further verified as more data becomes avail-
able.

Figure 4.2-110 is a predicted outer duct bow for 275 FPD
operation in a homogeneous core layout configuration again based on flux

51 data which is conservative by a factor of approximately 1.5. Bowing. analyses
performed for heterogeneous core layout configurations have resulted in
greater end of life clearances between the control rod and the outer duct

591 than obtained using Figure 4.2-110 results. Key elevations are indicated
on this figure including the position of a fully inserted rod, the above
core load pad (ACLP) and the top load pad. Since the clearance evaluation
is a balance of available design clearances and reductions in these
clearances from various effects, it is clear that the worst case (greatest
reduction of clearance) is with the rod fully inserted. This can be
determined by connecting the intersection of the control rod full-in end
points-with a straight line and gaging the deviation from this straight1line to the bowed configuration. Clearly as the rod is withdrawn, thedeviation decreases, therefore the clearancelincreases.
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Figure 4.2-11OA is a plot of the outer duct bow adjacent to a 7)
fully inserted rod - i.e. the maximum deviation from the straight line
noted above, superimposed on the clearance envelope of straight inner
and outer ducts under the following assumptions:

a) The wear pads are in contact with"the outer duct on the same side.
(Thus the clearance at 80 inches and 0 inches is zero.)

b) The wear pads are at their maximum tolerance.

c) The inner duct OD is at its maximum tolerance.

d) The outer duct ID is at its minimum tolerance.

Additional assumptions relating to manufacturing are madeas
follows:

a) The wear pads are azimuthally misaligned by the maximum tolerance.

b) The inner duct is non-straight by maximum manufacturing tolerance
and is assembled so that the bow opposes-the predicted outer duct
bow.

c) Outer duct manufacturing bow tolerances have been assumed to be
cumulative with the predicted operational bow. This is extremely
conservative since analyses have shown that the end of life bowed
configuration is not significantly altered by assuming an initially
bowed configuration due to manufacturing tolerances.

The assumptions on manufacturing tolerances all reduce design
clearances and are identified on Figure 4.2-110A. The following conclusions
can be drawn from Figure 4.2-11OA:

a) Two point (duct-to-duct) contact would occur under the assumptions
of these analyses. The load from this contact will be small due
to the freedom given by the rotational joint.

b) Three point contact does not occur. In fact, a large margin to
three point contact exists as gaged against the maximum bow in
275 FPD operation.

Therefore, it is concluded.that bowing will not detract from the scram
performance of the PCA. The large margins and very conservative assumptions
lead to a high confidence in this conclusion.
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4.2.3.3.1.3 Scram Analysis

This section describes the scram analyses performed for the primary control
rod system to demonstrate the expected rates of reactivity Insertion during a
reactor scram. Considered In this section are avaliable shutdown
reactivitles, typical rod positions, control rod scram speeds and scram
reactivity Insertion rates.

Typical Rod Withdrawal Positions

Rod positions at the time of the scram may vary significantly due to:
withdrawal over the fuel cycle, potential variations in rod bank positions,
uncertainties In rod worths and variations In the fuel cycle length between
the first and later cores. This time to Insert the first dollar of shutdown
reactivity In the reactor scram Is typically of greatest Importance as this
first dollar Is sufficient to turn around the power peak or fuel temperature
increase for most transients. Table 4.2-44 shows typical rod withdrawal
positions over the first five operating cycles. BOC-5 has been shown to be
the worst case for the slowest first dollar Insertion and Is therefore the
basis for the scram Insertion analysis.

Control Rod Scram Speed

Control rod Insertion speeds are calculated by the CRAB-lI computer code which
solves the equations of motion considering all the forces acting on the PCRS
translating assembly, both scram assisting and scram retarding. Section
4.2.3.3.1.1 presents the analysis of the scram retarding forces, and Table
4.2-43 gives the total drag force as a function of withdrawal.

Validation of the CRAB-Il code for predicting speed of Insertion was done
using test data from the PCRS system tests. Figure 4.2-112 shows Insertion
profiles from various withdrawal positions based on the drag forces given in
Table 4.2-43. Figure 4.2-113 demonstrates the abil ity of CRAB-Il to predict
actual test data using conditions expected to occur in the core. Also shown
In Figure 4.2-113 Is the CRAB-Il predicted speed of Insertion using the
conservative design conditions described In Section 4.2.3.3.1.1. The
difference between the two curves represents the conservative margin for speed
of insertion used in the scram analysis. Figure 4.2-113a demonstrates the
abil ity of CRAB-il to predict test data over a range of flow rates and
insertion times.

Scram Reactivity Insertion Rates

Scram reactivity Insertion rates have been calculated based on the
displacement/time profiles given In Figure 4.2-112, the cycle dependent rod
positions of Table 4.2-44 and the minimum and expected bank worths appropriate
to each cycle with the single most reactive rod stuck. The results of these
calculations are shown In Figure 4.2-114. Although BOC-5 procedures the
minimum shutdown, BOC-4 has been Included to show the change In scram
Insertion from BOC-5 to BOC-4. All other cases insert reactivity faster due

D to higher worths or farther Initial rod withdrawal.

An evaluation of the Inherent shutdown margin can be obtained by comparing the
minimum reactivity Insertion with the expected reactivity Insertion. The
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minimum reactivity Insertion represents a 30 worst case evaluation of maximum
excess reactivity and minimum control rod worth, while the reactivity
Insertion represents nominal core conditions. Additional margin on reactivity
insertion for both minimum and expected conditions is Included in these curves
by using speed of Insertion calculated with the conservative design conditions
of drag shown In Figure 4.2-113.

End of cycle reactivity Insertions are significantly greater due to Increased
shutdown margins and faster rod speeds due to greater scram assist forces at
these positions.

All curves in Figure'4.2-114 have assumed a delay of 0.1 seconds from the
advent of a scram signal tothe start of rod motion. Actual test data from the
PCRS system tests has shown this unlatch time to be 0.0486 + 0.0002 seconds.
Thus, on a 3(7basis, the scram Insertion curves In Figure 4.2-114 could be
moved to the left by 0.05 seconds.

It Is therefore concluded that the primary control rod system satisfies the
speed of response requirements given In Section 4.2.3.1.3 for all conditions.

)
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4.2.3.3.1.4 Seismic Scram Analysls*

An analysis was performed to determine the effect of a safe shutdown
earthquake (SSE) on the CRBRP Primary Control System's scram capabil Ity.
Lateral contact forces on the translating assembly were determined for a
severe three second segment of the SSE which was then used in eval uation of
scram performance under seismic conditions.

The worst time to Initiate a scram in this 3 sec. time interval was identified
by determining the time required to scram 9 Inches. This criterion was used
because It represents the required rod travel of the rods to Insert
approximately one dollar of reactivity. A 1.2 second load time history whose
Initial point is the worst scram initiation time was then used repetitively
until the rods were fully rinserted. A dynamic Impact coefficient of friction
of 0.5 was used since this value Is conservative relative to the coefficient
of friction averaged over the length of the PCRS (see paragraph 4.2.3.1.3).

The ANSYS computer program was used to perform the seismic analysis, using the
semi-I inear transient dynamic (time history) option of the program. An
overall reactor system model was first used to determine the motions of the
Important components. The gross motions of the system components were then
used as Input functions In a decoupled primary control rod system model to
determine the response of the leadscrew, drivel ne and control assembly within
the PCRDM, shroud tube and control assembly duct.

The nonl inear primary control rod system model and its use In the seismic
impact analysis are discussed In Section 3.7.3.15.3. The results of this
analysis used In the scram calculations are the contact forces (vs. time)
during the seismic event.

*See footnote to Section 3.7.3.15.
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The scram analysis was performed using the CRAB computer code (See App. A)-
Incorporating the dashpot model and time variant scram retarding force
capability. The results of the SSE scram Insertion predictions are compared.
with the seismic scram requirements In Figure 4.2-119. BOC-5 was determined
to be the time In life which produced the minimum reactivity•insertion due to
bank position and available worth. An evaluation of the Inherent shutdown
margin can be obtained by comparing the minimum reactivity Insertion with the
expected reactivity Insertion. The minimum reactivity insertion represents a
3t6worst case evaluation of maximum excess reactivity and minimum control rod
worth, while the expected reactivity Insertion represents nominal core
conditions.

It Is concluded that the primary control system satisfles the SSE scram
Insertion requirement of Figure 4.2-93. The reactivity effects of the
slightly increased scram time are evaluated In Section 15.2.3.3.

The seismic scram analysis Is a conservative evaluation of scram capability
under SSE environment In that a conservative calculation of loadsiand scram
initiation time was employed.

4.2.3.3.1.5 Control Assembly Analyses

Absorber Pin

The prim ?y control assembly utilizes enriched B C (approximately 92 atom
percent B In Boron). Data on hel ium release, lhermal conductivity and
pellet swelling, required for absorber design, are avallable In References 44
and 44a. )
Currently committed B4C tests providing EBR-11 lrradiation data is support of
CRBRP control assembly design are given In Table 4.2-46A. The table
summarizes each test using the HEML name for the test. Typical test
parameters for pellet temperature, pellet diameter and B-10 captures
completion dates for the EBR-Il Irradiations.

The tests of Table 4.2-46A will extend the Irradiation data well above the
pellet temperature and pellet sizes anticipated for týe primary control
assembly. The BICM-1 test has provided data to 80X10 B-10 captures/cc,
which Is comparable of first core burnups for CRBRP. The BV-2 test for vented
pins will provide data on pellet swelling for burnups typical of 275 FPD cycle
operation. The tests of Table 4.2-46A cover the operating range for the-
primary control assembly over Its required lifetime.

The planned EBR-11 B C irradiation tests do not Include in-reactor transient
cycling of absorber &ods. Out-of-pile testing of irradiated pellets hasbeen
performed under the HEML development program to determine gas release under
transient thermal conditions. Preliminary results Indicate that helium
release upon temperature increases occurs over a relatively long time (on the
order of 15 minutes) characteristic of a Primary Control Assembly thermal
transient. Since B4 C temperature Increases during transients are small
(<100 F) the Incremental gas Increase from a transient is a small effect,
Incremental gas release
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during transients based on the thermal transient tests are included in the
pin lifetime analyses. Since the absorber pins are designed to preclude
pellet to clad interactions or B C melting under worst case transient
conditions, gas release is the only B4 C variable required to be assessed
in transient analyses.

Further performance data for the PCA will be obtained from the
531 PCA Irradiation Test (see Section 4.2.3.4.1.1) which will provide integrated

lifetime performance data for near prototypic environments and operating
51 parameters.

511 Table 4.2-46 summarizes performance parameters for the absorber
pins. The thermal-hydraulic parameters are discussed in Section 4.4.
For the current design, the plenum lengths have been established by
the maximum available pin length, and the clad stresses at the end of
one operating cycle are less than 5,000 psi as shown in Table 4.2-46.

Preliminary strain analyses of the pin have indicated that there
is only minimal accumulated strain at the end of the lifetime requirements.
Additional analysis utilizing the cumulative damage function approach

51 has been performed which also verifies the lifetime capability of the
pins. Use of the CDF for the absorber cladding requires that the duty
cycle be separated into various stress state/time segments superimposed
on the steady state operating conditions. This introduces conservatism
in the analysis since conservative estimates of stress and time form
the basis for the analysis. Effects such as sodium interaction with the
cladding and pin-duct interactions are included in the lifetime evaluation.
B C swelling is calculated to assure that no force contact occurs
b~tween the pellets and the cladding (see Table 4.2-36) thus reducing
the margin for error in the calculations. Figure 4.2-111a shows pellet
swelling and associated pellet to clad gap for rod in the Row 7 corner
location. Figure 4.2-111b shows axial B-10 burnup profiles for each
rod position in the equilibrium cycle.

Based on the results of the preliminary analyses performed, it
is concluded that the pellet/clad gap clearance requirements are satisfied
for the required 328 FPD lifetime with an initial gap of 0.028 inches
(Figure 4.2-111a). The initial gap must be increased to allow for

54 5315 additional pellet swelling over the goal lifetime of 550 FPD.

Structural Evaluation

A preliminary elastic analysis was performed to evaluate the
structural adequacy of the control assembly outer ducts. Design stress

511 limits were derived using the criteria defined in Table 4.2-37B. Both

I
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ductile and brittle failure modes were considered in deriving these.
criteria. Material data was taken from Ref. 1 for the worst case
thermal and irradiated state of the critical duct sections evaluated,
that is, the lower duct welds and the ACLP. Plastic analysis, including
creep and swelling effects, is not expected to significantly change the
result of the elastic analysis.

51 The results of the analysis for fuel ducts are presented in
Tables 4.2-7 and 4.2-8. These results are applicable to the control rod
duct since the control assembly utilizes-the fuel ducts. It can be seen
that positive margins exist for all loading conditions and stress cate-
gories. The control assembly duct does not attain the same temperatures
as the fuel duct, thus the allowable stress and the margins of safety
are greater for the control assembly. For the ACLP region of the duct,
the increase in material. allowable due to the lower control assembly duct
temperatures, as shown in Figure 4.4-29, will raise the margins both for
primary plus bending and primary plus secondary categories. In addition,
the CDF will decrease from the already comfortable value to much less than
1 for both peak and seismic loading conditions..

51 Analyses were performed to evaluate the effects of scram impact
on the control assembly and the outer duct. These analyses indicate
that scram impact does not pose a problem for the control assembly duct.

The leadscrew-driveline-control rod assembly and the duct were

modeled as a dynamic system (Figure 4.2-120). A driveline initial velocity
5311 of 25 ips was assumed to provide added analytical margin over the 14 ips

design final velocity of the driveline and the FFTF dashpot test results
of 9 ips. The results of this preliminary analysis are as follows:

1. There is insignificant rebound (both in magnitude and frequency)
of the control assembly following impact on the scram arrest flange.
In addition, the outer duct does not appear to be overstressed.
Additional effort is in progress to establish acceptability of the

.51 end-of-life residual ductility.

2. The "breakaway" link (see Section 4.2.3.1.3) at the base of the
control rod shaft is not dynamically overstressed upon scram
impact. The dynamic weight of the control rod is less than the
force at which the "breakaway" feature is designed to rupture

51 I (16,500 pound predicted force, 19,000 pound maximum) to satisfy
the stuck rod or stuck coupling requirement referenced above.

3. The impact of the disconnect coupling actuating shaft is slight
and does not damage the rod for an initial velocity of 25 ips,
and does not occur at the design velocity of 14 ips.
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4. There are large margins of safety for the driveline expansion sleeve.
and the position indicator rod for an.impact at 25 ips.

.5. The control rod welds (adapter plate-to-duct and pin-to-adapter
plate) have adequate margins of safety based on 25 ips impact
velocity.

6. Absorber cladding stress is insignificant in scram-impact.

7. There is sufficient absorber pellet preload to prevent pellet
separation and interpellet impact.

4.2.3.3.1.6 PCRDM and PCRD Structural Analysis

51 The CRBRP control rod system utilizes a modification of the
FFTF mechanism to.benefit from FFTF design and development experience.
A complete structural analysis of the FFTF.mechanism is reported in
Ref. 41. Review of this analysis and scoping analyses of CRBRP
primary control drive mechanisms indicate that loading requirements
except the seismic requirements, are very-similar to FFTF requirements.

The mechanism is designed to withstand all loads stemming from
SSE, and safely shutdown the plant. Seismic analysis has indicated that
all seismic loading conditions are within allowable limits.

Preliminary analyses have been performed to determine the
structural adequacy of the control rod driveline, based on conservative
assumptions of minimum material properties and maximum loads on stressed
components. These evaluations considered the maximum load applied to
the driveline by the motor including a stuck rod, latching and a cold
stator. These loads are the peak tensile, compressive and buckling
loads, and envelope all other loads encountered by the driveline. Table
4.2-47 summarizes the applied and allowable loads and stresses for the

I PCRDM and PCRD components for the peak loading conditions. Only the
59 maximum loading conditions have been addressed in this assessment of the

PCRDM/PCRD structural analysis. It can be seen in Table 4.2-47 that-the
maximum load or stress for these conditions does not exceed the allowable
loads and stresses.

4.2.3.3.1.7 Overall System Performance Evaluation

Potential for Functional Failure of Critical Components

te As stated in Appendix C, a Failure Model and Effects Analysis
51of the control rod system were-performed. In this analysis, each basic
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component was considered separately to determine the type of failure, its
causes, its effects on system performance, and the probability of occurrence.
With regard to the primary mechanism and driveline, the analysis yields
the conclusion that functional failures of the components are either

51 extremely unlikely or have insignificant effects on system performance.

The primary safety functions of the CRDM and PCRD are reliable
scram, and accurate, repeatable positioning. Therefore, the components
which could conceivably inhibit these functions must be active in these
functions. These components are the segment arms, including springs,
pivot pin and synchronizer bearing, the scram spring, and the driveline
coupling. Effects. of failure of these components and other components
such as bellows and stator cooling system are evaluated below.

Segment arm functional failure is failure to separate and
release the leadscrew. This could result from segment arm spring failure,
synchronizer bearing failure, or pivot pin lockup. There have been no
known segment arm spring failures in 15.years of collapsible rotor
mechanism experience and analysis of the FFTF mechanism has shown capa-
bility to scram with at least one failed segment arm spring under the
conservative assumption of worst case bearing friction. Bearing and
pivot pin failure would occur only if debris jammed the bearing, or gross
dimensional inaccuracies occurred. There is no known source for debris,
and dimensional variation is limited by rigorous quality inspection.
Structural failure of the bearing is extremely unlikely, as the bearing
is only slightly stressed.

A seal system has been provided in the CRDM to prevent sodium
vapor from entering the roller nut area (see Seal System, Paragraph
4.2.3.2.1.1). However, in the extremely unlikely event that sodium
vapor could be deposited in the roller nut area, testing has indicated
(Ref. 11) that a roller nut type of CRDM scrams with no statistically
significant scram time degradation in a sodium vapor-inert gas environ-
ment; that CRDM performed the required withdrawal, insertion, and
scram functions satisfactorily while being cycled through 9600-ft and
scrammed 1070 times with a 340-lb driveline weight attached. Testing
with a purposely failed bellows in Phase IV of the FFTF Control Rod
Environmental Life Test was completed in June 1976. The FFTF Control

51 Rod System performed satisfactorily with a failed bellows.

Loss of stator coolant could ultimately result in stator failure
and rod drop as the CRDM is fail-safe to stator failure. Monitoring of
the stator coolant temperature will be utilized to permit corrective
action to prevent a spurious scram.
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A malfunction of the coupling would be sensed at connection .
after refueling by means of the position indicator rod at the center of
the driveline. The coupling is designed to lock by differential thermal
expansion for worst case clearance. Preliminary analysis has shown that
theocoupling lockup temperature at beginning of lfe is approximately
500 F for minimum clearance and approximately 700 F for maximum clearance.
Thug, the control rod coupling is tight at operating temperatures above
700 F. Thermal expansion of the driveline could result in small positioning
errors which will be evaluated in light of the control rod reactivity
worth-position relationship.

Finally, an FFTF mechanism has been life-tested through 1500
full-length scrams, 20,000-ft of travel and 30,000 start-stop cycles.
without functional failures. Additional life tests are in progress
for the CRBRP PCRDM.

Sensitivity to Mechanical Damage

Preliminary structural analysis has shown the primary mechanism
adequate under seismic (SSE) conditions. Testing in similar mechanisms
has been completed in which substantially greater shock loads than the SSE
were imposed without failure. Therefore, the structural adequacy of the
mechanism has been firmly established.

There is no conceivable driveline failure mode which would prevent
scram. That is, even a gross rupture of any part of the driveline causes
the control element to drop. Failure of the dashpot could cause a hard
impact at the end of scram, however, the source of such a failure cannot
be identified.

The positioning function of the driveline could be impaired should
the dashpot cup bind at the top of its 1-1/2 in. travel. This failure
mode is judged as being insignificant since there is a large clearance
(0.41 in.) between the cup and the shroud tube. The only circumstances
Which could cause binding are: a) debris of sufficient size wedged into
the gap at the end of the upstroke, and b) mechanical damage so severe
as to produce enough distortion of the driveline to bind against the
shroud tube. The latter has been ruled out previously in the evaluation
of the CRD under the worst case design loading and particles greater
than 0.25 in. diameter are screened out by the inlet module area. Also,
the full-stroke displacement of the dashpot cup (1-1/2 in.) is sufficient
to cause significant loss of reactivity insertion in a scram if the
dashpot cup fails to seat.

.It is therefore judged that there is very little sensitivity
to mechanical damage affecting reactivity control or shutdown capability
of the primary CRDM and CRD. Detailed evaluations will be performed in
the design and testing efforts to further support these conclusions.
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Potential for Excess Reactivity Additions

The maximum design withdrawal speed of the mechanism is 9 ipm.
The reactivity insertion associated with this withdrawal rate is evaluated
in Section 4.2.3.1.1. The maximum uncontrolled withdrawal rate of the

51 I primary control rod system is 73 ipm, limited by the rollout characteris-
tics of the mechanism. For this to. occur, four separate and unrelated
failures would have to simultaneously occur in the mechanism controller,
including output signal oscillation at a frequency greater than the
power supply source frequency. Additionally, the uncontrolled motion
would be confined to only one rod, due to the single rod stepwise
function of the controller. Because of the number of simultaneous
failures required to cause a rapid withdrawal, this event is judged to
be extremely unlikely. However, the reactivity effects of such an
event are discussed in Section 15.2.2.3 and have been found to be
within the capabilities of the plant protection system to prevent
fuel damage.

Potential for Rod Ejection

Inadvertent lifting or ejection of the control assembly is not
.considered credible because of the low pressure design of the reactor
system. The weight of the control assembly (including the driveline)
is approximately 400 lbs. There is no conceivable uplift force of
a similar magnitude. In spite of this, an out-motion pawl is added
for another layer of conservatism to limit outmotion speeds.

At refueling when the control assembly is disconnected from the
driveline, a situation may be postulated in which full pump flow is
started by an unknown mechanism. A control assembly flow rate of
about 58,445 lb/hr is required to lift the control rod with the driveline
disconnected. The preliminary maximum flow rate is 51,493 lb/hr for
these postulated conditions which result in a flotation margin of

.1.14. Table 4.2-48 compares predictions of the flotation conditions
with the FFTF control assembly flow tests. This comparison shows that
the flotation conditions are predicted to an accuracy of better than
5% on both flow rate and pressure drop. Consequently, flotation of the
control rod cannot occur even with the driveline disconnected. A major
structural failure of the lower axial shield orifice assembly would.
have to occur before flow rates approaching flotation conditions would
be possible. Therefore, rod ejection is not considered credible and
is not included as a design basis..

CRDM Housing Leak

The CRDM pressure boundary design incorporates a buffered seal

51 configuration to prevent leakage of reactor cover gas into the head accessi
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area. The buffer zone consists of an Argon gas atmosphere above the,
bellows and the Bellows Support/Extension Nozzle Seal. These boundaries
are shown pictorially in Figure 4.2-102 and schematically in Figure
4.2-102A. This seal configuration places two seals in.series between
the Cover Gas region and the Head-Access Area. With this series seal
configuration, the static pressure in the buffer region between the
series seals can be continuously monitored with pressure transducer
type instrumentation. Continuous monitoring of the buffer zone pressure
will reveal seal leakage in any of the buffer.zone seals and permit
remedial action before failure of the other series seal can cause
leakage to the Head Access Area.

Seals between the Buffer Zone and the Cover Gas include the
three welded metal bellows units and the Conoseal. between the.Upper.Bellows
Support cylinder and the Extension Nozzle,(see Figures 4.2-1.02 and 120A).
The welded bellows are included in this seal boundary to permit motion
required for the CRDM leadscrew stroke, actuation..of the control rod.
disconnect coupling, and motion of the position-indicator rod. The
Upper Bellows Support/Extension Nozzle Conoseal joint is r equired to.
complete the seal between the.Buffer Zone and the.CQver Gas. The seals
on the opposite side of the buffer zone, namely, the:Upper CRDM Mechanism
Seals, between the Buffer Zone and the Head Access Area, include the
Motor.Tube/Extension Nozzle, the Position Indicator Housing/Motor Tube,
the Pressure switch and several. Voishan Seals, all shown schematically
in Figure 4.2-120A. . -

51 The seal boundaries are filled with an atmosphere of inert argon
gas at a pressure slightly higher than that of the reactor cover gas.
This inert argon buffer gas protects the CRDM rotor assembly and lead-
screw-roller nut assembly from the deleterious effects of the reactor
cover gas environment. In addition, the pressure of the buffer gas is
continuously monitored by a pressure switch-located at the top of the.CRDM
housing. In the event of a deterioration of either one of the redundant
.seal boundaries in the CRDM sealing configuration, the resulting decrease

51 I in the pressure of the buffer gas would be detected by this, pressure
switch and appropriate corrective action could be initiated while the
remaining seal maintained the integrity of the reactor primary system
boundary.. The reliability of the pressure switch which: monitors the
argon buffer gas can be demonstrated by means of-existing reliability
data for similar electro-mechanical components and/or component tests.
The low probability of failure that is anticipated for a simple electro-
mechanical device such as the pressure switch,.when combined with the extreme-
ly lowIprobability of a simultaneous leakage failure of the two redundant
seal boundaries, eliminates the consideration of an undetected leakage

51 1 of reactor cover gas into the head access area as a credible event. The
design requirement leakage rate. for the CRDM housing is based on a .helium leak
rate of 1 x l0-4cm3 /sec maximum for each CRDM at normal reactor operating
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pressures. This design leakage rate is based on the demonstrated leak rate
data for the mechanical compression seals and bellows units, and is con-

531 siderably less than the portion of the total cover gas leakage into the head
access area that has been allocated to the CRDM housings. In additon,
the integrity of the CRDM housing seal configuration will not be signi-
ficantly degraded (relative to the allowable leakage under SMBDB conditions)

I by the effects of the SMBDB loading condition which includes a reactor
vessel after pressure of 300 psi maximum which corresponds to a steady

51 state pressure acting on the underside of the head.

4.2.3.3.1.8 Previous Experience and Development Work

51 Asi previously noted, the Primary Control Rod System design is
similar to the FFTF Control Rod System. The FFTF Control Rod System
testing and analysis to date has confirmed the acceptability of this
type of system for LMFBR application. The FFTF analysis. and test data
have been and will continue to be used in the design and analysis of
the CRBRP Primary Control Rod System and Components.

Prior to the selection of the collapsible rotor roller nut type
Control Rod Drive Mechanism for the FFTF application., this type of
mechanism was used in naval pressurized water reactors for at least
15 years. The environment of the PWR drive mechanisms is not the same
as the inert gas atmosphere of the FFTF and CRBRP applications. However,
the FFTF development testing of the collapsible rotor roller nut mechanisms
in inert gas/sodium environments.has indicated the analysis techniques
utilized in confirming scram reliability of this type of mechanism in
PWR applications is valid for LMFBR applications. This analysis which
was done for the FFTF Control Rod System and will be done for CRBRP,
utilizes friction coefficient data developed in the FFTF friction and

531 wear test program conducted at WARD, HEDL, and ETEC.
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4.2.3.3.2 Secondary System Evaluation

4.2.3.3.2.1 Tolerance Analysis

Accurate knowledge of the control rodposition above the core of an operating
plant is needed to assure that performance requirements can be met.
Dimensional loop tolerance from the control rod, up the driveline, through the
SCRDM to the reactor head, down through the vessel to the core support
structure has been analyzed to predict the effects of fabrication tolerances
and temperature changes from shutdown to full power on control rod position
relative to the core. This analysis Indicated the need to reduce the effect
of that total loop tolerance. To minimize the cumulative effects of the
various tolerance conditions and to Increase the confidences with which the
position of the control rod is known, a means Is provided to accurately
establish the location of the top of the control rod when the plant is
shutdown. This location Is established in the following manner. The drive
shaft will bottom out on the control rod under motor insertion stall forces.
This assures a reference position for the control rod with respect to the
control assembly. The drive mechanism position Indication can be read for
this reference point from which subsequent control rod withdrawal movement is
measured. This approach bypasses the tolerance buildup that could develop
from considering the entire dimensional loop and gives a more accurate
Indication of control rod position. Additional tolerance analysis important
to the proper operation of the SCRS is addressed In the following paragraphs.

In the latch, the gripper moves within the driveshaft and contacts a shoulder
in the driveshaft at the gripper's upper end when the latch Is engaged.
During engagement, the control rod coupling head contacts the lower end of the
gripper fingers, and the coupling head forces the gripper fingers radially
apart until their outer surface contacts a cam surface on the driveshaft.
Tolerances on the driveshaft between the upper shoulder and cam face on the
corresponding gripper features shall be such that the resulting radial
position of the gripper fingers will fall within safe bounds when loaded by
the coupling head. A 0.146 in. radial outward movement from the nominally
engaged position of each gripper finger Is required to release the coupling
head. The cam angle Is such that a 2:1 relation of finger movement to axial
movement will exist. The coupling head and gripper fingers are designed such
that contact stresses remain within acceptable limits.

One of the objectives considered when the damper design was selected was that
the design reduced the close fits and high tolerances required for most
hydraulic dampers. The minimum radial gap for the tapered dashram part of the
damper is 0.083 in., which is relatively large compared to typical dashpot
designs. Along the stack of the damper plates, the radial gap clearance
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between the. plate outside diameter and the cylindrical housing Inside diameter
changes from a minimum 0.010-in, gap to a maximum 0.125-in. gap. These
clearances are above the minimum usually used In liquid sodium design.

The amount of movement the pneumatic cylinder piston must undergo to fully
engage the control rod coupling head with the collet is a function of the
tension rod straln in addition to the 0.25 in. of moion required to raise the
collet. For the 1920 pound design tensile load, the rod wlll stretch
approximately 0.166 In. at a temperature of 1000 0 F. The compressive reaction
to this 1920 pound load occurs In the drive shaft, and results in a decrease
of 0.016 In. In the length of the drive shaft. Thus, the stroke of.the piston
must allow for 0.432 in. of motion between the loaded and unloaded conditions.
Since the current piston design can produce plus or minus one Inch of motion,
no problems are foreseen. In addition, the current design also has a threaded
adjustment at the tension rod-piston coupl ing to accommodate tolerance
build-up conditions.

An analysis of the available clearances between a bowed channel guide tube and
the control rod within, has been performed considering the Row 7 duct bow. No
Interferences were found to exist. Therefore, no resistance to scram occurs
as a result of bowing.

4.2.3.3.2.2 Scram Analysis

The Secondary Control Rod System is designed to shut the reactor down with any
five of the six control rods scramming. There are only two normal positions
for the control rod in the SCRS, full-out or full-in. Scram Is accomplished
by releasing the latch and allowing the rod to drop into the core. The
assembly flow Is ducted to the control rod so that hydraulic pressures provide
a scram assist force in addition to the control rod weight.

Control Rod Insertion Speed

I Control rod lnsertion speeds are calculated by the DYNALSS computer code which
solves the equations of motion considering all forces acting on the control
rod Including hydraulic scram assist force. The SCA design creates a high
pressure region In the upper SCA and.a low pressure region in lower SCA. The
pressure differential across the control rod piston results in a net downward
hydraulic force. The downward hydraulic force exists only at the very early
stage of insertion to provide an initial scram assist force on the control
rod. As the rod moves, the flow paths around the control rod and their
resistances change. This, In turn, varies the flow distribution and the
hydraulic forces. The code traces the control rod position, calculates the
flow resistances and flow distribution, and determines the detailed
hydrodynamic response of the control rod as It moves into the reactor core.
The code provides options to accept either time-dependent pressures or flows
at the SCA inlet, lower and upper outlet as Input boundary conditions for
scram dynamics calculations.
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Validation of the code for predicting the control rod Insertion speeds in the
absence of seismic loadings was made against test data from the SCRS prototype
tests. Measured time-dependent flow or pressure data for the inlet and outlet
lines are Inputted Into the code as boundary conditions for the sodium tests
loop scram calculations. Figure 4.2-121 shows the Insertion of the rod from
the Initiation of the rod motion for scrams from steady 40% and 100% flow with
testing temperature at 900OF and non-seismic conditions. The figure
demonstrates the ability of the code to predict scram insertion performance
closely for any given set of time-dependent pressure or flow data at the SCA
Inlet, lower and upper outlet.

The seismic effect on the control rod insertion Is obtained from a seismic
time history analysis of the secondary control rod assembly. This analysis
determines the lateral contact loads of the control rod with the guide tube.
These results in combination with a conservative friction coefficient are used
to determine a conservative seismic Induced drag load on the control rod
during insertion for OBE and SSE conditions. These drag load values are
inputted to the code which then predicts the control rod Insertion time under
OBE and SSE seismic conditions.

Scram Reactivity Insertion Rates

The SCRS scram Insertion performance In the reactor was determined for the
worst case transients and for steady state flow conditions by Inputting
seismic drag load data and time-dependent SCA boundary pressures calculated
from reactor plena pressures. SCA boundary pressures for a steady state scram
In the reactor remain constant during the scram. On the other hand, SCA )
boundary pressures for a transient scram are changing during the scram. The
loss of all off-site power transient (U-18) with minimum reactor system
resistance conditions as pre-transient reactor flow conditions has been
identified as the worst case among all the cases evaluated. The
time-dependent plena pressures during the transient are the result of
simultaneous coastdown of all sodium pumps. As the high pressure drops off,
the hydraul ic scram assist force on the control rod decreases. The transient
scram from full reactor flow coincident with OBE and SSE events was then
calculated at three standard deviations above the mean. A steady state scram
with minimum reactor system resistance conditions from 40% reactor flow
coincident with OBE and SSE events was also calculated at three standard
deviations above the mean. The statistical calculations of the scram
insertions Include uncertainties associated with operating parameters,
temperature flow spiit and modeling. In addition, the minimum reactor system
resistance conditions used for generating SCA boundary pressures are the
limiting conditions to result in minimum pressure drop In the reactor system.

