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!. - SUMIVllillY 'li "C" 

~roblem Under Investigation 

The circulation of the P-9 oxidesl:urry from the homogeneous 
. pile through the heat 9xchaugers by means of pumps introduces mechaLical pro­
blems '\1i!hich may be e.liminated by the use of a thermal syphon .. ' In this 
type of a systlem~ derJ,/;1>i ty diff'erentialsi' due to temperature changes; 
pro'vide the motivating force", It was the purpose of this investiga-
tion to determine the practicability of such a scheme from the point. 
of view of utilizati'on of P-9<i- The l3Y!'!tem considered herein is that 
of a horizontal heat exchanger placed directly above the pilep fed from 
the top of and delivering to the bot.tom of the reaction tank .. 

Important Re~~ 

The choice of heat a~changers waa limited to the sizes recom­
mended by the Andale Company, but the highest utilization ocr.:urred us­
ing tubes shorter than the maxinrum allowable lengtho Tubes~ 5/8 inch 
in diameter, 12 feet long in a 4 ft .. di&lleter shell gave a utilization 
of about 9700 KW/ton of P-9 external to the pile.. The pressure dif­
ferential oausing ~le flow is about 45 Ibso/sq .. fto Five such exchangers 
in a horizontal plane above the pile will dissipate 180,000 row using 
20 tons of P-9 external to the pile ... TllO streams of cooling water were 
used in each exchanger~ entering at 15° C.. appears impractical. to 
increase the cooling water rate above that which keeps the temperature 
difference constant in each section of the eJ~ohanger .. 

Reoommendations 
•• 1 r • 

. Since utilizations calculated for the thermal syphon (approx-
imately 5.S1000 KW/ton P-9 total p based on 40 tons P-9 in the pile) are 
considel"abq smaller 'than those reported by Ward and Weilis (CT-989) 
for the case of. pumping the slurry (up to 2°.11000 KW/ton), its use does 
n~t appear attraotiv6o However ll the order of magnitude of the pressure 
differential necessary to circulate the slur17 in 'lihe 'best case calcu­
lated is so small (apprOximately 40-50 Ibs .. /sq .. ft .. ) -that a slov;ly mov­
ing pump, possibly an ,axial flow type, might considerably improve the 
utilization wl-Gh.out introducing serious erosion di:tficulties~ It is 
proposed that the possibility of such a system be investigated .. 

It is further proposed that the possible advantages of elevat­
ing the heat exchangers sligh~y in pump-circulated plants, to remove 
the heat generated after shlltdotm, in the event of pump or power fe.:i lure , 
be investigated. 
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II - GENERAL DISCUSSION ..... 11 ... .,... .... _ _ 

Origin of Problem 

. The most practical .method of removing ~ea.t from the homogeneous 
P-9 pile appears to be that of Circulating t.l}e slurry through external 
heat exchangerso The driving force for "chis circulation may be a pump, 
the use of' which will probably involve difficulties of eroslon,stuffing 
box problem, etc • .ll or a thermal syphon, in wrdch there would be no moving 
parts 0 

The operation of the thermal a,yphon depends upon the change in 
density of the fluid wl~1 temperaturec The simplest system may be con­
ceived as a. closed loop of piping in a: vertical plane, one vert,ieal leg 
of which is hea.ted and the other cooled. The difference in density re-
sul ts in a pressure differen tial causing the fluid to flow around the loop., 
The floiV' rate depends on the danai"ties involved and 011 the frictional 
losses resulting froIl! this flo\1o 

Sucb. a system may be adopted to -the homogeneous pile as follows: 
a pipeline leads from the top of the pile tank to a heat exchanger' and 
returns to the bottom of the tank. The flow rate in t.l-J.is case depends 
on the geometrical lo~ation of the eQuipment, the temperatures involved 
and the frictional losses in the lines and equipment pieces.. If'this 
tyPe of system could dissipate the required power without a large holdup' 
of the critical materials, an attro.ctlve solution to the slurry pumpi.ng 
problems would be furnished .. 

III ~ PRESEN~ COND!TIQ~S 

Previous Work . - .. -

Some calculations on the performance of a. t.h.el-,nal. syphon have· 
been made for this pile a~d the. results o~ these were reported (CT-B62) 
These ce.lculations, however, assumed the dEffisi ty of the slurry j.n the 
pile tank to be that at the hot temperature, an optimistic assumption, 
and considered only vertical heat exchangers. If horizontal exchangers, 
located on top of the pile tank were used, however9 the Whole length of 
the cold tllegll iJOuld be at the temperature of maxirmm dens! ty, i.Tlsteaii 
of varying over a r&lge of temperatures, therePy increasing the pressure 
differential which motivates the flow. 

