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Abstract:

This report is an appraisal of the strength of a reactor vessel. It is based on 1) a consideration of the
mechanical properties of the vessel components, and 2) a series of three tests made to record outside
surface principal strains vs internal pressure.

The data show the vessel to have been considerably strengthened by st-rain hardening in testing. It is
found that pressures up to 7000 psi will cause no further yielding, and that rupture will not occur below
9000 psi.
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ABSTRACT

This report is an appraisal of the strength of a reactor vessel. It
is based on 1) a consideration of the mechanical properities of the vessel
components, and 2) a series of three tests made to record outside surface
prineipal strains vs internal pressurs.

The data show the vessel to have been considerably strengthened by gte=
rain hardening in testing. It is found that pressures up to 7000 psi will
cause no further yielding, and that rupture will not occur below 9000 psi.
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INTRODUCTION

The inveétigation of the strength of this reactor was undertaken to
substantiate design caleulations. High working stresses had geen used in
thé determination of some of 1ts dimensions, and the strength of the mate
erial was not accurately known. It was desirable, therefore, to verify by
actual test its ability to withstand operating pressures.

The vessel underwent a general permanent distention in each of the
' three pressure testé,'but this was slight, and no damage was incurred. On
the contrary, subjection to test pressures was beneficial in that strain
hardening increased the pressure at which yieldiﬁg first occurred in the
vessel frﬁm 4000 psi in the first test to 7000 psi in the final test.

The work is presented here in two sections. In fhe first are desc-
fibed-tha vessél assenbly aqd its componentis, giving'their strength prop;
erties wheh known, and suggesting approximations based oﬁ fabrication hige-

tory when unkhown. The second section describes the préssure tost in de-
':'téilz the plan, equipment used and its installation; test procedurs, and

resulis.




-

Section 1
HE SEL

ner
Principal componenté of the reactor as-assembled for the pressure test
are identified in Fig. 1. The strength of all these elements except the
head and end cap was investigated. Comnstruction detail of the head made
points of interest inaccessible f@r'strain gage ?laéement, and behavior.of
the end cab was of no interest, since it was not part of the raactbr, but
was for test use only. .
Fabriecation
The retort, pump caéing, and head were forged from a 40 inch hexagoﬁal
big end up ingot weighing 36,600 pounds. The‘materiél was electric furnsce
stainless steel, AISI type 347, which aﬁalyzed as follows:
Carbom = . .« « o« .« o 0.070 per cent
Manganese . . . .« . o 10560
Silicom . . . . .. o 0,580
Phosphorbus .' o« -o- . 0,020
Sulphur . . . . . . 0.024
Chremium o o o . .« o 18,000
Niokel . - . . . . . 11.000
fhe ingot was preheated at 1600° F. Forging was done at 2150° F, the
pilece being reheated at intervals as required. Fig. 2 shows how the ingot

was worked, indicating apprdximate\reduction of area at the different sec-




Head flange bolt
A—Head

Insert Retort — Pump casing

— Pump casing flange bolt

 End cap

Lead wire seal

Reinforcement---—-1

130

Fig. |— Reactor assembly.
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tions. After completion of the fsrging opérations the.piace air cooled from
1800° F.

The completed forging ;as sawed, the parts rough machined,‘annealed,
aﬁd finish machined.  Welds made subsequently were locally heat treated.
When the retort was machined, three piecés were core drilled from the
flange at 90 degree intervals. Standard ASTM 0.505 inch diameter tenéile
specimens were made of this material and tested. Their mechanieal propers
ties sveraged as follows: |
Proportional limit . . . . . . 20,400 psi
Yield strength (0.2 per cent off-set) : 30,400 psi
Ultimate temsilé strenmgth . . . ., 71,500 psi
Reduction in area . . . . . . 30 per cent
Elongation in 2 inches .. . . . . 32 per cent
Hardness .« o . o o . - .« . 80 Rb
Charpy impact T 57 ft-lbs
Since the material tested was taken where Peductlon by forging was
' least, these values may be regarded as conservatlve for any other section .
to a degree approximated acecording to the per cent reduction experlenced
by that section. In this way a general understanding of the properties
' throﬁghout the vessel may be.gained.
The finished retort was ultrasdnically inspected by the fabricator,
and radiographically inspected by the puréhaéer. No defects were found.
- Subsequerit reconsideration of stresses in the pump casing indicated
the advisability of reinforcement. This was done by welding a steel sleeve

around the upper section, and adding a bolted clamp at the lower section as




Fig. 2 - Per cent reduction of area by forging



shown in Fig. 1.

