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HIGH PRESSURE WATER AS A HEAT TRANSFER 
MEDIUM IN NUClEAR POWER PLANTS 

By 
A. M. Weinberg and F ~ 'l!lJrray 

" 

USE)f'ul work can be extracted err~eiently from a nuclear ohain reaction onl:r if 
the coolant opera.tes at hieh temperatures .. ' This fact leads directly 1iO the con= 
clusi.on that water at ordinary pressures 1s unsuitable as a pOwer plant (.~oolanto 
To avold this difficulty inherent in water coolinF.t alternative heat tranSfer 
fluids such as gases or liquid metals (either of ·.;~!":~h can be 'raised to very high 
temperatures) have 'been proposed" 

Thera is another coolant"', neither liquid metal nor gas, which is capable of V'lith~ 
, standing rather' high temperatures o This is ?later under high pressure" rhe cri'ti= 
cal temperature of water is 3740C,'lts critical presaureis about 215 !.1.i:.moBpheros" 
Decomposition of water under pile radiation is a phenomenon which has been stud:led 
rather extensively; the decompositipn products, H2, 02' and H202 can be coped with, 
satlsfactorilyc Corrosion by hot water is not excessive instafnless st,eel' 5Y5·' 
tems and possibly even in aluminum systems., These r~ts St1g~st that a hiEh 
p~Lwater power'olant may be built rlth-1as.s-de.:!le.lo,J.l'II1fl1l.t work than either 
the gas or liquid metal plants~ and that such a nla,nt m.1eh.LQe_v..er-y_r_e_U,able 0 - "-
'fhe ll'iain objection to hot water as coolo.nt is that nowhere in such a tem is 
there a.really high temperature; the use cf superheat" is theref~re almost precludedo 
'lhis ''I'Ii11 reduce the thermal efficiency of such a plant as compared to one in which 
superheat is available" But the wggnitude of this loss is small since during the 
superheating purt of a steam engine cycle the ,heat absorption is very 1.ar fr()ID 
being isothermaL This means that muoh less is added to the efficiency of a. 
steam cycle by superhea.t than '"ould be elllcmlated from the simple CHrDot formula" 

~he main reason for investipatinp, the hir,h presspre water system is not that such 
a system will necessarily compete thermodynamically ~vith either the gas or metal 
system" Rather it is that hot ~ter (either light or heavy) will probably .h!$ 
tlO be used in t.hermal breeders or converters <> Any large seale program of breeding 
1)1' oonverting makes littl~ sense unless the by=product po~1er is used" Thus, even 
1r the hot "Nater system is less favorable as a power pla.nt than other systems~ 
a point will very probably arise iT! the development of large scale nucleonics 
"'here power from hot l.vater will have to be extrac·ted as e. by=product of' 23 production" 

.;~ The UEle of fluorocarbons or diphenyl or other 10'f1 vapor pressure liquids is not 
, considered here because the decomposition of these materials under p:Ue ccmdie , 

tions probably makes .them very awkward to handle" ' 

,.:-.. 
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There are other poss:tble applicationsjwhere the minor. thermodynamic disadvant= 
age of the hot water system might be offset by other considerations~ For example, 
it is not entirely certain that a lattice of ordi~J water and unenrichad 
uranium will not chaj.n react if the temperature of the water is raised 3ufficient·· 
ly <> In any event ~~eede_<Lto-ma.ke-such-B._ma.c.h.1ruLQ.~m.1:dL£.ill be 
smalL On an econom:1.c basis suchp~ts migb.t.....c.ompete with the. hi,ehly enriched 
ma.chines usually contemplafed when rneJ'a.;I._.m:.gas cool:i.!k"!.J1.rn discussed" --- -. - .... -- .- .. -,~ ... -.... ~ ,- .... ~ ... 

2. ,9'£nere,l Characteristics of ~ Hl,gh Pressure Water S:v:stsm 

High pressure 1Iater can.be used as ,a coolant alone in a solid. (e"g,. Be) 
modera.ted pile or it can be used as both moderai?or and coolant ina homogen-
eous or heterOfl'eneOllS arrangement". In either case, general features of' a 
high preSSUl"e water system will be the same. Water at ,very high pt'()ssure' 

