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Characteristics of Watér Boilers

Among the earliest and simplest types of nucleur reactor developed
was the aqueous homogeneous or Water Boiler reactor. A water boile  '
consists simply of a critical mass of an aqueocus solution of 8 uranium
salt, with appropriate container, provision for heat removal, and
control elements. Due to the large coefficient of expansion of water,:
reactors are largely self~regulating, and are inherenily very safe. ’

Because of their simplicity, very low critical mass, and the absenc
of fabricated fuel elements, water boilers can be made very cheaply. The
.containing shell and auxiliary equipment are all made by conventional
methods fromcommonmaterials. Their only rival in price in the rang'
up to 50 kilowatts is the Argomaut reactor. The choice between the tw
may lie in the use to be made of the reactor, and the fabrication facili

available.,

Since the first water boiler, called LOPOl, went critical at Los
Alamos in 1943, water boilers have been in operation nearly continuous
The later HYPO and SUPO reactors at Los Alamos were followed by'the Rale
Research Reactors and the Atomics International WBNS, KEWB and commercis

2 : : 4 :
models '« The culminating achievements in aqueous homogeneous reactors w

the Oak Ridge Homogeneous Reactor Experimenits 1 and 2 and the Los Alem
Poweq Reactor Experiments I and II. About 17 water boilers are now i
operation in wvarious parits of the world. The successful operation o
] the HYPO reactor, with 14.5% enriched uranium, and those at Frankfurt
% West Berlin, with 20% enrichment, showed that water boilers could be of
 ag U5 concentrations permitted export by the U.S,.A.E.C.

The SUPO reactor alone has enjoved trouble-free operation since 1950

! representing 350,000 kilowatt-hours of operation,’or of the order of

461




,doo hours critical. In +hat time it bhas not been necessary to replace .
* purify the fuel solutions, the only service being the occasional ad-
tion of nitric acid to replace nitrogen lost through radiolytic de~

mposition of uranyl nitrate.

The most important complicafing factor in water boilers, as compared
th those having sealed fuel elements, is the decomposition of water,
d nitrate ion if present, by fission recoil bombardment. The re-
aﬁbinaticn of hydrogen and oxygen to reconstitute water by & platinized
gﬁina catalyst in an external loop1 is a well-esiablished technigue
fg; 1), which has been operatéd continuously for many years in several
ter boilers. The endothermic oxidation of liberated nitrogen,however,
;sents more of a probiem. Although the use of nitrogen fixation methods
r recombining water boiler nitrogen has fregquenitly been suggestedl’4,
_evaluation has been presented of their applicability to water boilers.

It was largely because of the lack of & method for suitably dispos-
g of the nitrogen and oxygen produced in uranyl nitrate water boilers
at this type of solution, so successful in the HYPO and SUPO models,was
andoned for uranyl sulfate or uranium phosphate solutions in most of
later reactors. Only at an isolated location like Los Alamos is it
rmissible to release reactor gases to the atmosphere, even after due

cay and dilution,

The choice of sulfate instead of nitrate solution at Raleigh led to
fnful experience, first with the precipitation of uranium peroxide5,
dffinally with leaks due to corrosion of the container, which neces-
tated replacement of the core and subsequent operation at reduced powerz.
e redissolution of the peroxide was made difficult by the fact that

‘,cbrrosive action of sulfuric acid on stainless steel forbade its
ition to the fuel solution.

‘These\problems, at least, are simplified by the use of uranyl nitrate

l. Even with a considerable excess of nitric acid, these solutions do

aftéck stainless steel. They have also been operated accidentall:

der nominally basic conditionsl, when the nitrate ion was so depleted
hat the uranium must have been largely present in such ions as Uzosf*,

éther than the usual U02+. When uranium precipitated under these con=~
itions, it was a simple matter to redissclve it with added nitric acid.
ranium peroxide has never been known to precipitate under any normal

erating conditions in a uranyl nitrate water boiler. Fission product




 thermal for 8 hours a day, 20 days a month. The latter figures were

nltratea would have less tenﬂency to preeipitate than the correspoadi
sulfates. Such precipxtaﬁea apparently do not occur, however, even
sulfate research reaet@rsa- and in any case would probably not be

serious concern, as their characiteristic negative temperature coeffic
of solubility would lead to their depositing elsewhere then on the cold
heat transfer surfaces. The advantages of nitrate over sulfate solutia

pariicularly at bigher powers and temperatures, have been sumarized by
Marshall’,

Both uranyl nitrate and uranyl sulfate water boilers have their aa
vantages. The present paper, in presenting alternative methods 'fé
handling the products of nitrate decomposition, will permit more effee.
evalvation of uranyl nitrate water bollers, as compared with other typ
of reactors, than has hitherto been possible.

