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A STUDY OF THE PRIMARY SHIELD FOR THE PRDC REACTOR 

Harold M. Epste in , David A. Dingee, and Joel W. Chastain 

Temperature distributions, irradiation effects, stacking arrangements, voidage, 
and economics for the borated-graphite shield of the PRDC reactor were investigated. 

Of the shield systems considered, four are reported here. System 1 contains 
30 in. of 1 per cent borated graphite, with either ordinary graphite or a cement as a filler 
for the remainder of the volume. The maximum temperature at the flex plates in this 
system was calculated to be 500 F. Systems 2 and 3 consist of 2 in. of 5 per cent borated 
graphite near the core vessel and 1/2 in. of Boral at the primary-shield tank, A filler 
material of carbon blocks is used in System 2 and graphite in System 3. The calculated 
maximum temperatures were 700 F and 350 F, respectively. System 4 consists of a 
laminated structure of Boral and graphite near the primary-shield tank and carbon-block 
filler. It was calculated to have a maximum temperature of 600 F at the flex plates. The 
maximum temperature at the flex plates recommended by APDA is 500 F. 

Energy storage and radiation damage were found to be within permissible limits 
in all four systems. However, these conclusions are based on experimental data from the 
Hanford reactor in which the neutron-energy spectrum differs considerably from the PRDC 
spectrum. 

A porosity of less than 740 cu ft is required in order that a sodium leak from the 
core vessel does not expose the core. The voidages in any of the systems mentioned 
above is about 400 cu ft excluding absorption effects. These are believed to be small. 

The systems containing Boral were found to be less expensive than the ones using 
only borated graphite. Over-all material costs range between $230,000 for Boral systems 
and $350,000 for borated-graphite systems. 

INTRODUCTION 

Atomic Power Development Associa tes is developing a f a s t - r eac to r sys tem, with 
the f i r s t stage of neutron shielding located between the r e a c t o r - c o r e vesse l and the 
p r imary -con ta ine r ves se l . This shield should attenuate the neutron fluxes to about 
lO" n / (cm )(sec). Following this p r i m a r y shield, a secondary shield surrounding the 
p r i m a r y vesse l and sodium piping is used to further reduce the flux to about 10^ n / 
(cm2)(sec). Final ly, a biological shield is planned which encloses the steel building that 
contains the r e a c t o r . 

The f i r s t stage of shielding is some form of borated graphite or i ts equivalent. 
Neutrons will be slowed down in the graphite to pe rmi t absorption by the boron. Some 
studies per formed by APDA have indicated that sufficient shielding can be obtained by 
using a homogeneous 1 per cent borated graphite annulus 30 in. thick at the lower reac tor 
ves se l and 18 in. thick at the upper r eac to r vesse l . However, some questions regarding 
i r rad ia t ion effects, t empera tu re distr ibut ions throughout the shield, and choice of a suit­
able stacking a r rangement for the shield remained to be answered. In addition, the 
economics of the f i r s t - s t age shield design requi red further considerat ions . 
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Battelle was asked to study these p rob lems . In the course of this study, e s p e ­
cially with respec t to the economics of the sys tem, a number of a l ternate p r imary - sh i e ld 
designs were considered. This repor t p resen t s the resu l t s of Bat te l le ' s invest igat ions. 
Subsequent shield calculations and co r ros ion studies appear to be n e c e s s a r y before the 
final shield specifications can be wri t ten. 

DESCRIPTION OF THE SHIELD SYSTEMS 

The following four sys tems r e p r e s e n t possible configurations which might satisfy 
the shield r equ i r emen t s . 

System 1. (Figure 1) 

Around the lower r eac to r vesse l , the f i rs t 30 in. from the core vesse l contains 
1 per cent bora ted graphite . (The economics of using up to 5 per cent boration a re a lso 
considered. ) A 4-in. l ayer of the rmal insulation after the f i r s t 6 in. of bora ted graphite 
r e tu rns the heat generated in this region to the r eac to r vesse l and the sodium coolant. 
The r e s t of the volume about the lower r eac to r ves se l (extending to the top of the flex 
plates which support the r eac to r vessel ) is filled with ordinary graphite . Four in. of 
the rmal insulation are placed around the f i r s t 6 in. of bora ted graphite in the region 
about the upper vesse l a lso , but the total thickness of bora ted graphite is decreased to 
18 in. Two fi l ler ma te r i a l s a r e cons idered in this upper region. The f i r s t (System la) 
is a concrete made of one par t calcium aluminate cement , two pa r t s pure silicon sand, 
and four pa r t s la rge aggregate . Samples made of Alcoa high-puri ty calcium aluminate 
cement and Universa l -At las Lumnite cement a r e cur ren t ly being tes ted in molten sodium 
at APDA. The second fi l ler m a t e r i a l considered is carbon block (System lb) , which 
could be used if the Lumnite should prove to be unsat isfactory. 

