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1.0 INTRODUCTION

In preparation for the second ten-year in-service inspection (ISI) of the reactor pressure
vessel at Arkansas Nuclear One Unit 1 (ANO-1) during the February 1995 outage (1R12),
Entergy Operations Inc. contracted with Structurai Integrity Associates (SI) to develop flaw
acceptance diagrams for the shell-like regions of the vessel to allow for rapid evaluation of
flaws in the case that flaw indications are found during the vessel examinations. Similar
previous evaluations were performed during the first ten-year ISI interval by Babcock and
Wilcox in Reference 1. However, the Reference 1 report considered only inside surface
flaws and it is only valid up to the second ten-year ISI. The present analysis updates the
Reference 1 evaluation such that the flaw acceptance diagrams can be used until the end
of plant life. In addition, it also addresses both surface and subsurface flaws and
incorporates new flaw and materials evaluation methodologies that have been developed

since the Reference 1 report was published.

This report contains a definition of acceptatle flaw sizes that can be used during the vessel
inspection to perform rapid assessment of flaw indications. These flaw acceptance guidelines
are provided in graphical format in the appendices of this report and are based on the
methods contained in ASME Section XI [2]. The evaluation methods have been
supplemented by more sophisticated evaluation techniques, where Section XI, Appendix A,
may not be completely definitive for the evaluation (e.g., for cladding stress intensity factors).
An evaluation of vessel materials and thicknesses has resulted in a conservative grouping of
potentially-flawed locations to limit the number of flaw evaluations to a manageable number.
Thus, the graphical acceptance standards included herein are intended to be conservative

but need not serve as the only basis for performing Section X1 flaw evaluations.

Section 2.0 of this report describes the methods of analysis and the assumptions that have
been made in conducting the analysis. Reading and understanding the information included
therein is important to understand the limitations inherent in conducting an evaluation of

all possible flaws that might exist in the vessel.
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Section 3.0 presents an evaluation of the specific materials and welds for the ANO-1 reactor
vessel and shows how they were grouped to limit the number of evaluations conducted. The
design input (stresses, load cases, etc) that forms the basis for the analysis is included.

Section 4.0 presents and describes the results. Section 5.0 summarizes the findings and
restates the limitations with respect to the results presented in this report.

SIR-95-017, Rev. 0 12
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20 EVALUATION METHODOLOGY

2.1 Overview of Section XI Evaluation Procedures

The rules for evaluation of flaws in reactor vessels are contained in IWA-3000, IWB-3500
and TWB-3600 of Section XI of the ASME Boiler and Pressure Vessel Code [2]. Appendix
A of Section XI provides specific methodology that may be used for detailed fracture

mechanics evaluations. The following provides an overview of the Section XI evaluation

approach.

In the first step of vessel flaw evaluation, the indications from vessel inspections must be
characterized per the requirements of Section XI Article IWA-3000. This requires that the
indications be bounded by a rectangular shape with depth (a for surface flaws and 2a for
subsurface flaws) and length (£) that will completely contain the suspected material flaw.
Closely adjacent flaws must be linked together based on criteria contained in IWA-3000.
Similarly, flaws closely adjacent to the base metal surface must be assumed to be surface

flaws, based on criteria presented in the code.

The next step in the vessel flaw evaluation is to compare the flaw with the evaluation
standards included in Table IWB-3510-1. This table provides the size of allowable planar
flaws that may be accepted without further evaluation. Table IWB-3510-1 defines allowable
sizes for surface and subsurface flaws as a function of wall thickness, flaw aspect ratio (a/#)

and flaw depth ratio (a/t), where t is the base metal thickness.
If the indication is larger than may be accepted by IWB-3510-1, then additional analytical

evaluation is allowed per IWB-3600. These evaluations are based on the total wall thickness

including cladding. Again, flaws located closely adjacent to the surface must be evaluated

SIR-95-017, Rev. 0 2-1
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as surface flaws based on criteria in IWB-3000. Flaws located completely within the vessel

cladding are acceptable with no further evaluation. Key points of the evaluation include:

L The criteria allow acceptance by specifying a factor of safety on either the size of the

critical flaw, or a factor of safety on the stress intensity factor.

