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RESEARCH ME" 

By R. H. K ~ I Q  and W. C . Morgan 

SUMMARY 

A moderator tube of  the Submarine Intermediate Reactor (SIR) 
("Mark A") was subjected to temperature gradients  considered t o  be 
representative of those  occurring in the  reactor  during  weration. The 
distortion of the  tube  as a result of the imposed temperature gradients 
was measured  under two conditions: (1) with the ends of the tube 
retainea In the same mer ES in  the  reactor; ana (2) wlth the ends 
of the tube sfmply supported. Restraining end moments were present in 
the first case which reduced the mximum distortion by approximately 
55 percent of that obtained when the tube was s h q l y  supported  with 
end  moments known t o  be  zero. When retained in the same  manner as i n  
the  reactor,  the msxirmrm transverse  distortion of the moderator tube 
was 0.060 inch at a point 20 inches f'rom the handle end.. 

Preliminary theoretical  considerations of the design of the SIR 
'"ark A" reactor have indicated that the moderator tube may be appreciably 
dfstorted by tenperature  gradients which are imposed auring full power 
operation. The distortton of the moderator tube wa6 therefore  deter- 
mined exper3mentaUy at the NACA Lewis laboratory under condttfons of 
temperature and temperature gradients  specifled by the Knolls Atomic 
Power Laboratory, and consiaerea similar to those that would e x i s t  
during operatfon of the  reactor. 

The moderator tube consfats  essentially of a 347 stainless  steel 

tube f i l l e d  with beryllium slugs approximately lz inches long, and 
having a wall thickness of 0.010 inch, a diameter of the  order of 
1~ inches, and an over-all  length of approximately 57 inches. 

1 

1 

Distortion measurements  were made with the moderator tube hela  in 
the same manner-as in the  reactor and also with the tube simply 
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supported, wlth end moments h o r n  t o  be zero. The experimental  distortion 
values were compared with an  analytically determined distortion  curve. 

The moderator  tube was furnished by the Knolls A t d c  Power 
I ,  

Laboratory. 

The experimental  procedure  consfsted i n  measuring the &istortion N 

of the moderator  tube that  occurred  as a resu l t -  of the  establishment of 
specified temperature gradients  in the tube. Basically, there were 
three requirements  involved i n  the experimental  investigation: (1) That 
the ends of the moderator tube be held i n  a mnner sim3lar t o  the 
retentlon  within the reactor;  (2) that the tenperatme  gradlents 
established  in the tube should conform closely  to  values  speceied by 
the Knolls Atomic  Power Laboratory as representative of conditions t o  
be expected i n  the reactor;  ana (3) that any distor t ion  resul t ing from 
the established temperature  gradients  be measured within an accuracy 
of +0.002 inch. 

r. 
G m 

Moderator tube  and method of retention i n  reactor.  - The moderator 
tube is  shown i n  figure 1 with  the.thermocouples fwtalled. Details of b 

the tube are shown i n  figure 2 which tndicates the method of retention 
i n  the reactor .  The end  of the tube at the left in   f lgure  2 (top, i n  
reactor a l s o  called  handle end) ' i s  supported in  the  transverse  direction 
by three equally spaced fins,  while an  axial   force applied t o  the button 
compresses a spring i n  the opposite end of the tube 1/2 inch. The 
compression load on the tube is approximately 150.. pgund6 .. The end at 
the right i n  figure 2 has three equally spaced  .metering stzntts which 
are seated i n  a conical  holder. In order t o  obtain  the  described end 
conditions, the moderator tube was mounted horizontally i n  machined 
fixtures between two zlbassfve concrete  blocks as shown i n  figure 3. An 
adjustable  positioning  device m s  used t o  locate the handle  end of the 
tube  and to  provide a means of varying the compression of the  spring 
wlthin the tube. 