Causes Pr~p..ting Investigation 

Any mechanical pumping device will eventual1;y wear OU"G and 
cease to be of any use. Sll1ce the pile pumps will be inaccessible for 
maintenance and repair, it may be seen "lihat Jtiheuseful life of the pile 
may depend on the useful life of the pmups.. Wi th pumps eliminated, a 
much longer pile life can be e::cpectoo. .. ' This investigation was prompted 
by the judgment -(.hat elimination <;>£ the pumps could be tolerated only 
if the price in terms of P-9 utilization was acceptablec "An extp~sion 
of the work of J" J. Goett (.c.'T -9(2) wa,s required t.o ainpl:lfy the inform-
ation available. . 
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~J - INVlPTIGATION 

§x.stem 

The system under consideration consisted of the pile tan}\: and 
a horizontal. heat exchanger in t.lte optimum position, viz":\l di1'9ctly 
above the center of the tank.. The hot pipeline from the upper part of 
the tank to the heat exchanger and the cold pipeline from the exchanger 
to the bottom of' the tsnlc were located in 'tille vertical plane determined 
by the axis of the exchanger and the axis of the pile tank.. All calcu­
lations were made for this optimum 11eat exchanger; lett}ng its height 
above the t&lk be a variable.. The pile tank was taken a.s a hemisphere 
12 feet in diameter, surmounted by a cylinder of the same diameter and 
six feet high. . 

Me£!.lanical Enera Balsnce 

When the system'described a.bove is in operation, "lrlth all temp­
eratures fixed, the rate of flow may be determilled by applying the prin­
ciple of conseI'Vation of energy, taY..ing as the "systemlll' one pound mass 
of slurry and follov.ring :tt around the cycle.. Since when the steady ,state 
is reached, the two heat ef£eets on this unit of slurry are equal and 
opposite in sign, and because there is no external work effect, the ener­
gy balance fora differential lEt!.lgth of' path beoomes: 

where 

v dp .... d x ... u. du ... em' = 0 
g 

v :: specifiovOhme of slurry - GUoft./lb. mass 

p = pressure - Ib,.£orce/sqoftd 

x = height above datum plane - ft" 

u = velocit.y - fto/sec. 

g = conversion factor = . 52~2~. (lb.mass) 
sec.,2 (lb .. .force) 

F = pres~~reloss due to friction - ~t~(lboforceL._ 
(lbo mass) 

Letting F :: densi:ty - }.~ mass =-L 
. cu. ft. v 

this may be rearranged to give 

dp + f'l.d:x. ~ {-I P. du + 
g 

Integrating around the loop gives 

(-'elF = 0 

f dp + J fd:x. + if "9:.. g d1! t f r dF ::: 0 

... 

'''; 
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Since p is a point function, 1 d P = 0, and 

f(Jdx + f~u du + f P <iF = 0 
g 

Taking as our datum plane the point where the cold pipeline 
enters the pile tank, we let 

H = height of axis of exchanger above datum - ft. 

D = height of point where hot pipeline elters tank above 
. / 

datum - ft~ 

St~rting around the loop from a point at the inlet to the hot pipe, 

j fdx = f 11 (H ..: D) + rc( - H) + F(D) = D <f - (5 h) - H <fc -rh) 
-, 

where r h = density at hot temperature 

pc = density at cold temper~ture 
... 

~ = average density in pile tank 

For the kinetic ene~ term, 

fr 

where 

and 

u du 
g 

tf.)h 
'""'"-
2 g 

[""t2 - u/J+~g [Up2 - ut
2

] 

Up = velocity in pile tank 

ut = velocity in tubes of heat exchanger 

IJictually, the ut2S in the above ~quation are slightly dlfferent because 
of the change in density of the!'lu.id as it passes through the tubesD 
Strictly speaking, another term should be added to account for the change 
in velocity along the tube lel1gtho However:, as shown later, this whole ex­
pression is of negligible impcrtance~ 

Now .~ is esselltla.lly zero, so we may wri te,-

j ~ 11: 0,)._ = - u;'~_ (fe ~ fh) 
g 2 g 

Since tube velocities encountered are small and the density dif-
ference is small and frictional losses are of the order of u2 

P , 
. q 2 g 

this whole term has been discardedc 
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. The f'rletiona.l term ! r> ,elF we may represent by Z f':J n li'n,. . 
the summation of' the product of each friotional loss and the corresponding 
densi~J at that point.. The frictional losses may be enumerated as fo1-
lows:-

1.) Friction in hot pipeline 

2.) Expansion - hot pipe to header of' exchanger 

5.) Contraction - header to tubes 

4.) Friction in tubes (average density used here) 

50) Expansion - tubes to header 

·8o} Cont,:r·a.ction - header to cold pipe 

7 .. ) Fr1ctio~ in cold pipeline 

80) Expans1Qn - cold pipe - pil,e tank 

9.) Contraction - pile tank to hot'pipeline 

The mechanical energy balance, therefors p becomes: 

"£ f rln :: H ( f c - r h) - D (;; ~ (' h) .. 

The procedure used consisted in arbitral~ly fixing the rate of 
flow, tempe:..~atures? and pipe sizes~ and then finding the val-ue of H, which 
satisfied t.~e energy balance., The value of D is .fixed by t.l},e pUe ta:ril!: 
dimensions.. Curv~A of Figure I (p .. l~) shows tr-e extrapolated values 
of the density of the slurr,y as a function of temperature .. 