Caleulations

g

It was shown by the author  that the yield Gy, of nitrogen molec

per 100 electron~voltis absorbed by a solution, increases with nitrate
9 ;

concentration, Sowden
{NQBM)E/E, and independent of cations present. As water boiler yielas

found this increase approximately propertinnai

were systematically higher than the others considered, conservatism i
calceulation suggested the derivation of anm equation of the same fcrm,?
based only on water boiler data:

log Gy = 1.70 log (HO ") =d.es
2 X -
im is found that the volume of ni itrogen produced in %he”concenﬁrat&

nitrate solution of the HYPO model was thirteen times that from 4
pre wext SUPO reacﬁar, when compared at the same power level. For éc&a
in gas ﬂlSQOﬁal or recambxnatlan, ‘it may be worth while using the f
g&e%teat p@esxole enrichment. For this reason, the above eguation was

uged to predict the characteristics of a hypothetical reactor having 207
enrichment, tle highest permitted export by the U.S.A.E.C. TThe'campar_
tive behaviers of the three resctor models are presented in Table I.

Standard conditions were assumed to be operation at 25 kilowatts

needed to caleulate the number of traps reguired to absorb the aff%

gases, and the resulting activity levels there.
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Off - Gas Systemm Requirements for Water Boiler Reactors Having Different

Nitrate Ion Concentrations:-
Remctor Type

20%
HYPO Reactoxr SUPC

Uranium enrichment, percent Y4B oo - 88
Molarity of nitrate iom 3.84 2.88 .74

,» molecules/100 ev. 0.047 0.025 9.0036
itropen, gram-moles/sec 1.08x10”% 0.52x10~%  0.083x10"
+ 5/2 0,,liters/8 hours 240 120 19

i

Yélume of one-day delay tank,lts. 300 150 23

4

ime to f£ill Ca trap, days Te5 ¢ ol 98
4raps required (adding HNO,) 9 5 2
cc 18 I HIQ/S nours 350 27
tanks, cc/8 hours 190C 90 15
reguired (adding NO) 2. = 2
ce NO/sec 4.8
evolution, cc/8 hours 0.2 0.2

combination of Nitrogen

The gases from the core of a waler boiler normally pass through &
ooled stack, where water vapor 1ia removed, then through a filter trap
o a centrifugal pump. The hydrogen and oxygen from water decomposition
e recombined on platinized alumina, and the water separated from  the

emaining gas in a condenser, after which both water and residual gas
xe'returned to the ccrelﬁ iﬁ.ﬁhe SUPO reactor, pressure slightly under
tﬁnspheria is maintained by & duet to & stack opening at a point after

the condenser exit.
: o
Por closed operation with nitrogen recombination the gases, ingtead

£ returning to the core after the condenser, would be circulated on
through a nitrogen recombining assembly. A typical apparatus (Fig. 2)
,wéuld consist of an electric discharge,; where nitrogen  1is partially
oxidized ta‘EOg followed by a combined delay tank and scrubbing tower,

here the dilute nitric oxide is‘permiﬁted to react with the eXCess

xygen preseunt, and is then dissolved by the water returning from  the




”hydrpgen recbﬁbiﬁér,”acccr&ing to the‘overall equations:

NO + 1/20, =NOy =t

L 4

3,80, *F Hgo = 2 HNO, + NO (2)

The delay tank or resction volume is desirable becauwse reaction (1) 1sr
third-order, with a half-life of 20 seconds. The dilute nitrie acid
solution and ‘the residual gases are then returned to the reactor core.
Although the idesl of & sealed reactcr is approached when both hy&fogéh
and nitrogen are thus recombined with liberated cxygen, 1% is necessary
to copsider fthe atable krypton and xenen formed in fission. Atomics

