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1.0 INTRODUCTION

The Clinch River Breeder Reactor Plant {CRBRP) core is comprised of Con*rsl
(C/A), Fuel (F/A), Blanket (B/A), and Removable Radial Shield (RRS/A)
assemblies arranged in a hexagonal pattern within the core barrel. The
core assemblies are exposed to nuclear irradiation at elevated temperature
in direct contact with liquid sodium and are subjected to mechanical and
thermal loads. Owing to the severiiy of the environment and lcadings over
the replacement schedules planned for the C/A, F/A, B/A, and RRS/A,

it is important that attendant structural damage does not impair the
intended function of the core components in the overall CRBRP system.

1.1 Purpose

The purpose of this report is to present a structural evaluation of the
CRBRP F/A in support of the Final Design Review so as to assure that
structural damage does not impair intended F/A function in the CRBRP
system in accordance with the requirements of the Equipment Specification
for the First Core Fuel Assembly [1].

1.2 Scope

The scope of the Structural 2valuation is applicavle to all F/A in the

CRBRP core and all F/A components, excluding the fuel rods. The scope

of F/A structural evaluation was reduced by evaluating only worst case

F/A locations. Further, only worst case F/A regions were evaluated, which
included the shield block, Core Mid-Plane (CMP) hex duct, Above Core Load
Plane (ACLP) hex duct, Top Load Plane (TLP) outlet nozzle, attachment
assembly, and orifice plate. Other F/A locations and component regions were
bracketed within the worst case approach.

1.3 Applicability

Prior F/A structural evaluations in support of Preliminary Design Reviews
were applicable to the homogeneous CRBRP core arrangement and respective
thermal and nuclear performance. The F/A structural evaluation presented
in this report is based on June 1977 thermal and nuclear performance of the
CRBRP Heterogeneous core over the first and second cyclies of 173 and 200
full power-days respectively, for a total of 328 full-power days.
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1.4 Summary
The F/A structural evaluation was performed in accordance with the criteria
identified in the First Core Fuel Assembly Equipment Specification [1] which
assure L... he intended function of the F/A in the CRBRP core is not
impaired over the first and second reactor cycles comprising a total

of 328 full power days. The F/A criteria protect against the crack
initiation failure modes of local ductile rupture and combined creep-
fatigue damage. In addition, the excessive deformation failure modes of
peak plus a- umulated and residual deformation are protected against by the
F/A criteria. The F/A structural evaluation based on the June 1977 loads
and currently available materials data showed that the F/A design com-
prising the shield block, TLP outlet nozzle, CMP and ACLP nex ducts,
attachment assembly, and orifice plate are not expected to erperience crack
initiation and excessive deformation failure over the first and second
reactor cycles. A summary of the margins of safety for the F/A regions
structurally evaluated is presented in Table 1.0-1.

TABLE 1.0-1
F/A MARGIN OF SAFETY SUMMARY

F/A - Margin of Safety* ik
Pegion { Crack Initiation Excessive Deformation |
z Local | Combined | Peak plus Residual |
; Ductile | Creep- . Accumulated |
| f Rupture Fatigue Damage ! .
| i
Shield |
Block 2.80 61.62 4.75 2.13 |
Lo |
Hex Duct 12.76 191.3 37.4 | ©0
| ACLP 1
Hex Duct 10,48 891.68 4.65 . 1.58
rﬁP— |
| Outlet 0.37 0.29 3.0 ' 1.86
i Nozzle ‘ |
i A -
| Attachment 82.33 | ss.925 | wm | o
| Assembly § i > R
i F3 | 11 -
Orifice I
| 4.03 291,584 : 0.43 1.52 .
| Plate TR Wi | | |
*Margin of Safety = Allowable Value .
Calculated value

o=




2.0 DESCRIPTION AND APPROACH

The heterogeneous rore plan places F/A adjacent to C/A, B/A, or other F,.
A total of 156 F/A, 15 C/A, 208 B/A, 306 RRS/A and 6 assemblies which can
be either F'A or B/A are provided. The full 360° plan view arrangement is
subdivided into 60° sectors designated by A, B, C, D, E, and F. The

core map for Sector A including the individual assembly designation scheme
is presented in Figure 2.0-1.

The F/A structural evaluation presented in this report addresses the
shield block, CMP and ACLP hex ducts, TLP outlet nozzle, attachment
assembly and orifice plate. The F/A design at all locations in the
core is identical in terms of materials of construction, dimensions, and
tolerances. The F/A design layout is presented in Figure 2.0-2.

The F/A structural evaluation approach adopted for the shield block, CMP
and ACLP hex ducts, TLP outlet nozzle, attachment assembly, and orifice
plate was tc construct analytical models for the respective F/A regions

in relation to prominent design features and loading conditions which
would provide worst case structural damage. The ANSYS Computer Program [2]
was used extensively in the analytical approach adopted for the F/A
structural evaluation. In the following, the F/A regions selected for
structural evaluation are described in terms of prominent design features
and worst case loadings from which the ANSYS analytical models were
formulated.




Figure 2.0-1

CRBRP CORE ARRANGEMENT
Sector A Designation Scheme
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2.1 Shield Block

vhe F/A shield block, located between the hex duct and inlet nozzle,
functions to limit the irradiation of the core support plate. The shield
block is a near solid SA-316-SS hexagonal bar with nominal flat-to-flat
dimensions of 4.695 in. x 12 in. long. In order to permit sodium to pass
from the inlet nozzle through the F/A, the shield block is provided with
a pactern of 7 flow holes, nominally 0.75 in. diameter, comprising a
centrel hole and 6 symmetrically spaced holes on a nominal 2.750 in. dia-
meter circle. The shield biock region is identified adjacent *o

Section E-12 in the F/A design layout presented in Figure 2.0-2.

The shield block region represents the worst case location . r structural
damage for the F/A inlet hardware. Thermal loads caused by steady state
and inlet sodium transients control structural damage as mechanical core
re.craint and seismic loads are relatively insignificant throughout the
inlet nozzie region. The thermal loads cause tne worst damage in the
shield block because the inlet sodium transients in the flow hole passages
are restrained by the relatively thick-walleu s..ield block body. Other
prominent F/A inlet locations include the nozzle, nozzle to shield block
weld, and hex duct to shiel’' Llock weld. However. the latter locations
are relatively thin-walled with welds on exterior races exposed to the
stagnant sodium interstice and not to the inlet sodium transients. As
such, the structural damége caused by thermal loads in the F/A inlet hard-
ware would be worst case in the shield block, or alternately the structural
damages of the F/A inlet noz:le, and nozzle and hex duct to shield block
welds is considered to be conservatively bounded by the structural damage
of the shield biock.

2.2 CMP Hex Duct

The F/A CMP hex duct is the region of the hex duct body at the core mid-
plane. The CMP hex duct is constructed from 20%-CW-316 SS with nominal
outside dimensions of 4.575 in. flat to flat x 0.120 in. wall thickness.
The CMP hex duct construction is identical to the hex duct body above and
below the ACLP as depicted in Section E-16 of the F/A design layout
presented in Figure 2.0-2.



The CMP hex duct region represents the worst case location for structural
damage in the F/A hex duct body above and below the ACLP. The CMP region
is exposed to the worst case fluence levels over the life of the F/A. As
such, the available ductility of the F/A hex duct material which can be
safely exhausted during thermal and mechanical loadings in damage evalua-
tions is a worst case minimum at the CMP.

2.3 ACLP Hex Duct

The F/A ACLP hex duct is the thickened region of the hex duct body at the
above core load plane which functions to transfer inter-duct loads between
adjacent assemblies to the ACLP core former. The ACLP hex duct is con-
structed from 20%-CW-216-SS with nominal outside dimensions of 4.745 in.
flat to flat x 0.205 in. wall thickness over a 4 in. axial extent. Minimum
ACLP wall thickness is 0.190 in. The ACLP hex duct construction as de-
picted by Section E-14 of *he F/A design layout is presented in Figure 2.0-2

The ACLP hex duct region represents the worst case location for structural
damage of the F/A under lateral mechanical core restraint and seismic inter-
duct loadings as a hollow thin walled construction is required to accommodate
the fuel rod bundle. Other F/A location: which transfer lateral mechanical
loads are the inlet and TLP outlet nozzles, however, these locations are not
critical as relatively thick walled corstruction is permitted. The failure
mode of interest at the ACLP hex duct is duct crushing initiated by insta-
bility or rupture related *o the ductility at fluence and temperature.

2.4 TLP Qutlet Nozzle

The F/A TLP outlet nozzle, located at the top of the F/A, functions to channel
the sodium coolant into the outlet plenum while providing 1ateral support

of adjacent assemblies in transfering lateral mechanical core restraint and
seismic loads to the TLP core former. The TLP outlet nozzle is constructed
from SA-316-SS with nominal outside hex dimensions of 4.745 in. flat to

flat. The outside nozzle surface at one end is provided with a shoulder to
accommodate the hex duct weld while the other end is formed to permit

handling during installation and removal. The inside nozzle surface is

-Je




generally circular with the exception of a fluted region which prevents

fuel rod and bundle damage in the event that a RB/A is inadvertantly inserted
in an occupied F/A position. The TLP outlet nozzle region is identified

in Section E-16 of the F/A design layout presented in Figure 2.0-2.

The TLP outlet nc-zle region constitutes the worst case location for
structural damage in the F/A outlet nozzle hardware. Thermal loads caused
by steady state and outlet sodium transients control structural damage.
Mechanical core restraint and seismic loads are not significant in con-
tributing to structural damage as the outlet nozzle is of relatively thick
walled construction. Thermal loads are significant because the thick walled
nozzle construction restrains the expansion of the inside nozzle surfaces
under outlet sodium transients. The other prominent TLP outlet nozzle
iocation ‘s the nozzle to hex duct weld. However, the weld is located on
the extericr surface exposed to stagnant sodium interstice temperatures

and not to outlet sodium transients. As such, the structural damage caused
by thermal loads in the F/A outlet hardware is wourst case in the outlet
nozzle, or alternately the structural damage of the hex duct to outlet
nozzle wel! is considered to be conservatively bounded by the structural
damage or the F/A TLP outlet nozzle.

2.5 Attachment Assembly

The F/A attachment assembly, located adjacent to the hex duct to shield
block weld, functions to support the bottom of the fuel rod assembly in
bcth vertical and horizontal directions. The attachment assemb!, comprises,
in combination, a pair of U-Shaped SA-316-SS support bars welded at their
free ends to recesses formed in the supporting shield block, a total of

17 thin SA-316-SS attachment rails supported in lateral grooves cut in

each of the support bars, and a pair of Inconel 78 locking bars which,
when inserted into mating holes formed in the support bars secure the fuel
rod assembly by the attachment rails to the shield block. The attachment
assembly with prominent design features is identified adjacent to and
including Section E-12 in the F/A desiyn layout illustrated in Figure 2.0-1.



The attachment assembly represents the worst case F/A location for
localized structural damage as the grooves machined in the support bars
to accommodate the many attachment rails inherently act as stress risers.
In addition, welds are provided to secure the base of the support bar .
legs to the top of the shield block. The latter are of interest as the

welds have reduced ductility relative to the parert material. Mechanical

loads acting on the support bars include deadweight and vertical OBE and

SSE seismic while thermal loads comprise expansion differences caused by

the response lag of the shield block relative to the support bars during

inlet sodium transients.

2.6 Orifice Plate

The F/A orifice plate assembly, situated betveen the inlet nozzle and

shield block, functions to passively throttle the inlet sodium fiow. The
orifice plate is comprised of a set of 5A-316-SS perforated circular plates,
nominally 1/4 in. thick, and spacers identified adjacent to and including
Section F-4 in the F/A design layout illustrated in Figure 2.0-2.

The orifice assembly as comprised of thin perforated plates represents the
worst case F/A location for structural damage under steady state and
transient pressures induced by inlet sodium flow. In addition, thermal
loads caused by the thermal lag of adjacent shield block response in
relation to exhausting the diametral clearances in relation to radial
constraints at the orifice plate periphe:_ r.quire investigation.




3.0 CRITERIA

In order to assure that CRBRP functional requirements are not impaired by
structural damage during the first and second reactor cycles, the
F/A Equipment Specification 1] includes both elastic and inelastic

structural criteria from which the F/A design can be evaluated in relation
to acceptability.

Fundamental in both F/A elastic and inelastic structural criteria is the
use of excessive deformation as the measure of structural damage from which
Judgements on the impairment of F/A functional requirements and design
acceptability are made. Two measures of excessive deformation are con-
sidered. The first are the peak plus accumulated deformations that occur
between BOL and EOL which are related to operational F/A functional require-
ments. The second are the EOL residual deformations related to the
dimensional tolerances specified on the design drawinas which were con-
sidered necessary for BOL F/A functional requirements. For the F/A elastic
criteria, limits on excessive peak plus accumulated and residual deformation
which assure F/A Functional requirements are not explicitly specified.

The structural criteria based on elastic analyses protect against gross
deformation, tensile instability, stress rupture, excessive strain

(greater than 1%) and ratchetting by limiting the values of primary and
secondary stresses either to elastic domain or to a fraction of ultimate
strength or rupture strength. These criteria, in general, are highly
conservative and preclude the need for any strain or inelastic calculations.
In the case of F/A inelastic criteria, excessive deformation limits are
specified because inelastic deformations may be large in relation to opera-
tional and dimensional F/A functional requirements.

The F/A elastic and inelastic criteria also protect against crack initiation
and elastic/plastic/creep instability failures that may occur before
excessive deformation limits are exceeded. The modes of crack initiation
failure which are protected against include both local ductile rupture

and combined creep-fatique damage. The F/A elastic criteria protect

against crack initiation and elastic instability failures by imposing
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limits placed on elastically calculated stresses. For the F/A inelastic
criteria, strain limits protect against crack initiation failures while
large deformation analysis is required to assure that elastic/plastic/
creep instability failures do not occur.

The CRBRP F/A structural criteria selected for the F/A regions evaluated
in this report are the inelastic structural criteria presented in the F/A
Equipment Specification [1]. Accordingly, the intent of the structural
evaluation of the F/A regions is to establish that crack initiation and
elastic/plastic/creep instability failures do not occur before limits on
excessive deformation are exceeded.

In the follo~ing subsections, the specific CRBRP F/A inelastic criteria
are described ‘.. terms of background and rationale for selecting design
limits, and a description of the application of the inelastic criteria
for the F/A regions evaluated is presented. A summary of the CRBRP F/A
inelastic criteria is given in Table 3.0-1.




