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Statement of the Problem ----- - -- -- ---
A preliminary description of the NRL-1 experiment has 

~ been given in a pr~vious report 1 . Briefly, the experiment 
wi l l be performed in a circulating water loop constructed 
principally of carbon steel . Operation with a portion of the 

! loop, called the in- pi le thimble, inserted in the HB-1 beam ~ 
hole of the MTR is planned to determine the feasibility of 
using carbon steel as a principal construction material in 
high t emperature water cooled nuclear reactors. 

Absorption of gamma radiation and thermal neutrons in 
the wa l ls of the in- pile thimble introduces thermal stresses 
which are additional to the stresses normally encountered i1-:. 
unf i red pressure ve sse l operation. This report is concerned 
with a detailed examination of the performance of the in-
pile thimble under these conditions of elevated temperature, 
high pressure, 11 gamma 11 heating, and irradiation. The dis­
cussion is confined to the portion of the thimble extending ;,;;· 
i nto the reactor tank, since only that portion is subjected 
to significant therma l stress. The remainder of the in-
p i le thimb l e has been designed in accordance with the ap­
plicab l e unfired pressure vessel codes. 

A somewhat similar problem has been disc ussed by Fromm2 

for the ANL-2 experiment at MTR. The principal differences 
between the two are summarized in Table 1. 

TABLE 1 

Comparison of ANL- 2 and NRL-:1. Characteristics 

Thimb l e Material 

Design Pressure 

Operating Temp. 

ANL- 2 

AISI-316 stainless 
steel 

1650 psi 

500°F 

Operating Characteristics 

NRL-1. 

A-201-B carbon 
steel 

2500 psi 

6oo°F 

The characteristics of the system which are pertinent 
to this discussion are given in Table 2. 

1 NRL Report No. 4366 
2 ANL Reactor Engr .Div., Tech. Memo. 8 
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TABLE 2 

NRL-1 System Characteristics 

Bulk Water Temp., inlet 600° F 
outlet 610° F 

System Pressure, design 2500 psi 
operating 2200 psi 

Flow, maximum 135 gpm 

The reactor is assumed to operate at 30 MW and to produce 
an effective gamma heating in the HB-1 beam hole in beryllium 
as given in drawing AED-R-1049 3

, This heating is assumed to 
be 1.25 times greater in iron than in beryllium, to be uni­
form in the thimble wall in a plane _J_ to the thimble axis, 
and to decrease along the axis as shown in AED-R-1049, a de­
crease which may be described analytically as 

q = 8,3 e-.095 z watts/gm 

where z is the distance in cm along the thimble axis. 
(z = o at the in-pile end of the thimble at 6oo°F.) 

No allowance has been taken for possible flux depression in 
the vicinity of the thimble. 

Description of Thimble 

The portion of the thimble exposed to significant g amma 
heating is a single unit hot deep drawn from a 7/8" plate of 
A-201 Grade B silicon-killed carbon steel, normalized by 
heat treatment after drawing. This unit is joined to the r e ­
mainder of the thimble by a butt weld approximately 16 11 from 
the end, at which point the gamma heating is negligible. The 
end of the drawing is machined as shown in Figure 1 to re­
duce the thermal stress induced by gamma heating. The con­
figuration shown was chosen to provide minimum combined 
thermal and membrane tangential stress in the vici.ni ty of 
the intersection of the spherical end and the cylinder, and 
to provide substantially uniform tangential thermal stress 
in the region z = 0 to z = 10 cm. Care wa s taken to avoid 
a configuration which might give rise to po i nts of stress 
concentration or abrupt changes in dimensions. 

3 OR~L Report No. 963 
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Physical Properties of Thimb le Material 

Ten t himble ends were drawn from one lot of A201 - B with 
identical treatment . These units were machined to the dimen­
sions shown in Figure 2. Severa l of these were used for the 
tests described in this section . The chemical analysis of 
the materia l used is given in Table 3. 