System 2. (Figure 2) 

Around the lower r eac to r vesse l , the 6 in. inside the the rmal insulation contains 
4 in. of ordinary graphite followed by 2 in. of 5 per cent bora ted graphi te . Around the 
upper vesse l , 2 in. of 3 per cent bora ted graphite a re substi tuted for the 2 in. of 5 per 
cent bora ted graphite . Carbon block se rves as both fi l ler ma te r i a l and modera to r out­
side of the insulation throughout the vesse l , except for 1 ft. of ord inary graphite at the 
bottom of the p r i m a r y shield tank. Two 1/4-in, sheets of Boral a r e located just inside 
the p r imary - sh i e ld tank. 

System 3. (Figure 3) 

The carbon block of System 2 is replaced by graphite from the top of the flex plates 
down. 

System 4. (Figure 4) 

This sys tem has a laminar a r r angement of three 1 /4- in . Boral sheets separa ted by 
2-in. l aye r s of graphite adjacent to the p r i m a r y - s h i e l d tank. The 4 in. of the rmal 
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insulation is di rect ly against the r eac to r vesse l , with no borated graphite included. With 
the exception of 1 ft of graphite on the bottom, and the laminations, carbon block is used 
throughout as the fi l ler ma te r i a l . 

The f i r s t system is the only one w^hich to date has been shown to give sat isfactory 
neutron shielding. The other sys tems a re included in the analysis in case the less ex ­
pensive sys tems using Boral a re shown to be applicable. Systems using pebble-type 
fi l ler were not included because the poros i ty of a pebble bed is too great . A porosi ty of 
less than 10 per cent is r equ i red so that a sodium leak in the core vesse l will not expose 
the co re . 

Considerat ions of the above sys tems include the demonstrat ion of their p rac t icab i l ­
ity in r ega rd to t empera tu re dis t r ibut ions , i r radia t ion effects, stacking a r rangements 
with allowances for t he rma l expansion and radiat ion distort ion, voidage, sodium r e a c ­
t ions, and economics. 

TEMPERATURES IN THE SHIELD SYSTEMS 

A two-dimensional analogue was set up to determine maximum tempera tu res at the 
flex plates and the t empera tu re distr ibut ions to be expected in each of the shield s y s ­
t e m s . A complete descr ipt ion of this analogue is in Appendix A. Tempera ture d i s t r ibu­
tions in the horizontal plane through the core center a re shown for each of the shield 
sys tems in F igures 5 through 8. An average the rmal conductivity of 1 0 Btu/(hr)(ft)(F) 
was used for graphite in this analys is . This value allows a factor of four for maximum 
i r radia t ion effects (see i r rad ia t ion of ma te r i a l s ) , and a factor of two for the es t imated 
maximum loss of the rmal branding at the joints . The joints were taken to be a combina­
tion of actual contact, radiat ion, and gas gap. The hea t - t ransfer coefficient for a gas 
gap of . 01 in. is 28 Btu/(hr)(ft ' ' )(F), and the hea t - t rans fe r coefficient obtained from pure 
radiat ion at an ambient t empera tu re of 500 F through a gap of any thickness is 6. 2 Btu/ 
(hr)(ft'^)(F). F r o m considerat ions of these values and the expected actual contact, it 
s eems reasonable to a s sume that an average the rmal conductivity of 10 Btu/(hr)(ft)(F) 
can be obtained. The average conductivity of the carbon block was taken to be 1 Btu/ 
(hr)(ft)(F) by s imi la r cons idera t ions . The surface of the mate r ia l adjacent to the 
p r i m a r y shield tank was assumed to be an i so the rm in each case . 