®  Separate evaluations are required for Normal/Upset and Emergency/Faulted

conditions, with different factors of safety for each.

L3 Additional consideration is given to areas near structural discontinuities (e.g., for
welds near a flange) by allowing alternate factors of safety for low-pressure operating

conditions.

Appendix A of Section XI provides a detailed procedure for vessel flaw evaluation. To

perform the analysis, the following factors must be considerea:

L] The flaw must be characterized and resolved into a shape that can be evaluated.
This includes determination of the depth ratio (a/t) and the aspect ratio (a/£) of the
flaw. For subsurface flaws, the eccentricity ratio (e/t) must be determined, where e
is the distance from the center of the vessel wall (including cladding) to the center

of the flaw.

® Stresses and the temperature at the location of the flaw must be determined for all

loading conditions.

& The flaw stress intensity factor and critical crack size must be calculated, either by
using the equations, charts, and tables of Appendix A of Section XI or through use

of other more sophisticated, documented analytical techniques.
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+ The material properties must be defined at the location of the flaw, including the

effects of irradiation.

& The crack growth that can occur during the evaluation interval must be determined

(e.g., to the next inspection or to the end of life).

* The flaw size at the end-of-evaluation period must be less than that allowed by
Section XI.

@ The primary stress limits of the original design code Section 111, (NB-3000) must also
be met assuming a local area reduction of the pressure-retaining membrane that is

equal to the area of the characterized flaws.
2.2 Specific Details of Evaluation Methodology
2.2.1 Stress Intensity Factors

Appendix A of Section XI provides a basic methodology for evaluating vessel flaws.
However, there is limited guidance for the determination of stress intensity factors for cracks
extending through cladding. In addition, the guidelines are very limited for determining the
stress intensity at the surface for surface flaws. The following describes how the stress

intensity factors were determined for the ANO-1 RPV evaluation.

Appendix A Methods
For all stresses, except for those due to cladding for an internal surface flaw, the methods

of Appendix A are used for the deepest point of surface flaws and for subsurface flaws.

AL W b s

For surface stress intensity factors for surface flaws, M, and M,, as defined in Appendix A

of Section XI, have been determined based on the Raju/Newman membrane and bending
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solutions [3] for the worst case of internal and external cracks for a vessel with thickness-to-
radius ratio of 0.1. For flaws with an aspect ratio (a/2) of zero, the surface stress intensity
factor is assumed to be zero since an infinitely long crack does not have a surface point.
The so-determined surface stress intensity factor is applied at the cladaing-to-base metal

interface for the vessel inside surface.

Cladding S I iy E
For cladding stresses for a long inside-surface flaw, the stress intensity factor at the deepest

point of the flaw is determined by integration of the stress over the crack face for an edge-

cracked plate using the methods from Tada and Paris [4).

E-—z—f'm(x)-o(x)dx (1)
na "’
where: ofx) = cladding stress distribution in cladding and base metal as a

function of distance (x) from clad surface

a = crack depth
m(x) 3.52(1-a°) 4.35 - 5.28a° ()
(1 -t o)1.§ (1 -t -)0.5

1.5
»18-038) " , g3 - 1.78%| - [1-(1-a" )s"]
J

(1-(a"))°8
where: a* = x/a
5" = a/t
t = wall thickness

As shown in 2 paner by Kuo, Deardorff, and Riccardella, [S], this solution yields a stress
intensity factor that has reasonable comparison to "exact” solutions, but is unrealistic and

increases significantly for deep-wall cracks in a pressure vessel. Thus, it is assumed that the

SIR-95-017, Rev. 0 2-4
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deep-wall stress intensity factor inzreases by no more than described by the following:

Fora = ag
K - K, 3)
For a > ag,,
K, = lesser of K,
or
v | &
K_ |-~ @)
Armin
where:

K, , = minimum K, in base material
a = crack depth size

Bgin = 8 at K}y

To account for the flaw aspect ratio, the stress intensity factor is corrected using the shape

factor of Appendix A of Section XI for the crack.