TABLE 3 

Chemica l Ana l ysis of ASTM- A- 201 Grade B -
Used in I n - Pi le Thimble ---

C Mn Si s p 

.19 .65 .20 . 03~- ,026 

A detai l ed examina t ion at room and elevated. temperatures 
has been made of the physica1 properties of specimens cut 
from one of t he thimble ends (see Appendix B for details) , 
The l ocation of the specimens is shown in Figure 3, The 
resul ts of the tests so far completed are given in Table 4 . 
Additiona l stress rupture tests at lower stresses are in 
progre ss . A str·ess rup t ure t e st at 30 , 000 ps i and 6oo°F 
wi ll be conti nued for at l east two months to determine a 
creep r ate wh1.ch may be reliably extrapolated. to one year 
or longer. Representative creep rates which have been 
previously found for similar materials are shown in Table 5 . 

TABLE 5 

Creep Rates for Typical Carbon Steel 

Rate Stress Temp, 

1%/10 5 hr 23,000 psi 650°F 

1%/10 5 hr 20,000 psi 700°F 

1%/105 hr 18,000 psi 750°F 

The va l ues of physical properties required for the stress 
calculations are given for 300°c in Table 6 _ These values 
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were obtained from steels having closely s imilar composition 
to the A-201 used in the thimble. From the range of values 
g iven in the literature it is concluded that these parameters 
are rather insensit ive to small changes in composition. 

TABLE 6 

Values of Physical Properties Required in 

Stress Calculations 

Parameter Value Reference 

E (Young's Modulus) 25 X 10 6 psi 4,5 

k (Thermal Conduc - . 46o watt/cm0 c 6 

tiv ity) 

a (Coeff . Linear 1.3 X 10- 5 / 0 c 6 

therma l expanD. ) 

V (Poisson is Ra ti o) .28 6 

p (Density) ,786 g/cc 6 

Irradiation Effects on Physical Properties 

The ava ilable evidence on the effects of irradiation 
is summarized in 2 report by D . 0 , Lees~r 8

. The reported 
work has been done at lower flux l evels; l m;er total fl ux, 
a nd lower temperatures than contemplated for the NRL- 1 
thimble. The results indicate a general tendency to 
saturation of effect with increasing tota l flux, and a re ­
duction of effect wi th increasin§ temperature . I n general 
it has been found at approx . 1 00 F and 5 x 1019 NVT that 
the hardness increases slightly, the tens ile st reng th i n ­
creases~ 10- 20%, the yield point increases~ 25- 50%, and 
the elongation decreases~ 25-50% 

Irradiation increases the transition temperature for 
b~ittle fracture. This effect appears to decrease with in­
creasi:ig tempera tur-e and to reach a higher limit with 

4 M.H.Roberts and J.Nortcliffe, J.Iron and Steel Inst.157:345,1941 
5 G .C .Seager and F ., C .Thompson, J .Iron and Steel Inst --2:.:7.:103,1943 
6 Metals Handb ook , 1948 
7 ANL -1_~792 
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increasing total flux. The increase in transition temperature 
appears

0
to be reduced with finer grain steels. Increases of 

"v 20-30 F are reported at temperatures of 500°F and 2 x 1ois NVir. 

Evidence on c reep is very scanty but indicates only 
slight effects. 

The most nearly applicable resu.lts are summarized in 
Table 7, 

TABLE 7 

Selected Results of Effects of Irradiation on Carbon Steel 

Property-Mat 1 1 Temp. Flux Results 
OF --(NVT slow) Pre Post 

Hardness-SAE-1018 450-500 1 X 10l9 RB81-83 F1385-87 

Tensile Strength 70-140 2 X 10l9 74,000psi ult. 82.,000 psi 
-SA-212 42,000 yield 70,000 

19.2% elongation 14.5% 

Creep-SA-194 450-500 10:1 9 0.2% increase in overall 
(15,000 psi load) length 

Impact Strength- ~-25 8 X 10lB 15-4o°F 35-60°F 
0 .34c Al-killed 
(transition temp.) 

As a part of the NRL-2 test program at MTR (an experi.ment 
in which simple specimens may be irradiated at elevated tempera~ 
tures in a reflector piece) tensile and notch impact specimens 
have been prepared from thimble material and are awaiting ir­
radiation. Operatins temperature of 6oo°F and total flux of 
1020 NVT are planned. A comparison will be made of the behavior 
of the irradiated specimens with unirradiated controls. 

