Copy N© 19

APAE Memo-303

AEC Research and
Development Report
UC-81, Reactors-Power
[Special Distribution]

stress analysis of the
SM-1A reactor vessel

MASTER




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



. APAE-Memo .- 303

. AEC ‘Research .and
~~.Developmént ‘Report

- :U€-81, Reactors -Power
:Special Distribution

 STRESS . ANALYSIS OF ‘THE: SM-1A

 REACTOR VESSEL

- D. W. McLaughlin ’ ; ~R. A, Chittum
.B. J. ‘Rowekamp I C. C. Aitken

-.Approved By:
-M.H. Dixon,. Project-Engineer-

Issued: :March .30, 1962

_Contract ‘No.. AT(30-1)-2639
with U.S.. Atomic ' Energy Commission
. New York Operations Office

A - . ALCO:PRODUCTS, . INC.

.Nuclear Power Engineering Department
.Post :0ffice Box 414
~Schenectady ‘1, N. Y.



. AEC..:LEGAL /NOTICE

‘This report-was prepared as an .account.of Government
-sponsored work. - Neither the United States, nor the Commission,
nor -any person acting on behalf of the commission:

~A. .Makes any warranty or representation, expressed or implied,
with respect to the accuracy, completeness, or usefulness of the
information .contained in this report, or that the use of any in-
-formation, apparatus, method or process disclosed in thlS report
‘may not- 1nfr1nge prlvately owned rights:

- B. Assumes any liabilities with respect to-the use of, or
for damages resulting from the use -of any information, apparatus,
method, or process .disclosed in this. report.

|

As used in the aboye, 'person acting on behalf .of: the Commis+ -
sion"includes any  employee-or contractor of ‘the. Commission, or
‘employee .of :such contractor, to the extent -that -such .employee. .
or contractor of the Commission, or employee .of such contractor
prepares, disseminates, or provides access to, any information
pursuant to his employment or contract with the Commission, or
hlS emplqyment with such .contractor.

Ve s

3.

-

ALCO. LEGAL NOTICE | A :

This report was prepared by Alco Products,- JIncorporated
in the course of work under, or in connection:with,-
. Contract No. AT(30-1)-2639, issued by U,S. “Atomic -Energy - Commission,
NYOO; and subject only- to the rights of the United States under
the provisions of this contract, Alco Products, .Incorporated
makes no warranty or representation, express or implied, and shall,
have no liability with respect to this report .or-any of:its contents
or with respect to the use thereof .or with respect to whether ‘any |
‘such use will infringe the rights of others.




. DISTRIBUTION

External °
, ~Copies,
4ﬂgf 1«2 New York :Operations Office

-U.S. Atomic Energy Commission -
376 Hudson..Street o S
.New York ‘14, New York :

| ;Attn::I;,M: Adler

| '3 -New York-Operations Office
.U.S. Atomic:Energy Commission
376. Hudson Street

‘New York 14,.New York

Attn: Library

4-6 ---»:U,S:;rAtomic Energy Commission . g
‘ Washington .25,. D.C. , ' ; i
_Attn:: Chief, Water Systems Project 3
- Branch (Army Reactors)
Division of Reactor:Development

e | Mail-Station F-=311

i -UQS.,Aéomié:Energy~Commission
. , ..Washington 25, D.C.
ol Attn: 'Chief, Evaluation and

Planning Branch

.Civilian Reactors

'Div. of Reactor-Development
:Mail Station F-311

8 .U.S.. Atomic:Energy Commission
Chief, New York :Patent Group o
-Brookhaven National Laboratory B
‘Upton, New York

‘Attn: ‘'Harman Potter ' -
-9 _ Idaho'ﬁuclear;Power:Field Office
-U,S.. Army "Eng. Reactors Group -

P. 0. Box 2108
Idaho Falls, Idaho

iii -



- DISTRIBUTION (cont'd)

External . ‘ » ' 5‘
Coples : e ; _

10 U.S. Atomic Energy Commission
- Reports and Statistics- Branch
Division of:Reactor. Development
Washington 25 .D,C.

11-12 Office.of the Chief of Engineers
Dept..of thé Army
'Bu11d1ng T-7
. Washington 25, D C. N

~Attn: . Chief, PrOJects*Branch
‘Nuclear Power -Division

13-15 . Nuclear. Power Field Office
-U.S.. Army-Engineer . Reactors Group
Fort Belvoir, Virginia

-Attn: - Chief, Nuclear Power
~Field Office
A )
16 ‘Nuclear. Power Field 0ffice’
.U.S, Army Engineer- Reactors Group
_.Fort Belvoir, Virginia

Attn: 0. I. C. .SM-1

17 . Chief, U.S. Army Reactors Croup
- Fort Greely, Alaska
APO 733
Seattle, Washington

Attn: 0, I..C. .SM-1

18 . Commanding Officer
'U.S.. Army Polar Research
and Development Center
- Fort Belvoir, Virginia

~Attn: :Nuclear Power Officer
19-21 Office of Technical -Information Extension

P. 0. Box 62
Oak ‘Ridge, Tennessee

iv



LG

External

fCoBies |
22

23

24225

.26

: DISTRIBUTION: (cont'd)

-.Union,CarbidéaNuclear:Corporation
Oak Ridge:. National .Laboratory
'Y-12 Building 9704-1 '

P. 0. - Box y"

Oak ‘Ridge, -Tennessee

- Attn: -1~ -D. Schaffer

The Martin Company

P, 0. Box 5042
Middle-River, Maryland

Attn: AEC Contract :Document Custodian:

. Combustion. Engineéring, Incorporated
‘Nuclear Division ‘

Prospect Hill Road

Windsor,, Connecticut

‘Attn: :Mr. J. B. Anderson

Alco Products, . Inc. .

~Post -Office-Box 145
 Fort Belvoir, Virginia .

Attn: ‘W.. C. Best




Internal

,fCoEies

vi

27
28
29

30
31
32
33
34
35
36
37
38
39
40
41-42
43-44
45-49

VRN

>?F?P??P£“99W

. *DISTRIBUTION (cont'd)

Kasschau--

Gallagher

. Haines

- Tully

.Williams

.. McLaughlin

. Rowekamp

Chittum

.Aitken.