In System 1, the t empera tu re of the graphite adjacent to the p r imary-sh ie ld tank 
was calculated to be 200 F . This t empera tu re was obtained by assuming radiation to the 
tank ac ros s the 2-in. gap and conduction to the 125 F nitrogen coolant outside the 
p r i m a r y vesse l . The t empera tu re on the inside of the thermal insulation around the 
reac tor vesse l was calculated to be 900 F , and the t empera ture around the t ransfer rotor 
container was taken to be 700 F inside the the rmal insulation. The hea t - t rans fe r coef­
ficient for the the rmal insulation was obtained from APDA's insulation specifications. 
The analogue solution for the t e m p e r a t u r e s in System 1 is shown in Figure 5. The 
maximum flex-plate t empera tu re is about 500 F for this system, which is the maximum 
tempera tu re recommended for the flex plates by APDA. 

In System 2, the t empera tu re of the carbon blocks adjacent to the Boral sheets was 
calculated to be 250 F . This t empera tu re allows for about l / l 6 - i n . loss of bond at the 
Bora l - s t ee l interface and at the Bora l -Bora l interface. Since very little heat leaks 
through the insulation or is generated in the carbon block, the outside carbon surface, 
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which is separa ted from the Boral by a 2-in. gap, is only slightly hotter than the Boral 
surface. The maximum flex-plate t empera tu re calculated from the analogue is near ly 
700 F (Figure 6). This is somewhat higher than the recommended 500 F . However, the 
tops of the flex plates will be about 700 F in any sys tem because of their intimate 
thermal contact with the upper r eac to r vesse l . The t empera tu re direct ly inside the in­
sulation is 930 F , which is slightly higher than in System 1. 

The boundary conditions in System 3 a re the same as those in System 2, but the 
lower the rmal conductivity of graphite dec reases the maximum flex-plate t empera ture 
to only 350 F (Figure 7). 

In System 4, the t empe ra tu r e of the carbon block adjacent to Boral laminations was 
calculated to be 450 F . This calculation allowed for approxinaately a 1 0-mil separat ion 
at the Bora l -graphi te and Bora l - s t ee l interfaces with a 2-in. gap between the inside Boral 
face and the carbon br ick . A t empera tu re of 750 F was calculated at the inside of the 
insulation, next to the core vesse l . The analogue solution to this sys tem shows the 
maximum flex-plate t empera tu re to be about 650 F (Figure 8). Since no borated graphite 
is used around the core vesse l in this sys tem, none of the heat generated in the shield is 
re turned to the sodium. Consequently, the removal of this ext ra heat i nc reases the load 
on the external nitrogen cooling sys tem. Also, the neutron fluxes throughout the fi l ler 
a re much higher in this sys tem than in the o thers . 

F igure 9 shows the t empera tu re distr ibution in a systenn s imi la r to System 1 but 
without the rmal insulation. These t empera tu re s go as high as 1100 F and show the effect 
of extensive insulation fa i lures . 

Since the wors t forseeable values of the rmal conductivity were used everywhere , 
and since ver t ica l conduction was neglected, the t empera tu re s repor ted here should be 
higher than those to be expected in the physical sy s t ems . Tempera tu res around the 
upper vesse l a re lower than the maximum shown here for all sys t ems . It was assumed 
that the heat production around the upper vesse l would be 0. 01 the production in the 
plane of the core center . 

IRRADIATION EFFECTS 

The maximum integra ted neutron-flux i r rad ia t ion rece ived by any par t of the 
graphite is approximately 2 x 10 ^ nvt during 10 years of operation. Under this ex ­
posure , the strength of graphite i n c r e a s e s and the graphite becomes more br i t t l e . How­
ever , in this application, embr i t t l ement is not an important factor . 

F igure 10 shows the effect of i r rad ia t ion on thermal conductivity. Although the 
data is not complete, a factor of four should be sufficient to allow^ for the dec rease in 
thermal conductivity at the t e m p e r a t u r e s encountered in the sys tems considered he re . 
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Energy Storage 

