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1.0 INTRODUCTION

i The Clinch River Breeder Reactor Plant (CRBRP) core is comprised of Controlo

(C/A), Fuel (F/A), Blanket (B/A), and Removable Radial Shield (RRS/A)
I assemblies arranged in a hexagonal pattern within the core barrel. The
i core assemblies are exposed to nuclear irradiation at elevated temperatureo

| in direct contact with liquid sodium and are subjected to mechanical and

| thermal loads. Owing to the severity of the environment and loadings 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

j system in accordance with the requirements of the Equipment Specification
for the First Core Fuel Assembly [1].

1.2 Scope
i

The scope of the Structural avaluation is applicable 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 Applicabili ty

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 cycles of l''9 and 200.

full power-days respectively, for a total of 328 full-power days.

'
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1.4 Sumary

The F/A structural evaluaticn was perfo med in accordance with the criteria
identified in the First Core Fuel Asserbly Equiprent Specification [1] which

"

assure t.... he intended function of the F/A in the CRERP 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 co-bined creep-

fatigue darage. In addition, the excessive defomation failure codes of

peak plus at u ulated and residual defomation are crotected against by the
'

F/A criteria. The F/A structural evaluation based on the June 1977 loads
and currently available raterials data showed that the F/A design con-
prising the shield block, TLP outlet nozzle, CMP and ACLP hex ducts,
attachrent assembly, and orifice plate are not expected to experience crack

initiatien and excessive defor ation failure over the first and second
reactor cycles. A sumary of the cargins of safety for the F/A regions
structurally evaluated is presented in Table 1.0-1.

-

TABLE 1.0-1

F/A PAR 3IN OF SAFETY SUWARY

F/A I Fargin of Safety * I
-

Pegion I Crack Initiation i Excessive Defomation
Local Combined Peak plus Residual

'
Ductile Creep- Acc culated
Rupture Fatigue Darage ; -

Shield i

Block 2.80 61.62 4.75 2.13
,

C??
Hex Duct 12.76 191.3 37.4 CO

+ACLP
I
>

! !!ex Duct 10.49 91.6S 4.65 1.58
!L

[TLP
' Outlet 0.37 0.29 3.0 1.56

Nozzle

Attachrent S2.33 925,925 10.11 N
nsserbly

' Orifice I
' -

4.03 291,544 0.43 1.52Plate j
.

*"argin of Safety = Ailce ble Value ,) ~

Calculated Value
-2-



2.0 DESCRIPTION AND APPROACH

The heterogeneous core 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 tenns 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 to 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.

.
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2.1 Shield Block

ihe F/A shield block, located between the hex duct and inlet nozzle,3

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

' o

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
,

'

centrtl hole and 6 symetrically spaced holes on a nominal 2.750 in. dia- I

| meter circle. The shield block region is identified adjacent to
Section E-12 in the F/A design layout presented in Figure 2.0-2. '

The shield block region represents the worst case location far structural |

damage for the F/A inlet hardware. Thermal loads caused by steady state
and inlet sodium transients control ' structural damage as mecnanical core
re traint and seismic loads are relatively insignificant throughout the
inlet nozzle 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-walled nield block body. Other
prominent F/A inlet locations include the nozzle, nozzle to shield block
weld, and hex duct to shiel' block weld. However, the latter locations

.

are relatively thin-walled with welds on exterior .eraces exposed to the
stagnant sodium interstice and not to the inlet sodium transients. As

such,thestructuraldam$gecau'sedbythermalloadsintheF/Ainlethard-
,

ware would be worst case in the shield block, or alternately the structural
damages of the F/A inlet nozz.le, and nozzle and hex duct to shield block
welds is considered to be conservatively bounded by the structural damage
of the shield block.

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.

,
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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-

T

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-316-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 the 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 construction is permitted. The failure
mode of interest at the ACLP hex duct is duct crushing initiated by insta-

.

bility or rupture related to the ductility at fluence and temperature.

2.4 TLP Outlet Nozzlei

The F/A TLP outlet nozzle, located at the top of the F/A, ft.nctions to channel|

the sodium coolant into the outlet plenum while providing lateral 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

.
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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.e

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
location 'is 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 worst case in the outlet

nozzle, or alternately the structural damage of the hex duct to outlet
nozzle weld is considered to be conservatively bounded by the structural
damage or the F/A TLP outlet nozzle.o

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
both vertical and horizontal directions. The attachment assembli 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
Ieach of the support bars, and a pair of Inconel 713 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 desisn layout illustrated in Figure 2.0-1.

!

l
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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 parent 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 bet >een the inlet nozzle and
shield block, functions to passively throttle the inlet sodium flow. The

orifice plate is comprised of a set of SA-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 periphes; rcquire investigation.

.
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( 3.0 CRITERIA
I

; In order to assure that CRBRP functional requirements are not impaired by,

1

i structural damage during the first and second reactor cycles, the
F/A Equipment Specification [1] includes both elastic and inelastic

l 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 defonnation 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 E0L which are related to operational F/A functional require-
ments. The second are the E0L residual deformations related to the |
dimensional tolerances specified on the design drawings which were con-
sidered necessary for B0L F/A functional requirements. For the F/A elastic,

1

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. |

IIn 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-fatigue 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 following subsections, the specific CRBRP F/A inelastic criteria
are described *.. terms of background and rationale for selecting designi

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.

.

O
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| TABLE 3.0-1

CDCRP F/A II:!. ASTIC CRITTPIA AND LIMITS

Type of
* Failure Mode Criteria Limit F/A Region
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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 fluer.ce at
elevated temperature in a liquid sodium environment. Established struc- i

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 defonnation 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 limits 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 Proposed 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 iAntified.

f
|

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,

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

e Elastic / lastic 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 limits do not reflect

the deformation limits 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:

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

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

,

Elastic &lastic/ creep instability causing gross distortion oro

incremental collapse under short and long term loading, and
.

-14-
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,

b

A

Loss of function due to excessive deformation under shorte ,

3

I and long term loadings. -

The Coje Case 1592 rules are only applicable to the CRBR F/A when the r

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 limits of the ASME
Section III Code. However, Code Case 1592 rules do not provide guidance

in protecting against time-dependent and tine-independent failure modes'

of F/A regions where the effects of material irradiation are significant.i

|
Further, Code Case 1592 rules only identifj excessive deformation as a

"

| potential failure mode with specific limits which would assure CRBR F/A
functional requirements to be specified by the Owner.

i

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 the effects of material irradiation
are rignificant. 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. [
i Classification of a Breeder Reactor Core Component depends on the level of .

assured structural integrity required to satisfy the reliability and;

f functional requirements of the total reactor system during specified Normal,
I
' Upset Emergency, and Faulted Events. Core components are classified as

-

A, B, and C for decreasing levels of structural integrity designated t.s
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 suniary of the failure modes protected
against by RDT draft rules is as follows.

*
i

.

| -15-

| .

.

h

L
--. - - - _ - - - -_- .=_ _ _ _ _ _ _ _ _ _ _ - _ -



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

long term loading,

o Crack initiation caused by creep-fatigue interaction under
t

combined short and long term loading,

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

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

e Propagation of pre-existing cracks.

The RDT draft rules are generally apolicable 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 deformai. ion 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 j

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 as Class C. With regard to methods 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
c *

would be appli' cable for the CRBR F/A to protect against crack initiation,;

-16-
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.

elastic / plastic / creep instability, and crack propagation, but permit the
Owner to specify alternate criteria which are rationally defensible. With

~

regard to loss of function due to excessive deformation, the RDT rules
recognize that general governing criteria can not be fonnulated for a
core component and, for the CRBR F/A,would permit specific deformation

i

limits relevant to its particular reliability and function to ba 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 modified to include additional safeguards
and to more properly reflect the F/A functional requirements of the Owner
as identified in the Equipment Specification [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 requires 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,

i 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 compor.ents,was not considered

.

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 follows.

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

i

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

.
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e Elastic / plastic / creep instability causing gross distortion
or incremental collapse under short and long term loading, and-

e Loss of reliability and function due to excessive deformations
$ under short and long term loading.

In the formulation ni 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 defonnation 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 limits 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 the CRBRP F/A regims reduces to assuring that crack initiation
failure moda would not occur before limits on excessive deformation failure
modes were exceeded.

In the following, the specific CRBRP F/A inelastic structural criteria as
formulated to protect against crack initiation and excessive deformation
failure modes are deccribed and summarized.~

-18-
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3.1.4.1 Crack Initiation

The CRBRP F/A criteria to protect against crack initiation are based on .

the rationale developed for protecting against local ductile rupture and
creep-fatigue interaction in the ROT 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 RDT 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 (cmaxprincipal}

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

' max principal 1 0 cf

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.

I 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 locali

ductile rupture in irradiated materials, an additional criterion based on
true uniform elongation (cu) corrected for the triaxiality factor of the
stress state was adopted for the CRBRP F/A. As the true uniform elongation

,

(cu) was observed in the irradiated EBR-II tensile tests [10] to be

{
'

.
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significantly lower than the reported fracture strains (cf), additional
conservatism in selecting a safe fraction (<1) was not considered necessary..

The additional criterion formulated:

5 * ax principal 1hm

With the understanding that the difficulty in the implementation of a
local ductile rupture criterion based on true fracture strain is one of
lack of data and may not be a deficiency in the criteria itself, the lucel
ductile rupture criterion selected for the LRE?P F/A considered the minimum
of true uniform elongation or fracture strair correlations in the design
limit.

, ,

0.3 cf, mine

* max principal 1 Minimum of: TF

e cu, min
TV

, ,

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 (FDA)*

, ,

(*maxprincipal)TFe

FDR = Maximum of , 0.3 cf, min.
'

|
(* max principal) TF' '

' 'u, min
|

Where, FDR 11 for acceptability |

V"E (a) + 2+ 3)

[(ej- 2) +I 2- 3) +I 3 - "1)
"

= Maximum
1* "2* 3 Principal Stresses,

TF = 1, for TF < 1-

-
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6

3.1.4.1.2 Creep-Fatigue _ Damage .,

The RDT Draft for Breeder Reactor Core Components [5] identifies creep-
fatigue damage as a neans of protecting against crack initiation. The

'

C
total damage (D) consists of the sum of the themal creep (D ) and ,

fatigue damage (D ) factors which rust be less than a design margin (s).I

,

c I f

D + D <3D =

j

For Nomal and Upset, and Emergency events, the RDT Draf t guidelines

recoceend a unity design cargin (s = 1). On the other hand, the Code !

Can 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 cochined creep-fatigue darage as a
fraction of the Code Case 1592 darage limit, the concept of a coebined

creep-fatigue darage factor (FCFD) was introduced and is illustrated in
Figure 3.1-1.

1.0 ,

\ RDT,#

'
Draft'

*

Recomendation'

-

*

Code CaseCreep
! \ 1592

Danage
Factor N

c
(D ) j y

0.3 '

Damage Limit
'

| /'a
# Calculated, /,,- ,

N0. 0'
0.0 0.3 1.0 1

#Fatigue Darage Factor (D )

Figure 3.1-1

iCorbined Creep-Darage 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:

J e 7/3 Dc+DI I'
FCFD = a/b = Minimum of .Dc3D)

In the creep damage evaluations of the ' . regions, the creep damage
c

factor (D ) was based on the stress relaxation during time-dependent
loading according to the relation:

|

I

D dt=
C

J tr
o

|

where, tc Duration of Loading=

Rupture time as function of stress (c)t =
r and temperature (T)

,

Maximum equivalent or positive principal stresso =

whichever provided a minimum rupture time (t ),
r

In the fatigue damage evaluations of the F/A regions, the fatigue damage
f(D ) for n cycles was based on the fatigue life (N ) for the time-

f
,

independent strain range within a single cycle according to the relation:

N

D =

i=1

where, :
I

Fatigue life based on maximum Von MisesN =
f 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 RDT Draft Criteria for Breeder Reactor Core Components [5] recomends that
~

deformation limits for functional requirements be identified in the Owner
Equipment Specifications and include elastic, plastic, themal creep, and
irradiation creep and swelling. ,

The CRBRP F/A defomation 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 themal
creep deformations during the total number of loading cy:les. The F/A

functional limits do not 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 themal creep defomations, 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.

The 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 limits 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 pritarily deformation
controlled. The peak plus accumulated deformation limits (PADL) for the
derarmation 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 duct 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 r f 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, Emergency, 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.

-24-
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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 thennal 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 temperature
,

'

j distributions and mechanical core restraint loads which were maintained for
a representative hold-time. Thereafter, the worst case duty cycle was

I

assumed to repeat successively throughout the first and second cycles.
I l

I 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

i 200 FPD. Accordingly, the representative hold-time in i 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, j

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 -

:

i than the 328 FPD specified for the first and second reactor cycles.

i
-

j 3.2.1 Crack Initiation
,

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 (c , min) and fracture strain (cf. min) atu

local metal temperature and E0L fluence. The maximum principal strain

(cmax principal) was computed from E0L peak plus accumulated time-independent
and dependent strain components after a total of N worst case duty cycles.
The peak plus accumulated E0L strain components (c A) were taken from BOL

A
peak (c])andaccumulated(cg ) during the first worst case duty cycleg

as follows. .

P+A P N-1 A

* ij " I' ij) + (* ij)K !) ,

-25-
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For the first BOL duty cycle, the EOL strain components are given by the
'

relation.

(c A)E0L P A
(cj3 ) BOL + (N-1) (c$3 ) BOL

=

As the method of computing maximum principal strains (cmax 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 Creeo-Fatigue Damage
i

In the creep damage evaluations of the F/A regions, the creep damage
Cfactor (D ) for a total of N worst case duty cycles was based on the

relation.

Nc cD D=
.

g
K=1

.

For the first BOL Duty Cycle, the E0L Creep Damage:

e c
D

* N=

ho r

where, t = Duration of one worst case duty cycle.c

t = Rupture time
p

For the creep damage evaluation of a single worst case duty cycle, the
minimum rupture time (t ) was taken from experimental data [8,12] on

r

| pressurized tubes in a biaxial stress state (c) at temperature (T) and
E0L fluence ($t). Minimum rupture time (t ) was based on 2 standard

|r

| deviations below the average experimental data. The time dependent stress
'

(c) was taken as the maximum equivalent or positive principal stress,
" whichever produced the greatest creep damage in a single worst case duty

cycle.

| -26-.
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In the fatigue da age evaluations of the F/A regions, the fatigue daraga
I(D ) for a total of N worst case duty cycles was based on the relaticn.

~
f N f

0.D =

E (

K=1

'
For the first SOL duty cycle, the ECL fatigue danage:

,

&

f N
O =

7'f i

Fatigue LifeWhere N = ,

f

|
t

IThe fatigue life (N ) cata for irradiated F/A raterials are not currently
f

!

available. The fatigue life (N ) for the raxirr.m strain range (ar) within
f

the worst case duty cycle of irradiated F/A raterials was develcped froc ,

the Mansen Universal Slopes Method [7] co renly used for unirradiated
raterials. The effects of irradiation were ircluded by applying corrections
to the elastic and plastic strain ranges at EOL fluence (et) and peak j

netal tercerature (T). For conservatisn, the fatigue life (N ) developed j
f

for irradiated raterials was reduced in accordance witn the 2 on strain range
and 20 en cycles (2-20 rule) recomended in tne RDT Draft
CoreCoconents[5). Sircly stated, the 2-20 rule recuires : .at tne fatigue ,

life (N ) relation be reduced by a factor of 2 cn strain (ic) or 20 en fatigue
f

life (N ), which ever orovides a =inirun fatigue life.f
.

- ;

In the calculation of the raxirun strain ran;e (ac), the strain coccenents ,

(c j) during the tire-independent portions of the worst case duty cycleg

were screened to obtain extrue values (c'g). The range bedeen the f
strain ccmonents (acg) at any point in the duty cycle and the extrce :

values were cercuted according to the relation: f

1*ij 'fj ~ ' ij
|

*

The equivalent arrd raxiru: principal strain range were co outed fro: the

strain cocconent ranges (acg) at each point in the worst case duty cycle. |
The tire-independent strain range (ac) was taken as the Yon Mises ecuivalent !

or taxiru2 principal strain range, whichever previded the smallest j
-

fatigue life (N ) over a single warst case daty cycle. !
f
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3.2.2 Exct he Deformation

The evaluation of the F/A regions for compliance with the PADL and RDL,*

in relation to the worst case duty cycle- "3s made in a manner similar
to that used for the peak plus accumulated strains in the local ductile

,

rupture evaluation. The E0L peak plus accumulated time-independent and
dependent deformations (6 +A) after a total of N worst case duty cyclesP

Pwas based on the peak defonnation (6 ) and accumulated (A6ss) defonnation
between initial and final steady state conditions at BOL.

,

I ^
P+A = 6P+ "f 66

K=1

For the first BOL Duty Cycle, the E0L Peak plus accumulated deformation:

+ (N-1) (a6") BOLl P P
(6+A , (3 ) BOL

Similarly, the E0L residual deformation (6R) after N worst case duty cycles

based in the difference in residual defonnation (6 ) between initial and
I final dimensions at BOL was taken as:
'

y.

R R6 6=

XK=1

For the first BOL duty cycle, the E0L regional deformation:,

i

R R

(6 ) E0L = N(6 ) BOL

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

(6+A)E0L
P

1 PADL

R

(6 )E0L 1
.
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4.0 SHfELD BLOCK ANALYSES AND EVALUAT10N

In the F/A shield block analysis and evaluation, a loading analysis was
rade that considered rechanical seismic and core restraint, and themal

-

steady stste and transient loaos i.1 establishing the nu iber and characteristics
of a worst case duty cycle that umbrellas all expected duty cycles for the

*

shield block regio 1 in the first and second reactor cycles. Next,
an inelast!c 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 approxirated. Finally, a structural
evaluation of EOL strains and dimensional changes in relation to criteria'

which protect against crack initiation and excessive defonation was made.
A sumary 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 u-brellas 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 Equipcent

Specification [1]. -

It is important to note that the worst case F/A shield block duty cycle is,
in itself, hypothetical, but pemits a conservative structural evaluation -

to be perfomed on a :, ingle duty cycle instead of on each of the individual
events specified. In the following, the F/A shield block mechanical and |
themal loads are assessed individually and in relation to each other

,

prior to establishing the worst case duty cycle which was used in stnJctural
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

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

the deadweight and internal pressure loads are insignificant. Accordingly,
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 Upset, 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 j

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-lla, U-16, or U-21b were specified. Similarly, tt.e

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 number 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 maximum 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 Il-lb 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

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- ,

t

ment, the Emergency E-4a transient was selected as 51 worst case umbrella
to all of the Upset, Emergency, and Faulted transi 3nts 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 following the E-4a transient and
subsequent hold-times at steady state conditions are 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 400 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.

4

: The worst case F/A shield block duty cycle in terms of the E-4a 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 j

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 thennal

analysis and results are described from 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 compatibility between thermal und
structural elements which permits thermal solutions of 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 thennal 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 b hck 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 dirhetly
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.

<

|

.

! -34-.

-
t

. -_ ._.- . . . - _ . _. _ _ _ - - _ - _ - . . ._ _--



9

g

:
. %

fl
i

a'

t
e
D ; <' vl t )e n l

d e ao m "0 i '0cM e
5p 3l

l E y
7. Ta

m e 0(3 r t
- e i 9

h n1

<
T i.

4 F
k

e c d
r o n
u l A
g B
i t e
F d n

- -l e
e t'

_
i x _

h E yS
l

' A a
/ n
F o

i

s
n
e
m nf

O

.

,

*

-
6

.
.
t. /n
n
o
u ;
s 9
-

m.
4



1

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 s F) were taken from the NSM Handbook [6] and are summarized as

'

follows. I

Thermal Conductivity (K s BTU /in-sec- F) I

l
,. .

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

Specific Heat (C s BTU /LB- F)

1

2
C = (0.102) + (0.104 E-3) * T - (.152E-6)*T

l

3 4
+ (0.1007E-9)*T - (0.256E-13) * T

1

3Density (o s LB/in )

.

p = 0.2885 - (0.839E-5) * T

4.1.2.3 Boundary Conditions and Wetted Surfaces
J,

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

1 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 unifonn temperature and flow through the
l 7 inlet 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

3BTU /in -sec) was assumed throughout the 30 sector of the F/A

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

l

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 l
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 statea

-38-
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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

i

Time | Temp
3

Load ! Heat Gener.
Step | (SEC) ( F) (BTU /SEC-IN )3

1 0.0 750 0.0295
2 0.0 750 0.0295
3 1.2 750 0.0295

'
4 l.43.' 750 0.0
5 20. 750 0.0
6 80. t 710 0.0
7 200.I675 j

0.0+

8 260. 586 I 0.0
'

.

9 400. 915 0.0
10 760. 1000 0.0
11 880. 975 0.0
12 1000 800 0.0

|745
13 1140 745 0.0 *

14 1260 0.0
15 1520 i 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 worst 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 cumulative 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 tt2 temperature difference between Nodes 237 and 1, that is, aT =
'

237 - T , in terms of cumulative iteration in the solution run is illustratedT j
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 transient, and
beginning and end of the 10 day .sid-time correspond to cumulative

~

iterations 4, 80, arid 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.,

4
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Initial and Final Steady State
(Cumulative Iteration 2)

,

- 826*F

750 F

Cumulative Iteration 36

.

N
w

790 F1 i j
''

| <

615*F

Figure 4.1-7

F/A Shield Block
E-4a Transient Cumulative Iterations 2 and 36

Temperature Distributions ,

'
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F/A Shield Block
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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 establishing the worst case duty cycle with reconnendations made for
subsequent structural analysis were as follows. ,

Mechanical loads comprising OBE and SSE seismic, coree

restraint, internal pressure, and dead weight were'

considered negligible in establishing the worst case
F/A shield block duty cycle,

,

Thernal loads comprising the E-4a transient in combinationo

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 corresponding 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 to upper bound to the 39 Normal and .pset Events and worst

Emergency or Faulted Event.
,

.
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. -- -

Time Inda7endent
.

e Select a uniform temperature equal to the reference temperature

at cumulative iteration 23. Load to the cumulative iteration
23 temperature distribution and unload to uniform temperature..

.

Select a uniform temperature equal to the reference temperaturee

at cumulative iteration 36. Load to the cumulative iteration 36'

temperature distribution and unload to uniform temperature,

e 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 equal 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 temperaturee
.

at cumulative iteration 124. Load to the cumulative iteration
124 temperature distribution and hold for 10 days.

.

S
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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.

,

m
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Roller Supports
UY=0.0

Node Points
1, 37, 38, 74, 75, 111, 112,
148, 149, 185, 186, 204, 205,
223, 224, 234, 242, 249, 256,
263, 370, 277

__

hY 5b,

EL. 98 EL. 90

"""""" " """"" """"""X
-

UY=0.0
Node Points

228 + 232, 237 + 239, 243, 250
* *

Figure 4.2-1

F/A Shield Block
Structural Model, Geouetry, And Boundary Conditions
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4.2.2 Properties
'

The F/A shield block as constructed from SA-316-SS and initially unirradiated
22 2

at BOL is irradiated to a fluence (E > 0.1 Mev) of 0.31 x 10 n/cm at
E0L. Operational temperatures range from 400 to 1000*F. The , linear and ,

non-lir ear 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 (E),
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 s F) were taken from the NSM

Handbook [6] and are sumarized as follows.

Young's Modulus (E s PSI)

E = (2.834E7) - (2.88E3)*T
.

- (3.69) x T2 + (7.71 E-4)*T3

Poisson's Ratio (v) .

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

Coefficient of Thermal Expansion (a s 1/ F)
;

(10.08E-6) + (0.ll7E-8) *Ta=
!

In order to reduce the non-linearity of the material properties with

j temperature in the ANSYS structural analysis, constant properties which
provide conservative results were selected instead of the polynomial

i relations. The use of constant properties permits the use of the initial
f

-49-
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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
6(24.06 x 10 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 material property behavior required for the F/A

shield block are the constitutive relations for stress and strain and thermal
creep. The constitutive relations including the effects of fluence and tempera-
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 B0L to E0L. For the F/A shield block, the E0L fluence (E >0.1 Mev)

22 2
based on June, 1977 data is 0.31 x 10 n/cm . Simplifications made
in the F/A structural analysis for the time dependent effects of
fluence on stress-stt ;in curves as well as the consideration of minimum
instead of average properties are discussed as follows.

<

**

O
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For ne initially unirradiated F/A shield :Icck a: 51, :*,e SA-316-55
stress-strain curve is a riniru and increases during cceraticcal life

.

reacning a raxirun at ECt. In order to derive a re:resentative ineiastic
response with the structural analysis Of the F/A shield blect fer the
worst case duty cycle, a rean stress-strain cune based ne tire average ,

values of rinin;- EOL and raxirun EOL stress-s* rain cunes was selected
for the structural ar,alysis. Tne use of tre tire averaged rean stress -
strain curves is c:qsistent wita :ne tire average: 10 worst case F/A duty
cycles distributed unifornly over the 325 FrD Sedeen E.1 and ECt. 'di ta
rean stress-strain curves, the 50L fatigue dam;e is underestfratec
while ne 50L creep car. age is everes*inted. Conversely, :~e rean stress-

strain a;proacn everestira:es EOL fatigue da age wnile t*.e EOL creep
carage is underesti ated. A:::rcic;1y, the F/A shield :!::k stru:: ural
analysis based on rean tire averaged stress-strain curves wa; considered

to describe the overall inelastic resocnse to tre unifem distribution of
the 10 worst case daty cycles witbout any significant less in accura:y.

'ditn regard to tne scatter of SA-316-55 stress-strain data at fluence and
te cerature, trae rinin;- ins:ead of true average or typical values were
selected. Minim Yalues ;rOViCe c *,servative inellstic res;Cnse as the
wcrst case F/A shield block duty cycle as descrited by the relatively -

sicw acting t*,erral transients wnich are basically static loadirr;s. Tne
true ninins stress-strain curves were ccnstrue:ed by taking 9M of the
true average stress values given :ne h5M Fando ci [6]. -

In order to illustrate tre :/A shield block analysis a: rca:n, :*e SA-316-55
stress-strain cune as ne rean of tr.e 50L ard ECL stress-strain curves

., ry . , a <- r - j n j n .. m .>. *.,=. s .= ". .e r .= . : W., .: '. s . e c a . . *. *. .d 4. . . r. i. ~g -a. 4.7-2.. ..... ~ ~ . m .. . -

Tne correscending stress-strain curve cata at 500, 9~0, and ICCFF are

::resentec in Table 4.2-1. The true ninine ezn stress-strain cune data
fer SA-316-55 at SCW F was als used fcr F/A s .ield block te cerata es
less :han ECW :. Stress-s:cain curve data at i .:emediate terperatures

l i - s. .= r. l.y i r. .a. m. l > '.a.d. ... .. e m , c..m., .a m.. w. r wo. re.e 3. + - e s e i so. . . . j e. j .. ,<rw w~ . . n. . .. n .i . .

.
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1

Table 4.2-1

F/A Shield Block
-

True Minimum Mean of BOL and EOL Stress-Strain Data
SA-316-SS

'
_

! Temp I E Stress (PSI) at Total Strain
6

'(*F) (10 P5I) 0.000748!0.003068 0.00728 ! 0.011382 0.0518

i

800 24.06 17997 26600 31200 33800 47200
,

,

i 900
'

24.06 17997 ; 25100 29400 32600 46400

1000 24.06 17997 26900 32400 34400 g 47000
3

:

4.2.2.2.2 Thermal Creep Equations
,

The unirradiated SA-316-SS thennal creep-time constitutive relations as
a function of stress and temperature are given in the NSH 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.

22 2
For the F/A shield block, the E0L fluence is 0.31 x 10 n/cm 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 E0L 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

i

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

a

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-

i

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 (cTH) which are
dependent on the coefficient of thermal expansion (a), temperature
distribution (T), and reference temperature (T ) according the relation

R

= a ( -T ). As the plane strain condition requires that the totalc
TH R

net force (F ) along the length vanish, the nomal mechanical stresses
n

(o ) induced by the thermal strains (cTH) when integrated over the area. g

(A) must also vanish. In this arrangement, the selection of a reference
temperature (T ) depends on the temperature distribution (T) throughout

R

the plane section..

The selection of a reference temperature (T ) that provides a net force
R

(F ) across the plane section that vanishes is approximated with classical
n

elasticity theory even though the nomal (o,) 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 (a) are constant, the reference tempera-
ture (T ) in a plane strain finite element model is related to the nomal

R

stress distribution o, (x, y) for an arbitrarily selected reference
temperature (T ) as follows.g

.
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n

= T, AEa 9 jf "z (x, y) AT jR

Where,

*

No. of Finite Elementsn =

Ai = Area of Individual Finite Elements
Total Plane AreaA =

n
I AjA =

i=1

In order to facilitate the computation of reference temperatures for the
F/A shield block structural analysis, ANSYS elastic solutions for the

normal stress distribution o, (x, y) at an arbitrary reference temperature
(T ) were obtained for each of the temperature distributions correspondingg
to the reconinended cumulative iterations in the thermal analysis solution

ANSYS tape 12 data containing the normal stress distribution andrun.
finite element geometry were catalogued for recall by a reference temperature
post processor. The F/A shield block reference temperatures (T ) at theR

recocinended cumulative iterations for the worst case duty cycle are

sununarized in Table 4.2-2.
.

Table 4.2-2

F/A Shield Block
.

Reference Temperatures

i
Temperature Reference
Distribution Temperature

F)(cumulative iteration) (T s
R,

f 788.84
,

635.423 -

36 821.4

63 860.7 -

,

80 805.3 |,

'
124 788.8

!
..

.
,
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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 hold-time. The time independent and dependent analysis pro-
vide the structural response from which evaluations of crack initiation
in tenns 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* are required.

In order to obtain the desired results i 4 an efficient manner, the ANSYS
restart option was used to provide the 1 > ding sequence 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 inciastic r.ialysis.
A description of the time independent and dependent analysis e id 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 fron. initial steady )

l

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 detennine 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 load steps in combination with the ANSYS restart

.
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option were used to obtain the path dependent structur al response.
-

Sumnaries of the F/A shield block time independent structural analysis
procedures for the initial steady state conditions and E-4a transient fol-
lowed by the returr. 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 4.2-3

F/A Shield Block
Time Independent Analysis Summary

Initial Steady State Conditions

Temperature Reference
Load Iterations Distribution Temperature Descriotion
Steps ( F) ('F)

1 1 788.8 788.8 Initial Steady

--
State

~

2 12 Cum. Iter. 4 (Time = 0.0 sec.)

3 3 Cum. Iter. 4
,

.

e
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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)
.-_

First E-4a Loading '

1 1 636.4
and Unloading )636.4

(Time = 0.02 14 Cum. Iter. 23
3 5 636.4 Second E-4a Loaa-
4 1 821.4 ing and Unloading

( me = 60 sec.)
5 26 Cum. Iter. 36 821.4

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
11 4 860.7 and Unloading

12 18 Cum. Iter. 63 (Time = 760 sec.)
.

13 8 Cum. Iter. 63
14 1 Cum. Iter. 63
15 13 860.7

16 1 860.7
_

17 1 805.3 | 805.3 Fourth E-4a 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 = 882000
sec.)

24 1 Cum. Iter.123

.
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Final /
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12,653 PSI

Figure 4.2-3

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

Equivalent Stress

-
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Cumulative Iteration 36 -

' w

\\ 23,870 PSI

,/
Cumulative Iteration 63

-

\ *
,

,
-

,

l

s- % .

A/< 20,396 PSI

e

Figure 4.2-4
_

F/A Shield Block
Cumulative Iteration 36 and 63 |

Time Independent Equivalent Stress
,
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Figure 4.2-5 '

F/A Shield Block

Non-Uniform 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 defomations associated with the 10-day
*

hold-time following the final time independent steady state conditions.
The time dependent analysis was perfomed in 2 Load Steps using an

iANSYS restart from load step 24 of the time independent analysis for
the final steady state conditions , represented by cumulative 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 unifom temperature so as to obtain residual deformations. A
sunnary of the F/A shield block time dependent structural analysis pro-
cedure for the 10-day hold-time and unloading to a unifom temperature is
presented in Table 4.2-5.

.

Table 4.2-5

F/A Shield Block
Time Dependent Analysis Sumary

,

10-Day Hold-Time and Unloading

'Load Iterations Temperature Reference Description
Steps Distribution Temperature

( F) ( F)

25 l Cum. It. 23 788.8 10-Day
Hold-Time-

26 1 Cum. It. 23
27 1 788.8 788.8 Unloading for

Residual Deforma-28 1 788.8
tions.

.
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i
'

The F/A shield block structural response to the time dependent loading
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
defonmations for the worst case duty cycle are identical 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 0.00035

and 0.00004 in respectively, and are illustrated for Figure 4.2-6.

:

I

l

.

9

=
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Final Steady State
N

........_
',..- .

' ',-

,

.

,

| '.
: '

..

_g 6 0.00035 in.
.

'
.

Residual \N
.

.......,,
.,

'.* ' '
.

.' '
.

| '...
- s..

d E 0.00004 in.

FIGURE 4.2-6

F/A Shield Block
Non-Uniform Defomations

Tine Dependent
.

'
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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 defoma-
tion limits 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 perfoming a
thorough structural evaluation of crack initiation is a means of crocess--

ing the stress and strain response into a format that perrits a ready
comparison with allowable limits. In this arrangement, a 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, flow 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 defonnations in n' elation to allowable limits is presented.

-

Finally, the F/A shield block structural evaluation of crack initiation
and excessive deformation failure modes is sumarized.

4.3.1 Crack Initiation i

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 in the F/A shield block.

Maximum ofF =
DR 03

( f, min >

' I* max principal) TF jg
*

S 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
22 2

80L. The E0L fluence (E>0.1 Mev) is 0.31 x 10 n/cm . In addition, the

F/A shield bicek temperatures range from 400 to 1000*F. The true minimum

uniaxial uniform elongation (cu, min) and fracture (cf, min) strains for
unirradiated and irradiated SA-316-SS as a function of temperature used .
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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 elongation (cu, min.) used in
the F/A shield block structural evaluation were based on the minimum

correlations of irradiated engineering uniform elongation (Eu, min) recom-
mended in the trial applications of the RDT Draft for Breeder Core
Components [20-28].

The minimum engineering uniform elongation (Eu, min) ver the temperature
range 700 to 1100 F as a function of fluence (E>0.1 Mev, where (4t) is in

21 2units of 10 N/ cm ) is given by the relations.

21
E = 0.22, for (4t) < 10u, min

21 |
21 I

u, min = 0.22 ( t ), f r (4t) > 10c
_

In order to obtain true minimum irradiated uniform elongation ('u, min)
strains for the evaluation of the local ductile rupture factor (FDR) I"*

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

'u, min * I" (I + u, min)

4.3.1.1.1.2 Fracture

The true uniaxial 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 [5].

.

I

The true minimum irradiated fractre strain (cf, min) ver the temperature
range 800 to 1400 F as a function of fluence (E>0.1 Mev, where (4t) is

22 2in units of 10 n/cm ) and temperature (Tm F) is given by the relations.-

l
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f, min " *f for (4t) < (4t).S
.

_ 1 '(4t)'N
f, min -*f .(4t)., for (4t) > (4t).S

.

where,

I for 800 < T 5 1000= 0.45cf 1000

I for 1000 < T < M00= 0.45cf ,1000

(4t). = 1.4 1000 r 800 < T 5 1000

(4t).= -1 or 1000 < T < M 00
1000

n=-1.7+h00

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 (FOR) max 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 cumulctive 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 minimumi

irradiated uniform elongation and fracture strains at E0L fluence
I 22 2

(E>0.1 Mev, (4t) = 0.31 x 10 n/cm ) were 0.076 and 0.972 respectively.
.
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In this arrangement, the maximum local ductile rupture factor (FDP) max
*

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

~

(FDR) max = 0.263

As (FDR) max = 0.263 < l.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 (FCF9) be less than
unity at each point in the F/A shield block.

{e7/3D
c+D

F = a/b = Minimum of eDc + 7/3 D 1CFD

In the following, the allowable limits for fatigue life 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
22 2

E0L fluence (E>0.1 Mev) of 0.31 x 10 n/cm . 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 Fatirse Life

Currently, fatigue idfe c:rrelatiens are rot available fcr irradiated
-

SA-316-55 as a function of fluence and teecerature. A:::rdingly, the
Manson U .iversal 51cpes Method [7] was used to develcp f atigue life .

correlaticas fr:m mich the fatiya damage fa::Or (D') for ite F/A shield
block over the 20 wors case duty cy:les was derived.

In the Mansen Universal Sicpes Method, the sl tes of elastic a-d plastic
strain lines expressed in ters::s of strain range versus nacer of cycles
en a full logarithcic plo are assured to te the same for all mtedals.
As a;;olied to .nirradiated SA-315-55, the :Otal strain ran;e (Lc) is
dependent on the ninigun unirradiated true fracture strain (c, ,J), average.,

unirradiated engireering ultirate strengtn (Su,u), Yecng's Modulus (E),
and cycles to failure (N,) by :ne relation:

0.5 - Su,u % ,0.12Ec = cf,,.,h-0.6
-

+ s.:
a. .;

-

In order : include 16e effects of irradiation in the fatiFA life relatice
for SA-315-SS, reduction fa::crs for 04 elastic (F,) and plastic (F )p

'

strain ran;es were used in atterdance with :ne guidelires of t% EST Draft

for 5reeder Reactor Ccre C:ccccents [5].

-

Su,u % ,0.120.5 -0.5 .

s.: r
-----

Lc = r e , ,, N +
a. ep ... .

E

,5u ,I )L-

ie.e re , t = t e
e Su,u

('f,I) 1F =

P c , ,,
...

c, I = True Minitun Irradiated Fra::;re Strain
..

S, y = Average Irradiated Engireerin; Ultir. ate Strert;;h

k , k: = Ex:erirental Cecstantsi ,

-
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Without available material data, the elastic reduction factor (F ) and
e

plastic reduction factor exponent (k ) were taken as unity. Accordingly-

j
the fatigue life relation developed for irradiated SA-316-SS was:

-04 -0.6 -0.12*
f,7cf f 3. 5 S_ Ng +Ac=c

f

The development of the irradiated SA-316-SS fatigue 1ife relation requires
'

the trae minimum irradiated and unirradiated fracture strains (cf,y and ;f, ),
average unirradiated engineering ultimate strength (Su,u), and Young's

Modulus (E).

e The true minimum irradiated and unirradiated fracture strains

(cf,7 and cf,u) as a function of temperature and fluence 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].

2Su,u = 100220 - (161.42)*T+(0.368)*T
3 4

- (0.325E-3)*T +(0.863E-7)*T
,

where, Su,u % psi
,

T s *F .

.

e Young's Modulus (E) as a 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 RDT
Draft Criteria for Breeder Reactor Core Components [5] recomends 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 on naximum principal strain. fn the

F/A shield block fatigue evaluation, the fatigue life based on equivalent
-

or maximua principal strain, whichever produced the minicxn fatigue life
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 only to the rean fatigue life of a material and
does not account for the scatter in experimental data. 15e RDT Draft Criteria
for Breeder Reactor Core Cocponents [5] recomends that the 2-20 rule be
used to account for the minioun fatigue life due to scatter of data about
the mean. The 2-20 rule was adopted for the fatigue life 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 multiaxial
fatigue life be taken as the uniaxial fatigue life reduced by a factor of
2 on strain range or a factor of 20 on life, whichever is minicum. The
2-20 rule as applied to the untaxial fatigue life relation developed for
irradiated SA-316-SS using the Manson Universal Slopes Method for the F/A

22 2shield block E0L fluence (E>0.1 Mev, :t = 0.31 x 10 n/cm ) at 800*F
is presented in Figure 4.3-1.

.
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4.3.1 21.2 Creep-Rupture Time

Currently, rupture time correlations are available for unirradiated and
-

irradiated SA-316-SS 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
c '

for the evaluation of the creep damage factor (D ) for the F/A shield 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)g, taken
as 2 standard deviations below average data, as a function of stress

22 2
(o S ksi) and fluence (E>0.1 Mev, where (4t) is in units of 10 n/cm)

are:

(LMP)u = 48.91 - 5.27 Log 10 o - 2.995 (Log 10 ")

(LMP); = 52.024 - 13.353 Log 10 -1.311 Log 10(4t)

To obtain the minimum rupture time (t s HRS) at a temperature (Ts *R x 10-3) ,p

for either unirradiated or irradiated SA-316-SS,

(LMP)u = (LMP)g = T (20 + Log 10 t) .
r

Reductions in rupture time (t ) to account for interstitial transfer ofr

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.

.
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TABLE 4.3-1
,

F/A SHIELD BLOCK

FRACTIONAL REDUCTION RUPTURE STRENGTH

SA-316-SS.

Fractional Temp.
Reduction ( F)

(FR)

1.0 800

1.0 900

0.97 1000

034 1100

0.91 1200

0.88 1300

In order to include reduction in rupture strength for both unirradiated
and irradiated SA-316-SS due to sodium effects in F/A shield block evalua-
tions of creep damage, the inelastically calculated maximum stress-

intensities or principal stresses (a) were increased by the reciprocal of
the fractional reduction (FR) prior to evaluating the minimum rupture

times (tr).-

o = o/FR

In sumary, the minimum rupture time (t ) for unirradiated SA-316-SSp

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

10 exp [(LMP)u, min-20]t, =

T

.
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where, I
.i

(LMP)u, min =48.91-5.27 Log 10(FF)-2.995(Log 10Tff)
~

I

!