The displacement/time profiles obtained from the calculations described above
were then converted into reactivity insertion/time profiles using the
secondary control rod minimum worth insertion profile. The results of these
calculations and their comparison with the minimum reactivity insertion
requirements described In Section 4.2.3.1.3 are shown in Figures 4.2-122a & b.
All calculated reactivity Insertion curves in Figures 4.2-122a & b account for
a combined reactivity insertion delay time of the Secondary Control Rod Drive
Mechanism response time (unlatching time) and control rod traveling time of
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the first 1-1/2 inches. The SCRDM response time Is the interval from the
scram initiation to the start of control rod motion. At nominal withdrawn
parked position, the bottom of the absorber pellets is located 1-1/2 inches
above the top of the reactor core. Therefore, the reactivity insertion will
not begin until the control rod travels 1-1/2 inches into the core. An SCRDM
response time of 0.060 seconds was used for all these calculations. The mean
SCRDM response time measured in the SCRS prototype tests was 0.044 seconds and
the maximum time (three standard deviations above the mean) was 0.056 seconds.

Figures 4.2-122a and b show that all the predicted reactivity insertion curves
at three standard deviations above the mean met the scram insertion
requirements. It is, thus, concluded that the secondary control rod system
satisfies the minimum scram insertion speed requirements of Figure 4.2-94.

4.2.3.3.2.3 Control Assembly Analyses

Each secondary control assembly has a flow rate of 69,170 lb/hr., 73% under
THDV conditions of which flows around the piston and into the low pressure
plenum. The flow through the control rod is 9130 lb/hr and the remaining flow
is leakage around the outside the control rod. Other pertinent operating
parameters are summarized in Table 4.2-49.

To achieve the hydraulic scram assist force of 248 lb., a pressure drop of
approximately 20 psi occurs across the piston at the design flow rate of
50,710 lb/hr to the low pressure plenum.

The peak absorber centerline temperatures of 1824oF for the hot spot and
1692oF for nominal conditions occur only at the bottom pellet of the absorber
pellet stack since the B4C is fully withdrawn from the core under operating
conditions. The axial B4 C temperatures decrease rapidly in moving away from
the top of the core. The solidus temperature of boron carbide can vary from
3880oF to 4440oF (depending on the stoichiometry) which is well above the
1824oF peak temperature. This is a centerline temperature that only occurs at
the beginning of life when there is a large gas gap between the boron carbide
pellet and the cladding, so there is no problem with cladding interaction.

p
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The SCA absorber pin lifetime design is currently not finalized; this
information will be provided prior to issuance of the FSAR.

7)

)
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SCA Guide Tube Analysis

The Secondary Control Assembly (SCA) guide tube provides mechanical guidance
for the control rod during Insertion and withdrawal, and also provides a
cylindrical boundary which In conjunction with the control rod scram piston
develops a hydraulic scram assist force on the control rod. Insertion of the
control rod Is assisted also by the force of gravity. Reactor sodium coolant
flow, admitted Into the annulus formed by the SCA outer duct and guide tube
through the inlet ports in the SCA nosepiece, Is the fluid source providing
the differential pressure across the scram piston. The sodium coolant flow Is
admitted Into the guide tube Interior through guide tube ports located above
the withdrawn parked position of the scram piston. Normal leakage flow past
the scram piston Is discharged to the low pressure plenum through a flow
passage in the shield plug attached to the lower end of the guide tube. The
guide tube, as a result of the pressure drop across the scram piston carries a
slight (21-34 psi) external pressure over Its lower length below the scram
ports. The approximate length from the scram ports to the shield plug is 36
Inches with the overall guide tube length being 74 inches. The guide tube
wall thickness is 0.109 inches. Sodium flow in the annulus between the outer
duct and guide tube above the port elevation is vented, Into the guide tube via
a vent hole immediately below the downstop joining the top of the guide tube
to the outer duct. Due to this vent hole there Is no pressure force acti~ng on
the guide tube wall above the scram port elevation. With respect to
maintaining guide tube functional requirements, deformation due to creep
induced by the reactor environment is of principal analytic concern.

The guide tube may have an oval ized cross-section based on the worst case
geometrical tolerances. Starting with these tolerances and using the maximum
flux and temperature around the guide tube circumference at each elevation, a
plane strain analysis was performed to calculate the guide tube deformations
and resulting reduction in the guide tube/control rod clearances along the
minor diameter of the oval ized guide tube due to the in-reactor creep
deformations under the external coolant pressure. These reductions in the
guide tube diameters were included In the analyses to demonstrate absence of
forced three-point contact between the control rod and the guide tube during
the control rod scram travel, In-reactor deformation rates at +3G uncertainty
levels were used In the analysis.

The margins against time-independent buckl ing were shown to be large.
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4.2.3.3.2.4 Overall System Performance Evaluatlon

Potential for Functional Failure of Critical Components

The Reliabillty Design Support Document (RDSD), planned for completion by the
end of CY 1983, will provide the basis for this section's Information. This
information will be provided In the FSAR.
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Component Strength Adequacy

The Secondary Control Rod System Components were designed to allowable stress/
strain limits derived using the criteriadefined In Section 4.2.3.1.5,
Subsection 2. Both ductile and brittle failure modes were considered in
deriving these criteria.

Potential for Functional Failure of Latch

The latch must: a) function to hold the control rod above the core during
normal reactor operation; I.e., remain latched, b) function to release the
control rod to effect scram; I.e., unlatch, and c) function to recouple the
control rod to the drive shaft for retrieval prior to reactor start-up; I.e.,
relatch. Of these three, only the release function for scram carries
significant safety Implications.

The two potential failure modes considered to be of primary importance In the
release function are extreme friction coefficients and self-welding of the
surfaces in intimate contact (between the col let grippers and cam surface, and
between the coupling head and the col let grippers, as shown In the schematic
view of Figure 4.2-125). Component development tests of the scram latch
configuration for the SCRS verified the adequacy of design of this component.

The concern of extreme friction coefficients was addressed by designing the
latch to operate properly over a wide range of friction coefficients: from
0.2 to 2.0. It should be noted that the two pair of contacting surfaces can
experience different friction coefficients. The design is such that the
friction coefficients need not be the same on both surfaces for proper
release. In fact, the friction coefficients on the two surface pairs can vary
Independently over the range specified without jeopardizing proper latch
operation. The selection of the geometry of the mating surfaces to achieve
accommodation of a maximum allowable friction coefficient of 2.0 is discussed
In (Ref. 47). The specification of the lower limit for acceptable friction
coefficient Is motivated by the desire to have a reasonably low actuation
force, and by the fact that no tests to date with the candidate materials have
shown that friction coefficients below 0.2 will occur. A greater range of
friction coefficients requires increased actuation forces to keep the latch
closed.

0
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For example, the required total actuation force (for the design basis coupling
head load of 500#) to be applied to the tension rod is shown In Figure 4.2-126
as a function of friction coefficient for two cases: a) maximum allowable
friction coefficient Is 2.0, and b) maximum allowable friction coefficient Is
3.08. Selected materials combinations were tested to verify the expected
friction coefficient. These test results for the selected material
combination, Inconel 718 on Inconel 718, were In the lower region of the
design range 0.2 to 2.0 and compared favorably with data as reported in Table
4.2-50 for the candidate materials.

Avoidance of problems associated with self-welding depends upon the mechanical
design concept, proper material selection, and upon achieving proper geometry
of the surfaces so that contact stresses are limited to sufficiently low
values that neither produce severe distortions nor favor self-welding. As
noted In Table 4.2-51, Inconel 718 on Inconel 718 Indicates desirable
performance under the operating conditions expected for the latch. Similarly,
Inconel 718 on Inconel 718 exhibits relatively low breakaway friction
coefficients as shown In Table 4.2-50. Breakaway friction coefficients are a
measure of self-welding tendencies during long-term holds. Furthermore, the
geometry of the contacting surfaces Is selected to give relatively low Hertz
contact stresses of approximately 70,000 lb/in2 as calculated by classical
Hertz contact stress analysis. The surface of the gripper pads in contact
with the cam is spherical, and the cam is conical. The inner surface of. the
gripper, the one in contact with the coupling head, Is cylindrical with a
circular cross section whereas the coupling head is spheroidal with a large
radius in the vertical plane. Because of this geometry between the coupling

Nhead and the gripper, the point of contact at this interface Is not critical;
the radius of curvature of the gripper pad is concave and uniform everywhere,
and hence, regardless of the location of the contact point, the contact
stresses are the same. Consequently, if manufacturing errors result In slight
mislocation of the gripper with respect to the cam surface, and the coupling
head and gripper contact point differ somewhat from the design point,
virtually no change in stress will result. A thorough test program was
conducted involving operation of prototype latches In an environment and under
conditions typical of reactor operation. Post-test examination of the latch
demonstrated insignificant wear characteristics and, In conjunction with the
friction coefficient measurements made during the test, provided assurance
that the latch is properly designed for the application.

Because self-welding is a diffusion phenomenon, higher temperature and contact
stresses are generally considered to favor self-welding due to the fact that
these conditions promote diffusion across the contact area. Latches typically
sustain high contact stresses and so might be considered candidates for self-
welding problems. However, it is important to recognize that relatively high
contact stresses are accompanied by relatively large (on a microscopic scale)
elastic strains and associated storage of strain energy. This strain is
available to rupture any self-weld bonds that might have occurred during
intimate contact. If it Is assumed that a self-weld bond has occurred on the
latch contact areas, the forces acting on the latch as a result of only the
gravity forces on the control rod have been calculated to be capable of
inducing tensile stresses on the order of 1,200,000 psi on the postulated
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self-weld bond. Clearly such a high stress cannot be sustained by any
self-weld bond, and the bond would be ruptured, and the rod would be released.
Consequently, it can be concluded that even If self-welding were to occur, the
consequences would be limited to slightly greater wear on the latch components
due to adhesive wear characteristics. If for some other reason, latch release
were not achieved, then the primary control rod system would shut down the
reactor.

Sensitivity of the Systems to Mechanical Damage

The Secondary Control Rod System is being designed to withstand significant
mechanical damage and still permit scram.I

)

U
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Analysis has shown that 1.15-In. of relative lateral deflection between the
bottom of the head and the top of the control assembly handling socket must
occur before significant loads can be developed. At that point, the bottom of
the driveline will have rotated one degree from Its vertical orientation. The
control rod coupling head has been designed to accommodate this rotation
without Inducing loads into the control rod.
The control assembly load pad capacity loading is not currently finalized, but
will be determined after core restraint loads are available. This Information
will be provided In the FSAR.

Potential for Excess Reactivity Additions

The planned SCRS operation Is to withdraw the control rods to their full-out
position before the reactor becomes critical. During reactor operation at
more than 5% power, the SCRS.control rods are always out of the core. When
the control rod is In normal parked position at the top of the core (bottom of
B4 C nominally 1.5 inches above top of fuel), the top of the damper assembly Is
0.75" from the bottom of the handle extension. Since the damper assembly
cannot fit within the handle extension, the control rod cannot be withdrawn
farther than 0.75 Inch beyond Its normal withdrawn position. Movement of the
control rod from the top of the core to 0.75 inch beyond the top of the core
would be only a small reactivity addition. During shutdown, downflow provides
a downward force on the assembly which increases as the flow increases. The
operation and design of the SCRS precludes reactivity addition due to
unexpected control rod withdrawal.

The design nominal withdrawal speed of the SCRDM is 9 Ipm, which Is the same
as the Primary Control Rod System maximum design withdrawal speed. Reactivity
Insertion rates associated with this withdrawal speed have been shown to be
acceptable (Section 4.2.3.1.3).

Potential for Rod Ejection by Pressure Forces

The Secondary Control Rod System uses a net downward hydraul Ic pressure force
for scram assist. This downward force is achieved by restricting the flow
area at the top exit of the assembly (the latch seal), and by having flow
communication with the low pressure plenum. The downward flow to the low
pressure plenum undergoes a large pressure drop when it passes through the
narrow clearance between the piston at the bottom of the control rod and the
guide tube. With this configuration, the downward hydraulic force on the
control rod increases as the flow rate increases, so a flow Increase does not
present a rod ejection hazard.
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The piston that creates the large pressure drop In the downward flow must be )
between the flow ports In the guide tube and the low pressure plenum to
achieve the downward force. The control assembly design precludes the piston
ever rising.above the guide tube ports. There Is more than 1.25 In. between
the bottom of the port and the bottom of the piston, so the piston would have
to be raised more than that amount before it could expose the port directly to
the low pressure plenum. The clearance between the top of the damper assembly
and the lower end of the top handle extension is only 0.75". Even If the
drivellne were withdrawn beyond the normal parked position, the control rod
would contact the top handle extension at 0.75" and prevent any further
withdrawal. The piston Is thus prevented from being above the ports.

The seal around the driveline (the latch seal) maintains a large flow
restriction at the top assembly outlet. This seal Is the principal.
contribution to pressure drop in the upward flow. The seal cannot be
withdrawn from the assembly without scramming the control rod because the
damper will contact the handle extension. If the drivelIne Is Inserted so
that the latch seal drops below the handle extension, the driveline still
provides adequate flow resistance to prevent an upward hydraulic force on the
control rod.

The only time the driveline Is completely withdrawn from the assembly is
during refueling, when the reactor is shut down and the pumps are operating at
low flow. However, the control rods are not lifted even if the pumps are
operated at full-flow conditions. This situation can only occur when the rods
are fully Inserted. With the drivellne removed, more flow exits at the top of )
the assembly, and It passes through the narrow annulus between the dashram and
the guide tube. *The flow undergoes a large pressure drop at the dashram, and
this creates a lifting force on the control rod. However, this lifting force
Is approximately 25% of the assembly's weight when the pumps are operating at
full-flow conditions.

SCRDM Housing Leak

The details of the two seal boundaries forming and housing buffered seal and
leak detection vary between the PCRDM and SCRDM.

a) In the SCRDM the first seal boundary consists of three metal bellows
and two metal mechanical compression seals. These elements in
conjunction with the drive housing structure and drivellne structure,
seal off the total area Inside the drive mechanism nozzle. At the top
inside surface of the drive mechanism nozzle, two metal mechanical
compression seals are located with the housing pressure ported between
the seals to form a buffered seal configuration. Of this seal pair,
the lower seal Is adjacent to the reactor cover gas and Is part of
both the first seal boundary and the upper seal boundary, which is
described below. The drive housing pressure, which Is higher than the
reactor cover gas, acts as a buffer against the cover gas so that any
leakage Is Into the reactor. To follow the first seal boundary path
through to the drive centerline, the next portion is a mechanical
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compression seal between the lower end of the lower drive housing and
the long stroke of the bellows lower end fitting. The drive housing
pressure acts across this seal with respect to the cover gas, and thus
acts as a buffered seal. The top end of the long stroke bellows
attaches to the drivel ine. The cover gas occupies the inside of the
bellows and the drive housing pressure surrounds the outside. The
drivel ine configuration extends across the Inside of the long stroke
bellows to complete the first seal boundary. The driveline contains
two Internal concentric shafts, one for latch actuation and the other
to Indicate the control rod coupl ing head presence within the latch.
These shafts within the driveline are sealed with respect to each
other with two metal bellows at each end of the upper drivel ne. The
bellows at each end of the driveline allow it to be Internally
pressurized to a higher pressure than the drive mechanism housing.
The second seal boundary, or the primary system boundary, consists of
the three metal compression seals (the upper seal of the nozzle to
housing seal pair, the lower to upper housing seal and the upper
housing to connector plate seal). The electrical and pneumatic inputs
through the connector plate are sealed with welded seals and o-ring
compression seals.

An o-ring sealed pressure relief valve, set at 25 psi, is mounted in
the center access hole of the connector plate. This relief valve
provides over pressure protection for the SORDM housing in the 'event
of an SCRS argon control system failure which could Introduce limited
flow but potentially high pressure argon into this closed volume.

b) The'volume enclosed by these two seal boundaries contains the motor,
leadscrews, and position Indicators. This volume, like the PCRDM, Is
purged with clean argon gas that is monitored to detect leaks. The
difference In monitoring is that in the SCRDM the buffer gas flow rate
Is measured.

4.2.3.3.2.5 Previous Experience and/or Development Work with Similar Systems
and Materials

Various control rod drive systems have received significant development and
accumulated extensive experience through the years. EBR-lI, Fermi, and FTR
are the major U.S. programs that provide control rod drive experience for
LMFBR conditions, with FTR being the most applicable.

EBR-11 has operated for many years and dccumulated reliable drive performance.
The main shaft long-stroke bel lows of EBR-I1 are located above the reactor
head, as are the SCRS bellows, and the EBR-II experience has demonstrated that
sodium vapor migration up the long narrow annulus to the bellows, is minimal
and has not caused a problem. The EBR-11 control rod is attached to the drive
shaft by a gripper mechanism that even though Its design is not the same as
the SCRS latch and it does not release for scram, it still confirms that latch
or gripper mechanisms can function reliably in liquid sodium.
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The Fermi reactor utilized a latch at the drive shaft end to release the
control rod for scram. After development, the final latch configuration
performed well. The reported failure of a latch to scram was the result of a
failed bellows exclusive of the latch mechanism. The Fermi latch design
differs from the SCRS latch, but its success again adds to the confidence of
using latch mechanisms for LMFBR control rod drive systems. The failed
bellows prevented the Fermi latch from releasing by permitting liquid sodium
to rise in the driveline. The sodium contacted air and reached a cooler
elevation where a sodium freeze plug was created Inside the drive shaft that
prevented the latch release. Subsequent modification to the Fermi drives
pressurized the drive shaft with argon and provided leak detection. The SCRS
design has Incorporated both drivel ine pressurization and leak detection.

The FFTF roller nut drive Is the most recent drive development work, and it Is
also the CRBRP primary control rod drive. Several of its features will be
applicable to the SCIRS even though the SCRS is being designed to be diverse
from the roller nut drive. The static metal I ic reactor core gas seals used
for FFTF will be applicable for the. SCRS. The design and testing experience
on FFTF has provided candidate materials for satisfying difficult design
requirements for operation In sodium. Inconel 718 was selected for the FFTF
drive shaft material and is also planned for some of the SCRS driveline
components. The fuel assembly and control assembly load pads require a low
coefficient of friction material that will withstand high compressive loads
and not exhibit self-welding In high temperature sodium. For the FFTF,
chromium carbide was found to be a suitable coating that can be applied to the
stainless steel base material. This chromium carbide coating is applied to
the SCA load pads. The FFTF main bellows have undergone development that will .
apply to the SCRS. The SCRS design has maintained the same outside and inside
diameters as used for the FFTF bellows. The SCRS stroke Is longer but the
SCRS bellows do not have to follow the rapid scram motion as do the FFTF
bellows.

Boron carbide has been the near universal selection for the absorber material
for LMFBR reactors both in this country and abroad. Both FFTF and the SCRS
are utilizing this absorber material, so the design data and development
experience will be applicable to the SCRS.

4.2.3.4 Testing and Inspection Plan

The testing and inspection plan described herein for the reactivity control
system Is divided into five areas which verify the design of the systems and
the quality of the components Installed In the reactor. These five areas are
an extensive performance test program, plant tests, surveillance, acceptance
tests, and post-irradiation examination.

0
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4.2.3.4.1 Performance Test Program

Extensive testing programs are planned for evaluation of the reliability and
design of both reactivity control systems. These tests will Include
Individual component tests and complete prototype systems tests.

4.2.3.4.1.1 Primary Control Rod System

The PMRS testing program consists of the following major testing activities:

A) Component Tests: The following component design test and/or analysis
program was establ ished to provide design verification of the PCRS
components.

1. Dynamic Seismic Friction Test

This test was performed to evaluate the effective coefficient of
friction between a rod and its guide bushings under Impact loading
conditions. Data obtained are used to provide friction coefficients
for seismic scram Insertion analyses.

2. Control Assembly Hydraulic (Flow). Test

Test results will be used to verify the pressure drops, flow and
vibration characteristics of the primary control assembly design underp prototypic flow conditions.

3. Control Assembly Pin Compaction Test

Test has provided data to determine Inter-pin and pin-to-duct loads
for the primary control assembly analyses.

4. Control Assembly Rotational Joint Test

Test has provided performance data on the rotational joint which
confirmed the reduction In control assembly wear and reliable
operation of the joint.

5. B.C Data Test

The base technology Irradiation test program being conducted by HEDL
Includes acquisition of data required for design verification of CRBR
control assembl ies (see Table 4.2-46A).

6. Friction and Wear Tests

The base technology materials test program being conducted at ETEC and
ARD .provides data for the material couples selected for fabrication of
the primary control rod system.

I
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7. Control Assembly Analytical Methods

Provides an analytical model cal ibrated with test results for
predicting.primary control assembly, thermal-hydraul ics performance,
lifetime characteristics and scram dynamics behavior.

B) System Level Tests: A series of Primary Control Rod System Prototype
Tests have been performed to verify that the Primary Control Rod System
performance is consistent with its design requirements under design basis
operating conditions. The Control Rod Drive Mechanism was evaluated in a
CRDM Accelerated Unlatching Life Test. This test program verified the
unlatch, performance characteristics of a prototype primary control rod
drive mechanism over twice the design lifetime travel and scrams. The
Accelerated Life Test involved testing of a full size prototype primary
control rod system in sodium, sodium vapor, and argon gas environments
that simulate operations in the Clinch River Breeder Reactor Plant. Phase
I testing in this series completed 1/2 of the PCRS lifetime scrams, 1/3 of
the leadscrew travel requirement, and about 5 times the PCA travel
requirements. Phase II of this series will extend total test scrans and
travel beyond CRBRP lifetime requirements.

During System Level Tests of the Primary Control Rod System, each
subsystem was also tested, including the position indication system and
the dash pot. Four prototype systems were tested and the results show
PCRS performance including position indicator accuracy and dash pot
performance were within this design requirements.

C) PCA Irradlation Test: A PCA irradiation test Is scheduled to be Inserted
In the FFTF for 600 FPD. The Intent of this test is to provide near-
prototypic irradiation performance data on the PCA absorber assembly to
support the PCA lifetime evaluations. The test assembly will contain 37
pins of enriched B C and will function as an integral part of the FFTF
Secondary Control Assembly Bank. The parameters of the test assembly have
been selected to provide data prototypic of the PCA for burnup, fluence,
B C and cladding temperatures and cladding strain. Data from this test
age expected to be available In 1986.

D) Other Tests: See Appendix C for Reliability Test Program.

4.2.3.4.1.2 Secondary Control Rod System

The SCRS testing program consists of the following major testing activities:

A) Lth•Jl•T•ts: Component development tests of the scram latch configuration
for the secondary control rod system verified the design of this
component.

B) Damper Tests: Component development tests of the damper configuration for
the secondary control rod system verified the design of this component.
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C) Position Indication Tests: Prototype system level testing the secondary
control rod system verified the design of this subsystem.

D) SCA Static Flow Tests: The static flow test has been performed to verify
design calculations for hydraulic forces and flow splits through the
secondary control rod.

F) Prototype Tests: Four complete prototype secondary control rod systems
were tested In sodium and verified compliance with the design life
requirements under prototypic (except radiation) environmental conditions.

G) Coil Cord Tests: The latch mechanism that moves with the driveline
requires pneumatic and electrical service that is supplied by a coil cord.
Component development tests of the coil cord configuration for the
secondary control rod system and prototype system level testing verified
the assembly procedures and design of this component.

H) Latch Seal Tests: Testing provided Information necessary. to (1) properly
size and shape the latch seal flow restriction and (2) to determine the
leakage rate through the driveline flow limiters.

I) Nosepiece Flow Tests: The nosepiece flow test provided hydraulic
characteristics of an SCA nosepiece assembly.

J) Argon Control System Tests: Testing has been performed to verify that the
Argon Control System (ACS) can control the argon pressure and flow In the
three regions of the SCRS and detect leakage to or from each of the three
argon pressure volumes.

4.2.3.4.2 Plant Tests

Plant testing is divided Into two categories. The first category Is Start-up
Test where the reactivity control systems components are carefully evaluated
to verify conformance with the functional design parameters after Initial
installation in the reactor. The second category of Plant Testing Is selected
parameter tests performed during shutdown and refueling to assure there has
been no significant degradation of the system since the Start-Up Tests.

Start-Up Tests

Plant start-up testing for the control rod systems will consist primarily of
instal led performance tests. The specific design parameters to be measured In
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the PORS will Include scram Insertion time, control rod adjustment rates,
control rod worth, running and holding current for CRDM stator coils, and
stator coil temperature.

Design parameters to be measured in the SCRS will Include scram insertion
time, control rod withdrawal rate, latch operation, control rod worth, housing
temperatures, scram valve solenoid holding current, motor torque necessary for
rod withdrawal, housing and driveline leak tightness and scram cylinder
pressure.

Tests During Shutdown and Refueling

To assure there has been no degradation of the reactivity control systems,
selected design parameters will be periodically measured during reactor
operation. Tests which require access to the mechanism or which will
Interfere with safe reactor operation, will be performed during shutdown and
refuel ing periods. For the PCRS,. the following shutdown tests will be
performed: scram insertion time, roller nut drop out current, stator checks,
withdrawal speed and position Indicator checks. For the SCRS, the following
tests will be performed: scram insertion time, motor torque and speed latch
operation, and position indication operation.

4.2.3.4.3 Surveillanc

Surveillance During Operation

Surveillance during operation covers those conditions which can be monitored
or inspected while the plant Is In operation through the use of
Instrumentation or other means provided In the plant equipment design. By
periodic surveillance, data will be accumulated which will Indicate a drift or
change In operating parameters. The more significant PCRS conditions to be
surveyed are: detection of loss of Internal PCRDM pressure Including ruptured
bellows through CRDM pressure switch; position Indicator or drive malfunction
by comparison of position indicator readouts; operability of parked control
rods by slight In and out jogging movements; and CRDM stator/cooling system
malfunction by monitoring of stator thermocouples.

The conditions In the SCRS to be surveyed are: temperatures within the SCRDM
housing, the electrical holding current for the scram valve solenoid, and the
quantity of make-up argon gas required to maintain the SCRDM housing and SCRD

I pressurization, valve poppet position during test and hold, control rod
position, and latch and coupling head position.

Surveillance During Shutdown and Refueling

This surveil lance covers control rod system components which can only be
inspected by removal from the reactor. Inspection requirements vary In this
category due to the downtime requirements of the plant. However, they can be
summarized in the following groupings:
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O Disassembly surveillance during normal refueling periods

No disassembly surveillance Is planned during normal refueling. If,
however, the normal tests performed during refueling or operation
Indicate some degradation In the operation of one or more PCRDM's, a
selected removal and Inspection of the suspected components may be

59 performed.

o Disassembly surveillance after replacement

On a planned schedule, a mechanism and drivellne will be removed and
replaced so that it may be partially disassembled and Inspected.
These extensive Inspections will Include the following types of
examinations: condition of leadscrews, springs, welded joints, wear
surfaces, and wiring. During these Inspections, expendable Items,
defective components, and those with limited design life, will be
replaced to requalify the mechanism and drivellne for reactor service.

4.2.3.4.4 Acceptance Tests

Acceptance tests will be performed both at the fabricator's site and at the
CRBRP site after shipment. These acceptance tests follow stringent Inspection
and quality assurance procedures established for all stages of fabrication
beginning with material procurement.

A. Fabricator.Acceptance Tests

The fabricator shall perform acceptance tests on plant equipment to establish
that the performance of each unit is within acceptable limits. The acceptance
limits shall be determined from the performance requirements of the equipment
specifications.

For the primary CRDM/CRD, these acceptance tests will include (but not be
limited to):

a) Proof pressure test of primary pressure boundary components

b) Stator insulation and winding resistance

c) Scram insertion characteristics from withdrawal heights of 10 inches
and 36 inches

d) Unlatch time at standard operating conditions of stator temperature
and voltage

e) Minimum latch current

f) Minimum static and dynamic drop out current

g) Position indicator accuracy

h) Action of outmotion latch pawl
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Supplier acceptance tests for the SCRDM and SCRD are shown below:

a) Resistance and Capacitance Tests

b) Hypot Test (Pin to Ground)

c) Hypot Test (Pin to Pin)

d) Pneumatic Connection Tests

e) Drivellne Pressure Volume Leak Test

f) Pressure Boundary Seal Helium Leak Test

g) Thermocouple Test

h) LVDT Displacement Test

I) Position Indication Test

j) Motor Test

k) Motor Shaft Lock Device Test

1) Scram Test

m) Poppet MovemenT Tests (PMT)

n) Position Indication Switches Continuity

o) Minimum Pressure Hold Level

p) Scram Valve/Cylinder Pressurization

q) Leak Test

r) Vibration Sensor Test A

For the Primary Control A ssemblies, fabricator acceptance tests for pin
cladding and B4 C pellets will follow the guidelines of RDT M3 - 28T, May 1972,
for cladding and RDT E6 30T, May 1973 for B4 C pellets - and will be fully
documented In the FSAR. It Is currently expected that the fabricator
acceptance test requirements will, cover the following as a minimum:

B4 C Pellets:

1) Pellet geometry
2) Density
3) B-10 content
4) Stolchiometry
5) Chemical Impurities
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Pin Cladding, Pin Assembly, and Final Assembly

1) Geometry and Dimensional Checks
2) Bonding Gas Analysis as appropriate
3) Cladding Metallurgy (grain size,

Intergranular attack)
4) Cladding Mechanical Properties
5) Weld Integrity
6) Ultrasonic Inspections
7) Cleanliness
8) B-1O Content
9) Weights

Inspections (such as mechanical properties) will be based on sampling plans
I for lot qualification which will be documented In the FSAR.

Critical parameters such as B-10 content will be determined In 100%
inspections.

Similar fabricator acceptance tests will apply for the SCA.

B. On-Site Acceptance Tests

In addition to the acceptance tests to be performed by the equipment
fabricator prior to shipment, receiving Inspection and/or acceptance testing
will be performed on each Item of plant equipment when It arrives at the site.
The purpose of these on-site Inspections and tests will be to verify that the
performance of the equipment has not deteriorated during shipping to the site,
or while In storage.
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Requirements for on-site acceptance tests have not yet been
identified for the CRDM's and CRD's.. Required testing beyond normal
inspections for shipping or handling damage will be identified prior to
the FSAR. Inspections for shipping damage will be visual check for dents,
mars, breach of containment, extraneous materials in the shipping container
and verification of acceptable shipping loads by checking the trip
accelerometer in the container.

For the primary control assembly, the following on-site accep-
tance tests will be performed on each unit:

a) Examination of the shipping container for broken seals,
dents,, penetrations, sheared bolts or any sign of shipment
damage and verification that the shock indicators were not
tripped.

b) A visual inspection of the assembly for dents, nicks, and
gouges, especially in the area of hexagonal load pad
corners, shi eld block corners, the inlet nozzle, piston
ring and discriminator post, and correct assembly iden-
tification by verifying handling socket identification,
discrimination post geometry and assembly serial number.

c) A control rod stroke functional test for detecting
excessive drag forces between the inner and outer ducts.

Defects determined during visual examination will be photographed
and measured. This inspection would be performed to determine if defects
are of such an insignificant nature to be acceptable. A photographic
record will be maintained for all accepted defects.

Similar on-site acceptance tests will be performed for the

secondary control assemblies.

4.2.3.4.5 Post-Irradiation Examinations

Post-irradiation examinations will be performed on control
assemblies from representative positions in:the core for both the primary
and secondary control assemblies. All assemblies in early cores will
be given visual, bow, and dimensional checks before shipping for dis-
posal. A few selected assemblies will be shipped to hot cell facilities
for more detailed examinations.

The detailed examiniations will include: gas release measure-
ments from the absorber pins; bowing of the inner and outer ducts;

51 B-10 burnup analysis and sectioning and examination for portions of the
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various components by metalography and autoradiography. Physical property )
tests will be performed on the absorber pin cladding, pellets, the
absorber duct,, the control rod shaft, and other significant areas of the
assemblies. Physical property examination will include tensile tests,
stress rupture tests, ductility, and notch.tensile tests, chemical
analysis, and wear and erosion examinations. The results from these
post-irradiation examinations will be used to verify performance pre-
dictions. If examinations of the discharged assemblies indicate confidence
in extending the assembly life for an additional cycle, one assembly
of each type may be retained in the core for an additional cycle to
verify the extended life potential.

4.2.3.5 Instrumentation

4.2.3.5.1 Primary Control Rod System Instrumentation

The instrumentation for the primary control rod system consists
of two independent control rod position indication-systems as well as a
pressure switch to monitor the integrity of the CRDM bellows sealing
arrangement and thermocouples to monitor the temperature of the CRDM
stator windings.

4.2.3.5.1.1 Absolute Control Rod Position Indication System

The absolute rod position indication system (of the primary
control rod system) measures the leadscrew positon by means of ultrasonics
and magnetics to provide a signal indicative of rod position-.

In this indication system, a magnetic wire is housed in a tube
that extends into the inside diameter of the leadscrew.. Electrical
pulses sent through the wire cause a magneto - strictive twisting of the
wire at the point where the wire is adjacent to a magnet mounted on top
of the leadscrew. The resultant sonic pulses are detected at the top
of the wire and are timed electronically to indicate the distance to
the point of origin. This time/distance indication is converted to
a D.C. signal which is analogous to rod position..

4.2.3.5.1.2 Relative Control Rod Position Indication System

The relative control rod position indication system measures
the position of the corresponding leadscrew by means of counting the
number of revolutions of the CRDM rotor assembly. The number of revo-
lutions is determined by means of an electromagnetic sensor that counts
the revolutions of an indicating disk attached.to the rotor assembly.
The number and fraction of rotor assembly revolutions, multiplied by
the 0.60-in. pitch of the CRDM leadscrew, provides an indication of the

51 leadscrew position as measured from the fully-inserted position. The
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six poles of the Indicating disk in conjunction with the
0.60-in. pitch of the leadscrew provides a resolution of +O.10-In. and an
accuracy of +0.15-in. for this indication system. However, if a scram or
misstepplng occurs, the relative position indication system loses its zero-
position reference and must be reset at the full-inserted control rod
position.