The metbod used to calculate [> is shown in the Appendix" 

Heat Transfer Cal~at~o~ 

Because this study was in tended to show how to remov-e large 
quanti ties of heat in a sID.all exchanger (for holdup reasons) and to cool 
to a low temperature (for circula.tions driving force), two streams of 
cooling water were used in each exchanger; each flovdng countercurrent 
to the slurry. (This arrangemer.at is~ therefore, essentially two e;JCchang­
ers in series. See discussion by Ward and Wellis, CT-S69).. All expres- . 
sion was derived to give the qu~tity of heat removed as a fUnction of. the 
i:t}let temperatures, flow rates, and transfer coefficients fOr a given 
exchanger. The expression is as follows: 

Q = B (tl - Tl)(2 - B ) 
. \ C W 

S S 

t 

r 

- e -

. The frictional term! (->·.dF we may represent by :£ f':J n Fn, 
the summation of the product of each frictional loss and the corresponding 
densit,y at that pointo The frictional losses may be enumerated as fol­
lows:-

1.) Friction in hot pipeline 

2.) Expansion - hot pipe to header of exchanger 

5~) Contraction - header to tubes 

40) Friction in tubes (average density used here) 

50) Expansion - tub~s to header 

·8 .. } Contr.T-action - header to cold pipe 

7 .. ) Frictiozi in cOld. pipeline 

80) Expans.iQn - cold pipe - pil.e tank 

90) Contraction - pile tank to hot 'pipeline 

The mechanical anergy balance, therefore~ becomes: 

'£ f nFn e H ( r c - r h) - D (F'" ,., h) " 

The procedure used consisted in arbitrarily fixing the rate of 
flow, tempe:."'atures, and pipe size8~ and then finding the value of 11, which 
satisfied t.Y:ie eneru balance.. The value of D is .fixed b-,f t.~e pile tanlt 
dimensions.. Curv~ . A of Figure I (p .. lfJ,) shows tp.e extrapolated values 
of the densit,r oftha slurr,y as a function of temperature .. 

The roemod used to calculate . (' is shown in the Appe..'"ldlx .. 

Heat Transfer Calculatiqs 

Because this study was intended to show how to remove large 
quanti ties of heat in a small exchanger (for holdup reasons) and to cool 
to a low temperature (for circulations driving force), two streams of 
cooling vmter were used in each exchanger; each flOwing countercurrent 
to the slurry. (This arrangement is, therefore, essentially two exchang­
ers in series. See discussion by Ward and Weilis, CT-S69).. An expres­
sion was derived to give the quantity of heat removed as a fUnction o~ the 
i~let temperatures, flow rates, and transfer coefficients fOr a given 
exchanger.. The expression is as follows~ 
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1 - B.. 

a 
C5 .WS 

a :: exp °0 ~ r l' ~ - LO - .-LJ 
Cw WwJ. 

Q ::: PoC .. U .. /hour [. Q ;.;.; KW] 
1900 

tI.i = slurry inlet temperature 00. 

Tl::: coolu1g water inlet temperature °C. 

UO = overall heat transfer coefficient based 011 outside . I 0 area - P.CoUo h1'o - sq. ft .. - C .. 

Ao:= Heat transfer area based on outside or tubes _·sq .. ft .. 

o = specific heat - P.C .. U./lb .. - 00 .. 

W = Ra'ie of flow - Ibs .. /hr .. (for cooling water.? VI is 
same in . each section of exchanger). 

subscripts s = slurry 

w = cooling water 

This expression may be considerably simplIfied if the condi­
tion be imposed. that the rise in temperature of the cooling water in 
each section of )(jhe exchanger be equal to the d..'l"QP in temperature of the 
slurry in that section; 1oeo ds We = Ow' Ww• With this Simplification, 
the heat removal may be written as: - . 

Q = (tl - TI) CsWsOoAo(UoAo . + 4 CaWs) 

(UoAa + :2 CsWs)2 

. The effect of this limitation may be observed in the follo,wIng 
tables> calculated for 5/S" tubes lI slurry velocitY'in the tubes of 2 ft./sec .. , 
tl = 1200 C. and Tl = 15° C. 

Cooling water Rate 
GPM 

1000 
2960 ~'t-

5500 
4000 
5000 
6000 

* In this case CaWs = . CwWw 

.I KW 

4O i 600 
57,000 
57,500 
59,000 
60,500 
61,500 

. , 

" 

in which 

in which 
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B = 1 - a. 

1 

a :: 

Q :: P .. C .. U,,/hour [ •. Q 
1900 

A :: o 

slurry inlet temperature °0. 
coolli1g water inlet temperature °00 

oV'erall heat transfer coefficient based all outside . I 0 area - P.CoUo hro - sq. ft. - C. 