Energy storage in the graphite becomes a problem only when this energy affords 
the possibi l i ty of a spontaneous r i s e in the graphite t empera tu re . This condition occurs 
if the effective specific heat of the graphite becomes negative in any tempera ture range 
(i. e. , the solid curves in F igures 11 and 12 fall above the dashed curve). Figure 11 
shows the effect of i r radia t ion t empera tu re on the s tored-energy re lease at an integrated 
flux of 1. 25 x 10^0 nvt. Figure 12 shows the effect of flux on s tored-energy re lease at 
an i r radia t ion t empera tu re of 86 F . Several conclusions can be reached by utilizing the 
information contained in these f igures and discussion in Reference 1. It appears that 
i r radia t ion at a t empera tu re of 327 F e l iminates completely the energy-s torage peak; 
consequently, integrated fluxes in the range of 10^1 nvt may be considered safe. I r r a ­
diation t empera tu re s as low as 230 F a re safe for integrated fluxes of 1. 25 x lO'^^ nvt. 
Energy s torage for fluxes of about 10^ ' nvt can be neglected even for cold i r radia t ion 
because a t empera tu re r i s e of only about 30 F would resu l t (Figure 13) if all the s tored 
energy were spontaneously re leased . F u r t h e r m o r e , extrapolation of Figure 12 strongly 
indicates that no spontaneous energy r e l ea se will occur at this low flux. 

To sum up the ene rgy- s to rage problem, none of the sys tems considered here 
p resen t any problems according to the above c r i t e r i a . The data used in drawing the 
above conclusions r e p r e s e n t a l imited amount of experimental work done in the Hanford 
reac to r at a considerably different flux energy spect rum than will be obtained in the 
PRDC reac to r . However, the genera l conclusions should be valid. 

Distortion 

Figure 14 shows the dis tort ion of graphite under two i r radia t ion conditions as a 
function of t empera tu re . The higher i r rad ia t ion would correspond to the flux received 
within the f i r s t few inches of the lower core vesse l . In the PRDC reac tor the t e m p e r a ­
tu res a re higher than those considered in the curves . However, the la rges t par t of the 
graphite or carbon block rece ives a flux much lower than 1. 55 x 10^0 nvt. Consequently, 
a 0. 1 per cent length change or 0. 3 per cent volume change due to i r radia t ion (these 
changes a re allowed in the stacking a r r angemen t s presented here) would seem sufficient. 
The effect of radiat ion on carbon block a re less severe than on graphite, but little 
exper imental work has been done with carbon. 

STACKING ARRANGEMENTS 

The basic block s izes for the plain and the borated graphite a re shown in Figure 15. 
A combination of the wedge and s t raight blocks may be used to obtain a c i rc le of any r e ­
quired d iamete r . Two methods of assembl ing the blocks have been considered. In the • 
f i rs t of these , 2-ft-thick horizontal l aye r s a re planned, with clamps around the total 
c i rcumference and the c i rcumference of the borated graphite in each layer . A c ro s s 
section of one of the l aye r s is shown in Figure 16. Block s izes of about 50 and 100 lb 
were chosen because it was felt that this size is sti l l light enough to be manageable. 
This method of stacking in c i r c l e s , concentr ic with the reac tor vesse l , is chosen because 
it r equ i res very litt le cutting of the borated graphite and should afford a rapid, 
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systemat ic instal lat ion. A c lamp consist ing of approximately 1/8 by 1-in. s teel s t r ips 
with some type of spring clamps at the joints can be used. Since only a 2-in. space is 
left between the p r imary - sh i e ld tank and the graphi te , a special type of clamp will be 
requi red he re . 

The al ternate method of assembl ing was cementing instead of clamping and is d i s ­
cussed in the instal lat ion section of this r epor t . 

A space of about 1/2 in. between the lower core vesse l and the graphite , and about 
3/4 in. between the upper vesse l and the graphite must be allowed for the rmal expansion 
of the s ta in less s teel v e s s e l s . A space of approximately 1 in. between the p r i m a r y -
shield tank and the f i l ler is r equ i red for the rmal expansion and radiat ion distort ion of the 
graphite or carbon block. However, a 2-in. space is allowed to facilitate clamping, 
should clamping be used. In the sys tems where Boral shielding is placed against the 
p r imary - sh i e ld tank, additional allowance must be made for c i rcumferent ia l expansion. 

VOIDAGE AND SODIUM REACTIONS ON GRAPHITE 

All of the sys tems considered resu l t in a voidage of approximately 400 cu ft below 
the center of the 30-in. outlet pipe. Of this voidage, the 2-in. gap at the shield tank or 
Boral sheet r e p r e s e n t s 300 cubic feet. If nece s sa ry , this can be reduced to 1 in. with­
out major difficulty. 