The head flange bolts were Allegheny Ludlum Potomac "U" die steel,

principal alloying elements of which are

Caxrbon . s e e

Chromium e e e

Molybdemum . .

Vanadium e o e

0.42 per cent
5.29

1.01
0.95

These bolts were hare

dened to Re 45, corresponding to an ultimate tensile strength of 190,000

PSio

In order to increase the area of thread engagement in the weaker mate

erial of the retort flange, inserts were used as shown in Fig. 1. These

were made of AISI type 414 stainless steel, hardened to Rc 45, having an

ultimate temsile strength of 150,000 psi.

H

Pump casing flange_ﬁolté were AIST 4140, hardness Re 30, ultimate ten-

sile strength 120,000 psi.
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Section 2

THE PRESSURE TEST

- Concept

én the outside surface, circunferential and 1ongitudinal strains were
neasured at each of thirteen sections; igside the vessel, gages were instal-
led at three sections. Fig. 3 shows the general plan of gage placement.
For any gage, departure of the sirain vs pressﬁre curve from‘gtraightlline '

was considered evidence of anelastic action within the wall at or near that

section.

Typi?gquutgide surface installations are shown in Fig. 4. CGCages used
harg were SHe4 type A=5»1; and the procedure for their application was eésene
tially as recommended by the méuufacturer. Metal sﬁrfaces were cleaned with
toluene and acetone, and the gages applied using Duco household cement. No
clamping was necessarj.

The gages installed inside thé'vessel-were not eipected to nmake accur-
ate measurements, but it was ‘hoped that ééme information would be given by
their curves. In any case, their behavior in water under pressure was of in-
' £erest. ‘

Bekelite gages, SR-4 type AB-7, were used inside, because it was thought
these would be least.affected by immersion in watér;' The proper ipstallation
of this type of gage requires clamping under 150 psi pressure while the ad-

-hesive cures. It éas possiblé, thereforé, %o take strain measurements only

near enough the ends of the vessel that clamps could be applied.
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. Inside compensating gage
Inside

gages Inside

iI=4 gages

Installed
éﬂStf?”g? nr on fillet

Legend :

— Longitudinal strain measuring gage
Circumferential strain measuring gage

Compensating gage

Fig. 3 — Plan of strain gage placement.



Fig. 4 Typical gage installations on outside surface
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For'installation, gage and metal surfaces were cleaned with toiuene and
acetone. The adhesive used was Armstrong's A-1l, a two eomponent system that
cures cheﬁieally rather than by evaporation of solvent, Cement was applied
to the metél surfaces, gages placed, and covered first by celldphané, then
by a neoprene pad to equalize the presaure applied by the clamp. Fig. 5 shouws
the clamping arrangement at sections A and B. A similar clamp was used at
gection L. Correct pressure was develoéed by cloaing the springs to length
aceording to their sesle, which had been measured. Clamps were left in place
twenty-four hours while the cement cured.

Every gage then was tested against the possibility of having been dawe
ageé,during app}icéﬁion by measuring its resistance and its resistance %o
ground. All installations were satisfactory.

Incidental to the use of gages inside the vessel was the problem of seale

- ing around the lsad wires against ﬁater at pressures up to 10,000 psi. The

gland designed to accomplish this is shown in Fig. 6.
Initiaily, the sealant used was a neoprene piece formed as shown. Under
preliminary pressure test, however, this material extruded through the ane
nuler spage between lead wires and ecompression cups at about 8000 psi. Poly-
ethylene, being harder, then was substituted, ané radial clearance between
lead wires and compression cups wes reduced from .003 to .00l ineh. The gec-
ond test proved ell components of the gland to be sufficiently strong to withe
stand 10,000 psi, but a slight leak was present. The entire gland assembly,

lead wires in place, Wwas oven-heated for several hours at 150° F in the hope

© that the polyethylena would soften and conform more closely to sealing sur=

faces. A third pressure test to 10,000 psi showed this treatment 4o have been
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Fig. 5 - Clamping arrangement for inside gages



r~Polyethylene sealant

Lead vires

Fig. 6 - Lead wire sealing gland.
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effec%ive, gince no leakt was evident.