TABLE 3.0-1
CRCRP F'5 [NZ_ASTIC CRITFRIA AND LIMITS

Type of
Fatlure Mode Criteria Limie F/R Region
Crack ® max principa’ F)
C Fm = Max of ‘-——52!‘_’&_. ] an
Initiation Local ® ax principa)’ TF
(4]
Ductile where
Rupture €g = True Min, Fracture Strain
ey = True Min. Uniform Elongation
TF = T:v‘nuhty Factor
W= 7 {:‘ $ap * :'3)
V(j""z’?‘(’z"J)C'“J”v’7
9 Tpe 0q % Principal Stresses
“max principal = Maximum Principal Strain
(Peak + Accumulated)
Crees e 7730+ pf
F = a/b = Ming ¢ { 1 ANY
Fatigue CFD ot o 0%+ 773 o'
tr s kupture Time Based on Equivalent '
Stress or Mex. Positive Principal
Stress
D’ = Fatigue Damage Factor :
f n i
D3 1
n = Mo, of Cycles
N, = Allowable No. of Cycles Based on
range of equivalent or Max.
FPrincipal Stratin
Excessive Peak + Seb 0.082 in, aCLe
Ueformation Accumylated 5 < PADL Hex Duct
’Lp
where, 9.029 in. Qutlet
-PADL = Peak ¢ Accumulated Non- Rozzle
Uniform Deformation Limit, 0.010 in. Cnp
Excluding [rradiation lics “uct
Creep and Swelling n.0% in. m
"Rty
Res dual < non ACLP
0.010 in. Hex Duct
e
0.020 in Qutlet
where, Nozzle
ROL = Residual Non-imifgre Deformation o
Limit, Excluding Irradiation 0.010 in Hex Duct
Creep and Swelling ITE
0.005 is. Others

______;_——___.I_ZL—___.__—_*



3.1 Background and Rationale

The structural criteria,which assure the functional requirements of the
F/A in the CRBRP system over the first and second reactor cycles is

not impaired, requires special considerations of nuclear fluerce at

elevated temperature in a liquid sodium environment. Established struc-
tural criteria for Class 1 nuclear components such as the ASME Section III
Code [3] and Code Case 1592 [4] do not cover the combined effects of
irradiation and elevated temperature, nor reflect the deformation limits
necessary to assure the functional requirements of the F/A in the CRBR
system. The proposed Structural Design Criteria for Breeder Reactor

Core Components [5] provide guidelines to cover the combined effects of
irradiation at elevated temperature, but recognize that specific structural
criteria in terms of deformation 1imits which assure the functional require-
ments of a core component can only be specified by the Owner on a case-by-
case basis.

The inelastic criteria established for the CRBRP F/A are in large part
extensions of the proposed Breeder Reactor Core Components Design Criteria
[5] except as modified to accommodate the specific functional requirements
of the shield block, CMP and ACLP hex ducts, TLP outlet nozzle, attachment
assembly, and orifice plate designs. In the following, the ASME Section III
Code, Code Case 1592, and Prcposed Breeder Reactor Core Components Criteria
in relation to respective scope and applicability are first presented to
form a background from which the rationale for the specific criteria
identified in the F/A Equipment Specification [1] are icentified.

3.1.1 ASME Section III Code

The ASME Section III Code stress limits and design rules of Subsection

NB are applicable to Class I nuclear components not exposed to nuclear
fluence and operating at temperatures (< 800°F) where creep and relaxation
effects are negligible for typical materials of construction. Accordingly,
the NB rules only protect against time-independent failure modes summarized
as follows:
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e Crack initiation caused by ductile rupture from short term
loadings,

® Crack initiation caused by fatigue under short term loading, and

e Elastichlastic instability causing gross distortion or incremental
collapse under short term loading.

The ASME Section III Code Subsection NB rules are not directly applicable

to the structural evaluation of the CRBRP F/A because generally the materials
are irradiated and temperatures are in excess of 800°F where time dependent
creep effects may occur. In addition, the NB stress Timits do not reflect
the deformation Timits necessary in assuring that the specific CRBR F/A
functional requirements are satisfied.

3.1.2 Code Case 1592

The Code Case 1592 design rules are applicable to Class I nuclear components
exposed to elevated temperature (> 800°F) where creep and relaxation

effects are significant and irradiation effects on materials of construction
are negligible. Code Case 1592 rules are formulated to include ASME

Section III code stress limits and design rules to protect against time-
independent failure modes with additional criteria provided to protect
against time-dependent failure modes. A summary of the failure modes
protected against with Code Case 1592 rules is as follows:

® Crack initiation caused by ductile rupture from combined
short and long term lcadings,

o Crack initiation caused by creep-fatigue interaction under
combined short and long term loadings,

e CElastichklastic/creep instability causing gross distortion or
incremental collapse under short and long term loading, and
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e Loss of function due to excessive deformation under short
and long term loadings.

The CoJe Case 1592 rules are only applicable to the CRBR F/A when the
effects of nuclear irradiation on the materials of construction are
insignificant. For unirradiated regions of the F/A, the Code Case 1592
rules protect against time-dependent failure modes while time-independent
failure modes are protected against by the NB stress Timits of the ASME
Section III Code. However, Code Case 1592 rules do not provide guidance
in protecting against time-dependent and t:me-independent failure modes
of F/A regions where the effects of material irradiation are significant.
Further, Code Case 1592 rules only identif, excessive deformation as a
potential failure mode with specific 1imits which would assure CRBR F/A
functional requirements to be specified by the Owner.

3.1.3 RDT Draft Criteria for Breeder Reactor Core Components (5]

The RDT Draft Criteria for Breeder Reactor Core Components are applicable
to nuclear core components exposed to low (< 800°F) or elevated (> 800°F)
temperatures and fluence levels where tre effects of material irradiation
are cignificant. The RDT draft rules are prescribed for Class A, B, and

C Breeder Reactor core components instead of the rules for Class I nuclear
components presented in the ASME Section III Core and Code Case 1592.
Classification of a Breeder Reactor Core Component depends on the level of
assured structural integrity required to satisfy the reliability and
functional requirements of the total reactor system during specified Normal,
Upset Emergency, and Faulted Events. Core components are classified as

A, B, and C for decreasing levels of structural integrity designated as
very high, high, and moderate respectively. The RDT draft rules protect
against the same time-dependent and time-independent failure modes as

Code Case 1592 and provide guidance for including the effects of irradia-
tion on material properties. In addition, the RDT draft rules provide
guidance for protecting against unstable crack propagation in materials
highly embrittled by irradiation. A summary of the failure modes protected
against by RDT draft rules is as follows.
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o Crack initiation caused by ductile rupture from combined short and
long term loading,

e Crack initiation caused by creep-fatigue interaction under
combined short and long term loading,

® Elastic/plastic/creep instability causing cross distortion or
incremental collapse under short and long term loading,

o Loss of reliability and function due to excessive deformation
under short and long term loading, and

® Propagation of pre-existing cracks.

The RDT draft rules are generally apnlicable to the CRBR F/A as the effects
of irradiation at elevated temperature are expected in the reactor

core. The proposed RDT draft rules are mandatory in protecting against
crack initiation, elastic/plastic/creep instability, and loss of function
due to excessive deformarion in all CRBRP components identified as Class A,
B, and C. However, protection against crack propagation in RDT rules is
proposed as mandatory only for CRBR core components identified as Class A
by the Owner. For example, the RDT draft suggests that the CRBR C/A

would be considered a Class A component because reliability and functional
requirements are important during SSE while the F/A and RB/A of less
importance would be Class B components and the RRS/A of even less
importance classified a5 Class C. With regard to nethods of structural
evaluation, the RDT draft rules permit inelastic analysis prior to or
following elastic analysis with separate limits and design margins pre-
sented for the structural evaluation method selected.

In this arrangement, the RDT Draft Criteria for Breeder Reactor Core Components
provides general guidance in the classification and structural evaluation

of the CRBR F/A which is not provided by ASME Section III and Code Case

1592 rules. Further, the RDT draft rules provide specific criteria which

would be applicable for the CRBR F/A to protect against crack initiation,
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elastic/plastic/creep instability, and crack propagation, but permit the
Owner to specify alternate criteria which are rationally cefensible. With
regard to loss of function due to excessive deformation, the RDT rules
recognize that general governing criteria can not be formulated for 2

core component and, for the CRBR F/A would permit specific deformation
limits relevant to its particular reliability and function to b2 specified

by the Owner.

3.1.4 CRBRP F/A Core Component

The CRBRP F/A core component criteria and limits were formulated in accordance
with the general rules and guidance provided in the RDT Draft for Breeder
Reactor Core Components except as moaified to include additional safeguards
and to more properly reflect the F/A functional requirements of the Owner

as identified in the Equipment Spucification [1].

In accordance with the RDT draft rules and guidelines, the CRBR F/A was con-
sidered as a Class B Breeder Reactor core component which reguires a high level
of assured structural integrity in protecting against crack initiation,
elastic/plastic/creep instability, and excessive deformation so as to

satisfy reliability and functional requirements during Normal, Upset,
Emergency, and Faulted conditions specified for the reactor core. The
protection against the propagation of pre-existing cracks, which is a mandatory
requirement for Class A Breeder Reactor comporents, was not corsidered

necessary or important for the CRBRP F/A in relation to the functional
requirements of the total reactor system as a whole. A summary of the

failure modes protected against by the CRBRP F/A core component criteria

at the shield block, CMP and ACLP hex duct, TLP outlet nozzle, attachment
assembly, and orifice plates are as foliows.

o Crack initiation caused by ductile rupture from combined
short and long term loading,

o Crack initiation caused by creep-fatigue interaction under
combined short and long term loading,




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.

-

In the formulation =7 specific CRBRP F/A Structural design criteria, the
fundamental difference between RDT draft rules for Breeder Reactor Core
Components was that crack initiation and elastic/plastic/creep instability
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 deformation limits necessary to
assure function for the specific F/A region evaluated are not relevant.
Accordingly, the CRBRP F/A inelastic structural criteria were formulated on
the basis of assuring that crack initiation and elastic/plastic/creep
instability failure modes would not occur before deformation associated

with functional limits are exceeded. However, no explicit criteria to
protect against elastic/plastic/creep instability are formulated. Instead,
the protection against elastic/plastic/creep instability was to require

the method of analysis that would implicitly indicate the instabilities

with attendant deformations limited by the excessive deformation limits.

The protection against elastic/plastic/creep instability failure modes prior
to exceeding deformation 1imits was assured by requiring large deformation
non-linear analysis for F/A regions subjected to mechanical loads which are
energy unbounded and load controlled. Conversely, F/A regions with thermal
loads which are energy bounded and deformation controlled, non-linear small
deformation analysis is required. In this arrangement, the structural
integrity of t~e CRBRP F/A regiins reduces co assuring that crack initiation
failure mod:: would not occur before limits on excessive deformation failure
modes were exceeded.

In the following, the specific CRBRP 5/A inelastic structural criteria as

formulated to protect against crack initiation and excessive deformation
failure modes are de<cribed and summarized.
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3.1.4.1 Crack Initiation

The CRBRP F/A criteria to protect against crack initiation are based on
the r~ationale developed for protecting against local ductile rupture and
creep-fatigue interaction in the RDT Draft for Breeder Reactor core
components [5] except as modified to provide additional safeguards. De-
scriptions or the local ductile rupture and creep-fatigue criteria are as

follows.

3.1.4.1.1 Local Ductile Rupture

In the ROT Draft for Breeder Reactor Core Components [5], the local

ductile rupture criterion as a protection against crack initiation limits
the local maximum peak plus accumulated principal strain (cmax principal)

to a safe fraction (0.3) of the true uniaxial fracture strain (ef) corrected
for the triaxiality fractor (TF) of the stress state according to the
relation:

“max principal = ifg'" °f
One difficulty in the implementation of the proposed local ductile rupture
criterion is that reduction in area measurements in irradiated tensile
specimens,which are related to the true strain at fracture, are difficult
to obtain in practice. In addition, tensile tests of irradiated EBR-II
ducts [ 10} indicate that true fracture strains based on initial and final
reduction of area measurements significantly exceeded total elongation.
Accordingly, local ductile rupture criteria based on true fracture strain may
not provide adequate protection against crack initiation in irradiated
materials even if reduction in area measurements could be accurately
obtained.

In order to provide an additional safeguard in protecting against local
ductile rupture in irradiated materials, an additional criterion based on
true uniform elongation (e¢u) corrected for the triaxiality factor of the
stress state was adopted for the CRBRP F/A. As the true uniform elongation
{eu) was observed in the irradiated EBR-I11 tensile tests [10] to be
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significantly lower than the reported fracture strains (ef). additional

conservatism in selecting a safe fraction (<1) was not considered necessary.
The additional criterion formulated:

“max principal = %g

With the understanding that the difficulty in the implementation of a

lTocal ductile rupture criterion based on true fracture strain is one of
lack of data and may not be a deficiency i: the criteria itself, the lucel
ductile rupture criterion selected for the LRF"F F/A considered the minimum

of true uniform elongation or fracture strair correlations in the design
limit.

e 0.

3
max principal < Minimum of: TF
® cu,

TF

Ef’ m‘lﬂ

min

In order to facilitate the CRBRP F/A structural evaluation, it was found
convenient to express the local ductile rupture criterion in a dimensionless
form through a ductile rupture fractor (FD*\

o ‘max principal) TF
FDR = Maximum of 0.3 €¢. min

o ( ) TF

“max principal
U, min

Where, FDR <1 for acceptability

vz (c] +0

+ 0

2 * %)
: V (o = 0)° + (g = 09)" + log = o)°

TF

9, 9p 03 *F Ma x imum
¥ - =y Principal Stresses

TF =1, for TF < 1
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3.1.4.1.2 ({reep-Fatigue Damage

The RDT Draft for Breeder Reactor Core Components (5] identifies creep-
fatigue damage as a means of protecting against crack initiation. The
total damage (D) consists of the sum of the thermal creep (0%) and
fatigue damage (Df) factors which must be less than a design margin (g).

For Normal and Upset, and Emergency events, the ROT Draft guidelines
recommend 2 unity design margin (2 = 1). On the other hand, the Code
Ca=- 1592 criterion is more conservative in protecting against creep-
fatigue damage and therefore was selected for the F/A structural criteria.
In order to express the calculated comhined creep-fatigue damage as 2
fraction of the Code Case 1592 damage limit, the concept of a combined
creep-fatigue damage factor (FCFD) was introduced and is illustrated in

Figure 3.1-1.
1.0
\\ & ROT
: Draft
i Recommendation
!
Creep | COde C‘SQ
Factor
(0°) |
0.3] . /———que Limit
- 2 »
4', -~ —Calculated
0.0L ke o
0.0 0.3 1.0

Fatigue Damage Factor (D‘)

Figure 3.1-1
Combined Creep-Damage Factor
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The combined creep-fatigue damage factor (FCFD) in terms of distances a and
. b, which are derived from calculated creep and fatigue damage factors and

the geometry of the bi-linear limits of acceptability,is given according
to the relation:

. c £
- e 7/3D0° + D
Fepp = @/b = Mininum of o 0 & " 3 of

In the creep damage evaluations of the . regions, the creep damage
factor (DC) was based on the stress relaxation during time-dependent
loading according to the relation:

where, tc = Duration of Loading

t. = Rupture time as function of stress (o)
and temperature (T)

o = Maximum equivalent or positive principal stress
whichever provided a minimum rupture time (tr)

In the fatigue damage evaluations of the F/A regions, the fatigue damage
(Df) for n cycles was based on the fatigue life (Nf) for the time-
independent strain range within a single cycle according to the relation:

N, = Fatigue life based on maximum Von Mises
Equivalent or Principal Strain Range,
whichever produced a minimum number of
cycles to failure.
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3.1.4.2 Excessive Deformations

The ROT Draft Criteria for Breeder Reactor Core Components [5] recommends that
deformation limits for functional requirements be identified in the Owner
Equipment Specifications and include elastic, plastic, thermal creep, and

irradiation creep and swelling.

The CRBRP F/A deformation limits identified in the Equipment Specification
[1] were formulated in terms of peak plus accumulated, and residual deforma-
tions which would not exceed functional requirements. The fundamental
difference with those recommended by RDT draft guidelines was that the F/A
functional limits formulated apply only to elastic, plastic, and thermal
creep deformations during the total number of loading cy:les. The F/A
functional 1imits do noct apply to irradiation creep and swelling deforma-
tions because the latter were already included in the deformation limits
specified for the F/A regions on a case by case basis.

