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CONFIDENTIAL

INTRODUCTION

The new classification guide of the Atomic Energy Commission 
places the majority of information on reactor technology and related 
subjects in the “Confidential” category. Much of the material in back 
issues of the Journal of Nuclear Science and Technology and its prede­
cessors, the Journal of Metallurgy and Ceramics and the Journal of Re- 
actor Science and Technology, falls into this category. In order to make 
such information readily available to those possessing a suitable clear­
ance, articles from these earlier issues are being reissued as Gray 
Area Journals as follows:

TID-2501 JMC, Issues 1 thru 6 (TID-65 thru 69), July 1948 - January 
1951

TID-2502 RST, Vol. 1, Issues 1 thru 3 (TID-71 thru 73), April 1951 - 
December 1951

TID-2503 RST, Vol. 2, Issues 1 thru 4 (TID-2001 thru 2004), April 
1952 - December 1952

TID-2504 RST, Vol. 3, Issues 1 thru 4 (TID-2008 thru 2011), March 
1953 - December 1953

TID-2505 RST, Vol. 4, Issues 1 thru 4 (TID-2012 thru 2015), March 
1954 - December 1954

TID-2505A Cumulative Index to all “back issue” JMC and RST Gray 
Area material

TID-2506 
Vol. 1A, 
Issue 1

NST, Vol. 1, Issues 1 thru 3 (TID-2016 thru 2018), Febru­
ary 1955 - June 1955

Due to the many changes which have taken place on the editorial 
staff of the Journal during its history, it has been considered inadvisable 
to specify individual credits for material from early issues. In this re­
gard, the present editors would like to acknowledge the fine work of 
former editors, Bruce S. Old, George L. Weil and Frank R. Ward, 
through whose efforts most of the material was originally obtained.
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CONFiDENTIAL

SOME ASPECTS OF STORED ENERGY 

IN IRRADIATED GRAPHITE

Part I. Kinetics of the Release

WILLIAM PRIMAK
Chemistry Division 
Argonne National Laboratory

January 4, 1955

ABSTRACT

Previous scientific studies of the release of 
stored energy in irradiated graphite are briefly 
reviewed against the background of studies of 
the kinetics of the annealing of radiation damage 
in graphite. It is concluded that the postulation 
of a qiuisi-continuous distribution of activation 
energies for annealing gives the best explana­
tion of the data at present available. The prob­
lem of the behavior of kinetic processes distrib­
uted in activation energy is considered, and 
V. Vand’s treatment of them is extended. It 
is shown that most of the stored-energy data 
gathered in the past are not suitable for detailed 
kinetic analysis and cannot be used for much 
more than to derive an approximate activation- 
energy spectrum. An exceptionis found in some 
experimental data reported by J. C. Ballinger. 
It is shown how data of this kind can afford a 
means of determining the order of reaction and 
the frequency factor as well as the activation- 
energy spectrum. Ballinger’s data suggest an 
order less than imity (the physical conditions 
from which such a result can arise are sug­
gested) and a frequency factor between 1010

and 1&4 sec*1. However, his data are not suffi­
ciently precise to fix these quantities with cer­
tainty.

1. INTRODUCTION

Accounts of the discovery of radiation damage 
in graphite have been given by Burton,1 Lees 
and Neubert,2 and others.3 Soon after the dis­
covery of changes in the properties of graphite 
upon bombardment with neutrons at the St. Louis 
cyclotron, Neubert et al.4 heated the irradiated 
specimens and found that the property changes 
decreased. In the first preliminary experi­
ments5 irradiated samples were heated tolOO°C 
until no further change in their electrical re­
sistivity could be observed after long heating 
times. It was found that only a part of the prop­
erty change due to irradiation had disappeared. 
When these samples were heated to 200°C until 
no further change in their electrical resistivity 
could be observed, another part of the property 
change due to irradiation disappeared. Later it 
was found that the radiation-induced changes in

... ' i .l<f
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2 WILLIAM PRIMAK

electrical resistivity and in elastic modulus did 
not alter proportionately6 on heating. These ex­
periments suggested that the disturbances in 
irradiated graphite were not all of one kind. It 
was proposed by Neubert7 that the disturbances 
be considered as if they annealed over a range 
of activation energies, in the manner considered 
by Vand8 for disordered metals, with different 
weighting functions for the different properties.

Accounts of the discovery of stored energy 
in irradiated graphite are given by Lees and 
Neubert2 and by Fuchs and Primak,9 among 
others. The first attempts to find stored energy 
were made using several methods of differential 
thermal analysis. Maurer and Ruder10 reported 
that the evolution of stored energy accompanied, 
but was not proportional to, the alterations in 
the resistance changes found by Neubert et al. 
Leaf and Novick11 found that the temperature of 
maximum stored-energy release per degree 
varied with the heating rate. Assuming a single 
activation energy and first-order kinetics, they 
computed the activation energy to be 28 kcal/ 
mole and the frequency factor to be 1013 sec-1 
from the temperature at which the maximum 
stored-energy release per degree occurred for 
two heating rates. However, these values of the 
activation energy and the frequency factor would 
not reproduce their stored-energy release per 
degree as a function of temperature. The ex­
perimental curves were much broader than the 
curves computed from first-order kinetics. 
They concluded that this was evidence of a dis­
tribution of processes over a range of activation 
energies. A number of samples exposed to neu­
tron irradiation for much larger dosages were 
subjected to differential thermal analysis by 
Lees and Neubert.2 They analyzed the results 
by Vand’s method8 (which assumes first-order 
kinetics and a distribution of processes over a 
range of activation energies), assuming a fre­
quency factor of 1013 sec-1. The distribution 
function giving the stored energy liberated in 
unit activation energy as a function of activation 
energy calculated by them rose sharply between 
1.2 and 1.4 ev, giving what might be termed “a 
peak in the activation-energy spectrum.” The 
peak varied somewhat, being depressed and 
displaced to higher activation energies for sam­
ples irradiated at higher temperatures. Follow­
ing the peak, there was found a broad, somewhat 
irregular portion in the distribution function

of stored energy liberated per unit activation 
energy, which might be termed a “plateau in the 
activation-energy spectrum.” This plateau was 
negligible compared to the peak for small ir­
radiation dosages, but, as the dose increased, 
the height of the plateau increased relative to 
the peak.

The kinetics of the alteration of the radiation- 
induced property changes on heating were re­
considered by Brown.12 He pointed out that, if 
the analysis of the kinetic data by Vand’s method 
gives a peak in the activation-energy spectrum 
which is less than 10 per cent wider than would 
be obtained if the processes annealed at one 
activation energy according to first-order ki­
netics, the kinetic data can be equally well fitted 
by an analysis which assumes that the proc­
esses anneal with a single activation energy but 
follow kinetics of higher order. This suggestion 
was applied to electrical-resistivity data by 
Bowen.13 He found it necessary to assume sixth- 
order kinetics to explain the behavior of the 
electrical-resistivity changes on heating irra- 
diated-graphite samples in the 200°C region and 
to assume other orders of reaction for the be­
havior at higher temperatures. Brown’s sug­
gestion was further examined by Dienes and 
Parkins,14 who showed that the experimental 
data could not be explained by Brown’s sug­
gestion if the resistivity changes at the dis­
crete activation energy were proportional to 
the number of processes involved or to a power 
of the number of processes involved. They fur­
ther showed that the discrete activation ener­
gies that had to be chosen varied with the dos­
age of the sample. The stored-energy data 
obtained by Lees and Neubert were reexamined 
by Hetrick.15 To fit the peak with a discrete 
activation energy, he had to assume that the 
activation energy depended on the irradiation 
dosage and that sixth-order kinetics applied. 
He then attempted to explain the plateau and 
its irregularities by assuming two higher dis­
crete activation energies. The irregularities 
introduced into his theoretical curves by these 
higher activation energies using sixth-order 
kinetics were much greater than the irregular­
ities in the plateau. Carter, reporting work in 
progress,16’17 considered that his stored-energy 
data in the region of 200 to 475°C could best be 
interpreted by assuming a large number of 
overlapping processes following a lower order

CONFIDENTIAL
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KINETICS OF THE RELEASE OF STORED ENERGY

kinetics. Austerman** reported that graphite 
irradiated near liquid-nitrogen temperatures 
showed stored energy liberated at temperatures 
much lower than had been observed for samples 
irradiated at temperatures in Hanford cooled 
test holes.

Measurements of the property changes in­
duced by the irradiation of graphite have been 
in progress at the Hanford reactors since the 
inception of their operation1® for purposes of 
monitoring the reactor moderator and improv­
ing reactor operation. Detailed reports of most 
of the early studies have not been available. 
However, a number of interim reports summa­
rizing some of the data have received limited 
circulation.M_a A recent summary has been 
given by Bupp.24 Wheeler and O’Connor25 * devel­
oped a phenomenological theory of the storage 
of energy in the reactor graphite in the hope of 
predicting its future behavior. The stored- 
energy release on heating was considered to 
obey first-order kinetics and to be distributed 
over a range of activation energies, as had been 
proposed originally by Neubert7 * for the elec­
trical resistivity and elastic modulus. Satura­
tion effects depending upon dose, attributed to 
heating effects by carbon-atom recoils, were 
postulated. The theory was based on the results 
of differential thermal analysis of samples ir­
radiated for exposures up to several hundred 
megawatt days per central ton.

*

From very early in the 
work at Hanford, the stored energy of samples 
irradiated at various temperatures and sub­
jected to various treatments subsequent to ir­
radiation has been investigated by means of 
differential thermal analysis,25 but detailed 
reports of this work have not been available 
until the publication of some recent results by 
Ballinger.**

2. DEFINITION OF TERMS

Annealing: This term is herein applied indis­
criminately to the heat-treatment of irradiated
graphite and to the alterations in the property
changes induced by radiation resulting from the
heat-treatment.

Isothermal annealing: An annealing conducted

by keeping the sample at some fixed tempera­
ture.

Tempering: An annealing conducted by rais­
ing the temperature of the sample or the sur­
roundings in a gradual manner.

Energy content: The difference in the heats 
evolved by the irradiated and an unirradiated 
sample in a reaction in which the end products 
are in the same state. It is, therefore, the dif­
ference between the enthalpies of the irradiated 
sample and an unirradiated sample at the tem­
perature at which the calorimetry is performed. 
[This term was given by E. J. Prosen to dis­
tinguish the data that he obtained by heat-of- 
combustion measurements from the internal 
energy and enthalpy (heat content).]

Stored energy: The irreversible changes in 
energy content which can be produced by heating 
an irradiated sample. (This term has been 
loosely used to include changes in energy con­
tent, internal energy, enthalpy, and heat capac­
ity, as well as the definition given here.)

Differential thermal analysis (DTA): This 
term is herein used to mean the various forms 
of calorimetry in which the heat is measured by 
comparing the thermal behavior of two calo­
rimeters placed within thermal barriers. In the 
typical methods used with geological material, 
a portion of the substance itself serves as the 
calorimeter, and another portion is the thermal 
barrier; a comparison of the thermal behavior 
of two samples is made by noting their temper­
atures as the temperature beyond the thermal 
barrier is raised.27 For measurements of the 
stored energy of graphite, almost every inves­
tigator has chosen a different method. In all 
these methods a gas or vacuum has been the 
thermal barrier. In most of the work the sam­
ple with a thermocouple or a thermocouple and 
a heating coil constituted the calorimeter, but 
in one set of investigations a calorimeter con­
sisting of a platinum cup containing the sample, 
sometimes mixed with unirradiated graphite,2* 
was used. In some of the work single calorim­
eters were used, and the behavior of a sample 
was compared with its behavior after annealing 
and/or with other substances whose thermal 
behavior was known.11 * In other work twin cal­
orimeters were used, and a comparison10 was 
made of their thermal behavior. In some inves­
tigations the thermal behavior was observed by 
measuring the temperature drop across the
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4 WILLIAM PRIMAK

thermal barrier,10 whereas in other investiga­
tions the heat introduced by an electrical heater 
in the sample11 or in a twin calorimeter was 
measured at a particular temperature drop 
across the thermal barrier.26 In all the inves­
tigations the temperature on one side or on both 
sides of the thermal barrier was raised gradu­
ally; hence they were tempering experiments.

DTA curve: The data of a DTA of irradiated 
graphite are usually reported as dQ/dT v (C'—C) 
as a function of temperature, where dQ/dT is 
the heat released, C' is the heat capacity of the 
irradiated sample, and C is the heat capacity of 
the same sample after annealing, as determined 
by a second DTA. The small distinction between 
the DTA curve and the stored-energy-release 
curve (when oxidation of the sample has not 
occurred during DTA) has usually been disre­
garded and will be overlooked here.

Catastrophic stored-energy release: The re­
lease of stored energy under the condition that 
the rate of stored-energy release less the rate 
of heat dissipation exceeds the heat capacity.

Activation-energy spectrum: The distribution 
in activation energy of the number of kinetic 
processes per unit activation energy weighted 
by the property change produced by each type 
of process. Thus there is an activation-energy 
spectrum for the annealing of each property and 
each property change induced by irradiation. 
The term will be used only when it is desired 
to imply that the distribution is continuous or 
quasi-continuous over some range of activation 
energies.

Discrete activation energy: The single acti­
vation energy characterizing a group of kinetic 
processes when there are no groups of kinetic 
processes present over a range of contiguous 
activation energies.

3. EVIDENCE FOR THE ACTIVATION-
ENERGY SPECTRUM

The existence of continued annealing over a 
broad range of temperatures was considered by 
Vand8 to be a criterion for the existence of an 
activation-energy spectrum. Neubert5 showed 
that this criterion was obeyed by the annealing 
of irradiated graphite. However, since then a 
number of investigators have considered that 
the annealing data could be explained by as­

suming a number of discrete activation ener­
gies.13-15 It is therefore desirable to review 
some of the evidence for the activation-energy 
spectrum.

It has been shown, by those who have at­
tempted to fit the annealing data for irradiated 
graphite using discrete a c t iv at i o n energies, 
that it is necessary to displace these discrete 
activation energies as the irradiation proceeds, 
presumably in a continuous manner. Further­
more, samples irradiated under different con­
ditions show quite different annealing behavior 
and would have to be characterized by different 
discrete activation energies. The discrete ac­
tivation energies used in these analyses had to 
be displaced over at least several tenths of an 
electron volt. Thus, even if an attempt is made 
to explain the annealing data on the basis of 
discrete activation energies, one is forced to 
the conclusion that a continuous range of acti­
vation energies is possible. However, there re­
mains the question of whether or not the acti­
vation energies over the range coexist in the 
same sample at the same time. Changes in the 
discrete activation energies in differently ir­
radiated samples would have to be associated 
with a change in state of the substance with ir­
radiation. The simultaneous coexistence of dif­
ferent activation energies would merely be a 
statement of microscopic (i.e., on an atomic 
scale) inhomogeneity of the solid that has been 
subjected to irradiation. Such an inhomogeneity 
of a solid that has been used to stop energetic 
atomic particles is well established by theoret­
ical work.28 In addition, artificial graphite is 
macroscopically inhomogeneous, and this might 
be expected to contribute to the broadening of 
an activation-energy spectrum.