. ej,rculates through the pile .iVhere it picks up heato It then circull.tes . 
through an evapor-ator in which saturated steam at a pressure rather lower than 
the pile pressure 1'8 generated. The conditions in such an e~apora1..()r {'1t':.l 1n 
some respects. similar to those existing in the condenser of a mercury turbine~ R 
~Ye. pref.e.LB.rL.aY...IJ.DQrator for gena.rating steam rathe.I::JJlan-a"-.f~ f ~ 
which the pile water is converted into steam because, (1) If the high pres- 6w/~ 
.sure water 1s a homogeneous uranitml solution, it would be out 'of the question 
to flash it and .send the intensely radioactive steam to a turbine" .(2) Even 
if the pile is heterop,eneous, pile water would pick up sufficient rlldioactivi= 
ty (019, iron, etco) to render. the turbine inaccessible, at least during 
operation" 

Whether the pile water is flashed or is used to boil turbine feed water 
there will be a temperature lOBS in the steam generator~ In principle this 8/.v tC 
temperature loss can be the smaller in the flashing scheme Provided the c11"= ~ 
<nllati.on,.£ate could be made sufficiently': high; Le~, .the ratio-OfflSshaa- Rt',trc,jci..I<~L 
'Nater to unflashad water very small" On the other hand the temperature. drop 
in the evaporator can also be reduced by forcinp, the circmlation of the water 
used as working fluid" 

A com.rnon feature of all high pressure systems in :rhich the water is used us 
moderator is the pressure tank" In order to reduce the thickness of the 
pressure tank it ·.'Iill be economical to design these piles as elonea"Gad 
c:y:linders - a shape which is also suited for efficient production of isotopes c . 
in Ii surrounding blanke't. For example, consider a hea\1Y water homogeneous 
breeder '11th a Laplacian of about 6 ~~ 10-3 cm=2o A critical ini'i.nitely long 

, cylinder will have a radius of about 31 em.. With a Th-P-9 blanke·t; \;he over~ 
all radius might be increased to about 50 cl{lo This is some\'1hat lesH than the 
radius of standard high pressure (1200 lbo) boilers" 

Natttrally in a pressure breeder it will be necessary to keep the Th slurry 
and the urna1um solution separate c This will require a thin tank inside the 
pressure tank" It 'Mould be preferable if this tank could be made of Be; 
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however, if Be cannot stand up under the high temperatures inside the 
breeder it will be possible to use a thin stainless steel tank .. 

One end of the hlg~res~re boiler should be removable, at least in the 
heterogeneous system, in order to make removal of the rods ssible~ For 
this reason we prefer to think 0 the pressure tank as enclosing the end 
shield~ This construction would allow the high pressure flanges ~o be 
accessible at all tirries., Removal of the flanged head would expose the 
ends of the rods protr11dinp; thro~h ,the shleldo ' 

Insertion of control rods consti~ute a major problem.. One possible Bolu-, 
tion would be to mount a rod in the reflector throur.h a speclalhich pres-
sure nickel thimble.. The rod could be actuated magnetically throup,h this 
thirnble~ Another possibility is to include the rod and its actuating mechan-
ism inside the pressure tank" Any electrical connections to the motor ',vonld 
be rather easy to attach through the walls of the tank 0 

Thermal Efficiencies in High-Pressure Syste~_ 

The use of saturated rather than superheated steam does not affect the 
thermal efficiency of a turbine very much a.s the follo'dnp, table shows; 

Hea~ inwt -/ 
Overall Turbine-Generator Efficiencies ( power output) for Con-
denSing (2Q Hg) systems. From Newman eto alQ Modern Turbina~, 

po 64 {Wiley:) 

Steam Pressure Superheat 
OOF 2000 , 

300 lb. 20 9 8 22",3 
400 21.,4 2301 
500 '21.,8 23,,4 
600 22,,2 23,,8 
700 22,,4 23,,9 

The values in the table are overall figures which take \into account the 
change in engine efficiene,y of the turbine with superheato It Is seen ,that 
1000F Fahrenheit improves the thermal effi~ienc~ by about 0 0 75%0 . 

The usual objection to steam of low quality is that turbine blades do not 
stand up very well if they areoparat!ed with very wet steam.. On the other ./ 
hand it 1s very robable that the use of modern allo ,\7111 make wet steam 
~ines._ent.i~l~r <> Mro Co J .. Colley of Monsanto, engineering 
department points out that modern ga.s turbines are constructed which can 
withstand hot coal ash at temperatt~es much above those encountered in a 
steam turbine o He feels confident that \vith sufficient incentive for a 
wet steam turbine, one could. easIly be developedo ' 
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For small power installations, or installations in 7hich most of the 
generated heat is to be used for process work, it may be,well to keep in 
mind reciprocating steam' engines; Such steam engines often use saturated 
steam, and their reliability is comparable to that of good turblnes o 