Stress Calculations 

The ana lysis of the stresses in the in-pile thimble has 
been made in accordance with the assumptions and method of 
Timoshenko 8 • The details of the calculations a~e given in Ap­
pendix A. The stresses obtained, assuming an adiabatic outer 
surface, are given in Table 8. The details of the calcul.ations 

8 Timoshenko and Goodier, "Theory of Elastici ty 11
, 2nd ed. ,P. 408 et seq . 

- 8 -



are given in Tab l es 9 and 10. Figure 4 shows the variation of 
stress across the wall at the point of maximum tangential stress, 
Figure 4 a lso shows the effect on the s tre ss of removing various 
fractions~ of the heat generated in t he wa ll by external cooling. 

rrhimble Te sts 

One thimble end machined as shown in Figure 3 has been 
subjected t o increasing hydrostatic pressure at room tempera­
ture until it burst at 14,ooo psi, at which pressure the tan­
gential stress was estima ted to be~ 98,000 ps i . No increase 
was noted in cylindrical diameter at 5,000 ps i . The result of 
this test is shown in Figures 5 and 6 . A s econd bursting test 
is being prepared for 6oo°F. Measurements of stress and expan­
sion will be included. 

The thimble end intended for in-p i le test wi 11 be sub ,jected 
to a hydrostati c test at 3500 ps i and inspection by magnafl.ux 
and zyglo techniques. The rma l gradients obtained in-pile will 
be monitored on the first thimble inserted. The present p .l an 
is to remove the f irs t t h imb le a t the end of the first test 
(~ 60 days) and to perform comparison tests on it to determin e 
deformation and changes in physical p:i.."operties . 

Conformity t o ASME Boiler and Pressure Vessel Code 9 

The maximum allowable tensile stress for A-201-B carbon steel 
is given in Table UCS-23,Section VII, as S = 15,000 psi in the tem­
perature range -20 to 65o°F for material with minimum room tempera­
t u re u ltima te strength of 60,000 psi. The criteria for determining 
the allowable stress values are v aried and not well defined , They 
are given in Appendix P of Section VII and may be brief l y s um­
marized asdl) 25% of min.tensile strength at room temp . 

!2) 25% of min.tensile strength at operati ng temp . 
3) 62 1/2~ of min.y i eld strength at operatin.g t em~1. 
4) 100% or s tress to produce creep rate of 1%/1Q5 hr . 

It should be kept in mind that these c riteria are fo r s t res se s 
p r oduced by pre ssure only , and allow for safe operation for a 
range of materia l properties as encountered in commercial p r oduc -­
tion~ for the presence of unkno1i'rn discontinu.i ty stresse s, and f or 
service over a n extended period of tioe. By any of the s e c rj_t eroia, 
the data of Tab l e 4 show that the maximum pressure st r ess of 
16,000 psi obtained i .n this thimble is within code allowances. 

The code provides no specific allowances or cri teria f or de­
termining maximum allowab l e thermal stress. Of t h e spec i fi c al ­
lowances made in the code, the following t hre e are mos t nearly 
comparab le to the in-pile case~ 

8 ASME Boiler and Pressure Vessel Code , :1.952 
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TABLE 9 

VALUES FOR STRESS CALCULATION PARAMETERS 

t 
aEg 

z b g k~l-u) 
cm cm cm watts/cc (10-psi/cm2

) 

0 4.769 .563 65,3 6.4-1 

1 4 ,802 .596 59.4 5.83 

2 4.835 . 629 54.2 5 , 32 

3 4.867 .661 49,0 4.81 

4 4.900 .694 44 . 4 4.36 

4.769 4.924 .718 41.5 4.07 

5 4.931 .725 40.5 3,98 

6 4.961 .755 36,6 3, 59 

7 4,991 , 785 34 . o 3,34 

8 5.020 .814 31. ,3 3,07 

9 5,050 • .844 27,8 2.73 

10 5.080 ,874 25.5 2 . 50 

12 5.080 .874 20.9 2.05 

14 5,080 ,874 17 .0 1,67 

16 5.080 .874 14.4 1 , !+1 

25 5.080 ,874 C. o , 59 

a= 4.206 cm 
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Fig, 5 
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(1) (a) For pressure pip ing ASA B 31 .1 ---1951 para , 62 0 allows combined 
bending and pre ssure stresses comp uted by the fo~m~la 

where 

Using s 1 ·-

~ - · 
'-J .l 

Sc = . 75(S + Si) 

S == combined stress 
C 

S - allowed working stress at operating t emp. 
S 1 - allowed working stress at room temp. 