0.5
K =K (%’) )

where: Q, = shape factor for flaw with aspect ratio of (a/2) = 0
Q = shape factor for flaw with aspect ratio (a/f) being evaluated

The stress ratio (the other factor affecting Q) is determined based on membrane plus
bending stress (o, + 0y) for the flaw, exclusive of the cladding stresses at the crack. Since

SIR-95-017, Rev. 0 2-5
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a ratio is being determired, this approach is reasonable.

The stress intensity factor at the cladding surface is not evaluated. However, the stress
intensity factor for the cladding-to-base metal interface location is evaluated as if it were at
the surface. The cladding stress intensity factor (determined by Equation 1 above) for a flaw
depth equal to the thickness of the ciadding (with the same aspect ratio as the deeper flaw
being evaluated) is determined. It is then modified based on the ratio between the
membrane stress intensity correction factors for the surface (using the Raju/Newman, Mp,)
and the crack tip (using the Appendix A, Mp). Although not rigorously derived, this
formulation is believed to be conservative for this analysis.

For flaws with aspect ratio of zero (a/£ = 0), there is no surface crack. Therefore the stress
intensity factor due to cladding at the "surface" is evaluated as zero.

2.2.2 Fracture Toughness

The fracture toughness, Ky, or K|, is obtained from Section XI Appendix A. The analyzed
vessel wall local fracture toughness, at the location of the associated crack stress intensity
factor, is determined with consideration of local temperature (as a function of wall depth),
initial RTnpT, local fluence, margins and chemistry factors in accordance with the methods

of Regulatory Guide 1.99 Revision 2 [6]. The approach is as follows:

ART = RTnpt; + RTnpt Shift + Margin (6)
where:
ART = Adjusted Reference Temperature, °F
RTxpT, - initial RTypy, °F
Margin = required margin = 2 \/0,2 + oi. *F

(RTnpr Shift, 0, and o, are defined below)

The margin is determined based on the standard deviation of the initial RTxpr (o) and

that of the RTypr shift (0,). The standa-d o, is 28°F for welds and 17°F for base metal

SIR-95-017, Rev. 0 2-6
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[6], except that o, need not exceed 0.5 times the computed shift in RTypr.

RTxpT Shift = (CF) + (FF) (7
where:
CF = chemistry factor, °F
FF = fluence factor, dimensionless
PF o R T (8)
where:
f = local fluence, neutrons/cm? x 10! (E>1MeV)

The local fluence, f, at any position in the wall may be calculated from:

o fog 9% 9)
where:
A = fluence at inside surface, neutrons/cm? x 10! (E>1MeV)
X = distance from inside surface, inches

The fluence at the surface is a function of time:

= ——fl— x EFPY 10
Jou EFPY,, (10)
where:
bt = reference surface fluence , neutrons/cm? x 10'° (E>1MeV)
EPPY = effective full power years associated with f,
EFPY = effective full power years for evaluation
SIR-95-017, Rev. 0 2.7
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This allows the adjusted reference temperature to be calculated for the beltline region at any
depth, at any time, and for each specific weld or plate being evaluated. For regions not in

the beltline region, there is no shift in RTypr.
2.2.3 Crack Growth Considerations

A conservative estimate of the crack growth for determining allowable subsurface and
outside surface flaws is based on the crack-growth curve for air of Section XI Appendix A,
using the latest formulations from the 1992 Edition with 1993 Addenda. A conservative
estimate of the number of cycles to the end of the evaluation period is made. For inside
surface flaws, the water curve-growth is used. In all cases, the crack growth is based on R
= 1.0, where R is the ratio of the minimum crack tip stress intensity factor to the maximum
stress intensity factor (Kpin/Kmax). The stress intensity factor at the allowable flaw size for
each flaw is used in this evaluation. For flaws accepted by the evaluation standards of Table

