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Heavy Water Reactors 
Heavy water's superior moderating and neutron-economy characteristics 

give it an advantage over other moderators for use in natural 

uranium reactors. Despite its high cost, the use of heavy water 1s 

warranted because of the scarcity of enriched uranium and plutonium 

By L. KOWARSKI 
Commissariat à /'Energie Atomique 
Paris, France 

THE PROPERTIES OF HEAVY WATER that 
have made it useful in existing reactors 
will make substantial power-output 
improvements possible in future nat
ural uranium reactors. 

Heavy water is such an efficient and 
neutron-economizing moderator that 
its use in a reactor will allow the de
signer to provide for higher tempera
tures and greater heat removal than is 
possible with other moderators. 

The extent of heavy water's useful
ness can be seen by a consideration of 
its effect on a thermal reactor's multi
plication factor as expressed by the 
formula in the box on the next page. 
The formula assumes no neutron leak
age from the reactor and, hence, applies 
only to an infinitely large system. Ap
propriate geometry factors must be ap
plied for the formula to apply to an 
actual reactor. The effective (after 
geometry correction) multiplication 
factor, k,11, must equal unity (at least) 
to sustain the chain reaction. 

The character of the fuel determines 
7/ and E, but p and f can be varied to 
some extent by changes in other parts 
of the core. Although always less 
than unity, p and f should be as large 
as possible to insure the criticality of 
the reactor. 

An ideal lattice of natural uranium 
and D 20 with a high degree of purity 
and some very rudimentary canning 
gives a pf of about 0.92 and a k of about 
1.25. A natural uranium and graphite 
lattice gives a pf of about O. 79 and a k of 
about 1.07. The pf prod uct must be not 
lower than about 0.77 if unwieldiness is 

to be prevented. The margin is then, 
0.15 in the case of heavy water, and 
only 0.02 for graphite. Although these 
figures have only a trend-indicating va
lidity, they show that heavy water pro
vides muchmorefl.exibilitythangraphite. 

In these three figures-0.92, 0.79, 
and 0.77-lies the whole reason for the 
use of heavy water in reactors. This 
reason exists only when using natural 
uranium because only then can the still 

k = multiplication factor 

great expense (at present about $100 per 
lb) of using heavy water be justified. 

It is interesting to consider the 
manner in which these particular ad
vantages of heavy water have been, 
are, and will influence the decisions 
concerning the construction of reactors. 

The distinction between past, pres
ent, and future implies rather fine 
terminological points. The past of 
heavy water reactors is the time when 

= ratio. of the number of thermal neutrons ,in one genera
tion to the number in the preceding generation 

L __ _ 

't/ = average number of fast fission neutrons emitted as a 
result of the capture of one thermal neutron in the fuel 
material 

E = fast fission factor . 
= ratio of the total number of fast neutrons produced 

by fissions due to neutrons of a1I energies to the number 
resulting from thermal neutron fissions 

p .:,;:resonanc~ escape ~;ob~bilit; 
= fraction of fast (fission) neutrons that escape capture 

-while being slowed down .. 



people wanted to build any type of 
chain-reacting system as quickly as 
possible. The present is the situation 
in which laboratory or material-testing 
reactors are wanted with a high flux as 
quickly and as cheaply as possible. 
And the future is the time when heavy 
water will be used to extract useful 
energy from natural uranium. 

The PAST 

In 1939 it became obvious that 
heavy water would be useful in building 
a chain reacting system. 

By permitting p and f to be kept at 
their maximums, it was possible to 
waste neutrons and still get along with 
relatively small quantities of the almost 
unobtainable uranium. 

Heavy water moderators permitted 
inadequate chemistry and allowed the 
use of impure uranium, a not-so-pure 
graphite for the reflector, and even the 
heavy water itself did not have to be of 
the highest purity. Furthermore, the 
margin permitted the reactor designer 
to neglect the finer points of the theo
retical physics involved. If graphite 
was used as the moderator the reactor 
had to be designed to have very nearly 
the optimum lattice configuration. 
Heavy water allowed considerable de
viations from the elusive optimum. 

In addition to imperfect chemistry 
and theoretical physics, engineering 
problems could be treated casually. 
The canning could be made with but 
little regard to nuclear considerations. 
Sin ce the reactor structure was not too 
heavy, a few mistakes could be afforded. 

The use of heavy water in the early 
days permitted the acquisition of data 
which had considerable importance in 
the whole wartime project and which 
has been useful in reactor development 
ever since. 

Where there was a need, whether 
political, psychological, or scientific, to 
produce a chain reaction as quickly as 
possible, the supreme virtues of heavy 
water commended themselves. How
ever, such situations are less Jikely to 
occur in the future, and it may be 
hoped that the time of digging up any 
kind of reactor, provided it reacts, is 
past. 

The PRESENT 
Heavy water reactors are operated 

today with a more exalted aim in view. 

Geometrical Progression of Coolant Efficiency 

H eat developed 
by natural U, * 

(kw/ton) 

100 
320 

1,000 
3,200 

10,000 

Coolant 

Circulating D20 
Low pressure gas 
High pressure gas 
Water 
Sodium 

Examples 

CP-3, JEEP 
BEPO, Brookhaven 
Possible variants of the Saclay reactor 
NRX 
Pac. Gas-Bechtel Proposa! 