Negative evidence for a spectrum of activa­
tion energies is to be found in the difficulties 
encountered in the attempts to explain the an­
nealing data by means of discrete activation 
energies. The high-order reactions postulated 
by Bowen13 and Hetrick15 seem unacceptable 
physically. The peculiar functional relation of 
the property change to the number of proc­
esses occurring at a discrete activation energy 
which had to be invoked by Dienes and Parkins14 
seems like a purely ad hoc hypothesis. Attempts 
by Hetrick to explain the irregularities of the 
plateau by several discrete activation energies 
led to irregularities much larger than those
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observed. Actually it can be shown that these 
irregularities arose at least in part from the 
experimental procedures and may not be pres­
ent in the actual activation-energy spectrum. 
Therefore, according to Brown’s discussion12 
of the peak width explicable by an increased 
reaction order, the kinetics in this region can­
not be described by a small number of discrete 
activation energies.

In summary, the small continuous displace­
ment of the low-energy peak which can be made 
by altering the conditions of irradiation, the 
broad region of the plateau, the ad hoc hypoth­
eses, and the high reaction order needed to 
even partly fit the annealing data to a small 
number of discrete activation energies all indi­
cate that the annealing of graphite damaged by 
energetic atomic particles cannot be described 
by a small number of discrete activation ener­
gies. If the annealing is to be described by a 
large number of discrete activation energies, 
the very nature of graphite and the theoretical 
analysis of the dissipation of the energy of 
energetic atomic particles, as given by James28 
and others, suggest that it is physically reason­
able to expect that the activation energies may 
be very closely spaced. However, since only a 
finite number of processes are involved in an­
nealing, the activation-energy spectrum cannot 
be truly continuous. It is therefore postulated 
that the annealing of the radiation damage pro­
duced in graphite by energetic atomic particles 
is to be described by a quasi-continuous acti­
vation-energy spectrum, which, for practical 
purposes, may be treated mathematically as a 
continuum.

4. NATURE OF THE KINETICS PROBLEM

The usual problem in chemical kinetics is
resolved into a determination of the order, the
activation energy, and the frequency factor from 
the rate constants. In more complex cases it is
necessary to unravel a set of simultaneous re­
actions and thus find the populations for the 
various reaction paths. An additional complica­
tion may be the presence of consecutive reac­
tions, which are discussed in Sec. 9. The ex- 
perimental methods of determining the orders, 
activation energies, frequency factors,^popula­
tions, and miscellaneous complications when

the processes are distributed in activation 
energy are not established.

To present the data in a simple chemical 
kinetics system, it is convenient to plot the 
number of processes completed or remaining 
against time. When the processes are distrib­
uted in activation energy and it is desired to 
unravel these, another representation must be 
used. A convenient one is that devised by Vand.4 * * * 8 
The original population of processes among 
activation energies is plotted as a function of 
activation energy. Then, if the population is 
plotted in these coordinates as the annealing 
proceeds, it can be shown that the area enclosed 
by the original population is swept out by the 
advance of the forward portion of the population 
curve as the annealing proceeds, as shown in 
part a of Fig. 1. In the absence of complicating

Fig. 1—Annealing of processes distributed in activa­
tion energy; schematic representation of the behavior
in Vand’s coordinates.---- .original distribution______
distribution after a period of time, (a) Behavior of the 
population, (b) Behavior of the characteristic anneal­
ing function.

factors (like consecutive reactions), the be­
havior of the broken portion of the curve as a 
function of time is a complete graphical repre­
sentation of the kinetic behavior. Its analytical 
interpretation in the conventional language of 
kinetics is facilitated by factoring out the arbi­
trary (arbitrary being used in its mathematical 
sense) function giving initial population as a 
function of activation energy and considering 
the behavior of a population initially uniform

co^



6 WILLIAM PRIMAK

and unity. The curve giving the population dur­
ing annealing in this case is sigmoid shaped, as 
shown in part b of Fig. 1, and it is here termed 
the characteristic annealing function. The fol­
lowing properties of the characteristic anneal­
ing function can be demonstrated: Its slope 
increases as the frequency factor is increased; 
its slope decreases as the annealing tempera­
ture increases; and its slope decreases and the 
ordinate of its point of inflection increases as 
the reaction order increases. The shape of the 
characteristic annealing function is sensitive 
to the choice of frequency factor over its whole 
range and in particular over its central portion, 
which is most accessible to experimental ob­
servation. On the other hand, the effect of the 
order is greatest on the tails of the character­
istic annealing function.

Vand’s treatment has been branded as physi­
cally unsatisfactory,29 presumably because it 
has been interpreted as disguising the kinetics, 
since by its use any annealing curve can be 
represented as a set of first-order simultane­
ous reactions. Vand gave two methods for ap­
proximately determining the initial population 
when the frequency factor was sufficiently high 
and the temperature was sufficiently low. In 
these approximations the form of the charac­
teristic annealing function was disregarded 
and was replaced by a step function; yet Vand 
showed that the resolution of his method in ac­
tivation energy per atom was within several 
times Boltzman’s constant times the tempera­
ture of the annealing. For a broad spectrum of 
activation energies spread over 20 times this 
resolution, his result is a useful one. Since 
his result does not depend on the form of the 
characteristic annealing function, the general 
form of his result must be valid (with slightly 
decreased resolution for higher orders in the 
reasonable range) for other orders of reaction, 
although with a small change in the scale of ac­
tivation energies. It would therefore be best to 
consider the kinetics of processes distributed 
in activation energy as incompletely developed 
rather than physically unsatisfactory. It will be 
shown here that, although it is possible to de­
scribe certain annealing curves by kinetics of 
various orders, it is not possible to do this 
when certain sequences of annealings are per­
formed.

Many of the features of the kinetics of proc­

esses distributed in activation energy are com­
mon to processes of different kinetic order. It 
will be convenient here to discuss them by 
showing the behavior of first-order processes 
(which are easily described by exponential func­
tions) and then indicating the possible deviation 
of the experimental data from this assumption.

5. TEMPERING AND THE ORIGINAL 
POPULATION

Vand8 gave an explicit solution (in approxi­
mation) for the small portion of the activation- 
energy spectrum revealed by an isothermal 
annealing experiment and a solution in para­
metric equations for the large portion of the 
initial activation-energy spectrum revealed by 
a tempering experiment. A more convenient 
solution (in approximation), which relates the 
data of the tempering experiment to the acti­
vation-energy spectrum in a simple manner, is 
developed here.

Since a broad distribution of activation ener­
gies with which is associated a distribution of 
processes (each of which may have a different 
amount of property change associated with it) 
is assumed, there is no way of assigning a given 
amount of property change to a particular proc­
ess from the behavior of a single property; 
hence the processes will be counted by means 
of the property change, the stored energy in the 
present case. It is thus assumed that the same 
amount of property change is associated with 
processes of a given activation energy. Then 
the annealing of the stored energy q associated 
with the activation energy e (units of electron 
volts will be used) will be described by

-£ = Ae-</T<,

where T is the product of Boltzman’s constant 
and temperature [in units of electron volts per 
atom (ev)], t is the time, and A is the frequency 
factor. Then for an isothermal annealing

q = q0 exp (-Ate-€/T) (1)

where q® is the stored energy associated with a 
particular value of e initially. The approxima­
tion given by Vand for determining qn(e) from

mo CONFIDENTIAL
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the data is not given here because it will not be 
used. In the case of a tempering experiment at 
a constant rate of temperature rise 1/c, t = cT; 
hence

where the prime is used to distinguish the var­
iable from the limit and q0 is the fictitious 
stored energy associated with T' = 0. (There is 
no loss in generality, and some simplification 
in algebra is made by considering the tempering 
to have begun at 0°K. For all practical purposes 
the same experimental result would be achieved 
by starting the tempering at several T' below 
that at which noticeable annealing is observed, 
and for any experimentally reasonable temper­
ing rates there is practically no difference be­
tween the q0 introduced here and the actual 
stored energy present in the sample.) Placing 
e/T' = y, it is seen that the integral is a form 
of the Gold integral. Using the nomenclature of 
Placzek’s table,31

the solution becomes 

q = q0e-cTAE’<£/T>

and the total stored energy, Q, is then

(3)

«=/>-OTAEl(‘/T,<*

which occurs at 

cTAEi(y0) = E0(y„)

where the E values are the exponential inte­
grals5 and y0 = e0/T. [In the case of isothermal 
annealing the maximum in dq/dt corresponds to 
the maximum in dq/dc. In tempering this is no 
longer true. Vand places his e0 at the maximum 
in dq/dt, although, according to his mathemati­
cal argument, it should be placed at the maxi­
mum in dq/de. Vand’s result, which in some 
respects is more satisfactory physically,30 
leads to y0 + In (y0 + 1) = In /3A and gives nearly 
the same final result as Eq. 9, differing only 
in having a slightly different numerical value 
for b.] It is shown later that in its effective 
range y » 1. Then, using the first term of the 
Blanch asymptotic expansion31 and writing /3 = 
cT,

Since y » 1, if j, k, l, and m are near 1 and 
j + k = Z + m, then an approximation which is 
convenient because it preserves the identity of 
the E functions in the approximation used for 
them here is

(y + j) (y + k) = (y + l) (y + m) (5)

and hence 

/3Ae-y° s* y0 + 2 

or

y0 + In (y0 + 2) = In 0A (6)

Vand pointed out that the integrand is nearly a 
step function when A has values in the usual 
range of values for the frequency factor in 
chemical reactions; hence, in approximation,

The whole tempering process occurs in a very 
narrow range of y, where 0AE2(y) ~ 1. Since 
y0 + ln(y0 + 2) is a very slowly varying function, 
it is quite permissible to take

Q = /J q„ de = Tq0 dy (4)

where €0 is taken from the point of inflection in 
the exponential part of the integrand (the char­
acteristic annealing function for this case),

^ = e-cTAE2(€/T)

y0 + In (y0 + 2) ^ a + by0 (7)

where a and b are constants appropriate to the 
range of y under consideration. It is now possi­
ble to write an explicit solution for qo(e) from 
the data of the tempering experiment. Differ­
entiating Eq. 4,
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dQ , , d€0 
dT q°^ dT (8)

Let v =exp [—A/3e y/(y + 2)]; then, writing ln2 (x) 
for In (In x),

From Eq. 6

de0 y + 2
dT y° + y„ + 3

y + In (y + 2) = In A + In 0 — ln2 (1/v) = a + by

y = b
ln0A-ln2(i)-a =I^-ln2i

and from Eq. 5

deo , . 
dT - y°

From Eqs. 6 and 7, writing 4 for (1° cTA —a), 
y0 = 4/b. Solving Eq. 8 for qo(e0) = qo(T4/b),

T? dQ
q<) 1, jrj.dT (4/b) + 1 (9)

Since £/b varies only slowly with temperature, 
the activation-energy spectrum is nearly pro­
portional to the DTA curve which plots —(dQ/dT) 
against T when the heating rate of the sample 
has been linear. A similar relation holds for 
the tempering of other properties or property 
changes attendant on the irradiation.

Over the effective range of y, v varies from 
nearly 0 to nearly 1; hence

g(T) - f ‘ e-y ^ dv
bv In (1/v)

f
Jfl

exp -In /3A + ln2 ( —

+ In (y + 2) dv
b In (l/v)

q«
b

f1 (y + 2)
Jo

dv

= S j; [ln 0A-ln2(I)-a+2b dv

6. TEMPERING OF THE CONSTANT- 
ACTIVATION-ENERGY SPECTRUM

= ^ [ In (j3A) + y + 2b - a] (11)

For irradiated graphite the DTA curves ob­
tained between 500 and 800°C are quite flat,2,24'28 
and the activation-energy spectrum for stored 
energy must therefore be quite flat also. It is 
therefore of interest to investigate the case of a 
constant-activation-energy spectrum. Since it 
is not necessary to approximate <f> with a step 
function to derive the tempering curve, more 
detailed information about the kinetic behavior 
may be expected than is given in Sec. 5. Writing 
g(T) for — (dQ/dT), it is seen from Eq. 2 that

g(T) = q0/3A /o” exp [-y + (3A E2(y)] dy (10)

Again using the first term of the Blanch asymp­
totic expansion,

g(T).q,^A / dy

where y = 0.577... . Thus g(T) is a very slowly 
rising function of temperature, increasing about 
1 per cent between 500 and 800°C for usual 
values of A.

7. THE QUALITY OF EXISTING ANNEALING
DATA

The release of stored energy has been a sub­
ject of special interest to the engineer because 
of its implications in reactor operation. It has 
been of special interest to theoretical physicists 
because it has been believed to be simpler to 
interpret than other effects of irradiation. It 
also has a special interest to the experimental 
physicist because of its unique and central po­
sition in any annealing experiment. This arises 
from the fact that it is of the order of magnitude 
of the heat capacity. Its release on annealing 
modifies the heating program and thus affects
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all the annealing data. Thus irregularities in 
the stored-energy-release curves should be 
reflected in the annealing of other properties 
or in property changes. Some of these effects 
are readily seen by considering the behavior of 
the law (Eq. 11). These considerations even 
apply to the cases where the activation-energy 
spectrum qjU) is not constant because the law 
(Eq. 11) shows the behavior of the character­
istic annealing function.

The behavior of the law (Eq. 11) shows the 
effect noted by Bupp24 from physical considera­
tions, i.e., the heat-release rates are greater 
for lower tempering rates, because p is in­
versely proportional to the tempering rate. If 
the tempering rate is not constant but starts 
changing, an exaggerated effect is observed. 
The qualitative nature of the effect is easily 
shown for an increasing tempering rate such as 
that governed by the law t = cTp, where p is a 
small integer. The equations corresponding to 
Eqs. 3 and 11, respectively, are now

q = q0 exp [—A£E(p+1) (y)]

g(T) = ^ [in (£A) + y - r + (p + l)s] 
s

where £ = pcTp and y + In (y + p + 1) s r + sy. 
Since r and s have nearly the same values as 
a and b, the major effect is due to the power of 
the temperature appearing in the logarithm 
term. If the tempering rate were parabolic 
(p = 2), g(T) would be about 10 per cent less 
than if the tempering rate were constant. How­
ever, if the tempering rate were originally con­
stant and were to change to a parabolic one at 
some temperature Tc, the decline in g(T) would 
obviously be greater than the difference between 
the values of g(T) for the two powers of p since 
the distribution q(Tc) for the constant temper­
ing rate is smaller than it would have been had 
the parabolic law operated from the beginning. 
Such an increase in tempering rate is common 
at the initiation of a DTA, and, since the DTA 
curve is usually interpreted as if the tempering 
rates were constant, it may be said that the 
initial portion is depressed. As the constant 
tempering rate is approached, there is a de­
clining law, and here the DTA curve is ele­
vated. The same effect occurs at the end of the 
heating range when the tempering rate usually

declines. The effect is seen in the data of Lees 
and Neubert2 and is demonstrated by the maxi­
mum in their F0 at the end of their heating 
range and also in the g(T) derived by Hetrick16 
from the F0 of Lees and Neubert. It will be as­
sumed that this fault is present in all DTA data 
near the end of the heating range unless the in­
vestigators have specifically indicated how they 
avoided it.