Similarly, for irradiated SA-316-SS,
.

,

t =10exp[ I, min-20]rwhere,
1

52.024-13.353 Log 10 Tff)-1.3111 Log 10 (4t)f(LMP)I, min =
|

The minimum rupture times as a function of maximum principal creep stress
22

(a) for SA-316-SS irradiated to the E0L fluence (E>0.1 Mev, et = C.31x10
2

| n/cm ) at 800*F are illustrated in Figure 4.3-2.

i

I

.

.

.

|

|

|

!

.
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4.3.1.2.2 Carparison with Criterion ,

The F/A shield block structural evaluation in relation to the worst case
location for cortined creep-f atigue darage was rade by screening each of

-

tne finite eierents over the 40 worst case duty cycles with the da age
The raxiram comoined creep-fatigue da age f actor (FCFD) raxprocessor.

for the F/A shield block was found to occur at eierent 98 as identified
in Figure 4.2-1.

The fatigue darage 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 cu"JlatiVe iteration 35 and 63 temerature distributions
during the E-aa transient with a value of 0.0041 in/in. The peak retal

tercerature over the fatigue cycle was 911 F. The fatigue life for the
equivalent strain range was 2505 cycles based on the E0L fluence

22(E>0.1 Fev, (4t) = 0.31 x 10 n/cr ).

C -6The creep damage factor (D ) was found to be 0.668 x 10 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 te perature condi-

~

tions at the beginning of the 10 day hold tire. For the EOL fluence
22(E>0.1 Mev, (;t) = 0.31 x 10 n/cr.2) at a retal te perature of 752*F, the

10rinirum rupture tire was 1.43 x 10 hours .
.

In this arrangerent, the raxirun cc-tined creep-fatigue darage factor

(FCFD) rax for tne F/A shield block was found to be do-inated by fatigue
da age while creep da age was negligible.

(FCFD)7,x
= 0.0:59

As (FCFO) rax = 0.0159 < l.0, tne F/A shield block is not expected to
experience crack initiation over the 40 worst case duty cycles based on
the creep-fatigue carage criterion.

.
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4.3.2 Excessive Defomation.

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 defomations requires that peak plus accumulated deformations

P(6 +A) be less than the peak plus accumulated deformation limit (PADL).

P
6 +A 1 PADL

Thepeakdeformation(5 ) 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 (a6ss)
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 E0L
peak + accumulated (6 +A) deformation.P

(6P+A)E0L = (6 )BOL + (N-1) (a6ss)BOL

(6P+A)E0L = 0.00087 + 39 (0.0)

(c )E0L = 0.00087 in.

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

PADL = 0.005 in.

AAs 6 1 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
defonnations requires that the residual deformation (6 ) be less than the

'

residual deformation limit (RDL).

R
6 3RDL

The residual deformation (6 ) 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 E0L is

R R
(6 )E0L = N(6 )BOL

R = 0.0016 in.

For the F/A shield block, the residual deformation limit (RDL) is

RDL = 0.005 in.

RAs 6 1 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 defonnaticn criteria for a total of 43 worst case duty cycles.

A sunnary of the F/A shield block structural eval.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 1 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

.

Allowable Value* Margin of Safety = _)Calculated Value

.

9
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5.0 CMP HEX DUCT ANALYSIS AND EVALUATION
~

In the F/A CMP hax 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 y

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 E0L values were

approximated. Finally, a structural evaluation of E0L strains and
dimensional changes in relation to criteria which protect against crack
initiation and excessive defomation was made. A sunnary 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, Energency, and Faulted

Events specified over the first and second reactor cycles. The
number and characteristics of these events are specified in tie Equip-

'

ment Specificat:en [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 perforced on a single duty cycle instead of on each of the
individual events specified. In the follcling, the F/A CMP hex duct
nechanical and themal 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. -

-83-
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Other mechanical loads postulated for the F/A CMP hex duct assume that the
'

effects of irradiation creep and swelling are sufficient to exhaust the
nominal clearances between adjacent hex ducts at the CMP so as to permit
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 E0L fluence (E>0.1), (4t)= 9.29 x

22 2
10 N/cm ) 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 0BE 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 perfonn 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 l-g moment (Ms) amplified by the respective

'

acceleration (a) of the core barrel, while the core restraint moment

(Mcr) corresponding to steady state operation was taken directly.
.

" 0BE E"s
* a

0BE

"SSE b"s] a
"

SSE

M "cr
*

cr

With regard to core restraint behavior during the Upset, Emergency,
and Faulted thennal 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
t

I

'
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l

!
'

,

!
'

. ,

i
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'

j the characteristics of the transients. In this arrangement, the transient

bending moments (MTR) were assumed equal to the steady state core

restraint moments (MCR}*,

NTR " "CR

For the F/A CMP hex duct the cross-section modulus (1) and Young's

Modulus (E), the maximum bending stresses (c) and strains (c) are

given by the following relations:
,

o = M/I and c = c/E

3Numerically, the F/A CMP hex duct section modulus (Z) is 2.250 in . The
Young's Modulus (E) for the F/A CMP hex duct constructed from first core
20% CW-316-SS a.1d operating at a steady state temperature of
900 F is 23.31 x 106 psi. The F/A CMP hex duct maximum stresses (e) and [-

l strains (c) under OBE and SSE seismic, core restraint and transient i

bending moments are summarized in Table 5.1-1. |
t

*
I

I

I

'

.

J

'

,

i

9
,

I
3

'
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1

1

| TABLE 5.1-1

! F/A CMP HEX DUCT
'

OBE AND SSE SEISMIC, AND CORE RESTRAINT '

BENDING M0MENTS, STRESSES, AND STRAINS '

;
-

Max. Max.
Core Barrel Bending Bending Bending

Loading Acceleration Moment Stress Strain
(a) (M S in-lb) (o S PSI) (c s in/in)

Static Dynamic,
, co

i OBE 1.57 1351 2121 943 4.05E-5Seismic
i 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 b.00E-4

,

L

,

|
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s

The F/A CMP hax da:t therral loads are the steady state and transient
-

tercerature distributicns that occur during the U: set, Erergency,
ard Faulted Events over the first and second reactor cycles. The steady

state F/A CMP hex duct inside retal te cerature distributiens throughcut .

Sector A of the core at EO: 1, E00 1, 500 2, and ECC 2 and tre U; set,

Erergency, and Faulted Transients defined in terns of tire-deperdent
scale factors applied to the steady state inside retal te-ceratures were
consicered. In this arrangement, the FfA CMP hex cu:: therral loads in

e , t v. 1, . 2 ,. . .. - - - , c 20.terns et inside retal terceratures asse:iate, wito zus

and EOC 2 steady state as well as U: set, Energen:y, and Faulted Transients
were identified at any F/A locatico in the core.

In crder to proceed with a structural evaluation of the F/A C.V? hex duct,
it was desirable for tne sake cf sircticity to consider Only the worst
case therrai leading. Accordingly, all F/A Iccated in Sector A cf the
core were assessec in relaticn tc the raxi ;- inside retal wall

tercerature difference bet sen a F/A and adjacent C/A cr RE/A. The
raxirc steady inside retal wall tercerature difference was fcund : eccur

atF/AAf2 adacenttoC/Ak.7 during DO: 1 witn a value of 126:F. It is
1

~

ir;crtant to note that at EOC 1, 500 2, and EOC 2, the res;ective in-ide

netal teeperature differences were found to de:rease frec ECC 1 values.

As such, the ECC 1 raxirur steady state inside retal ter:erature
.

difference of 125 F te: ween a F/A and adjacent C/A was clearly worst

case for all F/A CMP aex ducts in tr.e core over the first and seccnd
reactor cycles.

With regard to F/A and adjacent C/A CWP nex duct therral transients, the
Equip ent 5:ecification [1] using an -crella 2;;rcach identified tne
n; cer of U: set, Erergency, and Faulted transients ever the first and

se:Ond rea:: cycles as 1/15 of tre n -ter s:e:ified for 30 years

rounced to the next whole nu cer. C<er tre first anc se:Ord reactor
cycles co crising a totai c' 225 FF0, a ::tal of 39 U; set Transients
umbrellaed by the vorst of U-2b cr C5E were s ecified. Similarly, the

.
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4

worst of the E-16, 60c Step, or U-2b during OBE 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 OBE events and the Emergency 60c

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 umbrellaed by the Emergency E-16 transient. The-

Upset transients comprising the upper and lower bound U-2b and OBE, and;

j the Emergency Transients including the upper and lower bound 60c step,

7
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 tems of maximum value, rate of temperature change, and i.

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 lower 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
lower 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 thrcugh
the wall, which are important in structural evaluations, are slightly more
severe in the lower bound U-2b transient than the upper bound ounterpart.
With regard to the Emergency Transients, the E-16 transient in terms of

,

-8S-.
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P

maximum value, rate of temperature change, and range was found to be
j

clearly more severe than the upper and lower bound 60d step, and the U-2b _

i
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 Jmbrella to all of the .

r

Upset, Emergency, and Faulted transients for the 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

j transient and subsequent hold-times at steady state conditions are alos
required. The thermal conditions selected consisted of a cool-down to'

I 600*F in 1 hour from the F/A and C/A inside metal wall temperature at ,

L,

; 450 seconds into the E-16 transient, followed by a 1 hour heat-up to |

I initial steady state F/A and C/A temperatures. Thereafter, a 10 day
! hold-time at steady state temperatures was P.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 for 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. i s the following, the F/A CMP hex duct thermal model and geometry,
boundary conditions and wetted sodium surfaces, heat generation rates,
and tnermal analysis and results are described from which conclusions on
detailed temperature distributions used in subsequent structural analysis
are presented.

1

0
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i

5.1.2.1 Model and Geometry~

| The F/A CMP hex duct model was formulated in the ANSYS finite element
I program. The ANSYS program was selected because of the compatibility

,

between thermal and structural elements which permits thermal solutions of
i

temperature distri'uutions 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 used to

simulate the thermal resistance of the C/A wall. The effective C/A film
'

coefficient (h) was taken as the thermal conductivity (K) divided by the
wall thickness (L) according to the relation, b = 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.

!

I

-

D
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RB/A

h

0.120
Sodium Interstice
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n
(
\0.16 R C/A

4.575
Flat
to

Flat C/A CMP
Wall Simulated -

By Effective
F/A Film Coefficient

(h)
.

'
-

\,

[1 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-SS. The
'

thermal conductivity (K), specific heat (C), and density (p) 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
analysis were identical to the SA-316-SS properties identified for the
F/A shield block described in 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

2C/A CMP hex duct wall, the effective film coefficient (h=0.00164 BTU /in -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'st 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-.
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C/A
Bulk Temperature

.
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l } } I I I I If~

/
f - 4 C/A & RB/A
-

Effective Film Coefficients
Elements

' Adiabatic 10 + 58, inc. cf 12
Surface 254 + 262, inc. of 8

266 + 354, inc. of 4

e--- h = 0. 00164LInterior emperature
Wetted Surface Nodes
1 + 61, inc. of 12
73 + 280, inc. of 9
287 + 402, inc. of 5

.

.

f-Node
Node 1 /9

-

W$5?hN$

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 fi.1m 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 metal temperatures

include the average heating rate over the core region. Accordingly,
only the difference between the maximum and average heating rates of

3
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:

2
AT QL /2K=

.

30.20 BTU /in -sec) (0.12 in)2AT =

2(2.87 x 10-4 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

.
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5.1.2.5 Analysis and Results

The ANSYS ther-al analysis of the F/A C"? hex duct was arranged to Oro-
-

vide detailed ter:erature distridutiens ever the :::al wcrst case duty
cycle. A total of 10 lead ste:s were selected at Orceiren: F/A and C/A

*

inside retal surface te ceratures. Tre firs: 7 Load Steps c.aracterized
the initial steady state ccnditiens and ne E-16 transient to '50 seccnds.
Load Steps 1 and 2 re:resen; initial steacy state centiticns while Lead
Steps 3 thrcug 7 ccrres;cnd :: :ne E-15 trar.sier,:. Lea:! Ste? 5 ccrres:ce.ds

to the I haur cc-cl-dear. to 600'F. The return to fir.al steady state
temeratures witn :ne i h:ur heat-up .as acco clished in Load Stes 9. The

final steady state te ceratures rele fcr 10 days .ere cdtained in Load
Step 10. Pronirent Lead Stecs ir, :ne E-16 transient are illustrated in

Figure 5.1-5 and nu erical values fer ce full .orst case F/A C"? hex duct
duty cycle are presented in Ta:1e 5.1-2.

_.- . 1.-:a,t -
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The 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 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 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 6.1-6.

'

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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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.*

e Mechanical loads comprising OtsE 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 Thermal 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

4 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.

O 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 unifonn temperature.' -

" -102-
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O 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

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

.

O

i

*

i
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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 effects of irradiation on stress-strain curves
and simplifications made in the themal creep equations are presented.
Further, reference temperature selection for themal 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 themal model. The F/A CMP geometry was taken to be identical
i 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
j to have zero nomally 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
model is illustrated in Figure 5.2-1.,

"
-104-
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5.2.2 Properties
.

2 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,
(4t) = 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 desc ibed 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 expansion (u) 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 properties

2 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 analysis 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 (E > 0.1 Mev)
2to 3 x 1022 N/Oi over a temperature range from 1000 to 1200 F. As

22 2the CMP hex duct E0L fluence (E > 0.1 Mev) is 9.29 x 10 N/CH , 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.

*
.,

; I
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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 limit
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 ( Y, MIN} *

t

= 0.86
PEL Y, MIN

The minimum engineering yield stress (oy s KSI) data identified in
Reference [11] was fit to a polynomial in temperature (T S F x 10-2)

according to the relation:
2

= 60.596 - 0.817 * T - 0.0601 * Tcy, MIN

Numerical values of the true minimum proportional elastic limit stress

(o EL) as a function of temperature are summarized in Table 5.2-1.P

-

Table 5.2-1

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

First Core 20% CW-316-SS

Temp o , MIN oy PEL
( F1 (KSI) (KSI)

800 50.21 43.18
,

,

850 49.31 42.41
' 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 CMD hex duct.

.

M

%

~
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5.2.3 Worst Case Duty Cycle 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 analytical approach different from that used for the F/A

~

shield block and outlet nozzle where thermal loadings alone formed the
basis for the respective duty cycles. The structural response associated
with the time independent and time dependent thermal loadings were derived

independently of the mechanical loading respor.se 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 remained linear elastic throughout the worst case duty cycles. The
superposition of mechanical stresses and strains is described in the F/A

4

CMP hex duct structural evaluation. In the following, the analysis and
thermal structural response solutions for the F/A CMP hex duct are presenthd.

:t

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 r2ference temperatures for the
cecommended cumulative iterations in the worst case duty cycle are'

su marized in Table 5.2-2.

.
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TABLE 5.2-2

F/A CMP Hex Duct

REFERENCE TEMPERATURES.

!

Temperature Reference
,

Distribution Temperature '

(Cum. Iter.) ( F)

2 836.6

27 872.5

5.2.3.2 Analysis and Results

The ANSYS elastic analysis of the F/A CMP hex duct structural model under
the worst case thermal duty cycle was arranged into a time 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.

.

e
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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 of 8 secuential 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.) -

4 1 872.5 872.5 E-16 ;

Transient
5 1 Cum. Iter. 27 872.5 (100 SEC.)
6 1 872.5 872.5

7 1 836.6 836.6 Final
8 1 Cum. Iter. 2 836.6 Steady State

(7650 SEC.)

.
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|

The F/A CMP hex duct structural response to the time independent loadings |
-

in terns 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 13,128o

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.

!

I
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1

1

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. ,

I 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

i 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 elastici

-over the worst case duty cycle.

1

l .

i
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l
,

i

!

|
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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 thL 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 theml 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 limit 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 sumed
algebraically with the local thermal stresses and strains. 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 stras 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
-4

bending moments used in the superposition were 11,650 psi and 5 x 10 in/in
as identified in Table 5.1-1.*

-116--
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The superposition of peak outer fiber rechanical and therral stresses
and strains was cade in conjunction the structural evaluation of crack ,

initiation fat' .e nodes using the darage processor. Local ductile
rupture and crbined creep-fatigue darage factors were computed for each
element in the F/A CMP hex duct model for 3 sets of mechanical bending ,

-4
strt ' strain values, that is, (+ 11,650 PSI, + 5 x 10 in/in),

-4(- 11.6d0 PS1, - 5 x 10 in/in), and (O PSI, 0 in/in). Of these sets
of mechanical bending stresses and strains, the worst combination with

the local ther al stress and strain state in terms of raximum local ductile
rupture and combined creep-fatigue danage factors were used in cocparison

with allowable limits.

A sumary of the F/A CMP hex duct structural evaluation and sumary 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 folicwing subsections.

.

5.3.1.1 Local Ductile Ruoture

The local ductile rupture criterion in protecting against crack initiation

requires that the ductile rupture factor (FDP) be less than unity at .

each point in the F/A CMP hex duct.

r

('rax principal) TF'

F * U
DR L

'f, nin.*

+

(Crax princioal) TF('
'u, min.

.
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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
22 2unirradiated at BOL. The E0L fluence (E>0.1 Mev) is 9.29 x 10 N/cm ,

In addition, the F/A CMP hex duct temperatures range from 600 to 1000 F.

The true minimum uniaxial uniform elongation (cu, min) and fracture
(cf, m'n) strains for unirradiated and irradiated first core 20% CW-316-SS
as a function of fluence and temperature used in the F/A CMP hex duct

structural evaluation are described as follows.

5.3.1.1.1.1 Uniform Elongation

Currently, uniform elongation data [11] for first core 20% CW-316-SS
22 2is limited to a fluence (E>0.1 Mev, (4t) = 3 x 10 N/cm ) and a tempera-

ture range of 1000 to 1200 F. In order to apply the available first core
20% CW-316-SS data to the F/A CMP fluence and temperatures, extrapolations,

were made. Specifically, the minimum engineering uniform elongation

(c s in/in) data was fit to a polynomial in temperature (T S 10-2op)u, min
according to the relation:.

,

2 3
u, min = 0.128 + 0.0108 *T + 0.000938 * T - 0.00018 * Tc

The true minimum uniform elongation (cu, min) used in the F/A CMP hex duct
structural evaluation in terms of the minimum engineering uniform

elongation (cu, min) were taken as:

'u, min " b (I * u, min)

e
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5.3.1.1.1.2 Fracture
^

Uniaxial fracture strain data for first core 20% CW-316-SS is currently
not available for use in the F/A CMP hex duct structural ysluation.
Accordingly, the true uniaxial fracture strain based on unirradiated and

.

irradiated SA-304-SS and SA-316-SS recomended by General Electric for

20% CW-316-SS in the trial applications of the RDT Draft for Breeder
Reactor Core Components [15-23] identified for the F/A shield block ii

Section 4.3.1.1.1 were also used in the structural evaluation of F/A CMP
hex duct.

5. 3.1.1. 2 Comparison with Criterion

The F/A CMP hex duct structural evaluation in relation to the worst case
location for local ductile rupture was made by screening each of the
finite elements over the 39 worst case duty cycles with the damage processor.
Individual structural evaluations were made for the 3 sets of bending
stresses and strains in order to obtain the worst case superposition.

The maximum F/A CMP hex duct local ductile rupture factor (FDR)maxwas
found to occur for the case of tensile superposition at element 10 as
identified in Figure 5.2-1.

.

The peak BOL strain components occurred at the cumulative iteration 27
temperature distribution in the E-16 transient where the local metal

'

temperature was 827 F. Accumulated BOL strain components were based on

the difference between final time dependent and initial time independent
steady state conditions. The E0L maximum principal strain for the peak
BOL and accumulated BOL strain components over the 39 worst case F/A

CMP hex duct duty cycles was 0.00099 in/in. The triaxiality factor for
the local stress state was 1.692. The true minimum irradiated unifonn
elongation and fracture strains at E0L fluence (E>0.1 Mev, (4t) = 9.29

22 2x 10 N/cm ) were 0.166 and 0.0768 in/in respectively.

.
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I

In this arrangement, the maximum local ductile rupture factor (FDR) max
,

for the F/A CMP hex duct was found to be controlled by the fracture strain
with a value,

.

(FDR) max = 0.0727
i

As (FDR) max < l.0, the F/A CMP hex duct is not expected to experience
i crack initiation over the 39 worst case duty cycles based on the local

ductile rupture criterion.

i

5.3.1.2 Creep-Fatigue Damage

The creep-fatigue damaca criterion in protecting against crack initiation

requires that the combined creep fatigue damage factor (FCFD) be less
than unity at each point in the F/A CMP hex duct.

i.7/3Dc+DIh
CFD eDc + 7/3 DIfF = a/b = Minimum of

In the following, the allowable limits for fatigue life and creep-rupture
times used in the F/A CMP hex duct structural evaluation and a comparison

.

of results with the combined creep-fatigue damage factor criterion are
presented.

,

~

5.3.1.2.1 Allowable Limits'

The F/A CMP hext duct as constructed from first core 20% CW-316-SS is
irradiated to an E0L fluence (E>0.1 Mev) of 9.29 x 10 n/cm . In addition, |

22 2

the F/A CMP hex duct temperatures range from 600 to 1000 F with the j

wetted sodium surfaces subjected to oxidation as well as interstitial
,

'

transfer of carbon and oxygen. The fatigue life and time to rupture data
for first core 20% CW-316-SS including the effects of fluence, temperature,
interstitial transfer, and surface oxidation used in the F/A CMP hex duct

structural evaluation are described as follows. |

|

*
.

|
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5. 3.1.2 .1.1 Fatique Life
'

Currently, fatigue life correlations are not available for irradiated
first core 20% CW-316-SS as a function of fluence and temperature.

| Accordingly, the Manson Universal Slopes Method [7] was used to develop
I ~

fatigue life correlations from which the fatigue damage factor (D ) for
the F/A CMP hex duct over the 39 worst case duty cycles was derived.

In the Manson Universal Slopes Method, the slopes of elastic and plastic
,

strain lines expressed in terms of strain range versus number of cycles
on a full logarithmic plot are assumed to be the same for all materials.
As applied to unirradiated 20% CW-316-SS, the total strain range (ac) is
dependent on the minimum unirradiated true fracture strain (cf,u), average

'

unirradiated engineering ultimate strength (Su, u), Young's Modulus (E),
and cycles to failure (N ) by the relation:

f

ac = c .6 N-0.60 0.12
,9 f 3.5 Su,u N'f+

In order to inc!ade the effects of irradiation in the fatigue life relation
for SA-316-SS, reduction factors for the elastic (F,) and plastic (F )p

*

strain ranges were used in accordance with the guidelines of the RDT Draft
for Breeder Reactor Core Components [5].

-0.6 -0.12
i ac = F c N + 3.5 F Su,u N .

p f e f

E

F,=(h')kWhere, 2

"f'I I
F =

P C f,u

|

= True Minimum Irradiated Fracture Strain| cf,7

S = Average Irradiated Engineering Ultimate Strength
u,!

k,k2 = Experimental Constantsi

! .
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i

Without available material data, the elastic and plastic exponents (k),
k ) were taken as unity. Accordingly the fatigue life relaxation developed !

2
'

for irradiated SA-316-SS was:

-0.4 -0.6 -0.12c N + 3.5 Su,I NAc = c
f,I f,u f I

E

The development of the irradiated first core 20% CW-316-SS fatigue life
relation required the true minimum irradiated and unirradiated fracture

strains (cf, y and cf,u), average irradiated engineering ultimate strength
(Su, I), and Young's Modulus (e)

e The true minimum irradiated and unirradiated fracture strains

(cf,7 and cf,u) as a function of temperature and fluence are
given in Section 4.3.1.1.2.

e The average irradiated engineering ultimate strength (Su,1) was

based on the available first core 20% CW-316-SS data [11]. A
polynomial fit to the available data was made for the average
engineering ultimate (Su, I s KSI) as a function of temperature
(T s F x 10-2),

.

2
Su,I = 78.92 + 3.68 * T - 0.47 * T

e Young's Modulus (E) as a function of temperature is given in-

Section 4.2.2.1

The irradiated first core 20% CW-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 CMP hex duct, reductions
in fatigue life which reflect the multiaxial stress and strain state are

required. The RDT Draft 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

.
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multiaxial effects on fatigue life is to use the range on maximum principal

strain. In the F/A CMP hex duct fatigue evaluation, the fatigue life
based on equivalent or maximum principal strain, whichever produced the ,

minimum fatigue life 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 only to the mean fatigue life of a material and does
not account for the scatter in experimental data. The RDT Draft for Breeder
Reactor Core Components [5] recommends that the 2-20 rule be used to account
for the minimum fatigue life due to scatter of data about the mean. The
2-20 rule was adopted for the fatigue life correlations of irradiated first

|core 20% CW-316-SS in the F/A CMP hex duct structural evaluation of fatigue

life. Simply stated, the 2-20 rule requires that the multiaxial fatigue life
be taken as the uniaxial fatigue life 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
first core 20% CW-316-SS using the Manson Universal Slopes Method for the

22 2F/A CMP hex duct E0L fluence (E>0.1 Mev, $t = 9.29 x 10 n/cm ) at 900*F
is presented in Figure 5.3-1.

.

e

%

e
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5.3.1.2.1.2 Creep Rupture Time

Currently, creep-rupture time correlations are not available for irradiated
first core 20% CW-316-SS. However, creep rupture time correlations have ,

been developed [12] for irradiated N-lot 20% CW-316-SS based on thin walled
22

pressurized tubes irradiated to fluences (E>0.1 Mev), from 0.21 to 0.90 x 10
n/cm over a temperature range of 1000 to 1400 F. Owing to the lack of ,

irradiated first core steel creep rupture data and correlations, the N-lot
20% CW-316-SS creep rupture correlaticas were used in the evaluation of

ccreep damage factor (D ) for the F/A CMP hex duct over the 39 worst case

duty cycles.

The creep rupture time correlations for irradiated N-lot 20% CW-316-SS given
in [12] are presented in terms of the mean Larson-Miller Parameter (LMP).
A logarithmic bilinear correlation between LMP and maximum principal stress
(asksi) was developed in terms of temperature (Ts R) and time (t sHrs). The

r

transition stress ( xsksi) is given by:

= 69.405e[-4.85 x 10-4 ]T
o x

The a-LMP correlations are given by:
.

LMP = 64292 - 7762 in (a), o > o, x

LMP - 44270 + 2.295T - 3040 in (a), o < o .
x

No specific fluence term appears in the correlation. It was found that a
difference existed between irradiated and unirradiated data, but that a

change in fluence had no detectable effect on the correlation.

The mean rupture time (tr) is given by the relation: -

tr = 10 exp [lMP - 20]
T

.
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In order to correct for the spread in the experimental creep rupture-time
data for N-lot 20% CW-316-SS, the minimum irradiated creep rupture times,-

based on 1.926 standard deviations belcw the mean on the LMP, were used

in the F/A CMP hex duct structural evaluations of creep damage. The
mean and minimum rupture times at the F/A CMP hex duct fluenceo

22[E > 0.1 Mew, (4t) = 9.29 x 10 n/cm ] and 900 F as a function of
maximum principal stress (a) are illustrated in Figure 5.3-2

.

1
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i 5.3.1.2.2 Comparison and Criterion ;

The F/A CMP hex duct structural evaluation in relation to the worst-

case location for combined creep-fatigue damage was made by screening
i each of the finite elements over the 39 worst case duty cycles with the

damage processor. Individual structural evaluations were made for the 3=

| sets of bending strerses and strains in order to obtain the worst case
! superposition. The maximum F/A CMP hex duct combined creep-fatigue damage

factor (FCFD) max was found to occur for the case of compressive super-
,

position at Element 1 as identified in Figure 5.2-1.
]

I -6The fatigue damage factor (D ) was found to be 0.657 x10 for the 39 worst
case duty cycles. The equivalent strain range was found to be critical
and occurred between cumulative iteration 27 and a uniform temperature

,

' distribution during the E-16 transient with a value of 0.00065 in/in. The
peak local metal temperature during the E-16 transient was 918 F. The

6fatigue life for the equivalent strain range was 59.3 x 10 cycles based
22 2on the E0L fluence (E>0.1 Mev, (4t) = 9.29 x 10 n/cm ),

cThe creep damage factor (D ) was found to be 0.00515 for the 39 wnrst
case duty cycles. The equivalent stress was found to be critical with a ,

,

value of 21,387 psi corresponding to the steady state operation at the
beginning of the 10 day hold-time. For the E0L fluence (E>0.1 Mev, (4t)='

22 29.29 x 10 n/cm ) at a metal temperature of 872 F, the minimum rupture
,

time was 1.82 x 106 hours.

In this arrangement, the maximum combined creep-fatigue damage factor

(FCFD) max for the F/A CMP hex duct was found to dominated by creep damage

| while fatigue damage was negligible.
;

(FCFD) max = 0.0052

!

| As (FCFD) max < l.0, the F/A CMP hex duct is not expected to experience
crack initiation over the 39 worst case duty cycles based on the creep-

fatigue damage criterion.
.

|
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cessive etor ationo . .s . 2 u
-.

Tne F/A CwP tex duct stru : ural evaluation of peak - accrclated, and .

residual defor aticns in relatten to functi:nal licits is presented in
the following subsections.

.

5.3.2.1 Feak Plus A::u ulated Cefer ati:ns

The peak plus accrulated defor aticn criterien in ;rciecting against
excessive defor ation rec; ires (na peak plus accu ulated defor aticcs (d' .,. )u '

be less than the ;eak plus a:Crulated deferratice linit (FAF ).

,F+A _ , _ ,
<

. -. r m

:
ine peak defor aticn (!' ) cf tne F/A C"? nex duct during the wors: case
duty cycle at EOL as fc.nd to c: cur at tre trulative iteration 27
te cerature cistrit;; ion with a value of 0.0'426 in. As the F/A CMD h e r.

dact re ained linear elastic, the initial tire ir.de:endent are final
ti e ce;endent steady state defer ati:n were identical with a value cf
0.00017 in. A:ccrdin ly, ite accrulated defor-atien (.tiss) gg ,egn
initial ar.d firal steacj state canditicns crer cne duty cycle a*. ECL

was 0.0 in. For 39 worst case duty cycles, the ECL peak plus accrulated .

de f e r-a ti on ,

, -

rg_js e. , , s s 3,7, m = on .
r /s- J ras. i-I q .

.,s .

(<E~As = n . m. . -u . : i n . n i,s-- n s -
; _m. .1
.

A

( ! ' 4 "9) 7,y = 0.0%26 in.
..

For ne F/A C": r:e t cac , e ceak clus accrulated cefer atice lirit (Fa't.)

FAIL = 0.010 in.

-,

As i' < FAOL, tre F/A CFP *.ex du : is not errected c esperience
excessi.e : eat def n ati:n crer the 39 wcrst case du y cycles.

.
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*k *
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5.3.2.2 Residual Deformations

The residual deformation limit in protecting against excessive residual,

Rdeformation requires that the residual deformation (6 ) be less than the
residual deformation limit (RDL).

R
6 1 RDL

R
The residual deformation (6 ) between initial and final uniform conditions
for the F/A CMP hex duct are identically zero because the defonnations are

Rlinear elastic. Accordingly, 6 1 RDL and the F/A CMP hex duct inherently
satisfies excessive residual deformation limits.

1 .

i 5.3.3 Suninary
'

The F/A CMP hex duct was found to satisfy the crack initiation and
excessive deformation criteria for a total of 39 worst case duty cycles.
A summary of the F/A CMP hex duct structural evaluation is presented in
Table 5.3-1.

TABLE 5.3-1

!, F/A CMP HEX DUCT

STRUCTURAL EVALUATION SUMMARY

Allowable Calculated Margin *
~ Criteria Value Value of

Safety

Crack Ductile
Initiation Rupture 1 0.0727 12.76

Factor

Combined
Creep-
Fatigue 1 0.0052 191.3
Damage,

Factor

Excessive Peak Plus 0.010 in. 0.00026 in 37.4
Deformation Accumulated

Residual 0.010 in. O in.* =

,

Margin of Safety = Allowable Value _j*
Calculated Value-
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6.0 ACLP HEX _ DUCT ANALYSIS AND EVALUATION

In the F/A ACLP hex 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

u

characteristics of a worst case duty cycle that umbrellas all expected .

'

duty cycles for the ACLP hex duct in the first and second reactor
cycles. Next, an inelastic structural analysis of the ACLP hex duct was
made for a single worst case BOL duty cycle from which E0L values were

approximated. Finally, a structural e' uation of E0L strains and
I dimensional changes in relation to critt.ria 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.

6.1 Loading Analysis
.

I

l The F/A ACLP hex duct loading analysis was directed to establishing the
number and characteristic: of a worst case duty cycle that umbrellas both

,

the number and characteristics of the Upset, Emergency, and Faulted
I 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 ACLP hex duct duty cycle
i is, in itself, hypothetical, but permits a conservative structural evalua- ,

tion to be performed on a single duty cycle instead on each of the
individual events specified. In the following, the F/A ACLP 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 the4

structural evaluation.

6.1.1 Mechanical

The F/A ACLP hex duct mechanical loads of significance in relation to'

subsequent structural evaluations are the beam type bending and local
contact loads induced by OBE and SSE seismic, and core restraint.
Deadweight and internal pressure loadings are relatively insignificant.

~
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.

l i

:

6.1.1.1 Beam Bending

'

: In order to perform a structural evaluation of the F/A ACLP hex duct, the
maximum bending stresses and strains under lateral OBE and SSE seismic,
and core restraint are required. The OBE and SSE seismic bending moments

'

(M) are given in terms of the static 1-g moment (M ) amplified by the
s

respective acceleration (a) of the core barrel, and the core restraint

moments (MCR) corresponding to steady state operation are given directly.

i
1

OBE [M l "0BEM =
s

"SSE E"s] SSE
" a '

,

"CR "CR
"

,

With regard to core restraint behavior during the Upset, Emergency, and
Faulted thermal transients, the temperatures of the F/A and adjacent,

l 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
the beam bending moments are not expected to change significantl" from

,

steady state values. Accordingly, the core restraint bending moments during
the transients were not assumed to change from steady state values.
Alternately, the steady state temperature differences 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)

"TR "CR
"

.
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,

In order to determine the raxinen ACLP bending stresses and strains, the
ACLP bending recents were screened for each F/A. The raxiru ACL? core '

0
restraint (MCP) and transient (K7p,)norentswerefoundtooccuratF/AA$O
with a value of 43,E60 in-lb. The raxirun 1-g static tending rorent (M )'

s

aoplicable to all F/A, was found to be 2600 in-lb. ,

For the F/A ACLP hex duct the cross-section ncdulus (E) and Young's
9cdalus (E), the naxirut tending stresses (:) and strains (c) are given
by the fcilowing relations:

M/I and c = :/E: =

3Surerically, the F/A ACLF hex duct section ocdalus (I) is 3.92; 3 7ne,

Young's Modulus (E) for the ACLP nex duct as constructed from 20: CW-315-SS
a

and operating at a steady tercerature of 10CO F is 22.54 x 10~ psi. The

F/A ACLP hex duct naxiru stresses (:) and strains (c) under 03E and SSE
seismic, core restraint and transient bending re ents are sunnarized in
Table 6.1-1.

.

o

O

-133-
.



. . . . . .

TABLE 6.1-1

F/A ACLP HEX DUCT
OBE AND SSE SEISMIC, AND CORE RESTRAINT

BENDING M0MENTS, STRESSES, AND STRAINS

Max. Max.
Core Barrel Bending Bending Bending

Loading Acceleration Moment Stress Strain
(a) (M s in-lb) (o s PSI) (c s in/in)

Static Dynamic

OBE 1.57 2600 4082 1039 4.61E-5
Seismic

SSE 2.2 2600 5720 1456 6.46E-5

Core Restraint N/A 48860 N/A 12436 5.52E-4

? Transients N/A 48860 N/A 12436 5.52E-4

'
_



6.1.1.2 Local Contact

The F/A ACLP local contact loads are the inter-duct loads that occur at ,

the corners and faces of a F/A ACLP load pad und~,c lateral OBE and SSE
seismic excitation, or are induced by the core restraint system during

steady state and transient thermal operation. .

An important consideration in the structural evaluation of the F/A ACLP
is whether the local inter-duct loads are load or deformation controlled,
or some combination tnereof. However, the local inter-duct behavior of
the F/A ACLP hex ducts in relation to whether the structural response due

to lateral seismic and core restraint is load or deformation controlled
is not fully understood at this tine. Currently, the local ACLP inter-
duct loads are thought to be load controlled only when the attendant
deforrutions are less than the gaps that exist between adjacent assemblies.

The rost conron example of a load controlled condition occurs when a F/A
ACLP hex duct experiences compressive 2 face loading from adjacent ducts

across 2 opposing flats, but the outwardly disposed deformations at the
unloaded corners are not sufficient to exhaust the gaps and initiate
contact with the adjacent ACLP hex ducts. Once the unloaded corners

.

contact the respective adjacent ACLP hex ducts, the 2 face loading of

the duct under consideration becomes defernation controlled. By the

same argument, the ACLP hex ducts which were applying the 2 face loads
.

to the duct under consideration are also undergoing deforration and load
redistribution. Alternately, the 2 face loads applied to the ACLP
hex duct are themselves deformation controlled and in a strict sense are
not load contro!1ed.

In a pure deformation controlled CRBR core with a rigid core former ring
and core barrel, the local inter-duct ACLP hex duct loads approach a pure

hydrostatic loading with a uniform deforration pattern throughout the ACLP
cross-section. In actuality, a small amount of load controlled behavior
characterized by 2 face loading and non-uniforn cross-section deformations
would occur because of nominal gap variations, temperature differences,

.
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core former ring and core barrel flexibilities and exterior ACLP hex duct
dimensional tolerances. However, system analysis of actual CRBR core,

behavior under lateral seismic and steady state or transient thermal
operation with the detail necessary to assure displacement compatibility at
the contact surfaces of each ACLP hex duct within the flexibility of the-

core formers and barrel is beyond current state-of-the-art analytical
procedures. Current analytical procedures only approximate true displace-
ment compatibility between CRBR core assemblies in order to obtain practical
solutions. As such, systems analysis of CRBRP seismic and core restraint
response provide conservative loads for ACLP duct structural evaluations which,
neglect the mitigating effects of actual deformation controlled core
behavior.

In the following, the F/A local contact ACLP hex duct seismic loads during
OBE and SSE, and induced by core restraint during steady state and transient
thermal conditions are described. Also, conservatisms in the local contact

F/A ACLP hex duct loads to be used in the structural evaluation are
cited.

6.1.1.2.1 OBE and SSE Seismic
.

The F/A local contact ACLP hex duct loads are based on the Planar Core
Model (PCM) presented in the Core Inter-Duct Analysis Document [13].

.

The PCM used to derive the F/A ACLP hex duct local contact loads under
lateral OBE and SSE seismic excitation was based on a 2 dimensional 180
sector of the CRBR core at the ACLP. A lateral lg acceleration was imposed
on the 2 dimensional 180 sector of the CRBR core at the ACLP with a
portion of the ful . weight of each F/A, RB/A, C/A, and RRS/A lumped at
the corners of the respective ACLP cross-sections. Owing to the detail of
the PCM, a true simulation of ini.er-duct contact using non-linear gap
elements at each of the 12 possible contact points for each core assembly
was not practical. Instead, a semi-linear analytical approach consisting
of interposing linear springs between each pair of contact points was

~

adopted. As the linear springs permit tensile loads to be developed, a
manual iterative procedure was used to obtain a compression only solution. In
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essence, the inter-duct loads were inspected after each linear solution
and, if found to be tensile, the spring stiffness was reduced until the*

'

majority of inter-duct loads were compressive. In this arrangement, the

local F/A ACLP loads derived by the PCM are considered conservative for

! the following reasons. ,
,

o The PCM considered full load transfer of the ACLP region to
the ACLP core former. However, the bending action of individual

i or groups of core assemblies would actually transfer a
iportion of the ACLP load to the TLF outlet nozzle and core support

plate. Accordingly, PCM local contact loads for the F/A ACLP
hex ducts under lateral 1-g static acceleration are larger in
magnitude from what would be expected in the CRBR core.;

4

The PCM simulated compression only local contact through lineare

springs which were reduced in stiffness to provide mininal tensile
,

loads. However, the duct corners were permitted to overlap each

; other in the process. Accordingly, true displacement compatibility

j consistent with the deformation controlled loading of the F/A ACLP
hex ducts and adjacent ACLP hex ducts which would tend to produce

hydrostatic loading was not obtained. As such, the PCM local '

contact loads for the F/A ACLP hex duct under lateral 1-9 static
acceleration include 2 face loads larger in magnitude from what

-
i would be expected in the CRBR core.

In order to establish the worst case F/A ACLP hex duct local contact OBE
and SSE seismic loads, F/A locations in a 60* sector of the core were
identified for structural evaluation as illustrated in Figure 6.1-1.