IWB-3500-1, there is no requirement to consider crack growth.
2.2.4 Subsurface Flaw Size Considerations

For subsurface flaws, the maximum allowable size that does not have to be considered as
a surface flaw per the requirements of Table IWB-3510-1 or Figure IWB-3610-1, as

applicable, is determined based on flaw eccentricity as follows:

.

(.‘1) - 28_jot] (11)
» |

t 1.4

where:
{ = thickness of vessel base material (for IWB-3500 evaluation), or
total thickness of vessel wall including cladding (for IWE 3600 /
Appendix A evaluation)
SIR-95-017, Rev. 0 2-8
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e = flaw eccentricity, measured from center of vessel wall, (determined with

or without cladding as appropriate ), negative if toward inner vessel wall
2.25 Definition of Allowable Flaw Size and Shape

In evaluating hypothetical flaws, such as evaluated herein, one is faced with the problem of

determining the size of the allowable flaw. In some cases, larger flaws may be acceptable
as compared to smalier flaws. This is especially true when there is a large bending

component to the throughwall stress distribution, the fracture toughness through the wall is
not constant due to irradiation embrittlement and/or if cladding stresses are a significant
contribution to the stress intensity factor. Also, if the surface stress intensity factor is
controlling, a flaw with a smaller aspect ratio (more extent of flaw length) may be acceptable
when a similar depth flaw with less flaw length would not be acceptable. There are several

choices that can be made in choosing the allowable flaw size at a location:

® Option 1: Accept the largest flaw with the smaliest aspect ratio that is acceptable.
In this case, a larger flaw (depth and/or length) may be acceptable whereas a smaller
flaw would not be acceptable. This is analogous to evaluating an actual flaw by

assuming a larger bounding flaw size or length.

i3 Option 2: The most conservative approach is to determine the minimum flaw size

that is acceptable for the flaw aspect ratio being evaluated.

“ Option 3: In some cases, the surface stress intensity may control the allowable flaw
depth, especially when cladding stresses are being evaluated or if the surface fracture
toughness is low. However, a longer flaw (e.g., a/l = 0) might be acceptable. For
this option, the acceptable flaw size is based on the smallest acceptable flaw depth
(as in Option 2) but the aspect ratio can be assumed to be smaller (the flaw is

assumed to be longer) than for the actual aspect ratio being evaluated.

SIR-95-017, Rev. 0 29
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In the evaluations included in this report, the first option has been chosen since the stress
intensity factor solution for surface stresses and cladding are believed to be quite

conservative.

The stress intensity factor within the cladding does not have to be evaluated for acceptability.
Thus, the allowable inside surface flaw size will always be at least equal to the cladding
thickness plus that allowed by the acceptance standards of IWB-3500.

2.3 Analysis Implementation

The analysis presented within this report has been prepared using a computer program
developed and verified by SI for this specific purpose. APPENDA (standing for Appendix
A Analysis) [7] is a computer program written to perform reactor pressure vessel flaw
evaluation in accordance with Appendix A of Section XI and Subarticle IWB-3600 of Section
X1 of the ASME Boiler and Pressure Vessel Code [2]. It uses the methodology described
above, and determines allowable inside surface, outside surface and subsurface flaws. It is
intended to provide a rapid assessment of all possible flaws so as to allow construction of

flaw acceptance diagrams that may be used to provide guidance in reactor vessel inspections.