In formulating the CRBR F/A deformation limits applicable to elastic,
plastic, and thermal creep deformations, a change in dimensions caused by

a uniform thermal expansion were not considered to impair functional
requirements. Accordingly, the dimensions and tolerances of F/A hardware

as specified on the design drawings at room temperature provide a convenient
reference from which to assess dimensional changes caused by loadings at
elevated temperature. In this arrangement, only dimensional changes caused
by non-uniform thermal expansion at elevated temperature were considered

to impair F/A functional requirements.

Tne specification of residual deformation limits for the F/A regions on a
case-by-case basis was relatively direct. Dimensional changes were not
permitted to exceed the tolerances on the design drawings. For the F/A
shield block, CMP and ACLP hex ducts, TLP outlet nozzle, attachment assembly,
and orifice plates, the residual deformation limits (RDL) were taken from
the dimensional tolerances given in the F/A Design Layout Drawing presented
in Figure 2.0-2.
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With regard to the peak plus accumulated deformations, the basis for specifying
the Timits required an assessment of whether the F/A regions were load or
deformation controlled. Only the ACLP hex duct region was considered load
controlled because of OBE and SSE Seismic, and Core Restraint loads. Other
F/A regions including the shield block, TLP outlet nozzle, CMP hex duct,
attachment assembly and orifice plate were considered prirarily deformation
cortrolled. The peak plus accumulated deformation 1imits (PADL) for the
derormation controlled F/A regions were specified to not exceed the
dimensional tolerances on the design drawing, or conservatively not exceed
the respective residual deformation limit (RDL). For the ACLP hex duct
region which is primarily load controlled, the PADL was determined from
interaction analysis of the F/A rod bundle and hex Auct under irradiation
creep and swelling and directed to establishing the maximum ACLP hex duct
deflection which could be accommodated without loacing the fuel rods. The
ACLP hex duct PADL was found to nearly approximate the clearance between
the wire wrap and inside duct surface plus one wire diameter with a value
of 0.082 in.

3.2 Application

In the application of the F/A inelastic criteria to the structural evalua-
tion ¢~ the F/A regions, the number and characteristics of a worst case
mechanical and thermal loading duty cycle was established so as to umbrella
all Upset, Emergency, and Faulted Events identified in the F/A Equipment
Specification [1]. The Normal events which produce little, if any,
structural damage were neglected. The characteristics of the worst case
duty cycle were established to include worst combinations of time independent
and dependent mechanical and thermal loads, while the number of worst case
duty cycles were taken as the number of worst case Upset, Emergerncy, and
Faulted Events The advantage of the worst case duty cycle approach

in the structural evaluation of the F/A regions was that the inelastic
analysis was performed on a single cycle of loading, instead of performing
separate analyses for the number and characteristics of individual Upset,
Emergency, and Faulted events. A description of a typical F/A region
worst case duty cycle, and the number and distribution over the first and
second reactor cycles is as follows.
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A typical worst case duty cycle for a F/A region was assumed to be

initiated by time independent short term mechanical and thermal loads
followed by time dependent long term mechanical and thermal loads. The

time independent loads were characterized by initial steady state tempera-
ture distributions followed by the brief thermal transient and the return

to final steady state temperature distributions. Mechanical core restraint
and OBE and SSE seismic loads of significance were also included as time in-
dependent loads. The time dependent loads were the steady state ilemperature
distributions and mechanical core restraint loads which were maintained for
a representative hold-time. Thereafter, the worst case duty cycle was
assumed to repeat successively throughout the first and second cycles.

With regard to the number of the worst case duty cycles over the first and
second reactor cycles, a total of 40 were found to typify the F/A

regions evaluated. Of the total, 20 were considered to occur during the
first reactor cycle of 128 FPD and 20 during second reactor cycle of

200 FPD. Accordingly, the representative hold-time in 2 single worst case
duty cycle was conservatively based on 20 occurrences over the second
reactor cycle of 200 FPD, for a 10 day hold-time. In this arrangement,

a total of 40 worst case duty cycles with a 10 day hold-time per duty

cycle corresponds to 400 FPD which is slightly greater and more conservative
than the 328 FPD specified for the first and second reactor cycles.

3.2.1 Crack Initjation

3.2.1.1 Local Ductile Rupture

The structural evaluations of the CRBRP F/A regions in relation to the

local ductile rupture criterion were made using minimum values of true
uniaxial uniform elongation (e, nin) and fracture strain (ee, o..) at

local metal temperature and EOL fluence. The maximum principal strain

(¢max principa)) as computed from EOL peak plus accumulated time-independent
and depend~nt strain components after a total of N worst case duty cycles.
The peak p1 ys accumulated EOL stratn components (c1J ) were taken from BOL
peak (ei ) and accumulated (ci .) during the first worst case duty cycle

as fol]ous
PsA ?[f
Bk (c
1 K=1




For the first BOL duty cycle, the EOL strain components are given by the
relation.

P+A

(eg5" ™) EOL = (ey,P) BOL + (N-1) (cijA) BOL

As the method of computing maximum principal strains (e )

max principal
neglects shake down effects for time-independent loadings and relaxation
of stresses during time-dpendent loading for the (N-1) worst case ioading
cycles following the first cycle, the CRBRP F/A structural evaluations of
local ductile rupture are conservative.

3.2.1.2 Creep-Fatigue Damage

In the creep damage evaluations of the F/A ‘egions, the creep damage
factor (Dc) for a total of N worst case duty cycles was based on the
relation.

¢ = . pc
Z Dy
K=1
For the first BOL Duty Cycle, the EOL Creep Damage:
t

D¢ = N € 4t
) tr

Duration of one worst case duty cycle.

where, tc

t

" Rupture time

For the creep damage evaluation of a single worst case duty cycle, the
minimum rupture time (tr) was taken from experimental data [8, 12] on
pressurized tubes in a biaxial stress state (o) at temperature (T) and

EOL fluence (¢t). Minimum rupture time (tr) was based on 2 standard
deviations below the average experimental data. The time dependent stress
(o) was taken as the maximum equivalent or positive principal stress,
whichever produced the greatest creep damage in a single worst case duty
cycle.
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In the fatigue damage evaluations of the F/A regions, the fatigue damage
(D’) for a total of N worst case duty cycles was based on the relation.

For the first BOL duty cycle, the EOL fatigue damage:

£ N
D =
L8

Where, N, = Fatigue Life

The fatigue life (N,) data for irradiated F/A materials are not currently
availadle The ‘a-’.ﬁ;gue 1ife (N.) for the maximum strain range (ir) within
the worst case duty cycle of irradiated F/A materials was developed from

the Manson Universal Slopes Method [7] commonly used for unirradiated
materials. The effects of irradiation were included by »pplying corrections
to the elastic and plastic strain ranges 2t EOL fluence (ot) and peak

meta] temperature (T). For conservatism, the fatigue 1ife (N,) ceveloped
for irradiated materials was reduced in accordance with the 2 on strain range
and 20 on cycles (2-20 rule) recommended in the ROT Draft

Core Components [5]. Simply stated, the 2-20 rule requires that the fatigue
1ife (N} relation be reduced by 2 factor of 2 on strain (2c) or 20 on fatigue
life (N,), which ever provides 2 minimum fatigue life.

In the calculation of the maximum strain range (2:), the strain components
(e5) during the time-independent portions of the worst case duty cycle
were screened to obtain extreme values (:'..). The range bDetween the

strain components (2c..) at any point in the duty cycle and the extre ¢

...-ij;

values were computed according to the relation:

The equivalent and maximum principal strain range were computed from the
strain component ranges i:sij) at each point in the worst case duty cycle.
The time-independent strain range [i¢) was taken 2s the Von Mises egquivalent
or maximum principal strain range, whichever provided the swallest

fatigue Tife \’!f) over 3 single worst case cduty cycle.
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3.2.2 Exce i, Deformaticn

The evaluation of the F/A regions for compliance with the PADL and RDL,
in relation to the worst case duty cycle- -s mede in a manner similar
to that used for the peak plus accumulated strains in the local ductile
rupture evaluation. The EOL peak plus accumulated time-independent and
dependent deformations (5P+A) after a total of N worst case duty cycles
was based on the peak deformation (fp) and accumulated (Asss) deformation
between initial and final steady state conditions at BOL.

pa_ 0. W A

5 oL E;% L

For the first BOL Duty Cycle, the EOL Peak plus accumulated deformation:

(GP*A\ N-1) (5555)

- (PysoL * BOL

g
Similarly, the EOL residual deformation (:R) after N worst case duty cycles
based in the difference in residual deformation (SR) between initial and
final dimensions at BOL was taken as:

GR = % £ R
K=1 K

o For the first BOL duty cycle, the EOL regional deformation:

Re _ wrR
(67) gor = M) goL

For satisfactory compliance of the F/A region in relation to excessive
deformation,

(£P*R) o < PADL

(R) o, < ROL
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4.0 SHIELD BLOCK ANALYSIS AND EVALUATION

In the F/A shield block analysis and evaluation, 2 loading analysis was
made that considered mechani-al seismic and core restraint, and thermal

steady c*ate and transient loacs 14 establishing the number and characteristics

of a worst case du'y cycle that umbrellas all expected duty cycles for the
shield block regioy in the first and second reactor cycles. Next,

an inelastic structural analysis of the shield block region was made for

a single worst case BOL duty cycle to calculate the strains and dimensional
changes from whicn EOL values were approximated. Finally, a structural
evaluation of EOL strains and dimensional changes in relation to criteria
which protect against crack initiation and excessive deformation was made.
A summary of the loading, structural analysis and structural evaluation

is presented as follows.

4.1 Loading Analysis

The F/A shield block loading analysis was directed to establishing the
number and characteristics of a worst case duty cycle that umbrellas both
the number and characteristics of Upset, Emergency, and Faulted

Events specified over the first and second reactor cycles. The

number and characteristics of these events are specified in the Equipment
Specification [1].

It is important to note that the worst case F/A shield block duty cycle is,
in itself, hypothetical, but permits a conservative structural evaluation
to be performed on a wingle duty cycle instead of on each of the individual
events specified. In the following, the F/A shield block mechanical and
thermal loads are assessed individually and in relation to each other
prior to establishing the worst case duty cycle which was used in structural
evaluation.

4.1.1 Mechanical

The F/A shield block mechanical loads of any significance in relation to
subsequent structural evaluations are deadweight and internal pressure as




OBE and SSE seismic and core restraint loads are relatively insignificant.
However, in relation to thermal steady state and transient loads, even

the deadweight and internal pressure loads are insignificant. Accordingiy,
the mechanical loads were neglected in establishing the worst case F/A
shield block duty cycle for the first and second reactor cycles.

4.1.2 Thermal

The F/A shield block thermal loads include the steady state and transient
temperature distributions that occur during the lpset, Emergency,

and Faulted Events over the first and second reactor cycles. In the
definition of F/A shield block transients, the sodium temperatures at the reactor
vessel inlet were conservatively assumed to be applied directly to the F/A
inlets without the mitigating effects of mixing that would normally occur

in the inlet plenum. As such, the transients are inherently worst case

at all F/A locations in the core. Further, the description of F/A

transient duty cycles was based on a worst case umbrella approach for the
Upset, Emergency, and Faulted Transients. Over the first and second

reactor cycles comprising 328 FPD, a total of 39 Upset transients umbrel'aed
by the worst of U-2b, U-1la, U-16, or U-21b were specified. Similarly, tre
worst of the E-4a, E-7, or E-15 was specified to umbrella the Emergency
Events, while the worst F-1 or F-2 was identified to umbrella the Faulted
Events.

In order to reduce the numuer of the specified F/A event duty cycles to a
single worst case duty cycle, the Upset, Emergency, and Faulted transients
were assessed by comparing the sodium temperature in terms of miximum value,
rate of temperature change, and range. With regard to initial sodium
temperatures, all transients were considered to be initiated at 750°F. The
worst case Upset Transient was found to be the U-18 with a maximum down
ramp of 2°F/second over a 420°F range. For the Emergency Transients, the
E-4a was found to be the worst case with a down ramp of 2°F/second over
180°F range followed by an up ramp of 2.2°F/second over a range of 420°F,
The maximum sodium temperatures reached in the U-18 and E-4a transient
were 750 and 995°F respectively.
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With regard to Faulted Transients, the F-1 was found to be practically
indistinguishable from the Upset !-1b transient which itself was
unbrellaed by the U-18. The Faulted F-2 transient was found to have a
maximum sodium temperature of 1230°F which is the highest for all F/A shield
block transients, but is slow acting at a maximum rate of temperature
change of 0.02°F/second. As temperature differences developed in the F/A
shield block would be negligible for very slow acting transients, the F-2
transient was considered less severe than the U-18 and E-4a. Further, the
E-4a was considered more severe than the U-18 because the reversal in

rate of temperature change through the transient would develop greater
temperature differences and attendant structural damage. In this arrange-
ment, the Emergency E-4a transient was selected a * ~ worst case umbrella
to all of the Upset, Emergency, and Faulted transints for the F/A

shield block. The E-4a transient is illustrated in Figure 4.1-1.

The selection of the Emergency E-4a transient as the worst case F/A shield
block transient is, in itself, not sufficient to establish the worst case
F/A duty cycie. The thermal conditions foilowing the E-4a transient and
subsequent hold-times at steady state conditions zre also required. The
thermal conditions selected following the E-4a transient were a 2 hour
soak at 600°F, a 20°F/hour heat-up rate for 2 hours, and a 5.5°F/minute
heat-up rate to the steady state sodium temperature of 750°F. Thereafter,
a 10 day hold-time at steady state temperatures was selected. The 10 day
hold-time corresponds to 40 worst case E-4a distributed over 4C0 FPD

which is slightly greater than the 328 FPD designated for first and second
reactor cycles. The worst case F/A shield block duty cycle is illustrated
in Figure 4.1-2.

The worst case F/A shield block duty cycle in terms of the E-d4a transient
followed by thermal conditions which return the F/A shield block region

to steady state conditions followed by a 10 day hold-time prior to the
initiation of the successive E-4a transient may be sufficient to establish
the worst case F/A duty cycle, but is not sufficiently specific to define

the corresponding temperature distributions necessary for detailed structural
analysis.
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In the fo lowing, the F/A shield block thermal model and geometry,
boundary conditions and wetted surfaces, heat generation rates, and therme®
analysis and results are described €rom which conclusions on the detailed

temperature distributions in relation to subsequent structural analysis
are presented.

4,1.2.1 Model and Geometry

The F/A shield block thermal mode’ was formulated in the ANSYS finite
element program. The ANSYS program has co~patibility between thermal wund

structural elements which permits thermal solutions or temperature distributions

to be used directly in subsequent structural analysis.

The F/A shield block region selected for analysis corresponds to a 2
dimensional slice of a symmetrical 30° sector taken through the 7 hole
pattern provided for inlet sodium flow. The 30° symmetrical sector is
Justified as coolant flow in all 7 passages is uniform and heat generation
rates are nearly uniform. The corresponding shield block geometry provides
the greatest constraint for thermal expansions and represents the worst
case location for structural damage for the F/A inlet hardware. The F/A
shield block thermal model illustrating the dimensional extent and finite
element detail of the 2 dimensional 30° sector geometry is presented in
Figure 4.1-3.