15 , 000 s -- 22 -' !500 
C 

16,000 s = ,"))I ()<'Q 
C 

L 7' J JU 

'l-) .75 ( ) i_ ,) _ This criteria is s ometimes expressed as Sc ==5 _ u + uJ_ .. 

where u = ult ima te strength at operating temp , 
u 1 = ult imate strength at room temp. 

using t he data of Table 4 this gives Sc= 21,900 

( 2} F'or superheaters, economizers, and boiler genera tor t .J.bes, 
the power boiler code, section I, para.P-21, gi ves the 
f ollowing formula for the maximurc working pressure 

. 1)27) 
p -

1. -- ~ + . 027 

where t: wall t hickne ss 
b -= outer tube rad_1iua .. 

--sing th8 data of Tab1e 9, the .:ol low:Lng va l ues are obtained'. 
C't I • \ 

u l_pSl; 

:L5,000 
15,000 
:.i.6 _,ooo 
16,000 

b(cm ) 

5 .080 
4,924 
5 . 080 
4. 92L[ 

p (psi ) 

2542 
2025 
2712 
2i60 

~3) For steam p i pes, Se c tion I, para.P-23 gives for the maxi­
mum wo r king pressure 

s 
p .... b where y :; s a eons tant == O. 4 

t y 

this give s the f ollowing values 

S(psi 

1 5,000 
1.5,000 
16,000 
t6,ooo 

5 .CE\O 
~- .. 924 
5.080 
4 . 92:!+ 

;:2790 
2250 
2980 
2400 

These figures show tha t the ve s s el wou ld be safely des i gred 

- 16 -



accordin g t o t he c ode ( under criteria(2) and (3) which are for mo re 
severe s ervice than anticipated here ) if a uniform diameter tube 
u sing the oute r radius 5,080 cm were employed , This radius is 
used in t he NRL- 1 v e ssel excep t for a 5 cm length in the vicinity 
of the i ntersection of spherical end and cylinder. In this length 
t he s tresses obtain ed with the c~rrent NRL-1 design are less t han 
those ob t aine d with a uniform wall ~hickness, and therefore the de­
sign is ass umed to be safer than a code designed vessel , It may b e 
seen from Figure 4 and Table 8 tha t the maximum allowance for com­
bined s t ress by criter ia (1) is exceeded , if all (depending on 
the crite r'ion chosen), by less than 1000 psi , This nexcess 11 fur­
thermore exists for rv1 cm in length and i::v,9 ,wrn in ;d,§;pth in the wal1 

-~- ._. .. ,·,·" . 

No c or rosion allowa nce has been made in wal l t hickne ss in t he 
thimble tip . On the basis of out -of-pile l oop experience, the 
maximum anticipated corrosion ra te is approx . 0 . 5 mils per y ear . 
!t is likely that the actual rate will be less by a fa ctor of 
2 to 5 . The c orrosion ra t e will be caref~lly monitored during 
opera tion . Opera t ion of a thimble for more than two years is 
not anticipated, s o that n o corros i on al l owance is required . 

r~ ·; • ,_, one 1.us1.ons 

From the se considerati on s it is concl ~ded that the vessel 
i s safe ly designed withi n t he app licable ASME code s and to 
acceptably c onservative ciriteria for those points which are 
n o t covered by ASME c odes . • 

~he effects of irradiation are not s~ch as to affect thB 
fore goi ng c onclusion. Irradiation will tend t o improve some 
qualitie s of the s t eel t o compe nsa te for deg rada tion in others . 

From the therma l gradient measurernen :, s of the ANL- 2 ex ­
perlment .1. it i s con c l uded that the ac tua l gamma hea t ing may be 
l ower t han tha t used in th~ s report by a s much as a fac t or 2. 
Accordingly, it is likely that t he design i s safe r than t he 
calculatlons of this report indi c ate . 
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Appendix A 

Stress Calculations 

The assumptions and method of analysis :for thermal stress 
are thos e of Timoshenko 6

• The s tresses due to internal pres ­
sure are calculated from the usual formulas 7 • The disconti­
nuity stresses are calculat ed by Roark 1 s method 8 • 

1 . Stresses due to internal pressure. 