Heat transfer area based on outside of tubes _·sq .. ft., 

o = specific heat - P.CoU./lbo - 000 

W = Ra·r.e of flow - 1.bs .. /hr. (for cooling vlater.l' Vi is 
same in.each section of exchanger). 

, . subscripts 
s = slurry 

w = cooling water 

This expression may be considerably simplified if the condi­
tion be imposed. that the rise in temperature of the cooling water in 
ea.ch section of >(j,.l}e exchanger be equal to the drop in tempera.ture of the 
slurry in that section; Le.. Os We = OW' WW" With this simplification, 
the heat removal may be wri ttoo as: - . 

Q = {tl - Tll CsWsUoAo(UoAo+ 4 CaWs) 

(DoAa + :2 CsWs)2 

. The effect of this lim! tation may be observed in t.he follo,wIng . 
table, calculated for 5/8" tubesj} slurry velocity:in the tubes of 2 ft./sec~,\t 
tl = 1200 C. and Tl = 1.5° C~ 

Cooling water Rate 
GPM 

1000 
2950,'t-
5500 
4000 
5000 
6000 

* In this case CaWs = . CwViw 

KW 

40:1600 
51,000 
51,500 
59 !' 000 
60,500 
61,500 



~ 
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It is seen tllat increasing the cooling water rate over/that 
in the simplified case oauses little change in the heat removed. However, 
higher rates will give lower exit temperatures fot' the slurry, and will 
result in a slightly higher utilization.. For the purposes of this calcu­
lation, the simplified equations were used.. It was also assumed that what­
ever the cooling water rate, the baffle spacing could be such as to pro­
vide the proper shell-side ve1ocityo 

The size of the exchanger was taken, in .most cases, as the max­
imum size recommended by' the Andale Company" These figures are given in 
the following table. 

'lube Siz6 Maximum Tube Ma:dmum No. Gauge Diameter of Shell 
_:i..!l.t- Lengj:J:; - ft.. ot:. ]ubes __ ~ __ _ 

, I l r 

1/4 

5/6 

I 12 .lJ3 50 ( 18 ! 25 
I I' -! I 16 1850 ( I 16 I 
. 'I I· 

. ,I 

25 

5/8 
(0 

47 

5/4 . 16 2100' 14 I 47 I
I; ~ ~ro I U , 

7/81 16 16oo! 14 47 

l. I 20 1250 I 14 47 

lJ.L4 J 20 ,760 L 14 47 

~eat ~~sfer Coefficients 

Standard correla.tions for the calculation of heat traJlsfer c0-

efficients were used, extrapolating the physical properties of the slurr,y 
from the available data.. The cooling water veloci tw on the shell side ' 
was ta.'ken as the maximum recommended by' heat excllanger manufactureis.. A 
shall-side dirt film coefficient of 2000 vres also employedo From this 
information, overall he~t transfer coefficients were calculated for each 
exch&'lger as a function of the tube velocity and the temperature range 
of the slurry 0 Calculat,ions of heats removed and cold-slurry temperatures 
then were made for the heat exchangers of size given in table a.bove" The 
results for the larger sizes of tubes are given in Figure II.. The effect 
of decreasing the tube lengthp ~, (to decrease holdup) for a given size 
of tubes is shown in li'igure III' .. 

Calcula'i.i-ion of Frictional Losses _"III --_ --

standard formulae for the pressure drop in pipes, tubes, elbows, 
expanSions, and contractions were used.. (See McAdams, f.Iea~ Transm3rssion; 
Perry, Chemic~ ~gineers' Handbo~k; Chapters on Fluid Flowo) Only the 
tu.~c"b~;>.l.i$:"lJ>j flc·\il cases Vi0rc e::tplor.cd., 

., 
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It is seen that increasing the cooling water rate over/that 
in the simplified case ~auses little change in the heat removed. However, 
higher rates will give lower exit temperatures for the sl.urry, and will 
result in a slightly higher utilization.. For the purposes 6f this calcu­
lation, the simplified equations were used.. It was also assumed that wha.t­
ever the cooling water rate, the baffle spacing could be such as to pro­
vide the proper shell-side velocity .. 

The size of' the exchanger was taken, in .most cases, as the max-
imum size recommended by the Andale Company .. These figures are given in 
the following table. 

Tube Size Ma:x.imum. Tube Maximum· No. Gauge Diameter of Shell 
:In .. Length - ft. of tubes _. _.ip. ---i I I 

I I 

1/4 12 ·1550 I 18 I 25 , 

I i -! 
3/8 

I 

I 16 1850 ( I 16 25 ! I-I I I ... 
5/8 16. 2650 14 I 47 

I 
I , 
! I 

5/4 - 16 2100 i 14 I 47 , 

7/8 16 1600 ! 14 47 
i 

1 20 1250 I 14 41 

I I 
1 ~/4 20 760 I 14 ~7 I .. 