The F/A shield biock thermal model as formulated with the ANSYS program
included 276 linear temperature (STIF 35) elements arranged in a mesh of
277 node points. A fine mesh was selected at the wetted surfaces dirictly
exposed to the rapid sodium transients so the thermal skin effect would

be included in subsequent structural analysis. A coarse mesh was selected
at exterior surfaces exposed to stagnant sodium where skin effects are
negligible.
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4.1.2.2 Properties

The F/A shield block is constructed from SA-316-SS. The material proper-
ties necessary to derive both steady state and transient temperatures are
the thermal conductivity (K), specific heat (C), and density (p). The
SA-316-SS properties expressed in terms of polynomials in temperature

(T ~ °F) were taken from the NSM Handbook [6] and are summarized as
follows.

Thermal Conductivity (K ~ BTU/in-sec-°F)

K= (0.187 E-3) + (0.107E-7)*T

Specifi. Heat (C ~ BTU/LB-°F)

C = (0.102) + (0.108 E-3) *T - (.152E-6)*T%

+ (0.10076-9)*T> - (0.256€-13)* T

Density (o ~ LB[jn3)

o = 0.2885 - (0.889E-5)* T

4.1.2.3 Boundary Conditions and Wetted Surfaces

The F/A shield block boundary conditions and wetted surfaces selected
for analysis are illustrated in Figure 4.1-4.

The boundary conditions for the F/A shield block thermal analysis

consisted of adiabatic conditions along the lateral surfaces of the 30°
sector and along the exterior surface adjacent to the stagnant sodium.
Along the lateral surfaces of the 30° sector, the boundary conditions
simulate the symmetry in the uniform temperature and fiow through the

7 inlzi sodium passages. For the exterior surface adjacent to the stagnant
sodium, an adiabatic surface simulates the symmetry of temperature between
adjacent shield blocks.
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The sodium temperatures in the thermal analysis were assumed to be directly
coupled to the wetted surface nodes of the portions of the flow passages
included in the 30° sector of the F/A shield block. As such, thermal skin
effects are conservative because the mitigating effects of a heat transfer
film coefficient were neglected: The flow passage surface nodes coupled
directly to the sodium temperatures were Nodes 1 through 37, increments

of 1; and 271 through 277, increments of 1.

4.1.2.4 Heat Generation Rates

During steady state operation, the F/A shield block is exposed to nuclear
heating which was considered to collapse immediately following the initiation
of the Upset, Emergency, and Faulted Transients. The nuclear

heating rate per unit volume is maximum at the upper portion of the F/A
shield block and decreases toward the inlet nozzle. In order to obtain a
conservative estimate of temperature distributions for subsequent struc-
tural analysis, the maximum nuclear heating rate per unit volume (0.0295
BTU/in3-sec) was assumed throughout the 30° sector of the F/A

shield block material. The heat generation was taken to colliapse from
maximum to zero in 230 millseconds at 1.2 seconds into the E-a

4.1.2.5 Analysis and Results

The ANSYS thermal analysis of the F/A shield block was arranged to provide
detailed temperature distributions over the total worst case duty cycle.
A total of 21 load steps were selected at prominent sodium temperature
and heat generation conditions. Sodium temperatures were imposed at the
wetted surface nodes and heat generation rates applied to each finite
element. The first 17 load steps were taken for steady state conditions
and the E-4a trcnsient to 2400 seconds. Load Steps 1 and 2 represent
steady state thermal conditions under 750°F sodium temperatures and
maximum heat generation rate. Load Steps 3 and 4 provide the continua-
tion and collapse of the heat generation rate. Load Steps 5 through 17
correspond to prominent E-4a sodium temperatures to 600°F. The 600°F
soak corresponds to Load Step 18. The 20°F/hour and 5.5°F/minute heat-
up rates were represented by Load Steps 19 and 20. The steady state
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sodium temperatures and heat generation rate for the 10 day hold-time
corresponded to Load Step 21. Prominent Load Steps in the E-4a transient
are illustrated in Figure 4.1-5 and numerical values for the total worst
case F/A shield block duty cycle are summarized in Table 4.1-1.

Table 4.1-1
Worst Case F/A Shield Block Duty Cycle
ANSYS Input Data

f
|
Load Time Temp ' Heat Gener.
Step (SEC) ' (°F) | (BTU/SEC-IN3)
|
] 0.0 750  0.0295
2 0.0 , 750 0.0295
3 1.2 | 750 ' 0.0295
4 1.43 750 0.0
5 20. 750 0.0
6 80. 710 0.0
7 200. ' 675 0.0
8 260. | 586 0.0
E 400. | 915 | 0.0
10 760. | 1000 |00
N 880. | 975 0.0
12 1000 1800 | 0.0
13 1140 745 . 0.0
14 1260 745 [ 0.0
15 1520 = 820 0.0
16 1750 | 735 .0
17 2400 | 600 0.0
18 9600 | 600 0.0
19 16800 = 640 0.00787
20 18000 | 750 0.00295
21 882000 750 | 0.00295
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The ANSYS solution of the sorst case F/A shield block duty cycle was

obtained in 124 cumulative ite;ations using a steady state and transient
convergence criteria of 1 and 5°F respectively. The temperature distribu-
tions at each cumvlative iteration were saved on ANSYS Tape 4 for recall

in subsequent structural analysis. In order to determine the cumulative
iterations of interest in structural analysis, maximum and minimum through
the wall temperature differences are most important in relation to structural
damage. The F/A shield block temperature differences were based on the
through-the-wall temperatures at Nodes 1 and 237 depicted in Figure 4.1-4. A
plot of tr2 temperature difference between Nodes 237 and 1, that is, AT =
T237 - T]. in terms of cumulative iteration in the solution run is illustrated
in Figure 4.1-6.

A review of the through the wall temperature difference shows that the
maximum and minimum values occur at cumulative iterations 36 and 63
respectively, with a temperature difference range of 290°F. In the thermal
solution run, cumulative iterations 36 and 63 correspond to the E-4a tran-
sient at 260 and 760 seconds as illustrated in Figure 4.1-1, The steady
state temperature distributions at the start of the E-4a trancient, and
beginning and end of the 10 dav Jld-time correspond to cumulative
iterations 4, 80, and 124. Cumulative iteration 23 represents the first
positive maximum after the initial steady state conditions. Plots of the
temperature distributions at cumulative iterations 2, 36, and 63 are
illustrated in Figures 4.1-7 through -8 respectively.
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4.1.3 Worst Case Duty Cycle

The conclusions based on the F/A shield block loading analysis in relation
to escablishing the worst case duty cycle with recommendations made for
subsequent structural analysis were as follows.

e Mechanical loads comprising OBE and SSE seismic, core
restraint, internal pressure, and dead weight were
considered negligible in establishing the worst case
F/A shield block duty cycle.

e Thermal loads comprising the E-4a transient in combination
with thermal conditions in returning to steady state and the
hold-time prior to the initiation of the next E-4a transient
were considered most important in establishing the worst case
F/A shield block duty cycle.

The recommendations for the specific F/A shield block loading in relation
to the worst case duty cycle were based solely on time independent and
dependent thermal loadings. In the specification of temperatures in the
ANSYS structural analysi , the uniform temperature is a constant tempera-
ture distribution throughout while the reference temperature is the basis
for deriving the thermal expansion relative to a uniform temperature or a
temperature distribution correspanding to a cumulative iteration in the
thermal solution run. The following worst case F/A loading cycle sequence
simplified from the maximum temperature difference versus cumulative
iteration plot (Figure 4.1-6) was recommended to be repeated 40 times so
as to provide 2n upper bound to the 39 Normal and pset tvents and worst
Emergency or Faulted Event.
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Time InFz2vendent

e Select a uniform temperature equal to the reference temperature
at cumulative iteration 23. Load to the cumulative iteration
23 temperature distribution and unioad to uniform temperature.

e Select a uniform temperature equal to the reference temperature
at cumulative iteration 36. Load to the cumulative iteration 36
temperature distribution and unload to unifo.m temperature.

o Select a uniform temperature equal to the reference temperature
at cumulative iteration 63. Load to the cumulative iteration
63 temperature distribution and unload to uniform temperature.

e Select a uniform temperature ejual to the reference temperature
at cumulative iteration 80. Load to the cumulative iteration

80 temperature distribution and unload to uniform temperature.

Time Dependent

® Select a uniform temperature equal to the reference temperature
at cumulative iteration 124. Load to the cumclative iteration
124 temperature distribution and hold for 10 days.
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4.2 Structural Analysis

The F/A shield block structural Analysis was directed to deriving the
stresses, strains, and dimensional changes which occur during the

worst case duty cycle from which subsequent structural evaluations were
made. In the following, the F/A shield block structural model, geometry,
and boundary conditions are described. Next, linear and non-linear
material properties including the effects of irradiation on stress-strain
curves and the basis for neglecting thermal creep are presented. The
selection of a reference temperature for thermal expansions in relation
to the axial constraints on the region selected for analysis is described.
Finally, the time independent and time dependent inelastic analysis and
results for the F/A shield block are presented in preparation for sub-
sequent structural evaluation.

4.2.1 Model, Geometry, and Boundary Conditions

The F/A shield block structural model was formulated in the ANSYS finite
element program compatible with the prior thermal analysis. As such, the
dimensional extent of the 30° sector and finite element mesh in both structural
and thermal models were identical. In formulating the F/A shield block
structural model, the ANSYS constant strain (STIF 2) element was used to
replace the linear temperature element (STIF 35) used in the thermal model.
The boundary conditions along the lateral surfaces of the 30° sector; in the
manner of the conventional roller support were taken to have zero normally
disposed displacement, but free to move radially. Along the surface

parallel to the Global X - axis, the UY displacements were set equal to

zero at Nodes 1, 37, 38, 74, 75, 111, 112, 148, 149, 185, 186, 204, 205,

223, 224, 234, 242, 249, 256, 263, 270, and 277. For the inclined surface
the UY displacements, after a 30° rotation to obtain normally disposed
directions, were set equal to zero at Nodes 228 through 232, 237 through 239,
and 243, 250, 257, 264 and 271. The F/A shield block structural model

is illustrated in Figure 4.2-1.
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4.2.2 Properties

The F/A shield block as constructed from SA-316-SS and initially unirradiated
at BOL is irradiated to a fluence (E > 0.1 Mev) of 0.31 x 10 n/cm at

EOL. Operational temperatures range from 400 to 1000°F. The linear and
non-lirear properties of SA-316-SS under fluence and temperature selected

in the F/A shield block structural analysis are described as follows.

4.2.2.1 Linear

The linear SA-316-SS material properties are the Young's modulus (),
Poisson's ratio (u), and the coefficient of thermal expansion (a). The
linear material properties are relatively insensitive to fluence, but
are functions of temperature. The corresponding linear properties as
polynomial functions of temperature (T ~ °F) were taken from the NSM
Handbook [6] and are summarized as follows.

Young's Modulus (E ~ PSI)

E = (2.834E7) - (2.88E3)*T
- (3.69) x T2 + (7.71€-8)*T3

Poisson's Ratio (v)

u= 0.262 + (4.26E-5)*T

Coefficient of Thermal Expansion (a ~ 1/°F)

= (10.08E-6) + (0.117E-8) *T
In order to reduce the non-linearity of the material properties with
temperature in the ANSYS structural analysis, constant properties which

provide conservative results were selected instead of the polynomial
| relations. The use of constant properties permits the use of the initial
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stiffness matrix as computation time associated with reformulating the
stiffness matrix for varying temperature distribution is eliminated.

In the F/A shield block structural analysis, the values of Young's modulus
(24.06 x 106 psi) and Poisson's ratio (0.2966) were taken as the 800°F

values for SA-316-SS. The 800°F temperature is the approximate mean of
the F/A shield block during the worst case duty cycle. The value for

the SA-316-SS coefficient of thermal expansion (11.25 x 10'6/°F) was taken
at 1000°F. The selection of maximum coefficient of thermal expansion
provides a worst case estimate of attendant damaging strains over the
range of temperatures in the worst case duty cycle.

4.2.2.2 Non-Linear

The non-linear SA-316-SS mai2rial property behavior required for the F/A

shield block are the cons:itutive relations for stress and strain and thermal

creep. The constitutive relations including the effects of fluence and tempera- i
ture with attendant simplifications made in the F/A shield block structural

analysis are described in the following.

4,2.2.2.1 Stress-Strain Curves

The SA-316-SS stress-strain curves as a function of temperature and

fluence are given the NSM Handbook [6] in terms of true average values. A
review of the data shows that the effect of fluence is to increase the
stress at a given level of strain. As such, irradiated stress-strain curves
for SA-316-SS exhibit a time dependent hardening through embrittlement

from BOL to EOL. For the F/A shield block, the EOL fluence (E >0.1 Mev)
based on June, 1977 data is 0.31 x 1022n/cn’. Simplifications made

in the F/A structural analysis for the time dependent effects of

fluence on stress-str in curves as well as the consideration of minimum

instead of average properties are discussed as follows.

-50-



For the initially unirraiiated F/A shield block at BOL, the SA-278-58
stress-strain curve is 2 minimum and increases during operatiomal life
reaching 2 maximum at EOL. In order to derive 2 representative inelastic
response with the structural analysis of the F/A shield block for the
worst case duty cycle, 2 mean stress-strain curve based the time average
values of minimum BOL and maximum EOL stress-strain curves was selected
for the structural analysis. The use of the time averaged mean stress -
strain curves is consistent with the time averaged 40 worst case F/R duty
cycles distributed uniformly over the 328 FPD between BOL and EOL. With
mean stress-strain curves, the BOL fatigue damage is underestimatec
while the BOL creep damage is overestimated. (onversely, the mean stress-
strain approsch overestimates EOL fatigue camage while the EIL creep
damage is underestimated. Accordingly, the F/A shield block structural
analysis based on mean time averaged stress-strain curves wa. considered
to describe the overall imelastic respomse to the uniform distribytion of
the 40 worst case duty cycles without any significant loss im accuracy.

With regard to the scatter of SA-318-3S stress-strain data at fluence and
temperatyre, true minimum instead of true average or Uypical values were

selected. Minimum values provide comservative inelastic response as the
worst case F/A shield block duty cycle was descrided by the relatively
slow acting therma) transients which are basically static loadings. The
true minimum stress-strain curves were constructed by taking 50T of the
true average stress values given the NSM Handbook [6].

In order to illustrate F/A shield block amalysis approach, the SA-316-S8
stress-strain curve 2s mean of true BOL ard EOL stress-stirainm curves
corrected for minimum data scatter at 800°F is presented in Figure £.2-2.
The corresponding stress-strain curve cdata at 800, 300, and 1000°F are
presented in Table 4.2-1. The true minimun mean stress-strain curve data
for SA-316-SS at S00°F was 2150 used for F/A shield block temperatures

less than BOO®F. Stress-strain curve data at intermediate temperatures
fron those identified at 800, 300, and 1000°F were linearly interpolated.
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Table 4.2-1
F/A Shield Block
True Minimum Mean of BOL and EOL Stress-Strain Data

SA-316-SS
Temp E Stress (PSI) at Total Strain
(°F) (108 psi) T i | .
! 0.000748 0.003068 ' 0.00728 A 0.011382 0.0518
800 24.06 1 17997 26600 _ 31200 33800 47200
900 24.06 | 17997 25100 ! 29400 32600 46400
1000 5 24.06 ' 17997 26900 32400 | 34400 47000

4.2.2.2.2 Thermal Creep Equations

The unirradiated SA-316-5S thermal creep-time constitutive relations as

a function of stress and temperature are given in the NS4 Handbook [6].
The thermal creep constitutive relations for irradiated SA-316-SS are not
identified as the effects of irradiation are included in the irradiation
creep equations.