Cylinder 

At a point in a long c~rcular cylinder closed at the ends 
with a concentric circular hole and internal pressure only : 

2 b2 
At all points cr8 = a P (1 + -) 

b 2 -a2 r 2 

a z 

11 t .. . d f' n 1ns1 e sur~ace 
0 e 

At outside surface ae 

Sphere 

At a point in a sphere with a concent r ic spherical hole 
and internal pressure only ~ 

_P At inside surface at= 2 

At outside surface at 

2r3 +b 3 

b3 -as 

,,/,03 ~3) C.. \ -a 

6 Timoshenko and Goodier, "TlJ_eory or Elasticity", ~:nd ed . ,P . 408, et . s e q• 
7 Timoe,'o.enko and Goodier, "Tll..eory of Elasti c ity 11 }2nd ed . ,P . 58 and 359 
8 Roar1c, 11 Formu1as for Stress and Strain 11

, 3rd ed . , P ,275 

- '.L8 -



where oe -- c i rcumf e re n tc:t·a1 strec,s in cylinder 
0 b = . ' l ongitudina l s tress in cyl1nder 

= 0t tangential str~ess in sphere 

p = internal pressure 

r - radius a t the Poi.nt 

b = outside radius 

a -- inside radius 

2. Stresses due to 
11
gamma II heat ing in the wal l s of the vesse l 

0 

Because of the mathemat1.cal complications, the analysis 
is sj_mplifj_ed by t he assumption that t h e thermal stresses 
at a point may be approximated by calculating the stress 
obtained in a cylinder or sphere uniformly heated by gamma 
heat of the mag n i tude existing at the point. The vali.di ty 
of this approximation is i mproved by varying the thickness 
as has been done in this vesse l, so as to maintain essen­
tially uniform thermal gradient in alJ. planes ....L to the 
a.xis .. 

Cylinder 

It is assumed that the heating i s uniform in a plane .. :.L to 
the a.xis of the cylinder 0 Then from Timoshenko , the stresses are: 
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The temperature a t a PD 1nt in the cylinder is given by: 
1 d rcr.r g 

v 2
T 0= r cir ( dr) = - K 
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The constants a r'e evalua ted for the general case in which 
a fraction~ of the heat aenerated in the cylinder is trans ­
mitted outward through th; external surface. The case~ = O 
represents the case for internal cooling only;~= 1 external 
cooling on]y. Fran tre resulting equations, the effects of ex­
ternal cooling may be de t ermined. The boundary conditions 
for this case are: 

T = T0 

dT 
dr 

= 

Leading to: 

for r = a 

m - g(a2-r2) ' 
.L - 4k • ' 

Sphere 

It is assumed that the heating i s uniform along a radius to 
faci l itate the mathematic al calculation. The value taken 
in the actual computation is that at the intersection of the 
radius and the outer surrace so that the stress obtained is 
somewhat higher than the actua l stress. The deviation is 
significant only for radii near the axis of the cylinder. 

The temperature at a point in the sphere is given by 

= d
2

T + 2 dT = 
dr2 r dr 

The boundary condi ti ans, as before, are 

T = 'ro for r --- a 

dT = !3g bs - a3 for r -·- b -
dr k 3b 2 
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which gives 

Integrat i on of the stress equations then leads to the 
following results: 

Cy l inder 
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These equations may be Simplified for the accuracy required 
_n this problem by introd ucing the wa ll thickness t = b-a 
ind calcu l ating the s erie s expansion of the preceding equati~ns . 
,:he simplified equations Which follow are accurate to approxl ­
nately 2% fo~ t/a <0.2, 

CyJinder 

r=a 
( 1 -t- t ) _ R (J_ + t -) ] 
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3. Stresses due to the unequal 11 un,joined 11 displacements of 
the spherical end and the cylinder, so-called discontinuity 
str0 esses. 

The stresses arise from a shear force V
0 

and a bending 
moment M0 which restrain the difference in displacement. 
M0 for a uniform thickness in both sphere and cylinder 
wa lls is zero. For t he present case in which the thick­
ness varies quite slowly Mo is found to be less than 2% 
of V0 and may be neglect~d except in the immediate vicinity 
of the junction between sphere and cylinder. In this re­
gion, however, the contr~bution of the discontinuity stress 
to the total stress is very small and may be neglected. 