.I 

Between sections 5 and 6 ( f ig .  2) the  tube-has a wall thickness of 
0.010 inch  and is fabrlcated f'rom 347 s%ai&Less steel. The thin  walled 
tube is  welded at the ends to  sol id 347 stainless  steel plugs. The plug 
at the  handle end slides into a hole i n   t h e  s o g a  hanZLe and is pinnea 
a t h  one pin. The plug at the Opp06ik end slides wi th in  a thick walled 
tube which contains  the spring. Clearances provide a small amount of 
play a t  both  pinned  Joints. The tube  contalns  loose  fitting  beryllium 

slugs, approximately I- inches long, between sectlons 5 and 6. 1 
2 0 

Method of obtaining  temperature  Wadients. - The specified.  temperature (r' 

gradients which were t o  be-imposed on the moderator  tube are shown in 
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figure 2.  The temperature profile formed by the  line ABCD (fig. 2)  was 

the  profile EFCD was imposed along another element displaced 180 from 
the first.  It was also desired that the temperature gradient  across  the 
diameter between the two elements of  the tube be linear and, therefore,. 
that the tube  temperatures around the circumference vary in a sinusoiaal 
manner. 

4 t o  be hposed along an  element of the tube parallel t o  the axis pile 

N 
m m 
Lu 

An approximation t o  the  described  set of temperature gradients was 
obtained through the  use of Induction  heating,  localized  radiation and 
convection heating, and localized air cooling. The general arrangement 
of the  heating and cooling equipment is shown i n  figure  3. The specified 
axial  tenperature  distribution was obtained by varyTng the spacing 
between aajacent turns of the kduction heating coi l .  The diametral or 
transverse  gradients were produced  by cooling along one element of t he '  
tube wfth compressed sir and adding additional  heat t o  the element 
displaced 180° from the cooled element by means of steel  bars whlcpl were 
i n  turn heated by the  inductton  coil. Because of the  variation in 
transverse  gradient along the  length of the  tube, a manLfold was used 
i n  order 'GO permit  aajustment of the amounts of cooUng a i r   i n  the 
various axial sections. Along the element wbich was t o  be heated, 

steel  heated t o  incandescence by the  inauction coil. The heat  supplied 
was controlled by the width and the length of the  steel bars and by 
varying the  distance between the  stainless-steel troughs and the moderator 
tube.  Stripe of woven glass  sleeving approximately 1/2 inch i n  afameter 
were  cemented along both sides of the tube t o  alleviate uMavorable 
convection. 

! stainless-steel troughs were supported that contained bars of SpiG 1015 

* 

Temperatures were  measured  by themcouples spot welded. t o  the tube 
a t  nine stations  located along the  length of  the  tube. A t  each s ta t ion  
four thermocouples were located.  equally spaced around the circumference, 
with one couple on the cooled element of the tube and  one on the  heated 
element of the  tube. The thermocouples were fabricated from Brown and 
Sharpe No. 32 chromel  and alumel wires to produce a small junction which 
could be spot welded t o  the  thin walled. tube  without injuring  the  tube. 
The junctions were not shielded  since it was not known at the  specific 
thermocouple locations whether or not the  beryllium slugs were i n  contact 
with  the thin walled tube. The temperature measurements  were therefore 
probably mre  accurate where the  slugs did not touch the tube and less 
accurate where the slugs did touch the tube a t  the  junction  locations. 
The heating an& cooling  arrangemnts were made t o  obtain  heating along 
the bottom of the tube and cooling along the  top of the tube as hor- 
izontally  oriented  in  the  fwtures between the  concrete  blocks. 

Measurement of distortion. - The asplacement of the moderator tube 
during the course of the experiment was measured  by dial Fndlcators 

V and optical cathetometers (fig.  3). The  &la1 fndicators were orienteif 
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to measure  deflection6 in the  vertical  and  horizontal  directions.  The 
cathetometers  measured  vertical  and  horizontal  deflections,  also,  and  were 
more  flexible in operation,  permitting  measurements  at  any  desired 
location along the  length of the tube.  Comparisons ma& between dial 
indicator  and  cathetometer  readings  at  comparable  points on the tube 
showed  good  egreement.  Both  cathetometers  were  mounted on a single 
pedestal  that  could  be  moved on. a carriage  parallel to the  moderator 
tube.  Vertical  deflections  Were  measured  by  direct  observation of a 
longitudinal  line  scribed on the  tube;  horizontal  deflections  were 
observed  in a similar  manner  through a simple  front  surface  mirror 
system  (fig. 3). A l l  mirror  and  dial  indicator  supporting  racks  were 
maintained  at  constant  temperature  by  the.circulation of water through 
the  rack bars.  Instrument  accuracy was +0.002 inch. 