International devised a means for collecting thesé gases in a variable
external volumé,‘aad later compressing them into a small aylin&era, bu@vp
their commercial models do not have this featureéﬁ The small  volume
involved, about 50 cc. per operating year, is so small 88 to generate a
sigﬁificant.pressure rise only in a time of the order of magnitude of

the practical useful lifetime of a given fuel charge, perhaps 30 years.
Larger volumes of gas might well be involved in fuel transfer oper=
actidns, and dould in any case be collected during e shutdown in an

evacuated shielded trap, preferably packed with activated charcoal. For
-sxmpllclty the‘" off-gas conpresgion tenk" of Pigure 2 would probably'be

Omlttﬁd for a water boiler in the usual range of 100 kllowatts or lesse

None of the commercial chemical metheds Tor nitrogen fixation from
the atmospheré showed any promise for simple adapiation to nitrogen re-’
comblnation in a‘water boiler rsactor., The Haber process rgqulres‘high
pressure and pure niitrogen and hydrogen. The cyananmide proeaés gives
quantlties of waste solid meterialy which would have tc be treated eas
rad;oactlve,v In neither case is the prcduct in the desired pentavalent

. state,

Although nitroger combines with exygen‘unﬁer the action of ionlzing
radiation, such as ultraviclet or pile radiati?n; its absorption coefs
ficients for these radiations are so low that only large volumes could

. absorb an affective amount. High encugh pressure should help, but no
recomblnatlon Was detected up to 240 psi of nitrogen plus oxygen in the

| Paras;te Reacter exper1ment4g Pressures of greater magnitude in a

' recombination system are not generslly consmstent with simple research

i reactors.
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Many types of electric discharge have successfully been msed for
xation of atmospheric niirogen. Any of them seems {o give readily a
eld of the order of 1% NO. More refined techniques produce several

Aércent of ROIO, end fization of up bo 25% of the 78% of nitregen in
r in a single pasa has been reporied 1 The normsl flow thraugh the
drogen recombiner of SUPO is such that e nxtr@gen recombiner in series

ith it would need to produce only 0.1% of NC, As the fixation re-
wirements with & fuel of the composition of HIPC are thirteen +times
eater, however, the sams flow would demand nitrogen recombiner ef-

ciency slightly above the minimum expected.

The Birkeland-Eyde process, operating through an eleciric arc
read by & magnetic field, with its wmodifications, seems more adapted
 1érge installations than to the recombination of up to 2 or 3 ce.
or second of nitrogen. Electriec discharges of up to 10 megacycles,
& crossed high~ and low-frequency discharges, &8s studied by Partridgelo,
and others have more appropriate and more flexible electrical inputs,

If a one-percent yield of N0 is obteined, the maximum inpui reguired
{any arc or discharge recombiner varies from 0.0l of the reactor fission
t for a dilute nitrate fuel of the SUPO type up Ho 0,13 of that nnminél
er for a stronger solution, as in HYPO. One of the more efficient
combiners might need electricity equivalent to perhaps only one-~third
reent of the reactor power, even for the HYPO fusl,

‘It seems enbirely practicable %o seal e high~frequency arc into &
combining system. The‘soﬁxce required for a 25-kilowati SUPO b o=
fcr, would be an oscillator and amplifier of the type used for a 250~
4+t radio transmitter but would be muek simpler, as the usual modulation

md frequency stebilization equipment would not be needed. Appa:enxly
anly a small amount of specific development would be needed 1o apply

his technique to an operating reactor.

tion of Nitrogen and Oxygen

~ Radioclytic nitrogen and crygen, instead of being recombined, might
e totally aebsorbed in healed traps containing an active metal, of which
alcium seems the cheapest and most effective. In thia techn;qus, the

hydrcgen recombination system is not modified. At the exit to  its
ondeﬁser, however, the line which in SUPO leads %o the stack, goes
nstead to a delay tsnk inside the reactor shield, capable of containing




the nitrogen and accompanying oxygen and fission gases produced in one

day's operation (Fig. 3), The tank should be filled with gaﬁkzﬁg to
prevent eirculation within the tank, and %o filter out §&$il@¢&e of

solid fission products, The best packimg would be activated charcoal,

5

which would serve to keep practically all the wradi icactivity from going

2

o

farther. FPressure in the tank, and therefore in the resctor core, dis
contrelled by a valve at the exit of the %ank, such as a Mercoid valve,
which is opened by & set pressure, and closes when snother desired
lower pressur@ is reached, OSuch intermitteni operation minimizes wear .
on the valve seat. The gases go from the valve through a menifeld,
to mne of an array of disposable stainless steel *?&p% containing ﬁalclum
chips, held at 650¢C in eleciric tube furnaces, It h&s been shownl2-14
that such a trap will absorb >, nearly quantitatively, the

nitrogen, oxygen and wat vapor which may enter ii. The rare gases
- from fission have a volumetric rate of only 0.2 ce, per 8 - hour day
i;when operating at 25 kilowatts, and are easily accomodated in the voids

in the trap,.