* Denotes the entire energy from fission-not only the heat carried away by the coolant. 
The difference is about 10 %. The metric ton is used here and is about 10 % bigger than 
the short ton. The kw /ton figures given here are about 20 % higher than if the short ton 
and thermal extraction rate were used. The approximate figures given in this column are 
arranged in a geometrical progression. 

High fluxes for physics, isotope-produc
tion and materials testing have been 
obtained quickly and cheaply. 

Hea vy water was chosen for existing 
reactors because it permits the use of a 
minimum amount of uranium; very 
high radiation fluxes are developed 
because of the small amount of fuel 
required to attain criticality; and heavy 
water's low absorption cross section 
permits more leeway in the design of a 
superior cooling system and in provid
ing a larger quantity of better-equipped 
experimental holes. 

The importance of improving the 
cooling system can be seen from the 
table on the next page. 

[Although the BEPO and Brook
ha ven reactors are graphite moderated, 
the table is valid for heavy water be
cause the effectiveness of the coolant is 
basically the same regardless of the 
moderator.] 

There is no absolute correspondence 
between the thermal neutron flux in the 
center of a laboratory reactor and its 
heat extraction in kilowatts per ton; 
but, experience with existing piles indi
cates that a crude conversion can be 
made by putting one kw /ton of ura
nium approximately equal to 1.4 X 1010 

neutrons/cm2/sec at the center of the 
reactor. 

Both the heat extraction rate and the 
flux may be expected to increase as the 
metallurgy improves to permit higher 
temperatures and when the fuel ele
ment shapes are optimized. In spite 
of this progress, the competition of en
riched uranium in conjunction with 
ordinary water may become too strong 
for the continued use of heavy water 
and natural uranium in laboratory 

reactors. 

The FUTURE 

In reactors planned for the future, it 
is no longer as desirable to get the 
maximum kilowatts per ton from as 
few tons as possible. Sheer kilowatts 
are now wanted without concern for 
whether they come from power-only 
reactors or from dual-purpose reactors. 

Here again there is a future for heavy 
water, but only providing there is no 
great abundance of either natural 
uranium or pure fissile material, or 
both of these. 

If natural uranium is extremely 
abundant and cheap, nobody would go 
to the length of building reactors with 
as expensive an ingredient as heavy 
water just to obtain many kilowatts 
per ton. Everyone would build enor
mous graphite piles without trying to 
push the flux or the heat extraction 
rate very high. The burn-up allowed 
would be comparatively low. But 
what would it matter if uranium is 
practically free? There would be no 
incentive for a very efficient nuclear 
technology and, hence, there would be 
no incentive for using a moderator as 
efficient and expensive as heavy water. 

If natural uranium is not so exceed
ingly cheap but breeding is very easy 
and efficient, then again there would 
be no future for heavy water because 
power would be obtained either in 
breeders or in secondary reactors 
burning pure fissile material. Both 
would presumably run with fast or 
medium-fast neutrons and there would 
be no need for a moderator. 

If natural uranium is reasonably ac-



cessible, yet bred materials are fairly 
expensive, then there is a definite in
centive for burning natural uranium 
and for burning it efficiently. 

This last situation is precisely the 
one that the world finds itself in at 
present. Breeding techniques are pro
gressing but economic breeding is still 
a matter of an uncertain future; natural 
uranium is becoming more plentiful, 
but it is still far from being so cheap 
that it can be wasted in a multitude of 
inefficient reactors. 

Although interest is very strong in 
the breeding prospect, natural uranium 
is still important as a source of power. 
In this situation heavy water cornes 
into its own because a good neutron 
economy is important. Unlike graph
ite or light water, heavy water absorbs 
few neutrons and therefore does not 
waste fissile uranium-235, which is still 
a precious natural resource even in its 
naturally diluted state. 

The numerical margin of k offered by 
heavy water permits the inclusion of 
many desirable design features accord
ing to the designer's requirements. 

In the laboratory reactors, one way 
of using this margin was to keep pf as 
high as possible and to throw neutrons 
a way by allowing surface leakage. In 
this way uranium inventory could be 
kept low. 

lncrease Power Output 
N ow power is wanted-plenty of 

kilowatts per ton-but also plenty of 
tons. There is no longer any incentive 
for using very high values of pf, and the 
lattice can be changed to increase 
power output. This device of de
liberate spoiling can yield important 
results. There are various ways of 
spoiling a lattice constructively. 

Use Better Coolant 
First of ail, f can be spoiled. There 

is no longer any reason to spoil it by 
using impure ingredients. There is 
now a sufficient margin in k that a more 
neutron absorbing coolant can be used 
to improve the extraction of heat. 
Heavy water reactors can be cooled by 
sodium; but graphite reactors do not 
have a sufficient margin in k to permit 
the spoiling off. 

lmprove Structure 
The margin in f of heavy water re

actors may also permit the use of thick 
or neutron-absorbing materials for cool
ing channels or structure. Aluminum 

(or its alloys), which nobody likes, but 
which must be used as long as there is 
no margin, may be eliminated from the 
structure. 

lncrease Burnup 
The margin in f may also allow the 

fuel elements to be left in the reactor 
for a long time in spite of the accumu
lating poisons (unless the elements 
suffer metallurgical damage first). 