4 

- 

RESULTS AND DISCUSSlON 

Distortion  with  end  retention s i m i l a r  to  reactor  conditions. - 
The  positioning  device  for  the  handle  end of the  moderator  tube w&s set 
to compress  the  spring 0.50 inch when the  tube was brought up to  the 
desired  temperature  conditions.  Axial  expansion of the  tube  was allowed 
for  in  setting  the  positioning  device  when  the  tube was cold. The end 
retention WBB therefore  the  same as Chat obtained in the  reactor  with 
approximately 150 pounds of axial campression  loading on the  tube. 

Eu In 
CD 
hl 

The  measured  temperatures along the  heated  and  coolea  elements of 
the  tube  are shown in  figure 4(a) together  with  the  desired  temperature 
profiles.  The  measured  distortion of the  tube in the  vertical  plane 
as a result of the  imposed  temperature  gradients  is 00 shown i n  
figure 4(a). These  results were taken from a series of runs  and  were 
chosen  because  the  measured  temperatures  more  nearly  conformed to the 
desired  temperature  profile  curves.  The  distortion  measurements in 
other Tuns of the  series  corroborated those presented.  Repeated  appli- 
cation  of  the  temperature  gradients did not  appear  to  permanently dis tor t  
the  tube. 

The maxFmum measured distortion as seen fn figure 4(a) is 0.060 inch, 
occurring  at a distance of 20 inches from the  handle  end.  The  theoretical 
Clistortion  curve  accompanying  the  experimental  curve  is  discussed  in  the 
following  section. 

Theoretical  distortion. - The Ustortion of the moderator  tube aB a 
result of the  teqperature  gradients was also  determined  by a theoretical 
method  which  is  described in  detail in the  appendix. In this  method the 
tube was assumed to be  simply  supported and moments at the ends were v 

assumed to be  zero;  the  temperature  distribution around the  cfrcumference 
of the  tube was assumed  to  be  sinusoidal.  The  resulting  theoretical 
distortion  curve  is  shown  in  the lower portion of figure  4(a)  as  the c 
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solid l ine.  The maxirmun d is tor t ion  is  0.131 inch and occurs at a 

theoretical  distortion is  therefore 2.18 times the raxhmm experimental 
distortion. 

A distance of  24.7 inches from the handle end of  the tube. The maxhum 

Measured distortion with simply supported. ends. - The dlfference 
between the  previously  described  experimental and theoretical dis- 
tortion curves indicated that the e&. moments were not zero i n  the method 
of retention used in the reactor. Another series of distortion measure- 
ments  were therefore made with the moderator tube strpported in a manner 
i n  which it was known that the end moments were zero. The handle end of 
the tube was allowed t o  res t  on the fins, but  the metering struts end 
was supported on a transite V-block and no axial forces were applied to 
the  tube. The specified temperature gradients were established and the 
measured temperatures and distortion  are shown in  figure  4(b)  together 
wlth the same theoretical  distortion curve shown in  figure  4(a). It is 
seen that under the  conditions of simgle support  with zero end momente, 
the experimental distortion curve agrees  well with the  theoretical 
curve. The maximum measured distortion was  0.134 inch a t  a paint 
25 inches from the handle end. 