The "unjoined 
11 

displacements are given by the fol lowing 
formulas: 

Cylinder 

[ 

a2 

b2-a2 

Sphere 

Let 

6bs = J2l2. 
E 

6a 1 = the portion of 6ac _ 6as taken up by the cylinder 

6a' 1 = the portion a :f' 6ac _ 6as taken up by the sphere 

and similarly for t h e outer surface. 



Neglecting M0 as discussed above and taking as the average 
value of the wall thickness that at the intersection of 
sphere and cylinde r (the result obtained is within 2% of 
the resul t obtained by considering the thickness variation 
in detail) 

6a I r = 6a , = EV oa ( b +a ) 

E b - a 

V oa = ( b - a) E ( 6.a r +.6a 1 1 ) 

b+a 2 E 

similar l y V
0

b 

1

r:-1e shear force V O exerts a moment M
2

; given by 

e--11.z i 

V0 sin Az 

where 11. --

z 
I 
is the distance along the axis of the cylinder, 

z 
1 

= O at the intersection of cylinder and sphere. 

This expression is vallct ror all values of z 1 along the 
cylinder, and j_s applic.abie within 2% accuracy to z' 'v 1 cm 
on the sphere . Beyond :1__ cm, the actual moment decreases at 
a rate slightly less than that given by this expression. 

The stresses are calcu.la. t ed from the moment by the relation2 

CY z 
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In these ca1cuJat1ons the following symbols and units are 
used which are not explained in the text: 

E - Young 1 s Modulus (psi) 

a = Coeffj_cient of linear . thermal expans ion ( / 0 c) 

u = Poisson 1 s rat1
0 

k == Thermal conductivity (watts/cm0 c) 

g = volumetric rate of heat generation (watts/cc) 

p = pressure (psi) 

T = temperature ( oc) 



Appendix B 

Detai l s .£! Physical Property Tests 

Tensile Test 

The room temp~rature tests (item 2 of Table 4) wer~ ~ade 
w;th standard specimens in accordance with Federal Specifica­
tion QQ-M-15la, Section IV, Part 5, Fig~re 5A. The elevated 
temperat:1re tests ( items 3 _5 of Table 4 j were made on . . 
longitudinal specimens O 25011 diameter threaded end, cylindri­
cal, 1 inch gage length b~rs e An external extensoment~r whi ch 
measured crosshead displacement was used to find the y1.eld point. 

Notch Bar Impact Test 

The tests were made on a standard 240 ft, lb., capaci.ty 
Charpy Impact Machine at s 2 o F" I nside notch refers to a 
n,atch on the inside sur.:race of the tube; etc. Resu~ts from 
tnese non-standard specimens can be compared only with other 
resu1 ts from similar specimens 

O 
This test will be us~d to 

c ompare with irradiated specimens from the first i.n-pile thimble, 

Flattening~ 

The specimen was tested i n accordance wlth ASTM specif~c.a­
tion A210-46 which , is a specification for se~~ess steel bo1.~~r 
tubes.. The specification requires that r:o visibl~ ( nak~d.L. 8','[:, 
cracks shall appear with the outer diameter of a 1.,ube O- vhi"" 
dimens i on reduced to 2 ~ 4 5 • · • 

in . 



Appendix A 

Stress Calculations 

The assumptions and method of analysis for thermal stress 
are those of Timoshenko 6

• The stresses due to internal pres­
sure are calculated from the usual formulas 7 . The disconti­
nuity stresses are calculated by Roark 1 s method 8 • 

1. Stresses due to internal pressure " 

Cylinder 

At a point in a long circular cylinder closed at the ends 
with a concentric circular hole and internal pressure only: 

At all points 0 8 = a
2 

P (1 + b
2

) 
b2-a2 r2 

oz 

At inside surface G 
e 

= 2pa2 
At outside surface cre 

b2-a2 

Sphere 

At a point in a sphere with a concentric spherical hole 
and internal pressure only ~ 

At all points 

p 
At inside surface at = 2 

At outside surface at 

6 Timoshenko and Goodier, 111rheory of Elasticity'' ,2nd ed. ,P. 408 ,et. seq. 
7 Timoshenko and Goodier /'Theory of Elas tici ty 11

, 2nd ed. , p. 58 and 359 
8 Roark, "Formulas for Stress and Strain'', 3rd ed., p . 275 
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where 00 = circumferential stress in cylinder 

CT,7 = longitudinal stress in cylinder _, 

crt = tangential st:!'.'ess in sphere 

p = internal pressure 

r = radius at the point 

b = outside radius 

a = inside radius 

2 . Stresses due to "gamman heating in the walls of the vessel. 