There is also a margin in p. The 
spoiling of p is much more satisfactory 
to the soul than the spoiling of f. 
When f is spoiled the neutrons are lost, 
whereas the spoiling of p means simply 
that more plutonium is made. Inci
dentally, even a small increase in the 
plutonium production rate may reverse 
the effects of poisoning, and a higher 
burnup may thus be obtained than in 
a graphite reactor. 

Use More Fuel 
More uranium provides more kilo

watts for the same price in heavy water. 
The margin in p may permit pu tting an 
amount of uranium in the lattice much 
higher than the optimum which gives 
the highest k. The optimum lattice 
for the highest k contains about 4 
weight units of uranium for 10 of heavy 
water, which is something like 40%. 
But if it is desired to use a lot of ura
nium, then by putting in 100 %, or 
possibly 200 %, the lattice is spoiled 
satisfactorily and usefully. The pres
ent ratios of uranium to heavy water 
are of the order of 1 to 1. The ratio is 
much nearer 2 to 1 in the reactor pro
posed by PG & E and Bechtel which 
would contain something like 60 short 
tons of uranium for about 33 short tons 
of heavy water. 

Adjust Fuel Element Shape 
Another method of utilizing the 

margin in p involves diminishing the 
degree of segregation. 

A high value of p is usually obtained 
by putting the uranium into shapes 
which offered a maximum volume with 
a minimum surface. This excludes the 
homogeneous distribution of uranium 
and leads to its use in lumps or rods. 

This technique is in direct contradic
tion with the best conditions for heat 
extraction. To improve the cooling 
characteristics, much thinner rods than 
those required for the optimum lattice 
should be used. In some recent 
projects, the temperature· of uranium 
inside the rods gets quite dangerously 

J. 

close to its phase transformation point 
at 660° C. It may be noticed that all 
the thermal reactor designs presented 
to the AEC by the industrial study 
teams were well below this tempera
ture. lt seems, then, that there is 
something to be said for spoiling p by 
using extra thin rods in which there is 
little difference between the surface and 
the central temperature. 

Another way to improve cooling in
volves using plane-shaped elements in
stead of rods. Geometrically speak
ing, locating fuel on centers provides 
a three-dimensional segregation, rods 
a two-dimensional one, and planes a 
three-dimensional one. Full benefit 
from the segregation is not derived 
when using plane-shaped elements and 
p is not as high as it could be. But 
since the maximum amount of heat 
cannot be extracted without infringing 
on the principle of the most efficient 
segregation, fuel plates instead of fuel 
lumps or rods would be a useful way of 
using the margin in p. This means 
that instead of forcing the heat to 
travel along a radius of the order of 
;l,~ in. or more, there would be a much 
shorter road across the uranium mass. 
The rods could be planes in the form 
of corrugated surfaces or even thin 
rods put very closely side by side. 

Heavy water offers a fertile field for 
the designer's skill and ingenuity in 
that nuclear considerations do not 
prevent him from trying to improve 
the reactor's coolant circuit or includ
ing other desirable features. Graph
ite's small margin in k does not permit 
any of these improvements. 

It is interesting to note that there is 
practically no competition in the recent 
industrial proposais between heavy 
water and graphite in working with 
natural uranium. Graphite reappears, 
however, in connection with enriched 
fuel. 

Concluson 

Since the present-day abundance 
ratio between natural uranium and 
pure fissile material seems to favor 
the use of the former, it is reasonably 
evident that heavy water has a con
siderable future as long as this situation 
continues. How long this will be de
pends on the speed with which breed
ing is developed and operated. Mean
while, there is a good chance of heavy 
water successfully sustaining its com
petition with graphite (or ordinary 
water) used in conjunction with en-



riched fuel. 
The second conclusion is that modest 

heat extraction rates should be aban
doned. All projects that aim to ex
tract less than 5 megawatts per ton 
are becoming obsolete. In Europe, we 
shall have to learn more about heat ex
traction, and metallurgy, and flow of 
coolants, and to aim high, instead of 
rushing to build something noticeably 
lower on the scale. 

Deuterium has a property that 
probably will become important in 
some remote future, and that is its low 
binding energy. The deuteron is the 
second most fragile nucleus in nature. 
If a 2-Mev gamma ray strikes a 
deuteron, a neutron is freed that will 
release up to 10 Mev if it is absorbed in 
a suitable material. Someone might 
say that this potential source of energy 
will remain forever beyond our grasp. 
But then Rutherford said as late as 
1936 that there would be no practical 
use of atomic energy within 100 years. 

Whatever happens, heavy water can 
continue to be produced without fear 
that it will soon become obsolete as a 
means for obtaining power. 

* * * 
This article is a condensation of a speech 

given on August 11, 1953, at the Heavy Water 
Reactor Conference at Oslo, Norway. 

Printed in U.S.A. 
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