Even greater effects occur where there is 
a sudden release of stored energy (a peak in 
the DTA). Usually the heating rates rise so 
rapidly on the low-temperature side of the sud­
den release and decline so rapidly on the high- 
temperature side that they are more easily 
described by exponentials than by powers. In 
such a case there is the additional complication 
of qo being a steep function of e. However, the 
qualitative nature of the distortion of the DTA 
curve is seen to be some depression of the low- 
temperature side of the DTA peak and some 
elevation of the high-temperature side of the 
peak, followed by a depression as the normal 
heating rate is restored. The second depression 
can give rise to the impression that there is a 
small subsidiary peak at a higher temperature 
than that of the major peak or that there is a 
shoulder on the high-temperature side of the 
major peak. Samples in which the stored energy 
in a range of annealing temperatures exceeds 
the heat capacity were first reported by Wheeler 
and O’Connor26and are quite common in the re­
gion of the DTA peak that appears between 150 
and400°C. In such samples catastrophic stored- 
energy release can occur; the DTA curves then 
have little relation to the activation-energy 
spectrums present in the samples and can vary 
greatly with the heating program, the sample 
size, and the annealing arrangement. The de­
velopment of spurious peaks in the DTA curves 
as a result of catastrophic stored-energy re­
lease has been discussed by Primak.32 Some of 
the theoretical implications of stored energy in 
excess of the heat capacity will be discussed in 
a report now being written.33

It must be concluded that most of the DTA 
data available for irradiated graphite are dis­
tortions of the ideal tempering curves that 
would be obtained if the sample temperature 
were varied in a simple, known manner. This 
is especially true for most data obtained for the 
peak that appears between 150 and 400°C. It
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cannot be expected that these data are suitable 
for anything more than to obtain an approximate 
activation-energy spectrum as was done by 
Lees and Neubert.2 Recently Ballinger26 has 
reported the DTA of some irradiated graphite 
having a DTA curve that showed no peak and 
possessed a fairly flat region between 500 and 
800°C. He subjected samples of this irradiated 
graphite to isothermal annealing and subse­
quently subjected the isothermally annealed 
samples to DTA. Since the original activation- 
energy spectrum was quite flat, it might be 
expected that the form of the initial portion of 
the activation-energy spectrum present subse­
quent to isothermal annealing for a sufficiently 
long time would be proportional to the charac­
teristic annealing function for isothermal an­
nealing at that temperature and that this form 
would be revealed by the DTA. If this were so, 
additional information about the kinetics would 
be obtained, as is shown in Sec. 8.

8. TEMPERING OF A PREVIOUSLY
ISOTHERMALLY ANNEALED SAMPLE

The result (Eq. 11) derived for constant tem­
pering assumed qo(e) to be constant from € = 0 
to «>. In practice samples are stored at some 
temperature for a long time; hence they are 
subjected to isothermal annealing at that tem­
perature. Furthermore, release of stored 
energy ceases at some upper temperature, in­
dicating an upper bound for q0(£). However, the 
range of temperatures is sufficiently great so 
that in the central region it may be assumed 
that the law applies. A case in which 220 cal/g 
is released between 0.05 and 0.11 ev (300 to 
1000°C) will be considered. Then,

X0-11 g(T) dT = ^4- (0.06G - 0.93)
1.05 b

where G = 10.75 + In (A) + 2b — a. For the cases 
A = 10u and 1010, y ranges about 37.3 and 28.3, 
respectively; hence a is 2.74 and 2.48, respec­
tively, and b is 1.025 and 1.033, respectively. 
[The values of a and b are calculated most con­
veniently from the slope and value of y + In 
(y + 2) in the middle range of y.] Then it is 
found that qo is 94 and 123 cal/g/ev, respec­
tively. These values yield approximately the

release rate above 500°C found by Ballinger26 
for one of his samples. He subjected other 
samples of this material to isothermal anneal­
ing and then investigated them by DTA.

In the Vand approximation, if a sample pos­
sessing a constant q0were subjected to isother­
mal annealing and subsequently tempered, the 
tempering curve would be a step function. Sim­
ilarly, if the actual experimental isothermal 
annealing law were used for q0 and the Vand 
approximation were used to derive the temper­
ing curve, the curve so obtained would be much 
steeper than the exact solution, as can be seen 
by considering the nature of the exponential 
functions involved. The approximations used by 
Vand are not suitable for obtaining the form of 
g(T) in any region where q0 is steep and where 
they would, in general, yield a g(T) which is 
steeper than the exact solution. After the iso­
thermal annealing, Eq. 1 applies. This q may be 
taken as the q0 of Eq. 10. Then, for tempering 
following isothermal annealing for a time t at a 
temperature T0,

g(T) = 0Aqo f0 exp j-y - A[te_e/T°+ 0 E2(y)]}- dy 

/ te-°y+ 8e_y\= PMo Jo exp(-y-A----- -----------j dy (12)

where a =T/T0. For Ballinger’s tempering rate 
(10°/min), c = 7.1(104),and hence cT0 = 5.10(103). 
To affect the tempering at T0 by means of a 
previous isothermal annealing at T0, it is seen 
that the isothermal annealing must be conducted 
for a length of time such that

which, for A = 1014 to 1010, would be 125 to 170 
sec. Ballinger found that after his first iso­
thermal annealing (tt = 300 sec) practically no 
stored energy was released at T0, in accord 
with the estimate given here. No attempt will 
be made to analyze this case further since ex­
perimental details of raising the temperature 
to 560°C are absent and from the present analy­
sis it is seen that this would be important for 
so short an annealing. Ballinger gives the DTA 
following two other isothermal annealings at 
560°C, t2 = 7.2(103) and t, = 8.6(104) sec. The
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initial portion of the tempering curve is easily 
obtained because then t » |3/(y + 2) and Eq. 12 
becomes

g(T)=Pqo^— r z^e-2 dz

where z = Ate~ffy and p = l/o. Thus, since At is 
large,

g(T) = q0/?rp p T{p) Aa~p) (13)

where r(p) = (p — 1)! The further portion of the 
tempering curve can be obtained at some par­
ticular temperature by computing the integrand 
of Eq. 12 over the range of y up to ym in which 
Ate~CTy + j3e-y/(y + 2) makes an appreciable 
contribution, integrating graphically, and then 
adding exp (—ym) to this.

9. FREQUENCY FACTOR, ORDER, CONSEC­
UTIVE REACTIONS, AND POPULATION 
FROM BALLINGER’S EXPERIMENT

The results obtained for the calculated tem­
pering curve g(T) following isothermal anneal­
ings for times t2 = 7.2(103) and tj = 8.6(104) sec 
are given in Table 1 for two values of the fre­
quency factor A = lO10 and A = 1014 sec-1. In 
Fig. 2 these results are plotted on the repro­
duction of Ballinger’s figure26 giving his exper­
imental results. It is seen that the experimental 
data indicate that A must be between 1010 and 
1014 sec-1. The frequency factor at this tem­
perature thus seems to be about the same which 
Wheeler and O’Connor25 claimed (without giving 
their reasoning) best suited the data which they 
obtained at lower temperatures.

The experimental curves of Fig. 1 rise rather 
more steeply than do the theoretical ones. Part 
of this must be attributed to the effects of ther­
mal lags and other lags which would be appre­
ciable in the DTA of a powder by Ballinger’s 
method, where a manual balance is made fol­
lowing the appearance of an effect. To the ex­
tent that the deviations cannot be explained by 
the lags, it would be necessary to postulate an 
order less than unity, according to the discus­
sion of Sec. 4. This effect might arise from the 
physical situation suggested by a number of in­
vestigators (see, for example, reference 34) at

the Metallurgical Laboratory and the Argonne 
National Laboratory, among whom were O. C. 
Simpson, T. J. Neubert, and G. R. Hennig, that 
some of the stored energy observed at higher 
activation energies is not present originally but 
results from the annealing of stored energy at 
lower activation energies. The effect cannot be 
a large one because the observation of some 
property change at a given activation energy can 
leave only a fraction of the actual total property 
change associated with a particular activation 
energy to be distributed over the range of re­
maining activation energies. The total result 
would be the observation of a smaller apparent 
q0for lower e than the actual qo, the observation 
of a larger apparent qo(c) for larger e than the 
actual q0, and the observation of a lower appar­
ent order of kinetics than the actual one for 
larger e.

Since A is so large, the Vand approximation 
is fairly good except when the details of sudden 
changes of qoor of g(T) are involved, and it may 
therefore be taken to apply to the DTA of Bal­
linger’s sample between 400 and 750°C before 
isothermal annealing. The activation-energy 
spectrums of stored energies released between 
500 and 750°C, the range over which the values 
given for a and b may be taken to apply, as cal­
culated from Eq. 9 using the data of the first 
curve of Fig. 2, assuming frequency factors of 
A = lO10 and 1014 sec-1, are given in Fig. 3. 
The activation-energy spectrum for the release 
of stored energy q0(e) which is revealed exhibits 
a slight rise with activation energy (part of 
which may be due to a nonconstant tempering 
rate). This small rise is not considered suffi­
cient to affect the discussion given here.

10. CONCLUSIONS

From the investigations and discussions given 
here, it is evident that the detailed kinetics 
of the release of stored energy in irradiated 
graphite is not yet known and that most of the 
experimental annealing data available are not 
suitable for investigating the detailed kinetics. 
The data thus far available can be most easily 
explained with the fewest ad hoc assumptions 
as resulting from processes distributed in ac­
tivation energy. The data are suitable for de­
riving the approximate general form of the

• • • • •
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Table 1 — Calculated Tempering Curve Following 
Isothermal Annealing

Stored-energy release rate (at indicated 
Tempering time* and frequency factort), cal/g/ev

temperature 
(T), “C t2; io10 t3; io10 t2; 1014 t3: io1

Tempering curve g(T) from Eq. 13
560 87 7 67 5
580 160 15 150 14
600 320 32 350 34
620 850 79 1200 120
050 230

Tempering curve g(T) by graphical integration
650 1400 2000 410
700 2600 770 3200 1600
750 3300 1800 3500 3000

♦Isothermal annealing time. 
tFrequency factor A.

3480

/// /

TEMPERATURE, (00°C '

Fig. 2—Comparison of g(T) calculated theoretically with the results of Ballin- _ -
ger’s differential thermal analysis.____ .experimental data given by Ballinger.26 *
------ , g(T) calculated theoretically. A, before isothermal annealing. B, isother­
mally annealed for 300 sec. C, isothermally annealed for 7.2(103) sec. D, iso- »
thermally annealed for 8.6(104) sec. E, t = 7.2(103); A = 1014. F, t = 7.2(103); A =
10w. G, t = 8.6(104); A = 1014. H, t = 8.6(104); A = lO10. '■
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A =1014

€, EV

Fig. 3—Activation-energy spectrums calculated from 
Ballinger’s DTA of a sample of graphite using his 
dQ/dT at 500, 560, 600, 650, 700, and 750*C as taken 
from curve A of Fig. 2.

activation-energy spectrum and an approximate 
frequency factor, but the order of reaction and 
the complication of consecutive reactions are 
unknown.
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ABSTRACT

During the past few years an extensive series 
of measurements on low-enrichment uranium- 
rod lattices in DgO has been carried out at 
North American Aviation, Inc. This article 
briefly summarizes the measured values of the 
material bucklings, the fueLand moderator dis­
advantage factors, and the activity ratios for all 
the lattices and then gives the details and re - 
suits of a careful two-group analysis into the 
consistency and significance of the measure­
ments.

The effective thermal-neutron temperature 
of each lattice is obtained from the ratio of ab­
sorption cross section to low-energy slowing- 
doum power. The slowing-down power of D20 in 
the thermal region is shown to be 0.173 cm'1, 
and some agreement with experimental values 
of the average cosine in a scattering collision 
is adduced.

Thermal utilizations are obtained from the 
experimental intracell measurements. Com­
parison is made with diffusion calculations of 
rod disadvantage factors and with excess ab­
sorption calculations for the moderator.

Calculated in conventional fashion are V, e, 
and L?; in L2 it may be noted that experimental

disadvantage factors are used. The ratio of 
thermal to epithermal foil activities is shoum 
to be a parameter characteristic of the asymp­
totic lattice spectrum and is successfully cor­
related with the predictions of two-group theory. 
The possible use of this experimental ratio for 
determining lattice diffusion lengths is criti­
cally examined.

The neutron ages in the various lattices are 
computed by taking the lower limit of the age 
integral at an effective thermal energy some 
16 times greater than would be proper in a 
nonmultiplying medium. This is the correction 
for thermal absorption and multiplication re­
cently worked out by E. R. Cohen.

The resonance escape probabilities that can 
be computed from the above quantities are then 
compared with resonance escape probabilities 
computed from the usual Fermi-Wigner-Wein­
berg theory. A series of small, bid definite, 
discrepancies, functions of rod uranium enrich­
ment, are found. These are believed to be real 
and independent of experimental scatter.

Three supplemental experiments are re­
corded in the appendixes. These indicate the 
presence of a small amount of anisotropic dif­
fusion, show the thermal utilization to be inde­
pendent of large flux gradients that exist near

15
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16 F. B. ESTABROOK AND S. W. KASH

the boundary of an exponential lank, and sup­
port the method used for computing effective 
neutron ages.

1. INTRODUCTION

The program of exponential experiments at 
North American Aviation, Inc. (NAA), has now 
accumulated a large amount of data on uranium

2. MEASUREMENTS

The exponential experimental arrangement 
has been fully described in previous reports.1,2 
Most of the data on the natural-uranium lattices 
has also been reported.2-4 The lattices are 
contained in a cadmium-covered cylindrical 
aluminum tank 5 ft in diameter* and 6 ft high 
into which D20 can be admitted. The tank rests 
on the 3-ft-high thermal column atop the Water

Table 1 — Summary of Lattices Measured*

Rod
diameter,

Cell spacing, in.

in. 3 3.625 4.5 4.9 6.0 7.25 7.5 9.0 12.0

0.75 N N N
1.00 N.E D, N D, N, E N, E D, N, E N, E D, N, E
1.25 N N N N N
1.50 N N N N
2.00 N D D, N D, N

*D is depleted uranium (0.49^ U235);N is natural uranium (0.71%U235); E is 
enriched uranium (0.90% U235)_

lattices in D20 moderator. The 35 lattices that 
have been investigated to date embrace a range 
of enrichments, rod sizes, and rod spacings. 
The experimental results, consisting of the 
bucklings (B2), uranium and moderator disad­
vantage factors (F and Fm), and activity ratios 
(R), will be briefly described and tabulated. 
These can be of immediate engineering use in 
the design of reactors of this type. The main 
body of this article will present a two-group 
analysis of the data which may possibly throw 
some light on both the shortcomings of, and the 
accuracies that can be expected from, the con­
ventional procedures of inhomogeneous-reactor 
calculation.

Three enrichments of fuel material were 
used: 0.49, 0.71, and 0.90 wt. % U235. Hereafter 
these will be referred to as depleted, natural, 
and enriched uranium, respectively. The urani­
um fuel rods ranged from 3/4 to 2 in. in diam­
eter. The lattice cell spacings were varied 
from 3 to 12 in. Table 1 lists the lattices which 
have been measured.

Boiler Neutron Source. To form a lattice, the 
fuel rods are held vertically in a square array 
by special grid plates at the top and bottom of 
the aluminum tank. Each rod consists of 4-in.- 
long slugs of uranium contained in 0.040-in.- 
wall aluminum tube.