Dixon

- Clayton

Williams
_Pldwerbetsky

R.. E, Neville

Metallurgy Group. File (2)
~Mechanical Design Group. File (2)
- NPED. File

<
°

wﬁpp>92ﬁwﬁ9



/L;

ABSTRACT . -

This report presents the stress analy51s performed on the SM 1A

reactor vessel and cover as part of the Program for Englneerlng

,<Support and Development of Army Pressurlzed Water Reactor Power Plants

The maximum comblned stress (51 360 psi in compression) occurs.in the
vessel cover durlng a. 50 F/hr transient. A fatigue analys1s of these.
stresses 1nd1cated that they could be applled safely at least 2500
times, and since the vessel is expected to rece1ve less than 900 cycles,

it should not suffer any fatlgue damage.
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1.0 SUMMARY AND CONCLUSIONS

The following primary and secondary stresses were calcu-
lated at various points in the reactor vessel using methods
specified in the Navy Code,(1l)and well known theory of shells
of revolution:

(1)  Membrane stresses due to pressure, including stress.
concentration factors where applicable.

(2) Secondary bending stresses due to the discontinuity
'in geometry at the middle transition head and the
bottom ellipsoidal head.

. (3) External load stresses at the support ring and -main
coolant nozzles.

Cover, flange and stud stresses for loading conditions
of:

a. Initial stud tension

b Stud .load plus operating pressure
c. Steady-state temperatures
d

500F/hr.  heatup
'(5) Stress in the vessel wall due to ecladding.

(6) Thermal stresses in the vessel wall for steady state’
and transient conditions.

Figure 1 shows the location .and magnitude of the maximum
‘combined stresses obtained .in the vessel, cover and studs. The
maximum combined stress in the vessel wall occurs at the junetion
of the main barrel and middle transition head (point 5) where
the axial stress .reaches 29,300 psi after reaching steady state
conditions. During.a 500F/hr transient, the axial stress at
this point is 28,668 psi.

The maximum combined stress in the.cover, which is the. high-
‘est stress anywhere in the vessel, occurs during a 509F/hr trans-
ient, at the junction of the cover dome and the intermediate -
ring (point 12), where the axial stress reaches 51,360 psi in
compression at the outside surface. After reaching steady state
conditions, the stress at this point drops to 45,160 psi in
compression. A fatigue analysis of these stresses indicated
that they. could be applied safely at least 2500 times. Since
the vessel is expected to receive less than 900 cycles of stress,
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~

it should not sufferiaﬁy;fatigue damage.

. The total stud stress during the transient condition .is

32,640 psi of which 28,950 psi.is tension, and 3690 psi bending.

After reaching steady state conditions, the total stud stress
is 30,960 psi of which'27,590 psi is in tension and 3370 psi is

;bendlng -The stud stresses are somewhat conservative, since
~ they. do not take into account any local yielding that takes
" place under the nut during vessel and.cover flange rotation.

- Detailed stress calculations are presented . in Apbendix(B -

.of this report. Table-B.1l .of Appendix B presents a summary of
‘individual -and .combined stresses which were calculated for each
..p01nt in the vessel -and cover.

'The thermal analysis, . from.which temperature distributions

-were -obtained for the thermal steady state and tranS1ent con-
;dltlons, is presented .in Appendix A.



2.0 _INTRODUCTION

This report presents a stress analysis performed on -the
SM-1A reactor ‘vessel as part.of the Program Plan For Engineering
Support and Development of Army Pressurized Water Reactor Power

‘Plants.®™

‘'The SM-1A reactor vessel .is fabricated of SA-350 Gr. LF-1
Modified, with a Type 304 -stainless steel cladding. Drawings
F-41201-1-2 and D+41201-1-9 show -the reactor vessel and cover

‘configuration.

~ % AP Note 286, Addendum 1 Revision 1 (Item 6.9), May 1, 1961.
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-3.0 -ANALYSIS OF VESSEL EXCLUDING COVER AND FLANGE

3.1 rMEMBRANE STRESSES DUE TO 1200 PSI'INTERNALaPRESSURE

Principal - stress components at the inner and outer sur-
faces of the cylindrical sections of the vessel were calculated
‘as outlined in the Navy Code. (1) The maximum pressure stress
obtained was 11,200 psi circumferentially and is the same for
the main barrel and bottom cylinder. Figure 2 illustrates the
location .and magnitude of the circumferential membrane stresses
-calculated

Stress indices at the nozzles were obtained from the Navy
‘Code in order to . determine the increase in pressure stress at
the nozzle. The maximum stress occurs at the inside corner of
“the longitudinal section of the nozzle (points 8 and 10). It
‘is a circumferential stress of 25,600 psi.

The maximum membrane stress in the bottom ellipsoidal head
~.(point 1) is 10,900 psi . in compression. The ellipsoidal middle
4 transition section . (point 4) membrane stress was calculated to

be 11,100 psi .in compression.

3.2 ,SECONDARY BENDING STRESSES AT TRANSITION AND LOWER HEADS '

A discontinuity analysis was made at the region where the
bottom ellipsoidal head joins the bottom cylinder.of the vessel;
at the. junction of the bottom cylinder with the transition head;
‘and .at the junction of the main barrel with the transition head

Figure 3 shows the magnitude and .location of the secondary
bending.stresses.

- In each case, membrane deflections were calculated for the
“ .head and shell. The discontinuity deflection and .edge rotation
.for the head and shell were obtained in terms of the discontin-
"uity bending moments and shear forces. Boundary conditions re-
‘quired that the edge rotations. for the. head and .cylinder be equal
‘and that the algebraic sum of the membrane and .discontinuity
- . deflections be the same. for both the head and shell.