Because of the mathematical complications, the analysis 
is simplified by the assumption that the thermal stresses 
at a point may be approximated by calculating the stresB 
obtained in a cylinder or sphere uniformly heated by gamma 
heat of the magnitude existing at the point. The validity 
of this approximation is improved by varying the thickness 
as has been done in this vessel, so as to maintain essen­
tially uniform thermal gradient in all planes ...L. to the 
axis. 

Cylinder 

It is assumed that the heating is uniform in a plane ..Lto 
the axis of the cylinder. Then from Timoshenko, the stresses 
are: b r 

a E [ r
2

+a
2 

[ [ 2] Trdr + Trdr - Tr 
cre = (1-u)r2 b 2 -a2 

a E 
crz = ('.L-u) 

The temperature at a point in the cylinder is given by: 
1 d rdT g 

V 2 T = r Qr (-----rr) = - K 

gr2 
T = - ~ + C i 1 nr + C 2 
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.. 

The constants are evaluated for the general case in which 
a fraction~ of the heat generated in the cylinder is trans­
mitted outward through the external surface. The case f3 ·'::' o 
represents the case for internal cooling only; J3 = 1 external 
cooling on]y" Frcm tie resulting e quations, the effects of ex­
ternal cooling may be determined. The boundary conditions 
for this case are~ 

T = To for r = a 

dT 
~ 

g (b 2-a2 ) 
for r b - - = 

dr k 2b 

Leading to~ 
g(a2-r2) 

+ [ 
gb2 

(1-~) 
ga2 ~] r 

T = +-- ln - + To 4k 2k 2k a 

Sphere 

It is assumed that the heating is uniform along a radius to 
facilitate the mathematical calculation. The value taken 
in the actual computation is that at the intersection of the 
radius and the outer surface so that the stress obtained is 
somewhat higher than the actual stress. The deviation is 
significant only for radii near the axis of the cylinder. 

The temperature at a point in the sphere is given by 

T = 

The boundary conditions, as before, are 

T = T 0 
for r = a 

dT = _ ffi b
3 -a 3 for r = b 

dr k 3b2 
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,. 

which gives 

T - g ( a 2 - r2 b s - b s ) + t3 g ( b s - a 3 ) ( 1 - _!) + T 
·- 3k 2 + a r 3k r a o 

Integration of the stress equations then leads to the 
following results: 
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r=r 0 = _a...,,,E_g...,..__~ 
e 16k (1-u ) 

- r +a ln - - 4b 2 ln r - a2 

{ 

4b 4 2 2 b 

r 2 b 2 -a2 a a 

r =r 

+(b 2 -a2

) ( 2r2 ln ~ + r 2 - a 2

)]) 

a~= aEg ) 4b
4 

ln .12.. - 3b 2 -a2 + 2r2 -4b 2 ln r 
8k(1-u) Lb 2 -a2 a a 

_ 4(a2 -b 2
) ln ~ Jj + ~[-4b 2 ln ~ + 2b 2 

- 2a2 

r=a 0z = Ge= aEg [ 
8k(1 - u) 

Sphere 

r =r 0 +- = 
aEg, --

{
2r3 +a 3 [ a2bs b s ~ ~ 

3k(i~u) rs(bs-as) --+- , -V 

3 3a 5 15 

+ .L [ a:r
3 rs b3rs - bsr2 a2bs 

- ~;] -+-- +-. --
r3 10 3a 2 6 

·- 21 ·-

] 



r2-a2 + bs (1 - .1) f3 [ 
2r3 +a 3 . b2 bs - 2:.2) + + r 3 { (2 -2 r a 3a 6 

bs-as r2 rs a 2 
(be-as)(;_!) Jj + (- - -) r3 2 3a 6 
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These equations may be simplified for the accuracy required 
in this problem by introducing the wa ll thic kness t = b-a 
and calculating the series expansion of the preceding equations , 
The simp lified equations which follow are accurate to approxi­
mately 2% fort/a <O.2, 

Cylinder 
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Sphere 
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3. Stresses due to the unequal 11 unjoined 11 displacements of 
the spherical end and the cy linder, so-called discontinuity 
stresses. 