Flux readings were taken by exposing indium 
foils along the axis of the cylinder and along 
horizontal diameters to measure the bucklings. 
To measure the disadvantage factors, horizontal 
flux traverses were made across a central cell 
and through a rod. In both cases thermal fluxes 
were obtained by correcting the bare-foil data 
with data from similarly exposed foils shielded 
by 0.020-in. cadmium boxes. The analysis of 
the buckling measurements is described in ref­
erence 3, and the analysis of the intracell ther­
mal data for the disadvantage factors is de-

•A 4-ft-diameter tank was used for the three enriched-uranium 
lattices with the largest bucklings. Measurements on three other lat­
tices were repeated in this smaller tank to investigate the possibility 
of anisotropic diffusion (see Sec. 7, Appendix A).
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4

scribed in reference 2. Recent experimental 
work5 has verified that F and Fm are not sig­
nificantly affected by the finite size of our flux­
measuring foils.

The ratio of thermal to epithermal activities 
on the tank axis (and hence at the center of a 
lattice cell which has rods at its corners) ob­
tained during the analysis of the axial-buckling 
data was denoted by R, the activity ratio. This 
ratio was constant over the central 2 or 3 ft of 
axis, indicating that the measurements made in 
the central region of the exponential tank were 
sufficiently far from the boundaries to repre­
sent actual properties of the lattice. R is thus 
a parameter characteristic of the asymptotic 
lattice neutron spectrum and will be further 
considered in Sec. 4.

Table 2 summarizes the data for the 35 lat­
tices. In addition, the results are graphically 
represented in Figs. 1 to 4. The moderator to 
uranium volume ratios, Vm/Vu, obtained from 
the dimensions of an individual cell are also 
shown in Table 2. Because of lattice irregular­
ities near the edge of the tank, these ratios 
differ somewhat from the ratios obtained using 
the number of rods and the dimensions of the 
tank. However, measurements have shown that 
the buckling is relatively insensitive to the 
presence of the peripheral rods.

Throughout the course of the measurements 
a cooperative exchange of information and data 
was carried on with the Canadian group at Chalk 
River, which was making related criticality 
measurements with the ZEEP reactor. For 
comparable lattices the ZEEP buckling meas­
urements were consistently lower than the NAA 
measurements by a few per cent (see, for ex­
ample, reference 6). To date all attempts to 
understand the discrepancy have been unsuc­
cessful. Samples of NAA D20 were sent to 
Chalk River for mass spectrographic confirma­
tion of HjO content. Samples of the Canadian 
uranium were compared with NAA samples by 
danger coefficient techniques at NAA; the dif­
ferences observed were too small to reconcile 
the disagreement. Finally, sufficient NAA nat­
ural uranium for an entire lattice was sent to 
Chalk River; the bucklings obtained by their 
critical-assembly methods for three different 
lattice spacings still fell about 4 per cent under 
the NAA values. Since the ZEEP measurements 
were made on a critical rather than an expo­

nential assembly, it was thought that anisotropic 
diffusion or changes in the thermal utilization 
because of streaming might be the cause. Ex­
periments to check these possibilities (see Secs. 
7 and 8, Appendixes A and B) yielded effects 
too small to account for the observed discrep­
ancies. It is, of course, quite possible that the 
disagreement results from a number of small 
effects. In any case the observed differences 
are too small to appreciably affect the reso­
nance-escape or multiplication-constant calcu­
lations presented in this article.

3. ANALYSIS

In his analysis of the natural-uranium lat­
tice measurements, Cohen4 adopted the follow­
ing procedure: Treating the transport mean 
free path(Xm)of the moderator as a parameter, 
he obtained tj as a function of Xm for each nat­
ural lattice. He then derived the particular 
value of Xm that gave the most constant value 
of tj. This value of tj agreed well with the then 
accepted cross-section values.7

Recently revised cross-section values8 now 
indicate a somewhat higher value of tj for the 
natural uranium. Furthermore the value of X m 
has since been measured9 at this laboratory; 
therefore it need no longer be considered an 
unknown. In fact it now seems that the most 
poorly known quantity in this kind of reactor 
calculation is p, the resonance escape probabil­
ity. In our lattices p should be independent of 
the small enrichment variations; all our mate­
rial is 99+ per cent U238, and it is U238 reso­
nances that give the parasitic capture.

In view of these facts we adopted the follow­
ing approach: For each lattice the resonance 
escape probability was calculated according to 
the formula

exp

(1 + B2L2) e3'7
€Tjf

(1)

and also according to the formula

Ptheo = neS exP
VmSs.m £

VuNufSl + C.A
+ sr

-1
(2)

CONFIDENTIAL
503 38 021



C
O

N
FID

EN
TIA

L

I

oro
fo

o

Table 2—Summary of Measurements and Computations

Enrich­
ment, 
wt. %

Rod
diameter,

in.

Cell
side,
in.

Number 
of rods
in tank

vm

Vu
B2,

meters-2 F FFm R
la x 105,

cm-1
Zu . 
cm-1

Ttff
To 1 € f

l!,
cm2

T,
cm2 k Pcxp P theo

0.490 1.00 4.50 120 24.82 1.76 1.162 1.537 5.5 6.454 0.4040 1.064 1.142 1.024 0.977 128 109 1.042 0.912 0.902
0.490 1.00 4.90 120 29.64 2.10 1.162 1.563 6.3 5.385 0.4035 1.054 1.142 1.024 0.974 153 108 1.056 0.927 0.918
0.490 1.00 7.50 52 71.02 1.60 1.162 1.633 16.4 2.278 0.4023 1.024 1.142 1.024 0.947 364 106 1.076 0.971 0.964
0.490 1.00 12.00 16 183.7 0.105 1.162 1.792 44.5 0.881 0.4019 1.009 1.142 1.024 0.875 942 105 1.011 0.988 0.987
0.490 2.00 7.25 52 15.71 1.61 1.420 2.427 5.7 6.444 0.4045 1.064 1.142 1.045 0.980 128 110 1.039 0.888 0.884
0.490 2.00 9.00 32 24.80 2.25 1.420 2.594 8.9 3.952 0.4034 1.039 1.142 1.045 0.970 209 108 1.072 0.926 0.926
0.490 2.00 12.00 16 44.94 1.28 1.420 2.796 19.4 2.110 0.4025 1.021 1.142 1.045 0.947 392 106 1.064 0.942 0.959

0.711 0.75 3.00 285 19.35 7.60 1.133 1.406 3.0 10.89 0.4060 1.102 1.332 1.018 0.983 75.4 110 1.149 0.862 0.864
0.711 0.75 4.50 120 45.09 7.48 1.133 1.474 7.0 4.753 0.4032 1.048 1.332 1.018 0.971 174 107 1.224 0.930 0.940
0.711 0.75 6.00 80 81.13 5.40 1.133 1.508 11.1 2.678 0.4025 1.027 1.332 1.018 0.954 309 106 1.236 0.955 0.966
0.711 1.00 3.625 208 15.69 7.31 1.190 1.520 2.7 12.20 0.4074 1.114 1.332 1.024 0.986 67.0 111 1.137 0.846 0.849
0.711 1.00 4.50 120 24.82 8.47 1.190 1.578 4.5 7.789 0.4050 1.076 1.332 1.024 0.981 106 109 1.195 0.893 0.902
0.711 1.00 4.90 120 29.64 8.36 1.190 1.598 5.7 6.517 0.4045 1.067 1.332 1.024 0.978 126 108 1.210 0.907 0.918
0.711 1.00 6.00 80 45.03 7.25 1.190 1.657 8.4 4.259 0.4033 1.043 1.332 1.024 0.970 194 107 1.232 0.932 0.945
0.711 1.00 7.50 52 71.02 5.36 1.190 1.718 12.7 2.671 0.4027 1.027 1.332 1.024 0.955 310 106 1.234 0.947 0.965
0.711 1.00 9.00 32 102.8 3.92 1.190 1.789 21.0 1.827 0.4022 1.019 1.332 1.024 0.937 454 106 1.228 0.961 0.976
0.711 1.00 12.00 16 183.7 2.11 1.190 1.901 39.3 1.019 0.4019 1.010 1.332 1.024 0.892 814 105 1.198 0.985 0.987
0.711 1.25 4.50 120 15.47 8.32 1.290 1.809 3.0 10.61 0.4068 1.101 1.332 1.029 0.985 77.2 111 1.167 0.863 0.857
0.711 1.25 6.00 80 28.39 8.30 1.290 1.918 6.3 5.727 0.4042 1.056 1.332 1.029 0.977 144 108 1.224 0.914 0.921
0.711 1.25 7.50 52 44.99 6.84 1.290 1.976 9.8 3.611 0.4032 1.036 1.332 1.029 0.966 229 107 1.244 0.938 0.950
0.711 1.25 9.00 32 65.29 5.35 1.290 2.064 14.2 2.440 0.4026 1.025 1.332 1.029 0.952 339 106 1.250 0.957 0.965
0.711 1.25 12.00 16 117.0 2.92 1.290 2.237 25.7 1.320 0.4021 1.014 1.332 1.029 0.916 628 105 1.220 0.971 0.981
0.711 1.50 6.00 81 19.36 8.65 1.356 2.139 4.4 7.389 0.4052 1.072 1.332 1.035 0.982 111 109 1.205 0.891 0.892
0.711 1.50 7.25 52 28.79 7.94 1.356 2.221 6.9 4.922 0.4038 1.049 1.332 1.035 0.975 168 108 1.234 0.919 0.927
0.711 1.50 9.00 32 44.97 6.29 1.356 2.341 11.1 3.077 0.4030 1.031 1.332 1.035 0.962 269 106 1.250 0.942 0.953
0.711 1.50 12.00 16 80.81 3.69 1.356 2.527 22.0 1.656 0.4023 1.017 1.332 1.035 0.933 500 105 1.231 0.958 0.974
0.711 2.00 7.25 52 15.71 8.23 1.502 2.560 4.7 7.593 0.4055 1.074 1.332 1.045 0.983 108 no 1.192 0.872 0.884
0.711 2.00 9.00 32 24.80 7.22 1.501 2.806 8.0 4.534 0.4036 1.049 1.332 1.045 0.974 182 108 1.221 0.901 0.929
0.711 2.00 12.00 16 44.94 4.76 1.502 3.174 16.1 2.311 0.4026 1.024 1.332 1.045 0.951 358 106 1.230 0.929 0.959

0.901 1.00 3.625 124* 15.69 12.6 1.238 1.721 2.6 12.82 0.4083 1.119 1.443 1.024 0.986 63.7 111 1.242 0.852 0.848
0.901 1.00 4.90 68* 29.64 12.5 1.238 1.829 4.9 6.580 0.4048 1.065 1.443 1.024 0.979 125 108 1.323 0.915 0.917
0.901 1.00 6.00 52* 45.03 10.6 1.238 1.924 7.1 4.325 0.4035 1.043 1.443 1.024 0.970 191 107 1.347 0.940 0.945
0.901 1.00 7.50 52 71.02 7.81 1.238 1.968 11.2 2.751 0.4027 1.028 1.443 1.024 0.957 301 106 1.341 0.948 0.965
0.901 1.00 9.00 32 102.8 5.85 1.238 2.009 16.0 1.907 0.4023 1.020 1.443 1.024 0.940 434 105 1.334 0.959 0.976
0.901 1.00 12.00 16 183.7 3.13 1.238 2.131 33.0 1.062 0.4019 1.011 1.443 1.024 0.897 781 105 1.286 0.970 0.986

♦Measurements made in 4-ft tank.
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0 75 IN,

2,00 IN.

1,00 IN. —

CELL SPACING, IN.

Fig. 1 — Material buckling for natural-uranium lattices. The largest buckling is 
obtained with 1.50-in.-diameter rods on about a 6-in. lattice spacing.
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20 F. B. ESTABROOK AND S. W. KASH

2 IN., NATURAL

I IN , ENRICHED

NATURAL

I IN., DEPLETED

6 8 10 
CELL SPACING, IN.

Fig. 2 — Material buckling for lattices of 1- and 2-in. rods. 
It is perhaps noteworthy that, for a given rod size, the cell 
spacing for maximum buckling is not greatly dependent on 
enrichment. The graph shows buckling data for two depleted 
lattices, D-l-6 and D-l-9, which were not included in the 
general computations because of the lack of satisfactory 
intracell data.
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DIFFUSION THEORY:

r I,

Fig. 3—Rod disadvantage factors vs. radius in mean free paths. Two diffusion theory solu­
tions are shown for comparison, with k=1.25 and 1.50, respectively. Asymptotic diffusion 
theory would evaluate the k’s for our three enrichments as between 0.90 and 0.95; it is ap­
parent, however, that no family of such solutions can be fitted to the data for these rods, 
which all have radii that are not large compared to a mean free path, x, depleted. O, natural. 
A, enriched.
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0.050

0 04 5

0.040

0035

0.030

0.025

0.020

0015

0 010

0.005 -----

0005 0,010 0.015 0.020 0.02
S (DIFFUSION THEORY)

0.030 0.035 0.040

Fig. 4 — Excess absorption. It is confirmed that S is independent of fuel enrich­
ment and is a function only of moderator and geometry. Diffusion theory, how­
ever, will underestimate the flux dip near a rod and, in fact, appears to under­
estimate S by about 25 per cent, x, depleted. O, natural. A, enriched.
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Equation 1, which we will consider as giving 
the experimental p, follows from the usual four- 
factor compatibility relation

k = Tjepf = 1 + L (3)

and the continuous-slowing-down thermal-dif­
fusion leakage formulation for homogeneous 
mediums

1 + L = (1 + B2L’) eB2r (4)

Wherever possible experimentally measured 
values have been inserted in Eq. 1. The com­
putational details are explained at length in the 
following sections. Equation 2, which gives a 
theoretical p, is the customary Fermi equation 
as modified by Wigner and Weinberg. Compar­
ison of Pexp and ptheo is then a test of the ap­
plicability of the modified two-group theory as 
well as of the customary method of computing 
Ptheo- Table 2 lists pexp and ptheo for all the 
lattices. Graphs of pexp vs. ptheo are presented 
in Figs. 5 and 6. Again, it should be noted that 
for all our 99+ per cent U238 materials we ex­
pect p to be independent of rod enrichment.

The experimental values for p appear to 
agree fairly well with the theoretical values, in­
dicating that the homogeneous two-group model 
could be made satisfactory for D20—uranium 
lattices. There remain to be explained, how­
ever, some differences, systematic with enrich­
ment, of the order of 1 to 2 per cent. As will be 
shown in the error analysis, it appears difficult 
to attribute these systematic differences to ex­
perimental errors.

The values of k listed in Table 2 were ob­
tained from the leakage expression in Eq. 4.