APPENDA performs an evaluation to determine the acceptable size of surface and
subsurface flaws in accordance with the requirements of ASME Code Section XI, Appendix
A and subarticle IWB-3600 2]. In addition, the acceptability of relatively smaller flaws is
evaluated in accordance with Section XI, Table IWB-3510-1 [2] for planar flaws. The
program output includes the acceptable flaw size for the complete range of flaw aspect

ratios and flaw eccentricities (for subsurface flaws). Key features include:

. Ability to include an arbitrary stress distribution for pressure, bending, thermal and

residual stresses, including load multiplier factors for each,

SIR-95-017, Rev. 0 2-10
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®  Evaluation of cladding stresses, with several methods to handle the effects of the

cladding stresses at the surface for inside surface flaws,

L Ability to evaluate flaws based either on the maximum acceptable size, minimum

acceptable size, or the minimum acceptable size assuming a smaller aspect ratio, a/l.

¢  Consideration of normal/upset condition, emergency/faulted condition or regions near
local discontinuities (per IWB-3613 (a)).

. Automatic determination of the wall fracture toughness distribution given initial
material properties and accumulated surface fluence at the end of the evaluation

period.
® Conservative assessment of flaw growth to the end of the evaluation period.
A separate utility program MAPPA (standing for Multiple Appendix A analysis) provides

an evaluation of multiple input cases and determines the controlling loading condition (or

combination of conditions) for a number of individual evaluations using APPENDA.

SIR-95-017, Rev. 0 2-11
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3.0  BASIS OF ANO-1 VESSEL EVALUATION

3.1  Grouping of Locations
The reactor vessel plates, forgings and welds at ANO-1 are shown in Figure 3-1. The circled
number designation used in this figure is consistent with that used in the Reference 1 flaw

evaluation.

As shown in Figure 3-1, locations were defined as the following:

1. Nozzle Beit to Upper Shell Weld

r 3 Upper Shell Longitudinal Weld

. 8 Upper Shell to Lower Shell Weld

4 Lower Shell Longitudinal Weld

5. Lower Shell to Transition Forging Weld
6. Transition Forging between Vessel Shell and Bottom Vent
7. Transition Forging to Lower Shell Weld
8, Vessel Flange to Nozzle Belt Weld

9. Upper Nozzle Belt

10.  Nozzle (Corner Crack)

11.  Nozzle Belt to Nozzle Belt Weld

12.  Nozzle (Vessel Side)

13.  Upper Shell

14,  Lower Shell

15.  Upper Head to Closure Flange Weld
16.  Lower Nozzle Belt

17.  Upper Head

18.  Lower Head

SIR-95-017, Rev. 0 3-1
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The evaluation in this report is limited to the shell welds and as such the nozzle-to-vessel
welds (#10 and #12) were not considered. It should be noted that the nozzle welds are
remote from the belt-line region and are unaffected by irradiation cffects. Hence the
Reference 1 flaw acceptance diagrams may be used for these locations, subject to
recognition that the materials evaluation used for the current evaluation is probably more

conservative.

Material properties for all the RPV plates and welds have been assembled in Reference 8
based on data collected during a site visit to ANO. Using this information, these locations

have been identified by variations in fluence, initial RTypr and geometry in Table 3-1.

For the purpose of reducing the magnitude of the analytical computations, these locations
have been combined to form nine groups. These groupings have been selected based on
similarities in geometry, material data, stresses or thicknesses in the surrounding plate and/or
weld material, as shown in Table 3-1. Referring to Figure 3-1, these groups have been
combined starting from the top of the vessel (upper head). For each region, the surrounding
material has been examined for the worst case, i.e., irradiation effects, stresses and/or initial

RTnpr A description of each group and reasoning for their grouping is as follows:

Group A

Head Flange Weld and Adjacent Shells

This group includes the upper head shell (Mk# 24), upper head to closure flange weld, and
closure flange. Material properties and stresses for the upper head to closure flange weld

have been used to represent all materials in this group.

Group B

Upper Flange Weld and Adjacent Shells

This group includes the closure flange, vessel flange *o nozzie belt weld (Weld 01-001), and
upper nozzle belt shell (Mk #86). The material properties and stresses for Weld 01-001

have been used to represent all materials in this group.