The information in References 2 and 3 on the absorption of sodium by graphite 
indicates that this is a negligible effect. Liquid sodium wets graphite at t empera tu re s 
above 840 F with an absorpt ion of 10"'* a /o into the po res . This absorption causes a 
very slight volume expansion of the graphite (about 0. 8 per cent). Since the t empera tu re 
of the sodium must be at leas t 840 F before wetting occurs , this effect probably can be 
neglected in the shield. However, all t e s t s were conducted on r e a c t o r - g r a d e graphi te , 
which has a density of approximately 1. 67, instead of regu la r graphi te , which has a 
density of about 1. 55. 

Graphite r e s i s t s cor ros ion by sodium up to 1450 F in static sys t ems , according to 
References 2 and 3. Corros ion occurs only when a metal surface is available to remove 
the carbon from the sodium through carbur iza t ion of the meta l . Since carbur iza t ion is a 
slow p rocess and a sodium t empera tu re of at l eas t 840 F is requi red , the effect of this 
react ion can be neglected h e r e . 

ECONOMICS 

Mater ia l s 

The approximate costs and quantit ies of m a t e r i a l s requi red , up to the center of the 
30-in. outlet pipe, in each of the four sys tems a r e shown in Table 1. 
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TABLE 1. SUMMARY OF COSTs(*) 

Borated Graphite Containing 
Indicated Percentage of Boron(* )̂ 

Graphite Carbon Brick Boral Lumnite Total 

Amount 1800 ft^ 

Cost $162,000 

Amount 

Cost 

Amount 

Cost 

Amount 

Cost 

Amount 1800 ft^ 

Cost $162.000 

— 

"" 

110 ft^ 

$15, 000 

110 ftS 

$15. 000 

— 

" • 

" 

. . 

— 

"" 

60 ft 3 

$12, 000 

60ft3 

$12. 000 

" 

• • 

" 

-• 

System l a 

5600 ft^ 

$156. 000 

System 2 

910 ft^ 

$25. 500 

System 3 

5600 ft3 

$156. 000 

System 4 

2470 ft3 

$69, 000 

System lb 

5600 ft3 

$156. 000 

— 

•" 

6400 ft 3 

$96. 000 

2800 ft3 

$42. 000 

5400 ft3 

$81.000 

1300 ft3 

$19,400 

4500 ft2 

$63, 000 

4500 ft2 

$63. 000 

6800 ft^ 

$95. 000 

1300 ft^ 

$3, 000 $333, 000 

$224, 000 

$300. 000 

$245. 000 

$349. 000 

(a) A copy of the quotation received by BatteUe from National Carbon Company is on the reverse side of this sheet. 
(b) A tooling charge of about $12. 000 is required for processing borated graphite. This has been added into the totals. 

B A T T E L L E M E M O R I A L I N S T I T U T E 'k'J'Jt 
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BATTELLE MEMORIAL INSTITUTE 
COLUMBUS. OHIO 

PT-166 DECEMBER 28. 1956 
PAGE 1 

LOT 

150. 000 lbs. 

1. 000. 000 lbs. 

DESCRIPTION 

6 " x 6 " x l 2 " Graphite Blocks 

containing llo boron 

PRICE 

$ 850.00 Per 1000 lbs, 

$ 775.00 " - " 

150. 000 lbs. 

1. 000. 000 lbs. 

6" X 6" X 12" Graphite Blocks 

containing 2% boron 

$1,050.00 

$ 975.00 

150, 000 lbs. 

1. 000, 000 lbs. 

6 " x 6 " x l 2 " Graphite Blocks 

containing 3'5fc boron 

$1,250.00 " " " 

$1,175.00 " " " 

150. 000 lbs. 

1. 000. 000 lbs. 

6" X 6" X 12" Graphite Blocks 

containing 4Plo boron 

$1,575.00 " " -

$1,450.00 " " -

150. 000 lbs. 

1. 000. 000 lbs. 

6" X 6" X 12" Graphite Blocks 

containing S'jo boron 

$1 ,800.00 

$1,675.00 

Note: An alteration to equipment charge of $12, 220.00 is also to be quoted in addition to the 
above unit prices. 

The 6" X 6" X 12" blocks to have a taper over the 6" length from 6" to approx. 5-4/10". 
Tolerances on all dimensions to be Plus or Minus 1/16". 

Delivery: Would be 38 to 42 weeks for the first 150, 000 lbs. and 16 to 18 weeks for each additional 
150. 000 lbs. This delivery applicable to any single boron density order. Delivery will be 
from Niagara Falls. N. Y. 