Deflection wTth concentrated  transverse  loading. - In  order t o  
substantiate the exfstence of the end moment effect   in reducing  the 
astor t ion  resul t ing from the hposed temperature gradients, a load- 
deflection  test w&s employed with the moderator tube  supported i n  two 
different manners; (1) retentfon  the same as i n  the reactor, and 
(2) simply supported i n  a manner i n  which the end moments were known 
to  be  zero. Weights i n  1 pound increments up t o  4 pounds were suspended 
from the tube at 8 point 24.7 inches from the handle end. The deflections 
produced were megsured i n  the same  manner as the distortions caused by 
the temperature gradients. The deflection curves for the two methods of 
support are shown i n  figure 5. It nLy be noted that the r a t i o  of the 
maximum deflections fn the two cases is 2.17. The r a t i o  of the maximum 
eqerimental  distortions  in  the two cases of support as a result of the 
hposed temperature gradients was 2.23. Although these two values 
cannot be s t r i c t ly  compared, they do serve to  substantiate  the presence 
of the end m e n t  restraining  effect. 

* 

It will also be  noted by inspection of the shapes of the two 
deflection curves in  f igure 5, that the maJor restraining end momeIlt 
occurs a t  the meterlng struts end. This condition would be expected 
since.the metering struts are forced  against  the walls of the conical 
holder with a force of approximately I50 pounds. An appreciable  restrain- 
ing end moment is  therefore  present, whereas a t  the opposite end of the 

i n  the slim stem connecting the  button and the handle. 
e tube a smaller end moment is obtained,  primarily because of the  f lexibil i ty 

a Significance with respect to reactor  operation. - Since  the develop- 
m e q t  of excessive temperatures i n  certain localized regions is largely 
a result of nonuniform coolant flow, distortion of the moderator tube 
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within the matrix  tube is of particular  significance.  However, it has 
been shown i n  the tests described  herein that the distortion  of the tube 
as re tained  in  the reactor and with a specified se.t of temperature 
Gadients i s  approximately  one-half that for a simply  supported  tube. 
The end res t ra in t   p rodded  by the meter-lng struts which are  forced  Into 
the  conical  holder i s  therefore of considerable  advantage in minimizing 
nonuniform coolant flow by tending t o  hold the moderator  tube  concentric 
with the matrh tube. It i s  assumed that, in i t i a l ly ,   t he  moderator 
tube I s  i n  axial alinement with the matrix tube. From this standpoint, 
it would be of further advantage t o  also Incorporate a l i k e  end r e s t r a in t  
a t  the  handle  end. It should  be  recognized, however, that . the machining 
tolerances  involved are somewhat c r i t i ca l   s ince  malalinement of the 
struts bearing  against-the cone surface can also cause dis tor t ion of 
the moderator tube. 

SUMMARY OF RESULTS 

A specified set of ax ia l  and transverse  temperature  gradients was 
establ ished  in  a moderator  tube of the  Submrine  Intermedtate  Reactor 
and the a s t o r t i o n  of the -tube resul t ing from the  temperature  gradients 
was measured with an  instrument  accuracy of N.002 inch. A theoretical  
distortion  curve was tletermined on the b a s i s o f  the same specified t e m -  
perature gradfents with the ends of  the moderator tube simply supported, 
The following r e su l t s  were noted: 

1. The maximum measured dis tor t ion of the tube  with  the ends 
restrained as in   the  reactor  was 0.060 inch a t  a point 20 inches *om 
the  handle  end. 

2 .  The maximum measured dis tor t ion of the  tube with the ends 
slmply  supported  and the end moments known t o  be zero was 0.134 inch 
at a point 25 inches from the handle end. 

3. The theoret ical   d is tor t ion curve with the ends assumed t o  be 
sbnply sup-ported and with zero end moments indicated a maximum dis tor t ion 
of 0.131 inch at a polnt 24.7 inches from the handle end, agreeing well 
wfth the experimentally measured results. 

. . . .  

4. The end restraining moment caused by the method of re tent ion 
i n  the reactor is therefore  appreciable and results i n  a 55 percent 
reduct ion  in   the maximum d i s to r t ion .   In i t i a l   ax i a l  alinement of the 
moderator  tube with the  matrix  tube is  a smed . .  