,

l

e
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Figure 6.1-1
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1

The method of selecting the worst case F/A ACLP hex duct local contact
seismic loads for structural evaluation was directed to establishing a ,

;

! set of static 1 g loads for a 90 sector of the ACLP hex duct cross-
section which are representative of the 12 loads on each of the 6 F/A

locations. In essence, a set of 3 loads (F), F , and F ) in a 90 sector .

2 3

of the ACLP hex duct cross-section were selected to represent the 12 loads

(W)),W12' N21' N22' 'N61' N62) n each of the F/A ACLP hex ducts. The
load designation scheme is illustrated in Fiaure 6.1-2.

1

| W N
12 11 F)

N
W 62 1 F

21 2, . _ _

W / \ / 61 ,' | \ F
W

22 3

\ W
52 /

'''
t

,

W #h Oy
32 614

3

W) W
4 42

-

Figure 6.1-2

F/A ACLP Hex Duct
Method of Selecting Static 19 Loads .

The values of the representative static 19 loads on the 90 sector ACLP

] hex sector of each F/A were derived from the following method of averaging.
4

i

F j W)) + W12 + N41 + N42
=

4

F N21 + N32 * N51 + N62
*

2
4,

N22 + N31 + N52 + N61
*

3
4 ,

A summary of the static 19 loads (F), F , F ) for each of the 6 F/A -

2 3

| locations is given in Table 6.1-2.

i
.
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_ TABLE 6.1-2
* F/A ACLP HEX DUCT

AVERAGE 19 90 SECTOR LOADS

.

t

{ F/A ! Average 90 Sector Loads (LBS)
' Location j ; ,,

'_ F)
F F'

g 3
,

,
,

;

A | 2278 1313 2080'

A 2670 238 1643
!

A 2658 345 i 1930 t

07
| A 2515 835 2150

3
,

,

07
A 2993 1223 2155

6

I A i 2768 568 2105 |
| 1

The average static 1g loads in the 90 sector of a F/A ACLP hex duct
cross-section represent a symmetrical set of loads with attendent structural
dan. age which is an approximation to the damage that would occur for the

'

actual non-symmetrical set of loads over the 360 sector of the F/A ACLP
hex duct cross-section. However, the disadvantage with the average lg
90 sector load is that individual structural evaluations would be

'

required for each of the 6 F/A ACLP hex duct locations because a simple
assessment of the worst case loading is not possible. Consequently, the

individual F/A loads (F), F , F ) were, in turn, averaged for the 6 F/A2 3
locations so as to simplify structural evaluations, ar.d yet also provide
a reasonable set of 90 sector F/A ACLP hex duct loads. The average lg

, (F ) av , and (F ) av used in %e UA W hex ductF/A loads (F)) 2 3 ;

structural evaluation were obtained by averaging the F/A loads (F), F ' <2

F ) in Table 6.1-2. I
3

(F )av = 2647 LBSj

(F )av = 754 LBS2

(F )av = 2010 LBS
-

3

.
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In order to detennine the dynamic OBE and S',E seismic F/A ACLP hex duct
*

loads (FDYN), the static ig loads (F ) were increased by the dynamics

accelerations (a) of the core barrel.
,

[F ] aF =
DYN, OBE s 0BE

[F ] aF =
DYN, SSE s SSE

= 1.57 g), the worst case F/A ACLP
For the OBE seismic acceleration (a0BE

i hex duct loads are:

| (F)av,OBE 4156 LBS.=j

(F )av, OBE 1184 LBS.=
2 ,

(F )av, OBE = 3156 LBS.
,

3

= 2.2 g).Similarly, for the SSE seismic acceleration (aSSE

(F )av, SSE = 5823 LBS.| j

(F)av,SSE=1658LBS.2 .

! -(F )av, SSE = 4422 LBS.3
!

.

6.1.1. 2. 2 Steady State and Transient Core Restraint
;

I The F/A local contact ACLP hex duct loads are based on the 2 dimensional

.! Core Restraint Model (CRM).

.

The F/A ACLP hex duct local contact core restraint loads under steady state ,

f reactor operation were derived using a 2 dimensional CRM which incorporates

j simplified 3 dimensional assembly interaction effects. The CRM is based

i on a string of F/A, C/A, RB/A, and RRS/A assemblies extending from the
center of the core to the ACLP and TLP core former rings. AssembliesI

were simulated using 2 dimensional beams with gap elements at the inlet
.

nozzle, ACLP, and TLP to represent contact with the inlet module and
adjacent assemblies. Each assembly in the model is assigned the stiffness
and interaction characteristics of a hexagonal ring of assemblies.

.
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-

i

Owing to the simplicity of the CRM, a true simulation of non-linear inter-.

duct contact consisting of gap and stiffness simulation at each of the 12
possible contact points on each core assembly ACLP and TLP location was
not obtained. Nevertneless, a reasonable approxiration of F/A ACLP hex-

duct load to be used for structural evaluation were obtained for the
following reasons.

e The CRM local contact F/A ACLP nex duct loads were based a 1.4
uncertainty on the steady state temperatures. Acco rdingly,
the 40% increase in terperature difference across the cross-

sections of the core assemblies in the string of core asserblies
produces larger F/A ACLP hex duct loads than would be expected

in the CRBR core, even if true displacement compatibility were
obtained.

e The CRM local contact F/A ACLP hex duct load; were based on a
uniforn gap distriubtion of 0.010 in, where as the nominal CRSR

*
gap at operating conditions is 0.015 in. Accordingly, the F/A
ACLP hex duct local contact loads during steady ; tate CRER tnerral
operation as constrained by the ACLP and TLP core forners and

* derived by the CRM are higher than would be excected in the actual
CRBR core.

In order to establish the worst case F/A ACLP hex duct local contact core
restraint loads,4 F/A locations in a 30' sector of the core were identified
for structural evaluation as illustrated in Figure 6.1-3.

.
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' The method of selecting the F/A with the worst casa ACLP hex duct local
*

contact steady state core restraint loads for structural evaluation was
directed to establishing a set of loads for a 90 sector of the ACLP hex
duct corss-section which are representative of the 2 face loads at each

,

of the 6 faces in each of the 4 F/A locations. Alternately, a set of 3
loads (F , F , and F ) in a 90* sector of the ACLP cross-section werej 2 3

selected to represent the 6 sets of 2 face loads (W), . . , W ) on each
6

of the F/A ACLP hex ducts. The load designation scheme is illustrated in
Figure 6.1-4.

i W F)j

U I U Fp2__
,

\N '

2 6
*

(
-

Ng 3|
'(.

-

,

'

.

1 gy j%y '

/

/ 5 /
tW \

'

3 --->

. W
4

r

!

*
. Figure 6.1-4

j F/A ACLP Hex Duct
Method of Selecting Core Restraint Loads

The values of the cora restraint loads on the 90 sector of each F/A were
derived by the following metlad of averaging.

I

F) Wj+W4=

4

F N2+N3+N5+N6
*

2
8

.

F
3 2+N3+N5+N6

*

8
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A :umary of the steady state core restraint loads (F), F , F ) for each of2 3

the 4 F/A locations is given in Table 6.1-3. .

.

TABLE 6.1-3

F/A ACLP HEX DUCT

AVEPAGE STEADY STATE CORE RESTRAINT 90' SECTOR LOADS

I

F/A
' Average 90 Sector Loads (LBS)

Location - '
.

,

F F
F) 9 2 3

f 432 298 | 293 iA
$

g

| 230 !
=

A f 210 230

A 0 122 ! 122

A 0 42 42

. .m

The average steady state core restraint loads in the 90* sector of a F/A
ACLP hex duct cross-secticn represent a symetrical set of losis with
attendant structural damage is an approxiration to the damage that would

-

occur over the 360 sector of the F/A ACLP hex duct cross-section. Unlike
the local contact seist.ic loads, the worst case core restraint loads
were selected by sirole inspection of the individual loads at the 4 F/A
locations given in Table 6.1-3. The F/A location A steady state core

restraint loads were selected as worst case in F/A ACLP hex duct structural
evaluations.

432 LSSF =j

298 LB5F =
2

293 LBSF =

3 .
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The worst case F/A ACLP hex duct local contact core restraint loads apply
only to steady state thermal performance of the CRBR core. With regardi

to transient CRBR core restraint behavior during Upset, Emergency, and
Faulted thermal transients, the temperatures of the core assemblies change
locally over the brief duration of the transients. In relation to the-

global temperature change of the full CRBRP core as constrained by the
ACLP and TLP core formers, significant difference in local contact ACLP

j hex duct contact loads from that would occur during steady state behavior

is not expected. Accordingly, the ACLP hex duct local contact loads (FTR)
during the transient behavior of the CRBR core were assumed to be identical

to the steady state loads (Fss) for the purposes of structural evaluation.

i

F F=
TR ss

4

' e
i

!

'

.

t

i

4

e
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6.1.2 Therral

The F/A ACLP hex duct therral loads are the steady state and transient
,

terperature distributions that occur during the Upset, Erergency, and
Faulted Events over the first and second reactor cycles. The steady state
F/A ACLP hex duct inside retal ter;:erature distributions throughout ,

Sector A of the core at BOC 1, EOC 1, EOC 2, and EOC 2 and the Upset,

Erergency, and Faulted Transients defined in ter s of tire-dependen'.
scale factors applied to the steady state inside retal tegeratures we e

considered. In this arrangerent, the F/A ACLP hex duct therral loads in
terns of inside retal temperatures associated with E0C 1, EOC 1, EOC 2,
and EOC 2 steady state as well as Upset, Erergency, and Faulted Transients
were identified at any F/A Iccation in the core.

In order to proceed with a structural evaluation of the F/A ACLP hex doct,

it was desirable for the sakt of simplicity to consider only the worst

case then al loading. Arc:-dingly, all F/A located in Sector A of the
core were assessed in r<.lation to the raximu inside retal wall te perature

difference between a F/A and adjacent C/A or RB/A. The raxirun steady
state inside retal wall temperature difference was found to occ' r at F/A

0 0
A adjacent to RS/A A during BOC 1 with a value of 219'F. It is

0
*

irrortant to note that at EOC 1, BOC 2, and E0C 2, the respective inside

retal terperature differences were found to decrease from BOC 1 values with

an average terTerature difference over the first and second reactor
*cycles of 152 F. A greater raintained steady state inside etal wall

ter;erature dif ference over the first and second reactor cycles is

observed for F/A A adjacent to C/A A or the latter, a raximun
0

te~perature difference of 217*F is seen to occur at EOC 1 while the average
tegerature over the first and second reactor cycles is 200'F. Accordingly,

07 07the F/A A adj cent to C/A A with a respective average inside retal
02 01

surface terperature dif ference of 200'F was considered as worst case for

steady state tercerature distributions in subsecuently F/A ACLP hex duct
structural evaluations.

.
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With regard to F/A and adjacent C/A ACLP 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-2b or OBE were specified. Similary, the

worst of the E-16, 60c 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 OBE events and the Emergency 60c
step event were identified from June,1977 data. 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 umbrellaed by the Emergency E-16

transient. The Upset transients comprising the upper and lower bound
U-2b and OBE, and the Emergency Transients including the upper and lower
bound 60C step, E-16, and U-2b during OBE are identified.o

.

e
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In order to reduce the number of F/A ACLP hex duct transients which
umbrella the Upset, and Emergency Transients to a single worst case
transient, the individual transients were assessed for severity in sub- ,

sequent structural evaluations by comparing the inside metal wall tempera-
tures in terms of maximum value, rate of temperature change, and range.

09 08In the assessment, the F/A A adjacent to RB/A A steady state temperature .

difference of 219 F with F/A and RB/A inside metal surface temperatures

of 1056 and 837 F were used. For the Upset Transients at the F/A ACLP

hex duct inside metal surface, the upper and lower bound U-2b transients
with maximum rate and range of temperature indistinguishable from the

upper and lower bound OBE transient. However, the adjacent RB/A inside

metal temperature transients for the lower bound U-2b were observed to
more closely follow the F/A metal transient than in the case of the upper

boend U-2b. Owing to the thermal lag in the thin walled F/A ACLP 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 counterpart. With regard to the Emergency
Transients, the E-16 transient in terms of naximum value, rate of
temperature change, and range was found to be clearly more severe than
the upper and lower bound 60c step, and the U-2b during 0BE 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
considered to umbrella all Upset, Emergency, and Faulted transients for
the F/A ACLP hex duct and is illustrated in Figure 6.1-5.

,

e
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The worst case F/A ACLP hex duct duty cycle in terms of inside metal tempera-
, tures 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 evaluation. In

the following, the F/A ACLP hex duct thermal model and geometry, boundaryo

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.

6.1.2.1 Model and Geometry

The F/A ACLP hex duct model was fomulated 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
temperature distributions to be used directly in subsequent structural
analysis.

The F/A ACLP hex duct region selected for analysis corresponds to a 2
dimensional 90 sector of the full ACLP cross-section. As the worst case
F/A ACLP steady state and transient temperatures include adjacent C/Ao
inside metal wall temperatures, an effective film coefficient was used to

simulate the thermal resistance of the C/A wall. The effective C/A film
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 ACLP interstice gap in relation to the
ACLP hex duct itself was not found to be significant. The F/A ACLP hex
duct thermal model illustrating the dimensional extent and finite element
detail is presented in Figure 6.1-8.

The F/A ACLP hex duct 90 sector thermal model as formulated in the ANSYS
program included a total of 294 linear temperature (STIF 35) elements in
a mesh of 341 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 ACLP cross-section.
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6.1.2.2 Properties

' The F/A ACLP hex duct is constructed from first core 20% CW-316-SS. The
thermal conductivity (K), specific heat (C), and density (c) of 20%
CW-316-SS are known to not significantly differ from SA-316-SS values.

O Accordingly, the first core 20% 316-5S properties used in the F/A ACLP hex
duct thermal analysis were identical to the SA-316-SS properties identified
for the F/A shield block described in Section 4.1.2.2.

6.1.2.3 Boundary Conditions and Wetted Surfaces

The F/A ACLP hex duct boundary conditions and wetted surfaces selected in
the thermal analysis are illustrated in Figure 6.1-9.

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

2C/A ACLP hex duct wall, the ef fective film coefficient (h=0.00104 BTU /in -sec- F)
was based on a thermal conductivity (K=0.000197 BTU /in-sec- F) and wall

thickness (L=0.190 in). The effective film coefficient (h) was specified
at the free surfaces of all elements forming the exterior of the F/A ACLP

O hex duct which included elements 8 through 40, increments of 8; 49 through
153, increments of 8; element 163; elements 169 through 223, increments of 6,
and 230 through 296, increments of 6.

C

The wetted interior F/A ACLP surfaces were assumed to response imediately
to the inside metal wall temperatures of the worst case F/A ACLP duty
cycle. Local variations in wetted interior surface temperatures were
neglected. Instead, all F/A ACLP hex duct interior surface node temperatures
were globally coupled to each other and included Nodes 1 through 172,
increments of 9; and 181 through 35, increments of 7.

With regard to the wetted interior C/A ACLP 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

,

o
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surface temperature variations of the worst case F/A ACLP hex duct cycle
( and applied to the F/A through the effective C/A wall film coefficients.

6.1.2.4 Heat Generation Rates

During steady state operation, the F/A ACLP hex duct is exposed to nuclear

heating. The maximum heating rate per unit volume was relatively uniform
3with a value of 1.919 watts /cc or 0.0295 BTU /in -sec. For the F/A ACLP

hex duct exposed to a heat generation rate (Q) with thermal conductivity
(K) and wall dimension (L), the temperature difference (AT) is given by:

2
AT QL /2K=

(0.0295 BTU /in -sec) (0.205 in)23
AT =

2(2.87 x 10-4 BTU /in-sec*F)
AT 2.16 F=

For the F/A ACLP hex duct, t se steady state temperature difference (aTss)
caused by sodium flow was 200 F. As AT < < ATss, the steady state tempera-

o ture is insignificant, an heat generation rates were neglected in the
thermal analysis.

.

ed
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1

6.1.2.5 Analysis and Results

The ANSYS thermal analysis of the F/A ACLP hex duct wa; arranged to pro-
vide detailed temperature distributions over the total worst case duty
cycle. A total of 10 load steps were selected at prominent F/A and C/A
inside metal surface temperatures. The first 7 Load Steps characterized ,

! the initial steady state conditions and the E-16 transient to 450 seconds.
Load Steps 1 and 2 represent initial steady state conditions while Load

: Steps 3 through 7 correspond to the E-16 transient. Load Step 8 corresponds

to the 1 hour cool-down to 600*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 transient are illustrated in
Figure 6.1-10 and numerical values for the full worst case F/A ACLP hex duct
duty cycle are presented in Table 6.1-4

i TABLE 6.1-4
;

WORST CASE F/A ACLP HEX DUCT DUTY CYCLE

ANSYS INPUT DATA

- . - . . - - . _ _ . - - . . - - _ . _ .

Temp ( F)
<Loau Time

Step (Sec) F/A C/A

1 0.0 1000 800

2 0.0 1000 800 -

3 2.0 1010 805

4 12.5 820 735

5 90 1155 845

6 175 00 800 .

7 450 'j 11 0 755
'

8 4050 v00 600

9 7650 1000 800
,

,

10 900000 1000 800

b. _ _ . _ _. ._ _ _ . _ . . --___..__....._ .._ ._ _

.,
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The ANSYS solution of the worst case F/A ACLP hex duct duty cycle was
obtained in 74 cumulative iterations using a static and transient con-

'

"
vergence criteria of 1 and 5'F respectively. The temperature distributions
at each cumulative iteration were saved on ANSYS Tape 4 for recall in sub-

sequent 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 ACLP hex duct temperature differences were based on the
through-the-wall temperatures at nodes 1 and 9 depicted in Figure 6.1-9.
A plot of the F/A ACLP hex duct temperature differences is presented in s

Figure 6.1-11. ;

A review of the through-the-wall temperature differences shows that the

maximum and minimum values occur at cumulative iterations 32 and 61
respectively, with a range of 174 F. In the thermal solution run, cumula-

tive iteration 32 corresponds to the E-16 transient at 90 seconds as
illustrated in Figure 6.1-6. The initial steady state condition corresponds

!to cumulative iteration 2 with a tenperature difference of Il0*F. Plots

of the temperature distributions throughout the F/A ACLP hex duct therral
'

model at cumulative iterations 2 and 32 are presented in Figure 6.1-12.
<
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I

!

6.1.3 Worst Case Duty Cycle;

2 #
The conclusions based on the F/A ACLP hex duct loading analysis in relation
to establishing the worst case duty cycle with recommendations for subsequent

j structural analysis were as follows.
Oi

: (
e Mechanical loads comprising OBE and SSE beam bending, internal|

pressure, and deadweight were considered insignificant. Steady
state and transient beam bending moments were considered negligible

relative to local contact loads and SSE loads are more severe
I than OBE local contact loads. Only local contact loads caused by

core restraint under steady state and transient operation, and
during SSE seismic events were considered to be of significance3

in establishing the worst case F/A ACLP hex duct duty cycle.

i

e Thermal and mechanical core restraint 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 ACLP hex duct duty cycle.,

In order to provide a copastent basis for combining the local contact
i steady state and transient core restraint and SSE seismic loads with the

E-16 steady state and transient thermal loads, a 90 sector of the ACLP ;,
,

cross -section was selected. The local ACLP hex duct contact loads were
j conservatively assumed to be load controlled even though attendant deformations
I may mitigate actual structural response due the restraint of adjacent ACLP

hex ducts. !
'

The recommendations for the specific F/A ACLP hex duct loading were to
apply a first and second worst case duty cycle of time independent and

'

dependent loading. The first worst case duty cycle comprising successive
SSE seismic loads applied at peak E-16 transinet temperatures and core I

restraint loads was to be applied only once. The second worst case duty
cycle comprising the E-16 transient temperatures and core restraint loads,

L

L
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|

but excluding additional SSE loads, was considered to be repeated 38 times.

|
In this arrangement, the recommended number and characteristics of the first 5

and second worst case F/A ACLP hex duct duty cycles provide an upper bound

to the 39 specified Upset events and the worst Emergency or Faulted event.
*

: First Cycle - Time Independent (One Application)

Select a uniform temperature equal to the reference temperature ate

cumulative iteration 2. Load to the cumulative iteration 2 temperature
,

; distribution and apply the steady state core restraint local contact
'

loads. Unload to uniform temperature.
i

Select a uniform temperature equal to the reference temperature ati e
,

cumulative iteration 32. Load to the cumulative iteration 32 temperature

distribution and apply the transient core restraint local contact loads.

j Apply successive SSE seismic local contact loads until shakedown is

|
observed. Unload to uniform temperature,

Select a uniform temperature equal to the reference temperature ato

cumulative iteration 2. Load to the cumulative iteration 2 temperature

distribution and apply the steady state core restraint local contact'

r

loads.
!

!
First Cycle - Time Dependent (One Application)

,

Hold the cumulative iteration 2 temperature distribution in combination
| e

j with the 2 face steady state core restraint local contact loads for
10 days.

I

l

| Second Cycle - Time Independent (Repeat 38 times)

Select a uniform temperature equal to the reference temperature ate

j cumulative iteration 2. Load to the cumulative iteration 2 temperature

', distribution and apply the steady state core restraint local contact
I loads. Unload to uniform temperature.
|

*

-165-
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-

i

e Select a uniform temperature equal to the reference temperature a'.
# cumulative iteration 32. Load to the cumulative iteration 32 temperature

distribution and apply the transient core restraint local contact loads.<

Unload to uniform temperature.
,

o 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 local contact
loads

Second Cycle - Time Dependent (Repeat 38 times)

e Hold the cumulative iteration 2 temperature distribution in combination
with the 2 face steady state core restraint local contact loads for 10

days.

9

e

i

O

i
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6.2 Structural Analysis

Tb_ F/A ACLP hex duct structural analysis was directed to deriving the o

stresses and strains, and dimensional changes which occur during the first
and second worst case duty cycles from which structural evaluations were

made. In the following, the F/A ACLP hex duct 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
simplification made in the thermal creep equations are presented. Further,

reference temperature selection for thermal expansions in relation to axial

constraints is described. Finally, the first and second worst case duty
cycle time independent and dependent inelastic analysis and results for the
F/A ACLP hex duct are presented in preparation for subsequent structural

evaluation.

6.2.1 Model, Geometry and Boundary Conditions

The F/A ACLP hex duct nodel was formulated in the ANSYS finite element
program so as to be compatible with the terperature distributions of
the thermal model . The F/A ACLP geometry was taken to be identical to
that used for the thermal analysis, except that the film coefficients
simulating the C/A ACLP wall thermal resistance were deleted. .

in formulating the F/A ACLP hex duct structural model, the ANSYS constant
strain (STIF 2) structural element was used to replace the linear tenperature ,

(STIF 35) thermal element. The boundary conditions along the lateral
surfaces of the 90 sector coincident with the global X and Y axies, in
the manner of the conventional roller support, were taken to have zero

normally disposed displacements. Coincident with the global X axis, the UY
displacements at nodes 1 through 9 were set equal to zero. For the surface

coincident with the global Y axis, the UX displacements at nodes 335 through

341 were set corners of the ACLP hex duct cross-section. With the 90' sector
of the ACLP formulated in a plane strain condition, the local contact loads

(F), F , F ) were expressed in terms of a load / length basis by dividing2 3
each load by the 4 in. ACLP pad length. The F/A ACLP hex duct structural
model is illustrated in Figure 6.2-1.

.
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6.2.2 Properties

The F/A ACLP hex duct as constructed from first core 20 percent CW-316-SS '
2

is initially unirradiated to a fluence (E > 0.1 Mev, (4t) = 0.59 x N/CM )
at E0L. The linear and non-linear properties of first core 20% CW-316-SS
under fluence and temperature with simolifications used in the F/A ACLP4 ,

hex duct analysis are described as follows.

6.2.2.1 Linear

The linear 20% CW-316-SS properties including the Young's Modulus (E),
Poisson's ratio (v), and coefficient of thermal expansion (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 ACLP hex structural analysis
were identical to the SA-316-SS properties identified for the F/A shield

block described in Section 4.2.2.1.

6.2.2.2 Non-Linear
.

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

required in the F/A ACLP hex duct structural analysis are the time
independent stress-strain curves and the time dependent thennal creep ,

,

equations, and irradiation creep and swelling equations.

-6.2.2.2.1 Stress Strain Curves

Currently, stress-strain properties of irradiated first core 20% CW-316-SS
are not extensively knwn as prior experimental effort has been primarily
directed to N-Lot steel. The available stress-strain properties of first

22 2
core steel [11] are limited to fluence (E > o.1 Mev) of 3 x 10 N/CM over

a temperature range from 1000 to 1200 F. As the ACLP hex duct E0L fluence
22 2

(E > 0.1 Mev) is 0.59 x 10 N/CM , the available data requires
extrapolation in order to obtain irradiated first core 20% CW-316-SS
sress-strain data for use in the F/A ACLP hex duct analysis. With regard
to unirradiated first core 20% CW-316-SS stress-strain data, unirradiated

N-Lot data is representative and was taken for the F/A ACLP hex duct
analysis. .
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i

w .-- - --__---e, - - - - - - - - . - - - -< - - - , -



In constructing the F/A ACLP hex duct stress-strain @ich are compatible
# with the worst case duty cycles uniformly distributed over the first and

second reactor cycles, a mean of true minimum BOL and the minimum

E0L stress-strain values was taken. Minimum properties were selected to
"

provide conservative inelastic stress and strain response because mechanical
and thermal ACLP hex duct loads were assumed to be applied slowly in an

essentially static manner. For elastic BOL and E0L response of the F/A
ACLP hex duct, the Young's Modulus for unirradiated and irradiated first
core 20% CW-316-SS was taken to be identical to the Young's Modulus for un-

irradiated SA-316-SS as described for the F/A shield block in Section 4.2.2.1.
In the following, the unirradiated and irradiated stress-strain data used
in the F/A ACLP hex duct analysis are identified,

t

The average unirradiated engineering stress-strain aat.a Tcr N Int W
CW-316-SS used to represent unirradiated first core steel in the inelastic
response of the F/A ACLP hex duct is given in the NSM Handbook-[6].
Minimum unirradiated engineering N-Lot stress strain data was taken as 80% :

of average values. The minimum engineering unirradiated proportional

elastic limit stress (6PEL,u), yield stress (5Y,u), ultimate stress
4 (5u,u), and uniform elongation strain (Eu,u), where stress and strain is

in units of KSI and in/in regectively, in terms of temperature (T S 'F)
is given according to the relations.

;

!,

PEL,u = 0.80 "Y,u
,

2 4
3 = 76.89 - 0.10*T + (1,208E-3)*T - (0.817E-5)*T3 + (3.04E-8)*T

Y,u
8 [

- (7.99E-17)*T7 + (4.14E-20)*T- (6.75E-ll)*T5 + (0.931E-13)*T6 ;

10
- (1.lSE-23)*T9 + (1.42E-27)*T

2 4
B = 97.62 - (0.812E-1)*T + (6.67E-4)*T - (2.69E-6)*T3 + (4.98E-9)*Tu,u

6
- (4.58E-12)*T5 + (2.04E-15)*T - (3.46E-19)*T

i

s

I
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1

i

4
E ,u = 0.104 + (4.81E-4)oT - (7.0E-6)oT2 + (4.33E-8)oT3- (1.49E-10)oT

u
5 7 9

: + (3.0E-13)*T - (3.64E-16)*T6 + (2.70E-19)*T - (1.19E-22)*T8 + (2.89E-26)*T.
10

! + (2.95E-30)*T

The minimum irradiated engineering stress-strain data for first core <

20% CW-316-SS used for the F/A ACLP hex duct at ECL fluence (E>0.1 Mev,
22 2

(4t) = 0.59 x 10 n/cm ) were taken from the available first core data
[11]. The minimum irradiated engineering proportional elastic limit

stress (5 ,y), yield stress (5y,y), ultimate stress (au,1),andp

! uniform elongation (Eu,I) in terms of temperature (T s F x 10-2) are as
follows.

= 0.86 B
! PEL,I y,;

2
5 = 60.596-0.817*T-0.0601*T
f,y

2
Gu,I = 78.92+3.68*T-0.47*T

2 3
E = 0.128+0.0108*T+0.000938*T -0.00018*T
u,I

'
.

I In order to obtain true minimum stress-strain data from minimum engineering

data for unirradiated BOL and irradiated E0L conditions of the F/A ACLP
hex duct, the following relations between true stress and strain (o,c) and

"

engineering stress and strain (5, E) were used.

*
"PEL,u PEL,u (I + u,u)*

u,uu,u

(I + u,I) 0u,I" *
"PEL,I PEL,1 u,I

I" (I + u,u)*- c '

u,u=y
Y,u Y,u

5 'u,I I" (I + u,1)*
=oY,I Y, I

:
*

e
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o
The mean of true minimum unirradiated BOL and true minimum irradiated E0L
stress-strain for the F/A ACLP hex duct over a temperature rnage of 800
to 1200 F are summarized in Table 6.2-1.g

TABLE 6.2-1

F/A ACLP HEX DUCT

TRUE MINIMUM MEAN OF BOL AND E0L

STRESS-STRAIN DATA

-
.

Young's Stress (PSI) at Total Strain (in/in)| Temp.
--"( F) Modulus -

6; (PSIX10 ) 0.00178 0.00378 0.01 0.04 0.08

800 24.06 42830 55390 56900 62700 68500

900 23.31 41490 53940 55360 ; 60790 66220

1000 22.53 40100 51920 53290 58500 63800

1100 21.72 38660 48470 49810 54960 60100

{550001200 20.89 37180 43300 44650 49830
,

e

3

In order to illustrate the approach adopted to represent the mean of true

minimum unirradiated B0L and irradiated E0L stress-strain data for the
F/A ACLP hex duct during the worst case duty cycles, the respective

|
average, mininium, and mean stress-strain curves for first core 20% CW-316-SS

.

at 1000 F are presented in Figure 6.2-2.'

I
"

:
.
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6.2.2.2.2 Thermal Creep Equations

The thermal creep equations for irradiated and unirradiated first core*

20% CW-316-SS are currently being developed and have not been placed

into an approved form for use in the F/A ACLP hex duct analysis. However,
' thermal creep equations for unirradiated N-Lot 20% CW-316-SS are identified

as the interim NSM Handbook relations [12] are available which tends to
approximate first core steel thermal creep. Accordingly, the N-Lot
20% CW-316-SS thermal creep equations were used in the F/A ACLP hex duct

analysis.

The thermal creep equations for N-Lot 20% CW-316-SS are expressed in tems

of a hoop strain (cc) and stress (c) as the experimental data was based on
pressurized thin walled tubes. In applying the pressurized thin walled
tube data to multiaxial stress states in the F/A ACLP hex duct, equivalent

stress ( e) and strain (c ) were used according to the relations:e

and c = 2_ c=
ce e

2
73

The thermal creep equations for hoop strain (c ) and strain rate (k) from
the pressurized thin walled tube data is presented in both integrated and
rate form.

c = Ao cosh-I (1 + rt) + Pc" t* + Qa" t
'

c

c= Acr + m Pc" t - + 2.5 Qa" t .5ldc

dt 2 2\[2rt+r t

In applying the thermal creep equations to the worst case F/A ACLP hex
duct duty cycle, the relaxation of thermal stresses occurs during the
10 day hold time. As the duty cycles are assumed to be successively
repeated, it was desirable for the sake of conservatism to neglect the
primary creep and only consider secondary creep. I s aver, the form of the

thermal creep equations used to represent the pressurized thin walled
,
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tube data does not permit a separation of primary and secondary creep.

Accordingly, both primary and secondary thermal creep were considered to A

occur simultaneously in successive duty cycles. The approach is considered
only slightly non-conservative as thermal creep was not expected to be
significant at the steady state operational temperature of 1000 F. A

,

summary of the fi-Lot thermal creep equation for hoop strain (c m %) ndc

stress (c m PSI), time (t s HRS), and temperature (T s K) are presented
as follows.

3

-8.94451 4.331_4_x 10
T

in A = or q

1.07471 x 10-1.3748 - I

whichever yields the smaller v61ue of in A

-2.99573

inr= or 9 II
26 425.0 l.0114 x 10 - 3.70757 x 10291.069 - 2 3

T T T
1

whichever yields the larger value of in r
,

6.3 for T s 922.039*K (1200'F)
n= or

-124.593 + 0.283804T - 1.539 x 10- T ,

for T > 922.039 K (1200*F)

0.533 for T s 922.039

m= or ~5 ''
f 44.5365 - 0.0954482 T + 5.17593 x 10 T'

for T > 922.039"K (1200 F)i

*
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35.3606
8.965 x 10

for T < 810.928 F (1000 F) -

|

In P = ' er
i

5131.26
1.35198 x 107 + 1.17285 x 1010 12- 3.39674 x 10

2 3
T T T

for 1033.15"K (1400*F) 3 T z 810.928'K (1000*F)

5 8

-453.917 + 5.91409 x 10 - 2.39794 x 10p
T T

<

l for T < 810.928 K (1000*F)

inQ= or
- 89.2335

for 866.483 K (1100*F) 3 T 3 810.928 K (1000*F)

,or
6 8 -. 9 91 x 10 9.52226 x 10

1179.06 - .

T T
4

for 1033.15 K (1400 F1 : T t 866.483 K (1100'F)

s

4
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i

6.2.2.2.3 Irradiation Creep and Swelling Equations

The irradiation creep and swelling equations for first core 20% CW-316-SS .

are currently being developed and have not been ;;%ced into an approved
fann for use in the F/A ACLP hex duct analysis. However, irradiationl

a :creep and swelling equations for N-Lot 20% CW-316-SS are available which'

| tend to approximate first core steel irradiation creep and swelling
behavior and were used in the F/A ACLP hex duct analysis.

i

The irradiation creep equations for N-Lot 20% CW-316-SS include both
deviatoric and dilational effects. The equivalent deviatoric creep strain
(c s in/in) is related to the equivalent stress (i s psi) according to

1, the relation:
.

f 7/7 = A [1-e-f/b] + cf + 0 Sg

where;
4

A[1-e-I/D] Primary creep term=*

i

Secondary creep tenn; cf =

'
.

Swelling TennDS =
; g

In the worst case F/A ACLP hex duct duty cycle, the relaxation of thermal ,

i stresses by irradiation creep occurs during the 10 day hold-time. However,

') the ACLP hex duct region is exposed to an insignificant E0L fluence
22 2

j (E>0.1 Mev, (et) = 0.59 x 10 n/cm ) and little, if any, stress relaxation
due to irradiation creep and swelling would be expected. In order to

;

simplify the time dependent analysis as well as providing slightly con-
servative creep damage results, irradiation creep and swelling were
neglected. The effects on time dependent elastic / plastic / creep instability

: and functional limits which would be enhanced by including irradiation

! creep and swelling were not considered significant.
!

>

i

-177-
. .

i
;

_ _ __ . _ _ _ _ - __ ._ . _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ __ -_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -_



6.2.3 Worst Case Duty Cycle Response

The structural response of the F/A ACLP hex duct to the first and second*

worst case duty cycles required the selection of reference temperatures
compatible with the temperature distributions at the worst case through

* the wall temperature differences and axial constraints prior to deriving
the time independent and dependent solutions. A description of the analysis
and solutions which are required in subsequent structural evaluation is as
follows.

6.2.3.1 Constraints and Reference Temperature Selection

The F/A ACLP hex duct structural model corresponds to a 90 sector of
a lateral slice taken through the length of the ACLP cross-section. Axial
constraints normal to the 2 dimensional 90 sector reasonably simulate a
plane strain condition as the length of the ACLP is comparable to the
corresponding cross-sectional dimensions. Accordingly, the F/A ACLP hex
duct was considered to be in a plane strain condition for the purposes of
analysis.

The method of selecting a reference temperature in relation to an arbitrary
temperature distribution imposed in 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 ACLP hex duct, the reference temperatures for the recommended cumulative
iterations in the worst case duty cycle are summarized in Table 6.2-2.-

TABLE 6.2-2

F/A ACLP Hex Duct
Reference Temperatures

lTempera ture I Reference
Distribution Temperature
(Cum. Iter.) (TR' I)

2 948.4

32 1072.7

.
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6.2.3.2 Analysis and Results

The ANSYS inelastic analysis of the first and second worst case duty cycles *

was arranged in time independent and dependent loadings. The first worst<

case duty cycle time independent loads included the initial steady state
'

thermal and steady state core restraint loads, the E-16 transient thermal
and transient core restraint load, 2 successive peak SSE loads at maximum"

E-16 transient thermal and transient core restraint loads, and a return to
i final steady state thermal and core restraint loads. A 10 day hold-time

under steady state thermal and core restraint loads comprised the time
dependent loads of the first worst case duty cycle. The second worst case
duty cycle time independent loads were identical to those of the first duty
cycle except that the SSE loads were not repeated. The time dependent loads

;

for the second worst case duty cycle were identical to those of the first
duty cycle.

In order to follow the path dependent ACLP hex duct structural response to
the first and second worst case duty cycles, the ANSYS restart option was

i used. In addition, the ANSYS small strain-large deformation option was used

in the event that the deformations associated with the mechanical core
restraint and SSE seismic loads were sufficient to initiate the collapse of ,

the F/A ACLP hex duct due to elastic / plastic / creep instability.

i
6.2.3.2.1 First Cycle - Time Independent

; ,

The F/A ACLP hex duct structural response to the time independent loadings
of the first worst case duty cycle was obtained in 20 sequential ANSYS load

i steps in combination with the restart option. The first cycle time independent
loadings were considered as static loadings applied at zero time. A summaryi

of the time independent thermal and mechanical loadings for the first cycle
; time independent analysis is presented in Table 6.2-3.

k

.

t
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TABLE 6.2-3

F/A ACLP HEX DUCTo

FIRST CYCLE TIME INDEPENDENT ANALYSIS SUMMARY

INITIAL STEADY STATE, E-16 TRANSIENT / MECHANICAL LOADS, AND FINAL STEADY STATE
e

I Load Iterations Temperature I Reference I Mechanical | Description 1
'

Step Distribution Temperature! Loads
( F) ( F) I (F), F , F )

,

2 3

1 1 948.4 948.4 None Initial Steady State

I (0.0 sec) :2 1 Cum. Iter. 2 948.4 None

3 1 Cum. Iter. 2 948.4 CR

4 1 948.4 948.4 | CR !
: -:

5 1 1072.7 1072.7 CR ' E-16 Transient f
6 1 Cum. Iter. 32 1072.7 ! CR (90sec) !

$
_ j

7 1 Cum. Iter. 32 1072.7 | CR E-16 Transient i

(90 sec)8 5 Cum. Iter. 32 1072.7 CR + 0.5 SSE
First Cycle of

9 9 Cum. Iter. 32 1072.7 CR + 1.0 SSE*
SSE Loads

i
10 1 Cum. Iter. 32 1072.7 |CR+0.5SSE

i 11 1 Cum. Iter. 32 1072.7 ! CR
'

i ! E-16 Transient
12 1 Cum. Iter. 32 1072.7 ! CR

'

(90 sec),

!

13 1 Cum. Iter. 32 1072.7 CR + 0.5 SSE Second Cycle of

SSE Loads i
14 2 Cum. Iter. 32 1072.7 CR + 1.0 SSE

15 1 Cum. Iter. 32 1072.7 .CR + 0.5 SSE

16 1 Cum. Iter. 32 1072.7 CR |
._ ,

17 1 Cum. Iter. 32 1072.7 : CR E-16 Transient I
: 1

18 1 1072.7 1072.7 ! CR (4050sec) i

19 1 948.4 948.4 CR , Final Steady State

CR (7650 sec)* 20 1 Cum. Iter. 2 948.4
|
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The F/A ACLP hex duct structural response to the first cycle tine independent
loadings was obtained with a plastic convergence ratio of 0.01. The detailed -

stress-strain response at each of the converged solutions was saved on ANSYS
Tape 10 for subsequent recall in structural evaluations. The initial and

*final first cycle time independent steady state maximum equivalent stresses
were found to be 24,038 and 20,082 psi respectively. During the E-16
transient, the maximum equivalent stresses at the cumulative iteration 32
temperature distribution with the first peak SSE loads was 46,168 psi. The
peak non-uniform deformation was found to be 0.01256 in at cumulative
iteration 32. The initial and final steady state non-uniform deformations
were 0.00187 and 0.00245 in, respectively. Computer plots of equivalent
stress and peak non-uniform deformation are presented in Figures 6.2-3

through -5.

,
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6.2.3.2.2 First Cycle - Time Dependent

The F/A ACLP hex duct structural response to the tire dependent loadings of ,

the first worst case duty cycle was obtained in load steps 21 through 23
with an ANSYS restart from load step 20 of the first cycle time independent

analysis. A creep tine step of 5 hours was used initially to follow the .

primary creep and increased to a 10 hour time step for the remainder of the
10 day hold time. Subsequent ANSYS restarts were nade for load steps 24
through 26 to obtain the residual deformations af ter the first worst case
duty cycle. A sumnary of the first cycle time dependent nechanical and
therral loadings is presented in Table 6.2-4

TABLE 6.2-4

F/A ACLP HEX DUCT
FIRST CYCLE TIME DEPENDENT ANALYSIS SUSNARY

10 DAY HOLD-TIME AND UNLOADING

'L'o a d Iter. Time Temperature Reference Mechanical Description
Step (Hrs.) Distribution Temperature Loads

(*F) (F), F , F )(*F) -

2 3;

__a__ ___ _ _ 4_ _ _ _

21 1 0.0 Cum. Iter. 2 948.4 CR
'

10 Day-

; ,

22 6 i 30 Cum. Iter. 2 943.4 CR *Hold-Time

23 21 240 Cum. Iter. 2 948.4 CR
.