From.the discontinuity analysis at the bottom ellipseoidal
head, it was found that the maximum stress due to discontinuity
‘ forces occurs at the edges of the bottom cylinder and the ellip-
‘ soidal head (point 1 -and 2). The axial stress at each edge is
12,650 psi.
|
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.In order to determine .the discontinuity stresses in the

. bottom cylinder where it joins the middle transition head, it
.was conservatively assumed that the massive middle transition
‘head completely restrained the edges of the relatively thin
bottom. cylinder. ‘The boundary conditions for the bottom cylin-

der were that there was no rotation of ‘the cylinder edge and
the. sum of the membrane -and discontinuity edge deflections were
equal to zero. - The maximum discontinuity stress, 16,500 psi
ax1ally4/6bcurred at the “ingida edge surface of the bottom cyl-
inder (point:3) where it joins the middle transition head.

The discontinuity analysis at the middle transitioﬁ;head

where it joins the main barrel resulted in a maximum stress of
122,700 .psi axially, this occurred at the edge of the transition:
head .and the main barrel .(points 4 .and 5)

3.3 .STRESSES. DUE TO EXTERNAL LOADS

External loads are applied to the reactor vessel at the

~support ring and the nozzles. The locations of.the stresses

are shown-in Fig. 4.

-At-the‘support .ring, the external load stresses éome from
two. sources. One is the total dead weight of the vessel 1n— '

-cluding its internals and the water it contains, plus thew
-weight. of.shleld tank water acting on the top of the vessel

The other source is the restraining force of the support ring-

-on the reactor shell due to the slower response of the support

ring to primary fluid thermal transients.

. The external 1oaq”stresSes at the nozzles are due to the

. external moments ‘appliéd- at the nozzles by the primary loop

piping. .External piping 10adiuyere previously calculated .in the

- SM-1A piping design analysis.

In order to calculate these external load stresses, the

~method outlined by the Navy Code for obtaining stresses from

radial .loads and external -moments acting on .cylindtical shells
was used. .The maximum ‘external load stress due to total

-weight acting on the support ring (point - 7) was 2650 psi axially.
- The maximum st¥ess due to the restraint of the support ring on

the vessel during thermal transients of 50°F/hr was 1990 psi
in the circumferential direction.

. The maximum stress in the vessel wall due to externmal pri-

‘mary piping loads on the nozzles (points 8 and 10) was 7110 psi

/
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acting circumferentially. The stress was relatively -low because
the steam generator is mounted on lubrite pads, allowing relative-
ly free expansion of the primary piping.

3.4 THERMAL STRESSES IN.THE VESSEL WALL

Thermal stresses for a temperature transient of . 50°F/hr
were calculated using the method outlined in the Navy Code. The
thermal stress at the inner wall surface was found to be 632 psi
.compression while at the outer surface it was 281 psi tension.

The thermal stress in the vessel wall due to gamma heating
was previously'calculated(B)as 1900 psi.

3.5 CLADDING STRESS

An analysis was made to determine the stresses induced in
the vessel cladding and wall as a result of each of the follow-
ing operations:

- (1) Application of the welded overlay.
(2) Stress relieving.
. (3) Hydrostatic testing.
- (4) Application .of normal operating temperature and pres-
sure.

The analysis was based on the assumption that the cladding
.was an elastic, perfectly plastic material and that. interaction
.forces between the ¢ladding and base metal caused stresses which
were uniformly distributed over the thickness of each.

After the cladding has been applied at some elevated tem-
perature and cools to room temperature, it is assumed to be at
its yield strength of 30,000 psi in tension at 80°F. The stress
which is induced in the vessel wall by the cladding is 2860 psi
.in compression and .is due to the difference in thermal coeffi-
cients of expansion between the cladding and the base material.

Stress relieving the vessel at a temperature of 1150°F
causes compression in the cladding, equal to its yield strength
of 12,500 psi . in compression .at 1150°F. This results in a total
stress range of 45,000 psi. Assuming the stress to be uniformly
distributed over the thickness, the stress induced in the vessel
wall, when stress relieved at 1150°F, will be increased by 4050
psi. Thus, it will go from its prior value of 2860 psi in com-
pression to 1190 psi in tension. When the vessel returns to
room temperature, the stresses in the cladding and wall return

- 14



to:their initial values before stress relieving, of 30,000 psi
.tension .and 2860 psi compression respectively.

Based on the. test pressure of 2400 psi, the average in-
crease in the vessel wall stress during hydrostatic test was
calculated as 21,200 psi in tension. -The cladding carried none
of the.load since it was already at its yield stress of 30,000
psi. It simply yielded.further at test pressure. When test

pressure was relieved, the cladding stress dropped to 8850 psi
in tension. This resulted in reduction of compression .stress in
the vessel wall from- 2860 psi to:841 psi.

Upon heating the vessel to operating temperature of 433°F,
the change in cladding stress was calculated to be 25,700 psi.in
compression. Thus the resultant stress in the cladding was 16,850
psi .in compression since it was 8850 psi in tension following
stress relieving and hydrostatic testing. The stress induced in

‘the vessel wall by the cladding stress of 16,850 psi.at operating

temperature, was 1605 psi tension.

The stresses resulting from the operating pressure of 1:200
psi were also calculated. - As a result of applying operating
pressure to the vessel, the calculated average tensile stress in

the cladding was 9808 psi. The resultant average stress in the

cladding was thus reduced from 16,850 psi 'in compression to.7042
psi in compression., The average tensile stress in the vessel

- wall due to 1200 psi pressure was 9208 psi, which, added to. the
residual stress in the vessel wall of 1605 psi tension, . resulted
in a total stress of 10,813 psi tension.

- 3.6 . SUMMARY

The combined stress is the sum of the various stresses at
each point which have been calculated for the vessel. The cal-
culated stresses are tabulated and summarized in Table 8.1 .of
Appendix B.1 ' ‘

'he maximum combined stress in the vessel shell, excluding
the cover and flange region, occurred at the junction of the main

barrel with the middle transition head where it reached 29,300

psi axially at steady state conditions. This was ‘made up of

5,000 psi membrane stress,.22,700 psi discontinuity stress and
1600 psi cladding stress. During a 50°9F/hr heatup, the thermal

stress at this point was 632 psi .compression .and the combined

stress became 28,668 psi axially.