4.2.3.5.1.3 CRDM Pressure Switch

The upper mechanism assembly is in a sealed environment pressurized with argon
gas to protect the rotor .assembly and leadscrew from the deleterious effects
of the sodium vapor in the reactor cover gas. The argon pressure is monitored
by a pressure switch located at the top of the CRDM motor tube housing. In
the event of a failure of the bellows sealing arrangement for the upper
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mechanism, the higher pressure argon gas will leak Into .reactor cover gas
volume, and the resulting decrease In argon pressure will be detected by the
pressure switch. so that corrective action can be initiated.

4.2.3.5.1.4 CRDM Stator Thermocouples

The CRDM stator coils are equipped with thermocouples to monitor the
temperature of the stator windings. In the event of a loss of flow of the
stator coolant gas, the resulting increase In stator temperature will be
detected by the thermocouple so that corrective action can be initiated.

4.2.3.5.2 Secondary Control Rod Instrumentation

The instrumentation for each of the six SCRDMs of the Secondary Control Rod
System consists of an absolute SCRDM carriage position indication system,
carriage position lights, sensing tube and latch/unlatch Indication systems to
detect whether the drivellne Is coupled to the control rod, pressure switches
for monitoring the integrity of the SCRDM bellows sealing arrangements, and
thermocouples for monitoring the Internal temperatures of the SCRDM, and an
acoustic monitor to indicate that the SCAs have bottomed during scram time
testing.

4.2.3.5.2.1 Leadscrew Absolute Encoder Position Indication System

The drivellne motion is provided through two parallel leadscrews. An encoder
geared directly to one of the leadscrews provides the drivellne position
indication. The drivellne position indication is used when coupling the latch
to the control rod and raising the control rod to Its operational withdrawn
(top) position, and for withdrawing the driveline to the fully retracted
refueling position.

The operation withdrawn (top) position is determined by comparing the absolute
position Indication signal with an acceptable withdrawn position switch
setti ng.

4.2.3.5.2.2 Cam Actuated Switch Position Indication.System

Four cam actuated indicator switches are used. Two switches are for a limit
switch function to Indicate the driveline positions which are the near full-
down with the control rod In the core, and withdrawn for refueling with the
control rod disconnected from the driveline. These two cam actuated Indicator
switches will operate indicator lights on the control room operator panel
showing the two drivel ine positions, and function In the control logic circuit
to automatically stop the drive motor at the stroke end points.
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II The other two cam actuated Indicator switches are used to check the function
of the absolute encoder. The two switches are mounted Just below the
operational withdrawn (top) position. The encoder function Is checked as the
carriage actuates these two switches. This Initiates a comparison of the
encoder reading against calibrated values.

4.2.3.5.2.3 Scram Latch Indication System

The latch design provides a mechanical feature that contacts the top end of
the control rod coupling head over a range of positions on either side of the
latched position. The motion of the coupling head Is transmitted to the SCRDM
by a sensing tube within the drivellne. An LVDT (linear variable differential
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transformer) attached to the upper end of the sensing tube provides an
Indication of the location of the control rod coupling head with respect to
the latch. This Indication is used for the coupling operation wherein the
coupling head is first sensed as the drivel ne approaches, and shows when the
drivel ine is In the correct position for actuating the latch gripper. When
the coupling Is completed, the sensing tube provides continuous indication
that the control rod Is connected to the drivel ne and therefore, serves an
Important safety-related function.

The tension rod that couples the scram latch at the drivel ne bottom end to
the pneumatic actuator within the SCRDM, has its position Indicated by a
linear variable differential transformer (LVDT) located In the SCRDM. With
pneumatic pressure (argon) appl ied to the pneumatic actuator, the tension rod
pulls on the latch gripper to retain the control rod coupling head within the
latch. The position of the tension rod provides the indication that the latch
gripper is in the state that holds the control rod. This Indication, coupled
with the sensing tube Indication that shows when the control rod coupling head
is within the latch, assures the control rod Is known to be properly latched
to the drivel Ine.

4.2.3.5.2.4 SCRDM Pressure and Leakage Monitoring

The SCRS utilizes three different argon pressure levels. The lowest pressure,
approximately 5 psig above the reactor cover gas pressure, fli Is the SCRDM
housing and provides a low pressure differential across the main drivelmne
bellows to assure leakage into the reactor if a leak should develop. The mid-
pressure, approximately 65 psig, internally pressurizes the driveline to
assure a latch bellows leak will not permit liquid sodium to.rise Inside the
drlvellne if a bellows leak should occur. The highest pressure, approximately
220 psig, Is supplied to the pneumatic actuator to keep the scram .latch
energized. Each of these pressures is static once equilibrium Is reached and
the pressures are monitored In the SCRS equipment room. The system will
include a leak detection capability for each pressure zone to warn of any
bellows failure or other possible leak.

4.2.3.5.2.5 SCRDM Thermocouples

The temperature within the SCRDM Is measured by thermocouples located on the
motor housing, at mid-elevation near the pneumatic actuator valve, and near
the bottom of the SCRDM housing.

4.2.3.5.2.6 Acoustic Monitor

An acoustic monitor (accelerometer), will measure scram times to obtain
comparative surveillance data through the drive lifetime. The Impact of the
control rod meeting the control assembly downstop will produce vibrations that
would be sensed. This has been verified by prototype testing.
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Calculated Parameter

Strain Rate

Temperature

Fission Gas

Fuel Loading

Cladding Wastage

Stress Limit

TABLE 4.2-A

Design Procedure for Steady State Creep Analysis

Required Assumptions

Thermal Creep Rate for Solution Annealed
316 Stainless Steel

Upper 2a Local Hotspot Over Design Life

Total Gradient Totally Relaxed by Thermal
Creep

Upper 2a Limit, Linear by Cycle

Worst Prediction Considered

Upper Limit on Tolerance, Wear, Defects,
Sodium Corrosion and Fission Product
Attack

Below Proportional Limit

Comment

Overpredicts Irradiated 20%
CW 316 SS Creep Rate

97.5% of Time Temperature is
below this requirement

Primarily Relaxed by Non-
Damaging Irradiation Creep

Linear. Behavior more Conservative
than Actual Exponential Increase

Worst Combination of Irradiation
Induced Creep and Swelling and
Fabrication Variables

Approximately 40% of Original
Cladding Thickness is Assumed
Not Effective at End of Design
Life

No Plastic Strain Allowed51



TABLE 4.2-D'

OVER-TEMPERATURE TRANSIENT EXPERIMENTS

NO. OF RODS WHICH FAILED
BELOW, AT, OR ABOVE
DESIGN PREDICTION

BELOW EQUAL ABOVE
EBR-II

ASSEMBLY
PEAK

MWD/ KG
ANL LOF

TEST*

L2, :R3,
R4, R5

UNIRRADIATED 0

0

0

PNL-I1

NUMEC-F

PNL-IO

30.0

40.0

50.0

L3 (PNL-17)

L4

NONE

1

•18

34

24

I 2

00

*NOTE: All above design limit.
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DES IGNAT ION

H3, PNL 17-
24

HOP 3-2A,
p. 23A-27

HOP 3-28,
p. 23A-30

H5, PNL-17-
25

H4, NUM-F-
51.

HUT. 5-3A,
PNL-l0-l 7

HOP 3-3C
PNL 17-34

EG-NUM-F-
56

TABLE,4.2-E

RAPID REACTIVITY INSERTION EXPERIMENTS

ROD PARAMETERS
TYPE TEST KW/FT MWD/KG %

T $0.5/S 8.5 31.0 88.

T $3.0/S 12.0 21.4 87.

T $3.0/S 12.0 44.0 87.

U $0.5/S •8.1 29.5 88.

U $0.5/S 10.6 39.5 85

U $0.5/s 8.1 50.1 85

U $3.0/S 8.0 29.7 88.

U $3.0/S 11.5 42.6 85

SD.

.ý9

.3

.3

.6

.5

.7

.8

.5,

SECONDS TO BREACH
ACTUAL( I) DESIGN(2)

NF* NF

NF 0.42

NF 0.43

1.9 1.78

0.94 0.62

3.2 2.70

0.80 0.65

0.59 0.41

* No Failure

.(1) Experimentally determined time to cladding breach.
" (2) Time to cladding breach calculated from strain

limit criteria in Reference 173.
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Table 4.2-1

DENSITIES OF COMPOUNDS IN THE U-Na-O SYSTEM

DENSITY
COMPOUND g/cc

UO2  10.97

NaUO3  7.26

Na2 U2 07  6.17

Na2 UO4  5.51/5.73

Na4 UO5  4.71

Na3 UO4 5.6

4.2-336 Amend. 51.
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TABLE14.2-2

.CALCULATED AND EXPERIMENTAL ISOTHERMAL OXYGEN. CONTENTS
FUEL AND SODIUM FOR. FUEL SODIUM REACTION. .

Equilibrium.
Oxygen

Pressure t
(atm.)

Temperature
OK IC -A.G 0a2 )

O/M Ratio for
U0 .8Puo.202

CaOE. ti Measured

C/M Rstio fQr
Uo. 7 5 uo.25u2

Calc. Vi

O/M Ratio for
U02

Calc. IMeasured.

Oxygen Conc,
in Na,*(ppm)

I [ I I . . . .I .X

600

.700

800

900

1000

1100

1200

327

427

527

627

727

82.7

1927

2.4

7.3

2.9

1.4

3.3:

7.8

3.5

x

x

x

x

x

x

x

10-67

io-
1:0"47

1,0- 47

10 0-35

10-30

10 -2.7

183

177.

170

164

158

151

145

1.92

1.93

1.94

.1.945

i.95

1.955

1.96

1.955

1. 958

1.959

1.90

1" 913

1.925

1 .931

1.938

1 ,944

1.950

2.00

2.00

2.00

2.00

2.00

2.00
2.'00

N)

!~A

2.00

2,00

2.00

2.00

.007

.114

.90

4.47

16.12

46,00

110.50

.Calculated from equation(6)
tt From Rand.&. Mark ins data
* Calculated from: :equation(3)

L/ID-.
(D ,

-0 CD

U. 0@



TABLE 4.2-3

TYPICAL SURVEILLANCE-EXAMINATION PLAN**

NON -

FUEL OR BLANKET ASSEMBLY

Visual
Bow
Twist
Dimensions

Across Flats
Across CornersDON-

DESTRUCTIVE

DESTRUCTIVE

RODS

Visual
Bow
Length
Profi lometry
Gamma Scan
Radiography

Gas Release
Sectioning

Metallography
Autoradiography
Burnup Analysis

Cladding Properties
Tensile Test
Stress-Rupture
Density

DUCTS

Visual
Bow
Twist
Dimensions

Across Flats
Across Corners

Metallography*

END PIECES

Visual

Metal lography*

* Only if other observations or tests
**Final Surveillance Examination Plan

experimental sources.

indicate need.

is dependent on results from various51
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TABLE 4.2-4

COMPARISON OF
CRBRP AND FFTF FUEL ASSEMBLY DETAILS

Parameter

Number of low enrichment
assemblies

Number of high enrichment
assemblies

Rods per assembly

Rods (total number)

Rod outside diameter (in.)

Rod radial spacing

Rod triangular pitch (in.)

Clearance between fuel
rod assemblies at wires
(nominal, in.)

Clearance between fuel
rods (nominal, in.)

Cladding thickness
(nominal, in.)

Cladding thickness
(minimum, in.)

Rod axial support

Rod length (in.)

Pellet Column Length (in.)

CRBRP Value

0

156

.217

33,852

0.230

0.056 inch wire
wrapped around fuel
rod cladding in clock-
wise helical spiral
with pitch of 11.9
inch

0.2877

0.0017

FFTF Value

28

45

Same

15,841

Same

Same

)
Same

Same

0.0577

0.015

0.014

Same

Same

Same

17 key shaped rails
through keyhole slots
in bottom end caps

114.40.

64 including two
14 inch axial blankets

Same

93.40

49 including two
5.7 inch Inconel 600
Reflectors51
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Parameter

Fission Gas Plenum Length
(in.)

Fission Gas Plenum Avail-
able Volume-Cold (in. 3 )

Lower axial blanket length
(in.)

Lower axial blanket compo-

sition

Core region length (in.)

Core Pellet material

Core PelletDiameter (in.)

Pellet Length (in.)

Density:

Nominal (percent of
theoretical)

Cold smeared (percent
of theoretical)

Plutonium Content:

Diametral gap between fuel
cladding and fuel pellet
(nominal, in.)

Upper axial blanket length
(in.)

Upper axial blanket
composi ti on

Axial Blanket Pellet
Diameter (in.)

TABLE 4.2-4 (Continued)

CRBRP Value

48.0

1.287

14

Depleted uranium
dioxide

36

PI utoni um-urani um
dioxide

0. 1935

0.205 to 0.283

FFTF Value

42.0

1 .158

0.8

Same

Same

Same

0.1945

Same

91.3

85.5

32.8

0.0065

90.4

Same

19.8 and 24.2

0.0055

14

Depleted uranium
dioxide

0. 1900

0.8

Same

Same
.51
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Parameter

Axial Blanket Pellet Length
(in.)

Nominal density (percent
of theoretical)

Diametral gap between fuel
cladding and axial blanket
pellets (nominal, in.)

Inlet Nozzle Discrimination
Post Max. Dia. (in.)

Number of orifice zones

Number of shield blocks

Shield block total length
(in..)

Shield block effective
length (in.)

Shield block outside hex
(in.)

Load pad, outside dimension
across flats (in.)

Duct across flat, dimension

(inside, in.)

Duct wall thickness (in.)

Load pad thickness
(nominal, in.)

Fuel rod growth clearance
(in.)

Outlet nozzle ID
(nominal, in.)

TABLE 4.2-4 (Continued)

CRBRP Value

0.31 to 0.46

96.0

0.0100

FFTF Value

0.4

95.5

Same

1.956

6

1

20.0

14.7

4.695

4.745

4.335

0.120

0.205

2.1

3.60

1 .985

3

3

21.5

13.1

4.665

4.715

Same

Same

0.190

1 .00

2.80

)

Amend. 55
June 1980
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TABLE 4.2-4 (Continued)

Parameter CRBRP Value FFTF Value

Outlet nozzle OD
(nominal, in.)

Misaligned grapple pickup
capability

3.90

1.75

Same

1.25

Amend. 51
Sept. 19794.2-342



TABLE 4.2-5.

NOMINAL RADIAL BLANKET ASSEMBLY DESIGN PARAMETERS

Assemblies (number)

Blanket Rods per Assembly (number)

Number of Flow Orificing Zones

Pitch to Diameter Ratio

Blanket Rod Spacing

Blanket Rod Length, Inch

Cladding and Duct Material

Rod Outside Diameter, inch

Cladding Thickness, inch

Fuel Pellet Column, inch
(uranium-dioxide)

Pellet Diameter, inch

Pellet Length, inch

Pellet Density, % theoretical

Smeared Density, % theoretical

Pellet Material

Diametral Gap between Cladding
and Pellet (initial, cold), Inch

Distance across Flats on Duct
Inside, Inch

Duct Wall Thickness, Inch

Number of Radial Blanket Rows

Fuel Arrangement

126

61

4

1.072

Wire-Wrap, 0.033" dia. wire
with 4" pitch

116,5

20 percent cold worked
Type,316 Stainless Steel

0.506

0.015

64

0.470

0.5 to 1.0 at.supplier's option

95.6

93.2 (dish volds not considered)

Depleted UO2

0.006

4.335

0.120

2

Column of Cylindrical
Pellets

I

4.2-343
Amend. 64
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TABLE 4.2-5 (Continued)

361 Fission Gas Cold Available:Plenum Volume, in.3 8.12

Fill Gas He

Fill Gas Pressure, atm (at ambient temp.) 1

361 Spacer Material 316

Assembly Pitch, inch 4.76'

1 113

ss - 20% CW

0

4.2-344
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TABLE.4.2-5A

General Pl an for Veri.fication of. Fuel Design Analys'is ,and, Criteri a

Acti vi ty Pertinent Tests Utilization of Results

1. Comparison of FURFAN.and
FRST with experiments (steady-
state)

2. Comparison of FURFAN and
FRST with experiments
(transient)

3. Comparison of WRAPUP pre-
dictions with experiments
(steady-state)

Reference.Steady State Test
Program (Reference :162)

Reference- Transient Test.
Program (Reference 168)

Reference Steady State Test
Program (Reference 162)

FSAR evaluations

FSAR evaluations

FSAR evaluations

(
1","? 

0



511 TABLE 4.2-6 DELETED
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TABLE 4.2-7

CRBR CORE ASSEMBLY STRUCTURAL INELASTIC CRITERIA AND LIMITS

Type of
Failure Mode Criteria Limit

Crack F OR •Max , of f ( p )TF1f ).3 F?

Initiation Local • (cmax principal TF

I Cu

Ductile where.

Rupture ef True Min. Fracture Strain

cu True Min. Uniform Elongation

TF - Triaxiality Factor

TF 4 (01 + o2 + 03)

(- 1 _o2 ) 2+ (2-3)2+ (o301)2

01, aV 03. Principal Stresses

rmax principal - Maximum Principal Strain

(Peak .+ Accumulated)

Creep FCFD a/b fMinimum of a 7/3 Dc + Df1

Fatigue
1.0

,\CLimit

Damage

0 .0 of 1.0

where.

Oc - Creep Damage Factor

• 0c . 4_t

tr Rupture Time Based on Equivalent
Stress or Max. Positive Principal
Stress

*D - Fatigue Damage Factor

D~.j

n No. of Cycles.
N .. Allowable No. of Cycles Based on

f range, of equivalent or Max.
Principal Strain

Excessiva Peak 4.

Deformation Accumulated aP+A/ P.

uhere.

•PADL u Peak + Accumulated Non-
Uniform Deformation Limit.
Excluding Irradiation
Creep and Swelling

Residual 4Ri ROL -

where.

ROL R Residual Non-Uniform Deformation

Limit. Excluding IrradiationC reep and.Swielling

/

9
51
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TABLE 4.2-8A

SUMMARY OF DESIGN LOADING CONDITIONS FOR FUEL ASSEMBLY STRUCTURAL ANALYSIS

Region or
Component

Shield Block
Region.

Design Fast
Fluenye
n/cm

3.15xlO 21

Steady. State
Temp. (Inoer Surface)

F .

Cross-Duct
Temp. 0Gradient

F

NA*

I nter.-Assembly
Temp-.Gradient

NA

Core Restraint
Bending Moment

in-lb

NA

Coolant
Pressure

psi

NA

Mid-Core
Region

Load Pad
Region

Outlet Nozzle
Region

Orifice Plate
Region.

Rod Attachment
,Assembly

9.29xi 022

3. Oxl0 2 2*

7.12xl 020

6. 61xl 019

3.15x10
2 1

730

895

1084

1116

50

118

134

NA

NA

126

219

214

30700

48860

730

730

NA

NA

.31.2

1 .46

NA

NA

NA

41.6

43.8

NA

*

**
Not Applicable.
The ACLP material properties for the structural damage calculation were based on a design EOL fast
fluence of 3.OxlO2 n/cm , which is in excess of the maximum fast fluence which actually occurs
at this location.



TABLE 4.2-8B

DESIGN SEISMIC AND CORE RESTRAINT LOADS OF THE FUEL ASSEMBLY ACLP

Load*
Designation

F1

.F 2

F3

*Load Direction and Points
'Figure 4.2-33A.

OBE
Load
(lbf)

4156

1184

3156

SSE
Load
(lbf)

5823

1658

4422

Core. Restraint
Load
(lbf)

432

.298

298

51 of Applicati on to ACLP are shown in

1.0 L

C.



TABLE 4.2-8C

SEISMIC LOADS IN VERTICAL DIRECTION

(LOAD IN POUNDS)

Axial Location OBE SSE

Top Load Pad, 35 55

Above Core Load Pad .110 170

Shield Block 180 .280

Inlet Nozzle 290 46051

4.2-350 Amend. .51
Sept. 1979



TABLE 4.2-9

TESTINGFOR LOAD FOLLOW

Activity Titl-e Activity Description Supported Activity

Fuel Rod Ratcheting Out-of-pile tests to determine cladding Reload Core Preliminary
creep and stress relaxation due to internal Design
pressure and thermal cycling prototypic.
of CRBRP load follow conditions

Fuel Rod Load Follow Perform in.-reactor fuel rod load follow. Reload Core Fuel Rod Design
Testing simulation to determine effects of critical

-design parameters. These-tests in con-
junction with suitable analyses will estab-
lish limits for plant load follow operation.
The test program will utilize instrumented
assemblies in EBR-II and RAFT capsules
inwGETR.

Fuel Rod Load Follow Perform fuel rod load follow simulation in Reload. Core4Fuel Assembly
Verification FFTF instrumented open test assemblies-to Design Verification

verify.adequacy of reload design for plant
load follow operation.

Fuel ,"Bundle - Duct Test utilizing prior sodium exposed fuel. Reload Core Preliminary
Interaction Tests bundle to determine axial force in com-. Design

pressed duct required to overcome friction.

o u,
I-.

0

(K>O



TABLE 4.2-9A

TYPICAL NEUTRON ENVIRONMENT IN THE CRBR SHIELD ASSEMBL IES

RRSA
Reg i on

EI evati on
(Inch)

Total Neutron FLux,
E> 0.0 MeV
(n/cm2 -sec)

Maximum Minimum

Fast Neutron Flux,
E >0.1 MeV
(n/cm2 -sec)

Maximum MI nimum

Out I et
Nozz I e

Sod I um
Filled Duct

Above Core
Load Pad

Shield Pad
(Core Mid Plane)

Inlet Nozzle
Trans I ti on

Inlet
Nozzle

-344.15

-405.15

-411.15

-437.15

-469.15

-512.15

2.3x101 1

6.1x10 13

1 .4x10 1 4

1 .2xi0 15

1 .3xi0 1 4

1 .3x10 11

8.1xi101

8.1x10 1 2

7.0X10 1 2

2.4x10 1 3

5.5x10 12

1 .5x10 1 1

1 .5x1010

1 .5x1013

4.4x 013

5.1x10 1 4

3.4x10 1 3

1 .2x 1010

3.0x10 9

1 .1x10 12

1 .4x10 1 2

5.7x 1012

1.1x1012

9.9x109

4.2-351 a Amend. 75
Feb. 1983



TABLE 4.2-9B

SHIELD ASSEMBLY INELASTIC STRAIN CRITERIA

9
N -- )

Categor
Normal

UpetLimints

Membrane Plastic
Strain Limit

<0.25

Normal, Upset and
Emergency Limits

<_0.35

0Q .7Total Inelastic
Strain Limit

Creep-Fatigue
Damage

<0.5

Defined in Table 4.2-7

4.2-351 b
Amend. 75
Feb. 1983



TABLE 4.2-10

STEADY STATE CDF VALUE FOR THE HOT ROD OF
BLANKET ASSEMBLY 201 OF THE FIRST CORE

AXIAL LOCATION CASE I* CASE II**

0.0137

0.205

0.46

0.62

0.01.06

0. 187

51
* Case I does not include effect of power jump.
** Case II includes effect of power jump.

4.2-352
Amend. 51
Sept. 1979



TABLE 4.2-11

WORST FUEL ASSEMBLY HOT ROD STEADY STATE
DUCTILITY LIMITED STRAINS AT HOT SPOT

Fuel Assembly End-of-Life Strain at Hot.Spot

10

12

14

25

0.042%

0..030%

0.038%

0.034%51

4.2-353 Amend. 51
Sept. 1979



TABLE 4.2- II A

Characterized. Cladding Breach Summary

Breached
Fuel

.Pin
Cladding
Material

Fl uence

1022 n/cm2
E>0.1 Mev

D -5

PNL 5-1

PNL 10-14

N-E-122

P-i.2A-63K

EBR-II
'Driver Fuel

316 L-SA

304 -SA

316 - 20% CW

316 - 20% CW

.316 .- 30%, CW

304 L-SA

13.0

8.6

5.0

3.2

2.3

3.0 to

4.4

Peak MW
Cladding

emp. F

1076

,905

1022

1112

1247

.89 0 (a.)

1047

5.6

1.1

2.3

1.2 to

2.3

,%5.9

3.4

<0.2

<0.2

,2.4

1.0 to

3.9

% Strain @ Breach.
Inelastic Total Postulated Cause of Breach

Ductil.ity exhaustion at cladding notch

Pin-to-pin contact

Cladding wear

Unidentified

.Cladding..recrystallization

Intergranular crack propagation

(a). Cladding I.D. Temperature
29



TABLE 4.2-12.

SUMMARY OF DESIGN LOADING CONDITIONS FOR BLANKET ASSEMBLY STRUCTURAL ANALYS;IS

Region

Shield
Block
Region

Load
Pad.
Region

Outlet
Nozzle
Region

Blanket
Assembly.Type

Inner

Radial

Inner
Radial

Inner

Radial

ýDesilgn Fast
Fluence
n/cm2 .

O.4x10
2 2

0.55x. 022

3.OxlO22

3.OxlO 22*

0.18x10
2 0

.0.37xi 020

Steady .State
Temp. (18ner Surface)

F

Cross-Duct
TemP6 F Gradient

Inter-Assembly
Temp. Ggadient

F

Core Restraint
Bending.Moment

in-lb

Coolant
Pressure

psi.

730

730

927

971

972

975

NA*

NA

NA

NA

NA

NA

NA

NA

33

79

17

28

146

(both)

216

(both)

29940

1450

1.0
0.5

NA

NA

NA

NA

* Not Applicable.

** The ACLP material properties for the structural damage calculations were based on a_ ddesign EOL fast
'fluence of 3.0 x 1022 n/cm2 , which is in ,excess of the maximum fast fluence.which actually occurs
at this location for both blanket types.

U.
.%, I , "--" 1 :0



TABLE 4.2-13

DESIGN SEISMIC AND CORE RESTRAINT LOADS AT THE BLANKET ASSEMBLY• ACLP

Load*
Designation

F1

F2

F3

OBE
Load
(1 bf)

4278

2975

3064

SSE
Load
(lbf)

5995

4169

4294

Core Restraint
Load
(lbf)

310

297

297

0,L
.Qn

51 *Load Direction and Points of Application are shown in Figure 4.2-33A.

-arD
C-1- =
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TABLE 4.2-14

EOL Steady State Cladding Strains Due to FCMI and Plenum Pressure

F/A X/L

0.33

0.50

0.75

1.0

F/A 10

4.2 x 102%

4.2 x 102%

3.7 x 10-2 %

4.2 x 10-2%

B/A X/L

0.31

0.62

0.81

IB/A 67.

0

4 x 10-3%

1.. 1 x 10-b%

RB/A 206

0

6 x 10-3%

2.2 X'10o2%

4.2-357 Amend. 51
Sept. 1979



TABLE 4.2-15

CRBR FIRST CORE WIRE WRAP PERFORMANCE SUMMARY

F/A 10

Maximum Wire Stress

Wire Stress Limit

Wire Stress M.S.*

Maximum Wire Strain

Wire Strain Limit

.Wire Strain M.S.

11.7 KSI

21 KSI

.79

2. 5x10- 4 %

0.6%

>100

IB/A 67

14.2 KSI

21 KSI

.48

6.4xl0 6 %

.43%

>100

RB/A 203

10.5 KSI

21 KSI

1.0

1.42x10 4%

0.3%

>1 00

51
Allowable Stress (orStrain)*M.S. Margin of Safety Maximum Stress (or Strain)

Amend., 51

4ý.2-358 Sept. 1979
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TABLE. 4.2-16

FUEL ASSEMBLY BOUNDING MARGIN OF SAFETY SUMMARY

F/A Margin of Safety*
Region .Crack Initiation. Excess~ive Deformation

Local Combined Peak plus Residual
Ductile Creep- Accumulated
Rupture Fatigue Damage

Shield 2.80 61.62 4.75 2.13
Block

CMP 12.76 191.3 37.4
Hex Duct

ACLP 10.49, 91.68 4.65 1.58
Hex Duct

TLP 0.37 0.29 3.0 1.86
Outlet
Nozzle

Attachment 82.33 925,92•5 10.11
.Assembly

Orifice ý4.03 291,544 0.43 1.52
Plate

)

*Margin of Safety Allowable Value
Calculated Value -l

4.2-359 Amend. 51
Sept. 1979

U



TABLE 4.2-17

BLANKET ASSEMBLY BOUNDING MARGIN OF SAFETY SUMMARY

B/A Margin of Safety*
Region Crack Initiation Excessive Deformation

Local Combined Peak plus Residual
Ductile Creep- Accumulated
Rupture Fatigue Damage___•_

Shield. 3.22 5.13 0.48 0.81
Block

ACLP 21.22 97.04 0.128 0.066
Hex Duct

TLP Outlet 0.14 4115 0.69 0.16
.Nozzle

Attachment
.Assembly Acceptable per drop test results

,51 * Margin of Safety =
Allowable Value
Cal cul ated Value

4.2-360 Amend. 51
Sept. 1979
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ASSESSMENT OF

FFTF. Design Verification Test

Fuel Assembly Life Tests

Prototype Fuel Assembly Water
Vibration Test

Fuel Assembly Nozzle Insertion
Tests

Fuel Duct Load Capacity Test

Floating Collar Behavior Test

Piston Ring Sealing and Sodium
Life Test

Hydraulic Balance Sodium Erosion

Test

Orifice Pressure Tests

Bypass Flow Nozzle Leakage Test

Pressure Drop and Flow
CD :Characterization

Small Bundle Heat Transfer Tests

L @

TABLE 4'.2-18

APPLICABILITY OF FFTF DESIGN:VERIFICATION TESTS

Applicability to.CRBRP Fuel Assembly Design

Generally applicable. Isothermal test temperature is non-
prototypic, shield block and outlet nozzle configurations are
non-prototypic.

Fuel rod. and assembly length, mass distribution, and. shield-
orifice and outlet nozzle configuration's are different.

Inlet nozzle to receptacle. interface is prototypic. .Assembly
length, bowed shape, load pad and handling*.socket configura-
tions are different.

CRBRP load pad thickness i:s.. larger;.combined:loading effects-

may be non-prototypic." Generally applicable.

Currently not included: inCRBRP reference design.

Directly Applicable-,.

Directly Applicable.

Not. applicable since CRBRP utilizes. a different configuOration.

Directly Applicable.

Applicable where geometries are similar,

Directly Applicable.

U.)

k.0



FFTF Design Verification Test

Duct Load Pad Friction, Wear and
Materials Evaluation

Material Property Characteriza-
tion

Fuel Irradiation Program.

TABLE 4.2-18 (Continued)

Applicability to CRBRP Fuel Assembly Design

Directly Applicable.

Directly Applicable.

Most information is applicable either directly or by inference
to CRBRP conditions.

_P11

(D~
-0 D



TABLE 4.2-19

PLANNED CRBRP FUEL ASSEMBLY DESIGN VERIFICATION TESTS

Completion
Date

Provides
Input ToActivity Title Activity Description

.4 .4
4

541

541

54

541

51

Fuel Assembly Flow
Test in Water

Outlet Nozzle Flow
Test in Water

Inlet Nozzle and
Orifice-Shield Test

in Water and in Sodium

High Temperature
Duct Loading Test

II:1 Scale Wire Wrap
Bundle Air Flow Test

Full scale 217 rod water test to
distribution, pressure drop, rod
potential for fretting and wear,
and rod dynamic characteristics.

Component test to assess effect of geometry on
flow distribution and pressure drop in water.

Component test to
flow distribution
tion in water and
term sodium test.

assess effect of geometry on
and pressure drop and cavita-
cavitation damage in a long

determine flow
vibration,
and assembly

Complete

Complete

Water Test
9/80
Sodium Test
6/81

7/80

Phase I -
Complete
Phase II -

12/81
8/85

Final Design
Verification

Final Design

Final Design

Final Design
Veri fi cation

Fiial Design
Verification

Final Design

Prior to Reactor
Operation

Long term duct load pad test for prototypic
geometry and temperatures and combined bending,
crushing, torque and axial loading to deter-
mine load limits and deformation.

Air flow:tests performed to reduce uncertain-
ties in fuel assembly subchannel flow and
mixing characteristics.

Irradiation-Tests
FFTF

in Verify predicted behavior
assembly under prototypic
c ondi ti ons..

of CRBRP fuel
operating

~@



FFTF Design Verification Test

Duct Load Pad Friction, Wear and
Materials Evaluation

Material Property Characteriza-
tion

Fuel Irradiation Program.

TABLE 4.2-18 (Continued)

Applicability to CRBRP Fuel Assembly Design

Directly Applicable.

Directly Applicable.

Most information is applicable either directly or by inference
to CRBRP conditions.

(D~
-01 (D



TABLE 4.2-19

PLANNED CRBRP FUEL ASSEMBLY DESIGN VERIFICATION TESTS

Completion
Activity Description Date

Provides
Input ToActivity Title

Fuel Assembly Flow
Test In Water

Outlet Nozzle Flow
Test In Water

Inlet Nozzle and
OrIfIce-ShIeld Test
In Water and In Sodium

High Temperature
Duct Loading Test

1101 Scale Wire Wrap
Bundle Air Flow Test

Irradiation Tests In
FFTF

Full scale 217 rod water test to determine flow
distribution, pressure drop, rod vibration,
potential for fretting and wear, and assembly
and rod dynamic characteristics.

Component test to assess effect of geometry on
flow distribution and pressure drop In water.

Component test to assess effect of geometry on
flow distribution and pressure drop and cavita-
tion In water and cavitation damage In a long
term sodium test.

Long term duct load pad test for prototypic
geometry and temperatures and combined bending,
crushing, torque and axial loading to deter-
mine load limits and deformation.

Air flow tests performed to reduce uncertain-
ties In fuel assembly subchannet flow and
mixing characteristics.

Verify predicted behavior of CRBRP fuel
assembly under prototypic operating
conditions.

Complete

Complete

Compl ete

Sodium Test
9/83

Final Design
Verification

Final Design

Final Design

Final Design
Verification

Final Design
Verification

Final Design

I
I

9/83

Copl ete

8/85

I

I

Prior to Reactor
Operation

00.