24 1 240 Cum. Iter. 2 948.4 CR
Unicading -

25 1 240 948.4 948.4 None For Residual
Deformations

f

26 3 240 94S.4 948.4 None

The F/A ACLP hex duct structural response to the first cycle time dependent
loading was obtained with a creep convergence ratio of 0.25. The detailed

stress-strain response was saved on A' ai3 Tape 10 for subsequent recall in
|

structural evaluations. The F/A ACLP hex duct structural response at the
end of the 10 day hold-time, designated as the tine dependent final steady
state condition, was not found to significantly differ from the tire
independent final steady state response because of negligible relaxation

.
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of stresses and deformations under primary and secondary thermal creep. The
*

maximum equivalent stre's and peak non-uniform deformation in the F/A ACLPs

hex duct at the first cycle time dependent final steady state condition were
found to be 17,915 psi and 0.00267 in. as illustrated in Figure 6.2-6.

.

With regard to the residual stresses and deformations of the F/A ACLP hex
i duct, maximum values of 18,605 psi and 0.00055 in, were found for the first

worst case duty cycle as illustrated in Figure 6.2-7.

,

't

4

9

D

I

!

..

-186- I

: .

i

_ _. _.
- m - - -



- - - . . _ __ _ _ . _ _ _ _ _ _ . _ _ _ _ . _ _ _ _ _ . _ _ _ _ _ . _ _ . . . -____ _ _ . _ . _ _ . . . _ _ . ._

i

.

;

i

4

!

I

i

|

- 17,915 psi
|

I

L
( ;________,

f y'y 's,- - _ _ _ __..,

,f , s

s \
..

\'N \

| O.00267 in. g
' -

i

\
\

'

g\
\

\
\ -

.

.

i.. . .

FIGURE 6.2-6

F/A ACLP HEX DUCT

FIRST CYCLE - TIME DEPENDENT

FINAL STEADY STATE
t

i EQUIVALENT STRESS AND NON-UNIFORM DEFORMATION ,

-187-
.

|
- -- -- a,--, - - - . . - ,.. _ __ _ _,_



-

4

:

!

|'

l

l

l

i
1

|

!
'

18,605 psi - ..
,

1 .- - - - __
,'s:

,

'y ry - - -...., ,

'

|\ '
, \

' O.00055 in. \ g

\
,

\
\

.

\
\

\
\

\
\ .

i
.

.

FIGURE 6.2-7 1,,
F/A ACLP HEX DUCT

FIRST CYCLE - TIME DEPENDENT
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6.2.3.2.3 Second Cycle - Time Independent

The F/A ACLP hex duct structural response to the time independent loadings ,,

) of the second worst case duty cycle was obtained in load steps 27 through 30
with an ANSYS restart from load step 26 of the first cycle time dependent

j analysis. The second cycle time independent loadings were considered as .

static loadings applied at 240 hours. A summary of the time independent
;

thermal and mechanical loadings for the second cycle time independent analysis

is presented in Table 6.2-5.;

1 TABLE 6.2-5i

I F/A ACLP HEX DUCT
j SECOND CYCLE TIME INDEPENDENT ANALYSIS SUMMARY
; INITIAL STEADY STATE, E-16 TRANSIENT, AND FINAL STEADY STATE
1

'
i

: 'I.oa d Iter. Tem %rature Reference Mechanical Description
Step Distribution Temperature Loads

( F) (*F) (F), F , F )2 3j

27 1 1072.4 1072.4 CR |
E-16'

28 3 1072.4 1072.4 CR Transient
. (90_ s e.c )i . _ _ _ _ _ . . . _ . . . _ . . _ . . . _ _ _ _ _ . . . . _ _ _ _ . _ ..

; 29 1 Cum. Iter. 32 1072.4 CR Loading
.

and

30 1 1072.4 1072.4 CR Unloading ,

I.
The F/A ACLP hex duct structural response to the second cycle time independent

"

loadings was obtained with a plastic convergence ratio of 0.01 and saved on
! ANSYS Tape 10 for subsequent recall in structural evaluations. During the

| E-16 transient, the maximum equivalent stress was found to occur at the
cumulative iteration 32 temperature distribtuion with a value of 27,063 psi.
The maximum equivalent stress at the final steady state condition was found,

f to be 17,908 psi. The peak non-uniform deformations at the cumulative
iteration 32 temperature distribution and final steady state condition were

| found to be 0.00273 and 0.00267 in respectively. Computer plots of equivalent

I stress and peak non-uniform deformation are presented in Figures 6.2-8 and -9.

.
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6.2.3.2.4 Second Cycle - Time Dependent

*
The F/A ACLP hex duct structural response to the time dependent loadings of
the second worst case duty cycle was obtained in load steps 31 through 34
with an AflSYS restart from load step 30 the second cycle time independent

'

analysis. A creep time step of 10 hours was maintained throughout the 10
day hold-time. A subsequent AfiSYS restart was made from load step 34 to
obtain the residual deformations after the second worst case duty cycle.
A summary of the second cycle time dependent mechanical and thermal loadings
is presented in Table 6.2-6.

TABLE 6.2-6

F/A ACLP HEX DUCT
SECOND CYCLE TIME DEPEtlDENT AtlALYSIS SUMMARY |

l_0 DAY HOLD TIME AND UNLOADING

(Load Iter., Time Temperature ' Reference : Mechanical Descriptiont

Step (Hrs.) Distribution : Temperature i Loads
'

( F) ( F) '(F), F , F )2 3

31 1 240 948.4 948.4 CR
'

iInitiate and
32 3 240 948.4 948.4 CR

| hold for
33 1 240 Cum. Iter. 2 948.4 CR i,

ten days
34 24 480 Cum. Iter. 2 948.4 CR

35 1 480 948.4 948.4 None Unloading
for Residual
Deformations.

The F/A ACLP hex duct structural response to the second cycle time dependent
loading was obtained with a creep convergence ratio of 0.25 with the stress-
strain response saved on ANSYS Tape 10 for subsequent recall in structural ,

evaluations. The maximum equivalent stress and peak non-unifom deformation
in the F/A ACLP hex duct at the second cycle time dependent final steady
state condition were found to be 17,498 psi and 0.00272 in. as illustrated
in Figure 6.2-10. i

,

With regard to the residual stresses and deformations of the F/A ACLP hex
duct, maximum values of 18,786 psi and 0.00083 in. were found for the second

,

duty cycle as illustrated in Figure 6.2-11.
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In the following, the allowable uniaxial strains used in the F/A ACLP hex
'

duct structural evaluation and comparison of results with the local ductile
rupture factor criterion are presented.

*
6.3.1.1.1 Allowable Uniaxial Strains

The F/A ACLP hex duct as constructed from first core 20% CW-316-SS is

unirradiated at BOL. The E0L fluence (E>0.1 Mev) based on June 1977
22 2data is 0.59 x 10 n/cm . In addition, the F/A ACLP hex duct

temperatures range from 700 to 1150 F. The true uniaxial uniform elongation

(cu, min) for irradiated first core 20% CW-316-SS used for the F/A ACLP
hex duct was identical to that used for the CMP hex duct presented in
Section 5.3.1.1.1.1. The fracture strain (cf min) f r unirradiated and
irradiated first core 20% CW-316-SS used in the F/A ACLP hex duct struc-
tural evaluation was taken from recommendations in the trial applications
of the RDT Draft Criteria for Breeder Reactor Core Components [15-23] and is

identical to that taken for the F/A shield block structural evaluation
presented in Section 4.3.i.1.1.

6.3.1.1.2 Comparison with Criterion

* The F/A ACLP hex duct structural evaluation in relation to local ductile
rupture considered the first duty cycle to occur only once while the second
duty cycle was repeated 38 times. In determining the maximum principal
strain for comparison with the local ductile rupture criterion, the peak*

strain components were taken from the combined mechanical and thermal

loads in the first duty cycle while accumulated strain components were
taken from the 29 repeated second duty cycles. The peak and accumulated
strain components were computed separately for the first and second duty
cycles using the damage processor and combined by hand to determine the

ductile rupture factor (FDR) for the 39 worst case duty cycles.

In the F/A ACLP hex duct, the maximum local ductile rupture factor (FDR) max
during the 39 worst case duty cycles was found to occur at element 1, as
identified in Figure 6.2-1.

.

.
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I

,

'
!

For the first duty cycle at BOL, the peak strain components occurred under
I

! the combined core restraint and SSE seismic mechanical loads, and the thermal
-

loads corresponding to the cumulative iteration 3? temperature distribution -

of the E-16 transient. The local stress stats was found to have a triaxiality
f

factor of -2.075 but was taken as unity for conservatism in the structural
*

,

evaluation. For the local metal temperature of 1146 F, the> true minimum
irradiated uniform elongation and fracture strains at E0L 'luence (E>0.1 Mev,;

22 2 L

(4t) = 0.59 x 10 n/cm ) were 0.100 and 0.134 in/in respectively. The peak

BOLstraincomponents(c(j)BOLwere:
:

P*

0.002757= ', c
xx.

(c )BOL 'Yy -0.003618*
<

P'

0.000612=' yxy
'

'c = -0.000832z

In the second duty cycle at BOL, the accumulated strain components occur
between initial time independent and final time dependent steady state

i

condi tions . The local stress states were found to have negative triaxiality

|
factors, but were both taken as unity in combining the strain components.

J The difference between final and initial steady state, strain components
j

(acfj)atBOLwere:

acfx 0.0000190 '=

"

ac^Y= -0.0000100
/ Y '

! (^'A )BOL
)

ay ^y
*

I 0.0000020ij =
,

A 0.0' ac =
zz

i

After a total of N= 39 worst case duty cycles, the peak plus accumulated!

strain components (c A) at EOL were:

!

I'P )BOL + (N-l)(^CA )BOL
|

(cjj+A)EOL
P *

ij ij

i

s
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PA'c 0.003479i=

,

A

('P+A}EOL L NA I
| c = -0.003998"

ij

0.000688=yxy
A'c = -0.000832

The EOL maxima. principal strain (cmax principal) based on the E0L peak
plus accumulated strain components was:

,

>

max principal = 0.00349 in/inc

Accordingly, the maximum local ductile rupture factor (FDR) max was found
to be controlled by the fracture strain with a value;

(FDR) max 0.087=

As (FDR) max < l.0, the F/A ACLP hex duct is not expected to experience
.

crack initiation over the 39 worst case duty cycles based on the local
ductile rupture criterion. '

,

'
|

i

|

.
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6.3.1.2 Creep-Fatigue Damags4

The creep-fatigue damage criterion in protecting against crack initiation
requires that the combined creep-fatigue damage factor (FCFD) be less than .

unity at each point in the F/A ACLP hex duct.

. 7/3 Dc+DI il .

c+7/30)F = a/b = Minimum of
CFD eO

In the following, the allowable limits for fatigue life and creep-rupture

!
times used in the F/A ACI.P hex duct structural evaluation and a comparison

I of the results with the combined creep-fatigue damage factor criterion

are presented.

6.3.1.2.1 Allowable Limits

The F/A ACLP hex duct as constructed from first core 20% CW-316-SS is
unirradiated at BOL. The E0L fluence (E>0.1 Mev) based on June 1977

22 2data is 0.59 x 10 n/cm . In addition, the F/A ACLP hex duct

temperatures range from 700 to 1150 F. The fatigue life and creep rupture

time relations used in the F/A ACLP hex duct structural evaluation were
identical to those used in the F/A CMP hex duct structural evaluation presented

'
in Section 5.3.1.1.1. The fatigue life and creep rupture time relations
representative of F/A ACLP hex duct peak and steady state metal temperature
at EOL fluence are illustrated in Figures 6.3-1 and -2 respectively.

.

4
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6. 3.1.2 . 2 Coccarison with Criterion
.

The F/A ACLP hex duct structural evaluation in relation to the cc-bined
creep-fatigue darage was based on the first duty cycle applied only ence
while 3S of the second duty cycles were considered. The creep and fatigue

s <Cdarage factors (D , D') were corputed separately for the first and second
duty cycles with the darage processor and cc-bired by hand to cbtain the |

total corbined creep-fatigue darage factor (FCFD) for the 39 worst case
duty cycles.

In the F/A ACLP hex duct, the raxiru coctired creep-fatigue da-age factor
(FCFD)rax during the 39 worst case duty cycles was found to occur at
ele ent 59, as identified in Figure 6.2-1.

fThe fatigue da age factor (D ) for the first duty cycle was found to bej
f0.0000154 while the fatigue darage factor (D ) or 33 of the second duty
2

cycles was 0.0000186. Tre peak retal tercerature in both the first and

second duty cycles was ll34 F corresponding to the E-16 transient cu ulative
iteration 32 te perature distribution. Tne raxinc principal and equivalent
strain ranges were found tc be critical in the first and second duty cycles

' respecti vely. For the first duty cycle, the raxiru : principal strain range
was found to occur between the first ceak SSE load application and a uniforn

te cerature distribution with a value of 0.00147 in/in. In the second duty
cycle, the raxiru equivalent strain range occurred between a unifom j*

terperature and the E-16 transient cu ulative iteration 32 te cerature dis- |
tribution with a value of 0.000SS2 in/in. Based on the F/A ACLP hex duct
E0L fluence (E>0.1 Mev, (:t) = 0.59 x 10"" n/cn ), the fatigue cycles to2

failure for the raximm strain ranges of the first and second duty cycles
6 6

were 0.65 x 10 and 2.04 x 10 . Accordingly, the total fatigue da age
' ifactor (D') in tems of the first cycle fatigue da age factor (D ) cortined

I
fwith the fatigue darage factor (D ) for the 38 second duty cycles.
c

|
f 4 4

Dj+Dj0 =

0.0000154 * 0.0000186D =

* e 1

0.0000340 |D' =

|
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cThe creep damage factor (D ) for the first duty cycle was found to be
0.000946 while the creep damage factor (D|) for 38 of the second duty cycles
was 0.0242. The steady state local metal temperature in both first and

-

second duty cycles was 938 F. The maximum equivalent stress was found to be

critical in both first and second duty cycles. In the first duty cycle
*

with a duration of 240 hours, the initial and final time dependent maximum

equivalent stresses were 17,059 and 14,177 psi. For the 38 second duty
cycles with a duration of 9120 hours, the initial and final time dependent
maximum principal stresses were 14,148 and 13,618 psi. Based on the F/A ACLP

22 2
hex duct EOL fnuence (E>0.1 Mev, (4t) = 0.59 x 10 n/cm),themeanminimum

rupture times for the maximum equivalent stresses during the first and
6 6

second duty cycles were 0.254 x 10 and 0.377 x 10 hours . Accordingly, the
ctotal creep damage factor (D ) in terms of the first cycle creep damage

:

factor (D)combinedwiththecreepdamagefactor(D|)forthe38secondc

duty cycles was

c+Djc
DO =

c 0.000946 + 0.0242D =

c 0.0251D =
9

In this arrangement, the maximum combined creep-fatigue damage factor (FCFD) max

for the F/A ACLP hex duct is given by the realtion:
d

i e Dc+9fl

3

(FCFD} max
= Min mum of ?=

C + h D'
'e D

(FCFD) max 0.0108=

As (FCFD) max < 1.0, the F/A ACLP tex duct is not expected to experience
crack initiation over the 39 worst case duty cycles based on the creep-

fatigue damage criterion.

.
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6.3.2 Excessive Deformation
.

The F/A ACLP hex duct structural evaluation of peak plus accumulated, and

residual deformations in relation to functional limits over the 39 worst
case duty cycles is presented in the following subsections.

,

6.3.2.1 Peak Plus Accumulated Deformations

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

4

6 +A < PADL
P

_

The F/A ACLP hex duct peak BOL deformation (6 ) was 0.01256 in and

occurred during the combined core restraint and SSE seismic mechanical

loads and the thermal loads associated with the cumulative iteration 32
temperature distribution of the E-16 transient of the first duty cycle.

A
The accumulated BOL deformation (6 ) was based on the initial time
independent and final time dependent steady state conditions of the second
duty cycle. For the initial and final deformation values of 0.00267 and

'

O.00272 in., the accumulated steady state deformation (A655) in the second
duty cycle at BOL was 0.00005 in. For the 39 worst case F/A ACLP hex
duct duty cycles, the E0L peak plus accumulated deformation (6P+A) is

'
given by the relation

P
(3 ) E0L = (6 ) BOL + (N-1) (A6ss) BOL

(6 +A) E0L = 0.0126 + (38) (0.00005)
P

(6 +A) E0L = 0.0145
P

For the F/A ACLP hex duct, the peak plus accumulated deformation limit

(PADL)is
PADL = 0.082 in.

.
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i

,

| As 6 +A < PADL, the F/A ACLP hex duct is not expected to experienceP

~

excessive peak deformation over the 39 worst case duty cycles.

6.3.2.2 Residual Deformations
e >

The residual deformation limit in protecting against excessive defomation ,

R
! requires that the residual deformation (6 ) be less than the residual

deformation limit (RDL).
!

6R < RCL

1
R

The F/A ACLP hex duct residual BOL deformations (6 ) after the first and
second duty cycles were found to be 0.00055 and 0.00083 in. respectively.'

RAccordingly, the change in residual eformations (a6 ) in successive second

|
duty cycles would be 0.00028 in. For the 39 worst case F/A ACLP hex duct
duty cycles, the E0L residual deformation is given by the relation.

R R R
(6 ) + (N-1)(a6 )(6 ) E0L =

R
0.00055+38(0.00028)(6 ) E0L =

.

i

R
(6 ) EOL 0.011 in.=

For the F/A ACLP hex duct, the residual deformation limit (RDL) across the #

flats is 0.010 in. However, the RDL for a single hex duct flat is 0.005 in.
RAs (6 ) E0L > 0.005 in. , the F/A ACLP hex duct residual deformation at E0L

approximated from the response of the first and second duty cycles at BOL
;

is not acceptable.

Accordingly, the response to a third duty cycle was derived using the same,

procedure identified for the second duty cycle. The F/A ACLP hex duct

residual BOL deformation after the third duty cycle was 0.00086 in. For

the 39 worst case F/A ACLP hex duct duty cycles, the E0L residual deforma-
tion estimated from the second and third duty cycles at BOL is given by
the relation. *
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!

R
(6 ) E0L = 0.00083 + 37 (0.00086 - 0.00083)

Ri *
(6 ) E0L = 0.00194 in.

RAs 6 < RDL, the F/A ACLP hex duct is not expected to experience excessive
o

residual deformation over the 39 worst case duty cycles.

6.3.3 Sumary

The F/A ACLP hex duct was found to satisfy the er - k initiation and excessive

| deformation criteria. A summary of the F/A ACLP ..ex duct structural

evaluation is presented in Table 6.3-1.

TABLE 6.3-1

F/A ACLP HEX DUCT

| STRUCTURAL EVALUATION SUfMARY

1

Allowable Calculated Margin of
Criteria Value Value Safety *

|

Crack Ductile 1 0.087 10.49
Initiation Rupture*

Factor

Combined 1 0.0108 91.59
Creep-Fatigue,
Damage Factor

! Excessive Peak + 0.082 in 0.'0145 4.65
Deformation Accumulated

,

i

Residual 0.005 in 0.00194 1.58

,

1

* Margin of Safety = Allowable Value _)Calculated Value.

"

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

pressure loads are insignificant. Accordingly, mechanical loads were
neglected in establishing the worst case F/A outlet nozzle duty cycle for
the first and second reactor cycles.*

7.1.2 Thermal

The F/A outlet nozzle thermal loads are the steady state and transient
temperature distributions that occur during the Upset, Emercency,
and Faulted events over the first and second reactor cycles. The steady
state F/A outlet nozzle inside metal temperature distributions throuchout

Sector A of the core at B0C 1. E0C 1, BOC 2, and EOC 2 and the Upset,

Emergency, and Faulted transients defined in terms of time-dependent scale
factors applied to the steady state inside metal temperatures were
considered. In this arrangement, the F/A outlet nozzle thermal loads in
terms of inside metal temperatures associated with BOC 1 E0C 1, B0C 2,

and E0C 2 steady state conditions as well as during 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 outlet nozzle,*

it was desirable for the sake of simplicity to consider only the worst

case thernal loading. Accordingly, all F/A located in Sector A of the
core were assessed in relation to the maximum inside metal wallo

temoerature difference between & F/A and adjacent C/A or R8/A. The
maximun steady state inside metal wall temperature difference was found
tooccuratF/AA!adjacenttoRB/AA during BOC 1 with a value of
214*F. It is important to note that at EOC 1, BOC 2 and E0C 2, the

respective inside metal temperature differences were found to decrease
from BOC 1 values. As such, the BOC 1 maximun steady state inside retal
temperature difference of 214*F between a F/A and adjacent RB/A was
clearly worst case for all F/A outlet nozzles in the core over the first
and second reactor cycles.

.
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I

With regard to F/A and adjacent RB/A outlet nozzle thern'al transients,
the Equipment Specification [1] using an umbrella approach identified the
number of Normal Upset, Emergency, and Faulted transients over the first -

4

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 transient events;

f umbrellaed by the worst of U-2b or OBE were specified. Similarly, the
worst of the E-16, 60c Step, or U-2b during OBE were specified to umbrella'

,

i the Emergency Transients whilc the SSE was identified to umbrella the

Faulted Transients.

4

! In the derivation of the F/A and adjacent RB/A inside metal temperature

| transients for the Upset, Emergency, and Faulted events, the identified

i upper and lower bounds for the Upset U-2b and OBE events and the
Emergency 60c step event. The upper bounds were based on quickest flow1

decay and maximum decay heat while the lower bounds were based on slowest

i flow decay and minimum decay heat. Further, the SSE Faulted Transient was

found to be umbrellaed by the Emergency E-16 transient. The Upset

| transients comprising the upper and lower bound U-2b and OBE, and the
! Emergency Transients including the upper and lower bound 60c step, E-16,

and U-2b during OBE are based on June 1977 loads. ,

i

!

In order to reduce the number of F/A outlet nozzle transients which ,

i 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

j range. With regard to steady state conditions, all transients were
initiated with F/A and RB/A inside metal wall temperatures of 1076 and

! 862*F which provide the worst case temperature difference of 214*F.

For the Upset transients at the F/A outlet nozzle inside metal
surface, the upper and lower bound U-2b transients were assessed as

islightly more severe in terms of maximum temperature with maximum rate
and range of temperature indistinguishabla from the upper and lower bound

L
.;
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OBE transient. However, the adjacent RB/A inside metal temperature
transients for the lower 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 thick walled F/A outlet noz:le, temperature
differences through the wall, which are important in structural evaluations,,

| are more severe in the lower bound U-2b transient than the upper bound
counterpart. With regard to the Emergency transients, the E-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 60c step,
and the U-2b during 0BE transients. Further, the E-16 was also considered I

more severe than the lower bound U-2b transient. In this arrangement, the ,

| Emergency E-16 transient was selected as the worst case umbrella to all

( the Upset, Emergency, and Faulted transients for the F/A outlet nozzle
and is illustrated in Figure 7.1-1.

1

The selection of the Emergency E-16 transient as the worst case F/A out-
let nozzle transient is, in itself, not sufficient to establish the

worst case F/A outlet nozzle duty cycle. Thermal conditions following
the E-16 transient and subsequent hold-times at steady state conditions are

! also required. The thermal conditions selected consisted of a cool-down
'

| to 600 F in 1 hour from the F/A and RB/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 RB/A temperatures. Thereafter, a 10 day
hold-time at steady state temperatures was assumed. The 10 day hold time*

corresponds to 40 worst case E-16 transients unifonnly distributed over
400 FPD which is slightly greater than the 328 FPD specified for the first
and second reactor cycles. The worst case F/A outlet nozzle duty
cycle is presented in Figure 7.1-2.

The worst case F/A outlet nozzle 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. In the following, the F/A outlet :ozzle thermal model and geometry,

| '
1
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f|
boundary conditions and wetted sodium surfaces, heat generation rates, ,

, * '

and themal analysis and results are described from which conclusions on
detailed temperature distributions used in subsequent structural analysis

lare presented,
.

7.1.2.1 Hodel and Geccetrv_ t

! The F/A outlet nozzle nodel was formulated in the A'iSYS finite element
program. The ANSYS program has cocpatibility between therral and

,

{ structcral elements which permits thermal solutions of ter;;erature j
distritutions to be used directly in sesequent structural analysis.4

!

|
The F/A outlet nozzle region selected for analysis corresponds to a !-

2 dimensional slice of a symetrical 30* sector taken through the fluted
! pattern provided to protect the fuel rods from inadvertant placement of

RB/A. As the worst case F/2 stlet nozzle duty cycle includes adjacent
,

j RB/A inside metal wal) te'eperatures, a flat slab simulation of the RB/A
j was also included in the thamal codel. The 30* syretrical sector is

justified as outlet sodium flow and heat generation rates are uniform.;

' The F/A outlet nozzle thermal rodel illustrating the dirensional extent
. ,

,

and finite element detail is presented in Figure 7.1-3.i

[.
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The F/A outlet nozzle thermal model as formulated in the ANSYS program
included a total of 149 linear temperature (STIF 35) elements in a mesh
of 366 node points. The F/A outlet nozzle was modeled with 113 elements -

while the simulation of the adjacent RB/A as a flat slab was
modeled with 36 elements. The F/A and RB/A elements were assigned

different element types in the thermal model so that the RB/A elements a

could be deleted in the structural analysis solutions. A relatively
fine mesh was selected at the wetted sodium surfaces of the F/A outlet
nozzle so as to include the thermal skin response to the thermal transients.

7.1.2.2 Properties

The F/A and adjacent RB/A outlet nozzles are both constructed from SA-316-SS.
The thermal conductivity (K), specific heat (c), and density (p) properties
used in the thermal analysis were identical to those used for the F/A shield
block as presented in Section 4.1.2.2.

7.1.2.3 Boundary Conditions and Wetted Surfaces

The F/A and adjacent RB/A boundary conditions and wetted surfaces selected
in the thermal analysis are illustrated in Figure 7.1-4.

.

Boundary conditions for the thermal analysis consisted of adiabatic
conditions along the lateral surfaces of the 30 F/A outlet nozzle and

'

the flat slab simulation of the RB/A outlet nozzle. Conductive conditions
a

were assumed at the sodium interstice between the exterior surfaces of the
F/A and RB/A. Owing to the relatively high thermal conductivity (Ks)
of sodium in combination with the small interstice gap (G), the effective
film coefficient (h = Ks/G) is high. Accordingly, the node points along
the F/A and RB/A exterior surfaces were locally coupled to each other in
the thermal analysis. The F/A node 13 was coupled to the RB/A node 300,
and so forth along the sodium interstice as follows.

.
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' 13 300 '=

31033 =

32053 = -

F/A RB/A
330 >4 73 =

34093 =

350 .113 =

360 ss133 =

The wetted interior surfaces of the F/A and RB/A were assumed to respond

immediately to the respective inside metal wall temperatures of the worst
case F/A outlet nozzle duty cycle. Local variations in wetted interior
surface temperatures were neglected. Instead, all F/A outlet nozzle

interior surface node point temperatures were globally coupled to each
other and included nodes 1 through 241, in increments of 20; and 241

through 244. Similarly, the interior surface node point temperatures for
the flat slab simulation of the RB/A were globally coupled to each other
at node points 306 through 366 in increments of 10.'

7.1.2.4 Heat Generation Rates

During steady state operation the F/A outlet nozzle is exposed to nuclear
heating. Based on June 1977 Data, the maximum heating rate /per unit -

volume is relatively uniform with a value of 0.038 watts /cc or
3

0.00059 BTU /in -sec. For the F/A outlet nozzle exposed to a heat generation
rate (Q) with thermal conductivity (K) and wall dimension (L), the tempera- <

ture difference (AT) is given by:

2AT = QL /2K

(0.00059 BTU /in3 -sec) (2.33 in)2
AT =

2(2.87 x 10-4 BTU /in-sec- F)

AT = 5.88 F

For the F/A outlet nozzle, the steady state temperature difference
(ATss) caused by sodium flow was 214 F. As AT a Tss, the effect of

heat generation rate ',n the steady state temperature distribution is
small and heat generation rates were neglected in the themal analysis. ~

,

-217-

.



. - - ___ _ - . _ _

i

7.1.2.5 Analysis and Results

The ANSYS thermal analysis of the F/A outlet nozzle was arranged to pro--

vide detailed temperature distributions over the total worst case duty
cycle. A total of 10 load steps were selected at prominent F/A and RB/A

* inside metal surface temperatures. The first 7 load steps 'haracterized

the initial steady state conditions and the E-16 transient to 450 seconds.

Load Steps 1 and 2 represent initial steady state conditions while Loads
Steps 3 through 7 correspond to the E-16 transient. Load Step 8 corresponds

to the 1 hour cool-down to 600 F. The return to final steady state tempera-
tures 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.

I Prominent load steps in the E-16 transient are illustrated in Figure 7.1-5
and numerical values for the full worst case F/A outlet nozzle duty cycle

<

are presented in Table 7.1-1.

TABLE 7.1-1

WORST CASE F/A OUTLET N0ZZLE DUTY CYCLE

ANSYS INPUT DATA

.

Temp. ( F)Load Step Time
(Sec.) F/A RB/A

$

1 0.0 1076 862

2 0.0 1076 862
! 3 2 1085 865

i 4 12.5 885 780

5 90 1250 925'

6 175 1100 860

7 450 1000 810,

8 4050 600 600;

9 7650 1076 862,

10 900000 1076 862
4

*

*

i
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The ANSYS solution of the worst case F/A outlet nozzle duty cycle was
obtained in 79 cumulative iterations using a static and transient con-

.

vergence criteria of 1 and 5 F respectively. The temperature distributions
at each cumulative 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 outlet nozzle temperature differences were based on the

through-the-wall temperatures at nodes 1 and 13 depicted in Figure 7.1-4.
A plot of the temperature difference between nodes 13 and 1, that is,

AT = T13 - T), in terms of cumulative iterations is presented in Figure
7.1-6.

A review of the through-the-wall temperature differences shows that the
maximum and minimum values occur at cumulative iterations 16 and 31
respectively, with a range of 383 F. In the thermal solution run, cumula-

tive iterations 16 and 31 correspond to the E-16 transient at 12.5 and 90
seconds as illustrated in Figure 7.1-1. The initial steady state condition
corresponds to cumulative iteration 3 with a temperature difference of
135 F. Plots of the temperature distribution throughout the F/A outlet

* nozzle thermal model at cumulative iterations 3,16, and 31 are presented
in Figure 7.1-7.

.

.

!

6
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7.1.3 Worst Case Duty Cycle

The conclusions based on the F/A outlet nozzle loading analysis in .
,

relation to establishing the worst case duty cycle were as follows:

8 Mechanical loads comprising 0BE and SSE seismic, core restraint'

*internal pressure, and dead weight are unimportant in establishing
the worst case F/A outlet nozzle duty cycle.

I e Thermal loads comprising temperature distributions associated with
steady state, the E-16 transient, return 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
outlet nozzle duty cycle.

i

The recomendations for the specific F/A outlet nozzle loading in relation
! to the worst case duty cycle were based solely on time independent and

dependent thermal loadings. The following sequence for the worst
case F/A outlet nozzle duty cycle was recommended to be repeated

t

39 times so as to provide an upper bound to the 39 Upset events, and

the Emergency or Faulted event.

'
Time Independent

;

4 Select a uniform temperature equal to the reference temperature
; at cumulative iteration 3. Load sequentially to cumulative iteration
. .i

3 and 6 temperature distributions. Unload to uniform temperature.

9 Select a uniform temperature equal to the reference temperature
at cumulative iteration 16. Load to the cumulative iteration
16 temperature distribution and unload to unifonn temperature.

I

'

8 Select a uniform temperature equal to the reference temperature

f at cumulative iteration 31. Load to the cumulative iteration 31
temperature distribution and unload to uniform temperature.

4 Select a unifonn temperature equal to the reference temperature
at cumulative iteration 3. Load to the cumulative iteration 3j
temperature distribution.

' *

Time _ Dependent

O Hold the cumulative iteration 3 temperature distribution for 10 days.
!
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7.E Structural Analysis

The F/A outlet nozzle 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 outlet nozzle 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 simplifications made in the thermal creep equations are presented.
Further, reference temperature selection for thermal expansions in relation
te axisl constraints is described. Finally, the time independent and
dependent inelastic analysis and results for the F/A outlet nozzle are
presented in preparation for subsequent structural evaluation.

7.2.1 Model, Geometry, and Boundary Conditions

The F/A outlet nozzle structural 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 outlet nozzle geometry was taken to be
identical to that used for the thermal analysis, except that the slab
simulating the R8/A was deleted.

.

In formulating the F/A outlet nozzle 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 sur-.

faces of the 30 sector, in the manner of the conventional roller support,
were taken to have zero normally disposed displacements, but free to
move t;dially. Along the surface parallel to the global X-Axis, the UY
displacements at Nodes 1 through 13 were set equal to zero. For the

inclined surface, the UY displacements, after a 30 rotation to obtain
normally disposed directions, were set equal to zero at Nodes 130, 131, !

132,133,149,150,166,167,168, 205 , 224 and 244. The F/A outlet
nozzle structural model is illustrated in Figure 7.2-1.

,

1

1

|

|=
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Figure 7.2-1

F/A Outlet Nozzle
Structural Model, Geometry and Boundary Conditions .
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7.2.2 Properties

The F/A outlet nozzle as constructed from SA-316-SS and initially unirradiated-

22 2at BOL is irradiated to a fluence (E>0.1 Mev, (4t) = 0.07 x 10 N/cm )
at E0L. The linear and non-linear prooerties of SA-316-SS under fluence
and temperature used in the F/A outlet nozzle structural analysis are*

I described as follows. ~'

7.2.2.1 Linear

The linear SA-316-SS material properties are the Young's Modulus (E) ,
Poisson's ratio (u), and coefficient of thermal expansion (a). Simplifica-
tions of the properties in terms of constant conservative values over the;

700 to 1250 F range of operational temperature used in the F/A shield
! block structural analysis, were not made in the F/A outlet nozzle. Instead,

the material properties as a function of temperature were used directly as-

identified in Section 4.2.2.1.

7.2.2.2 Non-Linear

The non-linear SA-316-SS material property behavior required in the F/A
outlet nozzle structural analysis are the time independent stress-strain,

I
*

and the dependent thermal creep constitutive relations. The constitutive
relations with attendant simplifications used in the F/A outlet nozzle are
as follows.

.

7.2.2.2.1 Stress-Strain Curves

The true average stress-strain curves for SA-316-SS given in the NSM

Handbook [16] were reviewed in relation to the F/A outlet nozzle E0L
22 2fluence (E>0.1 Mev, (4t) = 0.07 x 10 N/cm ) and the operational tempera-

ture range from 700 to 1250 F. Temperature effects were found to be
significant, but the effect of irradiation at E0L fluence relative to!

i unirradiated BOL values was found to be insignificant. Accordingly, the
true average E0L and BOL stress-strain curves for SA-316-SS were considered

identical to each other for the F/A outlet nozzle.

.
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In the F/A outlet nozzle structural analysis, true minimum BOL and E0L
stress-strain curves are required because the thermal loads which occur

.

during the worst case duty cycle are slow acting and are basically
statically applied. The true minimum BOL and E0L stress-strain curvesi

i as a function of temperature,taken as 90% of the true values given in the ,

NSM Handbook [6],are illustrated in Figure 7.2-2 with corresponding

numerical values sumarized in Table 7.2-1.

TABLE 7.2-1

F/A OUTLET N0ZZLE

TRUE MINIMUM BOL AND E0L STRESS-STRAIN DATA

SA-316-SS

Temp. E Stress (KSI) at Total Strain I

( F) (106 PSI) .0005617 .002 .006 .010 .050

800 24.06 13514. 17100 21240. 23490. 34740.

925 23.12 12985. 16086 19395 21211 34443

1050 22.13 12429. 15511 18236 19756 32971

1175 21.10 11851 15131 17499 18858 30048

1300 20.03 11250 15030 16920 18360 26280
.

i

7.?.2.2.2 Thermal Creep Equations
.

The thermal creep equations for unirradiated SA-316-SS as a function of
stress and temperature are identified in the NSM Handbook [6]. Thermal

,

j creep equations for irradiated SA-316-SS are not identified as the com-
bined irradiation-thermal creep effects are included in the irradiation

'

creep equations.
;

In relation to the F/A outlet nozzle with an E0L fluence (E>0.1 Mev,d

22 2
| (4t) = 0.07 x 10 N/cm ) operating over a steady state temperature range
I of 950 to 1075 F, the effects of irradiation on thennal creep were con-

| sidered insignificant, with temperature alone controlling creep rate. As
such, the unirradiated SA-316-SS thermal creep equations as a function

.

f -227-
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of temperature were selected to simulate the time dependent relaxation of
stresses in the F/A outlet nozzle analysis. .

A review of the unirradiated SA-316-SS thennal creep equations given in
the NSM Handbook [6] was made for the purposes of simplification. Over ,

a temperature range of 800 to 1000"F, which is a reasonable approximation
to the actual steady state F/A outlet nozzle temperatures, the thermal
creep equation is given by:

*

l + *t (I - g-rt) , ,mtc = c

where,

Total Strain=c

Loading Strain=e
l

e (I-8. t) Primary Creep-Strain=
t

Secondary Creep Strain=cmt

In order to simplify the thermal creep equation, the primary creep strain
was neglected. Accordingly, stress relaxation during the time dependent
10 day hold time would be minimum, with subsequent structural evaluations

~

of creep damage conservative. Although structural evaluations of
accumulated deformation would be non-conservative, the degree of non-

conservatism was not considered significant.
.

Expressing the secondary creep strai: in terms of the secondary creep

strain rate (csc), the thermal creep equation for SA-316-SS used in the
F/A outlet nozzle time dependent analysis was:

= A [ Sinh ]"e -c sc

**"'E in/in-Hour=

Stress (PSI)o =
Absolute Temperature ( R)T =

.
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The numerical values of the secondary creep constraints used in the F/A
outlet nozzle time dependent analysis are identified as follows.

,

10
A 5.6229 x 10 / Hour=

2.015 x 10-4/ PSI
'

8 =
,

4.6n =

67000 cal /molQ =

1.10389 cal /mol- RR =

Thus,

4.6
= (5.6229X1010) Sinh (4.38X10-5,) e -60694

c sc

The secondary thermal creep rate used in the F/A outlet nozzle time independent
analysis as a function of stress and temperature are illustrated in
Figure 7.2-3.

7.2.3 Worst Case Duty Cycle Response

The structural response of the F/A outlet nozzle 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 differences and axial constraints prior to deriving the time
independent and dependent solutions. A description of the analysis and*

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

7.2.3.1 Constraints and Reference Temperature Selection

The F/A outlet nozzle structural model corresponds to a 30 sector of
a lateral slice taken through the length of the outlet nozzle. Axial
constraints normal to the 2 dimensional 30 sector closely simulate a

plane strain condition as the length of the outlet nozzle is significantly
greater than corresponding cross-sectional dimensions. Accordingly, the
F/A outlet nozzle was considered to be in a plane strain condition for
the purposes of analysis.*
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The method of selecting a reference temperature in relation to an arbitrary
temperature distribution imposed in an ANSYS plane strain model was described

,

for the F/A shield block in Section 4.2.3.1. Using the same method as for the
F/A outlet nozzle, the reference temperatures for the recommenced cumulative
iterations in the worst case duty cycle are summarized in Table 7.2-2.

,

TABLE 7.2-2

F/A OUTLET N0ZZLE

REFERENCE TEMPERATURES

Temperature Reference,

Distribution Temperature!

(Cum. Iter.) (T F)s
R

3 1003.5

6 1003.5

16 977.2

31 1030.7
J

.

7.2.3.2 Analysis and Results

The ANSYS inelastic analysis of the F/A outlet nozzle structural model*

under the worst case duty cycle was arranged in time-independent plastic
analysis associated with the short term E-16 transient followed by time-
dependent creep analysis corresponding to steady state temperatures over
the 10 day hold-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 that can exceed functional limits, the
peak + accumulated deformations during the duty cycle and the residual
deformations following the duty cycle are required.

.
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In order to obtain the desired results 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 /
plastic / creep instability would not be expected for the F/A outlet nozzle

I under the deformation controlled thermal loadings, the ANSYS small strain-
,

small deformation option was used in the inelastic analysis. A description
of the time independent and dependent analysis and results is as follows.