Beat Transfer Coefficients 

Standard correla.tions for the calculation of hea-t transfer co­
efficients were used, extrapolating the physical properties of the sll.lrr-,r 
from the available data., The cooling water ve10ci tv on the shell side ' 
was tal;:en as the maximum recommended by hea.t exchanger manufactureis.. A 
shell-side dirt f'llm coefficient of 2000 vres also employed... From tIrls 
information, overall he~t transfer coefficients were calculated for each 
exchanger as a function of' the tube velocity and the temperature range 
of' the slurry" Calculat.ions of heats removed and cold-slu!'l'y temperatures 
then were made for the heat exchangers of size given in table above" The 
results for the largel" sizes of tubes are given. in Figure II.. The effect 
of decreasing the tube length~ ~, (to decrease holdup) for a given size 
of tubes is shown L."1. figure III'" 

Calculation of Frict4.2n!11oss~ 

standard formulae for the pressure drop in pipes, tubes, elbows, 
expanSions, and. contractions were usedo (See McAdams, ~ Transmission; 
Perry, Chemi.c~ J!:ngineers f £Landbook; Chapters on Fluid FlOW,,) Only the 
t,l1J:'bt~l~J!lt flow cases wc;;re e:ll:plOT€!d .. 
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Calculation of HolduB 

For a given heat exchanger, a slurI"J velocity .in the tubes was 
selected, giving the to-t:.al flow rate, the heat removed, and fixing the 
temperat.ures and densities.. D,I the vertical distance bAtweeu the paints 
where the inlet and exit pipes intersect the tank was taken in all cases 
as II feet.. For each of' several pipe sizes, -the frictiu:na.l losses were 
totaled and the required values of H determinedo The total length of 
pipe and the internal volume of' the heat exchanger then allowed the cal­
cula.tion of the amount of slurry holdup for each caseo (The heads 'of the 
heat exchanger were assumed to be cylinders whose diameter was that of 
the shell and whose length was 6 inches.) P-9 hol<tup was calcu:;Le.ted,\l 
and also the utilization,. defined askilQwatts per ton P",,:9 external to 
-t,he pile.. Pipe sizes used .were standard sizes of the smallest wall -thick­
nesses. ~~ optimum pipe size-was detenp~ed for each flow rate. A com­
plete list of tihe resulta of these calcul.ations is given in the follow- . 
ing table.. The latter part of the table gives t.rte results for 5/a" tubes 
of shorter length than tlJ.e ~"ll r~commended" It viill be noted that 
some improvement in ut11i,zatio~ resulted from decreasing the tube length .. 
These figures, as mentioned beforeg are for a single heat exchanger placed 
in the optimum position ov~r the tank. 

1ZPical Arrangement 

Since ea.ch of the values in the f'o:JJ.owi.ng table is for the op­
timum exchanger, so far as location is concerned, it is of interest to 
know the utilization for a group of exohangers which will diSSipate a 
fair quantity of power.. Sucn. a scheme might be visualized as sketched .in 
F'igure IV (LZ-A-125) (pu 17) Here five exchangers are plaoed in a row 
about. 20 feet above the bottom of the tank. For example9 let each con-
tain tile maximum number of 12 foot long 5/8" tubeso Take a slul""".ty velo­
cit,y in -che tubes of 1 .. 25 rt./seco and use 18 inch pipe for the lineso 

, 

The middle exchanger will hold, up 5 .. 7 tons, the two on each aide 3 .. 8 tOllS 

each, and the outer two 4 .. 25 tons each" The total holdup is about 20 -consp 
the total powe:c: about, 180,000 KW, giving a utilization of 900Q KW pel' -ton 
of P-9 external to the pileoAssuming 40 tons inside the pile, the util-
ization based on the total P-9 is then 5000 KW/ton.. . 

- 9 -' 

£Lalculation of HolduB 

For a given heat exchanger, a slurry velocity in ·the tubes \Vas 
selec'~ed, giving the to"l;,al flow rateJl the heat removed, and fixing the 
temperatu~es and densities. D, the vertical distance 'bAtween the pOints 
where the inlet and exit pipes intersect the tank was taken in all cases 
as 11 feet.. For each of' several pipe sizes, the f'rictivnal losses were 
totaled and the required values of H determined. The total length of 
pipe and the internal volume of the heat exchangel' then allowed the cal­
culation of the amount of slu:r.ry holdup for each case.. (The heads 'of the 
heat exchanger were assumed to be cylinders whose diameter was that of 
the shell and whose length was 8 inches.) P-9 hol~up was calcul~ted~ 
and also the utilization" defined as 'kilowatts per ton P~9 external to 
the pileo Pipe sizes used ,were standard sizes of the smallest wall -thick­
nesses. An optimum pipe size-was determined for each flow rate.. A com­
plete list of the results of these ca.lcul~tions ia given in the follow- . 
ing table.. The latter part of the table gives the results for 5/an tubes 
of shorter length than tp,e ~"Il r~commended" It will be noted that 
some improvement in util~zatio~ resulted from decreasing the tube lengthq 
These figures, as mentioned berol'e, are for a single heat exchanger placed 
in the optimum position ov~r the tank .. 