For the F/A shield block, the EOL fluence is 0.31 x 10%2n/cn’ with thermal
creep occuring at a steady state temperature cf approximately 750°F over

the 10 day hold time of the worst case duty cycle. As the EOL fluence is
relatively low and steady state temperatures are below 800°F, thermal

creep over the worst case F/A shield block duty cycle was considered
negligible. Accordingly, a study of the thermal creep constitutive relation
for SA-316-SS in relation to the F/A shield block analysis with simplifica-
tion similar to those made for the SA-316-SS stress-strain curves were not
performed.

4.2.3 Worst Case Duty Cycle Response

The structural response of the F/A shield block to the worst case duty
cycle loading required the selection of reference temperatures compatible
with the temperature distributions at the worst case through the wall
temperature difference and axial constraints prior to deriving time
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independent and dependent solutions. A description of the analysis and

solutions which are required in subsequent structural evaluations is as
follows.

4.2.3.1 Constraints and Reference Temperature Selection

The F/A shield block structural model corresponds to a 30° sector of a
lateral slice taken along the length of the shield block. Axial cons-
traints normal to the 2 dimensional representation of the 30° sector
closely simulate a plane strain condition as the length of the shield
block is significantly greater than the corresponding cross-section
dimensions. Accordingly, the F/A shield block was considered to be in
plane strain condition for the purposes of analysis.

In a plane strain analysis under thermal loading, the ANSYS program
calculates mechanical stresses induced by thermal strains (eTH) which are
dependent on the coefficient of trermal expansion (a), temperature
distribution (T), and reference temperature (TR) according the relation
Ery = @ (T-TR). As the plane strain condition requires that the total
net force (Fn) along the length vanish, the normal mechanical stresses
(oz) induced by the thermal strains (sTH) when integrated over the area
(A) must also vanish. In this arrangement, the selection of a reference
temperature (TR) depends on the temperature distribution (T) throughout
the plane section.

The selecticn of a reference temperature (TR) that provides a net force
(Fn) across the plane section that vanishes is approximated with classical
elasticity theory even though the normal (c!) stresses may be beyond the
proportional elastic limit of the material. The linear elastic approxi-
mation was considered acceptable as a first approximation to assuring a
plane strain condition. For the case where the Young's modulus (E) and
coefficient of thermal expansion (x) are constant, the reference tempera-
ture (TR) in a plane strain finite element model is related to the normal
stress distribution o_ (x, y) for an arbitrarily selected reference

temperature (To) as follows.
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n
|
R=To B o1 2 (x, y) A
Where,
n = No. of Finite Elements »
Ai = Area of Individual Finite Elements
A = Total Plane Area
n
A= N

el
g

In order to facilitate the computation of reference temperatures for the

F/A shield block structural analysis, ANSYS =ziastic solutions for the

normal stress distribution oy (x, y) at an arbitrary reference temperature
(To) were obtained for each of the temperature distributions corresponding

to the recommended cumulative iterations in the thermal analysis solution
run. ANSYS tape 12 data containing the normal stress distribution and

finite element geometry were cztalogued for recall by a reference temperature
post processor. The F/A shield block reference temperatures (TR) at the
recommended cumulative iterations for the worst case duty cycle are
summarized in Table 4.2-2.

Table 4.2-2
F/A Shield Block
Reference Temperatures

[
Temperature Iﬁ Reference
Distribution : Temperature |
(cumulative iteration) (TR ~ °F) :
4 788.8
23 635.4
36 821.4 |

63 860.7
80 ' 805.3
788.8




4.2.3.2 Analysis and Results

The ANSYS inelastic analysis of the F/A shield block structural model
under the worst case duty cycle was arrangedin time-independent plastic
analysis associated with the short term E-4a transient followed by time-
dependent creep analysis corresponding to steady state temperatures over
the 10-day ho'd-time. The time independent and dependent analysis pro-
vide the structural response from which evaluations of crack initiation

in terms of local ductile rupture and creep fatigue damage are made. With
regard to dimensional changes which can exceed functional limits, the
peak plus accumulated and residual deformation response during and
following the worst case F/A duty cy~'e are required.

In order to obtain the desired results i an efficient manner, the ANSYS
restart option was usad to provide the 1 'Aing seguence within, between
and after the time independent and time dependent solutions. As elastic/
plastic/creep instability would not be expected for the F/A shield

block under the deformation-controlled thermal loadings, the ANSYS

small strain-small deformation option was used in the ine astic - ialysis.
A description of the time independent and dependent analysis 7 .d results
is as follows.

4.2.3.2.1 Time Independent

The time independent ANSYS analysis of the F/A shield B ock was directed

to deriving the peak + accumulated strains and deform tions associated

with following the path dependent thermal loadings frow initial steady

state conditions through the E-4a transient followed by the return to final
steady state conditions, but excluding the 10-day hold-time. The time
independent loadings were considered as static loadings applied at zero time.
A total of 3 load steps were used to determine the F/A shield block structural
response to the initial steady state temperature distribution. For the

E-4a transient and the return to final steady state temperature distributions,
a total fo 24 sequential 1oad steps in combination with the ANSYS restart
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option were used to obtain the path dependent structural response.
Summaries of the F/& shield block time independent structural analysis
procedures for the initial steady state conditions and E-4a transient fol-

lowed by the return to final steady state conditions in terms of Load
Steps, iterations, temperature distributions, reference temperatures, and
descriptions are presented in Tables 4.2-3 and -4 respectively.

Table 4.2-2

F/A Shield Block

Time Independent Analysis Summary

Initial Steady State Conditions

Temperature Reference
Load Iterations Distribution Temperature Descriotion
Steps (°F) (°F)
] ] 788.8 788.8 Initial Steady
State
2 12 Cum. Iter. & (Time = 0.0 sec.)
3 3 Cum. Iter. &
.
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Table 4.2-4
F/A Shield Block

Time Independent Analysis Summary

E-4a Transient and Return to Final Steady State Conditions

Load Step | Iterations Temperature Reference Description
Distribution Temperature
(°F) (°F)
o T L NRE b
First tE-4a Loading
) ] 636.4 636.4 and Unloading
2 14 Cum. Iter. 23 (Time = 0.0)
3 5 636.4 Second E-4a Loaa-
4 1 821.4 ing and Unloading
5 26 Cum. Iter. 36 821.4 (Time = 260 sec.)
6 5 Cum. Iter. 36
7 1 Cum. Iter. 36
8 26 821.4
9 5 821.4
10 1 860.7 860.7 Third E-4a Loading
n a4 860.7 and Unloading
12 18 Cum. Iter 63 (Time = 760 sec.)
% 8 Cum. Iter. 63
14 1 Cum. Iter. 63
15 13 360.7
16 ] 860.7 .
17 1 805.3 | 805.3 Fourth E-da Load-
18 5 Cum. Iter. 80 ing and Unloading
19 3 Cum. Iter. 80 (Time = 9600 sec.)
20 5 805.3
21 1 805.3
22 1 788.8 788.8 Final Steady State
23 10 Cum. Iter. 123 (Time = 3250?0
24 1 Cum. Iter. 123 3
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The F/A shield block structural resporse to the time indesendent Toadirgs

- -

e n m

was obtained with 2 plastic covergence ratic of C.0UL. The detailes stress-
strain response at each of the conwverged solutions were Sawvec On ANSYS

Tape 10 for subseguent recall im structural evaluatioms. The initial and
final steady state maximum equivalent stresses were found to be 18,335
and 12,653 psi respectively. During the E-&z transient, the ma x imum

-
"N

equivalent stresses 2t the cumulative iterations 30 and £3 were 23,870

and 20,396 psi. The peak non-uniform deformation was found to be

- - -

0.00086 in. at cusulative iteration 36. The maximum non-uniform initial

- -

steady state deformation was 0.00035 in. Computer slots of eguivalent

stress and peak mon-uniform decormation 2re presented in Figure £.2-3

- - 3
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Initial
Steady State —
y S

Final

Figure 4.2-3
F/A Shield Block
Initial and Final Steady State Time Independent

Equivalent Stress
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Cumulative lteration 36 \

Cumulative Iteration 63—

Figure 4.2-4
F/A Shield Block

Cumulative Iteration 36 and 63
Time Independent Equivalent Stress




Initial Steady

State \

~=1 ™ 0.00035 in.

Cumulative Iteration 36

/
—| |=0.00086 in.

.
.
.
.
.
L

Figure 4.2-5 '
F/A Shield Block
Non-uUniform Deformations

Time Independent
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4.2.3.2.2 Time Dependent

The F/A shield block time dependent ANSYS analysis was directed to deriv-
ing the residual strains and deformations associated with the 10-day
hold-time following the final time independent steady state conditions.
The time dependent analysis was performed in 2 Load Steps using an

ANSYS restart from load step 24 of the time independent analysis for

the final steady state conditions, represented by cumylative iteration
23 temperature distributions, and maintained for 10 days or 240 hours.

As thermal creep was considered negligible and not included in the

creep analysis, a redistribution of final steady state stresses by

relaxation would not occur. Nevertheless, the final steady state
structural response, although constant with time, is still required for

subsequent evaluations of creep damage. An additional ANSYS restart

from Load Step 26 in 2 Load Steps was performed to unload the F/A shield
block to a uniform temperature so as to obtain residual deformations. A
summary of the F/A shield block time dependent structural analysis pro-
cedure for the 10-day hold-time and unlcading to a uniform temperature is
presented in Table 4.2-5.

Table 4.2-5
F/A Shield Block
Time Dependent Analysis Summary
10-Day Hold-Time and Unloading

Load Iterations Temperature Reference Description
Steps Dictribution Temperature
(°F) (°F)

25 ] Cum, 1t. 23 788.8 10-Day
Hold-Time

26 1 Cum, It. 23

27 ] 788.8 788.8 Unloading for

23 3 788 8 Rgsidual Deforma-
tions.
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The F/A shield block structural response to the time dependent ‘oading
was identical to the response found at the final steady state conditions
of the time independent loading as thermal creep

ingly, the time dependent maximum equivalent stress and peak non-uniform
deformations for the worst case duty cycle are fdentical to the time
independent values illustrated in Figures 4.2-3 through -5.

With regard to the non-uniform deformations of the F/A shield block,

the final steady state and residual values were found to be 0.000.5
and 0.00004 in. respectively, and are illustrated for Figure 4.2-6.
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o~ 0.00035 in.

Residual

FIGURE 4.2-6

F/A Shield Block

Non-Uniform Deformations

Time Dependent




4.3 Structural Evaluation

The F/A shield block structural evaluation was arranged to provide a com-
parison of the structural response for the 40 worst case duty cycles in
relation to criteria which protect against crack initiation and excessive
deformation failure modes and thereby assure reliability and function over
the first and second reactor cycles.

The procedure for performing the F/A shield block structural evaluations
of peak plus accumulated and residual deformations in relation to deforma-
tion 1imits was relatively direct as the inelastic deformations 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 F/A shield block model includes a large number of finite
elements 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 rrocess-
ing the stress and strain response into a format that perrits a ready
comparison with allowable Timits. In this arrangement, 3 special

purpose damage processor was written to access the stress and strain
response data written on ANSYS Tape 10 for each converged time-
independent and dependent solution throughout the worst case F/A

shield block duty cycle. From supplied uniaxial or biaxial materials
data and crack initiation failure mode correlations, the damage processor
examines the local stress and strain response of each element in the

F/A shield block throughout the worst case duty cycle and identifies

the element with the maximum local ductile rupture and combined creep
damage factors. A description, fiow chart, and listing of the damage
processor is presented in Appendix A.
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In the following, the F/A shield block structural evaluation of crack
initiation, including allowable materials data and failure mode correla-
tions with results for local ductile rupture and combined creep-

fatigue damage, are presented. Next, the structural evaluation of F/A
shield block deformations in velation to allowable limits is presented.
Finally, the F/A shield block structural evaluation of crack initiation
and excessive deformation failure modes is summarized.

4.3.1 Crack Initiation

The F/A shield block structural evaluation of crack initiation in rela-
tion to local ductile rupture and combined creep-fatigue damage criteria
over the 40 worst case duty cycles is presented in the following sub-

sections.

4.3.1.1 Local Ductile Rupture

The local ductile rupture criterion in protecting against crack initiation
requires that the local ductile rupture factor (FDR) be less than unity
at any point ‘n the F/A shield block.

o (epay princhal) TF -

0.3 Ef’ min

FDR = Maximum of

o (epay principaI) TF

£ 2
u, min

In the following, the allowable uniaxial strains used in the F/A shield
block structural evaluation and comparison of results with the local ductile

rupture factor criterion are presented.

4.3.1.1.1 Allowable Uniaxial Strains

The F/A shield block as constructed from SA-316-SS is unirradiated at
BOL. The EOL fluence (E>0.1 Mev) is 0.31 x 10°% n/cm®

n/cm~. In addition, the
F/A shield block temperatures range from 400 to 1000°F. The true minimum
' ‘ : ' min) and fracture (cf’ min) strains for

ynirradiated and irradiated SA-316-SS as a function of temperature used

uniaxial uniform elongation (eu




in the F/A shield block structural evaluation are described as
follows,

4.3.1.1.1.1 Uniform Elongation

The true irradiated uniaxial SA-316-SS uniform eiongation (eu, min.) used in
the F/A shield block structural evaluation were based on the minimum
correlations of irradiated engineering uniform elongation (Eu. -
mended in the trial applications of the RDT Draft for Breeder Core
Components [20-28].

) recom-

The minimum engineering uniform elongation (Eu min) over the temperature
range 700 to 1100°F as a function of fluence (E>0.1 Mev, where (¢t) is in
units of 102] N/ cmz) is given by the relations.

Cu, min

21

"

0.22, for (st) < 10

21
0.22 (%), for (st) > 107

“u, min

In order to obtain true minimum irradiated uniform elongation -y min)
L]

strains for the evaluation of the local ductile rupture factor (FDR) in

the F/A shield block, the following relation was used.

=1n (1 + ¢

)

“u, min u, min

4.3.1.1.1.2 Fracture

The true uriaxial irradiated SA-316-SS fracture strains (cf' min) used
in the F/A shield block structural evaluation were taken directly from the
minimum correlations for true fracture strain recommended in the trial
applications of the RDT Draft for Breeder Reactor Core Components [s].

The true minimum irradiated fracti e strain (sf min) over the temperature
range 800 to 1400°F as a function of fluence (E>0.1 Mev, where (4t) is

in units of 1022 n/cm2) and temperature (T~ °F) is given by the relations.
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4.3.1.1.2 Comparison with Criterion

The F/A shield block structural evaluation in relation to the worst case
location for local ductile rupture was made by screening each of the finite
elements over the 40 worst case duty cycles with the damage processor. The
maximum local ductile rupture factor (FDR) - for the F/A shield block

was found to occur at element 90, identified in Figure 4.2-1.

The peak BOL strain components occurred at the cumulative iteration 63
temperature distribution in the E-4a transient where the local metal
temperature was 802°F. Accumulated BOL strain components were based on
the difference between final and initial time independent steady state
condition in the worst case duty cycle. The EOL maximum principal
strain for the peak BOL and accumulated BOL strain components over

40 worst case F/A duty cycles was 0.00952 in/in. The triaxiality

factor for the local stress state was 2.1 while the true minimum
irradiated uniform elongation and fracture strains at EOL fluence

(E>0.1 Mev, (st) = 0.31 x 1022 n/cmz) were 0.076 and 0.972 respectively.
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In this arrangement, the maximum local ductile rupture factor (FDP) -

for the F/A shield block was found to be controlled by the uniform elonga-
tion with a value;

(F = 0.263

DR)max

As (FDR)max = 0.263 < 1.0, the F/A shield block is not expected to experience
crack initiation over the 40 worst case duty cycles based on the local
ductile rupture criterion.