SIR-95-017, Rev. 0 3-2
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Group C

Nozzle Belt to Nozzle Belt Weld and Adjacent Welds/Shells

This group includes the upper nozzle belt shell (Mk #86), the weld between the upper and
lower nozzle belts, and the lower nozzle belt shell (Mk #87). For this group the material

is unirradiated with no chemistry factors or fluences considered.

Group D

Beltline Shells (I)

The group represents two irradiated shells in the beltline region: Lower shells (Mk #A2,
heat C5114) and lower nozzle belt shell (Mk #87). Berause the irradiation effects are
greater for the lower shell (with higher fluence and chemistry factor) and margin terms are
greater, this material has been selected as representative for this grouping. Note that the
other heat of the lower shell has been included in Group E. Maximum stresses are found
at the nozzie belt to upper shell weld (01-003). Therefore. these stresses have been used

to evaluate this grouping.

Group E

Beltline Shells (II)

The lower shell (Mk #A2, heat C5120) and upper shells 13-1, 13-2 (Mk #A1, heats C5120
and C5114) have been grouped together to form Group E, due to the irradiation effects for
these materials. The higher chemistry factor of 123°F which exists for the upper and lower
shells has been used for this group. Stresses found at the nozzle belt to upper shell weld

have been used to evaluate this group.

Group F

Upper Shell to Lower Shell Weid

This group represents the upper shell to lower shell weld (Weld 01-004). This * eld has
been evaluated separately due to the relatively large chemistry factor. Maximum stresses
are found at the nozzle belt to upper shell weld (Weld 01-003). Therefore, these stresses

have been used to evaluate this group.
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Group G

Beltline Welds

This group includes upper shell longitudinal welds, nozzle belt to upper shell weld, and lower
shell longitudinal welds (Welds 01-007, 01-008, 01-003, 01-009, and 01-010). Weld 01-003
possesses the highest chemistry factor (167°F), therefore this was conservatively used for this
group. Margins of 12.5°F and 20°F were used. Maximum stresses are found at the nozzle
belt to upper shell weld (Weld 01-003). Therefore, these stresses have been used to

evaluate this group.

Group H

Lower Shells/Welds (I)

The lower shell to lower head transition forging weld (Weld 01-005) and lower head
transition forging (Mk #36) have been grouped together to form Group H. For this group,
the lower shell to lower head transition forging weld (Weld 01-005) irradiation effects have

been used, as well as the margin terms. Stresses for Weld 01-005 have been used for this

group.

Group |

Lower Shells/Welds (11)

This group includes the lowerhead transition forging (Mk #36), lowerhead transition forging
to Jower shell weld (Weld 01-006), and lower head shell (Mk #6). Material properties for
the lower head shell (Mk #6) have been used with an initial RTypt of 10°F and a margin
shift of 10°F.

32 Vessel Geometry and Materials

The geometric details of the ANO-1 vessel are shown in Figures 3-2 through 3-5. The
dimensions in these figures were assembled based on information contained in the drawings
from References 9 through 11. Although small discrepancies were observed in the vessel

wall thicknesses in these drawings, the smaliest thickness at a given location was
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conservatively used when these minor discrepancies were noted.

The vessel plate material is either A533, Class 1, Grade B. The vessel flange material and
nozzles are A-508-64, Class 2. The vessel stud bolts were fabricated from A540 Grade B23
steel. Material properties for these materials were obtained from the existing vessel Stress

Report [12] for use in the present evaluation as presented in Table 3-2.
3.3  Loadings and Loading Conditions