The Problem of Superheat 

From the efficiency table it is evident that superheat is not a matter of 
overwhelming concern, although it is desirableb What are the possibilities 
of incorporating a superheater in the high pressure water system? At pre= 
seht we have been able to think of the following methods of applying super= 
heat 0 

(1) §eparately lired Superheater~ 

Such a superheater could be a Be or graphite pile cooled with steam 
(in which case the working fluid would become radioactive), or cooled 
with gas or·liquid metal in which case a special heat exchanger would 
be neededo Another possibility is to use ordiriary coal burner~ For 
many installations this latter method might prove economl~l and feasi o 

ble, since the'energy put into superheat 1s only a small fraction of 
that put into the production of steame 

(2) Reflector Superheater 

If ,the Th blanket in the breeder were solid (as Th02 or Th metal) ~e 
estimate that somewhere in the neighborhood of 10% of the pile heat 
would. be produced in it.. This heat would come from piley rayr., Th232 
capture 6's, Th23.J and Pa.,.23J decay 'and U2JJ fissions. Since Th and 
ThO? melts at very high temperatures it would be possible to use this 
heat as superheat ~ possibly by means of a l~qu1d ~tal as heat trans-
fer agent if it is undesirable to pass steam directly through. the Th 
blanket" 

() 02+ 02 Recombinatl~ 

In the. homogeneous system D2 + 02 recombination could yield about 6% 
of the total fission energy¢ This figure is based on a heat of forma-
tion of wat()r of .3 ev/molecule, and oroduction of D2 + 02 equal to 2 
'ion pairs per 100 e'l of fission fragment energy $ Because of the high. , 
pressure inside the machine, the bubble formation probably can be 

::. suppressed, the degassing and recombination taking place over a catalyst 
bed (~hich is the sunerheater) outside the Dileo . 

'.1 

J . .' 

, . 
5Q Preliminary Design of a Th-23 Hieh Pressure Water SlSt~~ 

In this section we present preliminary calculations on a Th-2,3 light water 
power plant designed so that it is self-sustaining; i4e~, so that as much 
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23 is produced as is destroyed" In 'such an arrangement the essential 
fuel is Th which is rather plentiful" For practical po~er generation 
purposes this is an important advantage" 

. We consider a pile consisting at parallel plates ot Th -enriched with 23 
and cooled ~ parallel sheets of water flowing between the .plates.. The 
plates will be 2 mm thick, and are coated with AI.. The general ·idea ;of' 
such a pile in which Pu was used as the enriching agent has already been 
discussed bY' Wip,ner.. The advantage at 23 is that its' use offers. the 
possibilitY' of sustaining the original enrichment 1~ the Tho 

We assumeY} 23 :: 2,,;5.. In the arrangements we consider the fast e.ffeet. t. 
.ls estlmat~d at about 1,,02; hence for everY' 23 destroyed, 204 neutrons 
are producedo Thl~ mellns that the ratio 

Total cross section ,of water, .fission products, etc" i 004 
total cross section of 23 

if the system Is to "hold its own" .. 

The Xe 'loss is ~A the Pa233 loss is about 2% (assuming cr-~33 = l70b 
and 0 0 75 Kg. of Pa~33 and 10 Kg of 23 in system on average), .and the Al 
losses are about 2%0 This leaves 30% available for water loss" For safety 
we should keep the water loss below 20%0 This determines the minimum ratio 
o~ 23 to water, and, for any volume ratio of Th to water, it determines 
the minimum isotopic ratio of u233 to Th232~ Thus we have 

lase ot Water 
Mass of 23 < 

'ill: 

-tilss of 23 .).J:.. Mass of \Vater 
MairS of 02 = 1602 Mass of 02 

:= 

18 x 620 x 0~2 :: 1602 
0 0 59 x.233 

1 'H20 g ,,0056 !R20
Q 

1602 x 11 V02 V02 

A volume ratio reasonable ~rom the construction vie~ point is VH20/VTh s 4. 
The minimum enrichment,R .. ftr 'ttis rutio is Ilbo"Jt 2~S~.. We now determine tht;t 
critical sIze tor this enrichment and volume ratio .. 