4.0 ' REACTOR VESSEL COVER AND FLANGE ANALYSIS

The SM-1A reactor vessel cover consists of a cover.dome 3 in.
-thick formed to a spherical radius of 26-1/8 in. - The cover dome
is connected by a transition fillet to a heavy outer.flange ring
which is 10.625 in. high and 4.12 in. thick and has 16 (3.01 .in.
diam) stud holes. The upper face of the cover dome is covered
with thermal insulation, which is covered .and protected from water
by a 3/16 in. thick Type 304 stainless steel dished head, . welded
to.the outer flange ring.

-The reactor vessel main barrel has an ocutside radius of
25-5/8 in. with a.2-7/8 in. wall thickness, including 1/4 in. of
cladding. The flange, which is 7.12 in. high and 11-5/8 in. thick,
is joined to the main barrel through a fillet of 4-1/4 in.. radius.

The cover is fastened to the vessel by 16 studs. A fully
annealed Type 304 stainless steel gasket is used to seal the
closure. Drawings F-41201-1-2 and D-41201-1-9 show the reactor
vessel cover and flange dimensions.

In order to calculate stresses, the cover was divided. into
.four ‘pieces consisting of the cover dome, intermediate ring,
outer flange ring, and the insulation cover. The vessel-flange
section was divided .into two pieces consisting of the flange and -
cylindrical vessel wall. An analysis was made to.determine the
forces and moments required at the boundaries of each piece to
establish centinuity of the assembly. It was assumed that .the
gasket acted as a hinge connecting the cover and vessel, trans-
mitting only radial shear loads between the two.

-Deflections, rotations and corresponding stresses for the
various pieces were calculated for the following cases:

:Case A - Stud load only

Case B - Stud load plus 1200 psi internal pressure
Case C - Steady state thermal conditions

Case D - Transient thermal condition for a heatup

rate of 50°F/hr.

The transient analyzed was a heatup at 50°F/hr because the
heatup produces the most severe temperature distributions. This
can be deduced from Fig. A.1l and A.2 of Appendix A, which show
that the outer boundaries of the flanges are close to the sur-
rounding air and water temperatures even under steady-state con-
ditions. The result.is a large temperature difference between
inner and outer surfaces. The cooldown transient tends to col-
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. lapse this-temperature difference so that the magnitude of therm-
al stresses is reduced. :
- - i

4.1 'CASE A - STUD LOAD ONLY; NO INTERNAL PRESSURE

The studs are assumed to be tightened .to the ASME Code
allowable stress of 20,000 psi. With the gasket acting as a
hinge. point, the outer flange ring rotates causing it to:move
dowvnward along the stud centerline a distance of '0.0011 .in. The
vessel .flange also rotates causing it to move upward along the
stud centerline a distance of 0.0009 in. Thus the total distance
the cover ring and vessel flange move toward -each other. is the
sum of the two, or 0.002 in. Figure 5 shows the: maximum stress-
‘es and their location for the case of stud load only.

The maximum stress in the cover is a circumferential stress
of 6570 psi which occurs at the top inside corner of the outer
‘flange ring (point 14). It is caused by the rotation .and .dis-
placement of the ring.

- The  maximum stress developed in the vessel as a result of
the stud load occurs at the junction of the flange and main
. barrel (point 11). -This-is an axial stress of 7630 psi caused
" by the discontinuity bending moment at this point.

The shear stress developed .in the gasket due to initial
-stud tightening is 1440 psi.

Due to the absence of internal pressure, the stresses are
- all relatively low. ‘A summary of the stresses, deflections and
‘rotations for the cover and flange region is presented in the
stress analysis calculations for Case A, in Appendix B.

4.2 CASE B - STUD LOAD PLUS 1200 PSI INTERNAL PRESSURE

Applying an internal pressure of 1200 psi, after the studs
‘have been tightened to a stress of 20,000 psi, causes the cover
ring and vessel .flange to move apart, again rotating about the
gasket .as a hinge point. Measuring along the vertical center-
‘line of the studs, the cover ring moves 0,0006 in. upward, while
the vessel flange moves downward 0.0009 in. The total.distance
that they have moved .apart, which corresponds to the distance
that the stud has been stretched as a result of applying pres-
sure, is the sum of the movements for the cover ring and vessel
.flange, or 0.0015 in. .Due to internal pressure, then, the stud
tension has increased by .'3800 psi to- 23,800 psi.

17




~ fGa sket:

Intermediate Ring
- Cover Dome .
—— Insulation Cover

—20,000 psi Initial
Stud Tension

@ 6570 psi Circumferentlal
i~ 1440 psi Shear

°——<::) 7,630 psi Axial

Stud ~Bolt ercle »

A Cover Flange Ring ———»

‘Vessel Flange-

Nozzle__.__..'_,_;‘

Support Ring—
e \\\A A_ — Cladding Lo ’

N\

Main Barrel - af

Middle Transition Head % 77 ;
N ._ B

Bofto,m Cylinder ——M8M8M8M ——-———

-Bottom Ellipsoidal fiead ' - .
' SM-1A SHELL AND COVER OUTLINE .

~ Figure 5. -Casé A - Stud Load Only

-18



Figure 6 shows the location .and magnitude of the maximum
.stresses in the cover and flange for Case B. The maximum dis-
‘continuity vessel stress still occurs at the junction .of the
vessel flange and cylinder (point..11) and has increased to 12,700
psi akially, due :to the increase in discontinuity. bending moment.
The maximum discontinuity stress in the cover occurs at the
junction of the intermediate ring and the outer flange ring. It
'is a meridional compressive stress of 9950 psi at the outer sur-
face. The rotation .of the flanges has increased the shear stress
in the gasket to.18,150 psi.

A summary of stresses, deflections and rotations for the
cover and flange region is presented .in the stress analysis cal-
‘culations for Case B, in Appendix B.