AYPical Arrangement 

Since each of the values in the fo:;u.owillg table is for the opo." 
timum exchanger, so far as location is concerned, it is of' l:aterest to 
know the utilization for a group of exchangers which will dissipate a 
.fair quantity of power.. Suc~ a scheme might be visualized e,g sketched .in 
Figure IV (LZ-A-l23) (po 17) Here five exchangers are plaoed in a row 
about 20 feet B.oove the bottom o~ the tank. For example, let each con-
tain the maximum number of l.2 foot long 5/8u tubes~ Take a slul"'".c:Y' velo­
city in 'tihe tubes o.f 1025 rt .. /sec .. and use 18 inch pipe for the lineso 

I 

The middle exchanger will holdup 5",7 tons p the two on each side 5.8 tons 
each, .and the outer two 4 .. 25 tons each" ,The total holdup is about 20 t.ons, 
the to-tal powex: abou"G 1.80,000 KW, giving a utilizati.on of' 900q KW pel' ton 
of P-9 external to the pile .. Assuming 40 tons inside the pile, the util-
ization based all the total P-9 is then 5000 KW/ton.. ' 
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Tn 
Siz 
In .. 

1 

5/4 

5/8 

5:/8 

1250 

2100 

2850 

1850 

Feet 

20 I 
I 
~ 
1 

t 
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I 
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116 

16 

12 

12 

8 
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Velo- "power I pipe; Velo- RequiI'- iExter- Utiliza-
ci-I:.y in.Out.pu.~ nal T .. SiZ6:., city in ed hi" lnal t.l.olllI{W 
Tubes I KW lOCo In,,\ Pipe of E.."tChiHOldUP. . per Ex-

ft .. /seo~ t· , fto/ lit.. Tons' tarnal 
I 

,1.,0 

1 .. 5 

2 .. 0 

1 .. 0 

1 0 5 

, 2,,0 
L 

1.0 

1 .. 5 

2 .. 0 

1 .. 0 
. ~ 

1 .. 5 

1 .. 5 

1 .. 25 

1~5 

1 .. 0 

1~5 

'. 
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Tn 
Siz 
In .. 

1 

5/4 

5/8 

5:/8 

1250 

2100 

2850 

1850 

Feet 

20 I 
I 
~ 
1 

t 
! 

I 
I 

1S 

116 

16 

12 

12 

8 

- :LO -

Velo- "power I pipe; Velo- RequiI'- iExter- Utiliza-
ci-I:.y in.Out.pu.~ nal T .. SiZ6:., city in ed hi" lnal t.l.olllI{W 
Tubes I KW lOCo In,,\ Pipe of E.."tChiHOldUP. . per Ex-

ft .. /seo~ t· , fto/ lit.. Tons' tarnal 
I 

,1.,0 

1 .. 5 

2 .. 0 

1 .. 0 

1 0 5 

, 2,,0 
L 

1.0 

1 .. 5 

2 .. 0 

1 .. 0 
. ~ 

1 .. 5 

1 .. 5 

1 .. 25 

1~5 

1 .. 0 

1~5 

'. 
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1. - §S!JLTS OF INVESTIGATION 

Discussi!?.!! 

Inspection of Figure II shows that, although 5/S" tube ex­
changez's remove the least heat per exchanger, the ex):t tamperature is 
lowest', thereby giving the greatest differential to inducta .flow. In 
this exchanger also, holdup is less than in those conta:tn~g larger 
tubes. The net result is that the utUization is better for the sIan 
tube exchange:!', as shown in the table of result.s.. Smaller tubes, slBn 
or 1/4", as shorm in. table are not attractive; chiefly because of large 
pressure drpps encountered" ' 

Figure III shows that decreasing the tube length causes less 
then a proportional change in the heat removed and a decrease in holdup; 
but, on the other hand, shorter tubes deliver the slurry at higher temp­
eratureso These opposing effects c~use a ~um utilization to be 
reached at a tube length of about 12 feet, as shown :in the tables .. 

To increase the power output of the pil€) oyer the vaJ.ue ope~ 
able with the five exchangers s,hown in Figure IV 1> a second layer of ex­
changers may be placed above the first.. The height of this row would be 
about 27 feet from the bottom ,of t,he tanko Using 18 inch pipe a.gain, 
we see from the table that the power output of the middle unit would be 
near 401>000 KV/. Thus the second row would give 200,000 KW moreo The 
addi tional holdup, if' the same pro?ortion may be applied to the second 
I'O"v"l as ~s found in the first, would be about 25 rons o , • 

Therefore: ~tal power 
Total holdup 
Utilization 

580,000 KW 
415 tons (external) 

8,850 KW per ton 

The utilization decreases as more exchangers are added. 