The purpose of the delay tmnk is to vernit the decay of the most
- active fission gases and the deposition of most of the long-lived ac-
tivity permanently inside the reactor shield, in order to evade the

o

- handling of more than a trace of regidual reactivity when the dispos-

. able traps are ra§la¢ed@ Since the totel production of fission pro-

| ducte is of the order of 2 grams per year, ‘most of which atays in the
fuel salmﬁian, there is no quwﬁ%m&ﬂ of plugging the delay tank with

- s0lid matter,

After the gases in the tank have decayed for a day or more, the pressure of
; further gases evolved in the resctor core cauges thewm to be

;admiﬁted to one of the %&lﬁdux traps. The principal radicactive come-

wd 2L oS8 5 y
| ponents a2t  this\point ars I 3 » Xe™77 and XKr' f? which

1

uild up to
some 400 curies when 25 kilewatt power is msintained for 8 hours every

day,

With reagonable insulation, about 500 watts are required to keep
one calcium trap at 6509 C, Particularly in the case of the HYPO
imodel, a considerable portion of %his hest is supplied by the incoming
| gases, both from reaciion with calcium and from radiocactive heating.
[Only the trap actually being filled need be heated, as absorption will
‘have stopped in the Filled traps left to cool radioactively.

s
[on
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Stainless steel traps 5 inches in diameter snd 2 feet lomng, having

a capacity of 7 liters, fit in stendard heating tubes, and are of a
size recommended for mnitrogen and oxygen absorption. Such iraps compleic
with calcium absorbent and valve, cen be made in gquantity for US$80,
or eese in handling, the furnaces‘cont&ining the treps should be unGer
the>reac%cr floor, outside the shield. Ten inches of barytes concrete
ould be ample shielding for the treps, only one or iwo of which would

beat high activity at any one time.

The number of traps reguired depends upon the rate a8t whieh ganes
ust be.abscrbed and the tolerable level at which a $zxap can be éﬁﬁ&ﬁhﬁé
nd replaced. The number of calcium traps thought necessary is  that
lhich will permit 6C days of radicactive cooling of easch trap before it
S ﬁeéessary 1o decouple and replace it. After that decay time, &k
rap is found characteristically to have n total activity of abouwt 1
urie, a level at which it is presumed that the line leading to %he %rap
ould be decoupled, preferably at & poini shielded from the cylinder
tself, and the trap loaded on & shielded cart or otherwise carried %o
adioactive waste disposal without urdue radiation exposuvre. Esseniisl-
¥ no zetivity is released on decoupling.

Under these conditions, it was found that an array of from 2 %o &
~1liter traps would be required, depending on the form in which makee-uyp
ftrogen is added to the reacitor, as shown in Table I, The number of
raps may be brought below these values by packing the delay %enk with

activated charcosl, which would elimirate the ileodine &etivﬁtyganﬁ perhays
e xenon as well., Vith nitric acid addition, this would redune the
réqdirement‘te betweén three and six traps, depending upon whether the
20% enriched” or the HYPO model were used. Altermatively, larger

The siéblest method of replacing the nitrogen lost to the calcium
raps would be the addition of concentrated nitrie acid as needed (Fable
;,Q Occasional apalysis of the reactor fuel would be necessary to
establish whether the reactor fuel composition is really as EXPeCi&d@NK

Although & small propbxtiﬁn of ths weter added us ni%xiw‘ mcid
would go to the calcium itrape as vapor, most of it must be drained out
to avoid too greet dilution. For this purpose; & pormally full w&%at
trap of known volume is placed at the exit of the cendemser following
the recombiner. This trap is drained, st caleulated intervals verifiec
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by analyses, to one of two tanks similar to the caleium traps, and

)

likewise placed beneath the reactor floor. These tanks take much longer
to £ill than the caicium traps, and the %@@ﬁy time of one of & paip
while the other is filling ip enough %o reduce the radiocactivity 'to a

safe level ;ax handling.