4,3 CASE C .- STEADY STATE THERMAL STRESSES

The steady state temperature distributions through the SM-1A
reactor vessel cover and flange presented in Appendix A were de-
-termined by using the HOC Code. Hoc is a steady state heat con-

- duction program which determines temperature distribution .in two .
.dimensions by the relaxation technique. The code can handle
solids of irregular shape, that can be represented .as a solid of
‘revolution, or solids with non-uniform heat generation.

The bulk water temperature inside the reactor was assumed
to be at an .average temperature of 433°F and the mode of heat
‘transfer was assumed to be natural convection. The water sur-
rounding the vessel cover region was assumed to be at a bulk
 temperature of 150°F. -The effect of gamma heat .generation on
temperature was investigated and found to be negligible. Tem-
perature increases with and without gamma heating differed by
-less than 1°F. '

A discontinuity analysis was performed for the steady state
condition, based on .free body thermal displacements and rota-
tions calculated from the average temperature of each piece of
the cover and flange. For this case, the cover ring and the
vessel flange both rotate upward -about the gasket. Due to this
rotation, the cover ring moves upward 0.0017 in. while the ves-
'sel flange moves upward 0.0018 in., reducing the stud stretch
by 0.0001 in. All distances are measured along the vertical
-stud centerline. - However, the difference in coefficients of
thermal expansion between the cover ring and stud results in an.
increase in stud stretch of 0.0016 in. Thus, the net change in
stud length. for the steady state thermal condition .is an .in-
crease of 0.0015 in.
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The maximum stresses produced by the combined effects of
stud load, pressure, and steady state temperatures ‘(Cases B and
C). were as follows: -

. 1. The stress in the stud for the steady state temperature

- condition has increaséd by 3810 psi and the bending
stress in the stud due to flange rotdtions is 3370 psi
.giving a combined stud stress of 30,960 psi.

2, ' The maximum steady state thermal stress developed in ,
the cover occurs:at the junction of the cover dome with
the intermediate ring (point 12). The thermal stress
at this point is a meridional stress of 45,000 psi in
compression. The steady state combined stress at .this
point .is . 45,160 psi.

3. The maximum steady state thermal stress in the vessel
flange occurs at the top inside corner of the flange
- .(point 15) where the circumferential thermal stress is
17,700 psi. The totadl combined stress for the steady
state condition is 19,482 psi at this point.

4. 'The shear load in the gasket has increased in magnitude
_for the thermal case but. has reversed direction .so.the
gasket shear stress is decreased to 6150 psi for the
comblned .cases B and C.

Figure 7 shows the location of the above stresses. ' Deflec-
tions, rotations and stresses for the cover and flange region
are tabulated on a summary sheet in the stress analysis calcu-
lations for Case C, in Appendix B. Combined stresses are tabu-
lated in Table B.1l .of Appendix B..

‘4.4 CASE D - 50°F/hr HEATUP STRESSES a

The transient temperature distributions ‘through. the SM-1A
reactor vessel caver and flange, describced .in Appendix A, . were
determined by using the TIGER I Code. This is, a transient state
- heat ‘conduction program which determines temperature distribu-

tion in two dimensions by matrix. solutions.:

The initial temperature of all nodes was 100°F. A 50°F/hr

~ heat-up. was used, holding the environment surrounding the cover
and flange to.1l00°F throughout the heat-=up. The. heat-up was

stopped as the bulk water temperature reached 400°F. A prelim-

inary lnvestlgatlon showed the worst case to be at a bulk water

temperature of 433°F. Therefore, all nodal points were extrap-
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,“

‘olated from the bulkiwater temperature of 400°F to 433°F.

A discontinuity analysis was performed for the end-of-
‘transient condition, based .on free body thermal displacements
and rotations- calculated from the average temperature of:each
piece of the cover:and vessel .flange. The outer flange ring
and vessel-.flange both rotate upward about the gasket. Due to
this rotation, the outer flange ring moves upward 0.0025 in.

-while the vessel flange moves upward 0.001l1l.in. Both these

distances are measured along the vertical stud centerline. Due
to the difference in coefficients of expansion between the outer

. flange ring and stud, the stud is stretched 0.0005 in. Thus,

the net :increase in stud length is 0.0019 ln

The maximum stresses produced by the combined effects of
stud load, pressure and transient temperatures (Cases B and D)

. were as follows:

1. . The tensile stress in .the stud for the transient state
condition has increased by. 5170 psi, and the bending .
stress in the stud due to flange rotations by 3690 psi,
giving a total stud stress of 32,640 psi.

2. - The maximum  transient thermal stress developed .in the
cover ;occurs :at .point 12, the. junction of the cover
dome and intermediate ring. It is a meridional stress
of 51,200 psi .in compression which gives a combined
-stress of 51,360 psi in . compression. :

- 3. The maximum transient thermal stress in the vessel
occurs at .point 15, the top inside corner.of the flange
where the circumferential stress is 22,300.psi. The

total combined tran31ent stress at thlS point is
~24,082 psi.

4, -The shear load in the gasket for case:D is about the
same-magni.tude ‘as . for case B but opposite i diiection.

- The net effect for- the combined cases is a shear stress
of 650 psi.

Figure 8 shows the location .of the above thermal -stresses.
A stress summary sheet which tabulates deflections, rotations

- and -stress at various points in the cover and flange region ..

is presented .in the stress calculations for case D the thermal

transient condition, Appendix B. ~Gombined<stresses are tabu-
‘lated in Table 8.1 of Appendix B. ‘
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4.5 SUMMARY

After stud tightening, the maximum discontinuity stress

:1n the cover occurs at the inside corner of the outer flarge

ring where the stress is 6570 psi. The maximum discontinuity

stress in the vessel .is 7630 psi at the junection of the flange
and main barrel. Stud stresses are assumed to be at the ASME

Code allowable of 20,000 psi.

When an internal pressure of 1200 psi.is applied, a max-
imum discontinuity stress of.9950 psi occurs in the cover. at
the junction of the cover dome and intermediate ring. The
vessel .stress increases from 7630 psi to 12,700 psi. - At the
same. time, the stud stress is 1ncreased to 23 800 psi.