Inspection of the exit temperature curves of Figure II shows 
that the larger the tube size, the higher the exit temperature for the 
exchangers of maximum size (see Table ,of Andale SiZ9 recommendations) 0 

The reason for this is that the smaller exchangers take less flow at 
a given tube velocity and tha.t they have a larger hest, transfer area 
ava:tlable.. The fact that the Gllrve for lit tubes lies below that for 
7/8" tubes is attributed to the longer tube lengths permissible in the 
In and 1 1/411 sizes. ' , 

I 

The f£ct that t~e power output lines cross for some tube 
sizes is attributed to a combina:i:,ion of several factors.. Talc.e, £~r ex­
ample, the 5/4" and the 7/8 11 tube lines; the tube lengths are equal, 
and the poweI' output lines Cl"OSS at a tube veloci1q of about'l .. 5 ft../sec .. 
At ve10ci ties below this figul'ejl more power is removed from the 7/a ll tube 
exchange:r, and the o~p::,s~,t:!'l is '(,:;"\1.13 &10ve this velocity. Flow is greater 
through "the larg~r, and heat transfer area is greater in the smallerQ 
The combination of these factors with the mean temperature difference 

\ 

!. - ~SULTS OF INVESTIGATION 

Discussio~ 

Inspection of Figure II shows that, although 5/8"tube ex­
changers remove the least heat per exchanger, the exi:t tamperature is 
low9st-, thereby giving the greatest differential to inducE! ,flow. In 
this exchanger also, holdup is less than in those containing larger 
tubes. The net result is that the utilization is better for the S/an 

tube exchangel', as sno'.m in the table of results.. Smaller tubes, 5/8" 
or 1/4"$ as shoV'min table are not attractive; chiefly because of' large 
pressure drpps encountered" ' 

Figure III shows that decreasing the tube length causes less 
than a proportional change in the heat removed and a decrease in holdup; 
but, on the other hand, shorter tubes deliver the slurry at higher temp­
eratures" These opposing effects cause a ~um utilization to be 
reached at a tube length of about 12 feet, as shown in the tables. 

To increase the power output of the pilE; oyer the vaJ.ue oper-:.. 
able with the five exchangers a,hom in Figure IV ~ a aecond layer of ex­
changers may be placed above tlie first.. The height of this row would be 
about, 27 feet from the bottom ,of the tanko Using 18 inch pipe again,? 
we see from the table t..i1at the power output of the middle unit would be 
near 40,000 KW'. Thus the second row would give 200,000 KW more.. 'l'he 
additional holdup~ if the same pro?ortion may be applied to the second 
1'01;'1 as ~as found in the first, would be about 25 tons" , . 

Therefore: ~tal power 
Total holdup 
Utilization 

580,000 KW 
415 tons (external) 

8,850 row per ton 

The utilization decreases as more exchangers are addede 

Inspection of' the exi. t temperature curves of Figure II shows 
that the larger the tube size, the higher the exit temperature for the 
exchangers of maximum size (see Table ,of Andale size recommendations) .. 
The reason for this is that the smaller exchangers take less flow at 
a given tube velocity and ths.t they have a large!' hes-Ii tl'ansfer area 
ava.:Uableo The fact that the G'i11~e for 111 tubes lies below that for 
7/8" tubes is attributed to the longer tube lengths permissible in the' 
In and 1 1/411 sizes. 

, 
The teet that. the power output lines cross for some tube 

sizes is attributed to a combina:c..ion of several fae·wrs.. TaJ.ce, £~r ex­
ample, the 5/4" and the 7/8 11 tube J.ines; the tube lengths B"Z·S equal.\> 
and the power output lines cross at a tube velociv of' about 1.5 fto/sec. 
At ve10ci ties below this figul'e~ more power is removed from the 7/S11 tube 
exchangel';; and 'Llla 02P:'S.~.t:;; is '&::°tle c:.bove this velocity. Flow is greater 
thro~gh -the larg~r, and heat transfer area is greater in the smallero 
The combination of these factors with the mean temperature difference 

\ 
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from slurry to cooling water results in an irlterseation in the out/put 
curves~ At low velocities~ the greater flow a~d higher temperature 
differences appear to over-compensate for less area, while at higher 
veloci ties II the reverse is true" 

Con£lusio.:!:!!. 

The m.ax.imwn. u'tilization of P-9 ,1 based on the external holdup, 
occurs for the case of a heat exchanger containing 5/811 tubes" each 
12 feet long, with two cooling water streams. 

Power outputs as high as a,bout. 180,,000 KW llU\V 'be handled with 
about 20 tons or P-9 external to the pile. This utUization (9000 KW/ton) 
may be increas~d, to approXimately 9700 KW/t-on if the power output is de­
creased to 55,000 KW, and is decreased '00 88)0 KW/ton if the power output 
is' raised to about 580,000 KW for the arrangement,s described" Small 
pressure differentials of about 45 Ibso/sq"f~ .. are sufficient to circu­
late the slurry for this arrangement., 

. Such '8. system cools the slurry from 1200 Co to about seo C. 
The,cooling water enters at l5~ Co The average temperature of tile exit 
water ia.4SO C.. An increase in power output of only about 7% can be 
obtained by doubling the cooling water rate.. This would change the cold 
slurry temperature by only a few degrees and would improve utilization ' 
correspondingl,y.. This increase in cooling water :rate, therefore, does 
not appear to be a practical way of obtaining substantial increases in 
utilization. 