Gage installations mere completed by soldering the lead wires, and in-
sulating jéiﬁts. Inside gages were painted with melted cerese wax, this being,
built up té abouﬁ‘i/ié inch thickneaé. Wires were then éollected'and taped
to the vessel so it could be moved to the test gell for assembly. Fig. 7
shows the vessel at this pqiht. The lower end cap had been assembled to per-

mit soldering the lead wires to inside gages.

The retort was then carried to the test cell, and suspended vertically
batween twoé I»beahs under the flange. After inspection for leéks at the lead
wire seal and flange closure, the pump casing fiange bolts were loaded,.fole
lowing the usuai-procedufe for getting heater bolts.* The vessel was filled
with water, which was the medium of pressure transnission, the head assembled,
and head flange bolts loaded.” Lines were vun from the vessel to pressure
source and gage, and lead wires pulled to the control room. Figures 8 end 9
show fespectively the lower end and head assembly of the Qessei ready for

test.

The test set-up is shown schematically in Fig, 10, and the station at
.which readings were taken is pictured in Fig. 11. In the‘foreground are ‘the
switch boxes through which the measuring and compensating gages were direacted
to the indieator. The pressure gage is shown mounted on the wall, and the .

strain indicator,'a Baldwin SR=4 type "M", is at right.

*3ge Appendix B for calculations and method.




Fig. 7 - Over-all view of the vessel, showing completed gage installations.
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Fig. 8 - Lower end of completed vessel assembly in test cell
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Fig. 9 - Head of assembled vessel in test cell.
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Lead wires

Fig. 10 - Schematic of test set-up.
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Fig. U - Station at whidh readings were taken.
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Stability of gll cireuits was checked during the three days precesding
the first test. All outside.gage circuits were stable, but inside gage cir-
cuits were erratie, even under no pressure.

The first test was made without the reinforcing elamp on the lower sece
tion of the pump easing, so that strain meésurements could be taken on the
" outside surface at section i. Indicator readings were takem at 1000 psi
prossure inerements to 5000 psi; and at 500 psi increments to 6500 psi, the
highest pressure attained. The system was thén depressurized at about 1500 |
psi per'hour, indieator réadings being taken periodically during descent.
From data taken in this test it was apparent that 1) insids gages would yield
no usefhl'information, and ?) éll outside gages could be considered reliable.

| The clamp was next installed on the pump casing for test to higher pres-
sures. 'Two runs were made, the procedure being the same in boéh cases., Afe
ter éach 1000 pel increase in pressure, readings were taken for all.gégesf
The pressure vs circumferential strain curve for section B, known to be a
critical section, was plotted as the test progressed. As the sﬁrain rafé
‘there increased, pressure increments weré reduced, and when the curve app-
roached the horizomtal no further pressure increase was made. As iﬁ the fir=-
" 8t test, the pfessure was released at 1500 psi per hour, and readings were
taken periodically during descent. A L
. §§§EL§§ : :

Appendix A'cémpfises cﬁrves conétrueted from the test data. They ex-
hibit limits of proportionalitylbetweén pressure and strain as listed in
Table I. |
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TABLE | - PRESSURE AT LIIVIIT OF PROPORTIONAL STRAIN

Pressure, psi*

Section Test #1 Test #2 Test #3
Circum- . Circum- . Circum-
ferential Axial ferential Axial ferential Axial
A 5000 5000 6000 8000 7000 9000
B 4200 5100 5200 6000 7000 7000
C 4200 5200 6000 7000 8000
D 4200 5400 6000 7300 8000
E 5000 5400 6000 7000 8000
F 5000 5200 6000 7000 8000
G 4200 5000 6000 7000 8000 9000
H 5000 5000 7000 7500 9000 9000
JI 5000 8000 9000
K 5000
L** 4300
M 4000 5000 6000 7000 8000 7000

*Where no pressure is given, the proportional limit was not exceeded in
that test.

**At section L, strains were measured in the first test only.

Successive strain hardening and consequent increase in strength is app-
arent at every section where yielding occurred.
Conclusions

Total permanent set was greatest at section B, where 1150 microinches
per inch circumferential strain and 725 microinches per inch longitudinal
strain were received. Since these do not constitute severe deformation, it
can be assumed that the vessel was not weakened by testing, and the propor-

tional limit pressures of the final test accepted as safe measures of the



strength at corresponding sections.