At the end of a 50°F/hr heat-up, the thermal 'stress in the
cover 'is maximum at the junction of the cover dome and inter-
mediate ring where it reaches 51;200 psi in compression. - The
vessel flange thermal stress reaches a maximum of 22,300 psi

:at'thevinside-cornero The maximum combined stress . for -the cover
and flange region at these points is then, 51,360 psi in.com-

pression and 24,082 psi tension respectlvely The combined
stud stress 1is 32 640 psi.

- After reaching steady state conditions, the maximum . therm-
al-stress in the cover ‘has dropped to 45,000 psi compression at
the junction of the cover dome and outer ring. The maximum com-

‘bined stress at this point is 45,160 psi in compression. The

thermal stress at the inside corner of the flange is reduced to
17,700 psi for a combined stress of 19,482 psi. The stud stress
is reduced slightly to 30,960 psi.
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5.0 jEVALUATIONIOF'MAXIMUMQSTRESS

Referring to Appendix B;:Table B.1l, Stress Summary Chart,
the highest combined stress occurs .at point 12, in the vessel
.cover,.where the cover-dome joins the intermediate:ring.  The
combined stress ‘at this point is 51,360 psi in compression .and
.occurs at :the end of a 50°F/hr heatup.

- The principal stresses for the outer surface-at .point: 12
are listed .in Table 5:.1. Each principal stress and stress in-
‘tensity ‘is tabulated versus time for a complete cycle. The
stress intensity. is the algebraic difference between principal
stresses at-any given .point. ’

The worst stress ihténsity,is S3] which alternates between
.-110 psi and 51,360 psi resulting in.an alternating stress in-
tensity of

Salt"

110 4 51,360
= 2

The basic value of the calculated mean stress intensity is

- = 25,740 psi.

S' .= 25,740 - 110 = 25,630 psi.

From the:Navy Code,: when S ts? >S, and S_, <S8

alt ‘mean b 1t b’
the adjusted value of the mean stress intensity. is given. by

Smean‘ b alt

S_oan. = 42,000 - 25,740.= 16,260 psi.

Plotting this point on a .fatigue diagram for the vessel
material, Fig.9, shows that the worst condition is.safe for at
. least 2500 cycles.

The Javy Code does not ‘list allowable stress intensities
for A-350 Gr..LF-1. .Therefore, as a close approximation the
allowable values for A-212 Gr. B were used.

- The. number of startup and shutdown cycles which will .occur
during the lifetime of the SM-1 has been estimated to be less
“than 900; (4) Since the SM-1A will be utilized primarily as a
power ‘reactor rather than a training facility, the number of
-startup -and shutdown cycles will be considerably less than those
of the SM-1. Therefore, the stresses which have been calculated
‘will be-safe for the SM-1A. :
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TABLE 5.1

INTENSITIES (POINT-12)

.SUMMARY]GF:PRINCIPAL-STRESSES'AND STRESS

1

‘Principal Stresses, psi

Stress Intensities

Time o1 9 93  S12  Sz3 531
After Stud Tightening 110 2,056 0 - 1,946 - 2,056 110
iAfter'Preséurizing : : _ - '
to 1200 psi . 3 - 160 4,100 0 - 4,260 4,100 160
gt‘End'°f;5° /hr-Heatup - gy 366 g 0o 0  -23,360 -28,000 51,360
o ‘Operating Temperature T mneT R }
.At~Stead§-State . <N _ ‘ . ;‘“- _ g ,
Operating conditions -45,160 -26,180 0 -18,980 -26,180 45,160
-
u
W
|
| ‘ _
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Figure 9, Fatigure Diagram SM-1A Reactor Vessel Cover Point 12




6.0 MATERIALS DATA

' The_SM-lA'vesselfis fabricated.from-AFBSO Grade LF-1. steel
modified by the addition of up to’ 2% nickel. 'The base material
-is clad with a Type 304 stainless steel overlay. .

Figures 10, 11, 12 and .13 present .the tensile and physical
properties.for Type 304 stainless steel and A-350 Grade LF-1
(modified). The tensile properties of the base-material -are
based on.actual test data obtained from an SM-1A test .slab.at

testing temperatures of 1100°F,.6000F -and room temperature.
- Intermediate values were obtained by interpolation.
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APPENDIX A - THERMAL ANALYSIS

A.l NSTEADYQSTATEZIEMPERATURE~ﬁISTRIBUTIONfANALYSIS

A.1.1 Method of Analysis

To prov1de data for the thermal stress analys1s of the

SM- lA vessel and cover, steady state temperature dlstrlbutloqs

were calculated using the HOC code.

- The phy31cal geometry of the vessel and cover was reduced to
‘rectangular- regions, each region having uniform propertles -After
.estimates of boundary temperatures and convectlve_f;lm heat trans-

fer coefficients were made, the problem was run in r,z geometry.

.. For. conservatism, the.cross section analyzed passed through

the center of the cover 'studs.  In.r, z geometry, this cross section

- 1is rotated to. determlne reglon volumes -and 1ntegrated region temp-

" eratures. . The heat flow paths between the studs will reduce -the

severity of the temperature gradlents somewhat.

A.1.2 -Boundary“Conditions

The bulk water -temperature. inside .the vessel is at an aver-
'age temperature of ﬁ33°F-and natural convection is employed~as:the ‘
mode of heat transfer- to determine the.heat transfer film coeffi- A ¥
‘cient.. - The water surroundlng the vessel cover is assumed to be at
.a bulk - temperature of 150°F. The air outside of the vessel wall
is also assumed at’ 150 F. Two further ‘boundary condltlons were em-
ployed for the water surroundlng the nuts on the: flange stud circle
(sections 36 ‘and 37) and the water between the cover vessel wall
(section 50). 1In theseasections, the bulkiwateritemperature was
assumed to.be at 1759F° ‘A final boundary condition was chosen for
the water on.sectienr24~which was assumed to be at 350°F. - Natural
convection was assumed to be the governing mode of heat transfer in

all the determinations of film coefficient,‘




- The water in the gap between the stud and cover. was assumed -to
‘be at:200°F -and for the steam.condition at:250°F. - 300 F. “Conduction
was assumed to be the mode of -heat transfer in the gap. This gap

was divided into four section .as seen in Fig. A.1 - sections 45-48.