TABLE 4.2-20

PLANNED CRBRP BLANKET DESIGN VERIFICATION TESTS

Activity Title
CompIetIon

Activity Description Date
Provides
Input To

Assembly Flow and
Vibration Test in
Water

Component Pressure
Drop Test

Load Pad Strength
and Duct Bending
Stiffness Test

NA)

Rod Cladding Rupture
4= Test

Rod Irradiation Test
In EBR-11

Fabricate Rod Bundle
I-radiation Test In

FFTF

Full scale assembly test to determine rod and
assembly vibrations and pressure losses In the
assembly.

Flow test In water various blanket assembly
components, measuring the pressure losses as
a function of flow rate.

Component test to determine the strength of a
cold worked duct and load pad for various
loading conditions and temperatures.

Component test to determine the strength of
the cold worked cladding for several combi-
nations of temperature and time and to
establish a conceptual stress rupture time
curve.

Determine the performance characteristics
of radial blanket rods in a reactor environ-
ment Including the effects of a power jump.

Provide prototypic fabrication experience
.for blanket assemblies.

4/83

9/83

9/83

Com pi e te

Complete

Comp.1 ete

Final Design
Verification

Final Design

Final Design
Verification

Final Design
Verification

Final Design
Verification

Assembly
Fabrication

I

I

I

r')



TABLE 4.2-21

DESIGN TEMPERATURES VS PREDICTED STEADY-STATE TEMPERATURES
FOR PERMANENT REACTOR INTERNALS COMPONENTS

Component
Design

Temperature(0F)

Predicted 'Maximu I
-S.S. Tern8erature )

( F)

Minimum
Margin

(OF)

Core Support Structure
Core Plate
Module Liner
Core Barrel

Bypass Flow Module

Fixed Radial Shield

Horizontal Baffle Assy.
FT&SA Support Block
HBA Base Plate

Core Former Structure
Lower Ring
Cylinder
Upper Ring

Lower Inlet Module

Upper Internals Structure

775
775

1060

775

950

775
•11020

928
937

1076

775

1220

750(2)
750(2)

1010

750(2)

932

750(2)

1015(2)

25
25
50

25

18

25
5.

928
937

1076

755

1191

20

29

Notes:

(1) All values shown Include a 2auncertainty.

(2) Coolant temperature. Actual component temperature slightly lower.

9
4.2-365

Amend. 69
.h111v 1QR?



591 TABLE 4.2.22 IS DELETED.

Amend. 59
Dec. 19804.2-366



TABLE 4.2-23

CORE SUPPORT STRUCTURE STRESS AND FATIGUE DAMAGE SUMMARY FOR

NORMAL AND UPSET CONDITIONS

CUT

A thru E

Figure 4.2-51

1 thru 10

Figure 4.2-52

STRESS
CATEGORY

P

P L + P b.l

(PL+Pb+Q)r

,(nl/N)

P
m

P L+P b

(Pk+Pb+Q)r

,(n/N)

P

(PkL+P b Q) r

,(nl/N),

CALCULATED
VALUE

5734 psi

8760 psi

94,050.psi

.57

ALLOWABLE
VALUE

14,800 psi

21,230 psi

49,i85 psi

.90

MARGIN-OF-
SAFETY *

1.58

1.42

N/A

(.+)

5.28

.50

N/A

(+)

2357

13,344

83,809

.80

<10,486

10,486

83,333

psi

psi

psi

14,800

19,980

49,350

.90

15,000

>15,000

49,350

psi

psi

psi

I thru 18

Figure 4.2-53

psi

psi

psi

psi

psi

psi

>.43

>.43

N/A

(+).41 .90

*MARGIN-OF-SAFETY = ALLOWABLE STRESS INTENSITY
APPLIED STRESS INTENSITY

** Since (PL+Pb+Q)r >3 Sm, simplified elastic-plastic analysis is used. '9
Amend. 59
Dec. 1980

4.2-367
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TABLES 4.2-24 through -29

HAVE BEEN DELETED

4.2-368
(next page Is 4.2-374) Amend. 61

Sept. 1981



ko

flo

N.)..P,,

STRESSES (PSI) CRITERIA (PSI)

MEMBRANE
PART MODEL +

NAMES USED MEMBRANE BENDING BEARING SHEAR Sm 1.5 Sm Sy 0.6 Sm

BPFM INTEGRATED. 2,154 2,246 13,565 7.235 15,040 22,560 16,740 9.024
3-D "'

SEISMIC SEISMIC
LUG MODEL 4,484 13,791 3,948 2,548 15,040 22,560 16,740 9,024F ~KtSt:

S E IS M IC 63207
SHEAR PIN 14,155 23,379 8,151 6,919 61,833 78,522 30,700 37.100

591

00 c

Table 4.2-29a. BPFM Stress Summary (OBE)



59I TABLES 4.2-29b and -29c

HAVE BEENDELETED

Amend. 59
Dec. 19804.2-375

(next page is 4.2-376a)



TABLE 4.2-29D

EVALUATION SUMMARY OF THE LOAD CONTROLLED STRESSES (FOR, FRS)

Material

316 SS

Condition

Normal &
Upset (OBE)

Temp.

1000

Evaluated Results

P = 3202m
PL + Pb = 5840

Criteria
(PSI)

Smt = 154000

Kt St = 22330

Margi n*

>3

2.82

Faulted
(SSE)

1000 Pm
P L +

4828

Pb = 8808

1l.2 S
1 .2K t

a 22200

St = 26307

>3

1 .99

-4

Ci

59

*Margin Allowable
Actual

CD ý-
(D

ko
00 cn
C> ko



TABLE 4.2-29E

RESULTS-OF LOAD-CONTROLLED ANALYSIS: LOWER SUPPORT BLOCK

Material: 304SS

Condition
No.

Temp.
(0 F)

(1,2)
Stress
Intensity

(Pm)
(psi)

All owabl e
(psi) _

(3)
Allowable Stress

Origin

Use Fraction Sum C

Time of Allowable
Loading Timet i (hrs) t ia (hrs)

alculation

ti/tia

t* 59
00 (_
C) ý0

Design

A

B/C

D

775

755

755

1120

1880

1880

1880

1880

15,100

15,100

152,100

.22,800

S0 @ 800°F

Smt @ 800°F

Smt @ 800°F

.6Sr @ 1000"F
• for 1 hr.

262,900

1

0.0

0.0Go

ti
=0

ta

Notes:
(1) SSE loads were combined with design condition loadings to conservatively bound all the

conditions.
(2) The stresses in this column are actually PL + PB. To be conservative, they have been treated as

Pm, therefore PL + PB criteria is automatically satisfied.
(3) A'lowables are conservatively taken at higher temperature values.



TABLE 4.2-29F

RESULTS OF LOAD-CONTROLLED ANALYSIS: HORIZONTAL BAFFLE PLATE

Material: 316SS

Condition
No.

Temp.(0 F)
(1)

Stress
Intensity
(Pm

t si)

Allowable
(psi)

(2)
Allowable Stress

Origin Time of
Loading
_ti (hrs)

262,900

1

Use Fraction

Allowable
Timet tia (hrs)

Sum Calculation

ti/ti

r'.

-4

Design

A

B/C

D

1020

1000

1105

1120

10030

10030

10030

10030

12140

14800

14800

27900

S @ 1105°F0

Smt @ 1105 0F

Smt @ 1105°F

.6S @ 1150OF
r for I hr.

106

5O0,000

0.263

0.0

ti_ - .263
tia

Notes:

(1) SSE loads were combined with design condition loadings to conservatively bound
all the conditions.

(2). Allowables are conservatively taken at higher temperature values.59

00 C

C) -..



TABLE 4.2-30

EFFECT OF. (C + N) LEVEL ON TENSILE PROPERTIES OF
TYPE 304 STAINLESS STEEL

531

-4

-4

Mechanical Standard
Property Equation Deviation

Yield
Strength, 89.952 + 181.167 (C + N) - 0.082 T (C + N) - 4.269 TI/ 2 + 0.058 T 2.236
KSI where T is OR

Ultimate -1.806 - 227.391 (C + N) + 1634.644 T- 1 / 2  2.645
Tensile -4 2
Strength, + 0.626 T (C + N) - 2.607 x 10 T (C + N)
KSI where T is 0R

Total
Elongation, 29.595 - 89.898 (C + N) + 628.443 TI/2 0 2.955

% where T is OR

Uniform
Elongation 25,748 - 78.211 (C + N) + 546.745 T-'/2 2.955

% where T is R

531

531

531

00 .CD .

Temperature range validities: yield strength
ultimate tensile strength
total elongation
uniform elongation

75
200
400
400

1200°F
1100OF
1200 0 F
1050°F

g9



0
TABLE 4.2-31

EFFECT OF (C + N) LEVEL ON TENSILE PROPERTIES OF
TYPE 316 STAINLESS STEEL

Mechanical
Property

Total
Elongation %

Uniform
Elongation,%

Equations

28.000 - 99.139 (C + N) + 653.926 T-112

24.780 - 87.738 (C + N) + 578.725 T-112

Temperature range validities: total elongation
uniform elongation

Standard
Deviation

6.703

6.703

where T Is OR

where T Is OR

535 - 1760°R
960 - 1510 OR

00

(CD



TABLE 4.2-31A

SUMMARY OF FRICTION RESULTS FOR IRRADIATED DUCT LOAD PAD MATERIAL (REFERENCE 89)

'rest Tent Condicions

Materials
Combination

Test (pin/plate)

(6-5)-12 CRC/CRC(b)

Contact
Pressure/

Load

300/39.5

0

300/39.5

300/39.5

300/39.5

300/39.5

300/39.5

300/39.5

300.39.5

300/39.5

300/39.5

Avg.
Vel.
(ip")

1.0

0

1.0

1.0

1.0

1.0

1.0

1.0

1.0
1.0

1.0

Stroke
Length

(pin din./
In. )

0.8d/0.4

0

0.8d/0.4

0.8d/0.4

0. 8d/0. 4

0.8d/0.4

0.8d/0.4

0.8d/0.4

0.8d/0.4

0. 8d/0.4

0.8d/0.4

02 Cone.
by VriJ Temp.

0.45 + 0.03 450

800

450

700

1000

0.66 + 0.05 1160

1160

1160

1160

*1160

450

* Rubbing .F
E•perienced
No. of Dist
Cycles Ins.

38 30

0 0

38 30

38 30

38 30

625 500

30 24

30 24

30 24

625 500

38 30

reakaw
rictlo

Dwell

Time
(hrq)

n Max. Observed
Dybamic

Friction Coefficient
VB 111i_. _. Mnx. Fina_. l

0.20 0.26 0.26

0.32 0.35 0.33

0.37 0.55 0.52

0.54 0.64 0.64

1.79 0.56 0.67 0.65

1.09 .. .. ..

1.02 .. .. ..

1.17 .. .. ..

1.11 0.48 0.63 0.62

0.45 0.45 0.42

ay (1)
Frietion Results

Avg. Dynamic
Friction Ccefficient
Init. Max. Finnl

0.16 0.21 0.21

0.29 0.29 0.28

0.33 0.44 0.44

0.40 0.50 0.50

0.43 0.55 0.55

0.3A 0.52 0.52

0.40 0.40 0.37

144

4B

26.5

116

156

(a) Static dwell times were performed following rubbing periods indicated (zero tangential load),

(b) Both pin and plate specimens consist of 1/2-inch diameter spots of CR, material applied toa
5/8-inch diameter disk at Type 31.6 st•inless steel. The combination used in this test was:
CN-Ib/CN-la left side couple, CN-la/CN-lb right side couple. Materia. was irradiated in
EBR-II in a sodium'bonded capsule to an exposure of approximately 1.0 x 1022 n/cm

2
at 1083'F. 15



TABLE 4.2-31B
SUMMARY TABLE OF FRICTION IN SODIUM

(Reference 88)

(Atomics International Test Data)
Test Test Conditions F Friction Results -- ___.....

Rubbing
Experi -

enced
Stroke Number
Length of

Tempera- Load/ Average (Pin Strokes/ Break- Static Friction _yna4mic FrictionMaterials* ture Pressure Velocity diam- Distance Dwell away Average Maximum Average Average Maximum AverageNo. Pin. Plate (*F) (lb)/(psi) (in./sec) eter) (in.) (hr) Friction Initial Observed Final Initial Ubse'ved Final Conmments

Haynes Haynes 25/12.5 18 0.34 0,29 0.37 0.34 0.34 0.36 0.36 o prior wear
4-1 273 273 450 58.9/300 0,07 d/2- .. . cycles.

WD,13f WD,8f 175/87.5 1581 0.56 0.31 0.31 0.27 0;46 0.54 0.54 ubbing experlenc8316 B304 includes prior
25/12.5 at 450°F

125/62.5 at other
temperature level

800 100/50 66 0.71 0.54 0.54 0.41 0.71 0.71 0.51 Rubbing experience

includes 75/37.5
at lower temper-
ature levels.

1100 150/75 18 0.93 0.59 0.76 0.76 0.76 0.85 0.85 lRubbing experienc
includes 125/62.5
at lower tefiper-

_ __mature levels.

*Ste Material and Source (Table V-16) and Symbol Descriptions (Table V-17)
tRefer to Matrix and. Temperature Test Profile for complete test sequence (Figure V-10)
SZO-hour dwell at 400°F preceded by 138 hour dwell at higher temperatures (800 to 1160°F)53

115'

C_ i
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51 ITABLE 4.2-32 and 4.2-33 DELETED

Amend. 51
4.2-380 Sept. 1979



TABLE 4.2-34

RESULTS UF DILATION ANALYSIS (MID-FLAT DILATION)

531

Elevation
Above Bottom

of Lower
Axial

Face Blanket (in)
Assembly*

Case Ref. No.
Pressure Temperature
Differential (OF)

(psi)

03FA

1.1
1.2
1.3
2.1
2.2
2.3
2.4
3.1
3.2
3.3
4.1
4.2
4.3
5.1
5.2
5.3
6.1
6.2
6.3
6.4

Cl

F4

Fl

F6

B1

Fl

2
2
2
2
2
2
2
3
5
5
2
2
2
5
5
5
5

23
32
41
23
32
41
50
23
32
41
23
32
41
23
32
41
23
32
41
50

3.5
3.5
3.2

35.4
32.1
28.8
25.5
42.9
39.0
35.0
22.0
20.0
17.9
15.9
14.1
12.3
42.9
39.0
35.0
31.0

759
788
816
784
844
916
970
760
796
836
782
850
922
788
858
936
774
819
890
932

Fast Flux
(n cm-2 sec"I

3.174
3.712
3.211
2.795
3.269
2.829
1.469
3.173
3.712
3.211
1.263
1.500
1.297
0.823
0.972
0.837
3.222
3.769
3.260
1.693

Dilation
15 After

x 105) 1 Cycle
(in)

0.0183
0.0219
0.0220
0.0283
0.0376
0.0318
0.0239
0.0312
0.0395
0.0371
0.0186
0.0202
0.0215
0.0196
0.0212
0.0226
0.0330
0.0415
0.0432
0.0239

Di ation
After

2 Cycles
(in)

0.0241
0.0331
0.0369
0.0502
0.0895
0.1121
0.0363
0. 051 9
0.0763
0.0862
0.0222
0.0283
0.0247
0.0213
0.0230
0.0238
0.0584
0.0947
0.1296
0.0480.

Dilation
After

3 Cycles
(in)

0.029
0.044
0.052
0.072
0.143
0.198
0.098
0.073
0.114
0.136
0.029
0.048
0.061
0.025
0.032
0.026
0.084
0.146
0.215
0.106

531 *Refer to Figure 4.2-85 for assembly location and face numbering scheme

:3.

00 L



TABLE 4.2-35

PRIMARY AND SECONDARY SHUTDOWN SYSTEM DAMAGE SEVERITY LIMITS

Normal: Operational (2)

Upset: Anticipated Faults

Emergency: Unlikely Faults

Faulted: Extremely Unlikely
Faults

Primary System Only

Without
Stuck Rod

Not Applicable

Operational
Incident

Minor Incident

Major Incident

.Damage Severity Limit

Functioning Si

With
Stuck Rod

Not Applicable N

Operational M
Incident

Minor Incident M

Major Incident M

econdary System Only Functioning

Without With
Stuck Rod Stuck Rod

ot Applicable Not Applicable

inor Incident (1) Minor Incident (1)

ajor Incident

ajor Incident

Major Incident

Major IncidentI
(1) Failure of the primary system to scram when required for an anticipated fault Is defined as an extremely unlikely event

(faulted condition). However, the damage severity limit for the secondary shutdown system Is conservatively specified to.
assure fuel pin Integrity even for the concurrent anticipated fault and failure of the primary shutdown system.

(2) No action required by Plant Protection System during Normal Operation.



TABLE 4.2-36

Components

Inner Duct Wear Pads
to Inner Duct

CONTROL ROD SYSTEMS CLEARANCE REQUIREMENTS

Requirements

1) No three point contact allowed
(i.e., wear pads to one side
and duct to opposite side) under
worst case swelling and creep
conditions.

(Ref. FIgure 4.2-111 configura-
tion E).

2) Combined Inner and outer duct
bowing for the PCA shall not
Increase drag forces such that
acceptable scram speed of
response cannot be assured. For
preliminary design considerations,
appropriate clearances shall be
provided to assure that the maxi-
mum drag force from duct bowing
is less than 25 lbf.

3) Combined control rod and guide tube
bowing for the SCA shall not Increase
.drag forces such that acceptable scram
speed of response cannot be assured.

.Basis

CO

W.A

1. Drag forces resulting from 3
point contact are proportional
to the control assembly~stiff-
ness. Consequently, sufficient
clearance must be provided to
preclude this condition of
potentially high scram retarding
drag forces at all times In
component life.

2. Additional drag force due to
duct bow can be tolerated
while satisfying scram speed
of response requirements.
Clearances are established
commensurate with acceptable
scram times. The preliminary
25 lbf limit assures that duct
bowing Is a small contribution
(<15%) to the total PCRS drag
force.

3. Clearances established commensurate
with acceptable scram times.

1) Minimize uncertainties In clad
Ilifetime predictions. Due to
B4 C/316 SS Interaction under
pressure, clad thickness Is
difficult to estimate. Con-
sequently, sufficient clearance
Is established to preclude
contact under worst case absorber
swelling.

B4 C Absorber Pellets
to 316 SS Cladding

1) Sufficient clearance shall be pro-
vided to preclude forced contact
between pellets and cladding.

L.



TABLE 4.2-36 (Continued)

Components Requ I rements Basis

I

Absorber Pin Wire
Wrap to Inner Duct

Absorber Pin to
Spacer Grid

Drivel ne to Shroud
Tube

PCRD PIston to
Dashpot Cup

PCRDM Leadscrew to
Guide Bushings

1) Provide sufficient clearance to
limit Inner duct deformation such
that wear pad to Inner and outer
duct clearance requirements are
satisfied and to preclude reduction
In clad lifetime.

1) Provide sufficient clearance to
allow free axial expansion at
all times.

1) Provide sufficient clearance to
prevent contact between drivel lne
and shroud tube at points other than
normal guidance features (i.e., shroud
tube bushing, drivel lne wear bushing
and .drivel ne..latch housing guide ribs)
under maximum misal ignment conditions.
(Not required during seismic event).

1) Provide sufficient clearance to
ensure that significant decelera-
tion occurs only in last 9 Inches
of travel and that Impact veloc-
Ity Is no greater than 14 ips.

1) Limit clearance such that lead-
screw is aligned for proper:
scram release while not impeding
scram by high drag forces.

1) Limit duct bow and pin stress.
Significant Interaction between
duct and pins contributes to
duct bow (therefore Increasing
drag forces), establishes high
stress points on cladding, and
-Inhibits free axial expansion
of pins.

1) Limit pin stress.

1) Limit misalignment drag forces.

1) Assure that dominant absorber
reactivity worth Is inserted
before deceleration and provide
acceptable scram arrest Impact
loads on the PCA.

1) Reliable scram performance.

-5 CD

00 0.



TABLE 4.2-36A

FRICTION COEFFICIENTS

Material
Couple

Fri ction
MeanApplication

Coeffi ci ents
Standard Deviation

Upper Three
Sigma Limit

Inconel 718/
531 Inconel 718

Type 316SS/
Type 316SS

Haynes 273/
Inconel 718

Inconel 718/
Type 304SS

Inconel 718/
Type 316SS

Inconel 718/
Ni Resist

17-4 Ph/
Inconel 718

Stellite 6B/
Inconel 718

CRD to Dashpot Cut
or Shroud Tube

Duct to Duct

CRD Dashpot Cup
to Dashpot Cut Seat

CRD Compression
Sleeve

CA Wear Pads
Outer Duct

Torque Tube to
Torque Taker

CRDM Bellows/
Leadscrew

Torque Keyway
and Torque Taker

CQmbined*
ETEC
WARD

0.45
1 .53
0.45

0.7

0.64

0.85
(Only 2 Samples)

0.2
0.21
0.15

0.18

0.21

0.25

0.09

0.16

0.16

0.01

1 .05
2.16
0.9

1 .24

1 .27

2,12

8, 13

References

1-8, 1-13

1.6. 1

0.62

0.2

0.64

0.37

0.89

0.68

1.12

2, 11

13

13

1, 140.4

*It should be noted that only 36 data points were utilized to
440 points are available for the distribution with a mean of
large amount of data at the lower values. The higher values

obtain
0.45.
appear

the distribution with a mean of 1.53 while
The combined data is overwhelmed by the
in just the .ETEC data. 15
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TABLE 4.2-36B

AVERAGE FRICTION COEFFICIENTS
FROMI

W-ARD TEST DATA

(D

(0

0.

o;o,
c1.0

00 59

STROKE - .750 IN.

P = 100 psi P 1500 psi
AVERAGE FRICTION TEST I TEST 2 TEST 1 TEST 2
COEFFICIENT ___

MRltcraa Enviorn- 40Q*F 8000F 81 0F 11600F 400F" BOO=F" 1105F
Couple_ went iii-__ 3 p kL+.30 .i p+ It li i ... L. lb.3i pt P ..4- 1..

316SS/316SS Liq. Na .81 .87 .88 .98 .80 .87 .87 .91 .73 .76 .74 .77 .73 .75 .75; .77

Inconel 718/ Liq. Na .80 .P.5 .79 .86 .69 .73 .65 .70 .71 .75 .71 .75 .61 .65 .63 .67
Inconel 718 .63 .69 .70 .77 .74 .79 .70 .73 .58 .61 .60 .62 .62 .66 .66 .68

Inconel 718/ Liq. Na .87 .92 .89 .95 .86 .90 .82 .87

316SS .84 .90 .86 .94 .92 1.02 .89 .95 .79 .83 .77 .84 .74 .80 .77 .81

Incone.l 718/ Liq. Na .70 .76 .67 .73 .79 .85 .78 .81 .66 .70 .69 .73 .73 .78 .70 .72
.Haynes 273
*Stellite 6/ Argon.. .24 29 27 .32 .17 .21 .13 .14
17-4 PH .42_3. .1 3 1

STROKE .188 I N.

31655/31655 Liq. Na .95 1.02 1.07 1.17 .82 .87 .83 .92 .80 .84 .82 .38 .77 .1 .76 .79

Inconel 718/ Liq. Na .88 .94 .82 .89 .73 .79 .69 .82 .79 .85 .74 .79 .70 .73 .65 .68
Inconel 718 .73 .80 .73 .78 .83 .89 .72 .75 .66 .70 .66 .69 .67 .70 .67 .69

Inconel 718/ Llq. Na .94 1.01 .94 1.00 - .90 .94 .81 .86
3165S .92 1.00 .91 .96 .99 1.06 .85 .- 89 .87 .92 .79 .83 .80 .84 .74 .78

Inconel 718/ Llq. Na .77 .83 .90 .96 .76 .80 .70 :73 .78 .82 .75 .81 .75 .79 .68 .70
Haynes 273

*Stellite 6/ Argon .21 .26 .17 .21 .18 .21 .13 .15

17-4 PH1

*Run at 1500 F and 400'F with 17-4 PH vitrolubed.



TABLE 4.2-36C

SUMMARY OF AVEPRAGE
FRICTION COEFFICIENTS

UPPER THREE SIGMA DATA

Material Couple Environment P=0O psi P=l500 psi

STROKE z .750 IN.

316SS/316SS Liquid Na .91 .76

Inconel 718/ Liquid Na .77 .67
Inconel 718

Incomel 718/ Liquid Na .95 .84
316SS

Inconel 718/ Liquid Na .78 .73
.Haynes .273

STROKE .188 IN.

316SS/316 Liquid Na 1.00 .83

Inconel 718/ Liquid Na .83 .73
Inconel 718

Inconel 718/ Liquid Na .99 .86
316SS

Inconel 718/ Liquid Na .83 .78
Haynes 273

59

Amend. 59
Dec. 1980

4.2-391

(next page is 4.2-393)



TABLE 4.2-36D

FFTF AND CRBRP PROTOTYPE CONTROL ROD SYSTEMS TESTS

59 531

FFTF Prototype Tests

Phase

I

591531 Il'

4591 53111

591531 1 V

Test Description

Flow Rates - 0 - 90 GPM

Scram Heights - 9, 18, 27, 35, 36"

Misalignment - Misaligned

Flow Rates - 0 - 100 GPM

Scram Heights- 9, 18, 27, 35, 36"

Misalignment - Aligned

Flow Rates - 0 - 100 GPM

Scram Heights - 9, 18, 27, 35, 36"

Misalignment - Gross Misalignment

Flow Rates -0 - 100

Scram Heights - 9, 18, 27, 35, 36"

Misalignment - Aligned with Failed
Bellows

Temp.
Range

400 to
1100"F

Feet of
Travel

3,420

Scrams

188

Disconnect
Operations

1

400 to
1100°F

400 to
I 1O0F

400 to
IIO0°F

2,730

14,400

3,085

157

428

55

33

15

1

15
100 GPM is 110% of Nominal Coolant Flow

531

(D

koo



TABLE 4.2-36D (-Continued)

CRBRP PROTOTYPE TESTS

Phase Test Description

Complete Accelerated Unlatching
Life Test
(Prototype Unit 1)

PCRS Accelerated Life
Test
(Prototype Unit 2)

I Failed Bellows Test
(Prototype Unit 3)

Real Time Test
(Prototype Unit 2)

Temp.
Range

N/A*
(H2 0)

400 ýo
1100 F

400 ýo
1100 F

400 to
1100°F

Feet of
Travel

35,451

5,878

9,146

5,418

Scrams

1868

470

680

368

Disconnect
Operations

60

42

40

40

I

*PCRDM and its supporting nozzle were maintained at prototypic temperatures by means of heaters. The drive-
line and dummy weight to simulate the control rod weight were in a water environment for this test.59

0(D

0O.L
CD t.



TABLE 4.2 - 36E

MAXIMUM EFFECTIVE COEFFICIENT OF
FRICTION DATA

FOR DYNAMIC IMPACT LOADING

53

59

53151

59

Material Couple Configuration Medium Max*

1 718/1 718 Round Air .37

1 718/1 718 Round Water .35

1 718/316 SS Hexagonal Air .63

1 718/I 718 Round Sodium .46

1 718/304 SS Round Air .45

1 718/304 SS Round Water .40

* Values represent the maximum observed'in any test.

** Includes effect of slight duct material yielding resulting from test
article configuration. Actual coefficient of friction will be less.

Amend. 59
Dec. 1980

4.2-394



TABLE 4.2-37

CONTROL ROD DRIVE SYSTEM MAXIMUM LOADING CONDITIONS

Condition

Insertion

Load Ib)
Primary

1000 (Min.)

Max. UnderI

Secondary

1000 (Min.)

1800 (Max.)

900 (Min.)

2700 (Max.)

16,000

Withdrawal 1500 (Min.)

Max. Under

L3

. Minimum Breakaway
Joint Strength

Maximum Breakaway

Joint Strength

PI Compression

Assembly of
Components

Seismic

16000

19000 19,000 -

I Thermal

Rod Expulsion

1000 (Max.)

Variable

OBE

SSE

Under evaluation

1800 (Max.)

Under evaluation

Internal reactor
vessel pressure
(300 psi).

None

Variable

O]BE.

SSE

Not Finalized

1500 (Min.)

1700 (Max.)

Internal reactor
vessel pressure
(300 psi).

Basis

Primary and secondary system minimum Insertion load.

Secondary System calculated max. based on motor controller
torque limits.

Primary and secondary system values dependent on further detailed
design rnd test measurements.

Secondary system calculated values based on motor controller
torque limits.

Minimum design strength of breakaway Joint (CA to CA shaft) to
provide for drive shaft separation with stuck control rod.

Maximum design failure load of breakaway Joint to provide for
drive shaft separation with stuck control rod.

Maximum load to free control rod coupling.

Torquing preloads required In assembling.

Seismic design data bases;are discussed In Section 3.7.

Thermal stress Information will be provided in the FSAR.

Conservative design against,rod expulsion such that maximum control
assembly pressure drop cannot cause significant control rod
transients.

Forces calculated from deceleration of translating assembly on
scram stop.

Sealing Integrity for CRDM housing and nozzle required under SMBt6
conditions.

Mechanical and hydraulic loads resulting from SMBDB Including
acceleration vs. time history loading are considered In design basis.

o 4

I Scram

Structural Margin
Beyond Design
Basis



TABLE 4.2-37A

CONTROL ASSEMBLY - ABSORBER PIN STRUCTURAL CRITERIA

CriteriaConditions

Steady State Pm or Pm + Pb < Sp Sp Proportional elastic limit. These limits apply only after initial assent
to Full Power. ASME Code Section III Subsection NB and Code Case 1592
limits apply during Preoperational Handling and Checkout.

Steady State
and Upset

Steady State,
Upset, and Emergency

FD< D FD =Damage factor determin•ed similar or equivalent to procedure of Paragraph T-1411 of Code Case
1592. K' factors do not apply. Factor FD to be based on average stress across a section.
For D refer to Figure T-1420-2 of Code Case i592.

The following limits on the combined primary (local) membrane plus bending plus secondary stress internsity range
shall be satisfied:

u > 1% The combination of (PI + Pb/Kt)/o and (QR)max/Gr stress intensities shall be restricted to within
80% of the shakedown boundary based on elastlc-pýrfectly plastic material behavior with the flow

stress taken to be 0y. For axisymetric structures away from discontinuities the Bree elastic-
plastic shakedown diagram can be used.

E u 1% (P L b Q) max
<0.75 Su for steady state and upset conditions

<0.90 Su for emergency conditions

Notes: Sy values may be used when a' (cyclic yield strength) is not available
Kt is defined in Code Case IS92
(QR)max is maximum range of secondary stress intensity

Steady State,
Upset, Emergency,
and one worst
case transient
event

2zC P
+ < <0.9

L- T'T7- U '
c thermal creep, eR-plastic strain, t - time

F- uniform elongation, E - average strain rate,
TF - triaxilouty factor (stress state),

and E ' •u (TF, Z)
CDF - cumulative damage function similar to

that applied to the fuel pin (as
described in Part 5 of Section 4.2.1.1.2.2)
with applicable material properties.

COF <1.0

53

001



TABLE 4.2-37B

CONTROL ASSEMBLY - BALANCE OF ASSEMBLY STRUCTURAL CRITERIA

Maximum Temperature<__ 800°F Maximum Temperature> 800°F

L)

I4

Al - ASME Code Section III, Subsection I
NB Rules plus:
1. The effect of irradiation

swelling and creep deformations
shall be evaluated.

2. Design stress levels shall be
based on ASME Code Section III,
Subsection NB, unless test data
in NSMH indicates use of higher
allowables.

3. The mean stress correction for
fatigue evaluations is to be
based upon-the cyclic stress-
strain curve.

4. The fatigue evaluation shall be
based upon test data for
irradiated material or upon the
ASME Code curve for unirradiated
material, modified by the method
of characteristic slopes for
predicting fatigue failures
based on ductility and fracture
data from tests on irradiated
material.

2- Rules of Al plus:
I. Code Case 1592.
2. RDT Standard F9-4T.
3. The effect of loss of carbon, nitrogen

etc. to be considered when determining
allowables.

4. Irradiation swelling and creep defor-
mations to be considered in creep
collapse analysis.

5. Inelastic strain accumulation must be
computed as a function of temperature,
stress state, geometry, and time
under consideration. -No fluence con-
sideration is required.

In
V

w

vj

c-~.

B1 - Rules of Al plus:• B2
When the option to invoke justifiable
higher irradiated allowables is
utilized:

- Rules of A2 and Bl.

(D~ (D 51

(0 4



TABLE 4.2-37B (Continued)

u Maximum Temperature <- 8000 F Maximum Temperature >800 F

B1 - Rules of Al plus: (Cont'd)

1. No primary plus secondary
stress is permitted to
exceed that associated
with strain of gI /2

2. Primary membrane Atresses shall
not exceed the lesser of 1/3
UTS or 2/3 of the proportional
stress limit.

3. Linearized primary membrane
plus bending stresses shall
-not exceed the lesser of 1/2
UTS or the proportional limit
stress,

5311 C - Rules of Bl and B2 for their respective temperature, ranges plus:
1. Brittle fracture shall be considered as a potential failure

mode.
2,. Where low ductility components are subject to shock loads,

V failure due to the superposition of transient stress waves
51 W .

W shall be considered.

00-UCD A.



TABLE 4.2-38

CONTROL ROD SYSTEMS SERVICE LIFE

I

Primary
System

I

Mechanism

Drivellne

Control
Assembly

Design
Life

Years

30

10

I

Total
Start/Stop

Cycles

8 x 106

2.7 x 106(1)

2.7 x 105(2)

Total
Lifetime

Scrams

732(3)

244(l),(3)

26(2),(3)

700(3),(6)

260(3)

50(2),(3)

Lifetime
Travel

(FT)

17,000

5,700(1)

570(2)

7,700

2,360

500(2)

Connect
Disconnects

Cycle

Full Stroke
Scrams
Dashpot

244

i

I
Mechanism

Secondary Drivellne
System

Control
Assembly

30

10

I

13,900

4,650

930(2)

1067(6),(7)

360(7)

12(4)
f,
NA)1I

1.