C o p y o f N a t i o n a l C a r b o n C o m p a n y Q u o t a t i o n o n B o r a t e d G r a p h i t e 

B A T T E L L E M E M O R I A L I N S T I T U T E 
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The volumes of graphite l i s ted in Table 1 allow for a 30 per cent loss in machining 
operat ions. A machining cost of $5 per cu ft is also included in the nonborated-graphite 
costs l is ted in the table. These f igures a re based on the costs of milling graphite blocks 
of about the same size as those in the Battelle Research reac to r . A charge of $6 per 
man-hour to cover the cost of labor and equipment was used. The equipment requi red 
included an ordinary saw and a large milling machine. 

The National Carbon Company quotations ( reverse side of Table 1) include the 
costs for machining the borated graphi te . Consequently, the $5 per cu ft machining cost 
and the 30 per cent volume loss a re not applied to this ma te r i a l . 

No machining charges can be reasonably applied to the carbon-block sys tems b e ­
cause carbon block requ i res diamond machine tools ; extensive machining would not be 
advisable. Fo r this reason , a f i l ler paste would be preferable for use around obstacles . 
Detailed specifications on a suitable paste may be obtained from National Carbon 
Company. 

It should be pointed out that National Carbon will furnish machined unborated 
graphite . However, based on these e s t ima te s , the costs of the graphite would amount to 
20 to 50 per cent more than the combined ma te r i a l and machining costs es t imated here . 

Although System 1 is based on 1 per cent of boron in the graphite, the improvement 
in shielding p roper t i e s may make the use of higher boron contents des i rab le . In 
System la , the total ma te r i a l cost would be inc reased by 11.4 per cent if 2 per cent 
borated graphite were used, by 23. 1 per cent if 3 per cent were used, by 41 . 7 per cent 
if 4 per cent were used, and by 54. 9 per cent if 5 per cent were used. Various combina­
tions, which use smal le r volumes of 2 to 5 per cent borated graphite to obtain the same 
shielding p roper t i es as the 1 per cent sys tem, a re also possible . 

Installation 

Installation costs of the graphite in the Battelle reac tor thermal column (aside 
from the machining costs previously mentioned) were about 1/5 the cost of the graphite , 
or $9 per cu ft. Approximately 20 per cent of the blocks had to be cut to a close fit, for 
which an ordinary handsaw was used. The r emainder were put in as machined. This 
cost is a lso based on a labor and equipment cost of $6 per man-hour . The installation 
cost per cu ft of Lumnite should be low compared with that of graphite . In the discussion 
concerning the shield instal lat ion, costs for engineering have been overlooked. Both 
engineering and clamping will i nc rease the above cos ts . 

An al ternate method of instal lat ion which e l iminates clamping would be to use a 
carbon cement in the joints between blocks . This cement can also be used to fill in 
around obstacles . Carbon cements have a the rmal conductivity from 2 to 7 Btu/(hr)(ft) 
(F). Thus a 1 /8- in . joint of this type would have a somewhat bet ter conductivity than 
that a ssumed for the joints previously. This cement works like m o r t a r and would cost 
about 8 cents per lb. 

B A T T E L L E M E M O R I A L I N S T I T U T E 
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APPENDIX A 

THE ELECTRIC ANALOGUE NETWORK 

Although the longitudinal t empera tu re gradients cannot be considered negligible in 
the shield, the magnitude of these gradients is sufficiently smal le r than the radial 
gradients to make a two-dimensional analogue reasonable . It is convenient to consider 
a c ros s - sec t iona l volume element of unit thickness in the longitudinal direction. The 
flow of heat can be r ep resen ted by the two-dimensional equation 

Q 
K (A-1) 

where x and y a re rec tangular coordinates , Q is the ra te of heat generation per unit 
volume, K is the the rmal conductivity of the region, and T is the t empera tu re . 

Y 

J2 

• "3 

'2 r-

r 
%. 

f 

I 

^ 

T4 "' 

A-22771 

FIGURE A - 1 . TEMPERATURE NETWORK 

Figure A-1 is a rec tangular region of unit th ickness , where K and Q are constant. 
A rectangular network of points is chosen in which t empera tu res TQ, T J , T2, T3, and 
T4 a re to be determined. The der ivat ives in Equation (A-1) may be replaced by f i r s t -
order differences between the t e m p e r a t u r e s at the network points. This a s sumes that 
the t empera tu re TQ is affected only by the four adjacent network points, ra ther than by 
the continuous t empe ra tu r e field. 