7.2.3.2.1 Time Independent

The time independent ANSYS analysis of the F/A outlet nozzle was directed
to deriving the peak plus accumulated strains and deformations associated
with following the path dependent thermal loadings from initial steady
state through the E-16 transient followed by the return to final steady'

state, but excluding the 10 day hold-time. The time independent loadings
were considered as static loadings applied at zero time. A total of 18
sequential ANSYS load steps in combination with the restart option were

,

used to obtain the time independent structural response of the F/A outlet
nozzle. A summary of the F/A time independent analysis procedure is
presented in Table 7.2-3.

-

'
.

,

I

i

,

b

t
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TABLE 7.2-3

F/A OUTLET N0ZZLE,

TIME INDEPENDENT ANALYSIS SUMMARY

INITIAL STEADY STATE, E-16 TRANSIENT, AND FINAL STEADY STATE

e

Load Iterations Temperature Reference
Step Distribution Temperature Description

(F) ( F)

1 25 Cum. Iter. 3 1003.5 Initial

SteadTime =y State2 4 Cum. Iter. 3 1003.5 0.0 Sec.
3 5 Cum. Iter. 6 1003.5 1st E-16

Transient Loading
4 12 1003.5 1003.5 and Unloading

i 5 7 1003.5 1003.5 Time = 2.0 Sec.
, 6 1 977.3 977.3 2nd E-16

Transient loading7 28 Cum. Iter. 16 977.3 and Unloading
8 6 Cum. Iter. 16 977.3'

Time = 9.5 Sec.
*

9 28 977.3 977.3

10 5 977.3 977.3

11 1 1030.7 1030.7 3rd E-16*
Transient Loading

12 68 Cum. Iter. 31 1030.7 and Unloading

13 6 Cum. Iter. 31 1030.7 Time = 90 Sec.

14 68 1030.7 1030.7.

15 11 1030.7 1030.7

I 16 25 1003.5 1003.5

| 17 1 Cum. Iter. 3 1003.5 Ste State

f 18 3 Cum. Iter. 3 1003.5 Time = 900000 Sec.
, ,

,

8

'
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The F/A outlet nozzle structural response to the time independent loadings
was obtained with a plastic convergence ratio of 0.01. The detailed -

stress-strain response at each of the converged solutions was saved on
ANSYS Tape 10 for subsequent recall in structural evaluations. The initial

.

and final time independent steady state maximum equivalent stresses were *

i found to be 14,900 and 13,157 psi respectively. During the E-16 transient,
the maximum equivalent stress was 16,846 psi at cumulative iteration 31.
The peak non-uniform deformation was found to be 0.00149 in. at cumulative
iteration 31. The initial steady state non-uniform deformation was
0.00041 in. Computer plots of time independent equivalent stress and

1

peak non-unifom deformation are presented in Figures 7.2-4 through -6.

;

e

,
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7.2.3.2.2 Tire Dependent

The time dependent AASYS analysis cf the F/A outlet ner:le was cirected .

to deriving the residual strains and cefernaticcs associated with
the 10 day hold-tire follewing the final tire dependent steady state
conditien. The tire dependent analysis was perforred in 3 icad steps .

using an ANSYS restart frc.n Load Ste, IS of the tire inderendent analysis
corresponding to tne curulative iteraticn 3 te cerature distribution.
Load Steps 19 and 20 were used to stabilize One tire inde;-endent final

steady state condition. The tire dependent relaxatien of stress in
relation to secondary therral creep rate was obtained in lead ste: 21. A
total of 24 iterations at a 10 hour creep tire step were used to ebtain
the time dependent solution over the 10 day or 240 hour hold-tire. A
subsequent ANSYS restart for 2 lead steps was rade in unicading the F/A
outlet no::le to a uniforn temperature so as to cbtain the residual
deforration after one worst case duty cycle. A sg7 ary cf the F/A cutlet
no::le tire dependent analysis crecedure for the 10 day hold-tire and
unloading to a unifere tercerature is presented in Table 7.2 4

.. L- ,e.,.-,is: t

OUTL~i 'w' 't
"~p,f , t_n . - ,

TIME DEPENDENT ANtLYSIS SLT.GY

10 DAY HOLD-TIME AN3 UNLCA31NG

_ *
i j | Te cerature | Refe rence ; ;

| Lead ; Iterations Distribution i Terce rature | Descri;;ien t
,

| Step ! (#F) ; ('F) i
'

r
.

! , < 4 , .

; 19 1 1 Cun. Iter. 3 i 1003.5 i 10 dav *

, 4 . - ,

4 ) i (I
| 3 ; Cue. Iter. 3 ; 1D03.5 : Bold-Tire |i 20 ,
i i i ; ,

| 1033.5 '. !,
1 21 | 2a Cur. Iter. 3' '

T'

| 22 ! 1 ! 1003.5 } 1003.5 Unicsading
.

j

j |
~1 I ral R t 1 09'~#': I 0" #5id"3I II

~

j referratiens :?3
| t

" ~ ' -'
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The F/A outlet nozzle structural response to the time depenaent loading
was obtained with a creep convergence ratio of 0.25. The detailed

,

stress-strain response was saved on ANSYS Tape 10 for subsequent recall in
structural evaluations. The F/A outlet nozzle structural response at the
end of the 10 day hold-time, designated as the time dependent final steady,

state condition, was not found to significantly differ from the time
independent final steady state response because of negligible relaxation
of stresses and deformations under the secondary thermal creep rate. The
maximum equivalent stress and peak non-uniform deformation in the F/A

outlet nozzle at the time dependent final steady state condition were
found to be 13,058 psi and 0.00049 in. as illustrated in Figure 7.2-7.

!

With regard to the residual deformations of the F/A outlet nozzle, a
maximum value of 0.00018 in, was found over the worst case duty cycle
as illustrated in Figure 7.2-8.'

<

a

$

3

' .

< .

!
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| F/A Outlet Nozzle
Final Steady State Equivalent Stress and Non-Uniform Deformation ,

! Time Dependent
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7.3 _ Structural Evaluation

The F/A outlet nozzle 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 outlet nozzle function ,

over the first and second reactor cycles.
1

The procedure for performing the F/A outlet nozzle structural evaluations
;

in relation to crack initiation and excessive deformation criteria was^

f identical to that for the F/A shield block presented in Section 4.3. The

damage processor was used to screen the F/A outlet nozzle elements for the
worst location for the ductile rupture and combined creep-fatigue factors
over the 39 worst case duty cycles while attendant deformations were com-

pared with peak + accumulated and residual defonnation limits. A
description of the F/A outlet nozzle structural evaluation and suninary of;

results is presented as follows.

7.3.1 Crack Initiation

The F/A outlet nozzle 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.
,.

7.3.1.1 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 outlet nozzle.

(' max principal) TFi#'
!

Mad mum of ( 9, min >
f

F =
DR

(' max principal) TF'
5

'u, min

.
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1

In the following, the allowable untaxial strains used in the F/A outlet
'

nozzle structural evaluation and comparison of results with the local-

ductile rupture factor criterion are presented.

i

i * 7.3.1.1.1 Allowable Uniaxial Strains
;

The F/A outlet nozzle as constructed from SA-316-SS is unirradiated at
22 2

BOL. The E0L fluence (E>0.1 Mev) is 0.07x10 n/cm . In addition, the

F/A outlet nozzle temperatures range from 700 to 1250*F. The true

uniaxial uniform elongation (cu, min) and fracture (cf. min) f0"
unirradiated and irradiated SA-316-SS used in the F/A outlet nozzle
structural evaluation were taken from the recommendations in the trail

j applications of the RDT Draft for Breeder Reactor Core Components [15-23] I

and are identical to those taken for the F/A shield block structural !

1

; evaluation presented in Section 4.3.1.1.1.

1
I

7.3.1.1.2 Comparison with Criterion *

The F/A outlet nozzle structural evaluation in relation to the worst case
location for local ductile rupture was made by screening each of the finite
elements over the 39 worst case duty cycles with the damage processor.

*

The maximum local ductile rupture factor (FDR) max f r the F/A outlet
i nozzle was found to occur at element 127, as identified in Figure 7.2-1.

!
* The peak BOL strain components occurred at the cumulative iteration 31

temperature distribution in the E-16 transient where the local metal

| temperature was 1242 F. Accumulated BOL strain components were based on

the difference between final time dependent steady state conditions and
initial time independent steady state conditions in the worst case i
cycle. The EOL maximum principal strain for the peak BOL and accumulat *

| BOL strain components over 39 worst case F/A outlet nozzle duty cycles
was 0.03 in/in. The triaxiality factor for the local stress state was

-1.868, but was taken as unity for conservatism in the structural evalua-
tion. The true minimum irradiated uniform elongation and fracture strains

2 2at E0L fluence (E>0.1 Mev, (4t) = 0.07 x 10 N/cm ) were 0.227 and 0.137 in/in,

respectively.i .

!
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1

In this arrangement, the maximum local ductile rupture (FDR) for the
F/A outlet nozzle was found to be controlled by the fracture strain with

.

a value:

(FDR) max = 0.732 ,

As (FDR) max < l.0, the F/A outlet nozzle is not expected to experience'

crack initiation over the 39 worst case duty cycles based on the local
ductile rupture criterion.>

7.3.1.2 Creep-Fatigue Damage

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

c+D h
= a/b = Minimum of ( . 7/3 D.Oc+7/3D)F

CFD,

.

In the following, the allowable limits for fatigue life and creep-rupture
1

times used in the F/A outlet nozzle structural evaluation and a comparison -

of the results with the combined creep-fatigue damage factor criterion
,

l are presented.

J e

7. 3.1. 2.1 Allowable Limits

The F/A outlet nozzle as constructed from SA-316-SS is unirradiated at
22 2

BOL. The E0L fluence (E>0.1 Mev) is 0.07 x 10 N/cm . In addition, the

F/A outlet nozzle temperatures range from 700 to 1250*F. The fatigue life
and creep rupture time relations used in the F/A outlet nozzle structural
evaluation were identical to those used in the F/A shield block structural
evaluation presented in Section 4.3.1.1.1. The fatigue life and creep
rupture time relations representative of F/A outlet nozzle peak and steady
state metal temperatures at E0L fluence are illustrated in Figures 7.3-1 ,

and -2 respectively.
. r
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7.3.1.2.2 Comparison with Criterion

The F/A outlet nozzle 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 39 worst case duty cycles with the damage

e processor. The maximum combined creep-fatigue damage factor (FCFD) max
for the F/A outlet nozzle was found to occur at element 19, as identified
in Figure 7.2-1.

IThe fatigue damage factor (D ) was found to be 0.547 for 39 worst case
duty cycles. The equivalent strain range was found to be critical and
occurred between cumulative iteration 16 and 31 temperature distributions
during the E-16 transient with a value of 0.0075 in/in. The peak metal
temperature over the fatigue cycle was 1237"F. The fatigue life for the
equivalent strain range was 71 cycles based on the E0L fluence (E>0.1 Mev,

22 2
(4t) = 0.07 x iO N/cm ),

cThe creep damage factor (D ) was found to be 0.0966 for the 39 worst case
duty cycles. The equivalent stress was found to be critical in the
determination of minimum rupture times. As stress relaxation was negligible,
the equivalent stress of 13,166 PSI at the beginning of the 10 day hold-

,

time controlled the creep-damage. The mean minimum rupture time for E0L
,

22 2fluence (E>0.1 Mev, ($t) = 0.07 x 10 N/cm ) at a metal temperature of
I1073 F was 9.69 x 10 hours.

.

In this arrangement, the maximum combined creep-fatigue damage factor

(FCFO) max for the F/A outlet nozzle was dominated by fatigue damage
while creep damage was small .

(FCFD) max = 0.773

As (FCFD) max = 0.773 < 1.0, the F/A outlet nozzle is not expected to
experience crack initiation over the 39 worst case duty cycles based on
the creep-fatigue damage criterion.

|

*
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7.3.2 Excessive Deformation

The F/A outlet nozzle structural evaluation of peak plus accumulated, and .

i residual deformations in relation to functional ifmits over the 39 worst
case duty cycles is presented in the following subsections.

*
,

4

7.3.2.1 Peak + Accumulated Deformations
4

The peak plus accumulated deformation criterion in protecting against excessive
deformations requires that peak plus accumulated defonnations (6 A)beless

,

than the peak plus accumulated deformation limit (PADL).

P+A < PADL6

PThe peak deformation (6 ) of the F/A outi . nozzle during the worst case
;

duty cycle at BOL was found to occur at the fluted surface at the cumulative
iteration 31 temperature distribution of the E-16 transient with a value
of 0.00149 in. The initial time independent and final time dependent
steady state non-uniform deformations were found to be 0.00041 and
0.00049 in, respectively. Accordingly, the accumulated deformation

| (6 ) between initial time independent and final time dependent steady0

state conditions for one duty cycle at BOL was 0.00009 in. For 39 worst ,

case duty cycles, the peak plus accumulated (6 +A) deformation at E0L isP

!

| (6P+A) E0L = (6 ) BOL + (N-1) (t.6ss) BOL ,

(6 A) EOL = 0.00149 + (38) (0.00009)

(SP+A) E0L = 0.0049 in.i

For the F/A outlet nozzle, the peak plus accumulated deformation limit

| (PADL)is

PADL = 0.020 in.

'
.
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| As 6 +A < PADL, the F/A outlet nozzle is not expected to experienceP

excessive peak deformation over the 39 worst case duty cycles..

7.3.2.2 Residual Deformations

The residual deformation limit in protecting against excessive deformation
requires that the residual deformation (6 ) be less than the residual
deformation limit (RDL).

6 < RDL

0
The accumulated deformation (6 ) between the initial and final uniform
conditions for one worst case duty cycle at BOL was found to be 0.000180
in. For 39 duty cycles, the residual deformation (6 ) at EOL.

R A
(6 ) EOL = N (6 ) BOL

(6 ) E0L = 0.007 in.

For the F/A outlet nozzle, the residual deformation limit (RDL)

RDL = 0.020 in.,

R
As 6 < RDL, the F/A outlet nozzle is not expected to be experience

excessive residual deformation over the 39 worst case duty cycles.
,

7.3.3 Summary

The F/A outlet nozzle was found to satisfy the crack initiation and
excessive deformation criteria. A summary of the F/A outlet nozzle
structural evaluation is presented in Table 7.3-1.

e
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TABLE 7.3-1

F/A OUTLET N0ZZLE ,

STRUCTURAL EVALUATION SUMMARY

Allowable Calculated Margin of
Criteria Value Value Safety *

Crack Ductile 1 0.732 0.37

Initiation Rupture
Factor

Combined 1 0.773 0.29
Creep-Fatigue
Damage Factor

Excessive Peak + 0.020 in 0.005 3.0
Deformation Accumulated

Residual 0.020.in 0.007 1.86

.

.

* Margin of Safety = Allowable Value -j
Calculated Value

.
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8.0 ATTACHMENT ASSEMBLY Af4ALYSIS Afl0 EVALUATION
.

In the F/A attachment assembly analysis and evaluation, a loading analysis
was made that considered mechanical seismic, pressure and deadweight loads,

and thermal steady state and transient loads in establishing the number and
,

characteristics of a worst case duty cycle that umbrellas all expected
duty cycles for the attachment assembly in the first and second reactor
cycles. flext, an inelastic structural analysis of the attachment was made
for a single worst case BOL duty cycle to calculate the strains and
dimensional cFanges from which E0L values were approximated. Finally, a

structural evaluation of E0L strains and dimensional changes was made in
relation to criteria which protect against crack initiation and excessive

deformation. A sumary of the loadirg and structural analysis and structural
evaluation is presented as follows.

8.1 Loading Analysis

The F/A attachment assembly 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 Equiprent

Specification [1].

'
It is important to note that the worst case F/A attachment assembly duty
cycle is, in itself, hypothetical, but permits a conservative structural
evaluation to be performed on a single duty cycle instead on each of the
individual events specified. In the following, the F/A attachment assembly
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. )

8.1.1 Mechanical

The F/A attachment assembly mechanical loads of significance in relation to
subsequent structural evaluations are due to deadweight, flow pressure drop,

1
* and seismic excitation. A description of the mechanical loads is presented |

in the following subsections.

s
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8.1.1.1 Deadweight

The F/A attachment assembly supports the deadweight of the fuel rod ,

bundle. The total deadweight (FDW)T f the rod bundle including a total
number (M ) f 217 rods is:

T

a

(FDW)T = 235 LBS.

Neglecting the buoyancy effects of rod bundle immersed in sodium and

assuming the total deadweight (FDW)T equally distributed between both
support bars, the deadweight (FDW) suspended by a single support bar,

F = (FDW)TDW
2

J

F = 117.5 LBS.
DW

| Alternately, the deadweight (fDW) of a single rod, in terms of the
j deadweight (FDW) and total number (N ) of rods, is as follows.T

FI =
DW DW

(N /2) -
T,

'

1.083 LBS.f =
DW

~

With regard to the distribution of the deadweight load (FDW) along the
single support bar, a trapezoidal distribution consistent with the
distribution of the rods in the hexagonal F/A duct was assumed. The'

hexagonal distribution of F/A rods supported by a symmetrical half of a
single support bar is illustrated in Figure 8.1-1.

;

s
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In the F/A rod bundle plan view, the number of rods varies over nin2 rows,
designated by a row 1 through 9 notation. Thedeadweight(FDW)i row

distribution in terms of the number (N ) of rods in a row and the single .

g

rodweight(fDW) was taken according to the relation.

*
i DW' I " I' 9'(FDW)i N **

The trapezoidal row distribution of deadweight loads (FDW iI for the
number (N ) of rods in each of the 9 rows is sumarized in Table 8.1-1.j

TABLE 8.1-1

F/A ATTACHMENT ASSEMBLY SUPPORT BAR

DEADWEIGHT DISTRIBUTION BY R0WS

Row Number Row Load
of (FDW)i s LBS.;

Rods ;
'

(N ) |9.

. _ _. _ ____ w - - . - . -

7- ,

1 8.5 9.206

2 8.0 8.664

8.1233 7.5 -
,

4 7.0 7.581 i

5 6.5 7.040'

6 6.0 6.498
, ~

7 5.5 5.957'

8 5.0 5.415 -

9 4.5 4.874
- - . - . - - - . - . -

. . . _ _
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8.1.1.2 Pressure Drop

The F/A attachment assembly secures the rod bundle to the shield block=

during steady state sodium flow. Consideration was given to steady state
pressure drop across the tube bundle for the CRBRP core flow zones. For

6 the five CRBRP core flow zones, designated as flow zones 1 through 5, the
total nominal pressure drops across the tube bundles are 42.66, 40.41,
37.37, 34.98, and 32.12 psi, respectively. Of these, the worst case

steady state pressure drop (ap)ss occurs in flow zone 1. Including the
additional pressure drop of 1.09 psi for the rod bundle inlet and outlet,

the total worst case steady state pressure drop (Ap)ss'
'

(Ap)ss = 43.75 PSI

In obtaining the total load (F )T acting on both support bars caused byp
the upward steady state sodium flow, it was decided that the full cross-

sectional area (A) should be used for the worst case pressure drop (Ap)ss'

;

(F )T = A (Ap)ssp

The area (A) based on the F/A hex duct inside surface flat-to-flat
2Dimensions of 4.320 in is 16.16 in . Accordingly, the total upward worst

case pressure drop force (F )T acting on both support bars,-
p

2
(F )T = (16.16 in ) (43.75 PSI)p

(F )T = 707 LBS.p

,

4
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Neglecting the offective pressure drop force applied to the inside
i

: surface of the F/A hex duct, and assuming the full pressure drop force

, F )T is equally distributed between both support bars, the worst case
.

(p ;

- pressure drop load (F,) supported by a single support bar,

#

F = (F )T
'

|p p
2

,

| F = 353.5 LBS.
p

Alternately, the pressure drop load (f ) for a single rod, in tems of thep

|
total load (F ) and number of rods (N ), is given by the relation. [

p T

'

!
Ff =

p _P_
N

T

353.5f =
p

(217/2)
L

3.258 LBS.f =
p ,

With regard to the distribution of pressure drop load (F ) along the singlep *

support bar, a trapezoidal distribution proportional to the number of rods
in a row was assumed, in the manner described for the distribution of
deadweight, as illustrated in Figure 8.1-2.

- i

,

,

%
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The pressure drop load (F )9 row distribution in terms of tha number (N )9p
of rods in a row and the single rod pressure drop load (f ) was takenp

.according to the relation.

e f , j = 1, 9(F ), = N9 pp

The trapezoidal row distribution of pressure drop loads (F )j for theJ

p

number of rods in each of the 9 rows is sumarized in Table 8.1-2.
!

TABLE 8.1-2

F/A ATTACHMENT ASSEMBLY SUPPORT BAR

PRESSURE DROP DISTRIBUTION BY R0WS

'

. ,

i Row Number Row Load'

j of ! (F )9 s LBS
'

PRods
|(NI)
|

__

1 8.5 ! 27.693

2 8.0 26.064 |
3 7.5 24.435 j'

4 7.0 22.806 |
5 6.5 21.177 i

<

6 6.0 19.548 i

7 5.5 17.919 !
I

8 ! 5.0 16.290 .

9 ! 4.5 14.661
>

. - - . . . .

,

8.1.1.3 Seismic

The F/A attachment assembly experiences both horizontal and vertical
dynamic loads during the OBE and SSE seismic events. The horizontal and
vertical seismic loads applied to a single support are illustrated in
Figure 8.1-3.

.

'
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8.1.1.3.1 Horizontal .

The OBE and SSE horizontal accelerations in the N-S and E-W direction at
the ACLP, TLP, and CSP elevations were considered. As the se

rod bundle is disposed along a significant portion of the elevational i

extent between the TLP and CSP, the horizontal OBE and SSE accelerations

(a ) applied to the rod bundle were taken to be the average of the N-S or
H

E-W accelerations at the ACLP, TLP and CSP locations.

a
1.629H, OBE =

a
2.269H, SSE =

In the definition of the OBE and SSE loads transferred horizontally to the

support bars, the weight , the rod bundle was assumed to be simply supported

at the top of the rod bundle and at the support bars. Accordingly, the
lateral support of the rod assembly by the F/A hex duct at points inter-
mediate to the top of the rod bundle and the support bars was conservatively

neglected. Thus, the static 19 horizontal load (FH,5) of the rods
supported by a single support bar, in the manner of a simply supported ,

beam, was taken as half of the corresponding deadweight load (FDW)*
,

F =F -
H,5 DW

2

Expressing the total OBE dynamic horizoMal load (FH,0BE) applied to a
single bar in terms of the static l-g joad (FH,5) and acceleration (a0BE)'

H,0BE H,S] aH,0BEF *

H,0BE DW] aH,0BEor F *

2

-

F'
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Similarly, for the SSE dynamic horizontal load (F , SSE),
H

.

H, SSE H,S]aH,SSE
"

F F a=
3 ii, SSE DW

With regard to the row distribution of the horizontal OBE load (FH,0BE)i
and SSE load (Fli,SSE)1 along the length of the single support bar, a
trapezoidal distribution consistent with the number (N ) of reds in a rowj
and the weight (fDW) of a single rod was assumed as described in
Section 8.1.1.1.

(FDW)i "i 'IDW' i " I' 9*

Thus, (FH,0BE)i "i 'I a"
DW H,0BE

2

and, (FH,SSE)i N I a*
i DW H,SSE

2

The trapezoidal row distribution of horizontal 0BE and SSE seismic loads,

(FH,0BE) and (r.H,SSE) f r the number of rods in each of the 9 rows is
summarized ir Table 8.1-3.

.

D
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.

.l

4

TABLE 8.1-3

F/A liTTACHMENT ASSEMBLY

] HORIZONTAL OBE AND SSE SEISMIC LOAD

DISTRIBUTION BY R0WS

,
-

,

Number Row Load (LBS) I

of
Row Rods , y p,

t H. OBE H, SSE
| (N )j

__ __

7.456 10.402
| 1 8.5 ;

2 8.0 7.018 9.790r

1

6.579 9.1783 7.5 .

4 7.0 I 6.141 8.567
i

5 6.5 8 5.702 7.955,
;

6 6.0
.

5.263 7.343
- ,

7 5.5 ; 4.825 6.731
'

i 8 5.0 4.386 6.119
! 5.5079 4.5 3.948

-
,

!

!

!
,

I

'!

!

<

9
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I

!

i 8.1.1.3.2 Vertical
1

'

The OBE and SSE vertical accelerations at the ACLP, TLP, and CSP elevations
were considered. As the rod bundle is disposed along

a significant portion of the elevational extent between the TLP and CSP,i

'

the vertical OBE and SSE accelerations (a ) applied to the rod bundley
were taken to be the average of the accelerations at the ACLP, TLP, and;

CSP locations.

| v, OBE 1 0.61ga =

v. SSE 1 0.969a =

In the definition of the OBE and SSE loads transferred vertically to the
support bars, the full weight of the rod bundle was assumed to be suspended

; by the support bars. Accordingly, the static 1 g vertical load (Fv.s) I
| the rods supported by a single support bar was taken as the corresponding

| deadweight (FDW)*

F=
v,s DW

;.
A distinction was made as to whether the vertical acceleration was upward
or downward.

^

| For upward OBE acceleration (av, OBE), the downward load (Fv, OBE, D)
acting on a single support bar is increased over the static 19 vertical

load (Fv,s)*

b (av, OBE * I)F "
V, OBE, D V,S

,

.a

| V, OBE, D EfDW](av, OBE + I)or, F "

.

:

Similarly, for upward SSE accelerat, ion,

[FDW] (av, SSE + I)F =
; V, SSE, D

';,
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IWith downward OBE acceleration (aV, OBE) the upward load (FV, OBE, U
'

acting on a single support bar is proportional to the difference between
actual and 1g accelerations.

[Fy,3][aV,OBE~I)F =
V, OBE, U

[FDW][aV,OBE~Ilor, F =
V, OBE, U

Similarly, for downward SSE acceleration,

[FDW][aV,SSE~I3F =
V, SSE, U

With regard to the row distribution of the vertical OBE loads (FV,OBE,U)i
l and (FV,SSE,D)iand (FV, OBE, D)i, and vertical SSE loads (FV, SSE, U i

along the length of the single support bar, a trapezoidal distribution
consistent with the number (N ) of rods in a row and the weight (fDW) r

4

a single rod was assumed as described in Section 8.1.1.1.

N *fDW' I " I' 9(FDW)f
=

g

e

Thus, (FV,OBE,D)1 b"i # (aV, OBE * I)*
DW

(FV,SSE,D)i E"i IDW] (aV, SSE * I)" -

[N *f0W][aV,OEE~I3and, (FV,OBE,U)1 =
g

[N *fDW][aV,SSE~Il(FV,SSE,U)1 =
4

The trapezoidal row distribution of vertical OBE and SSE seismic loads

(FV, OBE) and (FV, SSE) in the upward and downward directions for the
number of rods in each of the 9 rows is summarized in Table 8.1-4. t

.

k

f
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TABLE 8.1-4 -

F/A ATTACHMENT ASSEMBLY SUPPORT BAR

VERTICAL OBE AND SSE SEISMIC LOADSg

DISTRIBUTION BY R0WS

. .

Row Load (LBS) !
"" "

Row
~ '

Rods - i

|F ,,

I"i) F F F ,V, OBE, D V, OBE, U V, SSE, D V, SSE, U

1 8.5 14.821 -3.590 18.043 -0.368.

2 : 8.0 13.949 -3.379 16.981 -0.346'
,

,

'
3 7.5 13.077 -3.168 | 15.920 -0.325

4 7.0 12.205 -2.957 14.859 -0.303

5 6.5 11.334 -2.745 13.797 ; -0.282

6 6.0 10.462 -2.534 12.736 -0.260.

'

7 5.5 9.590 -2.323 11.675 -0.238

8 5.0 8.718 -2.112 10.613 -0.217

9 | 4.5 7.846 -1 .901 9.552 -0.195
,,

'

b_ |

.

* A negative upward load is equivalent to positive
downward load.

8.1.1.4 Sumary

The F/A attachment assembly mechanical deadweight, pressure drop, and
horizontal / vertical 0BE and SSE seismic loads distributed by rows is

sumarized in Table 8.1-5.
.

.a
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TABL'E 8.1-5

F/A ATTACHMENT ASSEMBLY SUPPORT SAR

MECHANICAL LOAD SUMMARY

DISTRIBUTION BY ROL'S

Row Loads (L85)
~

Row Deadweight Pressure Drop Horizontal Seismic Vertical Seismic
(F ,SSE U iI'(F ,0BE.D)t (FV,0BE.U}i. (F I(FDW)i (F ), {p l (FH.SSE}i V V,SSE,D t Vp H,0BE i

1 9.206 27.693 7.456 10.402 14.821 -3.590 18.043 -0.368

2 8.664 26.064 7.018 9.790 13.949 -3.379 16.981 -0.346

3 8.123 24.435 6.579- 9.178 13.077 -3.168 15.920 -0.325

4 7.581 22.806 6.141 .8.567 12.205 -2.957 14.859 -0.303
g'

y 5 7.040 21.177 5.702 7.955 11.334 -2.745 13.797 -0.282

6 6.498 19.548 5.263 7.343 10.462 -2.534 12.736 -0.260

7 5.957 17.919 4.825 6.731 9.590 -2.323 11.675 -0.238

8 5.415 16.290 4.386 6.119 8.718 -2.112 10.'613 -0.217

9 4.874 14.661 3.948 5.507 7.846 -1.901 9.552 -0.195
,

I

* A negative upward load is equivalent to a positive downward load.
'

.

b
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8.1.2 Thermal

The F/A attachment assembly thermal loads are the steady state and tran-
,

sient temperature distriubtions that occur during the Upset, Emergency,
and Faulted events over the first and second reactor cycles. In the
definition of the F/A attachment assembly temperature distributions, the,

sodium temperatures at the reactor vessel inlet were conservatively
assumed to be applied directly to the F/A attachment assembly without the
mitigating effects of mixing that would normally occur in the inlet
plenum. The approach adopted for the F/A attachment assembly transient
thermal response is consistent with that taken for the F/A shield block.
Accordingly, the selection of the E-4a transient as the umbrella to all
Upset, Emergency, and Faulted transients for the F/A attachment assembly

invoked the same rationale used for the F/A shield block. Further, the

number and characteristics of the worst case F/A attachment assembly duty
cycle are the same as that used for the F/A shield block. The F/A shield
block E-4a transient and worst case duty cycle taken for the F/A attach-
ment assembly are presented in Figures 4.1-1 and -2, respectively.

A derivation of the detailed F/A attachment assembly temperature distri-
butions during the worst case thermal duty cycle, in the manner described

' for the F/A shield block, was not made. Instead, the F/A attachment

assembly was assumed to instantaneously follow the reactor vessel inlet
sodium temperatures while the F/A shield block was considered to lag
because of its thermal inertia. Specifically, the base of the support-

bar legs welded to the shield block lag the response of the attachment
assembly. At steady state, the differential thermal expansion across the
support bar and the base of the support bar legs is small. During the
E-4a transient, however, differential thermal expansion characterized
by relative motion of the support bar relative the base of the support
legs occurs because of the thermal lag in the shield block.

o

'
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:

i
i

l

In order to define the F/A attachment assembly support bar E-4a thermal!
'

loads in tems of relative base motion, an ANSYS themal and structural ,

!
analysis was performed for a portion of the shield block adjacent to the

! base of the support bar legs. Descriptions of the dimensional extent and
'

! finite element detail of the shield block region selected for analysis,
thermal and structural analysis and results, and conclusions on the E-4a
thermal loads in terms of relative motions of the support bar leg base
are presented in the following subsections.'

!

8.1.2.1 Dimensional Extent and Finite Element Detail
'

The F/A shield block region selected to derive the relative motions of
the support bar leg base during the E-4a transient was a 2 dimensional

|
axisymetric clyindrical section which approximates the outer periphery
of the shield block directly below the base of the support bar legs. The

:

inner periphery of the cylindrical section was taken tangent to the six
hole pattern provided for sodium flow, while the outer periphery was,

; selected to be tangent to the hex corners of the shield block. The
dimensional extent of the axisymmetric cylindrical section in relation j

i

to the geometry of the shield block, in combination with the finite
'

element detail along the elevation extent of the cylindrical section, is!

illustrated in Figure 8.1-4.'

*

f
It is important to note that the 2 dimensional axisymmetric cylindrical
section only approximates the actual thermal and structural response of
the F/A shield block adjacent to the support bar legs during the E-4a

i '

transient. The actual response is more 3 dimensional than 2 dimensional
4

axisymmetric. However, the 2 dimensional axisymetric thermal and
structural response was considered representative of the 3 dimensional

i

response for the following reasons. .

,

: *

With regard to thermal response, the 2 dimensional axisymetric sector
approximates the 3 dimensional response because the shield block region
inside the inner cylinder periphery, containing the seven hole pattern of
sodium flow passages, responds more rapidly to the sodium transients ,

I
.

'

!
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than the region exterior to the inner cylinder periphery. As such, the 3 |
dimensional thermal response of the shield block region between the ,

interior and exterior peripheries of the cylindrical section can reasonably
be approximated by applying the sodium transients directly to the 2
dimensional axisymmetric surface formed by the inner periphery of the ;

cylindrical section.

In terms of structural response, the 2 dimensional axisymmetric sector
provides a conservative estimate of 3 dimensional support bar base motion. |

With the shield block region inside the inner cylinder periphery responding
rapidly to the sodium transients, attendent expansions or contractions
act to force the shield block region between the interior and exterior
peripheries outward and inward, respectively. As the support bar response
is considered to respond instantaneously to the sodium transients, the 3

'

dimensional support bar base motion relative to the support bar would be
diminished by the near in-phase expansions and contractions of the inner
shield block region. Accordingly, the 2 dimensional axisymetric sector,
which neglects the inner shield block region, would provide an upper bound
on motions of the support bar relative to the support bar leg base.

'

The dimensional extent of the axisymmetric section taken to approximate

the outer periphery of the shield block was a cylinder with inside
radius and wall thickness of 1.75 and 0.75 in., respectively. With

regard to the length of the cylindrical section, a minimum length is de-
-

sirable for finite element idealization. The minimum length was selected
on the basis that edge effects associated with structural constraints at
the lower end of the cylinder would not significantly modify the outward
or inward motion of the top of the cylinder where the support bar legs
are considered to be attached.

.
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From the classical theory of cylindrical shells [14], the local effects
' of shear and moment are known to diminish rapidly from the point of

application. For a cylinder of radius (a), wall thickness (t), and
Poisson's ratio (p), the distance (x) at which local effects are attenuated

' by approximately 95% is given by the relation

- 3
X =

2 I3(1-v )
2 2a t

Numerically,

2.13 in,a =

0.75 in.t =

0.3=p

Thus,

3
*

X =

2 I3(1 .3 )
(2.13)2 (0.75)2

4

3.0 in.2.95 in., Say XX ==

With regard to a finite element mesh for the 2 dimensional axisymmetric
sector, a total of 90 ANSYS axisymmetric elements in a relatively uniform
mesh of 136 node points was selected for the thermal and structural response
analysis of the F/A support bar base motion.

||

|

|*

c

g
a
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1
8.1.2.2 Thermal Analysis

The thermal response of the 2 dimensional axisymmetric sector of the F/A ,

shield block during the E-4a transient was derived with the heat transfer
option of the ANSYS program. Descriptions of the model boundary conditions,

wetted sodium surfaces, properties, and results are as follows. 7

8.1.2.2.1 Model, Boundary Conditions, and Wetted Surfaces

The 2 dimensional axisymetric thermal model of the F/A shield block in-
cluding a simple representation of the support bar and boundary conditions
and wetted sodium surfaces is. illustrated in Figure 8.1-5.

The F/A shield block was modeled with 90 linear temperature (STIF 35)!

elements formulated in a condition of axisymmetry. Adiabatic conditions
were selected for the bottom lateral surface and the surface forming the
exterior periphery. At the top lateral surface and the surface forming
the interior periphery, wetted surface conditions were taken with E-4a
sodium transient temperatures directly applied to the respective surface
nodes. At the top surface, the nodes 16 through 136 were coupled directly
to the sodium temperature. Similarly, the interior surface nodes 1
through 16 were coupled to the sodium temperature. ,

~

The F/A support bar was modeled with a single conducting bar (STIF 32)
element arranged radially from the line of axisyninetry to a point above

.

the top surface of the cylinder representing the F/A shield block. Even
though the support bar was assumed to respond instantaneously to the
sodium temperature transients, the simple thennal representation permits
relative displacemants between the shield block and support bar to be
conveniently obtained in subsequent derivations of structural response.
The support bar node 156 was directly coupled to the sodium temperature and

placed directly above the shield block node 96.!

.
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8.1.2.2.2 Properties
|

The F/A shield block is constructed from SA-316-SS. The thermal conductivity *

(K), specific heat (C), and density (p) as a function of temperature (T) f
given in Section 4.1.2.2 were used for the 2 dimensional axisymmetric model

of the F/A shield block. t

!

The F/A support bar is also constructed from SA-316-SS. The respective
thermal conductivity (K) and specific heat (C) as a function of tempera- |

ture (T) were taken to be identical to those specified for the F/A shield
block. However, the density (p) was selected to be arbitrarily small in
order to obtain a near instantaneous response of the F/A support bar to

the E-4a transient.

8.1.2.2.3 Results

The F/A shield block and support bar thermal response to the first 2400
seconds of the E-4a transient was derived with 14 ANSYS load steps. The
sodium temperatures were directly coupled to the end of the support bar,
and to the top and inside surfaces of the shield block. Heat generation
rates were neglected. Prominent features of the E-4a transient are
generally the same as those illustrated for the F/A shield block in ,

Figure 4.1-5. A summary of the ANSYS input data is presented in Table 8.1-6.

TABLE 8.1-6
,

F/A ATTACHMENT ASSEMBLY SUPPORT BAR

E-4a TRANSIENT

ANSYS INPUT DATA

. . - . . . - . - . _ - - - - . .

Load Time Temp.
Step (Sec) ( F)

1 0.0 750
2 20 750
3 80 710
4 200 675
5 260 586
6 400 915
7 760 1000
8 880 975 '

9 1000 800
10 1140 745
11 1260 745
12 1520 820

$
13 1750 735
14 2400 600

-- - - - - ----- - -275-
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The ANSYS solution of the E-4a thermal response was obtained in 90 cumula-
tive iterations using steady state and transient convergence criteriao
or 1 and 5 F, respectively. The temperature distributions in the support
bar and shield block at each cumulative iteration were saved on ANSYS

3 Tape 4 for subsequent structural response analysis.

Unlike the study of through the wall temperature differences used in
structural evaluations of other F/A regions presented in this report, the
temperature distributions in the F/A support bar and shield block are not
of themselves significant. Accordingly, plots of temperature differences
or distributions were not made. Instead, the temperature distributions

at each of the 90 cumulative iterations were recommended for the derivation
of relative support bar and shield block structural response motions.

8.1.2.3 Structural Analysis

The structural response of the 2 dimensional axisymmetric model of the
F/A shield block during the E-4a transient was derived with the static
analysis opition of the ANSYS program. Descriptions of the model boundary
conditions, properties, and results are as follows.

P

8.1.2.3.1 Model and Boundary Conditions

The 2 dimensional axisymmetric structural model of the F/A shield block
including a simple representation of the support bar and boundary conditions.

is illustrated in Figure 8.1-6.

The F/A shield block was modeled with 90 constant strain (STIF 2) elements
formulated in a condition of axisymmetry. In order to permit rigid body
radial motion during uniform thermal expansions or contractions, roller
supports were simulated by specifying the UY displacements to be zero
along the bottcm surface of the cylindrical surface at nodes 1 through 121,
increments of 20.

.
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The F/A support bar was modaled with a single spar (STIF 1) element

arranged to be radially disposed from the line of axisymmetry to a point
6 above the top surface of the cylinder as formulated in the thermal model.

The UX displacement of Node 157 was specified to be zero,

t 8.1.2.3.2 Properties

The F/A shield block and support bar are both constructed from SA-316-SS.
The Young's modulus (E), Poisson's ratio (u), and coefficient of thermal
expansion (a) for SA-316-SS as a function of temperature (T) are presented
in Section 4.2.2.1.

In the F/A support bar and shield block structural response, constant
material properties at 1000 F were selected. Constant material properties
with temperature permits the initial stiffness matrix to be used in
structural response derivations of successive temperature distributions.
The values taken for both support bar and shield block were:

6
E 22.53 x 10 psi=

-6 op11.25 x 10 j=a

0.305u =,

8.1.2.3.3 Results

The F/A shield block and support bar structural response to the first,

2400 seconds of the E-4a transient was derived with 88 ANSYS load steps
using the temperature distributions saved on Tape 4 at each of the cumula-
tive iterations in the thermal solution run. The structural response
assumed that the shield block remained linear elastic during the E-4a
thermal loading as the effect of local inelastic behavior at the wetted

sodium surfaces would not be expected to significantly alter the overall
deformation pattern.