i
idtric acid addition, when the

b

-A more sophisticated procedure than

location and eguipment permi%, is to reple

the nitrogen in the form of

nitric oxide ges. The uitric oxide would oxidize the bulk of the
oxygen in the gas space of the res etor, forming nitric acid, and Tem

ducing the gassous oxggen to & proporiion equimclar with the nitrogen.
This saving of oxygen is significent, as it diminishes caleium  trap

mequir@m@nts by more than o%g reducing the mmber required even for the

IYPO model to only four. Enown gquantities of nitric oxide can be sdded

by metering its flow =rate, checking by weighing the cylinder.
With nitric oxide sddition,, the sxcess weler traps can be elime

inated, although for flexibility in cperaiiocn it might be desir able

4o retain one, The design of Figure 3 can be accordingly simplified.

Because of its slow oxidation rate, it is important Jo provide

for oxidation snd dissolution of the nitric oxide before it enters

the main gas stream of the reactor, as conbact with the hot hydrogen
recombination catalyst would tend to ﬁﬁma&pg%@ it the elemente.

It should therefore be introduced, together with an approp¥late
small proporition of the g@saﬁmg effiuent from the hydrogen recombie-

ner system to supply oxygen, through an absorption columny wheTre,

when oxidized, it would be diseclved in the water retwming %o the
resctor core from the recombi {ﬁig& %Y, For the HYPO model re=-

actor system, requiring nearly 5 cc. per second of nitric oxide, an
absorption column having a free volume of two liters should be ade-

guate, and would be more than en iough for the more enriched models.

Ldwanced Viater Boilers

Although the principal foocus of this paper has been ob mediume
npowered researah<rega%ars§ water bollers have besn notably SNCCess=
£u1 in the range below one kizﬂwaﬁﬁs and also show promise of appli-
cation to powers higher ﬁhaw 50 %@kwﬁaiﬁua Kimgl pointed - out that
the limiting factors with SUPO were the neat exchanger, the shape of

“ne vapor space and the capaecity of the instelled recombining ! ayaben,



45 shown by the ILos Alamos Power Reactor Experiment ‘-‘1115, with a

cylindrical core and an efficiently designed heat-exchanger there is
Jna reason why water Dboilers should not operate at several times
their present power, without resorting to fuel pumping, as in LAPRE~T
nd the Homogeneous Reactor Experiments. The preliminary data of
Pigure 4 were obtained by equilibrating uranyl nitrate solutions with
;precipitating UUE, taking a liguid samplelé, and enalysing for uranium
and nitra;e; 1t was found, as expected, that the addition of excess
k . inhibits the hyirmivw*ﬁ of uranyl nitrate characteristic
sher temperatures. It thus seems that the operation of a nitrete
water boiler might be pﬁaeﬁic&ble at temperatures above BOOQC, should

X
be desirable to improve heat transfer.

Uranyl nitrate solutions apparently do not undergo decomposition
. two liquid phases at high temperatures as do sulfate solutions,.

curves of Pigure 4 show distinctly higher acid requirement,

at higher temperatures, than does the more complete study
; 17» where a similar technique was used. Both sets of ob=-
‘servetions predict adeguate stability of acidifiéd uranyl nitrate so-

utions for operation of water boilers up to 3502C. The éuccessful
use of a titanium bomb by Gill and larshall’® in these determinations
indicates that the problem of a container material for use at these
ternperatures and acidities may be solved. Type 316

10 stainless sieel showed appreciable corrosion by aclélc splutions

during runs of several hundred hours above 30@9

In the Parasmte Reactor eyperlment4 a large test bomb contain-
ing slightly acidified uranyl nitrate was maintained for several
ecks at about 2509C in the thermal colums of the SUPO reactor,

_genérating a total of 24 kilowstt-hours of heat, No instability of

 the solutioh was observed, and the only chenges were the characteris-
tic radiolytic decompositions of water and nitrate, with recombinge

tion of the weter catalyzed by dissolved copper ion.

Conclusion

The techniques introduced and analyzed in this report will malke
it possible to take advantage of the chemical stability and/predicta-
 bility of uranyl nitrate water boilers to build new low-priced re=-
search reactors of a wide range of power levels. The experimental




Cdifficulties with aranyz‘guifate water
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been
overcomne, and either type is now applicable to populated Lacatm&nu,'

Both nitrogen recombination sand absorption of off-gases seem

perfectly feasible technigues, but the latter has the advantage of

using complelely known and familisr methods, which should require

ittle or no study to adapt them to wabter boiler use.
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