When the der ivat ives in Equation (A-1) a re replaced by f i r s t - o rde r differences 
based on the region of F igure A - 1 , the equation becomes 

Tl - To T3 _ TO 

a i as a i + a3 

Tz . To ^ T4 _ TQ 

^2 a4 i2 + a4 K 

B A T T E L L E M E M O R I A L I N S T I T U T E 
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o r 

(Tl - To) - ^ + (T2 - To) - ^ + (T3 - To) - ^ + (T4 - To) - ^ 
b . QA, 

a^ K ' 

which i s 

£ K(Ti - T o ) ^ = QAo (A-2) 

i = 1 

where 

b i = b3 = 
^2 + ^4 

and 

ax + a3 

b i b 1D2 

where Ao is the a rea enclosed by the dotted l ines on F igure A - 1 . 

If a rec tangular network can be super imposed on a region, then Equation (A-2) can 
be applied. A region with nonrectangular boundaries could be represen ted by a non-
rectangular network. However, the difference approximation to Equation (A-1) for the 
nonrectangular network would lead to express ions for equivalent dimensions a"* and b ' . 
The a ' and b ' a r e , in genera l , not simply the average distance between points . How­
ever , for a near ly rec tangular network, average dis tances corresponding to the a and b 
of F igure A-1 a r e a reasonable approximation. 

o--V\/V\/VVA/-J(̂ -VV%A/V»--o_ 

A-ee77e 

FIGURE A - 2 . ELECTRICAL ANALOGUE OF TEMPERATURE NETWORK 

Figure A-2 i l l u s t r a t e s a network of e lec t r i ca l r e s i s t o r s analogous to F igure A - 1 . 
The source of cur ren t , IQ, cor responds to the source of heat Q A Q . The equation repre­
senting this cu r ren t i s 
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i = 1 

The e lec t r ica l analogue for the thermal problem is based on the analogy between 
Equations (A-2) and (A-3). A cu r r en t lo i s chosen proport ional to Q A Q , and the r e s i s -

^i tors Rj a re made proport ional to the corresponding quantities • •• „ . For example, 

b^K 

lO = aQAo (A-4) 

and 
Ri = ^ - ^ , (A-5) 

with a and j3 being constants of proport ional i ty . It follows that 

^ b.K 

'''^'~- 1 J^ ^""^ - ""'^ 
i = 1 

so that 

(Ei - Eo) = aiS (Ti - To) . (A-6) 

That i s , the voltage differences in the e lec t r i ca l case a re proport ional to the c o r r e ­
sponding t empera tu re differences in the the rmal c a s e . F r o m Equation (A-5), a network 
of e lec t r ica l r e s i s t o r s can be chosen to r e p r e s e n t the thermal conductivity in the shield. 

F o r a point on the thermal - insu la t ion boundary, one of the conduction r e s i s t o r s , 
Ri, mus t be replaced by a hea t - t r ans fe r r e s i s t o r , Rh. F igure A-3 shows the e lec t r ica l 
analogy to a boundary point on the insulation, with no heat generat ion. The tempera ture 
distr ibution inside the insulat ion was solved as a separate problem. The insulation 
around the core vesse l and t r a n s f e r - r o t o r container was t rea ted by an equivalent heat -
t ransfer coefficient instead of as a separa te region. 

:R2 

o—WSAAAr A W/VSAAr 
R, }> R| 

•Rh 
A-e8773 

FIGURE- A-3 . ELECTRICAL ANALOGUE OF BOUNDARY POINT 
ON THE INSULATION 
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The e lec t r ica l and the rmal equations for F igure A-3 a r e , respect ively, 

3 

I Ei - Eo Eo 

Ri Rh 
i = 1 

and 

^ bi 
2^ K(Ti - To) ^ = h Tobh , 

i = 1 

where h is the hea t - t r ans fe r coefficient of the insulat ion. The hea t - t r ans fe r r e s i s to r , 
Rh, i s chosen so that 

R h = r \ . (A-7) 
bjjh 

To control the cu r r en t s to points on the network, r e s i s t o r s R„ a r e inse r ted b e ­
tween the ba t te ry and the points . If Vh i s the ba t te ry voltage, then 

8 lo aQAo • 

F igure A-4 i s a c r o s s sect ion of the shield. Superimposed on this i s the grid used 
to subdivide the region. 
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