The fact that considerable power can be removed in this wtJ¥ 
offers a possible safeguard in the pump-circulated plant. in that thermal 
'syphon:tng might well remove the power generated after shutdown in the 
event of pump failure. , ' 

./ 

t 
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from slurry to cooling w,ater results in an ultersection in the output 
curves. At low velocities~ the greater flow and higher temperau~re 
differences appear to over-compensate for ress area, while at higher 
veloci ties, the reverse is true .. 

Conclusions 

The maximum utilization of P-9, based on the external holdup, 
occu.rs for the case of a heat exchanger containing 5/811 tubes, each . 
12 feet long, with two cooling water streams. 

. . Power outputs as high as about 1.80,000 KW mB\V' be handled with 
about 20 tons of P-9 external to the pile. This utilization (9000 KW/ton) 
may be increasE)d, to approximately 9700 KW/ton if the power output is de­
creased to 35,000 KW~ and is decreased J(',O 88JO KW/ton if' the pewer output 
is raised to about 580,000 KW for the arrangements described" Small 
pressure differentials of about 45 Ibso/sq .. ft" are sufficient to circu­
late the slurry for this arrangement .. 

Such -a system cools the slurry from 1200 00 to about 000 0. 
The cooling water enters at 159 Co The average temperature of the exit 
water i3.45° Co An increase in power output of only about 7% can b~ 
obtained by doubling the cooling water rate.. This vKluld change the cold 
slurry temperature by only a few degrees and would lmpr-ove utilization 
corresponding4r.. This increase in cooling water :rate", -therefore.$! does 
not appear to be a practical way of obtaining substantial increases in 
utilizatioDo 

The fa.ct that considerable powe:r can be removed in this we:y 
offers a. possible safeguard in the pump-circulated plant in that themal 
. syphon:tng might well remove the power generated after shutdown in. the 
event of pump failure. , . 
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palculation o~ ~ - . 
I fO, the mean effective density in the pile tank Vias calculated 

after making the following assumptions~-

1.) Rate of' heat production varies sinusoidally along axis of 
tank. ' 

2.) Denai~-temperqture relationship will eliminate radial 
temperature gradients" 

5,,) The cross section of the t~ is constant. 

4 .. ) The slurry leaves the pile at 1200 0 .. 

If x is the height measured from the bottom of the tank,and h is 
'I: ... 11e total dspth, then the temperature rise dt in a unit volume of slurry in 
passing through dx. will be proportional to the heat generated in the element 
dx during the time of pa.ssage. 

dt = B sin Jf x dx, where B is a constant embraCing t.11.e 
h • 

velQcit,y, the density~ and the specific heat of the slurr,ro 

Integrating from t::: 120 and x == h, to t and x gives 

120 - t == B .lL (1 + cos 'ff x ) 
Tf h ¥ 

Ii' the slurry enters the pile at -(, == t2, (at X!fa 0), then 

B ~ = 120 - ~ p and 
11 2 

t = 120 120 - t., 11 t.. 
._~\ -. cos 

2 " 
1fi!'-) 

Using :l.ihis equation, t va" plots were made and from "'"hese 

r va .. .2L plots for several v8~ues of t 2" FJor each t2' graphical in­
h 

tegratiot'. gave I ~ 

r= t4 t dx 

r was then plotted
U 

agamst t 2 <> ThiS' ShOVl;11 as Curve B of Figmoe Ie 
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~ENDIX 

. (=> 
Calculat1,on of, - . . ~, the mean effective density in the pile tank Vias calcula.ted 
after making the following assumptions:-

1..) Rate of heat production varies sinusoidally along axis of 
tank. ' 

2.) Density-temperature relat~onship will e1L~ate radial 
temperature gradientso 

30) The cross section of the ~ is constant. 

4 ... ) The slurry leaves the pile at 1200 0 .. 

If x is the height measured from the bottom of the tank,and h is 
the total depth, then the temperature rise dt in a unit volume of slurry in 
passing through dx will be proportional to the heat generated in the element 
dx during the time of passage. 

dt = B sin Tf x 
h 

d.."t, where B is a constant embraCing the 
• 

velocity, the density, and the specific hea.t of the slurry .. 

Integrating trom t = 120 and x :::: h, to t and x gives 

( '.4 x 'J 120 - t = B .lL \ 1 + cos " 
11' b I' 

If' the slurry enters the pile at t, = t2J (at X!il! 0), then 

B . h = 120 - °i:.2 $I and rr 2 

t = 120 - ;tro :;2~.-{1 + C08 ~,,~ 

Using :l.ihis equation, t V6 .. -L plots were made and from .!(ihese 
, 11 

f'!) vao ~L plots for several 178~ues of tt)" F'or each t211 graphiaal in-
I h ~ 

tegration saver _ .It ax 

• • ° r lIliES then plotted against t 2• This'is shown as CU.I've B of Figure Ie 
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