‘The effect of‘gamma heat generation onvtemperatﬁreAwas inves-
tigated -and found to be negligible; the greatest difference being
only 0.6°F. A further variable in this analysis-wg§ the effect of
steam or water on tﬁe space between the stud and vessel cover.

. (sections 45 and- 46 in Fig. A.1).

-Table A.1l summarizes the boundary conditions for this problem.

TABLE Al
°UMMARY OF BOUNDARX VALIIES

Region o U o : L Coeff1c1en§
Number. - - Location o L Bulk Temp _Btu/br-ft°F

: WaterMabove reactonfvessel cover .' 150 F' : :64.0

Air alongside of réactor vessel 150° F. 1.0
‘Water inside reactor vessel }433OF 340
24 Water between cover and vessel,
" rear gasket (inside) 350°F 230
36 ‘Water above stud - vertical 175°F 80
37 . Water above stud - horizontal ;ﬁ 175°F -60
50 Water_between.cover,and.éoVér o 175%F 75

near gasket (outside)

“A-2
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Table A.2 lists the materials and properties used in thié ana-

-lysis.
_TABLE A.2
. STEADY STATE ANALYSIS
_MATERTALS "AND" PROPERTIES ‘
Part - Mater1a1 | . Btu/ﬁr-ftoeF

Vessel body 'A-350 LF-1 o 26.0

Vessel clad A-304 ' 10.3
Vessel insulation . Fiberglas .04
Cover ~ A-350-LF-1 25.5

Cover clad A-304 10.3
" Cover -insulation Fiberglas .04

Nut - A-403 9.2

Bolt “A-403 14.5

~Gasket C A-304 | 10.00

A.1.,3 Results

Figure A 1 .shows a . sketch of the vessel and cover, the outline
.of thc various regions and the. region average temperature as.cal-
.culated by the HOC Code.

.The solution indicates severe temperature gradients across

[l

the vessel flange and across the bolt hole in the.cover ring. - It
should be remembered that ‘they are- somewhat more. severe .than actual
vessel temperature because the. geometry and boundary con@ltlons

e

used in the analysis tended to be conservative. 'ig
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A.2  TRANSIENT TEMPERATURE DISTRIBUTION ANALYSIS.

A.2.1 Method of Analysis

The most severe temperature differences and thermal.stress will..
occur during a heatup of the primary system. Accordlngly, the tran-

sient thermal stress analy31s ‘was bagsed on .a heatup of the reactor

-vessel starting at a unlform metal .and water temperature of 100°F.

A fifty degree ‘per -hour tran51ent was 1mposed on the reactor system.
The tran31ent TIGER II code was programmed -to prov1de temperature

dlstrlbdtlons at lmtermedlate times between start of heatup and full

' system Qgeratlng conditions in order to determine the point of worst

. temperature distribution.

The physical. geometry of the vessel flange and coﬁer was broken
down into rectangular reglons to fac111tate code input. -The cross
section of the cover and vessel was agaln ‘taken through the bolt.

The TIGER code calculates the problemras a slab rather than as a -
body of revolution. The results therefore will tend to be .uncon-
servatives; i.e., temberatures at outer'boundaries,_especially‘in
radially thick'membere like the flanges, will be higher than is

the case'inj;theva-ctual,%fessel° . For the same reasoh, radial gradients
will be less severe in rhe calculated case. However, this weakness
in the code was counteracted by selection of conservative boundary

conditions which'tende&.to lower the exterior'surface!tem.peratures°

.A.2,2 Boundary Conditions

In order to determine the time-temperatﬁre,characteristics
of the boundary fluids for this reactor, the problem analyzed would
have to include:all'phyeical regions eut to an absolute heat sink.
To do this with¢n the limit of 25 surface nodes, the detail picture

of the vessel and. cover would have been lost. Therefore, it was

"decided to hold all fluid boundaries to a constant 100°F . and use

the nodal capacity of -the code to describe the vessel and cover.
A_S




‘This approach also introduces some conservatism-into the results by
creating heat sinks adjacent to the reector It forces reactor wvessel
surface temperatures down : and counteracts the.effects of the slab ap-

‘proximation discussed earlier.

Table A.3 indicates the boundary values for this problem The

code calculates film coefficients as a function of temperature.

TABLE A. 3
. BOUNDARY VALUES AT WORST TEMPERATURE
Distribution
Heat Transfer
‘Fluid -Direction of - Coeff1c1e5t
Area. .Fluid .Temp. ‘Heat -Removal Btu/hr-ft
Inside Vessel ‘Water 433°F  Horiz. & Vert. 340
Above Cover Water 100 -Horizontal . '  ' 24
‘ insulation

Along side of Water -100 Vertical 126
Cover Flange
Along top of Air 100 " Horizontal 1.5
Vessel Flange
Along side of Air 100 Vertical 1.2
Vessel :
Along Vessel Air 100 Vertical ' 0.6
wall insula- :
tion

"Table A.4 lists the materials and the properties used in this
analysis. :

TABLE A, 4

IRANSIENT ANALYSTS: MATERIALS -AND:RROPERTTES
-Heat Capacity Dens1§y 'Product1v1ty

Part - »Materlal Btu/1b-°F 1b/in Btu/hr-£t°F
‘Vessel &  A-350 LF-1 .128 .282 22.50
Cover :
Insulation Fiberglas .190 .089 - 0.40

Nut & Bolt A-403 . 128 - .283 14,50

Boundary Water 1.000 . 0360 385

A-6



| ‘Analysis of the data .indicated thatithe“mostISeVere‘temperature
- gradients occurred just at: the p01nt ‘'where the primary system water
-reached its operating: temperature of 433°F. -This occurred 400 min

‘after.the beginning of a 50 °F/hr ‘heatup.

| -
| N

- A.2.3 .Results , o .