With regard to E-4a thermal loads for the F/A support bar, the lateral
deformation of the top surface of the shield block relative to the end

s

'
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of the support bar are of importance. A plot of the UX displacement of
the shield block node 96 relative to the UX displacement of the support
bar node 156 over the 2400 second duration of the E-4a transient is pre- y

sented in Figure 8.1-7.
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2 '

E

-0.0002
5

I

3

-0.0003
0 480 950 14 .0 liszo 44 JO

Time (sec)
Maximum
Inward Displacement
(0.000258 in 0 278.67 sec)

Figure 8.1-7
-F/A Attachment Assembly Support Bar

E-4a Thermal Loads

Relative Displac_ements
.
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A review of the relative deformation plot shows a maximum inward displace-
9 ment of the base of the support bar legs of 0.000258 in. at 278.67 seconds

into the E-4a transient. The maximum outward displacement of the base of
the support bar legs is seen to occur at 416.59 seconds with a value of

' O.000159 in. At steady state, the relative displacement is zero as would
be expected. The F/A support bar and block temperatures at the maximum
inward and outward displacments were found to be 586 and 1000 F, respec-
tively.

8.1.2.4 Conclusions

The cor.clusions based on the analysis of the F/A attachment assembly
support bar thermal loading were that the inward and outward lateral
deformations of the support bar leg base during the E-4a transient are of
most significance in establishing the worst case duty cycle. -

During the E-4a transient, the F/A attachment assembly support bar thermal

loads consist of lateral inward deformation [(6 )TR, inward] and outwardL

deformation [(6 )TR, outward] applied to the base of the support bar legs.L

(6 )TR, inward 0.000258 in.=
L

(6 )TR, outward 0.000159 in.=

L
.

With regard to the F/A attachment assembly support bar thermal loads

during steady state conditions, the lateral deforma tion (6L)ss of the
support bar leg base relative to the support bar was neglected.

(6 )ss 0.0=
L

s

0
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8.1.3 Worst Case Duty Cycle

The conclusions based on the F/A attachment assembly support bar loading
*

analysis in relation to recommendations for the worst case duty cycle are
as follows.

r

e Mechanical loads comprising deadweight, pressure drop, and OBE
and SSE seismic were considered important in establishing a
worst case F/A attachment assembly duty cycle. SSE seismic loads

were taken to conservatively bound the OBE loads.

e Thermal loads corresponding to lateral inward and outward
deformations of the support bar leg base during the E-4a
transient were considered important in establishing the worst
case F/A attachment assembly duty cycle.

,

In order to establish the sequence of duty cycle loading, a worst case
combination of SSE seismic loads was selected based on an assessment of
the mechanical loads summarized in Table 8.1-5.

The mechanical load assessment was based on load combinations which would
*maximize ductile rupture and fatigue damage at the base of the support

bar leg. The support bar leg base location was selected because it is
representative of the weld used to join the support bar legs to the shield
block. Creep damage was neglected in the load assessment as steady state -

temperatures are 750 F. The weld attachment location is identified in
Figures 8.1-1 through -3.

'
_

U

r
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I
i
t

j With regard to steady state mechanical loads, the upward pressure drop

| loads are significantly higher than the downward deadweight loads and,
' as such, tensile strains develop in the weld at the outside surface of the

support leg. Considering a SSE load combination consisting of upward

| vertical and left horizontal components at steady state conditions, the
*

tensile strains would increase above steady state values. Conversely,

| a SSE load combination of downward vertical and right horizontal would
provide the maximum compressive strains in the weld. Accordingly, the
maximum fatigue damage under SSE loads would occur in the weld region
for the strain range between upward vertical /left horizontal and down
vertical /right horizontal. Further, maximum ductile rupture would occur

-

'

at peak tensile strain corresponding to upward vertical /left horizontal
in combination with steady state upward pressure drop and downward

| deadweight. Other combinations of SSE seismic loads were considered
less damaging.

,

'

The recommendations for the F/A attachment assembly support bar loading
were directed to formulating a number of worst case duty cycles that would
conservatively bound the 39 specified Upset events and the worst Emergency
of Faulted event. A first and second duty cycle of time independent and
dependent loading was selected. The first duty cycle, including successive*

'

applications of SSE seismic loading at steady state temperatures in
combination steady state deadweight and pressure drop mechanical loads and

thermal E-4a lateral deformation loads, followed by a 10 day hold-time,<m

was considered to be applied only once. The second duty cycle comprising
the steady state and E-4a transient mechanical and thermal loads followed
by the 10 day hold-time, but excluding the SSE seismic loads, was con-
sidered to be repeated 38 times. The first and second cycle loading
sequence is described as follows.

|

|
|
t

I

,' %

.

-282-

._ . . _ - . - _ _ _ _ - _ _



I

First Cycle - Time Independent (One Application)

Apply the initial steady state upward pressure drop and downward ,e

deadweight loads at the steady state temperature of 750 F.

At the steady state temperature of 750 F, first apply the upward ,
e

vertical and left horizontal SSE seismic loads in combination with
the upward pressure load. Next, apply downward vertical and
right horizontal SSE seismic loads in the absence of pressure drop
loads. Repeat the loading sequence until shakedown is observed.

With deadweight acting downwar/, apply and then remove the inwarde

lateral deformation of the support bar leg base during the E-4a -

transient at a temperature of 150 F.

Maintaining the deadweight, apply and then remove the outwarde

lateral deformation of the support bar leg base during the
E-4a transient at a temperature of 1000 F.

Apply the final steady state upward pressure drop and downwarde

deadweight loads at 750 F.
<

First Cycle-Time Dependent (One Application)

Maintain the upward pressure drop and downward deadweight loadse ,

over a 10 day hold-time at the steady state temperature of 750 F.

W

G
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Second Cycle-Time Independent (Repeat 38 Times)

6 e Maintain the pressure drop and deadweight loads at 750 F.

e With deadweight acting downward, apply and then remove the
inward lateral deformation of the support leg base during,

the E-4a transient at a temperature of 750 F.
.|

e Maintaining the deadweight, apply and then remove the outward
lateral deformation of the support bar leg base during the
E-4a transients at a temperature of 1000 F.,

e Apply the final steady state upward pressure drop and downward
deadweight loads at 750 F.

Second Cycle-Time Dependent (Repeat 38 Times)

e Maintain the upward pressure drop and downward deadweight

.

loads over a 10 day hold-time at the steady state temperature
of 750 F.

I

.

J

J

e

-284-

_. . . .- -. -



--. - __ _ .- . _ _

s

j 8.2 Structural Analysis

The F/A attachment assembly structural analysis was directed to deriving 9

the stresses, strains, and dimensional changes which occur during the first
and second worst case duty cycles from which structural evaluations were made.

;

In the following, the F/A attachment assembly support bar structural model, ,

geometry, and boundary conditions are described. Next, linear and non-' 1

linear material properties including the effects of irradiation on stress->

strain curves and the basis for neglecting thermal creep are presented.
Finally, the time independent and dependent inelastic analysis and results
for the first and second F/A attachment assembly duty cycles are presented

in preparation for subsequent structural evaluation.
I

8.2.1 Model and Geometry;

The F/A attachment assembly support bar structural model was formulated
in the ANSYS finite element program. A total of 424 constant strain
(STIF 2) elements formulated in a condition of plane stress with a unit
thickness and arranged in mesh of 489 node points were selected to model

! the support bar.

| The F/A attachment assembly support bar region selected for analysis ,

included the full lateral extent of a single support including the length
of the support legs above the surface of the shield block, but excluded
the regions adjacent to the saw cuts provided for the attachment rails

~

as preliminary analysis showed the effects of the local stress risers to be
small. A full structural model was selected because of the non-syaretry
in the support bar deformations during horizontal SSE seismic loadings.
However, only one support leg, adjacent to the shield block surface, was

'

i
modeled in fine d >. tail in order to assure a proper resolution of stress and

,

strain response which was taken to be representative of the attachment weld.
' Otherwise, the structural model was relatively coarse with the mesh size
i selected so that nodes would be provided at the locations of the attachment
! rails where the rod bundle row loads occur. The F/A attachment assembly

| support bar structural model illustrating the dimensional extent and finite
element detail is presented in Figure 8.2-1.

.

i

!
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9

8.2.2 Boundary Conditions and Loading Application

The F/A attachment assembly support bar boundary conditions and loading
'

application are illustrated in Figure 8.2-2.

#
The F/A design layout drawing, included in this report as Figure 2.0-2,
identifies the attachment of each support bar leg base to the shield

block to be a weld located at the exterior surface of the shield block.
Welds are not provided at the interfaces between the remaining sides of
each support bar leg and the shield block. The boundary conditions
selected for the support bar analysis consisted of fixed conditions along
the side of the support bar leg adjacent to the weld provided. As the
support bar is modeled in a condition of plane stress, the assumed

-

boundary conditions are in effect totally fixed, which corresponds to
fully welded support base to shield block attachment. Even though a full

weld is not currently identified on the F/A design drawing, it was assumed
for the purposes of analysis that a full weld would be provided prior to
fabrication. The fixed boundary conditions were simulated by specifying
zero UX and UY displacements at Nodes 1 through 7, and 447 through 489.

With regard to load application, mechanical row loads from the tube bundle ,

comprising deadweight, pressure drop, and SSE seismic were assumed to be
locally applied at the roots of the saw cuts, while the E-4a thernal loads
were imposed by specifying lateral displacements at the weld attachments. ,

The mechanical load application points as related to the tube bundle row l
through 9 designation scheme considered the center row 1 as Node 223.
Row 2 nodes were 209 and 237 to the lef t and right of center, and so forth,
for the remaining seven rows. The thermal E-4a loads were specified as
equal and opposite UX displacements of Nodes 1 through 7, and 477 through
489 respectively.

,

O

e
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.

Mechanical Load

{|Points p1 p8 y1 y6 p5 y4 p 3 p y2_ Jgp{g Q Q .yA pg
Row Nodes ,

1 223
2 209,23) .

3 195.251 1
4 181,265 /
5 167,279 g,

ro 6 153,293 \@ 7 139,307 N, \ /
e 8 132,314 s /

'9 125,321 \ f ,
-

-

- .

' , _~% ,

-C._:ps -

-- _.

*
_,_ . ..._ .

_.._. ...-

_-,_..__.. _... -,__

_._._... ,._

pigt+- pe4i ed.e4

Therr.41
Thermal d Load Points

Load Points
(UX)

(UX) X hm, iis
, < . ,

_ , , , , , , ,,, - - - ,,,,,,,, - -._._.-------n------

Fixed Conditions I bFixedConditions
(UX = UY = 0.0) (UX = UY = 0.0)
Nodes 1 + 7 Nodes 477 + 489

Figure 8.2-2

F/A ATTACPMENT ASSEMBLY SUPPORT BAR

Boundary Conditions and Load Applications
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8.2.3 Properties

The F/A attachment assembly support bar, located at the top of the shield ,

block, constructed from SA-316-SS and initially unirradiated at BOL is
22 2

irradiated to a E0L fluence -(E>0.1 Mev, (4t) = 0.31 x 10 N/cm ).
'

Doerational temoeratures rance from 750 to 1000*F. The linear and non-
-

linear properties of SA-316-SS at fluence and temperature selected for the
F/A attachment assembly support bar analysis are as follows:

8. 2. 3.1 Linear

The linear SA-316-SS material properties are the Young's modulus (E),
Poisson's ratio (u), and coefficient of therral expansions (a). The
material properties as a function of temperature (T s *F) used in the F/A
attachment assembly support bar analysis were identical to those identified
for the F/A shield block presented in Section 4.2.2.1.

8.2.3.2 Non-Linear

The non-linear SA-316-SS material properties required for the F/A attach-
ment assembly support bar structural analysis are time independent stress-

''

strain, and the time dependent thermal creep constitutive relations. The
constitutive relations with attendant singlifications used for the F/A
attachment assembly support bar analysis are as follows.

a

8.2.3.2.1 Stress-Strain Curves

The SA-316-SS stress-strain data given in the NSM Handbook [6] as a function
of temperature and fluence are in terms of true average values. As the

22June 1977 data identifies the E0L fluence (E>0.1 Mev, (ct) = 0.31 x 10
2N/cm ) for the F/A shield block in the vicinity of the attachment assembly

support bar, the stress at a given strain increases from BOL to E0L because
of time dependent hardening through irradiation embrittlement.

In the F/A shield block analysis, a mean of true minimum BOL and EOL
stress-strain values was taken to represent the stress-strain curve for

,

s

t
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;

the duty cycles uniformly distributed over the first and second
reactor cycles. The approach was justified as the F/A shield block wasg

essentially deformation controlled under the E-4a thermal loading. However, j
in the F/A attachment assembly support bar, mechanical SSE seismic loads |

in addition to the E-4a thermal loading occur in the first duty cycle while,

E-4a thermal loadings alone occur in the 38 second duty cycles. Accord-
ingly, the approach adopted for the F/A attachment assembly support bar
was to take. unirradiated stress-strain data for the first duty cycle at BOL,
while the mean of BOL and EOL stress strain data was used for the second
duty cycle. In both first and second duty cycles, true minimum stress-strain
values over the support bar operational temperature range from 750 to 1000 F
were taken because of the essentially static characteristic of the mechanical
and thermal loadings.

The SA-316-SS true minimum BOL stress-strain curve and data used for the F/A
attachment assembly support bar in the first duty cycle analysis were
identical to those used in the F/A orifice plate analysis as presented in
Section 9.2.2.2.1. With regard to the mean of the true minimum BOL and
E0L stress-strain curve and data used in the second duty cycles, the values
were taken to be identical to those used in the F/A shield block analysis

*
described in Section 4.2.2.2.1.

6

s

-290-

-__ _ __



8.2.3.2.2 Thermal Creep Equations
*

The unirradiated SA-316-SS thermal creep-time constitutive relations as
a function of stress and temperature are given in the NSM Handbook [6].

The themal creep constitutive relations for irradiated SA-316-SS are not
'

identified as the effects of irradiated are included in the irradiation
creep equations.

For the F/A attachment assembly support bar, thermal creep occurs at the
steady state temperature of 750 F over the 10 day hold-times in the first
and second duty cycles.

The F/A attachment assembly support bar E0L fluence (E>0.1 Mev)is 0.31 x
22 2

10 N/cm . As the E0L fluence is relatively low and steady state
temperatures are below 800 F, thermal creep during both first and second
F/A attachment assembly support bar duty cycles was neglected.

8.2.4 Worst Case Duty Cycle Response

The structural response of the F/A attachment assembly support bar to the
'

first and second worst case duty cycles was given a preliminary review in
order to establish the severity of the mechanical ar' thermal loadings.
The preliminary review showed that the stress, stri n, and deformation
response of the F/A support bar would remain linear elastic during the a

more severe first duty cycle. Accordingly, the recommended single first
duty cycle followed by 38 of the second duty cycles was rejected in favor
of applying 39 of the first duty cycles. The approach must be viewed as
conservative as the SSE seismic loads are repeated in each of the 39 first

duty cycles.

a

e
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Even though the preliminary review indicated that the F/A attachment
assembly support bar structural response would remain linear elastic, the

.

true minimum BOL stress-strain curves for SA-316-SS at 750 and 1000 F were
retained in the ANSYS analysis. In addition, the ANSYS small strain-large
deformation option was used in the event that the mechanical SSE seismic

.

loads were sufficient to initiate the collapse of the F/A attachment
assembly support bar due to elastic / plastic / creep instability.

In the following, the ANSYS analysis of the first cycle time independent
and dependent loading are presented. As the F/A attachment assembly
support bar was modeled in a condition of plane stress, a consideration
of reference temperatures and axial constraints as presented for other
F/A regions modeled in a plane strain condition and presented in this
report was not required.

8.2.4.1 Analysis and Results

The ANSYS analysis of the F/A attachment assembly support bar for the i

time independent and dependent loadings of the first worst case duty cycle,
including unloading for residual deformations, was obtained in a single
solution run comprising 15 load steps. The time independent loading were

,

applied at zero time, while the time dependent loading was applied over
the 10 day hold-time. Thereafter, the F/A attachment assembly support
bar was unloaded for residual deformations. A summary of the first cycle

'
time independent and dependent analysis for the F/A attachment assembly
support bar is presented in Table 8.2-1.

I

i

|

|

,

*
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1
,

|
I
I
iTABLE 8.2-1

F/A ATTACHMENT ASSEMBLY SUPPORT BAR
.

I

FIRST DUTY CYCLE

TIME INDEPENDENT AND DEPENDENT ANALYSIS SUMMARY
a

. . . . - - - - --. - - . _ . ----. -. ..-

Time Temp. Description, Load Iter.Step (HRS) j ( F) | --
,

,
*

> - - . . -

1 1 0.0 750 Initial Steady State !
'

'

2 3 (FDW + F ) ;. p

3 1 O.0 | 750 First Seismic Loading l'

'
4 3 ! (F +FSSE, U + FSSE,Left)

.

p

5 1 f 0.0 750 | Second Seismic Loading)
6 3 (FSSE, D + FSSE, Right.

,

7 1 0.0 750 First E-4a Loadin
(FDW + OL, Inward8 3 ' -

9 1 0.0 1000 Second E-4a Loading
10 3 (FDW + O , Outward)L

11 1 0.0 750 Final Steady State*

12 3 (FDW + F )p
*

13 1 240 750 10 Day Hold-Time
i

(FDW + F )
,

; p

14 1 240 750 Unloading for Residuals
15 3 (No Load) ,

_ _ _ . _ . - . _ . _ __ . . _ _

e
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The F/A attachment assembly support bar structural response to the first
cycle of time independent and dependent loadings was saved on ANSYS

~

Tape 10 for recall in subsequent structural evaluations. The time
independent response in terms of computer plots of equivalent stress and
deformations at initial steady state, first and second SSE seismic loadings,

,

first and second E-4a thermal loadings, and final steady state are presented
in Figures 8.2-3 through -8, respectively.

The time independent initial steady state maximum equivalent stress and
deformations during deadweight plus pressure drop mechanical loadings
were found to be 2829 psi and 0.000269 in. As the structural response

remained linear elastic, the time independent final steady state maximum
equivalent stress and deformations under deadweight plus pressure drop
mechanical loads were identical to the respective initial steady state
values. For the first application of SSE seismic loads, consisting of up
vertical and left horizontal, the maximum equivalent stress and deforma-
tions were 8992 psi and 0.00045 in. With the second application of SSE
seismic loads comprised of down vertical and right horizontal, the maximum
equivalent stress and deformations were 7612 psi and 0.00041 in. For
the E4-a thermal loads of lateral inward and outward support bar base
deformations, the maximum equivalent stresses were 4314 and 1290 psi,"

respectively.

With regard to the structural response over the 10 day hold-time, the*

time dependent final steady state maximum equivalent stress and deforma-
tion are identical to the time independent final steady state response as
relaxation of stresses due to thermal creep was neglected. Further,

residual deformations following the removal of all loads after the 10 day
hold-time were identically zero as the structural response remained

.

linear elastic. As such, computer plots of equivalent stress and
deformations for the time dependent response and unloading for residual

deformations are not presented,

j
,

e
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Figure 8.2-3

F/A Attachment Assembly Support Bar
First Cycle - Time Independent

Initial Steady State

Deadweight + Pressure Drop

Equivalent Stress and Deformations
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Figure 8.2-4

F/A Attachment Asse.nbly Support Bar

First Cycle - Time Independent
First SSE Seismic Loading

Pressure Drop & + Vertical + Left Horizontal
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Equivalent Stress and Defomations
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Figure 8.2-5

I F/A Attachment Assembly Support Bar

First Cycle - Time Independent

Second SSE Seismic Loading
Deadweight + Down Vertical + Right Horizontal

Equivalent Stress and Deformations
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F/A Attachment Assembly Support Bar

First Cycle - Time Independent
First E-4a Thermal Loading

Deadweight + Inward Base Motion
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Figure 8.2-7
F/A Attachment Assembly Support Bar

First Cycle - Time Independent
Second E-4a Thermal Loading
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F/A Attachment Assembly Support Bar

First Cycle - Time Independent
Final Steady State
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8.3 Structural Evaluation

The F/A attachment assembly support bar structural evaluation was arranged -

I to provide a comparison of 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 attachment as- a

sembly support bar function over the first and second reactor cycles.

The procedure for performing the F/A attachment assembly support bar evalu-
ation of crack initiation failure modes considered only the response to the
first duty cycle in estimating the response of the 39 worst case duty cycles.
The approach is conservative for creep-fatigue damage evaluations as the
strain range is controlled by SSE seismic loads which occur only in the
first duty cycle. Otherwise, the ductile rupture and deformation evaluations
are representative as the response remained linear elastic. A description
of the F/A attachment assembly support bar structural evaluation is as

follows.
t

8.3.1 Crack Initiation

The F/A attachment assembly support bar 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.

=,

l

8.3.1.1 Local Ductile Rupture

The local ductile rupture criterion for protecting against crack initiation
requires that the ductile rupture factor (FDR) be less than unity at each
point in the F/A attachment assembly support bar.

* I* max principal) TF
0.3cf, min

F = Maximum of q fDR

(' max principal) TF'

'u, min
.

I

4
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In the following, the allowable uniaxial strains used in the F/A attachment
assembly support bar structural evaluation and comparison of results with

*
the local ductile rupture factor criterion are presented.

8.3.1.1.1 Allowable Uniaxial Strains
.

The F/A attachment assembly support bar as constructed from SA-316-SS is

unirradiated at BOL. The EOL fluence (E>0.1 Mev)
22 2is 0.31 x 10 n/cm . In addition, the F/A attacnnent asser.bly

support bar temceratures range from 750 to 1000*F. The true uniaxial uniforn

elongation (cu, min) and fracture (cf, nin) for unirradiated and irradiated
SA-316-SS used in the F/A attachment assembly support bar structural

,

evaluation were taken from the recommendations in the trial {

applications of the RDT Draf t for Breeder Reactor Core Components [15-23] and

are identical to those taken for the F/A shield block structural evaluation
presented in Section 4.3.1.1.1.

i

With regard to the allowable uniaxial strains of the weld material at the
base of the support bar legs, true minimum uniform elongation and fracture
strain data in irradiated weld naterials is currently not available.
Accordingly, the Code Case 1592 [a] oosition on reductions in carent raterial

*

ductility for weld regions was adopted. Both true ninimun uniforn elongation
and fracture strains of irradiated SA-316-SS were reduced by 505 to obtain
the allowable weld strains (tw) used in the structural evaluation of the

* F/A attachment assenbly succort bar welds.

(cw)f, nin = 0.5 cf, nin

(cw)u, nin = 0.5 cu, nin

8.3.1.1.2 Corparison with Criterion i

1

| Tne F/A attachr.ent asserbly succort bar structural evaluation in relation

j to the worst case '.ocation for local ductile ructure was rade by screening

| each of the finite eierents over the 39 worst case duty cycles with the |

.

*
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damage processor. The maximum local ductile rupture factor (FDR) maxfor
the F/A orifice plate was found to occur at element 375, located in the'

,

support bar leg base weld and identified in Figure 8.2-2.

The peak BOL strain :omponents occurred at the first SSE seismic loading ,

in combination with upward pressure drop and deadweight loads where the

local metal temperature was 750 F. The accumulated BOL strain components

were identically zero as the structural response between the initial time
independent and final time dependent steady state of the first duty cycle
remained linear elastic. The E0L maximum principal strain was 0.000373 in/in
at a triaxiality factor of 1.233. The true minimum irradiated uniform
elongation and fracture strains in the support leg base weld region, taken
as 50% of the respective SA-316-SS parent material, were 0.038 and 0.491

in/in,respectively.

In this arrangement, the maximum local ductile rupture (FDR) for the F/A!

attachment assembly support bar was controlled by the uniform elongation

strain of the weld material with a value:4

(FDR) max = 0.012 .

As (FDR) max < l.0, the F/A attachment assembly support bar is not expected'

to experience crack initiation over the 39 worst case duty cycles based on
.

the local ductile rupture criterion.i

i

.

8.3.1.2 Creep-Fatigue Damage

The crcep-fatigue damage criterion in protecting against crack initiation
requires that the combined creep-fatigue damage factor (FCFD) be less than
unity at each point in the F/A attachment assembly support bar.

I

fDc+De
Min, of

-

Dc+7 DFCFD = a/b
= < '

f
s

3

.

4
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In the following, the allowable limits for fatigue life and creep-rupture
times used in the F/A attachment assembly support bar structural evaluation

~

and a comparison cf the results with the combined creep-fatigue damage
factor criterion are presented.

*
8.3.1.2.1 Allowable Limits

The F/A attachment assembly support bar as constructed from SA-316-SS is
22 2s unirradiated at BOL. The E0L fluence (E>0.1 Mev) is 0.31 x 10 N/cm ,

In addition, the F/A attachment assembly support bar temperatures
range from 750 to 1000*F. The fatigue life and creep rupture time
relations used in the F/A attachment assembly support bar structural

evaluation were identical to those used in the F/A shield block structural
evaluation presented in Section 4.3.1.1.1. The fatigue life and creep
rupture time relations representative of F/A attachment assembly support
bar peak and steady state metal temperatures at E0L fluence are
illustrated in Figure 4.3-1 and -2 respectively.

With regard to the allowable fatigue life and creep rupture times of the
weld material at the base of the support bar legs, irradiated creep-fatigue
data of weld regions is not currently available. Accordingly, the Code

'

Case 1592 [4] position that the fatigue life and creep rupture times of
weld regions be taken as the respective values of the parent material was
adopted for the F/A attachment assembly support bar welds.

.

8.3.1.2.2 Ccmparison with Criterion

The F/A attachment assembly support bar 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 39 worst case duty cycles
wi i the Jamage processor. The maximta combined creep-fatigue damage

factor (l'CFD) max for the F/A attachment assembly support bar was found to
occur at element 375, located in the support bar base weld and identified |

in Figure 8.2-2.

|

e

9
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The fatigue damage factor (D ) was found to be 0.108 x 10-5 for ?, worst

case duty cycles. The principal strain range was found to be critical .

and occurred between the first and secono SSE seismic loadings with a
value of 0.000696 in/in. The peak metal temperature over the fatigue

i
' cycle was 750 F. The fatigue life for the equivalent strain range was .

6 22 236.1 x 10 cycles based on the E0L fluence (E>0.1 Mev, (4t) = 0.31 x 10 n/cm ),

The creep damage factor (D ) was found to be 0.47 x 10-12 for the 39 worstc

case duty cycles. The principal stress was found to be critical with a
value of 2,956 psi corresponding to the steady state temperature conditions
at the beginning of the 10 day hold time. For the E0L fluence (E>0.1 Mev,

22 2
(4t) = 0.31 x 10 n/cm ) at a metal temperature of 750*F, the minimum

15rupture time was 20.98 x 10 ,

,

In this arrangement, the maximum combined creep-fatigue damage factor

(FCFD) max for the F/A attachment assembly support bar was found to be
dominated by fatigue damage while creep damage was negligible.

(FCFD) max = 0.108 x 10-5
.

As (FCFD) max <l.0, the F/A attachment assembly supprt bar is not expected
to experience crack initiation over the 39 worst case duty cycles based on
the creep-fatigue damage criterion.

,

8.3.2 Excessive Defomation

The F/A attachment assembly support bar structural evaluation of peak plus
accumulated, and residual deformations in relation to functional limits
over the 39 worst case duty cycles is presented in the following subsections.

8.3.2.1 Peak Plus Accumulated Defomation

The peak plus accumulated deformation criterion in protecting against
excessive peak defomations requires that peak plus accumulated defonnations
(6 +A) be less than the peak plus accumulated deformation limit (PADL).P

.

6 +A < PADLP

!

.
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| i

PThe F/A attachment assembly support bar peak defonnation (6 ) during the
first duty cycle occurred at the first SSE seismic loading with a value of

|~ 0.00045 in. The accumulated deformation ( a 685) between the initial time
independent and final time dependent steady state conditions was identical fy
zero as the structural response remained linear elastic throughout the first

*
| duty cycle. For the 39 worst case duty cycles, the E0L peak plus accumulated

(6 +A) deformation is given by the relation.P

(6 +A) = (6 )BOL + (N-1) (a 6ss)BOL
P P

(6 +A)E0L = 0.00045 + 38(0.0)
P

(6 +A)E0L = 0.00045 in.
P

For the F/A attachment assembly support bar, the specified peak plus
As 6 +A < PADL, the F/APaccumulated deformation limit (PADL) is 0.005 in.

attachment assembly support bar is not expected to experience failure by

excessive deformation during the 39 worst case duty cycles.

| * 8.3.2.2 Recidual Deformations

The residual deformation limit in protecting against excessive residual
R

| deformations requires that the residual deformation (6 ) be less than the

residual deformation limit (RDL).~

R
| 6 < RDL

RThe F/A attachment assembly support bar residual deformation (6 ) after the

| first duty cycle at BOL was identically zero as the structural response
R'

remained linear elastic. Accordingly, the E0L residual deformation (6 ) E0L
after 39 worst case duty cycles,

R R
(6 ) E0L = N(6 )BOL

R
(6 ) ECL = 39 (0.0)

R(6 ) EOL = 0.0.

-306-=
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For the F/A attachment assembly support bar, the specified residual
deformation limit (RDL) is 0.005 in. As SR < RDL, the F/A attachment ,

assembly support bar is not expected to experience excessive residual
deformation during the 39 worst case duty cycles.

.

8.3.3 Sumnery

The F/A attachment assembly support bar was found to satisfy the crack

initiation and excessive deformation criteria for a total of 39 worst case
duty cycles. A summary of the F/A attachment assembly support bar structural
evaluation is presented in Table 8.3-1.

.

e

9

'

-307-

_ _ . - __ _ - -- _ _ _ . _ _ _ _ _ _ _ - - _ _ _ . _ _ __



TABLE 8'.3-_1

F/A ATTACHMENT ASSEMBLY SUPPORT BAR
*

STRUCTURAL EVALUATI0tt SUMMARY

'

Allowable Calculated Margin of Safety *.

Criteria Value Value'

; r

Crack Ductile
Initiation Rupture 1 0.012 82.33

Factor

Combined
Creep- -5Fatigue 1 0.108X10 925,925
Damage
Factor

Excessive Peak +
Deforma- Accumulated 0.005 in. 0.00045 10.11
tion _,

Residual 0.005 in 0.0 cc

.

.

= $

Mar 9 n of Safety = Allowable Valuei .)*
Calculated Value

.

|

|

|

.

-308-

l
I

,w,---- -, m., - ,



_ _ _ ._ - . . _. - - _ _ _ --- _ _ _ _ . ___ .-- - -

)

i 9.0 ORIFICE PLATE ANALYSIS AND EVALUATION

In the F/A orifice plate analysis and evaluation, a loading analysis was ,

made that considered mechanical pressure drop, and thennal steady state'

and transient loads in establishing the number and characteristics of a j

worst case duty cycle that umbrellas all expected duty cycles for the .

orifice plate region in the first and second reactor cycles. Next,
an inelastic structural analysis of the orifice plate region was made for
a single worst case BOL duty cycle to calculate the strains and dimensional;

changes from which EOL values were approximated. Finally, a structural i

evaluation of E0L strains and dimensional changes was made in relation toi

criteria which protect against crack initiation and excessive deformation. |
A sununary of the loading, structural analysis, and structural evaluation
is presented as follows. |

,

9.1 Loading Analysis ;

The F/A orifice plate loading analysis was directed to establishing the
i 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 Specifica- ,

t

i tion [1].

1

! It is important to note that the worst case F/A orifice plate duty cycle is, ,
,

in itself, hypothetical, but pemits a conservative structural evaluation
,

to be performed on a single duty cycle instead on each of the individual:

! events specified. In the following, the F/A orifice plate 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.

;

|
'

r

9.1.1 Mechanical
!

The F/A orifice plate mechanical load of any significance in relation to
subsequent structural evaluations is the pressure drop under sodium flow,
as deadweight and OBE/SSE seismic and core restraint loads are relatively .

I insignificant.
i

i=

! -309-
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In order to establish the worst case F/A orifice plate pressure drop
loading, the CRBRP core was reviewed in relation to flow zones, the number
of orifice plates in each F/A of a particular flow zone, and the total,

pressure drop across the full number of orifice plates in a F/A of a flow
l zone,

e

For the CRBRP core design, a total of five flow zones, designated as flow
zones 1 through 5, are provided. The F/A in flow zones 1 and 2 contain
2 orifice plates. In flow zone 3, each F/A is provided with 3 orifice
plates. Each F/A in flow zones 4 and 5 include 4 orifice plates.

With regard to the F/A orifice plate pressure drop under steady state flow
conditions, consideration was given to the total pressure drop across the
full number of orifice plates in a F/A according to the flow zone. For

the flow zones 1 through 5, the total pressure drops were 26.75, 29.84, ;

33.94, 37.58, and 41.63 psi, respectively. I

The average steady state pressure drop (a p),y was calculated from the
total pressure drop (a p) TOT and the number (N) of orifice plate using the
relation.

(Ap)T0T' *
(Ap)av =

g

A summary of the average steady state pressure drop for the number of F/A
,

'

orifice plates in the CRBR core flow zones is presented in Table 9.1-1.

TABLE 9.1-1

F/A ORIFICE PLATE

AVERAGE STEADY STATE PRESSURE DROPS

Flow Total Pressure Number of Average Pressure
Zone Drop Orifice Plates Drop

| (PSI) (PSI)

( l 26.75 2 13.38
2 29.84 2 14.90'

3 33.94 3 11.31;

4 37.58 4 9.39| *

5 41.63 4 10.41

.

-31 0-

-



.. -- _- - _ . _ . - -- .-

)
1

A review of the average F/A orifice plate pressure drops shows that the
,

worst case steady state loading occurs in flow zone 2 containing 2 orifice '

plates where the average pressure drop is 14.90 psi. However, the actual
pressure distribution over a series arrangement of orifice plate is not1

uniform, but is greater for the leading orifice plate. An estimate of the '

actual pressure drop in the leading orifice plates is 50% greater than the
average pressure drop. Accordingly, the worst case F/A orifice plate
steady state pressure drop (ap)ss was taken according to the relation.

(Ap)ss 1.5 (ap)av=

!
i1.5 (14.9 psi)(ap)ss =

(Ap)ss 22.35 psi.=
t

;

With regard to the variation in pressure drop across the F/A orifice plates ,

'

|
during the Upset, Emergency, and Faulted Transients, sodium flows at steady
state conditions iecrease to 7.5% of nominal conditions inanediately after'

the transients aid initiated and return to 100% of nocinal conditions upon
;

the return to steady state conditions. Accordingly, the maximum F/A
)
' orifice plate pressure drop occurs during steady state flow conditions

while the pressure drop during the transients are negligible. For the ,

purposes of the F/A orifice plate structural evaluation, the transient

pressure drop (ap)TR was taken to be zero.
'

i .

1 0.0'
'

(ap)TR

;

i *

.

E
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9.1.2 Thermal

The F/A orifice plate thermal loads are the steady state and transient.

temperature distributions that occur during the Upset, Emergency, and
Faulted Events over the first and second reactor cycles. In the
definition of the F/A orifice plate temperature distributions, the sodium*

temperatures at the reactor vessel inlet were conservatively assumed to
be applied directly to the F/A orifice plate without the mitigating effects
of mixing that would normally occur in the inlet plenum. The approach
adopted for the F/A orifice plate transient themal response is consistent

;

with that taken for the F/A shield block. Accordingly, the selection of
the E-4a transient as the umbrella to all Upset, Emergency, and Faulted
transients for the F/A orifice plate invoked the same rationale used for
the F/A shield block. Further, the number and characteristics of the:

worst case F/A orifice plate duty cycle are the same as that used for the
F/A shield block. The F/A shield block E-4a transient and worst case duty
cycle taken for the F/A orifice plate are presented in Figures 4.1-1 and -2,
respectively.

A derivation of the detailed F/A orifice plate temperature distributions
during the worst case thermal duty cycle, in the manner described for the

| ,

| F/A shield block, was not made. Instead, the F/A orifice plate was assumed

! to instantaneously follow the reactor vessel inlet sodium temperatures while
the mating F/A inlet nozzle housing was considered to lag the F/A orifice

~
plate response because of its thermal inertia. The thermal response
assumption is conservative in relation to the subsequent structural
evaluation of the F/A orifice plate under thermal loads. For the F/A
orifice plate responding instantaneously to the sodium temperatures, the
radial gap between the periphery of the orifice plate and the inlet nozzle
housing are closed and interfere to a greater amount than if the themal
inertia of the orifice plate were considered.

,

1

*
i
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In order to define the F/A orifice plate thermal loads induced by in-plane
radial interference, the temperature difference (IT) between the orifice

.

plate or sodium and the inlet nozzle housing during the E-4a transient is
required. An estimate of the temperature difference (IT) is to use the

-T ,plot of the temperature difference (AT) between Nodes 1 and 237, AT = T237 j ,

in the F/A shield block thermal model during the E-4a transient as
illustrated in Figure 4.1-6.

IT AT=

The estimate of the temperature difference (IT) is conservative because.

the F/A shield block region is thick-walled with greater thermal inertia
than the relatively thin-walled inlet nozzle mating housing.

A review of the F/A shield block temperature difference (AT) plot shows
both positive and negative values during the E-4a transient. As applied
to the F/A orifice, positive temperature differences tend to open the gap
at the orifice plate periphery while negative values cause the gap to close
and cause interference. With regard to structurally damaging in-plane
thermal loads, only the negative temperature differences which place the

'

orifice plate in in-plane compression due to radial interference are of
significance. Positive temperature differences do not place the orifice
plate in in-plane tension because the orifice plate is free to slide inward
on the locating pins. The maximum negative temperature difference (IT *

max

for the F/A orifice plate is:

(IT) max = 170 F

i

9

W

'
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. . ,

In order to establish the maximum amount of radial interference (6 ) atr

the outer orifice plate periphery during the E-4a transient the following,

relation was used.

(6 )TR a R, (IT) max - 0=
r,

Where,

Coefficient of thermal expansion (1/*F)a =

R, = Nominal outer radius (in)
Nominal gap (in)G =

Numerically, the F/A orifice plate nominal outer, radius (R,) and gap (G)
are 1.87 and 0.0025 in. respectively. For the F/A orifice plate constructed
from SA-316-SS, the coefficient of thennal expansion (a) as a function of
temperature (T s F) is given in the F/A shield block analysis described
in Section 4.2.2.1. During the E-4a transient, the peak F/A orifice plate
temperature is 1000 F. The corresponding coefficient of thermal expansion
(a)is11.25x10-6*F. Accordingly, the worst case F/A orifice plate/
E-4a transient radial interference (6 )TR taken for the thermal loads.r

(11.25 x 10-6/ F) (1.87) (170)-0.0025(6 )TR
=

r

(d )TR 0.00108 in.=
r

,

With regard to the F/A orifice plate thennal loads during steady state
conditions, the radial interference (6 ) does not exist and was neglected

r

in the structural evaluation.

(6 )ss 0.0=
7

-

|

|

.
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9.1.3 Worst Case Duty Cycle

The conclusions based on the F/A orifice plate loading analysis in relation -

to recommendations for the worst case duty cycle are as follows.

'

Mechanical loads comprising OBE and SSE seismic, and core +
e

restraint, internal pressure, and deadweight are negligible.
Only the steady state pressure drop is of relative significance
in establishing the worst case F/A orifice plate duty cycle.

Thermal loads corresponding to in-plane radial interferencee

at the outer orifice plate periphery during the E-4a transient

|
was considered most important in establishing the worst case

F/A orifice plate duty cycle.

The recocmendations for the F/A orifice plate loading were to apply a

single worst case duty cycle of the time independent mechanical loads
combined with time dependent thermal loads. The worst case duty cycle
was recommended to be repeated 39 times so as to umbrella the 39 Upset and

worst Emergency or Faulted events specified for the F/A orifice plate. The

single cycle loading sequence is as follows. .

Time Independent

e Apply the worst case pressure drop at the initial steady state
.

temperature of 750 F.

Reduce the pressure drop to zero at the start of the E-4a transiente

while maintaining the 750 F steady state temperature.

; -

With the pressure drop removed, apply the worst case radiale

interference at the peak E-4a transient temperature of 1000*F.

e Remove the radial interference and apply the worst case pressure
drop at the final steady state temperature of 750*F.

*lime Dependent

e Maintain the worst case pressure drop over a 10 day hold-time at
the 750 F steady state temperature.

.

*
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9.2 Structural Analysis

The F/A orifice plate 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 orifice plate structural model and geometry are described..

| Next, linear and nonlinear material properties including the effects of
| irradiation on stress-strain curves and the basis for neglecting thermal
l

j creep are presented. Elastic an? lysis is presented to establish that
I mechanical pressure drop loading is neglible in relation to thermal loading

induced by radial interference at the orifice plate periphery. Finally,
the time independent and dependent inelastic analysis and results for the
worst case F/A orifice plate duty, cycle are presented in preparation for
subsequent structural evaluation.

9.2.1 Model and Geometry

| The F/A orifice plate structural model was formulated in the ANSYS finite |

| element program. In the pressure drop analysis, the triangular plate |
(STIF 13) and quadrilateral plate (STIF 63) elements were used to derive
the out-of-plane bending stresses and strains. For the analysis of in-

| plane response to radial interference loadings, the constant strain.

(STIF 2) element in a condition of plane stress with a constant thickness
was used. In both the pressure drop and inplane response ANSYS analysis,

the geometry and finite element mesh were identical in deriving the structural
,

response.

The F/A orifice plate region selected for analy:is corresponds to a
symmetrical 30* sector taken through the 6 hole flow pattern. The 30*

I symetrical sector is justified as pressure drop and radial interference
loadings are essentially uniform. The F/A orifice plate structural model

| illustrating the dimensional extent and finite element detail of the 30*
|

|
sector is presented in Figure 9.2-1.