2.

3.

4.

5.

6.

Based on minimum 10 year life.

Based on life of 2 years.

Includes 5 Isothermal scrams per year.

At refueling temperature.

Based on minimum 5 year life.

Based on routine maintenance for the 5 year life mechanism components that perform a scram function. This routine
maintenance will extend the total lifetime to 30 years, to match overall mechanism design life.

I
7. Includes scrams, test scrams, and normal shutdown.

4



TABLE 4.2-39

NUCLEAR ENVIRONMENT

El evati on.
.(in).

Total Neutron Flux
(n/cm2/sec.)

Fast Neutron Flux+

E < 0.l MeV
(n/cm2 /sec.) Comments

+200

+100

+40

+0.0*

-74.65

-190

-218

-350

-437.15

-512.15

See Note 1

See Note 1

See Note 1

See Note 1

2.5 x l05

5.1 x io8

2.6 x 109

3.0 x 1012

4.7 x 1015

9.6 x IOII

See Note 2

See Note 2

See Note 2

See Note 2

6.3 x 10 2

5.2 x 103

1.3 x 105

3.8 x 101

2.8 x 1015

1.2 x 1011

Top of CRDM

.Scram Spring/Bellows
Interface

TorqueTaker/Bellows
Interface

Point on Driveline at
Bottom of Reflector (Max.)

Driveline Dashpot Seat
(Max.)

Guide Tube/Upper
Internals Interface (Max.)

Control Rod/Driveline
Coupling (Max.)

Core Midplane (Max.)

Bottom of Control
Assemblies (Max.)

Stator

Top of closure head

* Fl uxes

Note 1-

51 Note 2-

based on equilibrium cycle

Neutron dose levels above the closure head in the vicinity of the
control rod drive mechanisms may range from 100 mr/hr to < 2 mr/hr.
A'shield system/seismic support will shield areas above -. 100 inches.
The corresponding total neutron flux range is approximately
2-x 104 n/cm2 /sec. to 2 x 102 n/cm2 /sec.

The above total fluxes (Note 1) correspond to a fast neutron flux
< 2 x 102 n/cm2 /sec.

Amend. 51

4.2-400 Sept. 1979



TABLE 4.2-40

GROUPING OF PLANT DUTY CYCLE

EVENTS INTO CRD UMBRELLA TRANSIENTS

9

I .
22.
3.

CRD Transient Desgnt.
Duty Cycle Events
Description

Duty Cycle Events
Umbrel laed

30 Year*
Umbrella
Transient
Freauencv

Initial
State
Point

Final
State
Point

NORMAL EVENTS:

CRD-lN (N-la)
:Dry Heatup and Cooldown

CRD-2N (N-2a)
Startup, Refueling to
Hot Standby

N-la(5) 5 Ambient or
Refuel ing
(Dry)

140 Refueling

Refueling
.(Dry) or
Ambient

Hot StandbyN-2a(140)

CRD-3N (N-2b/U-2F)
Startup, Hot Standby
to 40% Load with
excessive step

N-2b(720),**
N-2a(140)

860 Hot Stand-
by

40% Load

CRD-4N (N-3a)
Shutdown, Hot Standby
to Refueling

CRD-5N (N-3b)
Shutdown, 40% Load
to Hot Standby

CRD-6N
Loading

(N-4a)

N-3a(60), U-lla(18),
U-llb(18), U-llc(9),
U-19a(9), U-19b(9),
U-19c(9), E(7), F(l)

N-3b(210), N-3a(60),
U-15a(50), U-22(9)

N-4a(9300), N-5(750)
Following Startup
(840)

N-4a(9300),N-5(750),
U-15a(50),U-22(9),
Preceeding Shutdown
(312).

N-4b(46,500)

N"6(30 x.106).

140 Hot Stand-
- by

329 40% Load

CRD-7N (N-4a)
Unloading

CRD-8N (N-4b)
Load Fluctuations

•CRD-9N (N-6)S.S. Temperature

51 lFluctuations

10,890 40% Load

10,421 100% Load

46,500 100% Load
or
80% Load

Refueling _.

Hot Standby

100% Load

40% Load

80% Load or
100% Load

100% Load30xlO6 100% Load

I4.2-401 Amend. 51
Sept. 1979



TABLE.4.2-40 (Cont'd.)

1 .
2.
3.

CRD Transient Desgnt.
Duty Cycle Events
Description

Duty Cycle Events
Umbrellaed

30 Year*
Umbrella
Transient
Frequency•

Initial
State
Point

Final
State
Point

CRD-ION (N-7)
S.S. Flow induced

N-Nl7(1ol0)
vibrations

10 10 100% Load 100% Load

UPSET EVENTS:

531 CRD-IU (U-lb)
Reactor Trip from
Full Power with Minimum
Decay Heat

CRD-2U (U-2b)
Uncontrolled Rod
Withdrawal from
full power

U-la(180), U-4baO),
U-3b(15), U-4a(6),U-4b(l 5)., U-5a(.lO) ,

U-6(10), U-8(15),
U-9(15), U-lOa(12),
U-lOb(6), U-lOd(6),
U-lla(18), U-llb(18),
U-llc(9), U-14(24),
U-15b(l0), U-19a(9),
U-19b(9), U-19c(9),
U-20b(5), U-21a(15),
U-23(9)

U-2a(l0), U-2b(l0),
U-3a(6)

U-7a(5),.U-7b(5),
U-13(18), U-20a(5)
U-21b(9)

U-2c(l0), U-2d(l0)

425 100%.Load Hot Standby

Hot Standby26 100% Load

CRD-3U (U-21b)
Inadvertent opening.
of superheater outlet
safety/power relief
valve

CRD-4U (U-2d)
Uncontrolled Rod
withdrawal from
startup

42 40% Load Hot Standby

20 Hot Standby ,Hot Standby

CRD-5U (U-2e)
Plant Loading at
maximum rod withdrawal
rate

CRD-6U (U-18)
Loss of preferred and
,alternate preferred power

U-2e(10) 10 40% Load

30 100% Load

100% Load

Hot StandbyU-5b(5),
U-18(16)

U-12(9),

51

Amend. 53
Jan. 1980

4.2-402



TABLE 4.2-40 (Cont'd.)

2.
3.

CRD Transient Desgnt.
Duty Cycle Events .

Description
Duty Cycle Events

Umbrellaed

30 Year*
Umbrella
Transient
Frequency

Initial
State
Point

Final
State
Point

EMERGENCY EVENTS:

CRD-lE (E-4c)
Rupture between
Superheater Outlet
and Isolation Valve

CRD-2E (E-16)
Three loop natural
circulation

CRD-3E (E-1)
Primary Pump
Mechanical failure

E-2, E-3a, E-3b,
E.-4a, E,4b, E-4c,
E-4d, E-5, E-6, E-8,
E-9a, E-9b, E-9c,
E-lO, E-ll, E-13a,
E-13b, E-14

E-7, E-15, E-16,
E-17, E-18

7 100% Load

7 100% Load

Hot Standby

Hot Standby

Hot StandbyE-l 7 ý 100% Load

FAULTED EVENTS:

CRD-IF (F-2)
DHRS Activation without
SGS cooldown

F-2 1 100% Load Hot Standby

NOTES: * To obtain an event.frequency for a period other than
the 30 year frequency by the number of periods in 30
the next higher integer frequency if the results are

30 years, divide
years and use
not an integer.

** The N-2b frequency of 710 from.OPDD-l0 does not include startups
fora faulted event and the nine U-22 events.

*** Duty cycle events are defined in PSAR Appendix B.51

s q.

Amend. 53
Jan. 1980
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TABLE

COMPARISON OF PRIMARY AND

4.2-41

SECONDARY CONTROL ROD SYSTEMS

SecondaryPrimary

591

Control Assembly (CA)

Control Rod

BnC Enrichments

Control'Rod Guide Geometry

.Control Rod Stroke

Control Rod Driveline (CRD)

CA Coupling

CRDM Connection

CA Disconnect for Refueling

Control Rod Drive Mechanisms
(CRDM)

37 Pin Bundle

92%

Hexagonal

36.0" to 37.8"

Rigid Coupling

CRD Leadscrew to
CRDM Roller Nuts

Manual

31 Pin Bundle

92%

Cylindrical

37.5" Nominal

Flexible Collet
Latch

SCRD Attached to
SCRDM Carriage
with Pneumatic
Activation to
SCRD Latch thru
Slender Rod

Automatic

591

51

Type of Mechanism

Overall Mechanism Stroke

Cover Gas Seal

Scram Function

Scram Release

Scram Assist

Collapsible
Rotor-Roller Nut

37.5 Inches

Bellows

Magnetic, Release

CRDM Roller Nuts

Spring in CRDM

Twin Ball Screw
with Translating
Carriage

67.5 Inches

Bellows

Pneumatic, Release

SCRD Latch in SCA

Hydraulic in SCA

Amend. 59
Dec. 19804.2-404



TABLE 4.2-41 (Continued)

PrImary

Scram Function

I Scram Speed Dependence
on Flow Rate

Scram Assist Length

Increases with
Decreasing Flow
Rate

27 Inches

Increases with
Increasing Flow
Rate

Initial acceleration
for normal scram;
Full stroke If scram
motion were Impeded.

Hydraulic Spring
Damper in SCA

.00.1 Inch (Tension
Rod within SCRD)I

Scram Deceleration

Scram Motion Thru Upper
.Internals

Operational Functions

Independent Shutdown
Capability

Burnup Control

Power and Reactivity Control

Hydraulic Dashpot
in CRD

Full Stroke

Yes

Yes

Yes

Yes

No

No

4

4.2-405 Amend. 76
March 1983



TABLE 4.2-42

SECONDARY CONTROL ASSEMBLY DIMENSIONS

Control Assembly

I Outside Distance Across Flats
Inside Distance Across Flats
Overall Length

4.575 inches
4.335 inches
168.0 Inches

Guide Tube

I 0. D.
I.D.
Clearance Between Guide Tube and Channel
Clearance Between Guide Tube and Piston

4.298 Inches
4.080 Inches
0.0185 inch
0.070 InchI

Control Rod

I
Outside Diameter of Control Rod Duct.
Inside Diameter of Control Rod Duct

Number of Pins
Pin Pitch-to-Diameter Ratio
Pin O.D.
Pin Clad Thickness
Total Pin Length
Plenum Length (Upper/Lower)

Insulator Pellet Length (Upper/Lower)
Active Absorber Length
Pellet Diameter
B-10 Loading (minimum)
Wire Wrap Diameter
Wire Wrap Pitch

3.777 Inches
3.697 inches

31
1.05
0.5526 Inch
0.029 inch
56.792 Inches
8.087 inch/
9.250 inch
0/0.5 Inch
36.0 inches
0.470 inch
4.66 Kg
0.0276 inch
18.38 InchesI

B-10 Enrichment 92%

4.2-406
Amend. 76
March 1983



TABLE 4.2-42a

PRIMARY CONTROL ASSEMBLY DIMENSIONS

Control Assembly

Outside Distance Across Flats
Inside Distance Across Flats
Overall Length

4.575
4.335
168.0

inches
inches
inches

Inner Duct/Outer Duct Clearances (Diametral)

531

51

Upper Wear Pad
Lower Wear Pad
Duct to Duct (Across Flats)

Control Rod

Outside Distance Across Flats Inner Duct'
Inside Distance Across Flats of Inner Duct
Inner Duct Wall Thickness
Number of Pins
Pin Pitch-To-Diameter Ratio
Pin O.D.-
Pin Clad Thickness
Total Pin Length
Plenum Length (Upper/Lower)

Insulator Pellet Length
Active Absorber Length
Pellet Diameter
Pellet Density
B 0 Loading (92% enriched)
Wire Wrap Diameter (Interior/Edge)
Wire Wrap.Pitch
Pin Bundle Clearance (Diametral)

0.120
0.100
0.297

4.038 inches (NOM)
3.950 inches (NOM)
0.044 inches (NOM)
37
1.05
0.602 inch
0.049 inch
78.445 inches
22.700 inches
14.220 inches
0.700 inch
36.0 inches
0.4500-inch
92% Theor.
5.57 KG (NOM)
0.030/0.015 inch
12.75 inches
0.034 inch

).•

inches
inches
inches

99
Amend. 53
Jan. 1980

4.2-407



TABLE 4.2-43

PRIMARY CONTROL ROD SYSTEM LATERAL MISALIGNMENT FORCES

Rod Position
(Inches
Withdrawn)

0

6

10

15

30

37

Minimum radial clearance (C.R. coupling
O.D. to scram arrest flange I.D.)

Increased radial clearance (C.R. shaft
O.D. to scram arrest flange I.D.)

Just prior to dashpot deceleration

Typical position of Row 7 Corner control
rod at start of cycle

End of cycle control rod position

Maximum withdrawal

Drag
Force (I bf,)

291

232

125

131

101

108

53151 Based on lateral misalignments from Figure 4.2-95B.

4.2-408
Amend. 53
Jan. 1980



TABLE 4.2-43a

EFFECT OF WORST CASE MISALIGNMENT ASSUMPTION

59 53 1

Total Lateral
System Misalign- Non-Translating Translating Fixed Forces Predicted
ment According Assembly Mis- Assembly Misalign- Dashpot Cup (lbf.)

Configuration to Fig. 4.2-95B alignment ment Assumed

Analysis of
PCRS in Yes Yes Yes Yes 291
CRBRP

Analysis of
PCRS Tests

Case 1 Yes Yes Yes Yes 300

Case 2 Yes Yes Yes No 102

Case 3 Yes No No No 7.2

Test Results Vali dity of
Tests. PCRAssumption

TeromPCRS Yes As-bui-lt As-built Checked by 10
test. Dash,
pot i's not

______ ______ _____ _____ ______ ______ ______ ____ f fixed._ _ _ _ _ _ _ _ _

51

59

N



TABLE 4.2-44

PCRS CYCLE DEPENDENT WITHDRAWAL POSITIONS
(IN INCHES)

ROW 4 ROW 7

CYCLE MI n Imum

BOC EOC

Expected

BOC EOCBOO & EOC

1

2

3

4

5

36

36

36

36

36

16.0

15.1

12.9

12.5

12.6

20.9

22.4

23.3

21.1

18.9

i8.1

16.2

16.6

15.9

24.2

26.9

27.7

26.9

NOTE: Scram analyses of paragraph 4.2.3.3.1.3 have been based on minimum rod
withdrawals approximately 0.4 Inches greater than this table. The
effects of this difference on scram speeds are negligible compated to
the existing margins relative to requirements.

Amend. 764.2-410 March 1983



51 1
TABLE 4.2-45 DELETED

9
'K)

Amend. 51
Sept. 1979
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TABLE 4.2-46

PRELIMINARY PERFORMANCE PARAMETERS FOR PCA ABSORBER PINS

NOTES: * Not an operating condition-for reference only

PARAMETER Row 4

B-10 Load (BOC Kg)

Withdrawn Position
BOC 3 (inches)
EOC 3 (inches)

5.57

36
36

Row 7 Corner

5.57

20.8
28.4

628* (BOC 3)
375 (BOC 3)

Total Absorber Power
Full Insertion (KW)*
Withdrawn Position (KW)

Coolant Flow (THD)
Total Assembly (lb/hr)
Pin Bundle (lb/hr)

619* (EOC 4)
75 (EOC 4)

47,000
28,670

47,000
28,670

115 (EOC
40 (EOC

Pellet Burnup -20
Peak Pellet - Captures/ccxlO
Avg. for Stack-Captures/

cc x 1O20

Helium Release Fraction
Avg. for Pellet Stack

Pin Pressure and Stress
Pressure (psi)
Hoop Stress (psi)

75 (EOC 4)
13 (EOC 4)

.15 (EOC 4)

268 (EOC 4)
1257 (EOC 4)

3)
3)

.21 (EOC 3)

1037 (EOC 3)
•4860 (EOC 3)

>275 FPDPin Lifetime >275 FPD

511 Based on preliminary analysis of heterogeneous core conditions.

0
Amend. 51
Sept. 1979
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TABLE 4.2-46A

Currently Committed B4 C Tests Supporting CRBRP Control Assembly Design

.Typical Test Parameters
Pellet Pellet B--0 Capture n

Temp. OF Dia. Inch per cc x 1O-HEML Test

BICM-2
(YY06)

BHTE

BOPT-l

BICM-1

(YY02)

BV-2

1800°F

2400°F
,to

3600°F

1450°F
to

195 0 °F

1150°F
16500 F

14000 F
16000F

10500F
16500 F

0.300

0.25
1 to
0.6

0.636
0.617
0.450
0.430

0.300

0.44
0.62

0.362

50-60

20, 30, 50

10, 20, 50,
75

20-80

20, 50, 110

95, 115, 180

Status and Comments

Test complete. Data confirms HEDL design
correlations.

Test in progress, 20 x 1020 captures/cc
data available 10/78.

Test complete. 75 x 1020 captures/cc data
available 10/78.

Test complete. Results used in HEDL design
correlations.

Vented pins, 50 x 1020 capM res/cc data
available 10/78. 110 x lu captures/cc
data available 8/79.

f,

PQ

BRIR Test in progress, 95 &
data available 10/78.
complete 1980.

115 x lo20 captures/cc
180 x 1020 captures/cc

53

45

K-.



TABLE 4.2-47

CRDM DESIGN STRUCTURAL ANALYSIS SUMMARY

Component S

Pressure Boundary Components:

Motor Tube

Position Detector Housing

Nozzle Extension

Al lowabl e
tress or Load

Calculated
Stress or Load

60,000

60,000

25,000

psi

psi

psi

29,540

29,200

21,616

psi

psi

psi

Margin

103%

105%

15.6%

Non-Pressure Boundary Components:

Rotor Assembly Bearings:

Radial Bearing

Synchronizer Bearing 1

Segment Arm Assembly:

Segment Arm Springs 7

Synchronizer Pin

Segment Arm Pivot Pin 1

Out Motion Limiting System:

Out Motion Pawl 12

Out Motion Pivot Pin 8

Rotational Stop Latch 2

Scram Assist Spring 7

Leadscrew 2

CRD Disconnect Fingers 5

7,594 lbs

2,476 1bs

<1,000 lbs

<2,000 lbs

>659%

>524%

5.4%

100%

232%

0,000

1.903

3,541

psi

kipss

1 bs

66,442
.950

4,081

4,875

3,850

4,600

0,000

4,600

3,633

psi

psi

psi

Psi

Psi

psi

56,555

45,219

21,201

65,070

18,806

35,100

psi

ki ps

lbs

psi

psi

psi

psi

psi

psi

121%
85%

16%

7.6%

31%

53%51 59

Amend. 59
4.2-414 Dec. 1980

(next page is 4.2-416)



TABLE 4.2-48

COMPARISON ANALYSIS-HEDL SXPERIMENTS
FOR FFTF CONTROL ASSEMBLY

INCEPTION OF FLOATATION CONDITIONS

Fl ow Rate
(gpm) AP (psi)

THEORETICAL PREDICTION

HEDL EXPERIMENTAL DATA

ERROR

145

140-143

1.5 - 3.6%

10.5

10.1 - 10.2

2.9 - 3.8%

4.2-416
Amend. 51
Sept. 1979



TABLE 4.2-49

SECONDARY CONTROL ASSEMBLY OPERATING PARAMETERS (THDV)

Flow Rates:

F Iow Around Latch Seal :

Control Rod Flow 9,130 Lbs/Hr.

Bypass Flow Around Rod 9.330 Lbs/Hr.

Total Flow Around Latch Seal 18,460 Lbs/Hr.

Flow to Low Pressure Plenum 50.710 Lbs/Hr.

Total Assembly Flow 69, 170 Lbs/Hr.

Hydraul ic Scram-Assist Force 248 Lbs.

Total Heat Generation 57 KW

Peak Linear Power 4.0 KW/Ft.

Average Control Rod Outlet Temperature 8290 F

Average Assembly, Outlet Temperature 854 0 F

Peak Clad Mid-Wall Temperature

Naninal 8580 F

Hot Spot 903OF

Absorber Pin Lifetime *

Average Gas Release Rate In Peak Pin *

Absorber Center Line Temperature

Nan I na I 1692 0 F

Hot Spot 1824 0 F

*Design not currently finalized; this information will be provided
In the FSAR.

9
'I

4.2-417
Amend. 76
March 1983



TABLE 4.2-50

Al FRICTIONAL DATA

Friction Efficients

Breakaway
Temperature

Static Dynamic (°F)

Inconel 718/LC-ICa on 316
Inconel 718/Inconel 71?
LC-IC/LC-IC on 316, ND0

LC-iC/LC-1C on 718, ND

0.54
0.41
0.61
0.73

0.45
0.58
0.34
0.37

0.53
0.73
0. 36
0.42

1000

1000
1000

a. LC-lC'is CR3C2 with 15% NiCr binder, D-gun coated.

b. ND - Non-dimensional finish.

Amend. 51
Sept. 19794.2-418



TABLE 4.2-51

SELF-WELDING TEST RESULTS AFTER 3 AND 6 MONTHS
AT 1050OF IN FLOWING SODIUM

Test

7-54

7-55

7-57

7-51

Material
Combination

Compressive
Contact Loadb
Ib/in (psi)

Test
Per I od
Month

1-718 on
1-718

1-718 on
1-718

Stellite 6
on Stellite 6

Stellite 156
on Stellite 156

24,300
(150,000)

14,200
(16,000)

9,600
(12,000)

31,840
(16,000)

6

6

6

3

Sample
Geometry

Curve on
Flat

Curve on
Curve

Curve on
Curve

Flat on
FI at

Breakaway
Force (Ib)

>0

368c

3168c

1,720c

a. As given In WDTRS #1.27 Revision 5, Table 7.

b. Line contact load based on Hertzian stress given in parentheses. The
Hertz contact stresses In the SCRS latch are approximately 70,000 psi

c. To be evaluated after disassembly of the test chamber before a firm
conclusion of self-welding can be made.

9
~1

0
9

Amend. 76
March 19834.2-419



TABLE 4.2-52

REFERENCES SUPPORTING CRBRP FUEL ROD LOADING
(See Response to Question 241.68)

Exemplary References

Loading FFTF EBR-II U.S. LMFBR Foreign LMFBR
Category Design Irradiation Program Program

1. Fuel-Cladding Differen- 59 62 64, 65 67, 68
tial Expansion

2. Fission Gas Released 59 61, 63 64, 65 67, 68
from Fuel

3. Differential Thermal 59 --- 64 67, 68
& Irradiation Induced
Expansion

4. Support System Inter-
action
A. Fuel Rod-Spacer 59 63 64 67

B. Bundle-Duct 59 63 64 ---

5. Flow-Induced Vibration 59 --- 66 67

6. Accident Loading

A. Fission Gas Ejection 60 --- 65 69
B. Fuel Coolant 60 --- --- 69 k2

Interaction

-~ 112



TABLE 4.2-53

REACTOR INTERNALS IRRADIATION ENVIRONMENT & DESIGN CRITERIA

97

57

0 a

00 (

I-.

C) -. j

57 1 54

Irradiation Environment Design Criteria

CRBRP Sub- Itrod. Th. Mlnlurru Energy(c)
Structural Component Material Roaqe a Maxlmum(b) Average Residual Dependent

Component Lower Upper Total Neutron Total Fluence
Bound Bound Flune Energ Elongation 1-fid(OF) ((°F) (n/c., ) (Mav) (%) (n/ch•)

Core Support Ring SS304 7Q0 950 6.3 x 1021 0.03 10 4.1 x 10222
Former
Structure Support Ring Weld SS308 700 950 6.3 x 1021 0.03 10 9.4 x 1021

Lower Forner Ring SS316 700 900 1.6 x 1022. 0.08 10 3.5 x 1022

Fixed
Radial
Shield Seagment at Core SS316 700 900 3.6 x 1022 O.OB 10 3.6 x1022

iI dp I ane

Lower Retention INC718 700 700 3.6 x 1020 0.04 10 5.0 x 1021
Pin

Lower Ilolddown SS304 700 800 5.4 x 1021 0.06 22
Inlet fling 

10 2.3x

Module Receptacle INC718 700 800 4.1 x 1021 0.05 10 5.0 x-1.0 21

Body/Stem SS308 700 800 2.5 x I019 0.03 10 1.0 x 1022

Weld

Bypass Top Forging SS304 700 800 1.2 x 1021 .0.04 10 3.3 x io22Flpow2
Module Locking Collar INC710 700 800 1.5 x 10 21 0.04 10 5.0 x 10221

Seismic Lug SS308 700 800 5.4 x 1020 0.04 10 1.0 X 1021
We I dI

-S



0
TABLE 4.2-53 (Continued)

REACTOR INTERNALS IRRADIATION ENVIRONMENT & DESIGN CRITERIA

I"

rD,

co

CD)

Irradiation Environment Design Criteria
I rrad. Tenip(c

CRBRP Sub- (a) (b) Minimum Energy(c)
Structural Component Ran e Maximum Average Residual Dependent
Component Material =LwT Upper Total Neutron Total Fluence

Bound Ilrnund fluelIc2 Energy Elonatior nLmii.(°F) ,,~~~~(OF) ,, • n cfm ,, M v)(%(n ,,

Core Core Barrel SS304 700 850 6.0 x 1041 0.12 10 1.3 X 106

Support
Structure Core Barrel SS308 700 850 5.5 x iO0I 0.12 10 5.7 x 1021

Weld

Fuel Trans- Tube SS304 700 800 2.8 x 10'i 0.24 10 1 .2E x 10 T

Storage Assy Dashpot INC718 700 Boo 2.6 x 1020 0.08 10 5.0 1 021

Horizontal Plate SS316 700 1000 1.4 x o0 0.02 10 5.8 x 10"
Baffle 20 22Plate Weld .SS316/16-8-2 700 1000 1.4 x 10 0.02 10 J.-) x 10

Entry Port IlIC71B 700 1000 3.0 x 10 0.03 10 5.0 x 1021

Nozzle

Upper Inst. Post. INC718 750 1200 4.3 X 1020 0.05 10 1.0 x 1021

ISternals Core Inst. SS316 750 1200 4.2 x 1020 0.05 10 1.0 x 1021
Structure

Core Inst. SS316/16-8-2 750 1200 3.4 x 1020 0.04 10 1.0 x 1021
Weld

Coto Thermal Shi ld 21 ,Controld el Shield INC718 900 1200 20 00 j 10 .1.0 x 1021
Driveline 2.9 10 0.03

Crvlie ompression Tube SS304 900 .1200 . . 10 1.0 -X1021

(a) Normal full power condition temperature limits rounded off to nearest
(b) Fluence based.on typical equilibrium cycle average flux (nominal) for

975 MWt and 3-stored fuel assemblies.
(c) Fluence limit based on lower bound energy dependent ductility/fluence

irradiation temperature condition (7000 or 1200 0 F)

500 interval.
22.5 full power years at

trend lines at worst case
54



TABLE 4.2-54

POSTiRRADIATION TENSILE PROPERTIES OF ANNEALED TYPE 3C4 STAINLESS STEEL
PACE I of 6

tz~~t~ I 1AO1A'C04 CON1710h TEST CONDI0T15IONS TEST RESJLTS(&) ____ _________SPCC[,1r 4 '6;•. ' - .-" ' " ---- '--.1 - -' .... T•I C ?, IOR I ! 
, ST 'iM ,IP L AEST (- r o A I Fc 4 ER 1. F10 2dT ) . R A T E* _ _ _ _ _ -t R A I -( T T i1 41":1I0I0 100; 1000 6  

U Su

.... 10, { :~'( (EC me; or OF ,^,,, TIC IFo IC ,oo-o

,om S-?• l.0 # 19.6 1. 3.A ! •.3 : 0.615 900 70 2,1xl0" 39.4 M O loos 0 0 .5O.41 0.618 0.769 m0 ;076

AS-2 16.S -!9.6 1. 0.05 3.8 0.615 900 672 2.71" .50.0 66.5 77.4 0.100 0.161 0.670 to 6080
AS.4 11.0. * 4.,1 .7. 1.5 7.7 0,837 030* 51 2 ?.1A10" 30.4 39.0 67.9 0.Z05 0.273 0.6•1 4 60£10.
A,13 16.6 .11.9 1.5 1.3 6.2 0.771 970 N00 2.7x;0" 46.2 35.3 66.1 M.?22 0.79 0.661 110 ,1 9
k2-4 15.6 * 4.3 1.7 1.6 7.6 0.39 4 973 Boo 2.7?X0.5 26.5 335.9 64.7 10.05 0.204 0.657 So 6082

5-5 17.0 #I 9 17 1.6 2.4 6.7 0.795 9040 900 717? 0.5 21. , 30.1 64.0 0.197 0.204 0.576 10 6151M4
A 1.3 17.0 4 11.9 1.1 1.3 6.1 0.769 960 NO 2.M0. 5 24.6 2 39.3 56.4 0.10 0 0.14 3 0 . 40 6108
-4.. 16.5 0 9.7 .1.6 1.6 7.8 0.043 09.O 1100 .1110. 19.9 36.3 46.5 0.061 0.G0,0 0.224 HO 6117

A!-3 17.5 11.9 1.4 1.3 6.0 0.Z65 900 1500 22.17Io" 13.2 30.1 37.6 0.037 0.054 0.147 HO 6CC4
A".- 16.6 4. .1.1.5 3.68 0.134 1000 1100 2. 7 x10- 15.7 0 7.3 A.9 0.0.0 0.050 0.100 HO 6!163

S " ,,S 16.. 2"9.5 .0.3 1.63 1:4 7.1 0.1100 20Go 1400 3.lxl0 0 " 14.2 1.1 81.6 0.036 0.060 0.153 Ho •1,18
M-3 16.5 -8.9 1.5 21.3 6.3 0.677Z 060 9 50 2. 0 0 96 13.1 13.4 0.023 0.094 0.47 Ho 6071,Z.? ix,., ** 0 , i 64 1 00 , 0,0- 4.0 .,0.034 0.091 0.100 ,,0 6116

0 ,3.3T7 .29.9 * 0.3 2.3 2.9 712. 0.495 820 800 3x20 66 2 69. 83.4 0.013 0505 0.573 ItO 7719
6).4" ?9.9 - 8.9 -3.4 0.7 12.1 0.615 960 870 JxiO" 70.6 86;4. P,9.4 0.01 0.050 0.471 HO 7213Mi .+5.1 3.5 2.9 12,9 I0.65 Uo o o 3xl0- 66 W 6.9 6. 0.013 °.09 01510 Ito0710

4 17.5- I 6.0 -4.7 1.3 1.2 6.0 0.843 950 572 4110" 31.3 75.9 75.69 0.361 0.194 0.57)9 HO 6191

12-4-1 6.0 - 4.7 1.3 l.Z 6.0 / 0.P3 900 932 4110"5 28.7 A . 66.6, -0. 6 0.220 0,460 It 614 0 F4E .
12-2-2 6.0 *17.0 0.93 0.78 3.1 0.108 950 9312 4X10." II 7 60.0 0.3154 0.404 0.513 I40 6129
12-2-1 6.0 / 17.0 0.93 0.78 3.7 0.103 950 930 40 " 0 47.1 61.1 69.8 0.004 0.139 0.512 HO 6147
17.t-7 6.0 { I.S 10.61 0.43 2.8 0.465 850. 1010 4J0. 21 .1 47.0 63.8 0.204 0.-60 0.512 HO 6185
12-I-1 6.0 .27.5 0.61 0.43 1.8 " 0.(6& 800 1110 4x 0. 1a0 37.6 49.3 0.151 0.171 0.3o4 I10 611,S F(P
5.4-2 3.9 - 3.8 1,4 1.2 6.1 0,r44 950 1200 Afl0 5' 1l.2 15.8 33.3 0.163. 0.172 0.319 HO 61C-8 PIA 205•O filli4 . fEP
9-4.1 I 3.9 - 3.0 1,4 1.2 6.1 0.344 975 1203 4X:0. 5 21.3 30.0 39.1 0.0980 0.18 0.2.13 6 67, FEP
9-1-2 3.9 .21.5 0.62 0.43 1.8 0.464 80 1O 00 4Y10 17.3 27.6 31.8 0.174 0.20 0.343 240 6164 I
94.-2 3.9 .17.0 0.94 0.18 3.7 0.10 . 90 0 l 49l' 9.0 12.4 18.1 • 0.076 0.10S 0.165 140 61,•9 PA 2050F/1lR, OP!9.2.1 . 3.9 417.0 0.94 0.18 3.7 0.710 940 13033 4120 9 4 14.5 19,4 0.003 0.143 0.222 80 6:65 FEP

308 164 .9 '446.2 0.894 0.78 .1.7 0.210 840 1300 4 10 94 1.1.5,0 4.2 *46.2 o. 0.47 1.2. 0.2723 4'.3 53.0 72.7 0.214 0.2965 0.'.59 110 2493-51.6 41 4.Z :45.2 1.1 0.47 2.3 0.272 aos n 0 3AIo"5 36.9 53.2 73.9 0.10G 0.143 0.610, I to 1291.6 4, 4.2 45.43.6 1.1 0.61 2.3 0.10 00 3x 40.2 5.7 74.3 0.002 0.170 0.603 W /730
1 ! 0. 1.1 0.61 2.3 0.310 U5 90 31;0.50 34.Z 6.6 69.0 0.149 0.242 0.L3 240 70(4)
1. .-64? 1.1 0.61 2.3 0.340 .5 1000 3plO. 47.2 54.7 61.7 0.100 0.166 0.415 110 7432

4 , . 40.5 1.1 0.61 2.3 0.3:0 1225 11(.0 3y(). 35 .I 4 .6 52.0 0.720 0.046 0.138 I44 7075
1.7-41 4.2. 43S.7 1.3 0.81 3.1 0.350 U07 900 3X.0.5 44.7 01.3 70.7 0.171 0.2;; O.600 14 4.3
r- -' 4.2 .310.9 1.6 1.1 4.2 0.414 845 101.0 3XIO 9 46.6 61.4 65.8 0.077 0,11? .789 110 7434
1 -41.42 1 4.2 #21.4 2.3 1.8 7.8 0.61 5 1010 903 3'iO M 4 66,3 73.4 0.091 0,160 0.455 .c 14-15
1-10.41 4.2 .21.4 2.3 1.8 7.8 0.58 i 1010 1000 3x1O 20 53.0 63.8 66.6 0 .C2 0.0'3 0.224 110 7016
1-20-41 4.Z .21.4 2.3 1.8 7.8 0.M09 1010 1200 3x"0 '0.0 60.1 60.7 '0.003 0.013 0.091 Ho 7071
1-11-41 .4.2 -16.6 ? 8 . 2.3 11.1' 0J21 1C60 110') 3410" ,5 26,0 318 ,! 39.7 0.0810.034 0.156 W 7078
-1.2-41 I 4.2 I 11.9 3.4 2.9 14.3 0.187. 1110 1100 3x 0 0 30.6 44,s 43.7 '0.017 0.032 0.155 HO 7079

1-14-412t 4.2 4 .4.4 3.9 3.5 17.s 0.047 '1140 2233,' JIM10 24.4 34.2 43.8" 0.046 .0.(16S 0.122 40 0

1019 ^.4--? ? 25.4 .53.3 M 0.63 0,30 1.0 0.?08 000 60 2.7ylO •i •6 365.3 71.5 0 10 4 0.1%2 0.692 HO 7731I ( ?" . If.$ . O.71 2.7 0.42s 7 " 80,0 2.7x,025 0 25.3 3.1 75.75 0.110 0.041 0.62! 7to 73JZ
S.9.5T ?c.1 #21.9" 1.6 1.1 7 0;427 770 goo 2. 119' 50.2 71.1 96.7 0.043 0.041 0.5'7 It0 7173

S A16-TT 2M.4 '16.2 2.6 1.1 ' , 0.6s3 750 ' 200 .7:02 0 0 77,8 97.5 98.5 0.03, 0.C36 0,429 240 7734V .... .1.I5T ? 75';4 ' 6,•4- 31 - - 2. - ,. -- 0,736.i. .700 0 Boo . 2 ,t0. 0"3 '1 939 126.3. 126.6 0.00] 0,03 ,.4& HO 71. tA'6.d ? 25.4 - 1.3 3.3 3.0 14.3 0,750 720 . oo 2.1 7 0 90 ,j]28.8 -jj- 0 0.003ý 0.031- -0.47S H•735.. ........
A.'1-9 ZSA .3 3. 3-0-7:550-6 9.2

K.