National Advisory Committee for Aeronautics 
Lewis  Flight Propulsion  Laboratory 

Cleveland, Ohlo, September 9, 1952 
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a 
PSPEPTDIX - DETEEMIUTION OF TBEORETIGAL DEFORMATION CURVE 

N a 
UI 
N 

1 The deformation  curve of the moderator tube as produced by the tem- 
perature  pattern shown in  figures 2 and 6 was theoretically determined 
for  the end conditions of zero  restraining moments. The temperatures 
along one element of  the tube are described by the l ine E D  5n f ig -  
ure 6 and the temperatures along another element of the tube displaced 
180° from the first are  described by the l ine EFCD. The tenperatwe 
gradient  across the aiameter is assumed t o  be linear or ,  in other words, 
t o  vary sinusoidally around the circumference; the tube is therefore 
assumed t o  be stress free. 

Between sections 4 ana 3 i n  figure 6, the temperature gradient 
across  the tube aianeter is zero and the tube i n  this region does not 
deform. In relation t o  the coordinate system shown in  figme 7, the 
axis of the tube is described by y = 0 from x = 0 to x = - 13.55. 

Between sections  3 and 2 the temperature &adient  across  the 
diameter of the tube varies  linearly with length (from x = 0 t o  
x = 27.25). Figure 7 shows a s m a l l  element of the  tube in this  region 
having the or iginal  conditions of length equal t o  AS, diameter of a, 
and uniform temperature To. The tube is  then  considered t o  be subjected 
t o  a linear diametral =adient with the temperature along the top element 
of the tube  equal t o  % and with the temgerature along the bottom 
element of the tube equal to 3. Deformation of the element OCCUTB 
i n  the form of an arc wlth a  raaius of curvktme R as shown with an 
included  angle of A0. The  new aameter of the tube becomes 

&[l + a?+ - ..)I. the new length of the tube element along  the 

bottom i s  AS 1 + a (%-To) , and the new length along the top is E 3 
+ u (TT-To)] . The following eqyations  can  then be written: 

(1) 

where a is the  .coefficient of expansion ,and taken t o  be 10 X %’ 
fo r  347 stainless  steel  in.the  tenperature range considered.. 
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From equations (I) and (2), the radius of curvature of  the bottom 
of the  tube can  then be written: 

The radius of curvature R '  of the axfs of the tube, wbich by good 
approximation is equal 
the deformation of the 

R' = 

to  the  reciprocal of the second derivative of 
tube axis, is expressed as follows: 

TT and TB are  now expressed as functions of the length of the tube x 
which leads to the following equation: 

where A, By and C are constants and found equal t o  

A = 0.00034894 

B = 7.0138 

C = 35,244 

The term Ax2 is assumed to  be insignificant and the  resulting  equation 
i s  integrated  twice t o  obtain the deformation curve between sections 3 
and 2: 

y' = - x c  - - log(& Bx+c * B2 

Between sections 2 and 1 the diametral temperature  gradient is 
constant;  the  deformation  curve of the axis of the tube  takes  the form 
of a c i r c l e  with a radius as obtained From equation (4) equal to 

(u 

(D 
Lo 
cu 
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> 
where 

-i 

N m 
VI 
N 

D = I + a (%-To) 

E = 1 + a (TT-To) 

F = l + a - -  To) 

From equations (6) and (7), the  slope and the deformation of the tube 
can be obtained at section 2. HavLng given  then, the radfus (equs- 
tion (8)), a point through which the circle must pass, a d  the  slope 
of  the  circle a t  that point,  the  equation of the correct  circle can be 
determined. The complete deformation curve of the tube axis shown i n  
figure 6 i s  now described by a straight l ine (from x E - 13.55 to 
x p 01 joined t o  a section of equation (7) (from x = o to 
x + 27.25) Which is in turn doined to a  section of a circle (*om 
x = c 27.25 t o  X = 38.50). 

In order to obtain deformatton values comparable to the measured 

of the deformation  curve whfch represent  the supporting points of the 
tube. The distance between the strafght line and the deformation  curve 

I quantities, a straight  line (HK) is drawn, passing through the e n b  

. i s  then comparable with  the measured quantities. 
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Section 4 section 3 
x = - 13.55 r = O  

Section 2 Bectiaa 1 
x = 27.25 x = 38.50 

y - E x i s  

L 
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Figure 7 .  - 8 7 n t  of tube subjected t o  diemetral temperature 
gradient .- 