4. COMPUTATIONAL DETAILS

4.1 Effective Thermal-neutron Temperature

A knowledge of the nuclear cross sections is
necessary for the computation of f, xi, and the
leakage term 1 + B2L4 * * 2 * *. The effective cross
sections, in particular the absorption cross
sections, of the materials of our heterogeneous 
mediums are dependent on the spectrum of neu­
tron velocities. This spectrum varies from 
point to point in a lattice and from lattice to

lattice. For the thermal neutrons (say, those 
with energy less than 0.4 ev), it appears that 
we may describe the spectrum at any point by a 
single parameter T, the temperature of a Max­
wellian neutron-velocity distribution. Thus we 
may speak of the thermal-neutron temperature, 
T, as varying from point to point in a lattice 
and from lattice to lattice, and we can use 
Maxwellian averaged macroscopic thermal ab­
sorption cross sections, which will be functions 
of T.

The point-to-point variation will not unduly 
concern us in this analysis because our so- 
called “flux”-measuring foils themselves have 
microscopic absorption cross sections whose 
velocity dependence is close to that of the ma­
terials in the lattice. In most cases this de­
pendence is an inverse velocity dependence; 
therefore the absorption rates for the materials 
involved depend only on the neutron densities 
and are independent of T. The experimental foil 
activities, therefore, also give relative neutron 
densities throughout a lattice. Thus the experi­
mental disadvantage factors, F and Fm, will 
give correct relative absorptions, and, in par­
ticular, they will give correct thermal utiliza­
tions, f, providing the effective cross sections 
used are all computed at the same temperature.

To compute the thermal-diffusion length, how­
ever, we must know absolute cross sections 
and, hence, thermal-neutron temperatures. The 
leakage term 1 + L is quite insensitive to small 
changes in the cross sections; therefore we may 
ignore the point-to-point variation of the tem­
perature in the lattice (see Sec. 4.5). As a 
first-order correction, however, a proper ef­
fective value of T should be used for computing 
all cross sections in a given lattice. For this 
we have recourse to the recent result of E. R. 
Cohen10 for homogeneous mediums (that the 
thermal-neutron temperature T is slightly ele­
vated) in a ratio which he has calculated nu­
merically and which for small absorption is 
closely given by

JT
T0

« 1 + 1.35
£a(T0)
?Ss

(5)

where T0 is the ambient or moderator temper­
ature, i.e., 20°C, and Sa(T0) is the macroscopic 
absorption cross section of the medium for a 
Maxwellian neutron distribution at the ambient
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24 F. B. ESTABROOK AND S. W. KASH

temperature. (An equation of this form was 
first given by K. Cohen in Report HKF-102.) 
For the heterogeneous situation we will replace 
2a(T0) by a flux-weighted volume average (see 
Sec. 4.5).

It is necessary at this point to make explicit 
the convention that will be followed consistently 
in this article: all macroscopic absorption

due to its deviation from v-1 dependence is in­
cluded (see Sec. 4.3).

Returning to Eq. 5, we require the slowing- 
down power of D20 for thermal neutrons. The 
result given by Cohen already includes the ef­
fects due to the thermal motion of the moder­
ator, and a correction for the small volume of 
uranium hardly seems warranted in the pres-

0.98 —

1.25 IN-

0,75 IN,

2.00 IN.

1.25 IN.

0.75 I N r

Fig. 5 — Compatibility calculations for natural-uranium lattices. For 
most of the cases pexp appears to be about 0.9 per cent below Ptheo •

cross sections used will be effective cross sec­
tions for Maxwellian distributions. When no 
temperature is indicated, the Maxwellian dis­
tribution is understood to be that for effective 
thermal-neutron temperature, T. In other 
words, the macroscopic absorption cross sec­
tions corresponding to effective temperature T 
are obtained by multiplying tabulated micro­
scopic monoenergetic 2200 m/sec values (a®) by 
the atomic densities, by V T0/T, and by the fac­
tor 'Ttt/2. For U235a small additional correction

ence of other uncertainties; therefore we may 
use the usual monatomic formula | = 2/(M + 
2/3), and we will take the simple average |Ss = 
|DSs + where the superscripts stand
for deuterium and oxygen, respectively.

In a recent report H. D. Brown and D. S. 
St. John11 point out that, in the important part 
of the thermal velocity range, D20 molecules 
behave as rigid rotators and that consequently 
the actual velocity distribution of the bound 
deuterons can be computed from an appropriate
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Maxwellian for a medium of free nonrotating 
point masses. The temperature of this Max­
wellian is to be taken as ambient, but the mass 
value required is 3.595, which might be called 
the “effective” mass of the bound deuteron in 
the rotator. Secondly, they point to earlier work 
of Sachs and Teller,12 which shows that the ef­
fective deuteron mass, so far as energy and

values = 0.340 cm-1 and E® = 0.127 cm-1, 
we get £ZS = 0.173 cm-1.

For fast neutrons, where molecular binding 
effects are unimportant, the free-atom values 
Md = 2, z£ = 0.223 cm-1, M° = 16, and Z° =
0.127 give £ZS = 0.177 cm-1; although | and Es 
individually are considerably changed, 4ZS, sur­
prisingly, is not greatly different from the ther-

0.98 —

1 IN., DEPLETED

2 IN.,DEPLETED

Fig. 6—Compatibility calculations for depleted-and enriched-uranium 
lattices. For most of the depleted cases peXp is about 0.6 per cent 
high, whereas for the enriched lattices it averages 1.0 per cent low. 
This discrepancy is quite marked and is difficult to ascribe to error 
other than in the theory.

momentum transfer in an average collision with 
an incident neutron, is again 3.595. Thus for 
the purpose of Eq. 5, which applies to the ther­
mal velocity range, the bound deuterons in D20 
are completely equivalent to free particles of 
weight 3.595 amu (atomic mass units). A simi­
lar calculation gives the bound oxygen mass in 
a D20 molecule as equivalent to a free mass of
18.03 amu. Combining these with the thermal

mal value. It is this circumstance that has 
encouraged us to use Cohen’s result, which, 
properly, applies only to mediums in which Zs 
and 4 (apart from thermal effects) are constant. 
Using, then, the flux-weighted average Za(T0) 
(see Sec. 4.5) and the thermal value 4ZS = 0.173 
cm-1 in Eq. 5, we can compute T/T0. The values 
thus obtained are given in Table 2.

Corroboration of the results of Brown and

\
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St. John may be obtained from scattering and 
transport cross-section measurements for 
D20.9 These yielded, for the average cosine in 
the scattering of a thermal neutron in D20, p =
0.15 ± 0.03. On the other hand, the theoretical 
value obtained from the above effective thermal 
masses is p = [£°(2/3MD) + 2° (2/3M°)]/2s =
0.145. For comparison, the free-atom values 
would give p= 0.227, which does not agree at 
all. It is also worth noting that cross-section 
measurements for light water support the above 
considerations. The equivalent masses for hy­
drogen and oxygen nuclei in light water are,

The rod diameters listed in Table 1 are actu­
ally the inside diameters of the aluminum tubes 
and, therefore, are only nominal values for 
the uranium slugs. In the computation allow­
ance was made for the machining tolerances 
employed, and all slug diameters were taken 
4 mils less than the stated nominal values. 
The residual annular air volumes were lumped 
in with the 0.040-in. thickness of aluminum 
cladding.

For SAi(T0) and 2m(T0) the values 0.01021 
cm-1 and 0.000105 cm-1, respectively, were 
used. The value of 2m (T0) for our D20 was ob-

Table 3 — Effective Fuel Absorption Cross Sections at 20°C

Fuel
Uranium density, 

g/cm3

u235F 100 N
u*5 U2*NU + Nu

£u(T0),
cm-1

Depleted uranium 18.80 0.4962 0.2557
Natural uranium 18.88 0.7205 0.3200
Enriched uranium 18.83 0.9124 0.3763

respectively, 1.884 and 17.06. Combining these
TT _j

with the effective thermal values 2g = 3.03 cm 
and = 0.13 cm-1, we get a theoretical p =
0.341. Experimentally the values Ss(H20) = 
3.16 ± 0.06 cm-1 and Str(H20) =2.08 ± 0.04 cm-1 
give p = 0.34 ± 0.02.

4.2 Thermal Utilization

The thermal utilizations were computed from 
the intracell data according to the formula

f =
SttVUVU

SuVu + 2:A1VA1F+ZmVmFFm
(6)

tained during the recent measurement of Xtr by 
the boron-poisoning experiment9 and corre­
sponds to a D20 purity of 99.70 at. %. This 
value has been confirmed by mass spectro- 
graphic measurements at Chalk River and by 
additional DzO diffusion-length measurements 
at this laboratory.

The constancy of f over the lattice has been 
investigated in a separate experiment. This is 
described in Sec. 8, Appendix B.

A subsidiary check both on our choice of 
Sm(T0) and on the applicability of diffusion 
theory to the moderator volume can be obtained 
by writing Eq. 6 as

and the values tabulated in Table 2. The macro­
scopic uranium cross sections used are listed 
in Table 3. For the computations the 2200 m/ 
sec values of aa(U235) and Oa(U238) were taken to 
be 680 and 2.77 barns, respectively.8 The U235 
percentage atomic enrichments, E, were taken 
from data accompanying the fuel material; they 
have been checked by mass spectrographic anal-

tt235 tt238
yses. Nu and Nu denote the atomic densi­
ties of U235 and U238, respectively, in the fuel 
slugs. The maximum uncertainty in E is esti­
mated to be 0.3 per cent.

1 _ . ^Al^Al p
f " SuVfj

+ SmVmF(Fm-l) (7)
suvu

The last term of this is often denoted the “ex­
cess absorption” S (see, for example, Guggen­
heim and Pryce13); if diffusion theory is strictly 
applicable in the moderator volume, S is a 
function only of moderator properties and lat­
tice dimensions, i.e., S is independent of rod

3 3 s
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material. In Fig. 4 we have plotted our exper­
imental values of S from Eq. 7 vs. theoretical 
values given by diffusion theory. The data are 
indeed independent of enrichment and are con­
sistent to ±0.002. The ratio is apparently not 
unity, however, but rather S(experiment)/S(dif- 
fusion theory) = 1.25 ± 0.05. This discrepancy 
could immediately be resolved if we adopted
0.84 x 10~4 cm-1 for Sm(T0) instead of our value 
of 1.05 x 10~4 cm-1; however, there is no other 
justification for such a considerable change. 
From transport theory we would expect some­
what larger flux dips near the rods than simple 
diffusion theory predicts, and thenS(experiment) 
would exceed S(diffusion). We have consequently 
left Em(T0) unchanged and will merely remark 
here that, if S were computed from simple dif­
fusion theory, our data indicate that about a 25 • 
per cent underestimate would occur, leading to 
an overestimate in the thermal utilization of, at 
most, 1 per cent.

4.3 Calculation of tj

The value of 77 was computed by the usual 
formula

77 = '
TT235

EOa g
t235

Eo“ g + (100 — E)Oa
238

V

1 + 0
(8)

where u = 2.48 and a = 0.184. The values of 
o are the 2200 m/sec values. The factor

g(T). r v(9)

is essentially the quantity denoted by f in ref­
erences 7 and 8 and corrects for the non 1/v 
dependence of the U235 cross section. M(v,T) is 
a normalized Maxwellian velocity distribution 
for effective neutron temperature T; the super­
script zeros indicate 2200 m/sec values. Since 
our maximum effective neutron temperature in­
crease was in all cases less than 12 per cent, g 
was essentially constant at 0.98.

4.4 Fast Effect

The values of e used for our lattices have 
been taken from calculations by J. E. Garvey14 
at this laboratory. They are given in Table 2. 
Garvey calculated the U238 cross sections aver­
aged over the fission spectrum to be oc = 0.09,

Of =0.28, oe = 4.88, ajnel = 1-85, and ot = 7.10, 
and he used the expression for P,the probability 
of a fission neutron having its first collision in 
the parent rod, given in Report CP-644. It is to 
be noted that, for the lattices under discussion, 
€ is independent of enrichment.

4.5 Calculation of L2

The diffusion length, L, for each lattice was 
computed according to the formula

^2 = 32aStr (10)

Ea and Efr represent flux-weighted volume av­
erages; as an example we have

^ SUVU + sA1VA1f + zmvmFFm . .
Vu + VAl F + VmFFm

The subscripts refer to uranium, aluminum, 
and moderator (D20), respectively, and the V’s 
are the corresponding volume fractions of the 
lattice cell. The values for Ea, Str, and L2 are 
all tabulated in Table 2.

Equations 10 and 11 are examples of the ho­
mogenization procedure used in reactor calcu­
lations in which the heterogeneous lattice is 
replaced by some equivalent homogeneous me­
dium. For the validity of this process suitable 
means of averaging the lattice properties must 
be established. Now a flux-weighted average of 
the absorption cross sections, Ea, is unexcep­
tionable since the absorption rates in the vari­
ous parts of the lattice structure are just pro­
portional to the corresponding fluxes. There 
has been, however, some doubt as to the ac­
curacy of flux weighting S tr and of computing 
L2 by such a simple formula as Eq. 10. Again, 
it is to be noted that the averaging procedure 
is somewhat inaccurate because the effect of 
point-to-point temperature variation does not 
cancel out of Eq. 11. However, recent experi­
mental measurements made at this laboratory15 
have demonstrated that, for our lattices at least, 
Eq. 10 is completely adequate when the aver­
aging is done according to Eq. 11.

Since the moderator occupies a preponderant 
portion of the volume, Etr ~ 2tr(m, and the 
above expression for L2 then differs very little 
from the simpler form L2 = L^f^ where Lm
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is the diffusion length of pure moderator and 
fm is the thermal utilization of the moderator 
in the lattice. However, it should be noted that 
for flux weighting we have been able to use ex­
perimental values of F and Fm.

4.6 Activity Ratio

i-Oia °ln 
/" 0In(dE/E)
cc

(14)

Now q is the source for thermal neutrons and 
must equal the sum of the thermal absorption 
and thermal leakage rates; therefore

It is sometimes thought that L2 can be deter­
mined experimentally from R,the activity ratio. 
Actually, this is not quite correct. Suppose 
Aj, and Aq^ are the experimental saturated ac­
tivities obtained with bare indium foils and 
cadmium-shielded indium foils, respectively. 
Then, using the result of Kunstadter16 that, for 
95 mg/cm2 foils and 0.020-in. cadmium covers, 
the indium resonance activity is attenuated 
some 7 per cent by the shielding, an experi­
mental activity ratio can be defined by

thermal activity A5 — 1.07 Aca 
epithermal activity 1.07 Aca (12)

This ratio is a function of the effective position 
of the cadmium cutoff (Ec ~ 0.35 ev) and of the 
relative thermal to epithermal flux response of 
indium and may, in principle, be computed by 
setting

q = pv°No0 (1 + B2L2) (15)

The bar indicates a spatial average. Combin­
ing Eqs. 14 and 15 gives

Na° 1 + B2L2 
1.013 |2S (dE/E)

1_
R

(16)

B2L2 is of the order of 0.1 to 0.3 for many of 
our lattices. Hence, if this last equation were 
used to get L2 from experimental values of R, a 
very high accuracy in R would be required. In 
fact, our determinations of R are good to only 
±3 per cent; therefore they are of no direct use 
in the present analysis.