4.3.1.2 Creep-Fatigue Damage

The creep-fatigue damage criterion in protecting against crack initiation
requires that the combined creep-fatigue damage factor (FCFO) be less than
unity at each point in the F/A shield block.

o 7/30° +Df}
Fepp = a/b = Minimum of } o pC 4 7/3 o

In the following, the allowable limits for fatigue 1ife and creep rupture
times used in the F/A shield block structural evaluation and a comparison
of the results with the combined creep-fatigue damage criterion are pre-
sented.

4.3.1.2.1 Allowable Limits

The F/A shield block as constructed from SA-316-SS is irradiated to an

EOL fluence (E>G.1 Mev) of 0.31 x 1022 n/cmz. In addition, the F/A shield
block temperatures range from 400 to 1000°F with the wetted sodium surfaces
subjected to oxidation as well as interstitial transfer of carbon and
oxygen. The fatigue life and time to rupture data for SA-316-SS including
the effects of fluence, temperature, interstitial transfer, and surface
oxidation used in the F/A shield block structural evaluation are described
as follows.
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4.3.1.2.1.1 Fatigue Lif

Curvently, fatigue 1“fe correlations are not availadle for irradiated
SA-316-3S as a function of fluence and temperature. Accordingly, the
Manson Universal Slopes Method [7] was used to &velov fatigue life
correlations from which the fatigue damege ‘actor {D for the F/A shield
Slock over the £0 worst case duty cycles was derived.

In the Manson Universal Slopes Method, the slopes of elastic and plastic
strain lines 2xpressed in terms of strain range versus number of cycles

on a full logarithmic plot are assumed to De the same for 2'] meterials.
As app)ied to unirradiated SA-376-355, the total strain range (1) is
dependent on the minimum unirradiated true fracture strain fc¢ L, average
mnirradiated engineering yltinate stremgth (Syu,u), Youmg's !bduhs {E).
and cycles to failyre fl,; by the relationm:

0.6 "3.6 & 3 5 s“ -0.12

:stf'“ ¢ _.__E_ﬁﬂf

In order to include the effects of irradiation in the fatigue life relatiom
for SA-316-S5, reduction factors for thye elastic {‘e} ané plastic {‘p)
strain ranges were used in accordance with the guidelimes of the 0T Draft
for Breeder Seactor Core Compoments [5].
te=Fy g ?® o 35F seun]
_T_

-0.12

Su,l.k
\-—‘—Su'“.? 2

(fs .0
. .

-

True Minimum [rradiated Fracture Strains

Average Irradiated Engineering Ultimate Stremgth

. = Experinental Lomstants




Without available material data, the elastic reduction factor (Fe) and
plastic reduction factor exponent (k,) were taken as unity. Accordingly
the fatigue life relation developed for irradiated S$2-316-55 was:

-0.4 ,-0.6 0.12

de = € 15,0 N +# 3.5 Su,u N,

£ 2t T

The development of the irradiated 3A-316-SS fatigue 1ife relation requires

the true minimum irradiated and unirradiated fracture strains (ef’x anu ;f,u}’
average unirradiated engineering ultimate strength (Su,u), and Young's

Modulus (E).

o The true minimum irradiated and unirradiated fracture strains
(cf p and e u) as a function of temperature and fiuence are
’ £}
given in Section 4.3.1.1.2.

e The average unirradiated engineering ultimate strength (Su,u) was
taken as 125% of the minimum values given in the NSM Handbook [6].
Su,u = 100220 - (161.42)*T+(0.368)*T°

- (0.325€-3)*T%+(0.863E-7)*T"
where, Su,u ~ psi
T~ °F

® Young's Modulus (E) as a1 function of temperature is given in
Section 4.2.2.1

The irradiated SA-316-SS fatigue life relation as developed from the Manson
universal slopes method and corrected for the effects of irradiation is

strictly applicable only to uniaxial stress states. In order to apply the
fatigue life relation to the F/A shield block, reductions in fatigue life

which reflect the multiaxial stress and strain state are required. The ROT

Oraft Criteria for Breeder Reactor Core Components [5] recommends that equivalent
strain be used for the strain range in fatigue evaluations of multiaxial

stress and strain states. Another means of accounting for multiaxial effects
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on fatigue life is to use the range (n maximum principal strain. In the
F/A shield block fatigue evaluation, the fatigue 1ife based on equivalent
or maximum principal strain, whichever produced the minimum fatijue Tife
was adopted in order to provide an additional safeguard against fatigue
failure.

An additional consideration is that the Manson Universal Slopes Method

is strictly applicable onrly to the mean fatigue life of a material and
does not account for the scatter in experimental data. 1he RDT Draft Criteria
for Breeder Reactor Core Components [5] recosmends that the 2-20 rule be
used to account for the minimum fatigue 1ife due to scatter of data about
the mean. The 2-20 rule was adopted for the fatigue 1ife correlations of
irradiated SA-316-SS in the F/A snield block structural evaluation of
fatigue life. Simp’y stated, the 2-20 rule requires that the myltiaxial
fatigue 1ife be taken as the uniaxial fatigue 1ife reduced by a factor of
2 on strain range or a factor of 20 on life, whichever is minimum. The
2-20 rule as applied to the uniaxial fatigue life relation developed for
irradiated SA-316-5S using the Manson Universal Slopes Method for the F/A
shield block EOL fluence (E>0.1 Mev, ¢t = 0.31 x 10°2 n/ca’) at 800°F

is presented in Figure 4.3-1.
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4.3.1.2.1.2 Creep-Rupture Time

Currently, rupture time correlations are available for unirradiated and
irradiated SA-316-5S based on pressurized thin walled tubes in a biaxial
stress state [8]. As such, the available biaxial rupture time data with
reductions for interstitial transfer and surface oxidation are sufficient
for the evaluation of the creep damage factor (0%) for the F/A shieid block

over the 40 worst case duty cycle.

The creep-rupture time data [8] for unirradiated and irradiated SA-316-SS
is presented in terms of the Larson-Miller Parameter (LMP). The minimum
unirradiated and irradiated LMP, designated as (LMP)u and (LMP)I. taken

as 2 standard deviations below average data, as a function of stress

(6 » ksi) and fluence (E»0.1 Mev, where (st) is in units of 10°% n/en’)

are:
5 2
(LHP)u = 48.91 - 5.27 LoglO o - 2.995 (L0910 o)

(LMP)I = 52,024 - 13.353 Log]0 o - 1.311 Log]0 (st)
To obtain the minimum rupture time (t, ~ HRS) at a temperature (T~ °R x 10'3)
for either unirradiated or irradiated SA-316-SS,

(LMP), = (LMP); = T (20 + Log,q ty) .

Reductions in rupture time (t,) to account for interstitial transfer of
carbon and nitrogen for SA-316-SS were found to be neglible. However,
surface oxidation of SA-316-SS at wetted sodium surfaces is known to
moderately affect rupture strength. The percent decrease in rupture
strength for SA-316-SS from surface i.teraction with sodium as a function
of temperature is identified in the CRBRP Core Former E-Spec [9] and
summarized as a fractional reduction (FR) over a 800 to 1300°F temperature
range in Table 4.3-1.




TABLE 4.3-]
F/A SHIELD BLOCK
FRACTIONAL REDUCTION RUPTURE STRENGTH
SA~316-SS

Fractional
Reduction
(FR)

|
1

|

|

1.0
1.0
0.97
0.94
0.91
0.88

In order to irnclude reduction in rupture strength for both unirradiated
and irradiated SA-316-SS due to sodium effects in F/A shield block evalua-
tions o7 creep damage, the inelastically calculated maximum stress
intensities or principal stresses (o) were increased by the reciprocal of
the fractional reduction (FR) prior to 2valuating the minimum rupture
times (tr).

g = o/FR
In summary, the minimum rupture time (tr) for unirradiated SA-316-SS

including reductions in rupture strength due to sodium effects used in
creep damage evaluations of the F/A shield block are as follows.

t, = 10 exp [(LMP)u.min-ZO]
-




where,

(LMP) = 48.91-5.27 Log,, (pg-)-2.995 (Log,q rﬁ')z

u,min

Similarly, for irradiated SA-316-SS,

g
(L"P)l.min = 52.024-13.353 L°910(FF’)"'3]]] Log,q (at)

where,

The minimum rupture times as a function of maximum principal creep stress
(5) for SA-316-SS irradiated to the EOL fluence (E>0.1 Mev, ot = C.31x10%2
n/cmz) at 800°F are illustrated in Figure 4.3-2.
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4.3.1.2.2 Comparison with Criterion R

The F/A shield block structural evaluation in relation to the worst case
location for combined creep-fatigue damage was made by screening each of
the finite elements over the 40 worst case duly cycles with the damage
processor. The maximum combined creep-fatigue damage factor (F.pp) max
for the F/A shield block was found to occur at element 38 as identified
in Figure 4.2-1.

The fatigue damage factor (D') was found to be 0.0159 for 40 worst case
duty cycles. The equivalent strain range was found to be critical and
occurred between cumulative iteration 36 and 63 temperature distributions
during the E-4a transient with a value of 0.0041 in/in. The peak meta!
temperature over the fatigue cycle was 911°F, The fatigue life for the
equivalent strain range was 2505 cycles based on the EOL fluence

(E>0.1 Mev, (st) = 0.31 x 1022 n/cn?).

The creep damage factor (0%) was found to be 0.668 x 10'6 for the 40 worst
case duty cycles. The principal stress was found to be critical with a
value of 12,579 psi corresponding to the steady state temperature condi-
tions at the beginning of the 10 day hold time. For the EOL fluence
(E>0.1 Mev, (it) = 0.31 x 1022 n/cmz) at a meta) temperature of 752°F, the
minimum rupture time was 1.43 x 10]0 hours.

In this arrangement, the maximum combined creep-fatigue damage factor
{FCFD} max for the F/A shield block was found to be dominated by fatigue
damage while creep damage was negligible.

(F..n) = 0.0'59

CFD Sx
As :FCFC) max = 0.01589 < 1.0, the F/A shield block is not expected to
experience crack initiation over the 40 worst case duty cycles based on
the creep-fatigue damage criterion.




4.3.2 Excessive Deformation

The F/A shield block structural evaluation of peak plus accumulated, and
residual deformations in relation to functional limits over the 40 worst
case duty cycles is presented in the following subsections.

4.3.2.1 Peak Plus Accumulated Deformations

The peak plus accumulated deformation criterion in protecting against
excessive peak deformation. requires that peak plus accumulated deformations
(éP*A) be less than the peak plus accumulated deformation limit (PADL).

sP*A < panL

The peak deformation (5p) of the F/A shield block during the worst case
duty cycle at BOL was found to occur in the flow passage holes at the
cumulative iteration 63 temperature distribution of the E-4a transient
with a value of 0.00086 in. The initial time independent and final
time dependent steady state non-uniform deformations were both found

to be 0.00035 in. Accordingly, the accumulated deformation (AGSS)
between the initial and final steady state conditions for one duty
cycle at BOL was 0.0 in. For 40 worst case duty cycles, the EOL

P+A

peak + accumulated (& ') deformation.

(eP*PyeoL = (sPyBoL + (N-1) (26%%)BOL
(«"*P)eoL = 0.00087 + 39 (0.0)
(«"*M)E0L = 0.00087 in.

For the F/A shield block, the peak plus accumulated deformation Timit (PADL),

PADL = 0.005 in.

As 5p+A < PADL, the F/A shield block is not expected to experience

excessive peak deformation during the 40 worst case duty cycles.
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4.3.2.2 Residual Deformations

The residual deformation limit in protecting against excessive residual
deformations requires that the residual deformation (aR) be less than the
residual deformation limit (RDL).

s R <ROL

The residual deformation (5R) between initial and final uniform conditions
for one worst case duty cycle at BOL was found to be 0.00004 in. For
40 duty cycles, the residual deformation (6“) at EOL is

(s®")eoL = N(s®)BOL
R - 0.0016 in.

For the F/A shield block, the residual deformation limit (RDL) is
ROL = 0.005 in.

As & R < RDL, the F/A shield block is not expected to experience

excessive residual deformation during the 40 worst case duty cycles.

4.3.3 Summary
The F/A shield block was found to satisfy the crack initiation and
excessive deformaticn criteria for a total of 4) worst case duty cycles.

A summary of the F/A shield block structural eva'uation is presented in
Table 4.3-2.
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TABLE 4.3-2
F/A SHIELD BLOCK

STRUCTURAL EVALUATION SUMMARY

Allowable Calculated Margin of Safety*
Criteria Value Value
Crack Ductile
Initiation Rupture ] 0.263 2.80
Factor
Combined
Creep-
Fatigue 1 0.0159 61.62
Damage
Factor
Excessive Peak +
Deforma- Accumulated 0.005 in. 0.00087 4.75
tion
Residual 0.005 in. 0.0016 in 2.13

* Margin of Safety =

Allowable Value 1

Calculated Value ~




5.0 CMP HEX DUCT ANALYSIS AND EVALUATION

In the F/A CMP nax duct analysis and evaluation, a loading analysis was
made that considered mechanical seismic and core restraint, and thermal
steady state and transient loads in order to establish the number and
characteristics of a worst case duty cycle that umbrellas all expected
duty cycles for the CMP hex duct in the first and second reactor

cycles. Next, an inelast’C structural analysis of the CMP hex duct was
made for a single worst case BOL duty cycle from which EOL values were
approximated. Finally, a structural evaluation of EOL strains and
dimensional changes in relation to criteria which protect against crack
initiation and excessive deformation was made. A summary of the loading
and structural analysis, and structural evaluation is presented as follows.

5.1 Loading Analysis

The F/A CMP hex duct loading analysis was directed to establishing the
number and characteristics of a worst case duty cycle that umbrellas both
the number and characteristics of the Upset, Emergency, and Faulted
Events specified over the first and second reactor cycles. The

number and characteristics of these events are specified in tre Equip-
ment Specification [1].

It is important to note that the worst case F/A CMP hex duct duty cycle

is, in itself, hypothetical, but permits a conservative structural
evaluation to be performed on a single duty cycle instead of on each of the
individual events specified. In the follcreing, the F/A CMP hex duct
mechanical and thermal loads are assessed individually and in relation

to each other prior to establishing the worst case duty cycle used in the
structural evaluation.

5.1.1 Mechanical

The F/A CMP hex duct mechanical loads of significance in relation to
subsequent structural evaluations are the beam type bending loads induced

by OBE and SSE seismic, and core restraint. Deadweight and internal
pressure loadings are relatively insignificant.
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Other mechanical loads postulated for the F/A CMP hex duct assume that the
effects of irradiation creep ana swelling are sufficient to exhaust the
nominal clearances between adjacent hex ducts at the CMP so as to permmit
local inter-duct contact during OBE and SSE seismic events and due to

core restraint under steady state operation. However, the potential for
CMP inter-duct contact under seismic and core restraint loadings was
assessed and found not to occur for the EOL fluence (E>0.1), (st)= 9.29 x
1022 N/en?) identified for the F/A CMP.

Accordingly, mechanical loads for the worst case F/A CMP hex duct duty
cycle considered only the beam type bending loads induced by OBE and SSE
seismic, and core restraint as local inter-duct contact loads do not occur
and deadweight and internal pressure loads are relatively insignificant.

5.1.1.1 Beam Bending

In order to perform a structural evaluation of the F/A CMP hex duct, the
maximum bending stresses and strains under lateral OBE and SSE seismic,
and core restraint sre required. The OBE and SSE seismic bending moments
(M) were taken as the static 1-g moment (Ms) amplified by the respective
acceleration (a) of the core barrel, while the core restraint moment

("cr) corresponding to steady state operation was taken directly.