There will be no further yielding at pressures up to 7000 psi, and rup-

“ture will not occur below 9000 psi.

The test results were reasonably well predicted by design analys;lso In
general, it was found that strains were somewhat higher than calculated, but

shéé%ing stresses, which were the eriterion of failure, were lower,
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Appendix A

PRESSURE VS STRAIN TEST DATA

The data presented graphically on the following pages sre the basis of

this report.

-

As described in Section 2; three test runs were made; herein, the three
records for each gage are brought together consecutively. Strains plotted
in each test do not include those residual from the preceeding test, but re-

fer to gzero at the beginning of the run.
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Circumferential strain. Longitudinal strain,
microinches per inch microinches per inch

Fig. 12 - Pressure vs strain at section A, test #1.
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Circumferential strain Longitudinal strain,
microinches per inch microinches per inch

Fig. 13 - Pressure va strain at section A, test #2.
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Circumferential strain Longitudinal strain,
microinches per inch microinches per inch

Fig. 14 - Pressure vs strain at gection A, test #3.
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Circmaferential strain Longitudinal strain,
microinches per inch microinches per inch

Fig. 15 - Pressure vs strain at section B, test 71
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Circumferential strain, Longitudinal strain,
microinches per inch microinches per inch

Fig. 16 - Pressure vs strain at section B, test #2.
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4
Clrcumferential strain Longitudinal strain,
microinehes per inch microinehes per inch

Fig. 17 - Pressure vs strain at section B, test #3.
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+_ P
Circumferential strain Longitudinal strain,
microinches per inch microinches per inch

Fig. 18 = Pressure vs strain at section C, test #1.
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Circumferential strain Longitudinal strain,
microinches per inch microinches per inch

Fig. 19 - Pressure vs strain at section C, teat #2
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&
Circumferential strain Longitudinal strain,
microinches per inch microinches per inch

Fig. 20 - Pressure vs strain at section C, test #3
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Circumferential strain anguudinalstrqin,
microinches per inch microinches per inch

Fig. 21 - Pressure vs strain at section D, test #1
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1o

r-f iH
Circumferential strain, Longitudinal strain,
microinches per inch microinches per inch

Fig. 22 - Pressure vs strain at section D, test #2.
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Circumferential strain Longitudinal strain,
microinches per inch microinches per inch

Fig. 23 - Pressure vs strain at section D, test #3
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Clrcmferential strain, Longitudinal strain,
microinches per inch microinches per inch

Fig. 24 - Fressure vs strain at section E, test #l.
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4+

Circumferential strain Longitudinal strain
microinches per inch microinches per inch

Fig. 25 - Pressure vs strain at section E, test #2.
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Clrcumferentlal strain Longitudinal strain
microinchea per inch microinches per inch

Fig. 26 - Pressure vs strain at section E, test #3
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Circumferential strain Longitudinal strain,
microinches per inch microinches per inch

Fig. 27 - Pressure vs strain at section F, test #1.
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Circumferential strain Longitudinal strain,
microinches per inch microinches per inch

Fig. 28 - Pressure vs strain at section F, test #2.
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Circumferential strain Longitudinal strain,
microinches per inch microinches per inch

Fig. 29 - Pressure vs strain at section F, test #3



ClrcuiLferential strain Longitudinal strain
microinches per inch microinches per inch

Fig. 30 - Pressure va strain at section G, test #1.
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Circumferential strain, Longitudinal strain,
microinches per inch microinches per inch

Fig. 31 - Pressure vs strain at section G, test #2.
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Circumferential strain Longitudinal strain,
microinches per inch microinches per inch

Fig. 32 - Pressure vs strain at section G, test #3
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Circumferential strain Longitudinal atrain,
microinches per inch microinches per inch

Fig. 33 - Pressure vs strain at section H, test #1
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41
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Circumferential strain Longitudinal strain
microinches per inch microinches per inch

Fig. 34 - Pressure vs strain at section H, test #2



52

3 & 8 8 8

]

Circumferential strain, Longitudinal strain,
microinohes per inch microinches per inch

Fig. 35 - Pressure vs strain at section H, test #3



Circumferential strain Longuudinalstrqin,
microinches per inch microinchea per inch