The stresses arise from a shear force V0 and a bending 
moment M0 which restrain the difference in displacement. 
M0 f or a uniform thickness in both sphere and cylinder 
walls is zero. For the present case in which the thick­
ness varies quite slowly, M0 is found to be less than 2% 
of V0 and may be neglected except in the immediate vicinity 
of the junction between sphere and cylinder. In this re­
gion, however, the contribution of the discontinuity stress 
to the total stress is very small and may be neglectedo 

The 11 unjoined 11 displacements are given by the following 
formulas~ 

Cylinder 

a2 
- u (-b-.2-_-a-2 

L':..bc @ [ a2 
(2-u)] = 

E b2-a2 

Sphere 

Let 

L:,.as = ill. [ b 3 +2a 3 
( 1 .. -'\)) + rj] 

E 2(b 3 -a 3 ) 

6bs = ~ [ 3as (1-u)] 
E 2(b 3 -a 3

) 

L:,.at = the portion of L:,.ac - L:,.a 8 taken up by the cylinder 

L:,.a 11 = the portion of 6ac - L':..as taken up by the sphere 

and similarly for the outer surface. 
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Neglecting M0 as discussed above and taking as the average 
value of the wall thickness that at the intersection of 
sphere and cylinder (the result obtained is within 2% of 
the result obtained by considering the thickness variation 
in detail) 

6a'' = ~a'= EVoa (b +a ) 

where E 

= (b-a) E 
b+a 2E 

E b-a 

similarly V0 b 

The shear force V
0 

exerts a moment M
2

i given by 

M2 , = e-AZ 1 

V0 sin A.Z 1 

A. 

where A = 2E 
b+a 

z'is the distance along the axis of the cylinder, 

z 1 =0 at the intersection of cylinder and sphere. 

This expression is valid for all values of z' along the 
cylinder, and is applicable within 2% accuracy to z 1 ~ 1 cm 
on the sphere. Beyond 1 cm, the actual moment decreases at 
a rate slightly less than that given by this expressiono 

The stresses are calculated from the moment by the relations 

= 6Mz 1 CTz 
(b -a ) 2 
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In these calculations the following symbols and units are 
used which are not explained in the text: 

E = Young's Modul us (psi) 

a= Coefficient of linear thermal expansion (/0 c) 

u = Pois son's ratio 

k = Thermal conductivity (watts/cm°C) 

g = volumetric rate of heat generation (watts/cc) 

p = pressure (psi) 

T = temperature ( 0 c) 
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.. 
Appendix B 

Details of Physical Property Tests 

Tensile Test 

The room temperature tests (item 2 of Table 4) were made 
with standard specimens in accordance with Federal Specifica­
tion QQ-M-15la , Secti on IV~ Part 5~ Figure SA. The elevated 
temperature tests (items 3-5 of Table 4) were made on 
longitudinal specimens 5 0 .250'' diameter threaded endJ cylindri­
cal J 1 inch gage length bars. An external extensomenter which 
measured crosshead displacement was used to find the yield 
point. 

Notch Bar Impact Test 

The tests were made on a standard 240 ft. lb. capacity 
Charpy Impact Machine at 82° F. Inside notch refers to a 
notch on the inside surface of the tubeJ etc. Results from 
these non-standard specimens can be compared only with other 
results from similar specimens. This test will be used to 
compare with irradiated specimens from the first in-pile 
thimble. 

Flattening Test 

The specimen was tested in accordance with ASTM specifica­
tion A210-46 which is a specification for seamless steel boiler 
tubes. The specificat ion requires that no vis ib le (naked eye ) 
cracks shall appear with t he . outer _diameter of :a tube of this 
dimension reduced to 2.45 in. 

C'. 