Some authors substitute

^TT) = 1 /X
0 3StrL2 "VTo

Jo °In P M(v) v dv 

r °ln (q/|Ss) (dE/E)
cC

(13)

In the numerator a normalized Maxwellian 
thermal-neutron velocity distribution M(v) has 
been used. Since M(v) drops exponentially at 
higher speeds, the integral has, with little er­
ror, been extended past the cadmium cutoff to 
infinity. The microscopic thermal absorption 
cross section of indium was taken to have the 
dependence Oin = (vVv)0,75; the superscript
zeros refer to values at 2200 m/sec, and p is 
the thermal-neutron density. In the denominator 
q is the standard slowing-down density, and ££s 
is the averaged slowing-down power of the me­
dium. The large indium resonance just above 
cadmium cutoff is responsible for most of the 
integral; hence q can be taken as effectively 
constant at its cadmium cutoff value. With these 
considerations

in Eq. 16 and thereby get a relation in which L2 
appears almost directly proportional to R. To 
obtain L2 in this way would, however, be self- 
deluding since it assumes we know how to cal­
culate 2tr. We must, indeed, assume this, but 
then it is more direct to calculate L2 from Eq. 
10. However, if we did not have reliable intra­
cell data to use in flux weighting 2a, the com­
putation of L2 from R would be pertinent. It 
should be noted that the values listed for R 
were obtained only from the activities at the 
tank center, i.e., at the center of a cell that has 
rods at its corners. No attempt has been made 
to average R over a cell. Not only is it uncer­
tain how such an average is to be taken but also 
the limited usefulness of this concept for heter­
ogeneous mediums does not seem to justify fur­
ther refinement.

The ratio in the brackets on the right side of 
Eq. 16 has been labeled “eff” because our in­
dium foils (~95 mg/cm2) are not thin for neu­
trons at the indium resonance energies. At

{ '
1
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0.10 —

Fig. 7—Activity ratio data for 35 lattices. R is the ratio of ther­
mal toepithermal indium-foil activities, (Ab — 1.07 Acd)/1.07 Acd). 
at the center of a lattice cell. The slope of 0.272 ± 0.010 is char­
acteristic of our 95 mg/cm2 indium foils and 0.020-in.-thick cad­
mium covers, x, depleted. O, natural. A, enriched. Note that the 
ordinate does not include the factor 1.013 on the left side of Eq. 16.

these energies we must have considerable self­
shielding in the epithermal activation process, 
which will raise the value of the ratio. We have, 
in fact, found the self-shielding to result in an 
increase of this ratio by a factor of 3.9 for our 
95 mg/cm2 foils. Other laboratories have re­
ported factors of 3.88 for 92 mg/cm2 foils17 and 
3.66 for 88 mg/cm2 foils.18

Figure 7 is a graph of the left side of Eq. 16 
vs. 1/R for our 35 lattices. The linear relation 
is thought to be an encouraging complement to 
our lattice calculations. The slope of this line 
is 0.272 ± 0.010, which can be combined with 
the self-shielding factor of 3.9 to get the ratio 
of the (thin-foil) resonance integral of indium 
to the 2200 m/sec cross section

/" oIn (dE/E)
fcC 14.5 ± 0.5 (17)

This maybe compared to the value of 13.9com­
puted directly from cross-section data.18

4.7 Age

In a lattice the age or migration area of the 
moderator must be corrected for inelastic scat­
tering in the fuel rods and for dilution of the 
moderator by the fuel rods. A correction must 
also be applied for the absorption of neutrons 
above thermal energies by fissionable material. 
It is convenient, therefore, to express the age
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from fission to thermal energies in pure mod­
erator as the sum of the age from fission energy 
E0 to the lowest energy Ejnei for which a neu­
tron can be inelastically scattered, the age from 
Einel to the indium resonance energy, Eres, and 
the age from Eres down to thermal energy, 
Eth; i.e.,

T0 — T(Eo,Einel) ^ T(Einei »Eres)

+ T(Eres.Eth) (18)

In making the corrections, it is reasonable for 
a light moderator to neglect elastic moderation 
in the fuel and to assume that a neutron can be 
slowed from E0 to Einei by inelastic scattering 
in the fuel or by elastic scattering in the mod­
erator but that it can be slowed from Einel to 
Eth only by elastic scattering in the moderator. 
It can also be assumed that a fission neutron 
having undergone inelastic collision will most 
likely be slowed past Einel before returning to 
a fuel rod.

A neutron suffering an inelastic collision will 
undergo a large degradation in energy without 
migrating appreciably. The possibility of such 
a neutron leaking out before being thermalized 
will be correspondingly reduced. On the other 
hand, a fast neutron undergoing elastic colli­
sions in a fuel rod will be able to migrate with­
out being degraded and thereby will increase 
its probability for leaking before being ther­
malized. In the first case the age would effec­
tively be decreased, whereas in the second it 
would be effectively increased. Accordingly, 
in a lattice T(E0,Elnei) should be decreased by 
P°inel/0 total* the fraction of fission neutrons 
having inelastic collisions before entering the 
moderator, and T(Einel,Eres) and T(Eres,Eth) 
should be increased by the reciprocal of the 
moderator volume fraction.

In plain D20, T(Eres,Eth) is usually taken to 
be of the order of 25 cm2. In a multiplying me­
dium, however, this age is considerably de­
creased as an effective result of the epitherma.1 
absorption of neutrons. In the usual two-group 
theory the fast group is treated by Fermi age 
theory; fast neutrons either are moderated to 
thermal energies or are lost by leakage. No 
true absorption is envisaged, although for mul­
tiplicative mediums, such as our lattices, this 
undoubtedly does occur in the epithermal region

of, say, 0.1 to 10 volts. E. R. Cohen has pointed 
out that this epithermal true absorption com­
petes only with the fairly low fast leakage prob­
ability and therefore results in additional neu­
tron production. The correction for epithermal 
absorption may thus be described as an effec­
tive increase in rj and has been so used pre­
viously.4 It now appears that for multiplying 
mediums this epithermal absorption correction 
should more properly be applied to the age be­
low indium resonance. In a recent computation 
Cohen10 has shown that for D20 lattices the age 
from indium resonance energy to the effective 
thermal energy, T(Eres ,Eth), is more likely to 
be about 6 cm2.

Combining the several corrections discussed, 
the effective age in the lattice may be taken as

/ Paine 
T = T(E0,Einel) 1---------

\ 0 total

+ [T(Einel >Eres) + T(Eres>Eth)j y (19)

The values of r computed according to Eq. 19 
are listed in Table 2. The age in D20 from E0 
to Eres was taken7 as 100 cm2. Using E0 = 
2 x 10° ev, Einei = 2 x 105 ev, and Eres = 1.44 ev 
and assuming D/4ES constant over this energy 
region, T(E0,Einei) = 16 cm2 and T(Einel ,Eres) = 
84 cm2. P was obtained from fast-effect calcu­
lations by Garvey14; ainei/atotal was taken to be 
1.85/7.10 = 0.26.

For a subsidiary experiment providing some 
corroboration for our age computations see 
Sec. 9, Appendix C.

4.8 Resonance Escape Probability

The theoretical value of the resonance escape 
probability was computed in the usual way for 
heterogeneous mediums. That is, if

Ptheo = e-1/T (2°)

the analogy of T to be the quantity (1 — f)/f (see 
Eq. 7) in the thermal-utilization calculation sug­
gests that one can set

T = VmEs.m
VrNu [(C,/Fr) + C2(S/M)]

+ Sr (21)
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This model ascribes to the resonance flux a 
spatial distribution which would be obtained by 
diffusion theory from a uniform source distri­
bution in the moderator. The “absorption” of 
the moderator is due to the scattering cross 
section, Es>m, which moderates the neutrons 
through the resonance-energy region. The ab­
sorption of the uranium rod is real, and, in fact, 
it is so strong at the resonance peaks in this 
region that the over-all uranium absorption 
cross section is regarded as having both a vol­
ume and a surface dependence; hence we have 
the quantity S/M, the surface to mass ratio of 
the rod, in Eq. 21.

Fr and Sr are the rod resonance disadvantage 
factor and moderator resonance excess absorp­
tion, respectively. In terms of rod and cell 
radii, a and b, and rod and moderator reciprocal 
resonance diffusion lengths, Xu and Xm, we 
have

Xu a lo(Xua) 
2Ii(Xua)

(22)

and

b2 - a2
i + sr - xm 2a

Ilfomb) Ko(^nna) ~l~ Kl(.Xmfc>) Ip(Xma) , .
MXmb) K^x^a) - KjUrob) Ij^a)

In these computations the customary numbers 
Xm = 0.154 cm-1 and Xu = 0.420 cm-1 have been 
used. Cj and C2 were recomputed from the data 
of Goldstein and Hughes,19 using the result given 
in Eq. 17, the newer cross-section value8 ou = 
2.77, and a 1.50-barn correction for that part of 
the resonance integral that is due to the normal 
1/v tail, and hence that should not be regarded 
as being parasitic. The result was

Cj = 7.3 barns

and

C2 = 25.0 x 10-24 g

The values of p computed according to Eqs. 20 
to 23 are listed in Table 2. They also are used

as the abscissas in the compatibility graphs. 
Figs. 5 and 6.

5. ERRORS

One reason for the present series of meas­
urements can be seen by inspecting the two 
equations

k = Jjefp = (1 + B2L2)eB T (24)

and

1 SaiVai 
f _1+ SyVu

SrnVm
F + ^ v FFr SUVU

(25)

In the first of these, 1 + B2L2 is less than 1.25 
(for the “hottest” enriched lattice) and, in fact, 
more usually about 1.10. This means that if k 
were known to but 1 per cent and if L2 could be 
exactly computed, B2 would only be known to 
within 10 per cent. Thus, at the present stage 
of our knowledge, it is difficult to compute B2 
(and hence critical sizes) for this type of inho­
mogeneous lattice. Furthermore, because of 
poorly understood deviations of the intracell 
neutron distribution from the predictions of 
simple diffusion theory, computation of F and 
FFm can be greatly in error, and, although f 
does not greatly differ from unity (f is always 
greater than 0.86 and usually about 0.95), this 
ambiguity in f can still amount to several per 
cent. For both the buckling and disadvantage 
factors, therefore, our program has, of neces­
sity, been experimental and empirical.

The foregoing recital has an inverse import 
when applied to our theoretical analysis of the 
data, the theoretical analysis being based pre­
cisely on Eqs. 24 and 25. The inversion is that 
our experimental errors in B2, F, and Fm are 
greatly diminished in importance when we com­
pute Pexp* In fact, if we made a pessimistic 
estimate ±0.12 x 10-4 cm-2 for the uncertainty 
in B2, the uncertainty in pexp would be but 1 per 
cent for a few lattices with large L2. For most 
lattices it will be considerably under 0.5 per 
cent. This conclusion follows from the error 
approximation for the leakage term
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6(1 + B2L2)eB2r 
(1 + B2L2)eB2T 1 + B2L 

B:

172 + T 6B

1 + B'L2-2 6L2 + B26t (26)

Again, we believe the reliability of our in­
tracell measurements to be within 1 per cent in 
F and Fm. If a rather complete error analysis 
is made on the quantity rjf, we obtain

6(T/f)
vf

= (1 - af) — + (1 - a)f 
E

6oU235 6oU238 \ 6[i//(l + o)]
aU235 0 U238 / + v/(l + at)

+ (1 -f)
6oU235

7535 S m
6(FFm)
FFm

(27)

where a = Zvns/'Elj = 0.55 for the depleted lat­
tices, 0.64 for the natural lattices, and 0.69 for 
the enriched lattices. In this it can be seen that 
the factor 1 — f makes the term in6(FFm)/FFm 
completely negligible in varying r?f.

Equation 27 also gives the expected varia­
tions if cross sections were to be blamed. This 
seems inadequate since we suspect that most of 
the remaining uncertainty in uranium cross 
sections is such that 6o u23 /o u231 = 6o U238/^23^ 
and for this case the factor 1 — f again appears 
in Eq. 27.

6. RESULTS

Neutron Source was available). The systematic 
deviation between the newer data on depleted 
and enriched uranium is quite marked.

It appears that this deviation is not new; if we 
had used a traditional value or so-called “lattice 
value” of r) about 1 per cent below that com­
putable from cross-section data, we could have 
achieved agreement for the natural-uranium 
data. However, this artifice now seems partic­
ularly forced since our data on other than the 
natural enrichment show that a different cor­
rection to the cross section 77 would be re­
quired for each enrichment.

In conclusion, we have not been able to ra­
tionalize the systematic deviations, apparently 
functions of enrichment, that the program has 
turned up. We do believe the deviations to be 
real and to indicate a real defect in the present 
theory. Whether this defect is to be found in the 
computation of the infinite lattice multiplication 
constant or in computation of the leakage prob­
ability is unclear. Further experimental and 
theoretical work on these topics is required.

7. APPENDIX A: ANISOTROPY

One of the persistent uncertainties of lattice 
calculation is the magnitude of anisotropy ef­
fects. The material bucklings of three lattices 
were measured in both the 4- and 5-ft expo­
nential tanks to check this possibility. The 
agreement between the buckling values obtained 
indicates that such an effect very likely exists 
for our lattices, but it is, nevertheless, quite 
small.

The one-group multiplying diffusion equation

The graphs of pexp vs. ptheo (Figs. 5 and 6) 
show what seem to be systematic deviations 
from the equality that we could hope for. Omit­
ting the anomalous 2-in. rod cases, the en­
riched-uranium lattice values of pexp are, on 
the average, about 1.0 per cent low, the natural 
lattice values are about 0.9 per cent low, and 
the depleted lattice values are about 0.6 per 
cent high.

Although there is considerable scatter in our 
Pexp values, the trends of deviation (from equal­
ity with Ptheo) seem unmistakable and real. 
Most of the experimental scatter afflicts the 
natural-uranium data (these data were largely 
taken before the higher flux of the Water Boiler

V •D*V<)) + (k - 1) Za<(> = 0 (28)

has, in the geometry of our tank, the “funda­
mental” solution

0 = A Jo(pr) sinh i>(h — z) (29)

where

D|j v2 — Dx p2 + (k — 1) Sa = 0 (30)

Setting

= M2 Hi = M2± (31)
Z/a Z/a
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we may take as a measure of the anisotropy 
(or nonanisotropy) the ratio

Thus

n - M* i/2 = M2(p2 — ri^2) = k — 1 (33)

If r is unity, a lattice buckling can be unambig­
uously defined as

B2 = p2 — v2 (34)

is to a first-order approximation equal to the 
homogenized value L2 + r, previously computed, 
the decrease will be approximately

B2M20 - (M2 p2 - M2 i/2) ~

x (p2 + 2u2) (37)

For the lattice with the largest r (N-l-4.9, 
Table 4), this amounts to 0.006 (5-ft tank) and 
would decrease pexp by about 0.5 per cent. Al­
though the correction may well be significant 
for the more closely spaced lattices, it has not

Table 4 — Results of Anisotropy Measurements

5-ft tank 4-ft tank

Lattice*
f*.

meter-1
v,

meter-1
B2,

meter-2 meter-1
V,

meter-1
B2,

meter-2 r

N-l-4.9
N-l-6.0
E-l-7.5

3.10 ± 0.01
3.10 ± 0.01 
3.10 ± 0.01

1.122 ± 0.02
1.546 ± 0.02 
1.341 ± 0.01

8.35 ± 0.08
7.22 ± 0.08
7.81 ± 0.07

3.86 ± 0.01
3.86 ± 0.01 
3.86 ± 0.01

2.51 ± 0.04
2.74 ± 0.03 
2.64 ± 0.03

8.63 ± 0.21
7.39 ± 0.17
7.94 ± 0.16

1.06 ± 0.05
1.03 ± 0.03
1.02 ± 0.03

♦The letter Indicates the type (normal or enriched) rod; the first number indicates the rod diam­
eter; and the final number indicates the cell spacing.