TABLE 4.2-54 (CONTINUED)

V c I pf3nnf- I rC fý!! A%,W," 11 rn TV Dr I FV CT A I t-11 C4Z C 4ZTrTl

{' . .... "T7, S, CONOI,,!ýv" te TES ... . "S(ý

jco, "S 
-- (. d . (PLASTIC) 1A Ir -

24.94 M.v ) ______ 04_ ______ __
X.2.2•.21 a•'2.- 6 1• .30 .) 460 " • ; ' .8 ,7.9 ,2.9 0.31, 0. 4)0 6.699 S) 7528

.0. "2, 0 1 .4 8!S ,00 5 1O
4 ' 4 2... -36.0 0.3 0 2 0.-0 0.2. 25.2 .4.3 .4 6 0.232 0.3S43 0 .37 Q

-15' ? 23..0 -33.0 0. 0.;99 7!" 3 1 .0 2 2 .4. 57.2 0.60 0.2" o.o 3 624O
91 a 05 .3 3.00 0.0.5 0.0.2 0.722 2 1020)

3 0.4D 0" 2 - 0.8- 0.22.8 06.4 54.5 0.378 0..) 0.6,3 ,1,4 4:• 3 " .7 -3ic:. 2 o10] •b ' 12.2 !4.S ¢4.1 .:5 0. t13 1.12 O .74!• P0 6 .!r,.-i

9',." 2. 4 33.6 -). 0 .2 0.9 oC, O 4" 4 49.3 33.4 0.222 0.320 0.C.41 OC, 0.33

1,r. •.3 24.2 -4.4 0 0.29 6 .0 o.z'0 72' 330 , '3 3'.3 219.2 63.2 0.321 0.378 0.236 hO 53;0

12. 32.9 -27.8 0.52 0.33 1.2 0.3 33'0" 7) P . 50 .0 23!
S10.329 0 .23 6.E112 ;030 4

3 .9 2. 0.1? 0.33 .2 0.323 750 9 C0 33l 3I S 50.0) l.
. 1.5 -27.. 1.3 0.334 104 0 3 06. 4 .3 5o.0 60.5 0.!% 0.2'5 0.'-5 i, 25

..8 .' .8 0 0. 0.6 .3 0.?34 7S 3203 3X:O 27.2 24.4 35.2 0.039 0.012 0. ''6 0 " 5t
2';,' 3 ) '• ,1. .js .4 0.-1 0 a 3.2 2?.3 5).0 0.2j9 . 0.33j i.t33 .8,, ;I

3 .0 0 0. 1.9 0. 3'30.0 E, 3 34.8 19.6 42.4 0..329 0 .L04 0 13 7''3
.10 2..4 4 2.3.- )! 60. 3

13'' - 3.1.9 -23.0 06.).42 1,6 0 35 0 c 3X, 4-.4 5S.5 7 .0 C..41

S'74 -? 3 *.9 - 61.0 0.42 3.3 0.15 7 700 3o:0 2 36.6 54.9 . 0.3 0.24 3.21S 0 302;
2 s. -23.0 0.46 0,4• 0.9 0.451 74 0 0 , 3.34•8 4. 492. 4 1. 0.029 0.5L1 0.847 i . 28.

13ý11 . 4- i. 6 0; . 91 0.72 3.1 0,579 M 0) ,1i' . 16.0 21.7 59.3 0.Z33 0.212 0.3's• !, S,;03
111514.1 23.6 -16 8 . 97 0.,"2 .3. 0.1 5 000 li. ) 5 21.3 23.9 54.2 O.iS4 0.2:! 3.(417 )3 0202.

Z330 A-, I-• 2 7. 0i . 11 0.• 0.3 0.5,5 arl) 7., 44 . lO.$ 19.4 61.2 0.352 0. 1s 0.E47 l0 6-1 I ED

Alis, 27.3 )35.1 0.24 0.15 0.6 0.3)3 B.. 1000 l 15 3 22.4 56.2 0.333 0.438 O.6i3 . " .l':4 ED
A,.4 1 '.3 .2'.9 0.25 1.0 0.452 80 1 2 0 31.2 ? 5.4 0.245 0.3 1 0.60 3' Q ' 6

?. *?4.9 0.1 44Z 2.0 06427 03 Co 3I 322. 527.) -12.7 0 4 2.0 0.64 I ,-0 .10 46.2 60.0 0.157 0.235 0.603 P3 64: 0

1 I 24J14 - 30.0 -, o . 0 ,7 0.32 1.2 0.13Z 725 z03 3. o 26.6 43.3 67.2 0,195 0.247 0.245 0 S.'5
'"124 - 3o.0 -o . M76 0.37 1.2 0.19? 225 22.3 4' 0.1 45,9 64.6 0.157 0.1313 0.64( If ','

!224 1 2.3 -50.0 0.70 0.35 1.1 0. M3 225 aC0 0 3i.7 45.9 64.3 C.177 0 244 0.!to 6 3 ;1'1

n2.4 ) 3:.) -5. 0.710 0.35 1. 0. Oi'3 .00 e 10 4.. 45.6 65.6 0.95 O.202 0. 2 "1 L5

'.4 ' 33.0 -50.0 0.35 0.32 1.2 0.192 725 :010 3.3x 3I 7 " 42.4 53.5 0.!53 0.:';] 0.03o i;'b 51),
21 * 33.0 -0.0 0.?6 0.32 1.2 0.192 75 00 53 3l 42.3 46.2 55.6 0.364 0.240 0.72S . 5,33

7.2 31. -50.0 0.74 0.35 4.- 0. is) 725 * C71 1 42.0 40.4 61.5 0.147 0.231 0.12,J " )37

22'4" 4 3.~3 -•3.0 03 4.4 0. 2. 1 4 40 379 4. 60.5 0.43.3 0.344 0.8 7
0.'' 0. 32. ''0ý4 1 .2 0.215 E5 '. 8 373'5 22:9 35.3 6 s M0 42 i 0 .23 , ., 9 W .,

1 : 2 : 32.7 -50.0 0.62 0." 14.2 0.215 82.. 33X 31035 26.8 33.7 54.5 0. 17 0.226 0.332 hj S'..5
2314 )33 -4.4 1 .5 c"';8 3.4 0.242 745 S .0 32 4725 5i.7 ;14.4 0.22 0.2172 0.6714 Q V535'

?2304 2I 3130 -34.1 0o.c 3.1 0,2 1000 )4 5 1 )7.4 4S.7 50.8 3.112 0.!18 0.l; I('3 .112

'',4 3 3. ,34.1 0.37 2.8 03Y6 5 030 3. 40 1 51.6 67.1 0.!43 0.473 0.,625 110 S121

'',4. 3 3; . , .4 4Il 0.7; 2.8 0 .' 375 O ) '2 3 43.6 65.1 0.13•, 0.43ý0 0.442 0 9 4
? 2 7.1 34.4 . 1.3 O.63 2.9 O ''! l0 8 nom '50. 22.3 0.40 0.2>, 0.622 i (6 332

Q,4. 3 ". -14.4 1.4 -. 4 3.1 0 317 e3 0 142'2 6 62.0 72.1 0.C1) 0.1W/ 0.2711, I.3 q453
'1.2 .i4. 1 0.8 M.4 C 12 0.3 7!.9 0.13 0.1% 0.6^! i,0 9546

I•,,• 53332 '•, c . • .• l•. 34.4 1.2 0.`0 2.9 0 i3 72 3,' 1 0 455 50.3 652.9 0.33j 0.3;! 0.63!25 S1,51.42.7 ..,.9 5. Po, .o .15 .2,3 C. 4 30,1

2"' 4 . 4 .4 3,3 0,74 2.8 0,346 12' I " '' 8 57.99 0.28, .0. 0.07 0.6% 6,9 L .5;'0o£;;(. 2 .9 0 . 1 1 u . 0 5,X 0"2 ý. 5 55.3 'S,! 9 . 6 . :' ,, • ;

3 3 2 '2 0 0 4 4 .6' 
8.3 3 I 5 3 .2 ..8 0 . 3 .42 0 .6 2 2 0 S,3 7 7 )

l'i-'.I , .3'21. , 2.0 4. 4 0.6.j70 4.93 

_5 

• 

64.4 • [ 
o.60. 0 .0 2, ý-) 

;.

I"•2 .) 3 1 * 4 1 :' 3 cl , 2.9 0, 1 875''/ ( i "5 . 6 . . 0
1 0 62, a,14

2.0. 60 .5-, 0.!1, 0. 1 7;2
3•2. 6,., 721. o2.o 0. 9.",2 ".5 •~ z0.•i90 OC

L 1£•3J I .)0 ZO 14 •6 O(' ' 09 310 19 6. 7. .3 .• .S, )O•6

• -.. .
'O..(:



TABLE 4.2-54 (CONTINUED)

POSTIRAD,.ATC, T•NS"LE PROPERTIES OF ANNEALED TYPE 3O1 STAINLESS STEEL a 3ef6

•-31A2,N CO6NTI0NS TEST C032OTOM S TES.TT XSLT_(_)_ _

T f IJ1 cOi.t M97.. RAT[ 0 t .4 IUr*A
't 10 0 (rE .3 Ofi " o0r0 S.3. 'PLASTIC) . 06 O 7

T ' 1i I. If...-
1341 7r. 3?.7 ,?1.0 1. 1. .. 0.43p' 85O 60.0 54.30' 1]0. 0.!97 0."',S• ,I 41.4 53.1 6L.8 0.14 - 0.1,( 0.t5 i'0 5505

(6o..)33.3) ?3.0 a.5 1.3 $. 0•1o .1 0": It,

3?. ? .0 .9 1.3 5.0 . 0805) 45.2 34.2 70. 1 0.140 0.253 0.-634 O q61?
:0'-5..0 9 0.4 HO 15 51

I' 2 I32. .2i.0 1.9 13 5.0 0 .400' 8)5S tt3 I4.7 50.3 01 01. 0.10's 0.E;^, W.O S1.1
1, 45 2. '3. 19 1.3 5. 0.0 7 61 2 09 5. . 0.6-, 0.3-3 I:O 01,,6

4•. 4. 32.7 ,-2).0 1.9 1.3 5.0 0.450 82!62 2 0.0.9 48.4 62.4 0.163 . 6.734 0.66 HS) O ");4o2.224.- .31.3 .23.0 2.0 1.4 5.6 0.429 OSS 1203 320. .1 7 3.6 -. 0.617 0 020 0.278 H0 7726

1367 .5 2 .0 6 '5.2 - .5 0.12 0.G 0.2 0.l.2 70 60 3510 13.8 21.7 65.0 0.445 0.5!6 0.016 20 71.67
:-f. ! :4.4 -7.5 0. 0.01 0.2 0.12 ?O ) " ).. 5.5 0.4.,4 0.52. 0 o -f 3 ,:; 4

,0.65 .2 0.3!3 500 3lu0 b 0 1.5 64.5 0.443 0.519 6.6)4 tO ISOS
.: ,2 . . 21,.0 o.9 C 0. 2.0 o.l4S 820 )C0 3.1 4I o. 70.6 61.0 0.16t, 0.2s0 0oc. ta, 7555

65.T1.74 15.7 .?1.0 0.50 0.3 ..7 3.576 0 - 31 " 42 .0 7 51.9 74.3 0.720 . 0.101 M.54 0 9j
!6 1.34 : 1 4.4 . -1.0 0.91 0.3 5.0 0.500 7S , 0 3 3 0" 38A 50.0 67.5 0.24, 0.337 0.523 1,3 9s'.

35.4- 74? IS.? '21.0 0.05 0.3 1.5.. 0.479 8 H 66 3.120 36 0 9.4 0.250? .2 .622 It0 71216
21. I- • .• . _S7.0 0.42 0.31 1.6 0.5,0 210 600 3x o"2 .3.8 49.6 - 69.0 0.4 .5 0.536 0.506 13 7515

3741-4 13.7 - 2.3 6.64. 0.75 3.8 0.057 95 .?11 S30 I 0.3 33.5 46.6 0.009 0.666 0./21. HO 15R5s35.1030 I ? 2 2.3 0.0? 0.3 3.7 .0. 0 5750" 1.5 26.2 45.0 0.4-5 0.0'52 0.133g It0 1720

113. S7 -5., . '5.5 0.1Z 0.05 0.2 0.174 .. 0 .) '. ?0.? 6.'.5 0.7)2 0.766 0.650 13 4175
3- i 15.7 .5".6 0.17 0.1 0.2 0. 74 70 . 0 '26 j 108 52.9 k.2-S 0.2,13 0.64 t 0 11"s

8- 3 % 5.7 -'7.1 0.20 0.6. 0.3 0. 24 1760 4.C.20 11.3 15,.3 35.6 0.443 0.165 6.244 IZ, 0.7?
!7 4 ,1.4 .4s.2 0.!, 0.10 0.3 0.150 Eli3o 4.90 x7 .5 24.7 61. 0 0. 4 0.4- 0. 0 23 71";5

2 1 S0 5 ."I.? o.sI 0.10 0. .7 4 7ýcC77.3 0.290 07010.q I 900

.4-343 NA .21. 0 0.51 0.1 0.3 0.143 740 900 31:0 )9.5 26.0 62.0 0,311 0C.70 0.691 0 '! .

-.15.2 -2!.0 0.4 0.1 1 0.5 0.530 72 600 4.I0. 16.5 23.0 90.3. 0 0.1 0.214 0.1 , 2 ? 13 617'0I

"64- 1 .-J~ .6 0. . .7. 4.52•0 I 39 16.2 65.5, 0.7'60 0.2)') 0.642 2:3 0:23
6!.32 15.1 -0.1 0.37 0.7 0.6 02, 7i5 1260' 4.3 x'0 9.1 8 3.6 34.0 0.130 2 .1M5 O 80 1517

04-1 1.1 I2 0.31 0.22 0.0 0:367 3 433 4.SIIO I 7.0 35..9 70.1 0.174 [ .0 ;.4 ;',3 '.•.'0 S.7 Z".2 6.3 0. 2 0.0 0.3?7 05 161300 4. :0. 20.3 33 34.1 46.,6 0.16. 0.19 0.2L? l2o I1)1
o. ' '1 < "- 022. 0.3 0.32 H . 3.? 5.3 .70 C.-0 .. ,,9.5 o 3D ,13

2. 11 3 32.8 45.2 0.043 0.200 0.142 063

- 05.7 ., . O.3 1.0 7.3 40 1 6'0 4. 0- 1J.8 ?5•7 6. O.232 0.111 0•.2 0 .l i ll
6;.r, i5.? -- 6 0.17 O.;l O.2 0 .2 !2066 0 -5 12.6 75.8 . 36.4 0.2 0 .2'; r. 0.26'1 0,, ,172

.. i5.1 -29.8 0.42 0.7 0 1.2 .194 710 1203 4.5 ' 33.4 11 43 ,0 76.0 . 0.153 0.102 0.261 !3 W 9 66.
.7S.I .•9.2 0.7i 0.29. 1.2 0.42 1 63o 4.lio 25.5 . 6 ? 3.

1 5. - .2' 0.42 0.79 1.2 0.!95 605 000 0 6 9. 42.0 E-2.9 610 012l0. o 0 .64S li 2
4 5. . .3 0.217 0.1M F. 3 81182

c4-1 15.1 • ,•". 0.29 1 " .2 M.42 705 100 454 37.2 65.9 0.156 0.!13 0.300 IO 8564

64.17 I. S , *9.l 0.42 932'0 '0. 30.1 60.2 0. 2 0. 0.138 0.575 ^0. r!65

315 Iz 3 .9 '1 .0 0.301 0.25 1.0 0.13 U7 70 '1. 0 3I7 .54.1 97.2 0.646 0.233 0.036 O0530 30"' 68
i.3 31 .02 6.3 0.25 1.0 0.35 VS/3 450 34. 34.3 4/.3 5S.7 0 2 . 0.70 I.3 5i3' I I3

. 3,0 '31.0 0.30 0.25 1.0 0S4O3 6O0. ;4.. 63.4 0.173 0,226 3.04 '1 C.: 63."2. 0.45 o.3, 1.3 0.A( 7 4i 36 53.0 74.3 M. 431•0 .3,1 0 , 0 )e4-4 I 3'Io 39 5 15 0.)45 0.2i 6..., 1o ,ro ;0

.•- . - .7 0.2 6.61 3; 0 .212 - 70 70 3!.0 3.4 -14.6 362.0 0.303 .1195 0.27? 4O 6533 3.' -5
14-3 3.9 -1 6.8 0.2Z 0.61 3.0 0.71 0 as W 450 3.10 0 .S 75.6 03l.8 0. . 0.I53 0.715 HO 91-5 3;0. C0

- 3.9 -15.7 0.72 0.63 3.0 0.712 700 70 3. 10 52.0 77.2 6S.9 0.12 0 03.12 0.642 no3 PJI 3':. I0
il -s 3.9 -1.!7 0.22 0.03 1.0 0,712 7700 3600 (1.9 67.5 79.1 0.071 0.133. 0.53 h .Ho 6s? 34,

)4.. -! 0 .C322 0.3 3. 0.12 0, C 36 ,6 6..3 55.7 0,052 0..,!? 0.7."45 0 61 3 3 3=41.ED
0.4-I .9 -7! 0 10 0.02 4.1 0.030 21 L3 31O 5, C1.6 117.4 0.334 0.44. 6.772 HO 5534 E_-__.____

140.. 7566-51.;
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PO.,TR.-•.'ATION "ZLSILE PROPERTIES Or ANNEAUD TYPE 30d STAIM.ESS STEEL
PACE 4 of.. v

[:nil

T!i~o

!I.ANWC930 CONrOONS TEST C0l0IT!0T S H TEST 2[%L%()
sp1c:~5,~

12011111
CA! 33,1

-*-*****--.-****-***-*--**r-*-.-*----------.--------- F V , 3 ? - - -

Q UJ25 7
([" .N. r.

3449
TEX;., TI".

OF

I~'

( .ss(CO•.T.)

N)
CY)

-0 (D0

t.0 L

!4-17
64.18

:4. 3

63-7

460.4

".3

48.4

•4.•

4.2

3.-18
43-14
43-,3
01-9

47 -10

43.31

4.4.,
40.7

6A.4

84.30
33.9

24. 1*

47-1

60-4
2'.2

6!-?

N~-220-3
?2.-4

3.9

3.9
3.4

:1.9

5.;

3.9

6.0

3.9

5.6
3.9

3.0

3.9
5.8

5.9
6.3

23.0
230

[ 2.5
233

23.09
730
23

ý) .9

23.025.9

23.0
23.0
2) I'

- 7.1
-7.1
- 7.!

.04.2

-'(.6

-... 2

-17.91.29.6

-24.6.
o."99

.39.C

.4i.2

3)4.6

102.4

•1 .5
'49.1

-40.1

-22.0

-49.6
-49,6

.22.0
-23.0

.18.7
-13..0

-?'.O
.33,5

.- '

46•.

1

0.9i

0.630.9'3
0.43

0. z0
0.1130.40
0.20
0.53
0.49

0. '3
0.23

0. 20
0.22
0.24
0.26
3. 2i
0. ?a
0.2?
0.20
0.15
0.53
0.20
0.270

0.77
0.77

0.92

2.1
2.5
2.8

1•.
7.5
12.

2.7
2.7
2. 7

2-.7
2.7

4.0
4.0
0.0

0.8S
0.62
0.92
0.23
0.21
0.23

0. 100.)o

0.30

0.37
0.43

0.51
0.'3
0. 3
0.15
0.13
0.1,S

0.434
0.43
0.•O
0.10

0.36
0.36
0.36
0.45
0.60
1.6
2.0
2.0

1.1

2.0
1.1
1.1

2.0
Z.0
2.0
2.0
2.0
2.0

3. 5
3.6

4,1
4.1

0.9
0.90.9
0.3"
0.4

1.21.2
).5
1.8
2.5
2.5
0.s
0.6
0.6

0.7
0.7
0.7
1.8

0.4
0.4

1.4
!.4
1.7
2.1
2.1
6.9
9.3
9.3

4.1
0, 1
4.1
4.1
4.1
9.3
3.3

a. 3
8.3

9.3

!6.7
16.7

0.e 10
0.8 1
0.327
0.3170.32'7
0.327

0.?42
0. 73 ?
0.3094

0.436

0.4070.9)2
0.607
0. 31 9.
0.22 40.724
0.334
0.3'1
0. 34
0.314

0.48?

0. 22
0.24Z

0.242
0.242

0.181
C. 243

0.29.20. 2,32
0.525
0.660

0.663
0.329

0.3219

0.329

0.0•0

0. 5090. ':.30

0. 609
0. 503

0.711,0.7570.707

0.75 7

715
7157365
8411
636
030
836)
820

V2S

835

835
80;

8;5
a75

835
E75

75

22.3
7"0

9560

700

700
70)

70.

730
7c.O
70O700

7?0
72N
723

450
703
IS0

IWO903

90

r30

.9
e. ,0

7 C-3

13:00
9•00

9230
9.33

",.3.

'0Q
3 00'

1t330

1000

1223

450
420
9C0

1330

9•03

3, 105

31.1

2•1O"•

33}'3

310 3

3 '!,1

6 X
30:0

313a.

'110•

) -g"

3,43 5

31 .3

6x]

6.13

6u:

11

73.2

64.2z

34,0

21.3

23.3

27.8
35.6
44.6
33.6
20.5

21.6

2 1.138•.6
22.1

33.330.0
16.3

3! .7

06.0
32.4

L6 .3
.33.3
62.4

3 44.3
:0'.6
39.3

95.0

77.0
00,.9
21.5
13 .6
3 .5
1.003.5

-'3.4

97.6
84.6
78.9
38.9
26.2
33.1
36.3
26.4
24.6
36.4
36.2
34 .9
4 3. 6
54.6
49.6
73.1
25.3
27.4
76.6

20.6
22.3
49.1

465.9
22.1

423.3

45 .3
61.7.5
57.7
36.7
40.0

95.8
79.6

21.1

124.0

66.7
60.4
24.9

6.2

65.3507,3

7.
30~00 -

933

104.9
ts.0
2M,2

63.9
61 .9

G9.5
61.7
7C 6
61.2

24653.4
64 .3

n5.9

61:.3
69.3

64.7

£6.2

55.147.2

70.90,4.3

69.0

£0.560.659.3

30.9

69.4
C3.I

90.0

100-
p03

-1-'

1000
psi

IL t A I I;- r
'PLASTIC} Ifck.-

0.032 o.l0.72 0.1? ! 59
0.033 5.C90, 0.6)4 3.2ý 6536
0.231 D0112 0.211 Ito 693 '
0.343 0.40E 0.6 ,,9 3:0 ;?l33
0.3.5 0.451 0.60s Po 92,4
0.201 0,42 0.716 5 . 9,25

0.? ,4 0. 65 . , 93.
3.204 0. O11;.^- •, hO 2
0.:9? 0.322 0,2, i9 9f,26,
9.23 0.3-1 064 299
0.252 U.29 9M4'
0.123 0.332 0.'4 IrC 9i9t
C.192 0.241. 0.133 3130F 21
0. 1. 0.23M 0.1!6 fz) 9'63

0. 0 .12 'S~ 40
C.224€ 0.23 3 ';'S
2.,37. 0..242 0 '9' ,'3 4t:

2.293 0.143 0. 331 :10 130. 310, 9..32'. .+;l3 C: ;

0.336 . 0.3 i. I- 2 , 2.
0.2033 0..3)3 0.4'0 3., -- '3'

0.!94 0.134 C.3' 3. : 91- 0O.1'2 0.306 0. 6 3.- 3 .;3
-0..95 0.202,• C..43 3,0 3'•,
0.307 0.16 6 !,3 41"8
0.222 0.267 1.439 9W79

0.131 0.213 0,'39 ICI 6E94
0.167 0.?43 0.746 3i 6107

,3 . 1 6 7 0 .21 5 0 .7 3 0 3 .1 £ 53^
0.75 n.112 0.13.2 1.3 65s?

0.063 0.102 0. 5 . I 3l " 6,'0.063) 0.6:33 0.063; 3.. 9.132
-0.A 0.201 0.193 Ito 910

0.026 0.047 0.439 330 53,4
0.013 0.C04 0.1608 641'3
0.30"5 0.029 0.2.7 '- .'Sl
0.003 0.06D1 C. 4! L'3 5
0.0i3 0.077 C,"3 3 6"?C.3 , %ýI o. C t 4 . 451 -. "q05

.03)2 0. 0.7 63 .4,4
0.%2 r.- 23. .' ',

0.,02,!2 0.011 C.!14 i,.

0. N3 0.,003 0.ý'5 13 6462
0.C' 0. 0.023 0 2 3 6 '5

0.0•2 0.30 7 0.2,) 1,3 6•''

0, P- '' 0, I O.3;4 I:)•''

3000, C0
,3340, CD
3200, 68

ED
ED
ED
E0

(0
to

10

to

190
10

[33, .

E D

13.1 32.8 20.3 4,,C4 S'*C~.* ''6
W-%4 7SX-Si,7
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POST! RRADIATION TENSILE PROPERTIES OF ANNEALED TYPE .'3N, STAINLESS.STEEL
PAGE Se e*POST ~A~IA1ION TENSI~E P~OPERTtES OF ANN~A~ED TYPE 3~ STAINLESS.STEEL P.80! Se.' 4

.:MX0!T:109 CN0j1T104S !! TEST CONN' !OS 11 TEST ESUILT$1'1
-~ I',4 "'I 30"7, " '6IC', it Ars

r.y
S/ 1.4 P.p

10 ý10
psi

yp
1000
ps I

C) l (PLAST!C! I P.A I fNT- 0cP"4C,, ')

23.-1
60-I

2,1-Z61.1
2"-4

62-3

LE-1

;f-3
23-l
26-2

2F-3
-Ir

2c;.3

21-3
21.4

61-1
64.-I

A,C;¢ 2m 2,- 2

63r-I

5•-3

63L-4

23.0 80
?3.0 I - 0.0
73•.0 - 0.3z10 8.0
23.0 0
?3.0 0
2).0 0
23.0 0
23.0 0
23.0 0
23.0 0

23.0 -Z1.0
23O *21 .0
2!.0 -21.0
23.0- ,21.0
23.0 '21.0
23.0 ,21.0
23.0 '21.0
23.0 448. 0
23.0 .0.0
23.0 #40.0
23%.0 , (,1.0
2).0 .4j.0
2).0 '-40.

2).0 '48.0
23.0 .)4.0
2.0 '14.0
23.0 N.40
").0 o .2'.0 +74 .0

23.0 -74.0

233. -21.)
23. 3 027.3
,?3.3 .::.
23.3 '36.6
2..3 .52.7

23. 3 , 1 .7

23. 223,3 3 6

2 3.) ,s .

4.0
4.0
4.0
4.0
4.3
4.3
4.3
4.3

.4.)
4,3
4.3
2.5
2.5
2,5
2s
2..5
2.5

0.6:.,1

0.91
0. 1
0.91
0.91
0.9.
0.25
0.35
0.35
0.35
0.is0.35

O.1S

5.1
6.7
8.5
.5

9.7
10.0

8.0
6.1
4.7
3.5

1.4

-0.,02
-0..02

3.5
3.5
3.5
3.5
3.7
3.7
3.7
3.?
2.7
3.7
3.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
0.42
0.47

0.47
0.47
0.47
0.47
0.13
0.1)
0.13
0.13
0.13
0.13
0.13

3. 4
3.4
6.1
7.1
71
0,.3
0.7
8.2
t.7
4.7
3.3
2.1
0.87
0.61
0.43

-0.0O1
-0.cl

*16.2.
16.7
16.7
!5.7
10.2

15.2
!8.2
18.2
. 8.2B0.2

8.4
8.4
8.4
8.48.4

2: 4

1.7
1. 7
1.7
1.2
1.7
1.7
0.4
0.4
0.4
0.4
0.4
0.4
0.4

13.2
13.2
21.8

•33.1

40.4
43.0
43.o

23.4
13.3
0.1
3.0
2.0
1.4

0.757
0.757
0,757
0.757
0.790
0.790
0.190
Cl. 7 1?
0.790
0. 790
0.7903.513
0.553
0.553

0.553
0.553M.53
0.553
0. 241
0.241
0.2414
0.241
0.241

0.241
0.121
0.121
0. :'1
0.121
0.121
0.121
0.121

0.1;9
0.3'8

0. 038
0.0350.613
0.765
0.710
0. 2')0
O.6E.
0.5'3
0.447
0.346
0.203
0.!70
0.14'

720
720

723220
730
730
720
73.0
733
7a)

820
020
820
023
070
820
E120
623

010
670
870
870
870
870
a70
070
020
070
1)0

810

700
700

700
7 0'.
71.3

733
a70

260
075

075

8•010

703
9 :0

1200

700
1300I Mo

7C3
300

I :C0
1700

910

!00500

1700

f10

1200

I I .0

715:0

7100

20

1¢05

790
900

900

51ý0

DCO
710373.0
•00

1310

9.O

930

000
1300

6XIO

6xiO"
WxO"

.5.lo 5
6130"
611C"

6xio'
6730

0 10

6' C

6.50
6; 0 .

Is6x10

6 0

6 A10 .
61io0.

4. 5x 10 5

4.5x•"'
0, -640

4. XI0"

4 .4, 5l

4.53•
4 50G'

4. 51,0
4.•9.O -

' 4.•XO

61.6

13.6

9.2
9.2

80. 6

05.5

61.4
49.4
22.6
15.6
3.369.2.

68.0
.58.?
3'.9
19.2
1110
2.0

35.7

15.1
),3.0
30.7
8.0

17 .8

11.4
14.6
7.0
2.9

66.7
73.1
0.2.0

51.0

01 .0
42.1
66.7

30•.0
26.4•

*20.6
20.3
20.2
20.0

I
19.6
16.8
16.1
15.s

I02.4
105.0
56.0
57.0

.25.6
19.2
5.7

•4.9
61.6
76.6
S3.6
31.4
13.0
5.9

49.340.0
26.2
17.0
16.3
12.7
12.3
27.6
26.4
20.0
22.8
19.4
11.3
5.7

113.1
73.S

112.3
103.0

123.0
1-.7

73.0
77.9
66.0
49.5
40.9
37.8
33.0
32.7

67.1
61.2
38.6
22.5

!09.4
105.4

96'.1
67.0

2S.6
19.2
6.1

37.3

20.5
31..

14.2

74.6
4q.0
30,1
63.5
61.3
35.5
22.4

64.6
64.5s
03.?
43.4
23.9
12.2
6.3

114 :o
73.6

113.8
114.4

. 12 .

40.1!14 :9

53.5
03.68a.1

U6.4

68.2

60.8
51.3

0.405
0.416
0.135
0.011)
0.0)3
0:c33

0.0C•s
0 2)'-

0. r .0
.CtO

0.031
0, 0!3
0.03
0,0?.3
0.03

0.047
0.415
0,o'4

0.360
0.314
0.30 1

0.10s

0.14
0.031
0.039

0.003

0.1390.2321

0.14

Org=

0.49
00'43

0.139
0.032
O.106

0.429
0.4 35
0.051
0. 1 i
0.024
0.021

0. 0960.033

O.cO c
0.03 3( 0,133.

0.6
0.6

0 "0

C.^23

0.407

0.361

0.0116

0. 0?.A

C. 031

o.3cI
0.10
0.c35
0.10.
0.006

0.024
0. cn3
0.030
0. 79

0.131
0.0210
0.800

0.030.

0.177

0.143

0.27 1
-.0.130

0.732
0.726
0.•42

0. 4 1?
0. 33
0.319

0. f16

0.L?)