We calCUlate K : lie pt <;,as fo1lowso ISin<t'~H20/Vrh 1: 4, the scattering 
cross section per'Th ato'1fl,o-TIJ +11 )C. -;r X "I-q-H~()= 12 + 206 g 

218 barns" The value of C)" E ~ etf at this dilution is 32b according to . 
CP-30930 This must be reduced' in the ratio 1 + R since enrichment displaces 
Th atolDS o Hence the resonance escape is 

p = e.;cp - tJTb' . (f~) Nil () 0-; E .: e.J<p =!.. 
~ J II:J!) eff 'f 

It)( t@. )( I.;J., 
).3.1.. X 'fo X{I+I() 

=- ax p - • " '+ - o. 'i 't X Fo,. R.. . 0" S'" 
~ 

) 
-,; 

\. 
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Both Yl and f 11'i11 depend on R, the ratio of 23 to Th.. Thus 

-rt = ;;l,~~ )( 1'1.>.2.0 ~ 

{,i4ol(, +1../ 
.: 1lJ.S"O R _ 1 • .s-'1 

Io;LOR + (,./ 
where we han assUIlled "TIl :=l 6 .. 1b < 'The absorption eross-se~tion of the 
Th + 23 1s per e~co, 

_ II x ", I ·x t. + 
No a.i:.. () - ;2. ~;I.. ( I -t-It) 

II R 4yc x· t. 
,,-,5 3 'Tit) 

.: (1.1' .... /7R.)C!~_1 
I-I-R 

while the absorption ~oss section of the H20 per CQC~ 1s 

N O"'n. =- ~ x., == • 0 I '7',. c.",., - I , ..... / I 1> 

The parasitic losses arc taken to be about 10%., The thermal util:f.zation . 
is therefore 

I • ,7/\ -ol'1foXLf 
f~ f+ 0-1 )I..,.73tl7l( + (/,73+I?R)(ltR) 

For R 3 0025, this gives 

f :: 0,,94 

and 
K..,. "1e,f - /.:>, ~ I·O~ x -W'f8 x. .9, - /,;19 

Taking t:.. Jr-O c.,... '-, for ~he HiO =Th mixture, we find 
f>,~S-)( 10.3 Cft);z., A ,-v .1.,.., K. 

,l.l- t :: 

Since the tank holding the pile is to run at high pressure, it will be 
, desirable to make the pile radius rather small - say 35 cmp The height 

will then be 78 cmQ The active lattice is'somewhat smaller than this be-
cause of the blanket of Th, which is needed to catch leakage neutrons o We 
estimate the slIving to be about 5 em. in each dimension,. The act.ive pile' 
volume will therefore be O~192M3 of which 00413 is Tho The total mass of 
Th·1n the machine is 440 Ke, and the total mass of 23 is 11 Kg~ If the 
pile 1s run at such hlr-h temperature that the water density is reduced, 
the critical amount will be somewhat higher than 11;1W$ 

For heat extraction it is advantaeeous to make the Th plates very thino 
'lie assume that plates 1 !11m thick are possible to rabricate., Then the total 
heat transfer surface in the pile is 0,,8 x 106 cm2" If we assume an average 
heat flux of )0 cal/cm2/sec is attainab+~), the power output of the machine 
'is ·..,8 x 106 x 30 x 4.2 x 10-3 :: 98 rne,t;~';at ts, or about 9 r:1egawatts per Kg 
of 23. The enormous heat flux of 70/cal/cm2/aec is not unreasonable since 
because of the high temperature of the water the heat tranSfer coefficient 
,~s very high. / 

/' 
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We have assumed Al coatings for the plateso Since we wish to keep the Al 
~oss to about 2%, .it will be necessary to use coatings only 1/2 mIn,. thick. 
Such coatings will be required to stand up only a relatiVely short time; 
the original 23 in the system is used up at the rate of some 100 r,mso per 
day, and the plates will probably have to be replaced fairly .ffnequentIyo· 

1(e assume the water flows through the pile at 10 N/sec .. · The total flo\'1 per 
second 1s 1l')(, 3S.a.x T X ,,,3 =- ~ () 00 J.,i/ SE Co.., and the average temperature 
ris(',!per pass is _', ' 

" , 6 
~8 x 024 x 10 :800 

J x 106 , ~ .. 

If the pile 1s operated at a pressure of 1200/lb./sqo in. the temperature 
, of the water 1s about 300°C" We estimate the viscosity to be 1,,1 x 10") , 
poise and the' thermal condu~t1vlt:r to be 25 x 10-4 cal/cm2/sec oc ~"hich 
may be compared to 1 ca1/cm Isec/oC at ordinary temperatures 4 The very 
hiah coefficient arises from the fact that at this hiah temperature the 
viscosi.ty is lower, while the specific heat and conductivity are higher 
than at room teniperature.1 

-The pressure drop is a.bout an atmosphere.. The required pump ina power turns 
out to be about 300 kw. 
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