If r is not unity, B2 as so defined will no longer 
be a constant characteristic of the medium but 
will depend somewhat upon the macroscopic 
dimensions of the lattice. Using subscripts to 
denote measurements in the 4- and 5-ft tanks, 
from Eq. 33

been applied to the lattice calculations because 
of the large experimental uncertainty in r — 1.

8. APPENDIX B: CONSTANCY OF 
THERMAL UTILIZATION

(35)

Table 4 presents the results of the data ob­
tained. The error limitations of the measure­
ments preclude a definite conclusion but seem 
to indicate a small anisotropic effect for tighter 
lattice spacings.

The introduction of anisotropy will decrease 
the computed leakage B2M2. If we assume that 
the average migration area, M2, defined by

M20 = V,(2M* + M2) (36)

We have considered the possibility that the 
conditions of the exponential experiment are 
such that f is not constant over the lattice. This 
would vitiate the use of homogeneous diffusion 
theory and conceivably might occur because of 
the high radial currents near the side of the ex­
ponential tank, currents which are transverse 
to the rods and to the cell structure of the me­
dium. Consequently a series of intracell flux 
measurements was made in a rod-centered 
square lattice cell near the edge of the 4-ft tank. 
The lattice consisted of 1-in. enriched-uranium 
rods on a 4.9-in. spacing. Flux traverses were 
taken along three different directions through 
the rod, allowing accurate experimental flux

• • • • • • •
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contours to be drawn throughout this peripheral 
cell. These are shown in Fig. 8.

There is, of course, no a priori reason why a 
lattice cell need be defined so that a rod is at 
its center, and, in the outer portions of the tank 
where there is a considerable radial current 
and consequently a large gross flux variation 
superposed on the lattice intracell flux pattern, 
the choice of cell can greatly influence the rel­
ative magnitudes of the average moderator and 
uranium fluxes. However, in harmony with the 
assumption that heterogeneous mediums such 
as ours can be treated by using suitable aver­
ages in homogeneous theory, we might expect 
the observed intracell flux pattern to be the 
product of (1) the intracell pattern in an infinite 
lattice and (2) the homogeneous pattern appro­
priate to the tank, J0(p.r). Dividing the observed 
fluxes by this latter function should then give 
an infinite lattice flux distribution in which no 
radial current exists and, consequently, in which 
the thermal utilization is well defined and is 
independent of the choice of cell boundary. This 
procedure has, in fact, always been followed in 
our analysis of intracell data near the tank 
center, where it is a small correction. In the 
peripheral cell analysis the Jo(pr) correction 
effectively removed the large radial current; 
the corrected flux pattern shown in Fig. 9 ap­
pears only slightly distorted from what might 
have been expected for an infinite lattice.

Table 5 — Disadvantage Factor Measurements 
on Lattice E-l-4.9

Central-cell 
values with J0 

correction

Peripheral-
With J0 

correction

-cell values

Without Jo 
correction

F 1.245 1.209 1.217
F m 1.469 1.505 1.490
FFm 1.829 1.820 1.813

Disadvantage factors for the peripheral cell 
were obtained by mechanically integrating the 
flux over the rod and the moderator portion 
of the cell. Table 5 compares the peripheral 
lattice-cell disadvantage-factor measurements 
with the corresponding values for a central

lattice cell; the peripheral-cell values are con­
sidered accurate to ±2 percent and the central­
cell values to ±1 per cent. The agreement be­
tween the two sets of values is quite good; in 
fact, the values of FFm, the quantity most sig­
nificantly affecting the thermal utilization, differ 
by only about 0.5 per cent. It is apparently co­
incidental that, for the rod-centered choice of 
lattice cell, the uncorrected flux values agree 
with the corrected flux values.

We conclude that the usual assumption of f 
constant over the lattice is, indeed, valid and 
that the multiplying mediums of our exponential 
experiment can be suitably averaged and treated 
as homogeneous.

9. APPENDIX C: MEASUREMENT OF AGE

As has been previously mentioned, Atr(D20) 
was measured at this laboratory by the boron­
poisoning method. At the conclusion of that ex­
periment, when the D20 contained approximately 
150 mg of B203 per liter of solution, a natural- 
uranium lattice was placed in the tank, and the 
bucklings and disadvantage factors were ob­
tained. This lattice, 1-in.-diameter rods on a 
4.9-in. square spacing, was one which had been 
previously investigated in the unpoisoned D20.

The only important effect of the added boron 
was to increase the moderator absorption for 
thermal neutrons. This, in turn, would affect 
the quantities B2, L2, and f. Presumably 77, e, 
p, and r would remain unchanged, and we would 
expect

(1 + B2L2)eB2T 
W =-------- 7---------- (38)

to be the same for the borated and unborated 
lattices. Now B2 is directly measurable, and L2 
and f can be computed from known cross sec­
tions and the measured disadvantage factors; 
hence the experiment can be used to check the 
value of r. Combining the unborated (unbarred) 
values with the borated (barred) values, we have

(B2 - B2)t
1 + B2L2 f 
1 + B2L2 f (39)
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Fig. 8-—Experimental flux contours in peripheral cell. The cell is sym­
metrically oriented about a tank diameter, and dots indicate the smoothed 
data points from which the contours were drawn. The large radial gradi­
ent present is evident.
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Fig. 9 — Contours of corrected flux in peripheral cell. Division by Jo(pr) 
effectively removes the radial flux gradient; some asymmetry is, how­
ever, still-evident.
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The parameters obtained for the two lattices 
are listed in Table 6. Substituting these into 
Eq. 39 we obtain

r = 107 ± 5 cm2

Table 6 — Measurements on Lattice N-l-4.9

Lattice parameter Plain DjO Borated D20

B2, meters-2 8.36 ± 0.15 -1.85 ± 0.12
F 1.19 ± 0.01 1.20 ± 0.01
FFm 1.60 ± 0.01 1.69 ± 0.01
f 0.978 ± 0.002 0.778 ± 0.006
L2, cm2 125 ± 3 106 ± 3

The major contributor to the uncertainty in this 
value is the uncertainty in the cross sections 
involved, in particular the uranium absorption 
cross sections. The effect of our experimental 
uncertainties is reduced considerably because 
some of the errors entering the computations 
are related; for example, the quantity B2 — B2 
is just the difference of the respective vertical 
bucklings, a more accurately known quantity 
than is implied by the errors listed for the 
bucklings themselves.

The total age computed for this lattice by the 
methods described in Sec. 4.7 is 108 ± 6 cm2, a 
most satisfactory, if possibly fortuitous, agree­
ment. The partial age from fission to indium 
resonance energies for this lattice was com­
puted to be 102 ± 5 cm2. Subtracting this from 
the measured age, we obtain an effective age 
from indium resonance to thermal of 5 ± 7 cm2. 
This is hardly an accurate determination, but it 
does favor the value 6 cm2 used in our lattice 
calculations as opposed to the value of about 
25 cm2 that has often been used but which more 
properly applies to plain DjO.
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ABSTRACT

The first core loading of the Experimental 
Breeder Reactor was of unalloyed enriched ura­
nium. A solvent-extraction recovery scheme 
for this core material using tri-n-butyl phos­
phate is described. The process consists of a 
single extraction-scrub-strip cycle. The ex­
traction of fission-product zirconium is mini­
mized by complexing with oxalate ion, and the 
extraction of the small amounts of plutonium is 
minimized by reducing to the trivalent state. 
The laboratory data leading to the process flow 
sheet are presented. The results of the semi- 
works investigation of the process at the West 
Stands and the operation of a second unit at 
Lemont are described.

1. INTRODUCTION

The fuel for the first loading of the Experi­
mental Breeder Reactor (EBR) core was un­
alloyed enriched (94 per cent) uranium. In order
to determine the conversion ratio by radio­

chemical analysis, it was required that the re­
actor be sampled liberally. It was necessary to 
provide decontamination and recovery facilities 
for these samples. Also, at the time the EBR 
fuel loading was being prepared and during the 
early phases of the reactor operation, it was 
necessary to guarantee the prompt return of 
the enriched uranium to the national stockpile. 
During the period of reactor design the Idaho 
processing facility under consideration was re­
stricted to the Materials Testing Reactor (MTR) 
fuel; thus it was necessary to have available an 
EBR recovery process.

The MTR hexone-extraction process devel­
oped at Oak Ridge National Laboratory (ORNL) 
for use at the Idaho processing facility1 * * * might 
have been used for the recovery and decon­
tamination of the EBR fuel. In this process a 
fission-product decontamination of about 101 is 
realized in one solvent-extraction cycle and 108 
or more in two extraction cycles. Therefore 
two solvent-extraction cycles would be required 
to achieve the decontamination factor of 105 
necessary, as explained later, for the EBR fuel.

39 ~

CONFIDENTIAL
. - ... - --- ••

8 43



40 L. BURRIS ET AL.

After each hexone cycle ruthenium activity pre­
dominates, being greater than 90 per cent of the 
total.1 The promise of a considerably greater 
decontamination from ruthenium with a tri-w- 
butyl phosphate (TBP) solvent pointed to the 
possibility of achieving adequate decontamina­
tion of EBR fuel in a single solvent-extraction

the Idaho Chemical Processing Plant (ICPP), for 
UM5 and to process the bulk of the EBR fuel 
there. Since a considerable time lapse was in­
evitable before the ICPP would be in operation, 
it was necessary to build, earlier, an installa­
tion at the new Argonne site at Lemont. This 
installation was ready to operate by the summer

OFF-GAS SYSTEM

60% HNO

55 CC/M
50-400 G U

SAMPLE FOR 
BURN-UP 
DETERMINATION

WASTE DISPOSAL

60% HNO

FEED TANK

TO SOLVENT 
RECOVERY

4 4 CC/ MIN

66 CC/M IN

ORGANIC
RAFFINATE

(OWI)

DISSOLVER
SOLUTION

PRODUCT 
4.5 M 

UOt(NOj),

DISSOLVER

CONCEN­
TRATOR

SOLVENT

N CCIAQUEOUS
RAFFINATE

(AW)

STRIP SOLUTION 
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(PI)

0 4 M HNO,
0.42 M 

U0e(N0,)j

EXTRACT

005 M Fe(NHfSO,),

SCRUB SOLUTION

FEED SOLUTION 
04 M UOt(NO,)t 
3M HNO,
0.04 M Na,Cz04 
0.05 M F«(NHtSO,),

Fig. 1 — Flow sheet for one-cycle unit solvent-extraction plant.

cycle. Another highly desirable feature of a 
TBP-extraction process is that, since nitric 
acid is used as the uranium salting agent, the 
wastes are comparatively free of salts and can 
be easily concentrated. Accordingly, since a 
one-cycle TBP process for recovery of theU235, 
taken for the conversion-ratio determination, 
appeared both feasible and advantageous, labo­
ratory and semiworks development of such a 
process was commenced at Argonne National 
Laboratory (ANL). This task was finished in 
1950 and has been reported2 in detail.

Late in the developmental program at Argonne 
on the EBR separations scheme, an AEG policy 
decision was made to convert the MTR proc­
essing installation to a central processing plant.

of 1951 and has been used, as planned, in the 
recovery of the analytical samples taken from 
the EBR for the conversion-ratio determina­
tion.* Even if the semiworks unit had been 
adequately shielded, it was unfortunately im­
possible to use it for this task since it had to be 
dismantled in the move of the group from the 
West Stands to the Lemont installation.

This article reports, briefly, the laboratory 
development, the semiworks testing of this 
process, and the operation of the analytical fa­
cility. It is believed that this information will 
be instructive since this process is one of 
the simplest of solvent-extraction recovery 
schemes and since it is unusual in the use of 
carbon tetrachloride as a diluent for TBP.
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2. ARGONNE EBR FUEL-RECOVERY 
PROCESS

2.1 Factors Circumscribing the Process

The EBR fuel elements in the first loading 
consisted of small cylindrical pieces of 94 per 
cent enriched uranium. These slugs were placed 
end-to-end in an EBR fuel rod and were sand­
wiched between natural-uranium slugs. These 
natural-uranium slugs were canned in 5-mil- 
thick stainless-steel jackets to prevent dilution 
of the enriched uranium if migration of ura­
nium within the fuel-rod jacket occurred. All 
the slugs of a fuel rod were contained in a 
stainless-steel tube having a wall thickness 
of 0.56 mm and an outside diameter of 1.138 
cm. The space between the uranium and the 
stainless-steel jacket was filled with sodium- 
potassium alloy as a liquid bond. After dis­
charge the fuel was mechanically decanned, the 
sodium potassium alloy was removed, and the 
slugs were placed in aluminum shipping con­
tainers at the Argonne facility at Idaho. The 
fuel received for analytical investigations at 
Lemont was in the form of bare slugs in alu­
minum containers.

It was planned that the reactor might operate, 
on its first loading, to 0.1 per cent burn-up of 
the uranium. For this low burn-up of uranium 
a decontamination factor of 105 from fission- 
product activity, after cooling at least 60 days 
to allow decay of the active UMT, suffices to re­
duce the beta and gamma activities to a safe 
level for hand operation in subsequent metal­
lurgical steps.* The plutonium produced in the 
enriched-uranium fuel was estimated to be low 
and not worthy of recovery; after the core was 
finally analyzed, the plutonium was found to 
total 0.1 g in the 54-kg core. A decontamination 
factor of 200 is sufficient to reduce the, amount 
of plutonium to the required value of

2.2 Flow Sheet for Argonne EBR Process

In the Argonne process for recovering the 
enriched uranium, the core metal is dissolved 
in nitric acid. The uranium is extracted from 
the feed solution which is 0.1M in uranyl ni­
trate, 3M in nitric acid, 0.05M in ferrous sul- 
famate, and 0.01 M in sodium fluosilicate or

sodium oxalate. The organic solvent is 0.4M 
TBP in carbon tetrachloride. This extraction 
is performed continuously in an extraction col­
umn with the lighter aqueous phase as the con­
tinuous phase. In the lower portion of the col­
umn, the uranium-bearing organic solvent is 
scrubbed with an aqueous solution to effect 
further removal of fission products from the 
uranium. This scrub solution has the same 
composition as that of the feed solution except 
that no uranyl nitrate is present. In a second 
column the uranium is stripped from the organic 
solvent into a dilute nitric acid (0.01M) solution. 
These two columns thus represent one cycle. 
The flow sheet that was, in general, followed in 
the analytical recovery unit is shown in Fig. 1. 
In actual practice the aluminum shipping con­
tainers for the slugs were also dissolved with 
the uranium in nitric acid. The resulting alu­
minum concentration was about 0.05 moles/ 
liter. To facilitate the dissolution a small 
amount of mercuric nitrate catalyst in the nitric 
acid was used. Slightly different volume ratios 
were employed in the flow sheet used for semi­
works testing of the process.