0.!20
0,617
0.3u0
O.196
0.24I0
0.226

0.315
C. i16
0.6:4

0.533
C.4?1
0.34;
0.784
0.713

0. 16.

0.269
0.131

0.281
0.3 1
0. )(Io

0. 53O.O33
0.1)3
0.234

.0,4310.1A'

0.372

443 6"9'

,,3 6 96HO 6 .7

43 5'.'a
Q 0 6 3

1:0 6£12
44)0 5458

1.0 6L 3

1;3 610.3I
'0 41.2 0
Ho 607,

H)' C'I )"110()

9578

'0 69*,3

3 .3 oC44

W96

ho W.',O)

440 62/

!4') 65'16
443 6 72
336 653

440 ',59

443 9678
440 9;.)0

4,)0 9.579

4,0 9:32

1443 S'-2

.30 95.,66

40 9576

440 9577

PIA 2C50Uo h
PIA 235,*F/IIIR. F[P
P:A 2050'l/34'A. 10?

FOG

FOG

F04'

PIA 20S0'F/ I

FEP
FL,

Ff?

SA)

I... I• L

( m •I .. ,

Ki.N. 7506-51.3
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CO,

(-I- :
i-n

-.0 1

P RSTIRAD.IAT 1ON TENSILE PROPERTIES OF ANi:ELED TYPE 30 STAINLESS STEEL PAGE Go,

CA "1 I 4- ,. - i
ei OF P,~1 A1,119

as_,.a____.2 4. 0.1i0 700 ___0__ >o . eu 11 C.-_ 43.317S-.o..3 S.2 57.5 0.017 0.020 0..73 1{ý SSI5-! ! . *-4 2 . 5 - 3 .6 1 . 6 .4 0 .73 7 0 3 1 41 1 0 6 7 . 3 6 . 1 O ,0 0 3 0 . 0 1 1 0 . 19 2 h 0 S~ l 6
0. *3.. 0.2.9 109.0o 5.06 0.2 0.929 1,0 9i16::.s . 4.9 2.9 10;8 0.323 7c'O C 00 C.04.9 10..0 Ho 94.17
1C.8 -26.0 6.7 4.6 !a.$ 0-53 700 n00 4 1X40 7 11l !12.5 0 0.219
1c. . 9.6 7.1 3;.o 0.47i 200 •0) 4. 8 . ! 1 IF ..1

^ýE 9.s6 12.6 11.0 55.1 0.61? 215 90 l C.0O 14-.0 1" .0 0.249 021a 0.742 lio 6 5
ý.1 . .S 12.5 !!.o 55.1 0.317 716 t 00 4. s"Qfl 6.6 111.6 119.2 6. r2) 0.023 0.2r0 o3 5 0

6.77 0..62

101.0 .7} O.O GC9 Q 6
ý J 7 . 2 . .0 3 •j 0 .ý lll ' 0 .0 , ! x .0 gSý :

.0.8 9.5 12.Z 10.8 13.6 0.016 795 803 4.; '" 66.0 92.8 90 .5 O. 005 0.065 C.;4 I1 9-1! .1
!8j 1 10.8 .!8.0 6.7 ?.1 33.1 0.671 840 00 4• 3 ,. .8 4 96.1 -0. 4 1 0.15 Ir 96133.1 0."7 840 900 .5x 0:.1 Ho •i.i

s Cj 10.8 .03.0 8.7 7.1 33. 0.$ 4 0 .9O 0.0 76.5 82.6 0.005 0.015 018 891* .. 840 I .0 F... -O• O~i

4•I 0 LA-04.1RAi. co o

Sfi'OCLS A;.t OfUslst AS FOLLCYS: . ()CMENT COOES ARE AS F0.LOýS
IS 5TESS AT P^O."CRTI0MAL CLASTIC LIMIT FTP - SPCC,•1E FAILCD AT EXTEN50,8(T(7 PON;S

*cy IS 0.,% OCFSrT 9111O SI;.SS PIA - POSTIRRAD!A TIO. A!.NEAL P 0IR TO IIST
5 IS .I',T7 T E, Ll STRE SS E6 - FLUW CIS S5A•0 04 O'T36!MV PT Y 1.4 [APU RIEMNT

4, IS ELOSATI.x AT xl5im Lc.o 304L- kT(R:AL !S =, 3O41 STAIWLESS SiTEL
Is 1c, E. .LG•.•Il . FOG - SECIM[h FAILED) OUTS;Cr OF CArC LLE.TWX

R 1S 9Z0JCTiEx1 Or A EA

% 750C-51.9



TABLE 4.2-55

POSTIRRADIATIO' TENSILE PROPE.RTIES OF ANNEALED TYPE 3!6 STAINLESS STEEL PACE I of 4

Cv • •,. f -,'.[ :*:1 oI . ,02.... T- 2J,, . T* a

I. I TEST "" IT s 1  
ipSTC

001, ¶2' 5 6-1-• 4. -'.0. 0.0 0 .36 1.6 0.7200 700 1 00 3520" 23.5' 10.3 69.9 0.300 0.0?4 0.692 ,0 7157
|25-2' ? 4.2 -02.0 0.73 0..36 2.6 0.220 703 1P00 3720" 13.7' 17.7 41.1 0.002 0.107 0.09 90•) 7160)(-"2, 4.2 -'5.0 ' 0.O 0.47 0. .2Ž'B 730 I 39 3C0 16.7 23.6 72,6 0.292 0.302 0.657 :3 7126

*-•• .2 .45.0 0.96 0.4? 1,7 0.2Ž078 23 12•,3 'AL0" 12.6 1;.3. 4(0.1 0.C07 0.112 0.2,0 23 7109
12.I . -*,3.6 1.1 0.59 2.? O. 0 64 200 020 3L'0O" 32.5 42.7 70.3 C. 219 0.277 0.(42 HO 7155

''-6).2 4,2 -(.6 1.4 0.7?. 2.9 0.31,4 )0 12O 3(G P).4 27.4 41.4 0.675 0.6.21 0.2:0 PO 71098
-2-I ,2 -. 6 .4 Ol .9 O14 10 790 33!3 43).3 61.2 03).5 O. 13 0.272 0.615 I oO 7067
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H0 , .-
3,0 79 6

) ', 7

1!3 30~

3.0 9,)3
.,9 .9932

119 9::50
.4. 9O!

1P.0 9225

.40 7I78

'.3 7377
N3 7'370

PAOO 3of4

-o CD

a-.

QD cJ1

975 3010 22.8 - 35.4 .475. 0.035< 0.045. 0.171 027179

HE5%7..65.

N



TABLE 4.2-55 (CONTINUED)

POSTIRRADIATION. TENSILE PROPERTIES OFANNEALED TYPE 316 STAINLESS STEEL PAGE 4 of 4

(D~-a(

IIRRATAT!tO, CONDITIONS TEST CONDITIONS TEST RESULTSCA)
AIR! I S PCCI.r MEN X. E t 6CE I•T'• E. - -- T--ST

Sv ^cTr 2-0cMC2TM. TRAIN u~ CU FU, a aIN-IcTr- CCIDPOItLAES T"2n/ RAT 100-6 o 0 A IEZ.ocm E0 >0.Y OF OF SEC-' psi p i •( L ASTIC) I FI CA.t- .

SY) SY•OLS ARE ODEFINEO AS FOLLOWS:

p IS SSTRESS AT PROPORTIO-KAL ELASTIC LIMIT
i |S 0.21 OFFSET YIELD STRESS

og IS ULTI'AE[ T-fNfILE STR16TH"
ej IS FiC',Z.,TIO.1 AT ý'AXItU LOADSe T$ OTAL ELO`,WAI04. '

JIS REDU.CTIOf -F .A A

.(b) CCM IET COCDS: PIA -POVSTIRRAOIATION ANNEAL FRIOR TO TEST

'EOL 706-51.



TABLE .4.2-56

TENSILE PROPERTIES OF IRRADIATED INCONEL 718
(Annealed 17507F/0.5 Hr. - Aged,.1325°F/8 Hr. + 11i50°F/10 Hr.)

Irrad.
Temp.

oc
Fl uence- 1 02 2 n/cm2

Total E>O,.1 MeV

Test
Temp.

oc

(from HEDL-SA 1059)

;- 1Stren
Sec"I° PEL

gth - MPa (Ksi)
0.2% Yield

El onga tion-%
Ul timate Total Unif..

391

404

0.93

0.55

593 0.86
0.86
0.9o
0.98
0.98
.0.86
0..94
0.10.
0. 86

593. 1.78
. 2.44.
2,44
1 .78
2,44

-TT78

649 3.13
3.13
3.13
3.26
3.13
3.34
3.42

:0.80

0.41

0.71
.0.71
0.86
0.85
0.85

-0.71,
0.81

'0.86

0.71

1 .30
1 .96
1..96
1 .30
1 .096
1 .30

.2.65
2.65
2.65

2.77.
2,65
.2.98,

22
232

427
427

538
649

22
232
427
538:

649

22
232
232
427
533
593
593
593
649
.22

232.
427
538
593
649

22
232
427
538
649
649*649

3X107
5

3x10-5

3xl0"
5

3x10-5

3xi10
5

791
803
818
695
803

7,96
859
661
616
622

656
610
616
701
644
587
F;/8

599
554

(114.
(116.
(118.
(100.
(1 16.

(115.
(124.
( 95.
( 89.
( 90.

(

(
(

(

(

95.
88,
89.

101.
93.
85.
93,
86.
80.

7) 1153
4) 1017
7) 1006:
8 942
4) 1009•

4) 1027
6) 1021
9) 897
.4) 884
2) 797

1) 910
5) 814
4) 863
6) 854
4) I 814
2) 769
4) 832.
9) 812
3) 738

1) 914
1) 912
.2) 893
2) 841
5) 877
1 ) 791

3) 996
1 ) 910
2) _946

3) 866
9) 877
2) 850

(167.2)
(147.5)
(145.9)
(136.6.)
(146.3).

(149.0)
(1438.1 ).
(130.1 )
(128.2.)
(115,6)

(132.0)
(118.0)
(125.2)
(123.8)
(-118.0)
(111.5)
(120.7)
01 l7.8)
(107. 1)

1300
1153
I107.
1.121
1118

124 5
1255
1107
1071

879

1305
1160
1203
1136
1036

968
1039

825

1281
1232
1140
1 030
1029
838

1274
.1232
1191

I 945

877
850

(188.5) 10.3
(167.2). 10.5
(160.6). 8.4
(162.6) 8.4
(162.2) I4J

0.7

(180.5) 1.7.2
(182.,0) 17.8
(160.6) 19.3
(155.3) 12.8
(127.5) 6.1

(189.3) 24.5
(163.2) 24.4
(175.2) 21'.7
(164.7) 21.4
(157,.3) 18.1
(140.4) 9.0
(150.7) 7.7
(149.0) 9.4
(1.19.7) 4.4

(135.8) 21,2
(178.7) 20.3
(160.8) 18,1'
(156.7) 14.6
(149,2) 5,5
(121 .6) 2.5

(184.8) 17.0
(178.7) ,20.3
(172.8) G,.16,0

-3,1

(137.1) 1,7
(1.27.2) 0,3
(123.3) 0.1

6.4
6.9
4.0
5.7
2.i

0.7

12.8
14.4
14.3
11 .2
4.7

21 3
22.3
18.9
17.4
17.0
8.1
7.4
8.7.
3.2

19.5
18.7
15.8
13.2

5.0
2.3

12.7
18.7
14-.3

3.1
1.6

0.1

Reduction
of Area-%

27.9
32.8
26.8
26.8
1 1.5
2.5

.35.8
32.8
26.8
17.1
11 .5

38.5
30.3
33.3
27.9
22.1
13.0
1.3.1
9.0.
7.3

29.3
25.2
22.1
17.1
1..6
0.8

28.7
25.2
19.5
4.1
3.2
2.4
0.8

Site
Sequence

HO 4804
4305
4806
4 324
48077

4803
4809
4310
4811

.4861

4818
4319
4822.
4851
4352
4820
43ý0
4023-
4821

4343
43 C'
4915
4857
48338
4840
4044

4842
4339

4914
4913
4912

628 ( 91,
718 (104,
746 (103.
684 ( 99.
658 ( 95,
656 ( 951

712 (103.
718 (104.
634 ( 99,

650 ( 94,
R47 (122.
684 (99.

.(
(
(
(
(

132.5)
132.3)
129.5)
122.0)
127.2)
114.7)

(144,4)
(132.0)
(137,0)

(125. 6)
(127.2)
(123.3)

(

K-.
C.



TABLE 4..2-56 (CONTINUED)

HIGH STRAIN RATE TENSILE PROPERTIES OF IRRADIATED INCONEL .718

Irrad. Test. ParametersTemp. Fluence- 102 2 n/cm2  Temp. " Strength MPa. (Ksi) Elongation-% ReduCtion Site
0 -Sec PEL . .2% Yield Ultirmate. Total . Unif. of Area-% Sequence. 1

395 I 6 0.86 0.71 232 7.4xi10" 3 803 (116.4) lQ14 (147.0) 1170 (169.7.) 72 5.9 26..2 H0O4847
60.8 0.71 427 780 (113.1) 932 (142.5). 1081 (156.8) 5.7 4.4 28.7 43483

0.86 0.71 649 960 (139.3) 982 (142.4-) 1001 (145.2) 3.9 3.2 14.7 4060

3 95 ý.0.36 0.71 232 1.0 -.1042 (151.2) 1135 (164,6) 1253 (181.7) .9.6 5.7 30.9 4) 0"5
0.93 0.80 427 ' 25 (134.1) 1051 P.52.4) 1135 (161 .A c.n 3.6 13.7 490C4
00.86 M.71 649 834 (120.9) .989 (143.4) 1011 (146.7) 4.7 3.8 27.9 49065

593 0.,94 0.8.1 232 7.4x003  66.7 (;96.7) 845 (.122.5) 1164 (1.68,8) 17.0 15'.. 27.9 4849
0.94 0.81 593 622 (90.2): 301 (116.2) 1038 (150.6) 13.2 13.2 22.1 . .4346
0..96 0.83 649 550 (94.3) 823 (119.3) .1044 (151.4) 10.2 10.2 18.7 484 5

ý593 0".93. 0.86 232 1.0 840 (1,21.9) 950 (137.8) 1228 (178.1) 1. 14.1 41.3 4894

0.97 0.84 .538 729 (105.7) 827 (120.0) 1Q74 (155.7) . 13.3 24.6 4397
. 0,98 0.86 1593 791 (114.7) 859 (124.6) 1057 (1.53.3) 18.0 16.2 24.6 4895

0.97 0,34 5169 . 803 (116.4) B51 (123.4) 1037 (150.4) 12.6 12.0 13.9 4395

S593 1.48 0.99 . 232 7,4x103  757 (109.8) 900 (130.5) 1219 (176.8) 16.7 15.5 35.0 4853
2.44 1.96 593 791 (114.7) 904 (131.1.) 1107 (160.6: 12.5 .10.7 23.8 .4356
1.48 0.99 649 672 ( 97.5) 301 (1-16.2) 94 (.144.2) 7.7 7.6 11.5 4359

593. 1I.35, 0.88 ' 232 1 .0. 820 (118.9) 897 (130.1) 1135 (171.9 19.5 1.6,9 39-0 .9 4002,
1I;.48 n99. 593 . 780 (1!..) 027 (1.3) 1011 (115.7, .2 10.6 32.0 4901
-1.25 0.80 649 603 .( 87.4)'ý 729 (105,7) 989 (143.5)1 9.0 19.0 26.8 4903

649 3.34 2.89 232 7.4x10 3  925(134,1) 1.0.87 (157.7) 1239.. (181.0)1.10.9 9.1 22,8 4854
3.34 2.89 649 791 (114,7) 955 (138.5.) 1094 (158.6. 6.4 4.8 13.1 48531

649 .3.34 2.89 232 1.0 989 (143,4) 1108 (160.7) 1274. (1.84.8) 12.5 9.4 28.7 439.3
3.42 2.98 538 847 (122.9) 989 (143.4) 1173 (170.1 11.1 3.1 27.9 4900

3.42 2.98 649 855 (124.0) 1009 (146.3) 1152 (1672 .7 8.0 13.3 4S99

__________________________ - __________ _______________________________ ____________________ "__

I-.

-4-.m

(:from HEDL-SA 1059)



TABLE 4.2-57

IRRADIATED WELD MATERIAL TENSILE PROPERTIES.

(from HEDL-TME 74-25)

trest
Specim.en ident. Condition TeP. _(OF)

Tot. 4t
'(1022 n/cmý)

.rrad.
Th 2,. (°F)

Strength (1000 psi)
PEL YS2 UTS

Ductility PA).U N:.1_ TOT RA

Weld "A" - Transverse, all.-weld, 1/8" dia. qage

~T '1T

T 2
3-li -- pl' 7

l315-.T-- 'XO
.'• l <T. ['l';

(;17 557)

(I10751 0)(:h07575)

(H07 57)
(!'07*77)
(?4077.25)

AW
A W

AWAW

AW

AW

.... ..... 600
700
800
900
600
700
8 00
900

, 1100

.45
.45
.45
.45
2i0
.10
.10
.10
.70

Weld "8" B - Transverse, all-weld, 1/8"

I ;800
£700
£00

O03

700:
,700l

800
1100

. 800

800.
800
7000
700
700
800

1100,

52.8
53.5
48.0
52.8
45.5
35.8

36.6
39.0

, 31.9

'41.2
39.8
40.6
39.8
25.6
28.5
26.8
28.1
19.5

69.6
70.9
166.9

67.2
58.3
56-.8
51 .3

53.9
41.4

77..9
78.0
75.5
70-.8
71.8
71 .3
667.8
l68 .5
52.2

6/.2
3.8

' 4.8
2.9
9.6

10.7
12.8
11.8

13.9

14.4
10.5

11.0
9.7

16.5
16.5
19.2
17.3
5.9

17.0
15.5
19.5
10.7
23.0
19.1
25.2
23.8

8.0

61
* 57

68
74
65

-76
75
64
53

.44
37
36
39
40
35
39
35
23

,-.b

c-Ti

35-SAI-W1!0 (I[07"$17)
.6.-/SA1-7WI/I (0:07560)

'36-SAT,-W19 (1107562)

3G-SA1-W17 (HC7579).
35-SAi-'V:5 (n07574)

01-SAI I-1S , (07,•7,,,)33-SA.-.W22 (h07:3-)

Ale!
AW
AW
AAW
A.W
AAW
AW
AW

600
700
800
900
600
700
.800
900

1100

.45

.45
.45
.45
.10
.10
.10

.70

56.0
55.0
56.4
54.8

.43.1
41.5

//38.1

39.1
30.9

73.2
75.4.78.3"

66.3
73.0
70.5
66.1
67.6
46.8

15.1
14.7
18.1

9.6
19.9
18.7
24.2
22.1
7.1

W lkWeld "C" - Transverse, all-weld, 1/8"' dia. c.ae

3*I -'tl1 6
35-MI --w, 17.
36-141 ,W24
6•- M i -l.,2,4

(H07 56)
(H07 564)
-( H,0TEO-05)

AW
AW
AW

.600
700
800
900

.45 soq

.45 800
.45 800
.45 800

49.6 62.6 76. 1
52.8 65.0 70.2
43.1 59.9 65.6
44.7 59.1 - 77.6. -

11.0
4.6
9.3
7.4

16.6
91.1

13.6
" 13.6

51
52
55
58

'0 (DAW -,as welded

•. -- $2.



S TAB L 2-57 (CONTINUED)

Soccimen Ident.

35-•" "-WI 5
35-Mi -'23
35-M! -WI 3
37-M2-W1 1

(H07506)
( H07 582)
(H07581)
(H07537)

Condition

AW
A 1
AW
AW

Test
Temp. (OF)

600
700
800

I100

Tot. ýt
(1022 n/cm2 )

.10

.10

.10

.70

Irrad.
T~ . F0 )

700
.700
800
1O00

Strength (1000 psi)
P EL_ • YS2 UT S

uctility (%)
UNI TOT .RAi

27..3
32.5
28.5
24.4

42.6
44.9
40.:6
37.3

66.7
68.5
66.7
43.6

21.6
21 .8
22.3
5.9

27.0
27.2
28.2
10.9

60
49
50
35

Weld "D" - Transverse, all-weld, 1/8" dia. oaqe

35-SE' -W1 9
35-SE i-W24
3$-SE1 -W39

30-SEI -',.4035-SEl -WI 7
37-SE2-WI 3

(HO75il1)
(H07566)(437568)
(fl07567)

(H0752-3)
(H07 588)

AN

AWeAW
AN
AN
AN

600
700
300
900
600

1100

.4.5
.45
.45
.45
.10
-70

800
800
800
800
700

1100

39.8
40.6
43.8
38.2
43.0
28.1

62.6
59.1
59.3
58.2
49.8
40.8

80.3
77. 6
77.6
74.8
71.8
52.2

15.0
16.6
14.5
14.2
18.5

6°0

19.0
21.2
18.1
20.4
23.7

9.8

42
58

'46
.52
62
46

S ET- 05
SET-05
'zET-l 9
SET-20

SEL-Ol
SL"-02
SEL-03
SEL-04
SEL-05
SEL-1O
SEL-lI
SEL-12
SEL-i4
Sri _"

S'L-19
S EL-20

(m,1so)
(1.'031 51 )

•(H081 52)
(1"81 53)

(fl08156)
o(IM8157)

(:oo159)
Iu 02,1 6 0

("':0i 60)(1i081673

(ti0367,

Weld "P" - Transverse, all-weld, 1/8" dia. gacie

AW 800 .55 900
AW 1200 .55 900
A, 800S" .23 80o
AN 1200 .23 800

Veld J Longitudinal, 1 /8" dia. naqe

AW
AN
AN
AW11
AW
AN
AU
AW
AW

AN

AN

600
800
900

I000
1200

600
800
900

1000
1200

800
1200

.55
.55
.55
.55
.55
.18
.18

*.18
.18
.18
.23
.23

900
900
£00
900
900
900
900
£00
900
900
100

800

28.0
34.9.
37.3
25.6

43.2
46.5

43.9
30.9
39.4
43.9
39.8
20.7
30.9
34.2

'26.1

59I.1
45.7
48.8
.36.3

£9.2
62.2
61.2
59.4
40.9
53.0
52.7
51.8
35.0
39.0
52.8
38.5

75.2
47,2
70.7
39.4

81.6
76.8
74.6
65.8.
42.9
76.9
72.4
70..9
61.3
41.5
73. 2,,
40.4,

11.810.9
8.5
8.0
1.2

14.4
16.2
14.0
17.5

2.1
15.1
1.5

8.0
1.0

14.1
2.2

9.8
7.6

16.7
9.2

15.2

13.6
11.7
11.7
12.8
17.1
13.9
16.8
20.3
20.1
17.9
18.2

345O
43
46

42
37
50
50
47
5b
48
50
59
43
48
44
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TABLE 4.2-59

CRBRP DESIGN BASIS TRANSIENTS TO BE ENVELOPED IN FUEL

ROD TRANSIENT TESTS

Event
Category

Upset

Upset

Emergency

Faulted

Simul ated
CRBRP
Event Description

U2-b

OBE

E-16

$2/Sec.
Ramp

Faul ted SSE (604 step)

51

Uncontrolled rod withdrawal from 100%
power with delayed manual trip. Opera-
tion at 115% power for 5 minutes. This
is most damaging fuel rod upset overpower
transient.

Operating basis earthquake with 304 step
reactivity insertion.

Three loop natural circulation. Most
damaging undercooling emergency event.

PPS Design Transient

Safe Shutdown Earthquake with 604 step
reactivity insertion. Slightly more
severe than $2/sec ramp. (Umbrellas 604
step (non-seismic) which is emergency
PPS design event.

Amend. 51
Sept. 19794.2-4391

)



TABLE 4.2159A

QUALITY CONFORMANCE INSPECTION CHARACTERISTICS - FUEL ROD AND COMPONENTS

Fuel Rods

General
Fuel Rod Component Placement
Components and Materials
Gas Tagging
Tag Gas Composition
Number of Rods per Tag.

Fuel Rod Dimensions*
Length
Fuel Rod Bow
Concentricity
End Cap Angular Orientation

Fuel Pellet Stack
Pellet Type
Other Conformance
Weight
Length and Pellet Spacing

Before Rod Assembly
After Rod Assembly

Volatiles Content
Gas
Moisture

Oxygen-to-Metal Ratio
Axial Blanket Pellet Stack

Conformance
Weight
Length
.Volatiles Content

Gas
Moisture

Oxygen-to-Metal Ratio
Fuel. Rod Fissile Content
Bonding Gas

Composition
Welding Chamber Helium Purity
Pressure

Fuel Rod Integrity

End Cap-to-Clad Welding
Qualifications
Weld Throat Thickness

Destructive Test
Nondestructive Test

Weld Surface
Internal Weld

Destructive Test
Nondestructive Test

Weld Diameter
Wire Wrapping

End and Weld Location
Overall Length
Orientation
Number of Turns
Tension
Wire-Cladding Gap

End Cap-to-Wire Wrap Welding
Qualification
Wire Weld Strength
Surface Characteristics

Cleanliness
Surface Passivation
Residual Chloride and Fluoride

Components
Fuel Rods

Radioactive Surface Contaminat
Smearable
Fixed

Surface Defects
Surface Roughness
Identification
Workmanship
Assembly Sequence
Tag Gas Weight
Capsule Loading
Gas Release
Lotting
Handling and Storage During Prq
Archive Samples

ion

ocessing

4.2-439a

Amend. 62
Nov. 1981



TABLE 4.2-59A (Continued) 9
Fuel Pellets Axial Blanket Pellets

Plutonium Form and Properties
Isotopic Concentration
Other Characteristics

Uranium Form and Properties
Fuel Pellet Fissile Concentration
Uranium Concentration
Fuel Pellet Plutonium Concentration
Individual and Total Impurities

Lot
Core Zone

Americium Content
Oxygen-to-Metal Ratio

Pellet
Lot Average

Gas Content
Moisture Content

Pellet
Lot Average

Homogeneity - Figure of Merit
Plutonium Concentration Regions
Grain Size, Porosity, Secondary

Phases
Fuel Pellet, Weight Per Unit Length
Fuel Pellet Dimensions.

Length
Diameter
.Dish Diameter
Dish Depth
Perpendicularity

Pellet Weight
Surface Condition

Defects
Appearance
Cleanliness

Process Sequence
Pellet Manufacture
Lotting and Identification
Storage During Processing
Archive Samples .

Uranium Form and Properties
Purity - Minimum Uranium

Individual Impurities
Oxygen-to-Metal Ratio
.Gas Content
Moisture Content
Weight per Unit Length
Diameter and Length
Maximum Radius or Chamfer
Perpendicularity
Surface Condition
Process Sequence
Pellet Manufacture
Lotting and Identification
Storage During Processing
Archive Samples

Tag Gas Capsule

Dimensions
Capsule Materials
Tag.Gas Composition

.Blending Gas
Isotopic Ratios
Xe to Kr Ratio

.Impurities
Tag Gas Capsule
Capsule Integrity
Identification
Cleanliness
Residual Cl and Fl-Components
Surface Roughness
Weld Procedure
Laser Drilling Procedure
EB Weld Thickness
Weld Integrity,
Maximum Diameter
Helium Leak Test
Tag Gas Capsule Filling
Lotting
Archive Samples

4.2-439b

Amend. 62
Nov. 1981



TABLE 4.2

Uranium Dioxide

Maximum Particle Size
Particle Distribution
Surface Area
Isotopic Content
Impurity Levels
Oxygen-to-Metal Ratio
Uranium Content
Sinterability
Analytical Samples
Sampling.
Lotting

Plutonium Dioxide

Sieve Analysis
Particle Distribution
Surface Area
Plutonium Isotopic Concentration
Americium Content
Impurity Levels
Oxygen-to-Plutonium Ratio
Plutonium Content

Packed Materials
After Calcining

Loss on Iqnition
Sinterability
Screening
Blending
Analytical Samples
Sampling
Lotting

-59A (Continued)

Tubing (Cladding)

Chemical Composition
Ingots
Finished Tubing

Cold Work
Tensile Properties
Hardness
Ductility and Soundness
Flaring
Burst Pressure
Grain Size
Inclusion Content
Intergrannular Attack
Carbide Precipitation
Corrosion Resistance
Surface Condition
Surface Roughness

Tube Hollows
Finished Tubing

Surface Marring
Residual Cl and Fl
Passivation
Cleanliness
Ovality
Wall Thickness and Eccentricity
Straightness
Penetrant Examination

Halogens and Sulfur
Tube
Finished Tubing

Ultrasonic Examination
Melting
Tube Making
Heat Treatment
Lotting
Identification

4.2-439c

Amend. 62
Nov. 1981



4

TABLE 4.2-59A (Continued)

Wrap Wire

Chemical Composition
Ingots
Finished Wire

Cold Work
Tensile Properties
Hardness
Ductility
Grain. Size
I nclusions
Intergranular Attack
Carbide Precipitation
Corrosion Resistance
Surface Condition
Surface Roughness
Surface Marring
Residual Cl and Fl
Cleanliness
Dimensions
Heat Treatment
Lotting
Identification

4.2 439d.

Amend. 62
Nov. 1981



TABLE 4.2-59B

QUALITY CONFORMANCE INSPECTION CHARACTERISTICS FOR FUEL ASSEMBLY AND COMPONENTS

Fuel Assembly Duct Tubes

Fuel Assembly Components Chemical Composition
Component Materials Cold Work
Components Mechanical Properties

Fuel.Assembly Hardness
Gas Tag Grain Size
Enrichment/Component Match Inclusions
Fuel Rod Position Intergrannular Attack
Fissile Content Carbide Precipitation

Fuel Rods Corrosion Resistance
Assembly Surface Condition

Americium Content Surface Roughness
Fuel Rods Surface Marring
Assembly Residual Cl and Fl

Dimensions Cleanliness
Lengths Dimensions
Weld Surfaces Wall Thickness
Straightness Penetrant Examination
Alignment Ultrasonic
Twist Melting
Tight Bundle and Duct Tube Gap Tube Making

Fuel Assembly Weight Heat Treatment
Cleanliness Lotting
Residual Cl and Fl Repair and Rework
Surface Texture Archive Sample
Surface Marring Identification
Identification

Fuel Assembly
End Components

Workmanship
Processes
Machining
Welds

Process
Archive Samples

Air Flow Test
Handling and Storage During Processing
Fabrication Records
Packaging

4.2-439e

Amend. 62
Nov. 1981



TABLE 4.2-598 (Continued)

Piston Rings Hard Facing

Chemical Composition
Grain Size
Tensile Properties
Hardness
Surface Requirements

Surface Roughness
Surface Marring
Surface Indications

Dimensions
Outside Diameter
Roundness
Flatness
Hook Free Gap
Width
Thickness
Coating Thickness
Perpendicularity

Cleanliness
Heat Treatment
Coating
Lotting
Identification

Chemical Compositign
Particle Size
Strength
Hardness
Metal lographic
Surface Condition
Surface Roughness
Surface Marring
Cleanliness
Residual Cl and F1
Dimensions
Hard Surface Application
Lotting

Identification
Archive Samples

9

4.2-439f

Amend. 62
Nov. 1981
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TABLE 4.2- 62

National Reference Fuel Steady State Program Activities.Summary

I. Fission Gas

1. Release to gas plenum during low power (<8 kW/ft) operation.

2. Quantities and location of gas retained in fuel.

3. Release to gas plenum during power cycle.

4. Improved gas release models

II. Solid and Volatile Fission Product Migration

5. Cesium migration in long pins.

6. Effect of cesium migration on mechanical strain

7. Confirmation of design fixes

8. Effect of low O/M Fuel (<O/M = 1.95).

9. Tests in FFTF (effect of peaked axial power profile).

III. Fuel Stability and Constituent Migration

10. Evaluation

11. Radial and axial distribution of oxygen.

12. Correlation' of fuel fabrication parameters and fuel column length
changes.

13. Effect of O/M on fuel and oxygen migration.

14. The effect of the axial blanket.

15. Tests in FFTF (effect of peaked axial profile).

IV. Fuel-Cladding Chemical Interactions

16. Effects on cladding mechanical properties.

17. Correlation of temperature and burnup effects, particularly at
burnups >5 a/o.

18. Determination of effect of 02 potential (O/M and fission product
spectrum).

19. Effects of getters.

Amend. 51
.4.2-441 Sept. 1979



TABLE 4.2-62 (CONTINUED)

20. Effects of .all Pu-fissioning in FFTF (EBR-II tests included
enriched uranium).

21. Effect of FFTF axial power Vrofile.

V. Thermal Performance:

22. Evaluation of existing tests on power-to-melt and effect Of
burnup (up to "-8 a/o).

23. Lower-power (< 8 kW/ft) fuel restructuring and radial relocation
data to high burnup (up to ' 8 a/o).

24. Effect of low O/M (<1.96).

25. Power-to-melt verification in FFTF.

VI. Steady-State Performance'

26. Determine steady-state design margin.

27. Provide basis for steady-state lifetime prediction.

28. Provide data to develop breaching criteria:

a. Fission gas pressure

b. Strain data over the irradiation period and at failure

c. Post-test mechanical properties

d. Failure mechanisms.

e. Stress histories

f. Fuel-cladding mechanical interaction.

g. Creep plastic interaction.

h. Effects of swelling gradients.

29. Validate and update design procedures and performance prediction
methods.

30. Validate thermal hydraulic predictions with in-reactor instrumented
tests in FFTF and post-irradiation examination data from EBR-II and
FFTF.

31. Demonstrate proof-of-performance of FFTF and CRBR fuel in FFTF on
a statistical level.

VII. Bundle-Duct Interactions and Spacer Systems

32. Validate design fix for bundle vibration and wear observed
in EBR-II. 20

Amend. 51
4.2-442 Sept. 1979



TABLE 4.2-62 (CONTINUED)

33. Validate predicted duct dimensional changes in EBR-II and FFTF.

34. Improve design criteria for bundle-duct-interaction...

35. Evaluate performance of backup spacer systems.

VIII. Cladding Performance Characterization

..36. Continue to generate data from irradiated fuel pin sections and
subassembly ducts to evaluate swelling and creep correlations.