.

!

.
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9.2.2 Properties

The F/A orifice plate as constructed from SA-316-SS and initially unirradiated
at BOL is irradiated to a fluence (E>0.1 Mev, (?t) = 0.0066 x 102? n/cm )2

at E0L. Operational temperatures range from 750 to 1000 F. The linear
and non-linear properties of SA-316-SS at fluence and temperature selected

,

for the F/A orifice plate analysis are described as follows.

I
19.2.2.1 Linear

The linear SA-316-SS material properties are the Young's modulus (E),
Poisson's ratio (u), and coefficient of thermal expansion (a). The material
properties as a function of temperature (T s F) used in the F/A orifice
plate structural analysis were identical to those identified for the F/A
shield block presented in Section 4.2.2.1.

9.2.2.2 Non-Linear

The non-linear SA-316-SS material property behavior required in the F/A
orifice plate structural analysis are the time independent stress-strain,
and the time dependent therual creep constitutive relations. The con-
stitutive relations with. attendant simplifications used in the F/A orifice.

plate analysis are as follows.

9.2.2.2.1 Stress-Strain Curves
,

The true average stress-strain curves for SA-316-SS given in the NSM
Handbook [6] were reviewed in relation to the F/A orifice plate E0L fluence

~

22 2(E>0.1 Mev, (ct) = 0.0066 x 10 N/cm ) and the operational temperature
range from 750 to 1000 F. Temperature effects were found to be significant,
but the effect of irradiation at EOL fluence relative to unirradiated BOL
values was found to be insignificant. Accordingly, the true average E0L
and 80L stress-strain curves for SA-316-SS were considered identical to
each other for the F/A orifice plate.

e

e
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.

i

In the F/A orifice plate structural analysis, true minimum BOL and E0L'

'

stress-strain curves sre required because the mechanical and themal loads
which occur during the worst case duty cycle are slow acting and are basically i'

statically applied. The true minimum BOL and EOL stress-strain curves
*

as a function of temperature, taken as 90% of the true values given in the |i

NSM Handbook [6], are illustrated in Figure 9.2-2 with corresponding

l numerical values summarized in Table 9.2-1.
,

<
I

.

TABLE 9.2-1 ;

rF/A ORIFICE PLATE

TRUE MINIMUM BOL AND EOL STRESS-STRAIN DATA
i

SA-316-SS

i
F

Stress (PSI) at Total Strain
Temp E

( F) (106 PSI) 0.00049 0.00249 0.0105 0.0205 0.0505

J 750 24.77 12,370 17,100 23,490 26,100 34,740

1000 22.53 11,250 15,750 20,250 24,930 33,750

.

I 9.2.2.2.2 Tliermal Crecp Equations

The unirradiated SA-316-SS thermal creep-time constitutive relations as
a function of stress and temperature are given in the NSM 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.

22 2
For the F/A orifice plate, the EOL fluence is 0.0066 x 10 n/cm with
thermal creep occuring at a steady state temperature of approximately 750*F

I over the 10 day hold time of the worst case duty cycle. As the E0L fluence
is relatively low and steady state temperatures are below 800'F themal

f creep over the worst case F/A orifice plate duty c1cle was neglected.

|

I
| '

!
|

|
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9.2.3 Elastic Response
*

The F/A orifice plate elastic structural response to the pressure drop and
radial interference loading was obtained in order to determine their
relative importance in the worst case duty cycle. The ANSYS analysis

*

and results are described as follows.

9.2.3.1 Pressure Drop

9.2.3.1.1 Model and Boundary Conditions

The ANSYS elastic structural response of the F/A orifice plate to pressure
drop loading was obtained using the geometry and finite element mesh
identified in Figure 9.2-1.

The F/A orifice plate structural model for pressure drop analysis included
9 elastic triangular (STIF 13) and 59 elastic quadrilateral (STIF 63) flat
plate elements arranged in a finite element mesh of 252 node points. The
F/A orifice plate pressure drop structural model illustrating the boundary
conditions is presented in Figure 9.2-3.

*

Simply supported boundary conditions were simulated at the outer periphery
of the 30 sector by specifying the UZ displacements, normal to X-Y plane,
to be zero at nodes 113 through 119. The boundary conditions along the
lateral surfaces of the 30 sector were selected to maintain the symmetry -

of the deformations under the pressure drop loading. Along the lateral
surface coincident with the Global X-Axis, the UY displacements and ROTX
rotations were set equal to zero at Nodes 1, 2, 5, 201 through 204, 249
through 252,106, and 113. For the lateral surface inclined to the
Global X-Axis, the UY displacements and ROTX rotations, after a -30
rotation to obtain normally disposed directions, were set equal to zero
at Nodes 1, 4, 7, 8, 216, 220, 224, 9, 11, 14, 105, 112 and 119.

.

O
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r-- Symetry Conditions (UY = ROTX = 0.0)
Nodes (1, 2, 5, 201 thru 204, 249 thru 252,106,113)*

O

.

X
Simple Supports
(UZ=0.0)

I Nodes
/ (113 thru 119)

.

I. - Element
\ ! 18

Y -.

oooooeoc oooooooooooooooooooooo
// // // /l// / / / / // / / / / / / / / / / // / / / / /e

'

-Node 1 Symmetry Conditions (UY = ROTX = 0.0)

Nodes (1, 4, 7, 8, 216, 220, 224, 9,11,14,105,112, and 119)

Figure 9.2-3

F/A Orifice Plate
Pressure Drop Structural Model

s

|
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b

i

9.2.3.1.2 Analysis and Results j

The F/A orifice plate elastic response to the pressure drop loading was,

obtained in a single ANSYS solution run. The orifice plate minimum
thickness of 0.240 in was taken in the analysis. The steady state ,,

pressure drop (Ap)ss of 22.35 psi was applied to the lateral face of each
element. The SA-316-SS material properties of Young's modulus (E) and

,

| Poisson's ratio (u) were taken at 750*F.
,

I

The F/A orifice plate maximum equivalent stress was found to be 2284 psi. -

The maximum 'JZ displacement was 0.00075 in. The maximum equivalent stress

and UZ displacement occurred at element 18 and node point 1 as identified

in Figure 9.2-3. <

!

The elastic structural response of the F/A orifice plate under the steady
state pressure drop shows that the maximum equivalent stress is well below
the SA-316-SS proportional elastic limit stress of 12,370 psi at 750*F.

*

Plots of maximum equivalent stress and perpendicular UZ dispicacement
contours are presented in Figure 9.2-4.

*
i
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9.2.3.2 Rad _ial Irterference
- :

9.2.3.2.1 Model and Boundary Conditions

i The ANSYS elastic structural response of the F/A orifice plate to radial
*

interference loading was obtained using the geometry ..d finite element

mesh identified in Figure 9.2-1.

The F/A orifice plate structural model for radial interference analysis
included 68 constant strain (STIF 2) elements formulated in a condition
of plane stress with a constant thickness and arranged in a finite element
mesh of 252 node points. The F/A orifice plate radial interference structural
model illustrating the boundary conditions is presented in Figure 9.2-5.

~

The radial interference (6r) deformations at the outer periphery of the
30* sector were specified as the in-plane UX displacements af ter rotating;

the local coordinates of the node points on the periphery to obtain

{ radially disposed directions. For node points 113 through 119, arranged
counter-clockwise from the Global X-axis, the rotations of the local
coordinates were 0 to 30 , in increments of -5*. The boundary conditions

along the lateral surfaces of the 30 sector were selected to maintain the ,

syynetry of the deformatiors under radial interference loading. Along
the lateral surface coincident with the Global X-Axis, the UY displace-
ments were set equal to zero at Nodes 1, 2, 5, 201 through 204, 249 ,

through 252, 106 and 113. For the lateral surface inclined to the
Global X-Axis, the UY uisplacements, after a -30 rotation 'o obtain'

normally disposed directions, were set equal to zero at Nodes 1, 4, 7, 8,
216, 220, 224, 9,11,14,105,112, and 119.

!

t

*
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.

O -- Symetry Conditions (UY = 0.0)
Nodes (1, 2, 5, 201 thru 204, 249 thru 252, 106, 113)

X

- Radial
Displacementsy,

i UX..

Nodes
(113 thru 119)

1.
. .

Element 7
21 ./

Y _

.

oooooooooooooooooooooo'oooooooo
///////// A/////// /// /// ////// ///~

-Symetry Conditions (UY = 0.0)
f! odes (1, 4, 7, 8, 216, 220, 224, 9,11,14,105,112 and 119)

Figure 9.2-5

F/A ORIFICE PLATE

RADIAL INTERFERENCE STRUCTURAL MODEL l

.
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9.2 .3 . 2. 2 Analysis and Results

The F/A orifice plate elastic response to the radial interference loading *

was obtained in a single ANSYS solution run. The orifice plate minimum
thickness of 0.240 in, was taken in the analysis. The radial interference

*
(6r) at the maximum E-4a transient value of 0.00108 in, was applied to
the outer orifice plate periphery. Velues of Young's modulus (E) and
Poisson's ratio (p) material properties were taken at 1000 F.

The elastically calculated F/A orifice plate maximum equivalent stress was
fnund to be 28,383 psi. The maximum equivalent stress and attendant in-
plane deformation occur at element 21 and outer periphery Nodes 113
through 119 as identified in Figure 9.2-5.

The elastic structural response of the F/A orifice plate under the maximum
E-4a radial interference shows that the maximum elastically calculated

equivalent stress is well beyond the SA-316-SS proportional elastic limit
stress of 11,250 psi at 1000 F. Plots of the maximum equivalent stress

and in-plane displacements are presented in Figure 9.2-6.

9.2.3.3 Conclusions
-

.

The conclusions based on the elastic analysis of the F/A orifice plate
under pressure drop and radial interference loading are as follows.

.

e Pressure drop loadings produce stresses within the F/A orifice
plate which are well below the proportional elastic limit.

e Radial interference loadings cause elastically stresses within
the F/A orifice plate which are well above the proportional
elastic limit.

e Only radial interference loadings are of significance in the worst
case F/A orifice plate duty cycle. Pressure drop loadings can

be neglected without a significant loss of accuracy in overall
structural response. ,

r
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9.2.4 Worst Case Duty Cycle Response

The F/A orifice plate structural response to the worst case duty cycle a

included only the thermal loads caused by radial interference as the
mechanical loads caused by pressure drop were shown to be negligible.

*
Further, the response to both first and second duty cycles was used to
approximate the response to the 39 worst case duty cycles. The first
cycle was considered to be applied once, while the second cycle was
repeated 38 times. The F/A orifice plate structural response to the time
independent and dependent loadings of the first cycle provides the basis
from which evaluations of crack initiation in terms of local ductile
rupture and creep-fatigue damage are made. For the evaluation of peak'

plus accumulated and residual deformation over the 39 worst case duty
cycles in relation to deformation limits, the response of both first and
second duty cycles were used.

In order to obtain the first and second cycle response in an efficient
manner, the ANSYS restart option was used to provide the loading sequence
within, between and after the time independent and time dependent solutions.
As elastic / plastic / creep instability would not be expected for the F/A
orifice plate under the deformation controlled radial interference loadings, .

the ANSYS small strain-small deformation option was used in the inelastic

analysis. Descriptions of the first and second cycle time independent and
dependent analysis and results are as follows. ,

9.2.4.1 First Cycle-Time Independent

The first cycle time independent ANSYS analysis of the F/A orifice plate
was directed to deriving the peak plus accumulated strains and deformations
associated with following the path dependent radial interference loadings
from initial steady state conditions through the E-4a transient followed
by the return to final steady state conditions, but excludirig i.he 10-day
hold-time. The time independent loadings were considered as static
loadings applied at zero time. A total of 5 load steps were used to
derive the first cycle-time independent F/A orifice plate response from
initial to final steady state conditions as sumarized in Table 9.2-2. ,

a
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|
| TABLE 9.2-2
!

| F/A ORIFICE PLATE
*

FIRST CYCLE-TIME INDEPENDENT ANALYSIS SUMMARY
--

--

Load Iterations Temperature Radial Description* Steps Distribution Deformation
(F) (o * IU)r

1 1 750 None Initial Steady'

State

2 1 1000 None Peak E-4a Loading
3 12 1000 0.00108 and Unloading
4 1 1000 None

-
1

5 1 750 None Final Steady
State

.

The F/A orifice plate structural response to the first cycle time independent
loading was obtained with a plastic convergence ratio of 0.01. The detailed
stress, strain response at each of the converged solutions was saved on
ANSYS Tape 10 for subsequent recall in structural evaluations. The initial
and final time independent maximum equivalent stresses were zero and 3449
psi. During the E-4a transient, the maximum equivalent stress and non-

a

uniform deformation at the maximum radial interference were found to be
14,305 psi and 0.0011 in. The initial and final time independent steady

|state non-uniform deformations were zero and 0.0004662 in. Computer plots
* of first cycle time independent peak and final steady state response are j-

presented in Figures 9.2-7 and -8.

|

8
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9.2.4.2 Firs; Cycle-Time Dependent
'

The first cycle time dependent ANSYS analysis of the F/A orifice plate
'

was directed to deriving the final steady state strains and defonnations
associated with the 10 day hold-time. As thennal creep was neglected ,

for the F/A orifice plate, the final time dependent steady state response
was identical to the time independent final steady state response. Never-
theless, a time dependent solution was still derived in order to initialize
the second duty cycle. The first cycle time dependent solution was
obtained in load step 6 for 1 iteration over the 240 hour hold-time with
an ANSYS restart from load step 5 of the first cycle time independent

analysis,

9.2.4.3 Second Cycle-Time Independent

The second cycle time independent ANSYS analysis of the F/A orifice
plate was directed to deriving the peak and final steady state response
associated with the second application of the radial interference loading
at 240 hours. Using an ANSYS restart from load step 6 of the first cycle
time dependent solution, a total of 3 additional load steps were used to
derive the second cycle time independent response as summarized in

4

Table 9.2-3.

TABLE 9.2-3
?

F/A ORIFICE PLATE

SECOND CYCLE-TIME INDEPENDENT ANALYSIS SUMMARY

load Iterations i Temperature Radial Description
Steps Distribution Deformation

( F) (6 * I"*)r

7 1 750 None Initial Steady
State

8 12 1000 0.00108 Peak E-4a
Loading

9 1 750 None Final Steady-
State . >

.
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During tha E-4a transient, th] maximum cquivalcnt stress and peak non-
uniform deformation was found to be 14,799 psi and 0.0011 in. The final
steady state maximum equivalent stress and peak non-uniform deformationm

')
were 3055 psi and 0.0004748 in. Corresponding computer plots are presented*

in Figures 9.2-9 and -10.
C

9.2.4.4 Second Cycle-Time Dependent

The second cycle time dependent ANSYS analysis of the F/A orifice plate
was obtained in load step 10 for 1 iteration at 480 hours using a restart
from load step 9 of the second cycle time independent analysis. As thermal
creep was neglected, the time dependent stress and deformation response was
identical to the second cycle time independent final steady state response.

.

l
.
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9.3 Structural Evaluation
,

The F/A orifice plate 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 3

excessive deformation failure modes and thereby assure F/A orifice plate
function in the first and second reactor cycles.

The procedure for performing the F/A orifice plate evaluation of crack
I initiation failure modes considered only the response to the first duty

cycle in estimating the response of the 39 worst case duty cycles. The
approach is renresentative for creep fatigue damage evaluations as strain
range and residual stresses do nct change appreciably during successive

,

duty cycles. However, the ductile rupture evaluation based on the first'

duty cycle is conservative because the difference in strain components
between initial and final steady state conditions are reduced significantly
in successive duty cycles. Nevertheless, only the first duty cycle response
was used because the local ductile rupture criterion could be satisfied

f even though the evaluation was conser,ative. For evaluations of peak
plus accumulated and residual deformations, the conservatism in using the4

,

first duty cycle alone could not be invoked and still establish acceptability.
Accordingly, both first and second duty cycle deformation response were
used in establishing the F/A orifice plate acceptability in relation to

j excessive deformation. A description of the F/A orifice plate structural *

evaluation is presented as follows.

| 9.3.1 Crack Initiation

The F/A orifice plate 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.
i

94

|
a
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9.3.1.1 Local Ductile Rupture

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

4

I' I' max principal) TF
F Maximum of
DR 0.3 cf, min I

=

( ' (" max principal) TF

'u , min

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

9.3.~1.1.1 Allowable Uniaxial Strains

The F/A orifice plate as constructed from SA-316-SS is unirradiated at
22 2

BOL. The E0L fluence (E>0.1 Mev) is 0.0066 x 10 n/cm . In addition,

the F/A outlet nozzle temperatures range from 750 to 1000*F. The true
'

uniaxial uniform elongation ( u, min) and fracture (c , min) fort

unirradiated and irradiated SA-316-SS used in the F/A orifice plate

structural evaluation were taken from the recommendations in the trail
applications of the RDT Draft for Breeder Reactor Core Components [15-23]-

and are identical to those taken for the F/A shield block structural
evaluation presented in Section 4.3.1.1.1.

I

9.3.1.1.2 Comparison with Criterion

The F/A orifice plate structural evaluation in relation to the worst case

location for local ductile rupture was made by screening each of the finite
elements over the 39 worst case duty cycles with the damage processor.

The maximum local ductile rupture factor (FDR) max for the F/A orifice
plate was found to occur at element 21, as identified in Figure 9.2-5.

.

4
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The peak BOL strain components occurred at the maximum radial interference
in the E-4a transient where the local metal temperature was 1000 F.
Accumulated BOL strain components were based on the difference between

b
final time dependent steady state conditions and initial time independent
stead state conditions in the first duty cycle. The E0L maximum principal
strain for the peak BOL and accumulated BOL strain components ove- 39
worst case F/A orifice plate duty cycles was 0.027 in/in. The triaxiality
factor for the local stress state was -1.244, but was taken as unity for

conservatism in the structural evaluation. The true minimum irradiated
unifonn elongation and fracture strains at E0L fluence (E>0.1 Mev, (4t) =

22 2
0.0066 x 10 N/cm ) were 0.223 and 0.450 in/in respectively.

In this arrangement, the maximum local ductile rupture (FDR) for the
F/A orifice plate was controlled by the fracture strain with a value.

(FOR) .ax = 0.199
.

As (FDR) max < l.0, the F/A orifice plate is not expected to experience
crack initiation over the 39 worst case duty cycles based on the local
ductile rupture criterion. ,,

.

;
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9.3.1.2 Creep-Fatigue Damage

The creep-fatigue damage criterion in protecting against crack initiation

requires that the combined creep-fatigue damage factor (FCFD) be less than
unity at each point in the F/A orifice plate.-

hDc+De
F /b = Minimum of \= '

7 fCFD
c+7e D 0

In the following, the allowable limits for fatigue life and creep-rupture
times used in the F/A orifice plate structural evaluation and a comparison
of the results with the combined creep-fatigue damage factor criterion
are presented.

9.3.1.2.1 Allowable Limits

The F/A orifice plate as constructed from SA-316-SS is unirradiated at
22 2BOL. The EOL fluence (E>0.1 Mev) is 0.0066 > 10 N/cm . In addition, the

F/A orifice plate temperatures range from 750 to 1000 F. The fatique life

and creep rupture time relations used in the F/A orifice plate structural

evaluation were identical to those used in the F/A shield block structural |

evaluation presented in Section 4.3.1.1.1 The fatigue life and creep |
"

rupture time relations representative of F/A orifice plate peak and steady |
state metal ten'peratures at E0L fluence are illustrated in Figure 4.3-1 & |

2, respectively.-

.
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9.3.1.2.2 Comparison with Criterion
"

The F/A orifice plate 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 39 worst case duty cycles with the damage

processor. The maximum combined creep-fatigue damage factor (FCFD) *
for the F/A orifice plate was found to occur at element 21 as identified
in Figure 9.2-5.

I -5
The fatigue damage factor (D ) was found to be 0.343 x 10 for 39 worst

case duty cycles. The principal strain range was found to be critical and
occurred between the final steady state and maximum radial interference

during the E-4a transient with a value of 0.00077 in/in. The peak metal

temperature over the fatigue cycle was 1000 F. The faigue lite for the
6equivalent strain range was 11.4 x 10 cycles based on the E0L fluence

22 2(E>0.1 Mev, (:t) = 0.0066 x 10 n/cm ).

The creep damage factor (D ) was found to be 0.12 x 10 " for the 39 worstc -

case duty cycles. The equivalent stress was found to be critical with a
value of 3,348 psi corresponding to the steady state temperature conditions

"

at the beginning of the 10 day hold time. For the E0L fluence (E>0.1 Mev,
22 2

(ct) = 0.0066 x 10 n/cm ) at a metal temperature of 750 F, the minimum
15rupture time was 7.61 x 10 ,

.

In this arrar.gement, the maximum combined creep-fatigue dar-age factor

(FCFD) max for the F/A orifice plate was found to be dominated by fatigue
damage while creep damage was negligible.

-5
(FCFD) max = 0.343 x 10

As (FCFD) ax < l.0, the F/A orifice plate is not expected to experience
crack initiation over the 39 worst case duty cycles based on the creep-

fatigue damage criterion.

.

Se
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9.3.2 Excessive Deformation

The F/A orifice plate structural evaluation of peak plus accumulated, and

v) residual deformations in relation to functional limits over the 39 worst
case duty cycles is presented in the following subsections.

6
9.3.2.1 Peak Plus Accumulated Deformations

The peak plus accumulated deformation criterion in protecting against
excessive peak defonnations requires that peak plus accumulated deformations
(6 +A) be less than the peak plus accumulated deformation limit (PADL).P1

I

6 +A < PADL
P

I PThe peak defonnation (6 ) of the F/A orifice plate during the first duty
cycle of radial interference loading occurs at the orifice holes with a
value of 0.0011 in. In the second duty cycle, the initial time independent
and the final time dependent steady state deformations were 0.0004662 and
0.0004748 in. Accordingly, the accumulated deformation (i 6ss) between the

initial and final steady state conditions of the second duty cycle at BOL
was 0.0000086 in. For 39 worst case duty cycles, the E0L peak plus accum-
ulated (6 +A) deformation is given by the relation.P

,

(6 )E0L = (6 )BOL + (N-1) (A6" )BOL
p

! (6 +A)E0L = 0.0011 + 38 (0.0000086)
P

(6P+A)E0L= 0.0014 in.

For the F/A orifice plate, the specified nominal peak plus accumulated
deformation limit (PADL) is 0.005 in. However, the tolerance on the orifice
holes of 0.002 in is more restrictive and was used as the PADL.

PADL = 0.002 in.

As 6P+A < PADL, the F/A orifice plate is not expected to experience

excessive peak deformation during the 39 worst case duty cycles.'

.I
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9.3.2.2 Residual Deformations
"

The residual deformation limit in protecting against excessive residual
Rdeformations requires that the residual deformation (6 ) be less than the

residual deformation limit (RDL).

6R < RDL

The residual deformation (6 ) at the F/A orifice plate holes after the
i first duty cycle at BOL was 0.0004662 in. After the second duty cycle at

RBOL, the residual deformation (6 ) was 0.0004748 in. Accordingly, the
2

RE0L residual deformation (6 ) EOL after 39 worst case duty cycles is given

by the relation.

(6 )EOL =(6f)BOL+(N-1)(6f-6f)BOL
R

R

(6 )E0L = 0.0004662 + (38) (0.0000086)

R
(6 )E0L = 0.000793 in.

*
For the F/A orifice plate, the specified nominal residual deformation!

limit (RDL) is 0.005 in. However, the tolerance of the orifice holes
of 0.002 in. is more restrictive and was used as the RDL.

RDL = 0.002 in.

RAs 6 < RDL, the F/A orifice plate is not expected to experience excessive
residual deformation during the 39 worst case duty cycles.

9.3.3 Summary

The F/A orifice plate was found to satisfy the crack initiation and
excessive deformation criteria for a total of 39 worst case duty cycles.
A summary of the F/A orifice plate structural evaluation is presented in
Table 9.3-1.

J
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TABLE 9.3-1

F/A ORFICE PLAIE-7 ,

f STRUCTURAL EVALUATION SUMMARY

!" Allowable Calculated Margin of Safety *
I Criteria Value Value
; . . . . ._

,

Crack Ductile
Initiation Rupture 1 0.199 4.03

Factor
.

Combined
Creep-
Fatigue 1 0.343X10-5 291,544
Damage
Factor

Excessive Peak +
Deforma- Accumulated 0.002 in. 0.0014 0.43
tion

i

Residual 0.002 in 0.000793 1.52 i
;

.

* Margin of Safety = Allowable Value -I
.

Calculated Value
,

%

%
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APPENDIX A

DAMAGE PROCESSOR

9
Since the CRBRP First-Core Fuel Assembly is designed for a service life of
two years and is subjected to various thermal transients and mechanical

*
loads during this period, there exists a possibility of crack initiation
at one or more critical locations during the two-year period. The
identified mechanisms of crack initiation for the Fuel Assembly are local
accumulation of creep-fatigue damage and local accumulation of inelastic
strain (ratchetting). Criteria have been established to limit creep-fatigue
damage and local strain accumulation to safe levels. Because the applica-
tion of these criteria requires careful screening of the stress-strain
history for the Fuel Assembly, with extensive calculation involved, the
crack initiation assessment crocedure was automated, a damage processor
being prepared for use on the W-NES CDC 7600 computer system. This
appendix describes the damage processor and illustrates the results
obtained from its use.

The sequence of calculations and comparisons comprising a damage assessment

are illustrated in the Damage Assessment Flow Chart, Figure A-1. As may

be seen from the figure, the damage assessment procedure consists of two-

steps, stress analysis and damage calculation. The stress analysis, which
is described elsewhere, supplies the stress-strain history for one duty
cycle. This history then becomes the input to the damage processor. The,

stress-strain history supplied to the processor is not a complete time
history. For purposes of calculating strain range for fatigue, only peak
values are needed and are supplied. Creep calculations require a detailed
stress-time history only if relaxation is occurring with time. In practice,

the stress-:: train history used by the damage processor is an edited one.
Since the processor was written to make use of data generated by the ANSYS
finite element computer program, it was possible to edit and combine the
permanent files containing the stress-strain histories for the Fuel
Assembly by means of a file combination option available with ANSYS.

.
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The damage processor functions by calculating stress and strain para-
meters identified in the criteria as critical, calculating the damage jf
factors associated with these parameters and screening the values obtained

to determine peak damage factors and critical locations. The processor A

then prints an element-by-element list of the stress and strain para-
meters, damage factors and stress-strain-temperature-time data for the
particular element, followed by a list of the peak damage factors and

the numbers of the critical elements. Typical output data from the damage

processor are reproduced in Tables A.1 and A.2. A listing of the damage

processor source deck is in Table A.3.

Since it was intended to use the processor to supplement several analyses,

involving different materials, the computer code was written so that
necessary materials data would be obtained from separate subprograms.
This arrangement allowed quick conversion when different materials were
involved. Separate materials data packages, containing the necessary sub-
programs, were written for solution annealed and 20% cold-worked 316 stain-

less steels. Source deck listings for these two data packages are shown

in Tables A.4 and A.5, respectively.
.
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TABLE A.1

DAMAGE PROCESSOR ,.

TYPICAL OUTPUT FOR ONE ELEMENT

a

DAMAGE ASSESSMENT FOR CRep FIRST-CORE FUEL ASSEMBLY SHIELD BLOCr

DAMAGE AMD STRAIN LIMIT ASSESSMENT FOR ELEMENT 98

FATIGUE DAMAGE CREEP DAMAGE

E W IVALENT STRAIN IS CRITICAL PRINCIPAL STRESS IS CRITICAL
SEYwfEM LOAD STEPS 3 AND 4 PEAK STRESS = .12579E+05 PSI
EQUIVALENT STRAIN RANGE = .4117E-02 PEAK TEMPERt.TURE = 751.5 DEG. F.
*EAK TEMPERATUerE = 911.2 DEG. F. MEAN RtsPTURE TIME = .1437E+11 HRS.
FATIr4)E LIFE = .250$E+04 CYCLES HOLD TIME PER CYCLE = 240.0 HRS.
DAMAGE PER CYCLE = .39915E-03 DAMAGE PER CYCLE = .16707E-07
3Amar,E FOR 40 CYCLES = .15966E-01 DAMAGE FOR 40 CYCLES = .66827E-06

ACCUMULATED STRAIN LIMITS

DUCTILE RUPTURE GARKISCH
QUANTITY CRITERION CRITERION

.

CRITIC AL LOAD STEP 4 4

mas! MUM PWsNCIPAL STRAIN .9454E-02 9454E-02
Talax! ALITY FACTOR 2.099 2.099

MFTAL TEMPERATURE 802.4 802.4
rpACTURE DUCTILITY 9723E+00
tavIroom EtoesGATION 7644E-01

,

rew rNFD rpFFP-FATIGUF DAMAGE FACTOR PEP CYCLE = .39918E-03
|

"+orgrn rarFp.rAtInUE DAsAcr FACTop ron 4n CYCLES = .15967E-n1
'

hurt!tF puptopr Farion r . Apri&1 r >it

( ,7 % A/F eusCAprisrH r Ar mp e'

i
1

,

|

|
|

|
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t) TABLE A.1

(continued)

A

DAMAGE ASSESSMENT FOR CR8R FIRST-CORE FUEL ASSEMBLY SHIELD BLOCK

STRESS AND STRAIN COMPONENTS FOR ELEMENT 96
|

LOAD TIME / TEMP STRESS / STRAIN COMPONENTS
STEP XX yy xy 22

1 0.00 191440E+05 .254403E+04 .5R2659E+04 161040E+05
751.51 .606958E-03 .391966E-03 .701344E-03 423985E-03

2 0.00 .203789E+05 .275099E+04 .618585E+04 174530E+05
588.11 .785838E-03 648861E-03 .100713E-02 .549186E-03

3 0.00 .252448E+05 366867E+04 758769E+04 .213185E+05
911.23 .164730E-02 181938E-02 .243819E-02 .102138E-02

4 0.00 .213205E+05 .310456E+04 .639498E+04 175705E+05
802.43 109082E-02 .104301E-02 .148965E-02 .662240E-03

.

5 0.00 .163975E+05 .193850E+04 .507721E+04 .142120E+05
819.43 .706591E-04 .318679E-03 .165246E-03 .160974E-03

6 0.00 14780E+05 163143E+04 .347145E+04 918887E+04*

751.51 755441E-03 .802412E-03 .108663E-02 423985E-03

7 0.00 114780E+05 163143E+04 .347145 E +04 918887E+04-

751.51 755441E-03 .802412E-03 .108663E-02 423985EH13

/4t i.t W e 114780E+05 163143E*04 .347145E+04 918897F+o4a

151.51 755441F-03 802412E-03 .108A63E-H2 421995E-H1

4
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TABLE A.2 .r

DAMAGE PROCESSOR
MAXIMUM DAMAGE FACTORS

TYPICAL OUTPUT
-

i

DAMAGE ASSESSMENT FOP rgep FIpgT-CORE FUEL AS$f*P Y SHgr! -

MAXIMUM DAMAGE FACTORS AND LOCATIONS

MAXIMUM FATIGUE DAMAGE FACTOR IS .15966E-01 AT ELEMENT 96

i MAXIMUM CREEP DAMAGE FACTOR IS .11442E-04 AT ELEMEgT 1N

MA*! MUM COMBINED CREEP-FATIGUE DAMAGE FACTOR IS .15967E-01 AT ELE *ENT i=

PAXIMUM DUCTILE RUPTURE FACTOR IS .69172E-01 AT EL EMEN'' F'
A

MAy[ MUM CApr!SCH FACTOR IS .26383E+to AT ELEMENT .h

?

=

! A-6
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TABLE A.3

DAMAGE PROCESSOR c,00RCE DECK LISTING

q
,
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e
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r
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TABLE A.3

(continued) (('

r e r r rC Cr r r C crc'C tr rCCCCrtCrrCCCCCCr.CCCCrCCCCCr tCCCrCCCCCCCCCt Ctr CC C rrr.r c r .r er < 'tr 6
,

'
r e
r ** *' INPUT D AT A REQti!REMENTS **na

r
*

'
r

'
r

r
e I NPeli TO THIS ppar, RAM (ON$!STS of A RERMANENT FILE CONTAINING THE FINIT[

r
r FIFM(NT 50l HTION DAT A SFTS AND A DAT A DECK OF TWO OR MORE C ARDS CONT AIN]Nr- r' INTfrFR AND REAl VARIAetES DFSrR!e!NG THE MODEL AND SOLUTION DATA.

Cr
Cr

r FMF PfAMANfNT F!tE MH$7 et AN ANSYS STRESS FILE (T APE 10) WRITTEN DURING A
r

r STATJr OR NON-lINFAR TRANS!fNT DYNAM!r S0ttlTION RUN, WITH A POST-PROCESSINC C
| e Ar'T I AN OTHFG THAN PO$f? $PfCIFIID. THIS FILE MUST BE ATTACHED AS TAPE 10

e

THE TATDM6 rAHPuTAT]ON. THF roNTENTS OF TAPE 10 MUST BE AS FOLLOWS. Ctrw'

1
f
< 1 THF FIRST DATA Sif MusT DFSrRIBE THE INITI AL STE ADY STATE OF THE C

e MADEt OR THE STEADT STATE AT THE BEGINfJING OF A NEW DUTY CYCLE. C

r /. THIS TATA Sff MI'ST PF IMFFDIATFtT FOLLOWED ET TWO OR MORE DATA
r

r 'FTt DisrR!alNC THF r ATICHE $FQUFNrE OF THE DUTY CYCLE. C

e t. TwF FATIr.DE $FQhfNrf DATA $FTS MUST BE F0tt0WED IMMEDI ATFLY ey r
f TWO AR MACf DATA %fft OfCiR]P!Nr. TH[ CREEP-RFLAXATION Sf30ENCE C

rr oF fpp be tT y rsf r f,

f 4 THf IA$7 rRffP-AftAIAT!rN DATA SET ]$ ASSIBMED TO BE THF END-OF- C

f rTrt F STF 4ht-C T ATE C'ee HT ION DAT A SFT FOR THF MoDFt .
r

r

A f]t F #AFv offRAT!'N wAv DF Nff6fD TA ArHIFVf THIC ORDF R !Ns* AF DATA (ETc.
r
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%- f r Te. A f Yat hwr !wPt If!TI y TRfAT$ THF CDs itT !nN AC !F rRFFF ANh (AT!rhF &as e
41!% 'F8AGAffiT. TMF t!N!TF Fl[MFNT ANAtTCit CHrt re f AF PFAf6&NF6 IN R r

vara rsNt!<TfNT v!Tw tw'r AtruvF-Y ! * N ,
4

s;~t a, -

s ,.; g r e A; f. erse, rrt ?nsst- a.: **. tr. # ge*-se e * ,- .

, !c pi y N Arse t. *at et, ist , ey* eer. t * ,
,

rA&b A !% THf T!TlF CARit. ITS FONTINTC W!t t RF WRITTfN A' m' A e " AH > : '

fEARACTFR% AT THF HEAh 0F EA(H PACE OF PRINTOl'.T.

r rARD P CONTAINS INTEGER AND REAL DATA, RFAD AS F6tt0WS.
I *

r cot ttMNS V ARI apt f DEFINITION
r 1- 6 NFTG NO. OF FATIGUE DATA SETS ON TAPE 10 (!NTFCFri

'

C 7-12 NCRP NO. OF CREEP DATA SETS ON TAPE 10.(INTErrp)
e

r 13-18 NEL NO. OF ELEMENTS IN MODEL (INTEGER)
C 19-24 NPR NO. OF ACTIVE ELEMENTS TO BE ASSESSED f!NTErFG, e

C 25-30 NCYC NO. OF DUTY CYCLES CONSTITUTING THE SERVIrE IIFF
'

'

C (INTEGER)
C 31-42 FLNC IRRADIATION FLUENCE AT END OF DUTv CYCLE IN UN!?!

't '

C- 1.E+22 NEUTRONS /CM2. (REAL) <-

r 43-54 PCRP CONFIDENCE FACTOR FOR STRESS-RUPTURE CAtr.ui.AT!cN '

(DIFFERENCE BETWEEN NOMINAL AND DESIGN RUPTUREC
'

STRENGTH EXPRESSED IN STANDARD DEVIATIONS) (RE Ai ) ;r
r
r CARD C IS OPTIONAL, TO BE INCLUDED ONLY IF NPR IS SMALLER THAN NEL. Cast r

r

C, WHICH MAY BE REPEATED AS NECESSARY, CONTAINS THE NtiMBERS OF THE ACT!vEr '-F r

ELEMENTS IN ASCFNDING ORDER. A TOTAL OF NPR NUMeERS MUST BE PROVIDED.'
| "

C FOGMAT FOR EACH CARD !$ 13!6.
r

.

I

i

!

!
-

! A-8
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TABLE A.3

(Continued)'k
T'

./

O

Crr rf C rt C crc C C CCCf r.C CC CC C CCCC Cerc e rC C Cr.rC crc C C C C C C CCtrCr.Crrr t t C err re,r.r r r. r * r r - *

Ci *

! C

C >>' PROC. RAM OUTPUT **e '

r r

r -

r

r onTPtlY FOR EACH ACTIVE EL EMENT CONSISTS OF A LISTING OF rpIT!r Ai. Sv-recre,
r ST&AINS AND ! TRAIN PANfES Al.ONA WITH ASSOCIATED TEMPERAfslREC AND T!vFC,
r ANfe A t.! STING OF CREEP, F ATICIIE AND Dtir.T ILE RUPTt'AE F ArTAFS. S? cec' AN-
t CTGAIN roFPONENTS AT EACH toAfi STEP AFE LISTED FOG EArH F'FMFNT. v-r ee-
r pare OF OUTPtif rONT AINS THE MAFIMUM DAMACE AND Rt'PTI'AC r Ar nae r ,; -

r M A E' AND THEIR t0 CATIONS.
-

t

*rr**:t errer*rrCrrrrrrrrrrCCrrrer.rerrrrererrr*rtrererc*rrer r r.
*

e:< re *rrr.rrrrrrrrrrr. rrre errrrrrer er errrrrrer rtrerer:rc< .<-.

gas sett - s,.r ar. t a 3,. .

, s t.ct t*, . c ' * *,s- .
* * *1, ,. , ,

r EFa' c.rgs+. r,AfA'

. fan r c. ,v)) Nr c, Nr F P,NEl. ,NF'P,NC yr, F? Nr,F'r PO
e t r r t '. v UAt t;E ? f NFF 2 net

i IF (NPR .EG. 0) NPP 2 net
'

C NO. or DATA SETSi a
NSETS = NFTG + NCRP + 1

I C ( At rip. ATE POINTERS FOR DYN AMIC STAP AGE
LtI6 x 1
LEPS = LSIG + 4eNSETSeNPF

! LTEM * LEPS + GrNSETS NPR
l LTIM a LTEM + NSETS>NPR
| - LNLI : LTIM + NSETS

IDMG z LNI.! + NPR
L AST = LDMG + 2eNrsP

r, CFT SCM TO MINIMUM LENGTH
N a LOCF(A(1))
LENGTH = L AST + N + 2
CALL RFLS(LENGTH)

| C FROCRAM EXECUTION T AKES PL ACE IN SU6POUTINES FIRST AND SECOND.
| C toepoVTINE FIRST PEADS TAPE 10 AND STORES THE DATA IN AppAv5.
| rALL FIRST (A(LSIC),A(LEPS),A(LTEM),AfLTIM),A(LNLI),NSETS,NE' ,Nrc,
| 1 NFTG,NCPP,NCYC,Fl.NC)

C CUPPallTINE SErOND PFpFOPMS A(t DAMACE CAICUtATIONS AND yp!TEc a r ti s. T c ** -

C nelT Ptif .
C At t SECOND (A(LSIC),AttEPS),A(! TEM),AO TIP),AD N !),Ao t'** , Nerve

i , net ,NPP,NFTG,NrGP,Nr_Yr,r Nr,PrGP)
r &i . Fr!T

/ r*AVAT (W Aile),

,d r ** s','M T |5Id,2%i'/,f)
rNe

*

I

! A-9
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TABLE A.3
#

(continued)

,

FitPRal' TINE F IRtf (516MA,EP??N,TFMP,11Mf,NI!?f,N'F1',Nr , sis,Nr' ,

1 NrRP,NCYC,Fthr)
r Tott strepotTINE READS AND STORES THE DA1A ON TAFE1D

DIMENSION W(34),1W(34),5 !6MA(4,N$F TS,NPP),EP$1 N(4,Nf f '',Nf 6 s ,
1 TEMP (NSETS,NPR),T!ME(NSETS),NLIST(NPP)

EQUIVALENCE (IW(1)$)(1))
W

COMMON / TITLE / HEAD (
IF (NPR.LT.NEL) READ (5,98) (NLIST(!),I:1,NPP)
VRITE (6,96) (HEAD (!),I:1,8)

? WRITE (6,94) NS ET S ,N F T G,NC F P, Nr. Y C , f L Nr. ,NPP , Afl
CALL READST (IW,10)
Nx ?
fO4 !=1,NSETS
CAL' READER (!W,N)

,

= WC1)' TIME (1)
v. = 1
00 4 IEL*1,NEL
CALL READER (IW,N)

r stoeE ONtf THE DATA FROM THE ACTIVE ELEMENTS
IF ((NPR .LT. NEL) .AND. (NllST(P) .NE. IEt)) 60 TA 4
TEMP (I,K) = W(10)
DO 3 J r 1 s.

r PECHANICAL S1 AIN 2 EL ASTIR + PL ASTIC + OF!r.IN SH!rt + rpEFp . gyr, :sc
V(445EP$tN(),1,K) * V(10+J) + W(14+J) * Vf1@ * i) + W(??*.') =

.
*

3 SirMAfj,I,K) z W(6+J)
: W(4)S!6MA(4,I,r)

EPSLN(3,I,K) - V(34)FPSLN(3,1,K) *

V=K+1
4 CONTINtlF

E E Tif9N
34 rA& MAT (////16#,'THr ditty Cyre.E It DFFINrD ET ,13,' soAh 'TFcc, is

-

'1ri t.sh).9 THF INITI AL CTE ADY C T AT E,a / /15v,!?, tc Ar. St rPt err!A:s>
?HF raft'lif SErllENrF, ANS*,]3, toad $TrPS DFr!NIN.' Tw[ (Crr. '**

a
re,t, - t r es iF Nr f . THit DAP. AGE AstFSSMrNT le rop ,13,- tr ru mit. .