Flgure A.2 shows a sketch of the SM-1A vessel and cover, the
Aoutllne of the regions used for this analysis and the average temp-
‘eratures forAeach.reglonqat-the point of the worst temperature

distribution from a thermal stress standpoint.
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.APPENDIX B - STRESS CALCULATIONS

~ This section presents the detailed stress calculations for the

.INDEX TO DATA SHEETS -

TABLE B.1
‘Title

Pressure Stresses

.Discontinuity Stresses

At Bottom Head .

.In Shell at Middle Head

At :Shell and Middle Transient Head
Cover and Flange Analysis '

-Thermal Stresses

. Cladding~Str§$sés )

~ Steady-State-Case-'"C"
*  ‘Transient 'State o
Vessel . Wall - 50 F/hr Transient

. External Loads

. To Vessel Wall
In Support-Ring. .
In Reactor. Shell
In Vessel Nozzles

~various vessel locations. -The results are summarized in Table B.1

. Page

Data Sheets
- 1-7

8-16
17-20

121-31

.32-64

n65=-93)
94120
121

122-126
127-133
134-137 N\
138-139

o ga0-159 T



Thermal Stresses

TABLE B-1

STRESS SUMMARY SHEETS

Thermal Stre

Total Stress

11
10-

Q—

Membrane Steady Ext,Load | Discont. | Cladding Membrane Ext.Load | Discont. | Cladding Total Stress
Point | Location| Stress Heating | State Stress Stress Stress Trans. | Steady State Point | Location. Stress Stress Stress Stress Trans. | Steady State
1 Inside - 5450 - - 0 12650 - - 18100 9 | Inside 9450 - 0 - - 9450
-10900 - - 0 10110 - -~ - 790 - 1665 - 0 - - - 1665
- 1200 - - 0 0 - ~ - 1200 - 1665 - 0 - - - 1665
Qutside 5450 - - 0 -12650 - - - 7200 Outside 12730 = 0 = = TZ730
-10900 - - 0 2500 - - = 8400 12730 - 0 - = 12730
0 - - 0 0 - - 0 0 - 0 - - 0
2 Inside 5000 - - 0 12650 - - 17650 10 Inside - 1665 -4780 0 - - - 6445
11200 - - 0 - 5600 - - 5600 25600 -1360 0 - - 23240
- 1200 . - - 0 0 - - - 1200 - 1665 - 0 - - - 1665
Outside 5000 - - 0 ~-12650 - - = 7650 Outside 2780 6870 0 - - 9650
10000 - - 0 -13200 - - - 3200 2780 7110 0 - - 9890
0 - - 0 0 - - 0 0 - 0 - - 0
3 Inside 5000 - - 0 16500 - - 21500 11 Inside 5000 - 12700 - 3850 17783
11200 - - 0 -14010 - - - 2810 11200 - - 3540 - - 6690 | - 1774
- 1200 - - 0 0 - - - 1200 - 1200 - 0 - - 1200 | - 1200
Outside 5000 - - 0 -16500 - - -11500 Outside 5000 - -12700 - 6150 | - 7753
d 2 10000 - - 0 - 4110 - - 5890 10000 - -11160 - - 7210 -10626
43 0 - - 0 0 - - 0 0 - 0 - 0 0
4 Inside |d) 5550 - - 0 22700 - - 28250 12 Inside 5260 0 - 420 - 28840 25040
d2 -11100 - - 0 14380 - - 1280 5260 0 743 - - 3497 - 4717
. G3 | - 1200 - - 0 0 - - - 1200 - 1200 0 0 - - 1200 { - 1200
Outside [ d 5550 - - 0 -22700 - - -17150 Outside 4680 0 - 4840 - -51360 -45160
6o | -11100 - - 0 740 - - -10360 4680 0 - 583 - -28003 | -26183
63 0 - - 0 0 - - 0 0 0 0 - 0 0
5 Inside |d) 5000 - - 0 22700 1600* 28668 | 29300 13 Inside 0 0 292 - 2422 2997
g2 11200 - - 0 - 7480 1600* + 4328 | - 4960 0 0 4190 - 34890 43190
G | - 1200 - - 0 0 - - 1200 | - 1200 0 0 0 0 - 0 0
Outside [, 5000 - = 0 -22700 1600% -15819 | -16100 OQutside 0 0 0 0 - - -
g2 10000 - - 0 ~-21460 1600* 9579 3760 0 0 0 0 - - -
d3 0 - - 0 0 - - - 0 0 0 0 - - -

6 Inside |[g1 5000 1900 - 0 0 1600* 7868 8500 14 Inside 0 0 - - - -
(Mid- g2 11200 1800, - 0 0 1600* 14068 1 14700 0 0 4370 - 12870 15170
plane) 03 | - 1200 0 - 0 0 - - 1200 - 1200 0 0 - - - -

Outside [d, 5000 1900 - 0 0 1600* 8781 8500 Outside 0 0 - - - -
02 10000 1900 - 0 0 1600* 13781 13500 0 0 2800 - 5840 8280
¢ 3 0. 0 - - 0 0 - 0 0 V] [1] = = = =

7 Inside |d, 5000 - - - 2420 0 1600* - 4180 is Inside 0 0 0 - 0 0

d 5 11200 - - - 1160 0 1600* 13630 | 11640 2220 0 - 438 - 24082 19482
g, | - 1200 - - 0 0 - - - 1200 - 1200 0 0 - - 1200 | - 1200
Outside [ g, 5000 - - 2650 0 1600* 9550 Outside 0 0 0 - 0 0
g, 10000 - - 1840 0 1600* 11450 | 13440 1020 0 352 - 12872 10182
o 0 - - 0 0 - 0 0 0 0 0 - 0 0
8 Inside |[d ] [ - 1665 - - 4780 - - - 3115 16 Inside 0 0 0 - - -
0 25600 - - 1360 - - - 26960 0 0 0 - - -
g, [~ 1665 - - - - - - - 1665 0 0 0 - - -
Outside [ 2780 - - - 6870 - - - - 4090 Outside 0 0 - - 0 0
: d o 2780 - - - 7110 - - - - 4330 0 0 - 688 - 11712 5592
d3 0 - - - - - - 0 0 0 - - 0 0
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