In the Reference 1 evaluation, the steady state leak test, slightly above normal operating
conditions (temperature and pressure) was evaluated. In addition, heatup (at full
pressurized conditions) was considered for the upper head closure flange, and cooldown (at
zero or some other low pressure) was considered for all other locations. This choice of
conditions was chosen to maximize the internal surface tensile stresses since only inside
surface flaws were considered in the flaw evaluation. For the current evaluation, several
other loading conditions will be evaluated since surface (both inside and outside) as well as

subsurface flaws are being evaluated.
3.3.1 Boltup at Ambient Conditions

This is chosen to evaluate the stresses near the upper closure welds at a uniform through-
wall temperature of 70°F. Boltup produces significant compressive stresses on the inside
surface, but there are corresponding tensile stresses on the outside surface. Since the
analysis is to consider both internal and external flaws, and also subsurface flaws, this may
be a bounding condition. The decreased safety factors asscciated with local discontinuities

(IWB-3613) are considered when this case is considered by itself.
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3.3.2 Hoewnup at Cold Conditions

This condition is chosen at 100°F above boltup or 170°F, assuming the reactor has heated
up at the Technical Specification limit of 50°F/hr for two hours, establishing the thermal
gradients in the vessel [13). The limit of 527 psi pressure for the "Hydrostatic Heatup and
Cooldown" in Reference 13 is used. The vessel temperatures are determined based on a
reactor fluid temperature of 170°F. This condition may be limiting for some of the outside

surface weld locations, since the fracture toughness may be lower than the upper shelf value

of 200 yksi-in®, (Heatup at colder conditions is not considered because significant time is

required to establish a steady state stress gradient that would exhibit maximum tension at

the outside surface).
3.3.3 Heatup at Warm Conditions

This condition is similar to the above, except that the conditions at 220°F vessel fluid
temperature and 822 psig are chosen. Although the material fracture toughness should be
higher, ..... may be offset by the higher pressure stresses, such that this _ondition could

control.

334 Heatup st Het Conditions

This condition is chosen at the end of heatup with a fluid temperature of 603°F. This
condition may be controlling for some of the outside surface locations. A vessel pressure
of 2300 psig for the leak test is used (1.06 times the nominal operating pressure). The vessel
heatup rate is taken as 50°F/hr.

3.3.5 Leak Test

This condition is the same as above, except that the vessel wall temperature will be uniform
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at 603°F with no throughwall thermal stresses. This condition may be limiting for some
locations.

3.3.6 Cooldown at 100°F/hr

This case is chosen based on the maximum pressure for the cooldown transient at the lowest
temperature condition [13]. Cooldown is expected to produce inside surface tensile stresses.
In addition, cladding-induced stresses play an important part at lower temperatures. This
cooldown rate is only allowed with the vessel > 280°F, so this lower bound temperature is
chosen for the vessel fluid [13] The maximum pressure for "Hydrostatic Heatup and

Cooldown" is taken as 1382 psig

3.3.7 Cooldown at S0°F/hr

This is similar to the above except the vessel fluid temperature is taken as 150°F and the
pressure is taken as 461 psig. (For the flange region, the lower safety factors permitted by
IWB-3613 are used).

3.3.8 Cooldown at 25°F/hr

This is similar to the above except that the vessel fluid temperature is taken as 70°F and

t'¢ pressure is taken as 388 psig.

3.4  Stresses and Siress Evaluation

341 Op. ating Stresses

In performing the evaluations, the possibility of usirz previous stress analyses in Reference

1 and also the existing stress report [12] was explored. It was observed that detailed

through-wall stress information in either of these references was not available at the critical
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locations of the vessel for flaw evaluation. As such, an axisysmmetric finite element model
was developed for the purpose of determining the operating stresses in the vessel.

The finite element model of the vessel is shown in Figure 3-6. The model was developed
using the ANSYS computer software [14). The model was generated using isoparametric
finite elements for the vessel. No clad material was included in the model. The upper shell
flange and the upper head were not physically connected in the model, but rather they
shared common coincident nodal locations. In the thermal analysis, the coincident nodes
were coupled such that they have the same temperature. For stress analysis, the upper head
is connected to the flange by a number of gap elements. These gap elements started from
the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>