37. Continue to generate mechanical property data from fuel pin
sections to evaluate fuel adjacency effects and lot-to-lot
vari atioons.

38. Assess Na-cladding interaction models against in-reactor data.

IX. Run-Beyond-Cladding Breach

20

39. Evaluate potential for fuel washout and consequences

40. Determine susceptibility for propagation of a breach to neighboring
,pi ns.

4.2-443
Amend. 51
Sept. 1979 )
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TABLE 4.2-64

DESIGN CONSIDERATIONS FOR SELF-WELDING AND SEIZING OF ROTATING OR MOVING PARTS581

LOCATION PROBLEMiz
Sei zing

DESIGN COMMENT

Core Support
Structure
Module Liner
Holes

Lower Inlet
Modules

Seizing

Stainless base metal with
chrome plate on vertical contact
surfaces.

Module - CSS:
Chrome plated Inconel piston
rings, hardface land, 0.035"
diametral gap (min.)

Module - Core Assy:
Alloy 718 base metal on
vertical contact surfaces.

No seizing expected
temperature is less

No seizing expected
temperature is less

No seizing expected because operating
temperature is less than 8000 F.

because operating
than 8000.

because operating
than 800°F.

58 Fuel Transfer
and Storage
Assembly

Seizing Stainless base metal. No seizing expected. Tolerance large
enough to permit easy removal of CCP.

UIS

Jacking Mechanism Seals

Seizing Elastomers;

Standard vertical low pressure
gland provided (both surfaces).
EPR type material with compati-
ble lubricant (light film).

Piston Rings:

Precipitation Hardened Stainless
Steel

No seizing expected because of low
temperature operation (150'F). AI
tests indicate.negligible wear and
seizi ng.

No seizing expected because of low.
temperature operation (400 0F).
Movement seizing not expected with
.this design concept which employs
a scraper ring.

58

Seizing

25



TABLE 4.2-64 ,_*nued)

DESIGN

S1
LOCATION PROBLEM COMMENT

IVTM

A.

Port Plug

Plug Seizing/
Self-Welding

B. Seal s Sei zing

I

UIS Shroud Tubes

A. Slip Fit Seizing/
Connec- Self-Welding
tion

IVTM Port Plug - UIS:
Stainless base metal
Haynes 273 hardcoat.

Elastomers:
Standard vertical low pressure
gland provided (both surfaces).
EPR type material with compatible
lubricant (light film).

Alloy 718 Upper Shroud Tube
Telescopes over Alloy 718 Lower
Shroud Tube.

All parts in sodium are Alloy 718.
Hardcoat surfaces.

Stainless base metal with Haynes
273 hard surface key in Alloy 718
keyway.
Stainless base metal.

Alloy 718 Instrument Posts react.
core assemblies.

No self-welding or seizing expected
because of hardcoated surfaces.

No seizing expected because of low
temperature operation (150'F).

Noseizinq or self-weldinq is
expected due to material combi-
nation. ýRelative motion occurs
during reactor refueling at 4 0 0eF.

Material combinations selected
to prevent seizing and self-welding.

Material combination selected to
prevent seizing and self-welding.

Low temperature tests indicate no
seizing.,

Contact only ff hydraulic balance
is lost. Contact forces low.

B. Shroud/
D'ive-
line
Assy.

UIS Keys/CFS
Keyway

Seizing/
Sel f-lelding

Seizing/
Sel f4el d i ng

<CD C

Thermocouple Seizing
Installation in
Drywells

Backup Holdown Seizing
for core Assemblies58



TABLE 4.2-64 (Continued)

DESIGNLOCATION PROBLEM COMMENT

ýCore Restraint
System and"
Removablle.
Radial Shie.h di
Core AssembliE

Seizing/
Self-Welding

ý:ng
!SI

Seizing/
Self-Welding

Discriminator Post:
Stainless base metal. Piston
rings with hardface land, 0.010"
radial gap.

Load Pads:
Stainless base metal. Chrome
Carbide Hardcoat.

Contact surfaces between the plug
and its support are Haynes 273.

No self-welding or seizing expected
because of low temperature (800 0 F) and
removal speed is low.

No self-welding or seizing expected due
to material combinations.

No self-welding or seizing expected
because of low contact loads. Removal
of plug occurs only at refueling
temperature (400 0 F)-

58

Horizontal
Baffle Access
P ort Plugs

Seizing/
Wel ding

A.0

CO u)



TABLE 4.2-65

CRBRP FUEL ASSEMBLY DEVELOPMENT PLANNING

AREA OF
TECHNICAL TECHNICAL INFORMATION REQUIRED

UNCERTAINTY AND CATEGORY REQUIRED EXPERIMENT OR ANALYSIS STATUS UTILIZATION OF RESULTS:

I. Cladding
Integrity
During Steady
State Operation

Cladding Material Properties:

A. Irradiation Creep

B. Irradiation Swelling

C. Cumulative Damage
Characteristics

D. Yield Stress

E. Creep-Rupture
Characteristics

Integral Rod Testing in EBR-II
(Run to Cladding Breach)

Cladding Wastage

Fuel Rod Cladding Breach
Criteria and Cladding Steady
State Performance Code

D
DS

DS

DS

DS

DS

DV

DS

DS

NICE Tests P-1 through P-9 to
1.4xi0 

3

NICE Tests P-1 through P-9 to
2.4IC0 3

NICE Tests P-l through P-9 to

NICE Tests P-1 through P-9 to

2.4x10
2 3

Microstructural Effects and
Swelling

Assemblies X-221, X-222, and
X-261 in EBR-I to l.1x10 23

Assemblies X-221, X-222, and
X-261 in EBR-II to l.lxl0 23

Assemblies X-221, X-222, and
X-261 in EBR-II to l.lx10 23
t

NUMEC D, E
PNL 5A, 5B, 10 11
HEDL P-12A, 13, 14, 14A, 23A,
23B, 23C,
WSA 3, 8
F9C, F9F, FlIA

See Item 4

Development of FURFAN

Comparison of FURFAN with
Experiments

Ongoing

Ongoing

Ongoing

Ongoing

Ongoing

Ongoing

Ongoing

Ongoing

Complete

Ongoing

Ongoing

Perf. Pred. for
Tech. Release

FSAR Submittal

Perf. Pred. for
Tech. Release

FSAR'Submittal

FSAR Submittal

Perf. Pred. for
Tech. Release

Perf. Pred. for
Tech. Release

Perf. Pred. for
Tech. Release

FSAR Submittal

Final Design Review

Perf. Pred. for
Tech. Release

(D



TABLE 4.2-65 (Continued)
ASSEMBLY DEVELOPMENT PLANNINGCRBRP FUEL

AREA OF
TECHNICAL TECHNICAL INFORMATION REQUIRED

UNCERTAINTY AND CATEGORY . REQUIRED EXPERIMENT OR ANALYSIS STATUS . UTILIZATION OF RESULTS

Cladding Transient Behavior

Run Beyond Cladding Breach

Fuel-Cladding Interactions

Flow Induced Rod Vibrations

Irradiation Creep and Swelling

Cumulative Damage Function and
Creep-Rupture Evaluations

Evaluation of Integral Rod Tests

Development of FURFAN Code

Performance of CRBRP Fuel Assembly.

Fission Gas Release

Fuel Swelling

Fuel Densification

RGN

DS

DS

DS

DS

DV

DS

DS

DS

DS

DV

See Item3

See Item 2

See Item 2

See Item 7

Analyze Data and Issue Topical

Analyze Data

Analyze Data and.Issue Topical

Update Code to Incorporate Most
Recent Data

Cladding Steady State Analysis
with FURFAN

EBR-II Experiments P-12, P-20
Fl, P-23, and others with
various burnups, powers, and
fuel composition

EBR-II Experiments (See Integral
Rod Tests Under Item 1)

Topical Report Summarizing Previous
Experience

Ongoing

Ongoing

Ongoing

Complete

Ongoing

Complete

Ongoing

Ongoing

Complete

Ongoing

Complete

2. Fuel
Behavior During
Steady State and
Transient Operation

FSAR Submittal

Perf. Pred. for
Tech. Release

FSAR Submittal

Final Design Review

Perf. Pred. for
Tech. Release

Final Design Review

Perf. Pred for
Tech. Release

FSAR Submittal

Final. Design Review

FSAR Submittal

PSAR Response.51

(



TABLE 4.2-65 (Continued)

CRBRP FUEL ASSEMBLY DEVELOPMENT PLANNING

AREA OF
TECHNICAL TECHNICAL INFORMATION REQUIRED

UNCERTAINTY AND CATEGORY REQUIRED EXPERIMENT OR ANALYSIS STATUS . UTILIZATION OF RESULTS
4t + 4

Effect of Axial Blanket on

Fuel Performance

Fission Product Migration

Fuel-Cladding Interactions
(Steady State)

Pu-U Segregation at High Burnup

Development of LIFE (Steady
State and Transient Fuel
Performance Code)

Fuel-Sodium Behavior During
RBCB

Fuel-CladdingBehavior and
Interactions During Transients

Verify Fission Gas Release
Model

Verify Fuel Swelling Model

Assessment of CRBRP RBCB
Capabilities

Assessment of CRBRP Fuel Performance

DS

DS

DS

DS

DS

RGN

DS

DS

DS

RGN

DS

EBR-II Experiments (See Integral
Rod Tests Under Item 1).

Update Code to Incorporate

Experimental Data

P-23A, P-23B, P-23C, P-13, P-14

See Transient Rod Tests in Item 3

Analyze Data and Issue Topical

Analyze Data and Issue Topical

Analyze Data and Issue Topical

Fuel Rod Analysis with LIFE Code

Ongoing

Ongoing

Ongoing

Ongoing

Ongoing

Complete
Ongoing

FSAR Submittal

FSAR Submittal

Perf. Pred. for Tech.
Release

Perf. Pred. for
Tech. Release

FSAR Submittal

Final Design Review

FSAR Submittal5ý
51
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TABLE 4.2-65 (Continued)

ASSEMBLY DEVELOPMENT PLANNINGCRBRP FUEL

AREA OF 1
TECHNICAL TECHNICAL INFORMATION REQUIRED I UTILIZATIONUNCERTAINTY AND CATEGORY REQUIRED EXPERIMENT OR ANALYSIS STATUS UI OF RESULTS

3. Cladding
Integrity During
Transient Operation

(I

Cladding Material Properties
at Transient Temperatures and
Strain Rates:

A. Creep Rupture

Characteristics

B. Cumulative DamageCharacteristics

Transient Rod Tests

Transient Performance of Failed
Rods

Fuel-Cladding Interactions .'

Transient Cladding Performance
Code

Evaluation of Transient Rod
Tests

High Temperature CDF and
Creep-Rupture Evaluations

DS

DS

DV

RGN

DS

DS

DV

DS

RCD Program Task A

RCD Program Task A

HOP, HUT, and HUC Tests
in TREAT Reactor including PTO
and FCTT Testing

HOP, HUT, and HUC Tests of Failed
.Rods in TREAT

See Transient Rod Tests (Above)

Develop Transient version of
FURFAN

Comparison of FURFAN with
In-pile and Out-of-Pile
Experiments

Analyze Data and Issue Topical

Analyze Data and. Issue Topical

In Planning

In Planning

Ongoing

In Planning

Ongoing

Ongoing

Ongoing

Ongoing

FSAR Submittal

FSAR Submittal

Perf. Pred for
Tech.. Release

FSAR Submittal

FSAR Submittal

FSAR Submittal

4 C.



TAB1.E 4.2-65 (Continued)

CRBRP FUEL ASSEMBLY DEVELOPMENT PLANNING

AREA OF
TECHNICAL TECHNICAL 'INFORMATION REQUIRED

UNCERTAINTY AND CATEGORY REQUIRED EXPERIMENT OR ANALYSIS STATUS UTILIZATION OF RESULTSI,,, '__.. ...... ____'_... ._

4. Internal/
External Cladding
Degradation

High Strain Rate Creep-Rupture
Evaluation

Assessment of Transient
Performance of the CRBRP
Cladding

Fretting Wear

Sodium Corrosion

Fuel-Cladding Chemical Attack

Carbon and Nitrogen Depletion

DS

DS

DS

DS

DS

DS

Analyze Data and Issue Topical

Cladding Analyses with Transient
Version of FURFAN

Wire Wrap-Cladding Wear Test

Evaluation of EBR-II Experiment
Results with a Similar Rod
Bundle Porosity

Flow and Vibration Test. In Water

Evaluation of EBR-II Experiments
with Similar Cladding Temperatures

Evaluation of Out-of-Pile Data
obtained with CRBRP Loop and
Mass. Transfer Characteristics

Evaluation of EBR-II Experiments
with Similar Pellet Compositions
Burnups, and Power Histories

Evaluation of EBR-II Experiments
with Similar Cladding Compositions,
Power Ratings, and Temperatures
but with a Variety of Lifetimes

Ongoing

Complete
Ongoing

Complete

Ongoing

Ongoing

Ongoing

Ongoing

Ongoing

Ongoing

FSAR Submittal

Final Design Review
FSAR Submittal

Final Design Review

FSAR Submittal

Long Term Test
Evaluation

FSAR Submittal

FSAR Submittal

FSAR.Submittal

FSAR Submittal



TABLE 4.2-65 (Continued)

CRBRP FUEL ASSEMBLY DEVELOPMENT PLANNING

r 7
ARLA UOF

TECHNICAL
UNCERTAINTY

TECHNICAL INFORMATION REQUIRED
AND CATEGORY Pr•nlTocn c'V•DU'.- n•, Tutv

______. ___ .,A U LAr rEl"I UIM hRM'LTI313 SIAIUS UTILIZATION OF RESULTSIt u1

5. Wire Wrap
integrity

6. Fuel Assembly
Thermal Behavior

Development of a Cladding
Wastage Model

Development of a Carbon/
Nitrogen Depletion Model

Wire Material Properties

Wire External Degradation

Wire Wrap Performance Code

Performance of CRBRP. Fuel
Assembly Wire Wrap

Power-to-Melt

Hot Channel Uncertainty
Factors•

DS

DS

DS

DS

DS

DS

DV

DS

Analyze Data and Issue Topical

Analyze Data and Issue Topical

Use Cladding Material Properties
(See Item 1).

Use Sodium Corrosion and Fretting
Wear From Cladding (See Item 4)

Development of WRAPUP Code

Comparison of WRAPUP Predictions
with Experimental Data

Wire Wrap Analysis of CRBRP Fuel
Rods with WRAPUP

Correlate Code Predictions with
P-19/P-20 Results

Gather Experimental Data for
Other Lifetimes Than BOL

Update Steady State and Transient
Hot Channel Factors.and Plant
Conditions Uncertainties

Ongoing

Ongoing

Complete

Ongoing

Complete

Complete

Ongoing

FSAR Submittal

FSAR Submittal

Final Design Review
•FSAR Submittal

Final Design Review

Final Design.Review

Perf. pred.for
Tech. Release

531

.51
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0
TABLE 4.2-65 (Continued)

CRBRP FUEL ASSEMBLY DEVELOPMENT PLANNING

AREA OF
TECHN I CAL

UNCERTAINTY
TECHNICAL INFORMATION REQUIRED

AND CATEGORY

Assembly Temperature Distri-
but ion

0•1

Rod Temperature Profile

Assemblies Orlficlng

Materials Properties and
Behavior

REQUIRED EXPERIMENT OR ANALYSIS

DS Develop Rigorous Steady-State
and Transient Subchannel
Analysis Codes (COBRA IV)

Experimental Characterization pf
Flow In Wire Wrap Bundles

Large Rod Bundle Heat Transfer
Test

DS Develop Method of Calculations
3D Rod Temp. Profile (FATHOM-
360 Codes)

DS Develop Criteria & Methodology
for Orificing Core Assemblies
(OCTOPUS and CATFISH Codes)

DS Characterize Thermal Property.
of Materials

Perform Irradiation Tests

Analytical Modeling of Fuel
Behavior (Fuel Rod Performance
Code Development)

DS Whole Core Thermal Hydraulic
Transient Analysis Code Devel-
opment and Verification

EBR-11 and FFTF Natural Circula-
tion Testing

Complete Input to T&H Design I

Ongoing

Complete

Perf. Pred. for
Tech. Release

Input to T&H Design

Complete FSAR Submittal.

Complete Input to T&H Design

Complete Input to T&H Design

Input to T&H Design

I
I

STATUS UTILIZAT.ION OF RESULTS

Reactor Operation

Input to T&H Design

Core Natural Circulation
Capability Verification

Code
Development
Complete

Verif. On-
going

Final Design
FSAR Submittal

-r D
c-0 rD

EBR- II
Complete

FFTF-FOTA
Complete

FFTF-BOTA
Complete

Final Design

Final Design

FSAR Submittal



TABLE 4.2-65 (Continued)

CRBRP FUEL ASSEMBLY DEVELOPMENT PLANNING

AREA OF
TECHNICAL TECHNICAL INFORMATION REQUIRED

UNCERTAINTY AND CATEGORY ,REQUIRED EXPERIMENT OR ANALYSIS . STATUS UTILIZATION OF RESULTS
1.-I 4-

7. Assembly
Hydraulic
Behavior

3-D Duct Temperature Profile

Rod T&H Performance Code

Fuel Assembly and Rod T&H
Design and Performance

Pressure Drops Through The
Following Components:

A. Inlet Nozzle

B. Shield.

C. Rod Bundle

D. Outlet Nozzle

Data for Sizing the Orifice
Plate Holes

Flow Induced Rod Vibrations

Leakage Flow Rates Past the
Piston Rings

DS

DS

DS

DV

DV

DV

DV

DS

DS

DV

Develop Analytical Code (TRITON)
to Calculate Duct Temps. in
CRBR Core Including Interassembly
Heat Transfer

Continue Development of Analytical
Code for Fuel Rod T&H Design and
Performance Under Steady State
and Transient Conditions

Perform T&H Design and Perfor-
mance Evaluation of Fuel
Assemblies

F/A Inlet Nozzle Test in Water

F/A Inlet Nozzle Test in Water

F/A Flow and Vibration Test in
Water

F/A Outlet Nozzle Test in Water

F/A Inlet Nozzle Test in Water

F/A Flow and Vibration Test in
Water

F/A Inlet NozzleTest in Water

Ongoing

Ongoing

Complete

Complete

Complete

Complete

Complete

Ongoing

Complete.

Complete

Final Design Review

Input to T&H Design

Final. Design Review

Final Design Review

Final. Design Review

Long Term Test
Evaluation

Final Design

Final Design
Verification

Long Term Test
Evaluation

Final Design Review
Long Term Test
Evaluation



0

AREA OF
TECHNICAL

UNCERTAINTY

8. Rod Bundle
Duct Interaction

TA

CRBRP FUEL

TECHNICAL INFORMATION REQUIRED
AND CATEGORY

Flow Distribution. in Rod Bundle
During Transients and Low Flow
Rates

Absence of Cavitation

Flow Induced Assembly
Vibrations

Core Exit Instrumentation
Uncertainties

Size Orifice Plate Holes

Component 6P Evaluation

Evaluation of Flow Induced
Rod Vibrations

Rod Bowing

.Duct Bowing

Duct Dilation due to Irradia-
tion Effects

Rod-to-Rod Forces Caused by
Bundle-Duct Differential
Growth

BLE 4.2-65 (Continued)

ASSEMBLY DEVELOPMENT PLANNING

REQUIRED EXPERIMENT OR ANALYSIS

DV Natural Circulation Sodium Heat
Transfer Test

C0BRA Loss of Flow Event
Transient Capability

F/A Inlet Nozzle Test In Water

F/A Flow and Vibration Test In
Water

DV Fuel Assembly Cavitation Tests

DS F/A Outlet Nozzle Test In Water

DS Assembly Outlet Nozzle Instru-
mentation Test

DS Analyze Data

DV Analyze Data and Issue Topical

DS Analyze Data and Issue Topical

DS Analyses of Rod Bow with Cladding
Properties at Goal Exposure (See
Item 1)

DS Analyses of Duct Bowing with Duct
Properties at Goal Exposure
(See Item 9)

DS Analyses of Duct Dilation

DS Rod Bundle Compaction Test

Analyses of Rod Bundle-Duct
I nteraction Forces

STATUS

Complete

Complete

Complete

Complete

Ongoing

Complete

Ongoing

Ongoing

Ongoing

Complete

Ongoing

OngoIng

Complete

Complete

OngoIng

UTILIZATION OF RESULTS

Transient Analysis

Transient Analysis

Transient Analysis

Transient Analysis

Final Design Veri-
fication

Final Design Review

Perf. Pred. for
Tech. Release

Perf. Pred. for
Tech. Release

Final Design Review

Long Term Test
Evaluation

Perf. Pred. for
Tech. Release

Perf. Pred. for

Tech. Release

Final Design Review

Final Design Review

Perf. Pred. for
Tech. Release



TABLE 4.2-65 (Continued)

CRBRP FUEL ASSEMBLY DEVELOPMENT PLANNING

AREA OF .TECHNICAL TECHNICAL INFORMATION REQUIRED
UNCERTAINTY 4 AND CATEGORY REQUIRED EXPERIMENT OR ANALYSIS STATUS UTILIZATION OF RESULTS

9. Duct
Integrity

10. Load
Following

Duct Material Properties:

Irradiation Creep

Irradiation Swelling

Cumulative Damage
Characteristics

Fracture Toughness

Creep-Rupture
Characteristics

Load Pad Strength Duct
Bending Stiffness

Evaluation of Duct Material
Properties

Steady State Duct Loading

Duct Loading During Seismic
Events

Effect of Irradiation on Duct
Loading and Property Change

Stress Relaxation in Irra-
diated Material

Cladding Ratchetting

DS

DS

DS

DS

DS

DS

DS

DV

DV

DS

DS

RGN

RCD Program Task B (See Item 1)

RCD Program Tasks B and C
(See Item 1)

Assemblies X-195, X-229, X-230,
X-231, and X-240 in EBR-II
RCD Program Task A

Assemblies X-195, X-229, X-230

Core Assembly Load Pad Strength
and Duct Bending Stiffness Test

Analyze Data and Issue Topical

Core Restraint Analyses National
Core Restraint Program

Seismic Core Restraint Analyses

EBR-II Duct Crushing Test

Slit Tube Tests on Irradiated
Fuel Rods
Task B of RCD Program

TBD National Program on Steady
State. Reference Fuel Irradiation

Ongoing

Ongoing

Ongoing

Complete

Ongoing

Ongoing

Complete

Complete

Perf. Pred. for
Tech. Release

Perf. Pred. for
Tech. Release

Perf. Pred. for
Tech. Release

Perf. Pred. for
Tech. Release

Long Term Test
Evaluation

Final Design Review

Final Design Review

In Plannin!

DS - Design Support
DV - Design Verification

RGN '- Go-No-Go Evaluation of Requirements51
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331 PRELIMINARY CLADDING FATIGUE ESTIMATE
Table 4.2-66

Transient ni Ni ni/Ni

Scram and Restart

Trip from Full Power*

Reactivity Insertion*+

7 (with FCMI)
13 (w/o FCMI)

14 (with FCMI)
26 (w/o FCMI)

5,000 (with FCMI)
200,000 (w/o FCMI)

5,000 (with FCMI)
200,000 (w/o FCMI)

.0014

.000065

.0028

.00013

5 >106

TOTAL 4.4xi0 3

* Scram and restart included with each transient

+ No transient FCMI included

NOTE: This table based on preliminary first core duty cycle.

ni= number of applied cycles (in that strain range)

Ni= allowable number of cycles (in that strain range)33

Amend. 51
Sept. 19794.2-458



TABLE 4.2-67

DESIGN PARAMETERS FOR 61 PIN TESTS

BEGINNING

ul
SUBASSEMBLY

PNL-9,10,11
NUMEC-E,F

WIREWRAP
DIAMETER

in.

0.040

WIREWRAP
PITCH

in.

12

INITIAL
POROSITY

(mils/ring)

6.5

DESIGN FLOW
VELOSITY

(fps)

10-24

BOL
POWER

(kw/ft)

5-13

OF TEST
BULK

COOLANT
TEMP
(OF)

940

DUCT
MATERIAL

304 SS AN

P-13

P-14

P-14A

0.042

0.042

0.0427

6

12

12

3

3

15

15

13-14

13-14

7-8

984

984

10101.5 8

Ui

316 20%CW

316 20%CW

316 20%CW

K.



0
TABLE 4.2-68

REACTOR INTERVALS THERMAL STRIPI NG POTENTIALS AND STRIPING FACTORS

MAX. POTENTIAL
FLUID AT

NORMALIZED STRIPING MAXIMXUM
SOURCE FACTOR TEST BASIS FLUID AT

MAXIM4UM BASIS FOR.METAL AT ACCEPTABILITY
COMPONENT LOCATION

UIS

Ln

Instrumentation
Post

Lower Shroud
Tube

Upper Shroud
Tube

Lower Support

Plate Liner

Skirt Liner

Skirt Ring
Horizontal
LIner

Chimney Inlet

Chimney Outlet'

IVTM Port Plug
Liner

IVTM Port Plug
Lower end

IVTM Port Plug
Above 1-718

Seismic Keys

Liner

Shear Web

Upper Support

MATERIAL

1-718

1-718

1-718

1-718

1-718.

11-718

1-718

1-718

1-718

1-718

316SS

316SS
1-718

316SS

31655

291 'F

343 0 F

345 0F

170°F

3430 F

3430 F

251

343

343

251

251

251

251
251

251

343

1:F/A toB/A
1 above

F/A to C/A

.79

.58

1

7-Assembly

7-Assembly

7-Assembly

230

199

345

Shroud Tube- I
Outlet Plenum

1 above

Analysis 170

41 7-Assembly 142 Method 11

222 Method 12
- Method 11

270 Method 14

- Method 51

1 above

.2: Radial
Blanket Avg.
to Perlpherlal
F/A

1 above

2 above

2 above

2 above

2 above

2 above
2 above

2 above

1 above

.41

.62

.45

.27

.49

IRFM

IRFM

IRFM

IRFM

I RFM

142

156

155

93

123

123

60

58
68

115

51

- Method

- Method

- Method

- Method

- Method

51
Ii

11

51

Ii

.49 IRFM

.24 IRFM

Method 11

Method #I

.23

.27

.46

IRFMIRFM

IRFM 88

.Method
Method

Method

1351

'3

.15 IRFM Method 11

€0.
on

on



TABLE 4.2-68 (Continued)

COMPONENT LOCATION MATER IAL
MAX. POTENTIAL

FLUID AT
NORMALIZED STRIPING MAXIMUM MAXIM4UM BASIS FOR

SOURCE FACTOR TEST BASIS FLUID AT METAL AT ACCEPTABILITY

Upper Support - 31655
Plate

Core Liners
Former
Structure

Horizontal Plate
Baffle

FI&SA Nozzle

1-718

343

326

145

300

I above

F/A to Core
Interstitial
Flow

Leakage to
Outlet Plenum
FI&SA to
Outlet Plenum

.15 IRFM

.61

.48

.83

IRFM & In-
terstitial
Flow Test

IRFM

I RFM

200

70

248

- Method 11

- Method #1

- Method It

192 Method #2

316SS

1-718

Method #1 - Most conservative, all cycles are umbrellaed under the maximum fluid AT, and this fluid AT Is compared to the
allowable metalAT.

Method 12 - All cycles are umbrellaed under the maximum metal surface AT,-and this metal AT Is compared-to the allowable metal
AT.

Method #3 - The striping data peaks which are above the endurance strength AT are umbrellaed under Increments ofaT ranges, and
the fatigue damage for these Increments are determined and projected for the reactor life. This fatique damage Is
added to the creep-fatigue for other transients, then compared to'thedamnage envelope.

Method #4 - A detailed finite element analysis (time history) of the component for Its striping environment is performed.

*Evaluatlon in Process

0



TABLE 4.2-69

ALLOWABLE STRIPING METAL TEMPERATURE RANGE
FOR 304 AND 316 SS INCLUDING

MEAN STRAIN EFFECTS (< 1100°F).

mean
In/ in)

no mean
-0002
-00045
-0009
-00165
-0025

(inYin)

.0014

.0013

.0012

.0011

.0010

.0009

Allowable
Surface Temp.

Range ( 0 F)

84
78
72
66
60
54

Allowable Striping Metal Temperature Range for
304 and 316 SS Including Mean Strain Effects
(< 11000F).

4.2-459c
Amend. 68
May 1982
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0
-.4 101

8

6

4

I-
C-,

-J

0

2

i00
8

6
-P,
N)

ORIGINALLY FIT FROM DFR DATA

0

00

FLUENCE IRRAD TE$T"
Y (E>O.I teV) TEMP TEMP

SYMBOL SOURCE (N/0"2 ) (OF) (OF)

0 3 DFR 2.60 x I0 2 2  1022 1022

".EBR-TT 2.00'x 1022 1020 1200

EBR-TT 0.21 x 1022 950 1200
- EBR-TI 0.74 x 1022 1050 1200
0 EBR-Il 0.90 x 1022 1320- 11400

1250

I I i I

2

I0-1
I01 2 4 6 8 102 2 4 6 8 103

TIME TO RUPTURE (hours)

2 4 6 8 I04

C/)

-c D

I-0

viO Figure 4.2-1. Creep-Rupture Data for 20% C.W. 316 Stainless Steel Tubes (Biaxial Data)
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Figure 4.2-1B Effect Of Degradation On Damage Accumulation
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FRACTIONAL VOLUME CHANGE = V= (0.01) R [kt + Ln l+exp [a(T)
Voa + exp (aT) J

Ot = NEUTRON FLUENCE IN UNITS OF 102 2 n/cm 2 (E - 0.1 MeV)

R(T) = EXP (0.0419 + 1.498 A + 0.122 A2 - 0.332 A3 - 0.441 A4 )

WHERE A = (T - 500)/100 AND T IS THE TEMPERATURE IN °C

a = 2.0

T (NOMINAL) = 7.0

TLOw= 5.0

THIGH = 9.0

UPPER BOUND: 130% OF PREDICTED R(T) VALUE

LOWER BOUND: 70% OF PREDICTED R(T)MVALUE

Figure 4.2-3 Design Basis Stress Free Swelling Equation for 20""
C.W. Type 316 Stainless Steel

1764-1

Amend. 51
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A) RATE EQUATION FORM

1) / Aq 0e -t/ tr + OB(Ot, T)
rtr

2) B(Ot, T) = F(T) • G(Wt) + B0

3) F(T) 7.2 x io2S exp (-16,00 /RT)

1 + 2 x 1019 exp (-80,000/RT),

4) G(Ot) = [1 - e-kt/c]

,B) INTEGRATED FORM (CONSTANT STRESS)

5) J/5 = A (1 - e -kt/Ttr) + OtB (Ot, T)

6) B (0t, T) = F(T) G'(1t) + Bo

•-2c
7) G'(t 00 (1 -- [G(¢t)])D

WHERE j, U = EFFECTIVE STRAIN AND STRESS (c IS FRACTIONAL AND o HAS UNITS OF PSI)

= EFFECTIVE STRAIN RATE (SEC"1 )

= NEUTRON FLUX, n/cm2 SEC (E > 0.1 MeV)

ot = NEUTRON FLUENCE, n/cm2 (E > 0.1 MeV)

Bo = 3 x 10.30 psi"1 n- 1 cm 2

2c= 0.9 r (SEE FIGURE 4.2-3 FOR 7 VALUES)

A = 8.4 x 10.9 psi1 and Ttr = 0.043 x 1022 n/cm 2 (TORSIONAL OR
COMPLEX
MULTI AXIAL)

A = 2.6 x 10 .8 psi"1 and

Atr = 0.05 x 1022 n/cm 2 (UNIAXIAL TENSION)A = 0 and t

Ttr = - (PRESSURIZED
T = oK undefined CLOSED END

TUBE)

R = 1.987

CONFIDENCE LIMITS

±20% FOR I1ý <1%

±20%x I%Z-I FOR 1%< I 1 <4%

±80% FOR VIj >4%

Figure 4.2-4 Design Basis Stress Enhanced Swelling and Irradiation Creel) for 20'

C.W. Type 316 Stainless Steel

1764-2
Amend. 51
Sept. 19794.2-465



C) STRESS EFFECT ON SWELLING

AV AV~
V. (-) l+ PaHYOI1

WHERE AV/V SWELLING RATE

(AV]Vo)o= STRESS-FREE SWELLING RATE

oiHYD HYDROSTATIC COMPONENT OF STRESS, PSI

P= 2 ± 2 x 10.5 psi"1

Figure 4.2-4 (cont.) Design Basis Stress Enhanced Swelling and Irradiation Creep for

20'/ C.W. Type 316 Stainless Steel

1764-3

Amend. 51

Sept. 19794.2-466
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Figure 4.2-7. Oxygen Potentials for (U, Pu) 0 2±x as a Function of Metal Valence and Temperature
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IDENTIFICATION NOTCHES

GRAPPLE GROOVE

-TOP LOAD PAD

OUTLET -

NOZZLE

DUCT -

ABOVE-CORE
LOAD PAD

INLET NOZZLE -

INLET SLOTS

217 FUEL
RODS PER ASSEMBLY

I
FUEL ROD ATTACHMENT

SHIELD BLOCK

ORIFICE PLATES

PISTON RINGS

DISCRIMINATION POST

Figure 4.2-11 Fuel Assembly Schematic
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S.,UPPEFi INTERNAL STRUCTURE

A

OUTLET NOZZLE

FUEL ASSEMBLY

CORE INTERSTITIAL
REGION

INLET MODULE

2UPPER BORE I
LENGTH GREATER THRU

LOWER BORE LENGTH
GREATER THRU "A"

ANNULUS OF UNBALANCED
HYDRAULIC PRESSURE RESULTS
IN NET UPWARD FORCE IN THIS
REGION

Figure 4.2-1 IA. Fuel Assembly Holddown System
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Figure 4.2-12. Fuel Rod Assembly
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