Fig. 36 - Pressure vs strain at section 1, test #1
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Circumferential strain. Longitudinal strain,
microinches per inch microinches per inch

Fig. 37 - Pressure vs strain at section 1, test #2.
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Circumferential strain Longitudinal strain,
microinches per inch microinches per inch

Fig. 38 - Pressure vs strain at section 1, test ff3
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Circumferential strain anguudinalstrqin,
microinches per inch microinches per inch

Fig. 39 - Pressure vs strain at section J, test #1
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Clrcunferential strain Longitudinal strain
microinches per inch microinches per inch

Fig. 40 - Pressure vs strain at section J, test #2



Circumferential strain Longitudinal strain
microinches per inch microinches per inch

Fig. 41 - Pressure vs strain at section J, test #3
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Circumferential strain, Longitudinal strain,
microinches per inch microinches per inch

Fig. 42 - Pressure vs strain at section K, test #1.
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Circumferential strain Longitudinal strain
microinches per inch microinches per inch

Fig. 43 - Pressure vs strain at section K, test #2
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Circumferential strain Longitudinal strain,

microinchea per inch microinches per inch

Fig. 44 - Pressure vs strain at section K, test #3
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Circumferential strain. Longitudinal strain,
microinches per inch microinches per inch

Fig. 45 - Pressure vs strain at section L, test #1
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Circumferential strain Longitudinal strain,
microinches per inch microinches per inch

Fig. 46 - Pressure vs strain at section M, test #1



Circumferential strain, Longitudinal strain,
microinches per inch microinches per inch

Fig. 47 - Pressure vs strain at section M, test #2
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Circumferential strain Longitudinal strain
microinches per inch microinches per inch

Fig. 48 - Pressure vs strain at section M, test #3.
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Appendix B

METHOD_OF SETTING PUMP_CASING AND HEAD FLANGE BOLTS

Dgtgrmiggfign of Bolt Loads
Figs. 49 and 50 show flange assemblies at the head and pump casing res-

pectively; At both ends the bolted parts are heavy and deform little in
comparison with the extension of the bolts themselves. Bolt loads are there=
fore practicallf conétant, ﬁot depending on the internal pressure.

In order that the head (or end cap) not separate from the flange face
of the retort and allow the "O" ring to blow out, the bolts had’ to be inite
ially loaded so they would unéergo no further inerease in length at the high-

est pressure to be applied. The minimum initial bolt load, F, was therefore

' L“number'of'bolts'.

For a meximum test pressure of 10 ksi, the minimum load for each head flange

bolt was

= 212 kips per bolt

The corresponding elongation is

®
H
=

n

. VA A 1. anenes)
4.6 89 inches) 30 000 ksi)
= 0154 inch




aé’?o

For the pump casing flange bolts the minimum initial load required vas"

= 25.7 kips per bolt

and the cérresponding elongation

.0055 inch

Bolt Stresseslﬂ ' )
Head flange bolts were set for a nominal .0l8 ineh elongaﬁion. Final
measurement shéwéd,eleven of the bolits to have stretched that amount within

.001 inch, and one was .003 over. The highest bolt stress, then, was
S=2E a

—-{,021 3nch
= 10 5nches) (30,000 ksi)

= 63 ksi

o

which is safe by a factor of three.
~ Pump casing flange bolts were set for a nominal .008 inch elongatién.’

The maximum measured was .010 inch, in which the bolt stress was

(. h o
g = %g?%ggﬁﬁﬁgg) (30,000 ksi)

= 35,3 ksi

which ig sgain safe by a factor of three.
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W. C. Stewart, Seec. 6.16 in ASME Handbook, METALS ENGINEERING, DESIGN,
_ McGraw»Hill Book Co., 1953.

ASNE Handbook, METALS PROPERTIES, MeGraw-Hill Book Co., 1954

SReA STRAIN GAGES (Bulletin 279)s The Baldwin Locomotive Works, Philadelphia,
Pa.y 1949.
HOW TO APPLY SR=4 STRAIN GAGES (Bulletin 279-B)

The Baldwin Locomotive Works,
Philadelphia, Pa., 1951. :

THE SR=4 TYPE "M" PORTABLE STRAIN INDICATOR (Bulletin 1401), The Baldwin
Locomotive Works, Philadelphia, Pa.; 1953.
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