Mose = [Mg] apg
Nesg " [Ms] S¢er
e = M.,

With regard to core restraint behavior during the Upset, Emergency,

and Faulted thermal transients, the temperatures of the F/A and adjacent
C/A, RB/A and RRS/A hex ducts were assumed to follow the overall core
temperatures, but the temperature differences across the F/A which cause
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transient the core restraint bending moments were not assumed to change
from steady state values. Alternately, the steady state temperature
difference across the F/A hex duct cross-section at any point along

its length was assumed to be the same during the thermal transients

even though overall temperatures increased or decreased according to

the characteristics of the transients. In this arrangement, the transient
bending moments (MTR) were assumed equal to the steady state core
restraint moments (MCR).

Mre = Mer

For the F/A CMP hex duct the cross-section modulus (2) and Young's
Modulus (E), the maximum bending stresses (c) and strains (¢) are
given by the following relations:

s = M/Z and ¢ = o/E

Numerically, the F/A CMP hex duct section modulus (2) is 2.250 ins. The
Young's Modulus (E) for the F/A CMP hex duct constructed from first core
2(E CW-316-SS z1d operating at a steady state temperature of

900°F is 23.31 x 108 psi. The F/A CMP hex duct maximum stresses (c) and
strains (c) under OBE and SSE seismic, core restraint and transient
bending moments are summarized in Table 5.1-1.
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TABLE 5.1-1
F/A CMP HEX DUCT
OBE AND SSE SEISMIC, AND CORE RESTRAINT
BENDING MOMENTS, STRESSES, AND STRAINS

‘ Max. Max.
Core Barrel Bending Bending Bending

Loading Acceleration Moment Stress Strain

(a) (M ~ in-1b) (o0 ~ PSI) (e ~ in/in)
Static Dynamic

Seismic 0BE 1.57 1351 2121 943 4.C5E-5
SSE 2.2 1351 2972 1321 5.67E-5
Core Restraint N/A 26213 N/A 11650 5.00E-4
Transients N/A 26213 N/A 11650 5.00E-4
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§.1.2 Thermal

The F/A CMP hex duct thermal loads are the steady state and transient
tesperature distribytions that occur during the Upset, Emergency,

and Faulted Events over the first and second reactor cycles. The steady
state F/A CMP hex duct inside metal temperature distribytions throughout
Sector A of the core at BOC 1, £€0C 1, BOC 2, and E0C 2 and the Upset,
Emergency, and Faylted Transients defined in terms of time-dependent
scale factors applied to the steady state inside metal temperatures were
considered. In this arrangement, the 7 A (MP hex duct thermal loads in
terms of inside meta) tomperatures associated with 80C 1, EOC 1, BOC 2,
and EOC Z steady state 2as well as Upset, Emergency, and Faulted Transients
were identified at any F/A location in the core.

In order to proceed with a structural evaluation of the F/A O hex duct,
it was desirable for the sake of simplicity to consider only the worst
case thermal loading. Accordingly, all F/A located in Sector A of the
core were assessed in relation to the maximur inside metal wall
temperatyre difference Detween 3 F/L and adjacent (/2 or RB/A. The
maximum steady inside metal wall temperzture difference was found to occur
at F/A Ag; adjacent to C/A g: during BOC 1 with a2 value of 126°F. It is
important to note that at £0C 1, BOC 2, and £0C 2, the respective 1."ide
metal terperatyre differences were found to decrease from 30C 1 values.
As such, the BOC 1 maximum steady states inside metal temperature
difference of 126°F between a F/A and adjacent C/2 was clearly worst
case for all! F/A (M7 hex ducts in the core over the first and second
reactor cycles.

With regard to F/A and adjacent C/A CMP hex duct thermal transients, the
Equipment Specification [1] using an umbrella approach identified the
number of Upset, Emergency, and Faulted transients over the first and
second reactor cycles as 1/15 of the number specified for 30 years
rounded to the next whole number. Over the first and second reactor
cycles comprising a total of 328 FPD, a total! of 39 Upset Transients
umbrellaed by the worst of U-20 or OBL were specified. Similariy, the



worst of the E-16, 60¢ Step, or U-2b during 0BE were specified to
umbrella the Emergency Transients while the SSE was identified to
umbrella the Faulted Transients.

In the derivation of the F/A and adjacent C/A inside metal temperature
transients for the Upset, Emergency, and Faulted transients, the upper

and lower bounds for the Upset U-2b and 0BE events and the Emergency 60¢
step event were considered. The upper bounds were based on quickest

flow decay and maximum decay heat while the lower bounds were based on
slowest flow decay and minimum decay heat. Further, the SSE Faulted
Transient was found to be :mbrellaed by the Emergency £-16 transient. The
Upset transients comprising the upper and lower bound U-2b and 0BE, and
the Emergency Transients including the upper and lower bound 60¢ step,
E-16, and U-2b during 0BE were identified from current data.

In order to reduce the number of F/A CMP hex duct transients which
umbrella the Upset and Emergency Transients to a single worst case
transient, the individual transients were assessed for severity in
subsequent structural evaluations by comparing the inside metal wall
temperatures in terms of maximum value, rate of temperature change, and
range. With regard to steady state conditions, all transients were
initiated with F/A and C/A inside metal wall temperatures of 874 and 748°F
which provide the worst case temperature difference of 126°F. For the
Upset Transients at the F/A CMP hex duct inside metal surface,

the upper and Jower bound U-2b transients were assessed as slightly more
severe in terms of maximum temperature with maximum rate and range of
temperature indistinguishable from the upper and lower bound OBE transient.
However, the adjacent C/A inside metal temperature transients for the
Tower bound U-2b were observed to more closely follow the F/A metal
transient than in the case of the upper bound U-2b. Owing to the thermal
lag in the thin walled F/A CMP hex duct, temperature differences through
the wall, which are important in structural evaluations, are slightly more
severe in the lower bound U-2b transient than the upper bound cunterpart.
With regard to the Emergency Transients, the £-16 transient in terms of



maximum value, rate of temperature change, and range was found to be
clearly more severe than the upper and lower bound 60¢ step, and the U-Zb
during OBE transients. Further, the E-16 was also considered more severe
than the lower bound U-2b transient. In this arrangement, the Emergency
E-16 transient was selected as the worst case imbrella to all of the
Upset, Emergency, and Faylted transients for :he F/A CMP hex duct and is
illustrated in Figure 5.1-1.

The selection of the Emergency E-16 transient as the worst case F/A CMP
hex duct transient is, in itself, not sufficient to establish the worst
case F/A CMP hex duct duty cycle. Thermal conditions following the E-16
transient and subsequent hold-times at steady state conditions are alos
required. The thermal conditions selected consistes of a cool-down to
600°F in 1 hour from the F/A and C/A inside metal wall temperature at
450 seconds into the E-16 transient, followed by a 1 hour heat-up to
initial steady state F/A and C/A temperatures. Thereafter, a 10 day
hold-time at steady state temperatures was >ssumed. The 10 day hold time
corresponds to 40 worst case E-16 transients uniformly distributed over
400 FPD which is slightly greater than the 328 FPD specified ‘or the
first and second reactor cycles. The worst case F/A CMP hex duct duty
cycle is presented in Figure 5.1-2.

The worst case F/A CMP hex duct duty cycle in terms of inside metal
temperatures at initial steady state, followed by the E-16 transient,
thermal conditions in returning to initial steady condition, and 10 day
hold-time are not sufficiently detailed for subsequent structural evalua-
tion. . the following, the F/A CMP hex duct thermal model and geometry,
boundary conditions and wetted sodium surfaces, heat generation rates,
and thermal analysis and results are described from which conclusions on
detailed temperature distributions used in subsequent structural analysis
are presented.
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5.1.2.1 Model and Geometry

The F/A CMP hex duct model was formulated in the ANSYS finite element
program. The ANSYS program was selected because of the compatibility
between thermal and structural elements which permits thermal solutions of
tenperature distrivutions to be used directly in subsequent structural
analysis.

The F/A CMP hex duct region selected for analysis corresponds to a 2
dimensional 90° sector of the full CMP cross-section. As the worst case
F/A CMP steady state and transient temperatures include adjacent C/A
inside metal wall temperatures, an effective film coefficient was uced to
simulate the thermal resistance of the C/A wall. The effective C/A f'Im
coefficient (h) was taken as the thermal conductivity (K) divided by the
wall thickness (L) according to the relation, h = K/L. The effective film
coefficient of the sodium in the CMP interstice gap in relation to the
CMP hex duct itself was not found to be significant. The F/A CMP hex
duct thermal model illustrating the dimensional extent and finite element
detail is presented in Figure 5.1-3.

The F/A CMP hex duct 90° sector thermal model as formulated in the ANSYS
program included a total of 354 linear temperature (STIF 35) elements in
a mesh of 406 node points. A relatively fine mesh was selected in the
corner adjacent to the global X-axis so as to include the thermal skin
response to the thermal transients. Otherwise, a relatively coarse mesh
was used throughout the 90° sector of the CMP cross-section.
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F/A Film Coefficient

(h)

Figure 5.1-3
F/A CMP Hex Duct Thermal Model
Dimensional Extent and Finite Element Detail
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5.1.2.2 Properties

The F/A CMP hex duct is constructed from first core 20% CW-316-5S. The
thermal corductivity (K), specific heat (C), and density (o) of 20% CW-316-SS
are known to not significantly differ from SA-316-SS values. Accordingly,
the first core 20% 316-SS properties used in the F/A CMP hex duct thermal
anaiysis were identical to the SA-316-SS properties identified for the

F/A shield block described 1in Section 4.1.2.2.

5.1.2.3 Boundary Conditions and Wetted Surfaces

The F/A CHP hex duct boundary conditions and wetted surfaces selected in
the thermal analysis are illustrated in Figure 5.1-4,

Boundary conditions for the thermal analysis consisted of adiabatic

conditions along the lateral surfaces coincident with the Global X and Y

axes of the 90° sector model. In simulating the thermal resistance of the

C/A CMP hex duct wall, the effective film coefficient (h=0.00164 BTU/inz-sec-°F)
was based on a thermal conductivity (K=0.000197 BTU/in-sec-°F) and wall
thickness (L=0.12 in). The effective film coefficient (h) was specified

at the free surfaces of all elements forming the exterior of the F/A CMP

hex duct which included elements 10 through 58, increments of 12; 254

through 262, increments of 8; and 266 through 354, increments of 4.

The wetted interior F/A CMP surfaces were assumed to respond immediately

to the inside me*.: wall temperatures of the worst case F/A CMP duty cycle.
Local variations in wetted interior surface temperatures were neglected.
Instead, all F/A CMP hex duct interior surface node temperatures were
globally coupled to each other and included Nodes 1 through 61, increments
of 12; 73 through 280, increments of 9; and 287 through 402, increments

of 5.

With regard to the wetted interior C/A CMP surfaces which are exposed to
inside metal wall temperatures, local temperature variations were also
neglected and a global variation assumed in the form of a Bulk Temperature.
The bulk temperatures were specified in accordance with C/A inside metal

-94-



C/A
Bulk Temperature

N GO I S

- C/A & RB/A
Effective Film Coefficients
Elements

-Adiabatic 10 » 58, inc. of 12
Surface 254 » 262, inc. of 8
266 + 354, inc. of 4

F/A— <«——h=0.00164 BTU
Interior Temperature n<-sec-
Wetted _urface Nodes

1 + 61, inc. of 12
73 » 280, inc. of 9
287 - 402, inc. of 5

-Node
Node 1 L

Adiabatic
Surface

Figure 5.1-4
F/A CMP Hex Duct
Boundary Conditions and Wetted Surfaces
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Surface temperature variations of the worst case F/A CMP hex duty cycle
and applied to the F/A through the effective C/A wall film coefficients.

5.1.2.4 Heat Generation Rates

During steady state operation, the F/A CMP hex auct is exposed to nuclear
heating. The expected maximum and average CMP heating rates were 58 and
45 watts/cc respectively. The steady state F/A CMP meta) temperatures
include the average heating rate over the core region. Accordingly,

only the difference between the maximum and average heating rates of

13 watts/cc or 0.20 BTU/in-sec should be considered in the derivation

of detailed CMP hex duct temperatures.

For the F/A CMP hex duct exposed to a heat generation rate (Q) with
thermal conductivity (K) and wall dimension (L), the temperature difference
(aT) is given by:

AT = qQué/2x

iT = 0.20 BTU/in3-sec) (0.12 in)?
2(2.87 x 10~ BTU/in-sec-°F)

AT = 5.01°F

For the F/A CMP hex duct, the steady state temperature difference (ATSS)
caused by sodium flow was 126°F. As AT < < ATSs, the steady state tempera-
ture is insignificant, and heat generation rates were neglected in the
thermal analysis



5.1.2.5 Analysis ané Results

The ANSYS thermal analysis of the F/A (MP hex duct was arranged 0 pro-
vide detailed temperatyre distridutions over the total worst case dutly
cycle. A total of 10 load steps were selected at prominent F/A and LA
inside meta) surface temperatures. The first 7 Load Steps characterized
the initial steady state conditions and the I-16 transient to 450 seconds.
Load Steps 1 and 2 represent initial steady state concitions while Load
Steps 3 through 7 correspond to the £-16 transient. Load Step 8 corresponds
to the 1 hour cool-down to S00°F. The return to final steady state
temperatures with the 1 hour heat-up was accomplished in Load Step 9. The
final steady state temperatures held for 10 days were obtained in Load
Step 10. Prominent Load Steps in the E-16 tramsient are illystrated in
Figure 5.1-5 and numerical values for the full worst case F/A O hex duct
duty cycle are presented in Tadle 5.1-2.

TABLE 5.1-2
WORST CASE F/A O HEX DUCT DUTY CYCLE
ANSYS INPUT DATA

| Load | Time e UH) |
| Step | (sec) | F /A |
L |
s - 0.0 ane 748
| 2 0.0 87¢ 743
3 1.0 280 752
’ 7.5 e 738
g €3 210 738
LG 100 320 750
? 450 300 70
| 030 600 £00
7650 87 748

€ W o
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*he ANSYS solution of the worst case F/A CMP hex duct duty cycle was

obtained in 47 cumulative iterations using a static and transient convergence
criteria of 1 and 5°F, respectively. The temperature distributions at each
cumulative iteration were saved on ANSYS Tape 4 for recall in subseguent
structural anz ysis. In order to determine the cumulative iterations of
interest in structural analysis, maximum and minimum through the wall
temperature differences are most important in relation to structural damage.
The F/A CMP hex duct temperature differences based on the through-the-wall
temperatures at nodes |1 and 9 depicted in Figure 5.1-4 are illustrated in
Figure 5.1-6.

A review of the through-the-wall temperature differences shows that the
maximum and minimum values occur at cumulative iterations 27 and 37
respectively, with a range of 95°F. In the thermal solution run, cumula-
tive iteration corresponds to the E-16 transient Figure 5.1-1. The
initial steady state condition corresponds to cumulative iteration 2

with a temperature difference of 80°F., Plots of the temperature distribu-
tions throughout the F/A CMP hex duct thermal model at cumulative
iterations 2 and 27 are presented in Figure 5.1-7.
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Figure 5.1-7

F/A CMP Hex Duct
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5.1.3 Worst Case Duty Cycle

The conclusions based on the F/A CMP hex duct loading analysis in relation

to establishing the worst case duty cycle with recommendations for subsequent
structural analysis were as follows.