4 T,sE rNr.-AF-i lr F: / /1 Ar, sr Ac t riteFNir Fos Turs rey m NFN* ;c ,

<rA t, r * 77 NFittf oNc /r> ? f r cf . o.1 q v) . si1Aw, rAvacr acecceers-.

ar egr rk;ytrr for ,'4, r for , t c, r e r vr o.i t 's t ,.r . -r

p 5 .* , ' * 4 ' fluitfsfi#t,4Ah,*

se i~4 d% ' 1 % [J .
=
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TABLE A.3

(continued).,

(UPdoUf !NF SFrnNn (t:6MA,F PS N, T F MP, r !xF ,Ni r. r ,s.w ,u s e. ,se , . . ,
NFf6,NrRP,Nrvr,fiNr,FfsP) .

e

1

f Iwlt %UP40tif !NF PERFORMS At t D AMArF C At fin AY ]r,Ne
#

DIMENSION LOL FTG(2)I(,Pi rRP(4),S tr.MA(4,Ne F is,NF k), f f kP f N' F f",*d b e ,1 E'StN(4,NSETS,NPR TIME (NSF TM),Nt !$7 (NPR I,r.Me t e,New 3,r s .c,
COMMON / TITt.E /HE AD(8)
DAT A LBl CRP/8HPRINCIPA,PHL STRFSC, AHSTRFCC I,4HN T. N'I f v t,

1 L DL F TC /10HT QUIVM ENT,1flHP6 f Nr. I P Al /
iFEN s NSETS - NCRP
IFST = IFEN - NrTG + 1
IFEN1 = IFEN - 1
ICST IFEN + 1

r INITIAL!lE PEAv. t.AMAGF VAtOFS AND |OCAtloN T AT S
FATDAM = 0.0
CRPDAM = 0.0
IvihAM * O.0
RtIPhtlC s O.O
HANCAR = 0.0
IELFAT =0
IELrRp e
IELTOT =0
IELRUP = fe
IEt. GAR = 0

rat rest ATE DAMArE FnR ALL ArTIVf F8FMENT!.

00 60 N21,NPR
IFt = N
IF INPR .L T . NEl. ) IEL : N!ICT(N)

| r F Af f r.IIE DAMACE T At fits ATION
11 CYMTN : 1.E50

FPFTc 0,0
IFfC r ()
#FTC 40

t FTT a t'

TFTd : 16.16
*-ArrN at . F AT J(teF r yre rt Tr r ] Nr> P.i.$ r f AM Ar t y' SidA!N 4 AVI

f-n 14 ftIFCT,IFFN1,

*e1 ; . 1

'in 14 e-fr1,[FFN
r.r. 1' *1,L

1s g r- i s s - r : t N r s ,1, N ) - ria s . ,u,'1
* **r . t s * '.*e ' T 416 r 1C n. * ? > r t as G 9 % i*

< .t: r'1 . tr,.

.r.is s. ' .. e. .
.

. ..

EP/ AR$(0C ..R)
EP3 : ARS(EP(43)
EPPR = AMAR1(EP1,EP2,EP3)

r r At (tJt ATE EQUIVALENT STR AIN R AN6F
EPEQ = SQRT(3.aRR$*2 + (OC-EP(4)):<-?)/1.5

C PIrv. LARGER OF Two STRAIN RANCES
BIG = EPEQ
L=1
IF (elG .GE. EPPR) GO TO 13
O!G = EPPR
L=2,

| 13 TIJ = AMAX1(TEMP (I,N) TEMP (),N)),
' C DESIGN FATICUE LIFE COMES FROM FTCLIF FilNCTION

CTIJ = FTGLIF(BIG,TIJ,FLNr)
IF (CTMIN .LE. CTIJ) 60 TO 14 *

r IF THIS IS WORST CASE SO FAR, RESET F AT!riiE LIFE, STRAIN R ANrE ANf Pr!N'Faf.
CTMIN = CYIJ
FPFTG = SIG

| IrTG = I
~ JFTG = J
|

!

O
,

i'
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TABLE A.3 .i

(continued)

LFTG z L 3

TFTG = tis
14 CONTINUE

C CA'.CLLATE FATIGUE DAMAGE (PER CYCLE ANh TOTAL) FOR THIS ElEM:NT.
FDPC * 1. / CYMIN
FDLFTM = FDPC * FLOAT (NCYC)
IF (F ATDAM .GE. FDL FTM) G0 TO 21

C IF THIS ELEMENT IS WORST SO F AR, RESET PEAK DAMAGE VAulF AND tor ATION TE?.
FATDAM 3 FDLFTM
IFLFAT = IEL

C rRFEP DAMAGE CALCULATION
r INITIAlilE STRESSES AND MEAN RHPTURE T'ME

P1 HIS! = 0.0
0.0HISM 3

TrkP s O.h
Do 22 I:! CST,NCFTS

CIGMA(2,I N))( C i r,M A ( 1,1, N )0.5 *nr :
(0.25 (S IrM A(1,1,N) * I6M A (5, I,N) ) ; ' 2 + C !i. A ,i,h'V

SGWTpp +
rAsrotAf( Pp[Nr[PAi NA A V At CTGFSCFe ANfi CFifrf 1. AC r i t i V Al .isc

C1 - APS(Ar + RR)
c/ - AAC f 0f - PP)

An t f 0 f (P A f 4, f ,Ni lc4

A.Ay1rC1,t/,*'s,

r..g ,,t, gree n a. g g 's..'ne'.As f ? f F'

AMAX1(HISM,$M)HISM :
r (At(pgATF PR]NC[ pat $TRESC DIFF(R(NrFC ANfi SFlFri 1 AsrF',? 'A'**f

RR - SIGMA (4,I,N)S1 : OC *
S2 = RR * RR
S3 * ABS ($1 - $2)

,

S1 = ABS ($1)
SI = AMAX1(S1,S2,53)

e SAvf HIGHEST STRESS INTENSITY
HISI * AMAX1 (HISI,$I) *

C CAVE HIGHEST TEMPERATURE
TIJ = TEMP (I,N)
TCRP = AMAX1 (TIJ, TrRP )

C DAMAGE RATE IS INVERSE OF RUPTURE TIME, OSTAINED FROM RUPTIM FuNrTIAN
* 1 / RUPTIM ( $1, TI), FLNC, PCRP )DMG(1,I-IFEN)

1. / RUPTIM ( SM, TIJ, FLNC, PCRP )22 DMG(2,I-IFEN) 2

DGI 0.0 ~

DGM = 0.0
r INTEGRATE DAMAGE RATE BY TRA EIOIDAL PLRE TO 00TAIN DAMAGE

DO 23 I:2,NCRP
DELT = TIME (IFEN*I) - TIP ,* (I FEN +1-1)
IF (DELT .LE. 0.0) 60 TO -'O

DMG(1,1-1 ) )DGI DGI + 0.5 2 DELT * DMG(1,1) +

23 DGM = DGM + 0.5 * DEL T * (DMc(2,1) DMG(2,1-1))+

C S(IEri HIGHER OF TWO DAMAGE VALUES AND SET TAG.
CDPC * DGM
L=1
STRESS * HISM
IF ( DGM .GE. DGI ) GO TO 24
STRFSS * HIS!
L*3
CDPC = DGI

r4 TH0t b * TIME (NSFTS) - TIME (ICST)
TOPP = THot D / CDPr
CDt F TP = Cf0C Ft0AT(NrTC)

, IF f r RPD A.v. ; G E . C f.t. F t re) Go To 11
r *f THIS It Wr.RCT F1(M[NT Cr FAR, C A''$ f, AVA(F V As pf Avs RfC[t e3*,

I R C fi AM 'f t F TM
IFi rsf- - Iri

&

A-12 y
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. TABLE A.3

(continued)
L

c !Nrt. tr.yArF r At rip AY }.-N
' ? *e A ' r Je rstRAr+iATFr. i tNrag , te i t .:; f ri pr r. m * * , . . * t- -

* - n. t ratt, r.A:. r raai c ec ;A, ..r Aren. r .r >- a n- -
,

5 ** < 1 e ri r s ftr* s satoatteseetan
_

r- er 'frir ) *tettteeteatta.
,

f* * F ?e 1111 1

TNFTM F 0A1(N(vrl T r.f r
IF (TATDAM .rE , Trit F TM) (A f4 41
TAfDAM z foiFTM
IELT07 = IFL

r DUCT!tE RUPTtlRE FACTOR
r C AL COL ATE STR AIN INCREMENT FOR NrY( Dtif f rvfl EC

41 00 42 K 1,4
9,42 EP(K) = (EP?tN(K,NSETS,N) - EPS1N'r,1,N)) Fi r'AfrNrvr -

C INITIALIFE PEAK VAltiE AND TAGS
EPMFR = 0.0

IEPFR = 0
EPFRAC = 0.0
TRFACF = 1.0
RUPFAC = 0.0
TMPRUP = 0.0
EFELNG = 0.0
EPMr! = 0.0
IEPPI = 0
TRFACI = 1.0
cARFAC = 0.n
'MPtNG = 0.0

r FrREFN ALL LOAD STEPS FOR HICHEST RUPTilRE FACTOR AND CARVIErr rAPTOs
DO 44 !=1,NSETS

C rAl.CULATE SUM OF PRINCIPAL STRESSES AND EQUIVALENT STRESS
SIGMA (4,I N).S!CMA(2,I,N)SIGM4(1 *

S QR T (0.5 *I,N)( ( S I GM A ( 1,1, N ,5 -S I CF A ( 2, I , N ) ) - a h * 6$ 1rF A (.',1,N J ?
SM 2 +

SI
1+(SIGMA (1,1,N)-SIGMA (4,1,N))*c2*(SIGMA (2,],N)-SICM4(4,I,N1)2 ?){

C ( AL CLR ATE TRI AXI ALITY FACTOR. TF IS AlvAYS TAvEN TO FE At i EA'? ' . ' .
TF 1

* IF (Si .NE. 0.0) TF 2 SM / Si
r rAtrlH. ATE MAXIMhM PRjNC[PA( STRAIN

+ EP(1)EPr EPSI N(1,1,N)
EP(2)EPSLNf2,I,N)FPY = +

+ EP(3)EPSLNf3,I,N)Cry :

* EP(4)FPI * EP$1N(4,!,N)
car - II.S ( EFF * EPY )

sert ( ( Err - Er'') '? + ryv ?)- :& - 0.5 s .

EP! - nr * Rp
rrr - AMArt ( EPI, EPl )
v ' .' - T E vF-( I , N )

' A r .4 ; % t c Ar ipRr r.vir T fi [T y rgo*FPFylN ri sNr T I AN
fi f tN T[: 61 N' ;

r v r r .' . ti .; r r A c e e
r. '

,

avr ve
.< '.eet r r.c. . 4- s u s su, '. . *

C OSTAIN UNIFORM ELONGATION FROM ELUNIF FUNCTION
EPINS = ELUNIF (TIJ,FLNC)

C CALCULATE GARKISCM FACTOR

FHG = AMAX1(EPI,0.0)IF (RUPFAC .GE. DAF ) GO TO 43 ,1.0)
* AMAx1(TF / EPINS

C IF WORST CONDITION, RESET VALUES AND TAGS
EPMFR = EPI
IEPFR = I
EPFRAC = EPLIM
TRFACF = TF
RUPFAC = DRF
TMPRUP = T!J

43 IF (GARFAC .GE. FHG) GO TO 44

4
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TABLE A.3

(continued)

EPMPI = EP! j
IEPPI = I
EPELNG = EPINS
TRFACI = TF
GARFAC = FHG
TMPLNG = TIJ

44 CONTINUE ,
C IF WORST LOCATION, RESET VALUES AND TAGS

IF (HANGAR .GE. GARFAC) GO TO 45
HANGAR = GARFAC
IELGAR = IEL

45 IF (RUPDUC .GE. RUPFAC) CO TO 51
'

RUPDUC = RUPFAC
IELRUP = IEL

ETC.C PRINT CALCULATED DAMAGE FACTORS
51 WRITE (6,96) (HEAD (I),1=1,8I

LRITE (6,101) IEL LBLCRP(L),LBLCRP(L+1),IFTG,JFTG, STRESS,
WRITE (6,102) LBLFTG(LFTS)fFTG,TRUP,CYMIN,THOLD,FDPC,CDPC,NCYC,LBLFTG(LFTG),EPFTG,T;RP,1

2 FDLFTM NCYC,CDLFTM
WRITE (6',103) IEPFR,IEPPI,EPMrR,EPMPI,TRFACF,TRFACI,TMPRUP,TMPLNG,

1 CPFRAC,EPELNG
WRITE (6,104) TDPC,NC1C,TDLFTM,RUPFAC,GARFAC

C Pe!NT STRESSES AND STRA!NS
WRITE (6,96) (HEAR (!),I=1,6)
dRITE (6 130) IEL
DO 60 !=I NSET';

t ) rFMP(I,N),WRITE (6,I31) (FP$lN(.9,1,N),D1,4$ ,N),n ,4 ,I,T!ME(!),(SIGMA (J I
1

w rrNilunF
w ost.rA y Damar,F rArtop$ ann inrATInNC,er+;NTe

WRITE (6,9ti) (HEAD (I),I=1,8)
WRITE (6,111) F AT D AM,I EL F AT ,C RPD AM, I E L C RP, T O T D AM, I L L TOT , RUPDUC ,

1 IELRUP, HANGAR,IELGAR
RETURN

C ERROR MESSAGE FOR ZERO OR NEGATIVE TIME INLREMENT.
70 WRITE (6 120) (TIME (J),J=IC$T,NSETS)
95 FORMAT (THO,16X 8A10)
96 FORMAT (1H1////I6X,8A10)

101 FORMAT (///31X,* DAMAGE AND STRAIN LIMIT ASSESSMENT FOR ELEMENT *, *

1 I4)
102 FORMAT (/26X,* FATIGUE DAMAGE *,33X,* CREEP DAMAGEv//16X A10,* STRAIN

1 IS CRITIC AL*,17X,2 A8,* IS CRITIC AL*/16X,*BETWEEN LOAb STEPS *,13,*
2 AND*,13 18X,* PEAK STRESS **,E11.5 * PSI /16X,A10 * STRAIN RANGE =
3*,E10.6,$1X * PEAK TEMPERATURF =*,'Ff.1,* DEG. F.*/I6X,* PEAK TEMPERA

1 EAN RUPTURE TIME =*,E10.6,* HRS.*/
4TURE=*,F7.i,*DEG.F.*6.3X,
6F7.$* HRS.*/16X,*DAMAGEP(* CYCLES *,15X*HOLDTIMEPERCYCLE=*k

-516X * FATIGUE LIFE =*,E1 4
R CYCLE =*,E15.5 17X * DAMAGE PER CYCL

7=*,EI1.5/16X,*DAMAGEFOR*,I4,* CYCLES =*,E1I.5,i2X,*DAMAGEFOR*,I4
8,* CYCLES =*,E11.5)

*ACCtmutATED STRAIN LIMITS *//56X * DUCTILE RUPTURE *,
103 FORMAT ( / / / 43X ,37X, * QU ANT IT Y * ,14X , * CR IT ER ION *,14 X, * C R I T ER ION * / /2 7X112X,*GARKISCH+/

2,* CRITICAL LOAD STEP *,2123/21X,*MAXIPUM PRINCIPAL STRAIN *,2r23,4/
* METAL TEMPERATURE *,2F23.1/27X

321X,*TRIAXIALITY FACTOR *,2F23.3/28X, FORM ELONGATION *,23X,E23.4)4,* FRACTURE DUCTILITY *,E23.4/27X,* UNI
104 FORMAT (////29X,*COPEINED CREEP-FATIGUE DAMAGE FACTOR PER CYCLE **

1,E '.1. 5 / /24 X Cope!NED CREEP-FATIGUE DAMAGE FACTOR FOR*,14,* CYCLES
2=*,E11.5//$*31,*DUCTILERUPTUREFACTOR=*,E11.5//60X,*GARKISCHFAC
3T0R =*,E11.5)

110 FORMAT (///38X,*P'AXIMM DAMAGE FACTORS AND LOCATIONS *///27X * MAXIM14//28X,*MkXIMUM
2CREEPDAMAGEFACTORIS*,E11.$,11.5,*ATELEMENT*$9X,*MAXIMUMCOMBI10M FATIGUE DAMAGE FACTOR IS* E* AT ELEMENT *,14//

E11.5,* AT ELEMENT *,I4//26X,*M
3NEDCREEP-FAT!GUEDAMAGEFACTORIS*II.5,*ATELEMENT*,14//30X,* man44XIMUM DUCTILE RUPTUNE FACTOR IS*,E
SIMUM GARKISCH FACTOR IS*,E11.5,* AT ELEMENT *,14)

iM FORMAT f//13X,* INPUT DATA ERROR--CREEP ttME STEP IS NEGAT!vF--CAtr
itRATION TERMINATED--CREEP TIMES ARE*//16E (8F10.2))

(//343,* STRESS AND STPAIN COMPONENIS FOR FLEMENT*,14///16r,1 E ropwAT
TIME / TEMP *,22N,* STRESS / STRAIN COMPONENTS 6/16X,* STEP ,2tX,1 i ^Ah

trrr ,isv,*vy*,14r e f+,14r,*I?+)
**1 roovat e r 1 Ar ,; t, r h ./ ,4 F 16.6 /19 7, F 1 ? .2,4F 16.6, ,

ers n
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A*

; . TAB:.E A.3 (Cont)
i .

'J

:!

t

$UER007INE READER (Lt ,N)
DIMENSION Lt (1),NBt.0CE f 68 8')
DAT4 NT,r.LK$ 17,Nr.0Lv,N INEt.M,N F6( r /1f8,6tV ,H,fs,1/
W4-NC9tr
GO TO 10
ENTRT READ 57
NT=IAES(N)
NINPLK:0
NFELKal
NCBLK*O
VtK51Za6CO
RETURN*

4
*

10 IF ((MM+2).LE. NINBLK) GO TO 12
IF ((NBLOCK(MM).LT.0) .AND. (MM GT.0)) GO 70 14
IF (NFBLK .GT. 01 RFWIND NT, .

READ (NT)
IN,14,13(NOLOCK(I),I:1,1X)3r (EOF (NT))

14 N -1
RETU#N

; 13 NFBLKa -1
NihPLK INt

MM = 0
- 1? MM z MM + 1

N = NBLOCv,(MM)
e f$ 11 } s 1,N

MM = MM + 1

k' 11 LL(!) : N9L0er(MM)
MM = MM + 1
N(SLP r MM
FFTues
F Nf'

I

4
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TABLE A.4

MATERIAL DATA PACKAGE FOR SA 316 SS

SOURCE DECK LISTING ,

FUNCTION FTGLIF (DELEP, TEMP, FLUENf) *

]

C FTGLIF ~~ "TES DESIGN FATIGUE LIFE FOR SA316*.$, USING UNIVERSAt $(OPFS
C CORRELATION -aD 2-20 REDUCTION AULE'
C

C DEFINITION OF TERMS
? C DELEP = STRAIN RANGE (INPUT ) *

C TEMP = METAL TEMPERATURE IN DEG. F. (INPUT)
C FLUENC = FAST FLUENCE IN E22 N/CM2 (INPUT)
C FTGLIF = FATIGUE LIFE IN CTCLES (OUTPUT)
C

C FLWCTION EPFMIN (TEMP,FLUENC) IS EATERNAL TO THIS PROGRAM AND MUST BE SUPPLIED
C AS A PART Of 'HE MATERIAL PROPERTY PACKAGE C

*

C ,

C '

C CALCULATE TRUF FRACTURE STRAINS FOR IRRADIATED AND UNIRRADIATED MATERIAC.
EPFI = EPFMIN (TEMP,FLUENC)
EPFU = EPFMIN (TEhp,0.0)

C COEFFICIENT FOR PLASTIC STRAIN TERM -

A= (EPFU**(-0.4)) * EPFI
C FOR TEMPERATURES LESS THAN 800 F, USE 800 F DATA.

T = AMAX1(TEMP,000.)
E = 28336690. - T * (2882.211 + Ta(3.697849 .0007709188*T) ')
U=( ( (.8634445E-07*T .3247471E-03)ai + .3678569 ) *T

1 - 161.4171 ) * T + 100220.3 -

C COEFFICIENT FOR ELASTIC STRAIN TERM
8 = 3.5 * U / E

C SET MINIMUM STRAIN VALUE TO AVOID OSTAINING INFINITE FATIGUE LIFE.
Y = AMAX1(DELEP,5.E-04) *

C DEFINE COEFFICIENTS FOR NEWTCN EXTRAPOLATION METHOD.
0 = Y/9 9
R = 5.*A/B

C CALCULATE INITIAL VALUE OF XI.
XI = 0 * ( 0.8 + 0.2/(R*c2*4 + 1.) )

C CAtClfLATE Dr.
,

1 Dr = 0.2 * x! + (0.8+x! - 0)/(Rexlse4 + 1.)
C (ALCULATE NEW VALUE OF x!.

y1 = y1 - Dr
C TEST FOR CONVERGENCE.

IF ( A95(Dx/YI) .GE. 1.E-04 ) GO TO 1
rasrietATE FATICHE LIFE F0p t!FE FArTOR OF 20.

Ft1 = n.t6 + XI**(-8.3 333333333 353)
, r #srFAT 4EWTON Extp APOL ATION FOR STRAIN FACTOR OF 2. s

v.y * v
Q=Q+Q

*x) = 0 * ( 0.8 + 0.2/(R*Q**4 + 1.)) .

2 Dx = 0.2 * *J + (0.8*XJ - Q)/(R'XJa*4 - 1
*

XJ = XJ - DX.
*

IF ( ABS (0x/xJ) .GE. 1.E-04 ) 60 TO 2
rt? = NJa*(-8.3333333333333)'

C SELECT SMALLER VALUE OF FATIGUE LIFE AS OUTPUT Vf UE.
FTGLIF = AMIN 1(FL1,FL2)
RETURN
END

i >

/
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TABLE A.4

(continued)s

.

FUNCTION EPFMIN(T,F)
r

I C EPFMIN CALCULATFS MINIMUM FRACTURE DurTILITY Fr.R cA316Ci Fpec An Evr p e a-
C CORRELATION DEVLLOPED BT GE
C

C DEFINITION OF TERMS
C T = TEMPERATURE IN DEG F
C F IRRADIATION FLUENCE IN 1.E22 N/(M2
C EPFMIN a MINIMUM FRACTURC DUCTILITY
C

C DIVIDE TEMPERATURE B' 1000
TT = T * .001

C FOR TEMPERATURES LESS THAN 800 F, USE 860 F DATA
TT a AMAX1(TT,.8)

C rALCOLATE THRESHHOLD FLUENCE FOR REDUCTIO * OF Dutitt!Tv
F0 = 1.4 - TT
IF (T .GT. 12CO.) F0 = TT - 1.0

r CAlrtt ATE MINIMUM DUCTILITY FOR UNIRRADIATED MATERIAL
EF0 m 45 / (SQRT(TT) * (TTao3))
IF ( T .GT. 1000.) EPO * EP0/(TT**2)
IF (F .LE. FO) GOTO1 .

r IF FtHENCE EXCEED 3 THRESH 90LD rs.uCNCE, APPLY FOf fit ;TY G E f>ur ? ! * N rar'';
!! - TT ' 7

| EPO z EPO * ((F/F0)*all)
1 EFFMIN 2 EPO

RE7UAN
Fett.

.

FUNCTION RUPTIM(SIGMA, TEMP,FLUENC, CONF)
r '

I r RDPT!M CatCI'LATES DESIGN RUPTURE TIME FOR SA3165t, USINr AN EMP!E l r M F:1
- 6 C to EXPERIMENTAL DATA FROM HEDL.

'

r. DEFINITION OF TERMS
(7 r TEMP--METAL TEMPERATUnE IN DEG. F.

r SIGMA--CRITICAL STRESS IN PS!
r FLUENC*-F UENCE IN 1.E*22 NEUTRONS /CM2-

C CONF--CONFIDENCE FACTOR ON RUPTURE TIME
r r

r' rAirUtATE 57PENGTH REDUCTION FACTOR FOR SODIUM EXPOSURE
*

ALPHA = 1270. - 0.3* TEMP
AL PHA n AMIN 1(ALPHA,1000.)

r C Ai rDt. A1E AU6 MENT ED STRESS INCLUDING SOD!l>M EXPOSURE Fai. sOR
Sz AM Ax 1 ( $ 16M A,1000. ) / AL PH A

C FOR TEMPERATURES LESS THAN 800 F, USE 800 F DATA
T * AMAt1(TEMP,6CO.)
BETA = At0G10(S)

r FIRST CALCULATE LARSON-MILLER PARAMETER FOR UNIRRADIATEh MATERIAL
01 * 49950. -(520.* CONF + EETA*(5270. + 2795.seETA)) ,

IF (FLUENC .GT. 0.) GO TO 1 l

r If FtHENCE IS ZERO, USE UN!RRADIATFD DATA FOR RUPTURE TIME |

02 Y Q1 '

r,n ' 2
r IF Ft OE_ .c IS CREATER THAN lERO CALCUL ATE (MP USING IRR ADI ATED ^^T A ,

'

1 47 8 54(84. -(990.* CONF +1$353.'GETA
'

1111.c At on10(FLUENr )) |*

* ntF SMAttFR VAIVE Of LMP TO CALCD'. RTE RUPTilRE T!ME |
|460.)A.'t!N1 (ul , J2 ) / ( TJ 'I * -20 * *

AnVit" s 10 'll
Ias?ncu
IF Nf* a

I
,

'

| a

i
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*TABLE A.4

(continued)

.

FUNCTION Et.liN!F (TEMP,rLUENC)
f
C ELUN!F C A'. CLt ATES MINIMUM TRUE L'Nf f ORN ELONGATION FOR SA316SS, U$jNC A
C CORREL AT ION DEVELOPE ( 87 CE.
f-
C DEFINITION OF TERMS -

C TEMP = TEMPERATURE IN DEG F
C FLUENC = IRRADIATION FLUENCE (FAST) IN 1.E22 N/CM2
f Et,UN I F r MINIMUM TRUE UNIFORM ELONGATION
C

FOR TEMPER ATURES LESS THAN 800 F, USE 8CC F DAT Ar

T = AMAX1(TEMP,600.) .

-

f CA'. cot. ATE ENr.INEERING UNIFORM ELONGATION FOR UNIRRADIATED Ma:E R ! st , ,nc INc
C P0tTNOMjAL CORRELATION FOR BAR STOCK FROM NSM HAND 000K.

EU = ((t((((((.6172085E-29*T .6840613E-25)*T+.2987206E-21)'T -

1 .694287E-18)*T+.960199E-15)aT .8284638E-12)eT+.45249?EH 4.''T -

2 1554308E-6612T+.3283548E-04)*T .004073204)37 + .4965563
r IF FLUENCE IS ABOVE THRESHOLD VALUE OF 0.1, APPLY IRRADIATION 'CORREf.t:.A.

IF (FLUENC .LE. 0.1) 60 TO 1
EH = El' / (10. * FLUENC)

r r At rett A TE TRUE STR AIN VALUE FROM enc!NEERINf. STR AIN Y A' UF..
*1 FLONIF - AI,0C(1 + (U) ,

RFThaN d
r N *:

S

.

,

h

b
i
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TABLE A.5

MATERIAL DATA PACKAGE FOR CW-316-SS

$ SOURCE DECK LISTING

f

FUNCTION FTGLIF (DELEP, TEMP, FLUENC)

C FTGLIF CALCULATES DESIGN FATIGUE LIFE FOR CW316SS, VSING UNIVERSAL SLOPES
C CORRELATION AND 2-20 REDUCTION RULE
C

C DEFINITION OF TERHS
C DELEP = STRAIN RANGE (IhPUT )
C TEMP = METAL TEMPERATURE IN DEG. F. (INPUT)
C FLUENC = FAST FLUENCE IN E22 N/CH2 (INPUT)
C FTCLIF = FATIGUE LIFE IN CYCLES (OUTPUT)
C

C FLNCTICN EPFMIN (T E v.?,F LL U4 C ) IS EXTERNAL TO THIS FPCGRAM AND MUST DE SUPPLIED
C AS A N RT CF Tf! UATERIAL FSOPERTY PACKAGE C
C
C

C C#LCULATE Tr:UE FRACTURE STP.LIh5 FOR IRRADIATED AhD LNIRRADIATED MATESIAL.
EPFI = EPFl:IN (T EVP, FLUE!!C )
Eifu e EPFMIN (1 E MP,0,0 )

C COEFFICIENT FCR PLASTIC STRAIN TERM
A = (EPFU** (-0. A )) * EPFI

C FOR TEMPERATURES LESS THAN EOO F, USE B00 F DATA.
T = AMAX1 (TEMP,800.)
E = 2 9336690. - T * (2882.211 + T*(3.697849 .0007/09188*T) )
U = 78918. + T * (36.854 .047012 * T)

C COEFFICIENT FOR ELASTIC STRAIN TERM
B = 3.5 * U / E

C TET MINIMUM STRAIN VALUE TO AVOID 00TAINING INFINITE FATIGUE LIFE.
Y = A KAX1 (D EL EP,5.E-04 )

C DEFINE COEFFICIENTS FOR NEWTON EXTRAPOLATION METHOD.
he Q = Y/8

R = 5.**/0
' (? C CALCULATE INITIAL VALUE OF XI.

XI = 0 * ( 0.8 + 0.2 / (R *Q * *4 + 1.) )
C CALCULATE DX.

1 DX = 0.2 * XI + (0.8 XI - Q)/ (R*XI**4 + 1.)
C CALCUL ATE NEW VALUE OF XI.~

XI = XI - DX
C TEST FOR CONVE.lCENCE.

IF ( ABS (DX/X;) .GE. 1.E-04 ) GO TO 1
CALCULATE FATIGUE LIFE FOR LIFE FACTOR OF 20.

FL1 = 0.05 * 31**(-8.3333333333333)
C REPEAT NEWTON EXTAAPOLATION FOR STRAIN FACTOR OF 2.

Y s Y+Y
0eo+o
XJ = 0 * ( 0.8 + 0.2/(R*0**i. + 1. ))

2 DX 0.? * XJ + (0.5eXJ - C)/ (2 *XJ ** 4 + 1.):

XJ = XJ - DX
IF ( AUS CCX/XJ) .CE. 1.E-C4 ) 00 T0 2
FL2 = /J **(-3.3333333333333)

C SELECT E.~. ALLER VALUE OF F ATICUE LIFE AS CUTPUT VALUE.
FTGLIF = An!N1(FL1,FL2)
RETUk4
END

+
,
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TABLE A.5

(continued) jf

FUNCTION RUPTIM (SGPRNC,TF,FLNC,0UMMY) g
FREAL LMP

DIMENS ION AHAT (2 ),XB A R (2 ),$ IGX (2 ), CORREL (2 ), A (4 ),8 (4 ),C (4),
1 XB R (4 ) ,X S IG (4 ) ,N (4 ) ,S T D E R R (4 ),C OR (4 ),T ST AT (4 ) ,T OL F C T (4 ),
1 AX (2 ),8X (2 ),XBR2 (4 ),X51G2 (4 ),COR2 (4 )

DATA ( A (J ),J =1,4 ) / S ee26.0,35 5 99.0,64292.0,442 70.0
1 / ,(B (J ),J =1,4 )/0.0,6.9413,0.0,2.294 7
2 / , (C (J ),J S1,4 ) /-6135.8,-263 7.0,-7 762.1,-3040.0
3 / , (XBR (J ),J =1,4 )/0.0,1760.0,0.0,1823.6
4 / ,(XBR2 (J ),J =1,4 )/3.6200,2.8154,3.9666,2.3714
5 / (XSIG(J ),J s1,4 )/0.0,92.195,0.0,48.105
6 / ,(XS'G2 (J ),J =1,4)/0.38416,0.23989,0.24960,0.37468
7 / ,(N (J ),J =1,4 )/ 85,10,3 7,11
8 / ,(STDE RR (J ) ,J =1,4 )/300.84,199.2 8,469.89,308.97
1 / ,(COR (J ),J =1,4 ) / 4 *1.0/ ,(COR2 (J ),J =1,4)/ 4 *1.0
7. / .(TST AT (J ),J =1,4 )/1.989,2.026,2.032,2.306

/ , ( A X (K ),K =1,2 )/ 763.959,69.4056

S / , t9 X (K ),K =1,2 )/-1.9839E-03,-4.8595 E-04 /
C

C THIS COP'PUTES TIME TO RUPTURE (HR) FOR 20 PCT CW 316
C HODEL * * LMP= A +0 *T R +C *LN (S IG)
C $1G=NAA PRINCIPAL CTRESS (<SI) OR STRESS INTENSITY (KSI)
C TR= TEMP (DEC R)
C TRANSITION GIVEN BY ** SIGT=AX*EXP(BX/TR)
C POST TRANSITION IF SIG.LT.SIGT (BRITTLE RUPTURE)
C J z1 FOR UN-IAR, PRE-TRANSITION
C Js2 FOR UN-!RR, POST-TRANSITION
C J=3 FOR IRR, PRE-TRANSITION
C J=4 FOR IRR, POST-TRANSITION
C ENTEPED WITH****
C TF=T[MPERATURE IN DEG. F.
C SGPRNCrEAX PRINCIPAL STRESS OR STRESS INTENSITY (PSI)
C ICO = 1 FOR UN-IRR,No SODIUM
C =2 FOR IRR.,No SODIUM as

C 83 FOR UN-IRR,IN SODIUM
C =4 FOR IRR., IN SODIUM y'
C RETURN $ ****
C RUPTIMrLOWER VALUE RUPTURE TIME FOR 2-STD.DEVI AT10N CONFIDENCE BAND
C GET TEMP (DEG R) AND STRESS (KSI)

TR=TF+4to.0
-

SIG = SGPRNC * 0.001
S IG = AMAX1 ($ 1G,1.0)

C SELECT CONSTANTS
ICOND = 3
IF ( FLNC .GT. 0.0s ICOND = 4
J 81
K =1
I F (ICOND .E Q .2.0R . ICOND .EQ .4 )J r3
IF(ICOND.EQ.2.OR.!COND.EQ.4)K=2
S IGT = A X (K ) * E XP (B X (K ) *T R )
IF (S IG.LT .S IGT )J rJ +1

(B (J ) - ALOG10 (4.0))* TR + C (J ) * ALOG(SIG)LMP = A (J ) +
XHAT(1)=TR
Xe A R (1 ) =XB R (J )
S IGX (1 ) =X S IG sJ )
COR R EL (1 )=COR (J )
XHA T (2 ) = ALOG (S IG)
XB A R (2 )= XB R2 (J )
S IGX (2 ) =XS IG2 (J )
C OR REL (2 ) =COR2 (J )
CFACT = CNFLIM (2,N (J ),XHA T ,XB A R ,51GX ,$T DE RR (J ), CORREL ,TST AT (J ))

((LMP - CFACT)/TR - 20.))E X P ( ALOG (10. )RUPTIM = *

RETURN
END I

~
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TABLE A.5

- s]
(continued)

,

G

FUNCTION EPFMIN(T,F)
C

C EPFMIN CALCULATES MINIMUM FRACTURE DUCTILITY FOR CW316SS FROM AN EMPIRICAL
C CORRELATION DFVELOPED BY GE
C
C DEFINITION OF TERMS
C T = TEMPERATURE IN DEG F
C F = IRRADIATION FLUENCE IN 1.E22 N/CM2
C EPFMIN = MINIMUM FRACTURE DUCTILITY
C

C DIVIDE TEMPERATURE BY 1000
| TT = T * .001

C FOR TEMPERATURES LESS THAN 800 F, USE 800 F DATA
TT = AMAX1 CTT,.8)

C CALCULATE THRESHHOLD FLUENCE FOR REDUCTION OF DUCTILITY
F0 = 1.4 - TT
IF (T .GT. 1200.) F0 = TT - 1.0

C CALCULATE MINIMUM DUCTILITY FOR UNIRRADIATED MATERIAL
EPO = .45 / (SQRT(TT) * (TT * *3 ) )
IF ( T .GT . 1000. ) EPO = EP0/ (TT**2)
IF (F .LE. FO) GOTO1

C IF FLUENCE EXCEEDS THRESHHOLD FLUENCE, APPLY DUCTILITY REDUCTION FACTOR
ZZ = TT - 1.7
EPO = EPO * ((F/FO)**ZZ)

1 EPFMIN = EPO
RETURN
END

h

%
|

|

() FUNCT5ONELUNIF (T EMP,FLUENC ) -

C ELUNIF CALCULATES MINIMUM TRUE UNIFORM ELONGATION FOR CW31625, USING A
C CORRELATION DEVELOPED BY HEDL FOR FIRST-CORE STEEL. 1

( C !

1 C DEFINITION OF TERMS
'

| C TEMP = TEMPERATURE IN DFG F ,

C FLUENC = IRRADIATIOP FLUENCE (FAST) IN 1.E22 N/CM2
C ELUNIF MINIMUM TRUE UNIFORM ELONGATION 1'
C
C FOR TEMPERATURES LESS THAN B00 F, USE 800 F DATA

T = AMAX1(TEMP,800.)
C C ALCUL ATE ENGINEERING UNIFORM ELONGATION, USING POLYNOMI AL CORRELATION

(.00010857 + T * (.93846E-07 .17995E-00*T) )EU = .12854 + T *
I

C CALCULATE TRUE STRAIN VALUE FROM ENGINEERING STRAIN VALUE.
1 ELUNIF = ALOG(1. + EU)

RETURN
END

l

|

! $,

b
~*
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TABLE A.5 '

(continued)

r-

V

FUNCTION CNFLIM (M ,N ,XHAT ,x8 A R ,S IGX ,$ E E ,C OR R EL ,T S T AT )
DIMENSION XHAT (M),xBAR(M),5 IGX (M), CORREL (M)

C THIS COMPUTES CONFIDENCE BAND AND TOLERENCE BAND ABOUT MULTI-LINEAR
C REGRESSION EQUATION
C ENTERED WITH FOLLOWING VARIABLES ** *

C MrNUMBER OF INDEPENDANT VARIABLES IN MODEL
C NzNUMBER OF DATA POINTS USED IN 00TAINING MODEL
C XHAT(1)=VALUE OF I-TH INDEPENDANT VARIABLE (TRANSFORMED IF APPLICABLE)
C TO BE USED IP CALCULATION, !=1,2,3,...,M
C XeAR(1)rMEAN VALUE G. 1-TH INDEPENDANT VARDBLE (FROM MELO)
C SIGX(I)=STD DEVIATION ABOUT EACH INDEPENDANT VARIABLE (FROM MELS)
C SEE= STANDARD ERROR IN ESTIMATE OF DEPENDANT VARIABLE (FROM MELB)
C CORREL (1)= CORRELATION COEF FOR 1-TH IND. VARIABLE (FROM MELS)
C TSTAT= DESIRED T STATISTIC TO BE USED IN CALC OF CONF LIMIT
C TOLFCT: DESIRED TOLERANCE FACTOR USED IN CALC OF TOL. LIMIT
C THE FOLLOWING IS RETURNED ***
C CNFLIM:2- STD. DEV. CONFIDENCE BAND ABOUT DEPENDENT VARIABLE
C

SUM =0.0
00 10000 !=1,M,1
T E RM1 =1.00 +50 RT (1.0-CORR EL (1) * *2 )
TE RM2 = (xB AR (I )-xHAT (1 )) * *2
T E RM3 = FLOAT (N ) *S IGX (I ) * *2
IF (TERM 3.EQ.0.0)GO TO 10000
SUM r$UM +TE RM1 *T E RM2/ TE RM3

10000 CONTIl4UE
CNFLIP = ABS (TSTAT * SEE * SQRT(SUM + 1.0/ FLOAT (N))) *
RETURN
END

.

J
.4
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