® Mechanical loads comprising UsE and SSE beam bending, internal
pressure, and deadweight were considered insignificant. Local
inter-duct contact loads are non-existent. Only beam bending
loads caused by core restraint under steady state operation
were considered to be of significance in establishing the worst
case F/A CMP hex duct duty cycle.

e Thermzl loads associated with the E-16 transient in combination
with the thermal conditions in returning to steady state and the
hold-time prior to the initiation of the next E-16 transient were
considered most important in establishing the worst case F/A CMP
hex duct duty cycle.

The recommendations for the specific F/A CMP hex duct loading in relation
to the worst case duty cycle were arranged into combined mechanical and
thermal time independent and dependent loadings. The following sequence
for the worst case F/A CMP hex duct cycle was recommended to be repeated
39 times so as provide an upper bound to the 39 specified Upset events,
and the worst Emergency or Faulted event.

Time Independent

® Select a uniform temperature equal to the reference temperature
at cumulative iteration 2. Load to the cumulative iteration 2
temperature distribution and apply the steady state core restraint
bending moment. Unload to uniform temperature.

® Select a uniform temperature equal to the reference temperature at
cumulative iteration 27. Load to the cumulative iteration 27 temp-
erature distribution and apply the transient bending moment. Un-
load to uniform temperature.
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® Select a uniform temperature equal to the reference temperature at
cumulative iteration 2. Load to the cumulative iteration 2 temperature
distribution and apply the steady state core restraint bending moment.

Time Dependent

® Hold the cumulative iteration 2 temperature distribution in com-
bination with the steady state core restraint bending moment for
10 days.
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5.2 Structural Analysis

The F/A CMP hex duct structural analysis was directed to deriving the
stresses, strains and dimensional changes which occur during the

worst case duty cycle from which structural evaluations were made. In
the following, the F/A CMP hex duct structural model, geometry, and
boundary conditions are described. Next, linear and non-linear material
properties including the effe~:s of irradiation on stress-strain curves
and simplifications made in the thermal creep equations are presented.
Further, reference temperatuie selection for thermal expansions in
relation to axial constraints is described. Finally, the time inde-
pendent and dependent inelastic analysis and results for the F/A CMP
hex duct are presented in preparation for subsequent structural
evaluation.

5.2.1 Model, Geometry and Boundary Conditions

The F/A CMP hex duct model was formulated in the ANSYS finite element
program so as to be compatible with the temperature distributions of

the thermal model. The F/A CMP geometry was taken to be identical

to that used for the thermal analysis, except that the film coefficients
simulating the C/A CMP wall thermal resistance were deleted.

In formulating the F/A CMP hex duct structural model, the ANSYS constant
strain (STIF 2) structural element was used to replace the linear
temperature (STIF 35) thermal element. The boundary conditions along

the lateral surfaces of the 90° sector coincident with the global X

and Y axes, in the manner of the conventional roller support, were taken
to have zero normally disposed displacements, but free to move laterally.
Along the surface conincident with the global X axis, the UY displace-
ments at nodes 1 through 9 were set equal to zero. For the surface
coincident with the global Y axis, the UX displacements at nodes 402
through 406 were set equal to zero. The F/A CMP hex duct structural
mudel is illustrated in Figure 5.2-1.
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Structural Model, Geometry, and Boundary Conditions
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5.2.2 Properties

The F/A CMP hex duct as constructed from first core 20% CW-316-SS and
initially unirradiated at BOL is irradiated to a fluence (E > 0.1 Mev,
(st) = 9.29 x N/CM?) at EOL. The linear and non-linear properties of

first core 20% CW-316-SS under fluence and temperature with simplifications

used in the F/A CMP hex duct analysis are described as follows.

5.2.2.1 Linear

The linear 20% CW-316-SS properties including the Young's Modulus

(E), Poisson's ratio (u), and coefficient of thermal expansior [a) are
known to not significantly differ from SA-316-SS values. Accordingly,
the first core 20% CW-316-SS properties used in the F/A CMP

hex structural analysis were identical to the SA-316-SS proper*ies
identified for the F/A shield block described in Section 4.2.2.1.

5.2.2.2 Non-Linear

The non-linear first core 20% CW-316-SS material property

behavior required in the F/A CMP hex duct structural 2nalysis are the
time independent stress-strain curves and the time dependent thermal
creep equations.

5.2.2.2.1 Stress-Strain Curves

Currently, stress-strain properties of first core 20 percent CW-316-SS
are not extensively known as prior experimental effort has been
primarily directed to N-Lot steel. The available stress-strain
properties of first core steel [11] are limited to fluence (£>0.1 Mev)
to 3 x 1022 N/CH2 over a temperature range from 1000 to 1200°F., As

the CMP hex duct EOL fluence (E > 0.1 Mev) is 9.29 x 1022 N/CM2, the
available data requires extrapolation in order to obtain first core

20% CW-316-SS stress-strain data for use in the F/A CMP hex duct
analysis.
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In the F/A CMP hex duct analysis, the first core 20% CW-316-SS
stress-strain data of importance are the proportional elastic lTimit
stresses as time independent mechanical and thermal loadings are
relatively low and elastic analysis was justified.

The available first core 20% CW-316-SS true minimum proportional
elastic limit stress (°PEL) was taken as 86 percent of the minimum
engineering yield stress (oY NIN)'

opgL = 0-86 oy MmN

The minimum engineering yield stress (oY«4KSI) data identified in
Reference [11] was fit to a polynomial in temperature (T~ °F x 107
according to the relation:

= 60.596 - 0.817 * T - 0.0601 * T

"

2
°y* MIN

Numerical values of the true minimum proportional elastic limit stress
(°PEL) as a function of temperature are summarized in Table 5.2-1.

Table 5.2-1

F/A CMP Hex Duct
Minimum Yield and Proportional Elastic Limit Stress

First Core 20% CW-316-SS

IS?? Oys MIN 9PEL
(kSI) (KSI)
800 50.21 43.18
850 49 .31 42.4)
900 48.37 41.60
950 47.41 40.77
1000 45.42 39.06
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5.2.2.2.2 Thermal Creep Equations

The steady state F/A CMP hex duct temperatures cover the temperature range
of 800 to 875°F. Calculations for these conditions with the unirradiated
20% CW-316-SS thermal creep equations for thermal creep of N-lot (interim
NSMH equations [12]) and first core [24] lots indicate that thermal creep
was negligible. Accordingly, thermal creep during time dependent
mechanical and thermal loadings was neglected for the F/A CMP hex duct.
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5.2.3 Worst Case Duty (ycle Response

The structural response of the F/A CMP hex duct to the worst case duty
cycle loading comprised of combined mechanical and thermal loadings
required an analyticel approach different from that used for the F/A
shield block and outlet nozzle where therma' loadings alone formed the
basis for the respectiv> duty cycles. The structural response associated
with the time independent and time dependent thermal loadings were derived
independently of the mechanical loading resporse and combined by super-
position. Superposition of thermal and mechanical structural response,

in terms of stresses and strains, was justified because the F/A CMP hex
duct remaine< linear elastic throughout the worst case duty cycles. The
superposition of mechanical stresses and strains is described in the F/A
CMP hex duct structural evaluation. In the following, the analysis and
thermal structural response solutions for the F/A CMP hex duct are present 4,

5.2.3.1 Constraints and Reference Temperature Selection

The F/A CMP hex duct corresponds to a 90° sector of a lateral slice taken
through the length of the hex du.t at CMP, For through the wall thermal
loadings, axial constraints normal to the 2 dimensional 90° sector closely
simulate a plane strain condition as the length of the hex duct is
significantly greater than corresponding cross-sectional dimensions.
Accordingly, the F/A CMP hex duct was considered to be in a plane strain
condition for the purposes of deriving the structural response to thermal loadings. -

The method of selecting a reference temperature in relation to an
arbitrary temperature distribution imposed on an ANSYS plane strain model
was described for the F/A shield block in Section 4.2.3.1. Using the
same method for the F/A CMP hex duct, the r:ference temperatures for the
-acommended cumulative iterations in the wurst case ‘uty cycle are

<L marized in Table 5.2-2.

-109-




TABLE 5.2-2
F/A CMP Hex Duct

REFERENCE TEMPERATURES

Temperature Reference
Distribution Temperature
(Cum. Iter.) (°F)
m_—;__——.—m
2 836.6
27 872.5

5.2.3.2 Analysis and Results

The ANSYS elastic analysis of the F/A CMP hex duct structurai model under
the worst case thermal duty cycle was arranged into a v.w independent
analysis of the short term E-16 transient followed by a time dependent
analysis at steady state temperatures over the 10 day hold-time. In
order to obtain the thermal structural response in an efficient manner,
the ANSYS restart option was used to follow the loading sequence within,
between, and after the time independent and dependent loadings. As elastic
or creep instability would not be expected for the F/A CMP hex duct under
the deformation controlled thermal loadings, the ANSYS small-strain small
deformation option was used in the elastic analysis. Descriptions of the
time independent and dependent analysis and results are as follows.
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5.2.3.2.1 Time Independent

The time independent ANSYS analysis of the F/A CMP hex duct was directed

to deriving the peak elastic strains and deformations associated with the
thermal loadings from initial steady state through the E-16 transient
followed by a return to final steady state, but excluding the 10 day
hold-time. The time independent loadings were considered as static loads
applied at zero time. A total or 8 seouential ANSYS Load Steps in
combination with the restart option were used to obtain the time independent
structural response of the F/A CMP hex duct, a summary of which is

presented in Table 5.2-3.

TABLE 5.2-3
F/A CMP HEX DUCT
TIME INDEPENDENT ANALYSIS SUMMARY
INITIAL STEADY STATE, E-16 TRANSIENT, AND FINAL STEADY STATE

Temperature Reference
Load Iterations Distribution Temperature Description
Step (°F) (°F)
1 1 836.6 836.6 Initial
2 1 Cum. Iter. 2 836.6 Steady State
3 1 : 836.6 836.6 (0.0 SEC.)
T
4 ] i 872.5 872.5 E-16
‘ Transient
5 1 Cum. Iter. 27 872.5 (100 SEC.)
6 1 872.5 872.5
7 ] 836.6 836.6 Final
8 1 Cum. Iter. & 836.6 Steady State
(7650 SEC.)




The F/A CMP hex duct structural response to the time independent loadings
in terms of elastic stresses and strains were saved on ANSYS Tape 10 for
subsequent recall in structural evaluations. The initial and final time
independent steady state maximum equivalent stress was found to be 13,128
psi. During the E-16 transient, the maximum equivalent stress at cumula-
tive iteration 27 was 17,179 psi. The peak non-uniform deformation was
found to occur at cumulative iteration 27 with a value of 0.00026 in.,
while the maximum initial and final steady state non-uniform deformations
were 0.00017 in. Computer plots of time independent equivalent stress
and deformations are presented in Figures 5.2-2 and -3.
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5.2.3.2.2 Time Dependent

The time dependent ANSYS analysis of the F/A CMP hex duct was directed to

deriving the final time dependent steady state structural response associated

with the 10 day hold-time at final time independent steady state conditions. .
The time dependent analysis was performed with Load Step 9 using an ANSYS

restart from Load Step 8 of the time independent analysis at the cumulative

iteration 2 temperature distribution and maintained for 10 days or 240 hours.

As thermal creep was neglected in the time dependent analysis, a redistribution

of the time independent stresses would not occur. Accordingly, only one

iteration at a creep time step of 240 hours was used in Load Step 9.

The F/A CMP hex duct structural response for the time dependent loading
was identical to the time independent final steady state response as
thermal creep was neglected. Accordingly, the final time dependent steady
state maximum equivalent stress and non-uniform deformations are identical
to the final time dependent values illustrated in Figures 5.2-2 and -3.

With regard to the residual non-uniform deformations of the F/A CMP hex

duct, none would occur because the F/A CMP hex duct remains linear elastic
over the worst case duty cycle.
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5.3 Structural Evaluations

The F/A CMP hex duct structural evaluation was arranged to provide a
comparison of the structural response for the 39 worst case duty cycles
in relation to criteria which protect against crack initiation and
excessive deformation failure modes and thereby assure F/A CMP hex duct
function over the first and second reactor cycles.

The procedure for performing the F/A CMP hex duct structural evaluations
in relation to crack initiation and excessive deformation criteria was
identical to that used for the F/A shield block ther il stresses and
strains presented in Section 4.3, except as modified to superpose the
time independent transient and time dependent core restraint mechanical
bending stresses and strains. A linear superposition of the thermal and
mechanical bending stresses and strains i. justified, as combined stresses
are less than the proportional elastic 1imit stresses identified for
first core 20% CW-316-SS in Table 5.2-1.

In order to perform a true superposition of mechanical bending stresses
and strains with the thermal stresses and strains in the 90° sector of

the F/A CMP hex duct, a linear variation of mechanical bending stress

and strain about the neutral axis of the CMP hex duct would be summed
algebraically with the local thermal stresses and <trains. However, a true
superposition was not made. Instead, a simpler, yet conservative,
approach was adopted which consisted of superposing the peak outer fiber
mechanical bending stresses and strains uniformly over the full cross-
section of the F/A CMP hex duct 90° sector. In essence, the full F/A

CMP hex duct cross-section was placed in a uniaxial stress and strain
state equal to the peak outer fiber bending values. By using both
positive and negative peak outer fiber bending values, the true super-
position of mechanical and thermal stresses and strains was conservatively
bracketed between tensile and compressive values. The peak bending
stresses and strains for the mechanical transient and core restraint
bending moments used in the superposition were 11,650 psi and 5 x 107
as identified in Table 5.1-1.

4 in/in
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The superposition of peak outer fiber mechanical and therma] stresses

and strains was made in conjunction the structural evaluation of crack
initiation fai' . modes using the damage processor. Local ductile
rupture and combined creep-fatigue damage factors were computed for each
element in the F/A CMP hex duct model for 3 sets of mechanizal bending
str« - strain values, that is, (+ 11,650 PSI, + § x 10™% in/in),

(= 11.650 PS1, - 5 x 10°% 4n/in), and (0 PSI, 0 in/in). Of these sets

of mechanical bending stresses and strains, the worst combination with
the local thermal stress and strain state in terms of maximum local ductile
rupture and combined creep-fatigue damage factors were used in comparison
with allowable limits.

A summary of the F/A CMP hex duct structural evaluation and summary of
results is presented as follows.

5.3.1 Crack Initiation

The F/A CMP hex duct structural evaluation of crack initiation in relation
to local ductile rupture and combined creep-fatigue damage criteria over
the 39 worst case duty cycles is presented in the following subsections.

5.3.1.1 Local Ductile Rupture

The local ductile rupture criterion in protecting against crack initiation
requires that the ductile rupture factor (FDR) be less than unity at
each point in the F/A CMP hex duct.

o (egay principal) TF

Fop = Maximm of 03 ¢ min,

I

® (cnax principa1) TF

®u, min.

X1 7=



In the following, the allowable uniaxial strains used in the F/A CMP
hex duct structural evaluation and comparison of results with the local
ductile rupture factor criterion are presented.

5.3.1.1.1 Allowable Uniaxial Strains

The F/A CMP hex duct as constructed from first core 20% CW-316-SS is
unirradiated at BOL. The EOL fluence (E>0.1 Mev) is 9.29 x 1022 N/cm?.
In addition, the F/A CMP hex duct temperatures range from 600 to 1000°F.
The true minimum uniaxial uniform elongation (eu’ min) and fracture

(cf’ m’n) strains for unirradiated and irradiated first core 20% CW-316-<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>