3. LABORATORY DATA LEADING TO FLOW 
SHEET

Some of the laboratory data leading to the 
ANL procedure for recovery of the EBR fuel 
are covered below. Since data of a similar 
nature and the method of interpretation to lead 
to a solvent-extraction flow sheet are already 
available in the literature,1’* an attempt will 
be made to emphasize those points which are 
considered unique.

3.1 Basic Principles of the Solvent-extraction 
Procedure

TBP forms complexes with uranyl nitrate and 
Pu(IV) nitrate. These complexes are sufficiently 
specific that they can be used to separate ura­
nium and plutonium from fission products. If a 
complex is formed when the plutonium is re-' 
duced to the III state, it is very unstable, and a 
separation of the uranium from the plutonium 
and the fission products may be made. TBP 
itself is too viscous a material fora continuous- 
extraction unit; thus it requires a diluent to 
produce favorable physical characteristics.
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TBP, when dissolved in a diluent, extracts ura­
nium and nitric acid according to the following 
equations:

UOj 2(aq) + 2NOj (aq) + 2TBP(org)

- (TBP)z-U02(NOj)2(org) (1)

H+(aq) + NOj(aq) + TBP(org)

- TBP-HNOj(org) (2)

Eq. 1 shows the maximum solubility of uranium 
in the organic phase to be 1 mole of uranium to 
2 moles of TBP.

Whereas the equilibrium constants for these 
reactions in the appropriate diluent describe the 
system over a moderate concentration range,4 
experimental distribution data that take into 
account the mutual effects of varying uranium, 
nitric acid, and TBP concentrations were actu­
ally used for process design.

From Eq. 1, it is seen that extraction of ura­
nium into the organic layer can be enhanced by 
increasing the nitrate concentration. Stripping 
into water is accomplished by reversing this 
reaction, i.e., by using low nitrate-ion concen­
trations.

3.2 Selection of Diluent for TBP

Favorable characteristics of a TBP diluent 
are good stability to nitric acid and irradiation, 
reasonably low viscosity, specific gravity lower 
than 0.8 or higher than 1.2, noncorrosivity to 
stainless steel, high flash point (greater than 
80°F), ready availability, easy attainment of 
high purity, and lack of reactive groups which 
might lead to extraction of fission products. In 
the Purex process6 the diluent for the TBP is 
a hydrocarbon mixture, whereas, in the ANL 
process for recovery of uranium from the EBR 
fuel and in the Halex process,* the diluent is 
carbon tetrachloride. Since the diluent is an 
important difference between this process and 
other solvent-extraction processes, some detail 
of the work leading to its selection will be given. 
In order to present complete information, data 
are taken from the Halex process development 
program;* however this program was not fin­
ished until considerably after the development 
of the EBR separations process was completed.

(a) General Types of Compounds Considered 
for Diluents. Because of the many require­
ments necessary for a suitable diluent, serious 
consideration was given to only two main groups 
of compounds, halocarbons and hydrocarbons. 
As a result of preliminary screening tests to 
determine stability and TBP miscibility of 
various compounds, the following observations 
were made.

Tests of TBP solubility in fluorocarbons con­
firmed the suspicion that these compounds have 
low solubility for TBP. For example, at room 
temperature the solubilities of TBP in per- 
fluoroheptane, perfluorotriethylamine, and per- 
fluorodiethylpropylamine are 0.2, 2.1, and 4 
vol. %, respectively. Compounds of this type 
were therefore eliminated from further con­
sideration.

A number of fluorochlorocarbon compounds 
were tested and were found to exhibit a reason­
able solubility for TBP. Since this type of com­
pound was known to be highly stable under many 
conditions, several of these liquids were chosen 
for corrosion and stability tests. However, the 
uranium-TBP complex formed in extraction 
must also be soluble in the diluent selected. 
Experiments were performed to determine 
whether the solubilities of these complexes in 
various diluents were adequate for an extrac­
tion process. It appeared that all fluorochloro­
carbon diluents considered, with the exception 
of Fluorolube-FS, had satisfactory solubility 
characteristics. In this case a third phase was 
formed when an extraction was attempted. The 
top phase was mainly water, the middle phase 
TBP, and the bottom phase Fluorolube-FS. Ura­
nium was present in all three phases.

During the consideration of the hydrocarbons 
it was felt that the use of a diluent which was a 
mixture of organic compounds would lead to 
difficulty in setting solvent specifications and 
also to poorer decontamination. Therefore con­
sideration was limited to pure hydrocarbons 
only. The pure suitable hydrocarbons were 
found to be unavailable in quantity at that time. 
Furthermore, because of their flammability, 
these compounds were considered less desira­
ble than the halocarbons. No additional consid­
eration was given to hydrocarbons.

Chlorocarbons received extensive considera­
tion as diluents, and carbon tetrachloride is
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typical of this group. Additional compounds 
investigated and eliminated were o-dichloro- 
benzene, ethylene dichloride, and tetrachloro- 
ethylene.

As a result of these considerations and in­
vestigation of the availability of various mate­
rials, the group of compounds listed in Table 1 
was selected for further testing.

listed in Table 1 led to about 40 ppm of chlo­
ride in an equal volume of the aqueous phase 
after a period of 400 hr. It was also found that 
the rate of decomposition was independent of 
nitric acid concentration in the dilute region. 
More strenuous tests8 were carried out, and it 
was found that the stabilities to acid of the dil­
uents under consideration did not differ greatly.

Table 1 — Physical Properties of Possible TBP Diluents

Compound

Boiling
point,

'C

Freezing
point,

•c

Specific 
gravity 
at 20“C

Carbon tetrachloride 77 -23 1.60
Freon-112 (CFC12-CFC12) 92 26 1.65
Freon-113 (CFC12-CF2C1) 
Freon-316 (dichlorohexa-

48 -31 1.64

fluorocyc lobutane) 60 -15 1.62

Table 2 — Corrosion of Stainless Steel in Nitric Acid —TBP 
Solvent Mixtures at SO'C*

Cumulative penetration, mils/year

Type 304 stainless steel Type 347 stainless steel

Organic phase
100-hr
exp.

200-hr
exp.

400-hr
exp.

100-hr
exp.

200-hr
exp.

400-hr
exp.

Nonet 0.1 0.04
70% CCI4—30% TBP 0.4t 0.04t 0.1 0.06

70% F-112-30% TBP 0.05 0.04 0.02 0.03 0.04 0.05
70% F-113-30% TBP 0.48 0.22 0.16 0.09 0.05
70% F-316-30% TBP 0.03 0.05 0.02 0.12 0.03 0.08

♦Two-phase system rapidly stirred; aqueous phase, 3M nitric acid. 
tSingle phase, 3M nitric acid.
flO per cent TBP in CC14; data from Report ANL-4463.

(b) Relative Acid Stabilities of Carbon Tetra- 
chloride and Fluorochlorocarbons. The relative 
stabilities of the compounds listed in Table 1 to 
acid were compared in the presence of 347 
stainless steel in two-phase systems consisting 
of diluent, TBP, and 3M nitric acid. The con­
centration of chloride ion in the aqueous phase 
was considered to be a measure of the extent of 
decomposition of the organic compound. At 50°C 
the decomposition of each of the four diluents

(c) Corrosion of Stainless Steel by Nitric 
Acid—TBP Solvent Systems. The rate of cor­
rosion of stainless steel (types 304 and 347) in 
nitric acid —TBP solvent systems at 50°C were 
preliminarily determined (see Table 2). These 
data indicate that the corrosion rates for all the 
diluents tested are about the same as those for 
3M nitric acid alone under the experimental 
conditions employed. In all cases the stainless 
steel remained untarnished at the conclusion of
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the test, and no evidence of pitting was apparent 
to the naked eye. Further data on corrosion of 
stainless steel are available in the Halex proc­
ess development work.6 The most significant 
corrosion test, of course, was the lack of cor­
rosion difficulty in running the EBR semiworks, 
EBR analytical facility, and Halex semiworks 
units with the carbon tetrachloride diluent.

At the completion of these simple screening 
tests, it appeared that carbon tetrachloride 
would very likely be the best diluent. Carbon 
tetrachloride is easily obtained in a pure form; 
is as good as, or better than, from the stability 
and corrosion standpoints, any of the other 
halocarbons; and is not flammable. The use of 
a nonflammable diluent is, of course, of con­
siderable importance in a plant handling high 
levels of radioactivity. Carbon tetrachloride 
alone was therefore subjected to a more thor­
ough investigation.

(d) Photochemical Decomposition of Carbon 
Tetrachloride in the Presence of Uranyl Ion. 
Before discussing the irradiation stability of 
carbon tetrachloride, it is appropriate to men­
tion a complicating factor. It has been observed 
that carbon tetrachloride undergoes photochem­
ical decomposition in the presence of uranyl 
ion when exposed to light in the visible region. 
It is believed that this effect has at other labo­
ratories led to erroneous results in irradiation 
decomposition studies and also may have caused 
some erroneously high corrosion effects.

It was found, for example, that a typical 
organic phase containing TBP and uranium, 
when exposed to ordinary laboratory fluorescent 
light, would form 50 ppm of chloride in 20 min 
with a rate of formation decreasing with time.6 
It was established that this photochemical de­
composition does not take place except in the 
presence of uranium.

Thus, if the investigator were unaware of this 
photochemical reaction, invalid data could be 
obtained. Erroneously high corrosion could be 
observed if the experiment were done in the 
presence of light and uranium. If analytical 
samples for chloride analysis were improperly 
stored, the results would be meaningless.

The mechanism of this reaction is different 
from that on exposure to gamma irradiation. In 
plant operation these solvent systems are not 
exposed to light except, perhaps, in sample 
bottles.

(e) Radiation Stability of Carbon Tetrachlo­
ride. A number of different types of labora­
tory experiments have been carried out in an 
effort to evaluate the seriousness of the radia­
tion damage of carbon tetrachloride. Appro- 
p. iate systems have been irradiated at a rather 
low level in a Van de Graaff accelerator.2 Ex­
periments have also been carried out at ANL6 
and at Hanford7 in which the appropriate or­
ganic phase was contacted with a highly active 
solution of fission products and uranium in 
nitric acid for extended periods. Irradiations 
were carried out at Argonne and at Knolls 
Atomic Power Laboratory8 using Co60 irradia­
tions. Experiments were also carried out at 
Hanford in which the appropriate two-phase 
systems were irradiated in the slug-cooling 
basin. These experiments were compared and 
brought into general agreement by G. Starr 
Nichols of E. I. du Pont de Nemours & Company 
and were reported by Burris et al.6

Semiworks runs in establishing the Halex 
process provide good information on carbon 
tetrachloride radiation stability since these 
runs were made under typical solvent-extrac­
tion-process conditions. The semiworks runs 
at full-process Savannah River activity levels 
showed carbon tetrachloride to have high sta­
bility to irradiation damage as indicated by the 
presence of only 10 to 20 ppm of chloride ion 
in the first-cycle aqueous wastes. Chloride ion 
equivalent to a concentration of 5 to 10 ppm can 
easily be introduced into influent streams, par­
ticularly in the active feed solution. This arises 
from the decanning operation in the Halex or 
Purex processes in which commercial sodium 
hydroxide containing 1 to 2 per cent sodium 
chloride is used. It is difficult to wash the bare 
slugs completely free of this chloride-contain­
ing solution.

The beta-gamma irradiation levels of an EBR 
process are considerably less than those of a 
Halex type process if the more dilute feed used 
in the EBR process is considered. Thus the 
above data constitute a very thorough test of the 
use of carbon tetrachloride in an EBR process.

3.3 Uranium and Fission-product Extraction

In the study of the extraction of uranium, 
plutonium, and fission products by TBP, it was 
decided to carry out preliminary work with
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methylcyclohexane as a diluent. It was appre­
ciated that this diluent had too low a flash point 
to be desirable in a solvent-extraction process. 
It was, however, necessary to obtain pertinent 
data while the experimental work leading to 
final diluent selection was being carried out.

A thorough distribution study was conducted2 
and used in establishing the flow sheet given in 
Fig. 1. It is appropriate in this article to indi­
cate only the general tenor of these data.

(a) Uranium Equilibriums. It was found that 
the extraction of uranyl nitrate behaved in a 
straightforward manner. Either increasing the 
uranium concentration in the aqueous phase, 
increasing the TBP concentration in the organic 
phase, or increasing the aqueous nitric acid 
concentration increased the uranyl nitrate con­
centration in the organic phase. There was only 
one exception to the above statement in that in­
creasing the nitric acid from 5 to 7 moles/liter 
decreased the uranyl nitrate extraction very 
slightly. Thus for all TBP concentrations 0.1 
to 0.4 moles/liter at aqueous-phase uranyl 
nitrate equilibrium concentration of 0.1 moles/ 
liter, the maximum distribution ratio (organic/ 
aqueous) occurs at about 5 moles/liter. Another 
qualification that should be mentioned is the 
somewhat obvious fact that the organic phase 
becomes saturated with uranyl nitrate [i.e., 
(TBP)2 • U02(N03)2, thus limiting the uranyl ni­
trate concentration for any given TBP concen­
tration].

(b) Gross Beta and Gamma Activities. Rather 
complete experiments were carried out to elu­
cidate the behavior of fission products in the 
extraction process.2 It was found that the ex­
traction of gross beta and gamma activities 
decreases slightly as the solvent uranium con­
centration increases, with other variables being 
held constant. The extraction of the gross beta 
and gamma activities increases markedly with 
increase in the nitric acid concentration of the 
aqueous phase. Thus for a constant (60 per 
cent) uranium saturation of the organic phase, 
gross gamma-activity ratios (organic/aqueous) 
were nearly 100-fold greater for an aqueous 
phase 7M in nitric acid than for one 1M in ni­
tric acid. In the aqueous acidity range of 1 to 
7 moles/liter, beta ratios are much less af­
fected by acidity than are ggmma ratios, in­
creasing 20- to 30-fold instead of 100-fold.

The decontamination of uranium from fission

products depends upon both the uranium and 
gross-activity ratios. This separation is some­
times expressed quantitatively as the separa­
tion factor, i.e., uranium distribution ratio 
(organic/aqueous) divided by the gross beta- or 
gross gamma-activity ratio. This separation 
factor, although not readily achievable in con­
tinuous countercurrent extraction, is a conven­
ient indication of the relative effects of a par­
ticular variable on the achievable separation of 
uranium from gross beta or gamma activities.

The effect of the aqueous-phase nitric acid 
concentration, at 60 per cent uranium satura­
tion of the organic phase on the separation fac­
tor for gross beta and gamma activities, is 
shown in Fig. 2. The maximum separation fac­
tor of uranium from gross beta activity oc­
curred at an aqueous equilibrium nitric acid 
concentration of 2 to 3 moles/liter. A different 
maximum occurred for each TBP concentration, 
the highest separation factor being 1.2 x 104 for 
a solvent 0.2M in TBP and the lowest 6 x 102 
for a solvent 0.4M in TBP. No such maximum 
in the separation factor of uranium from gamma 
activity occurred with change in the aqueous 
nitric acid concentration. Instead the separation 
factor decreased from 2.3 x 10s to 100, with in­
crease in nitric acid concentration from 1 to 7 
moles/liter.

(c) Individual Fission-product Equilibriums: 
the Use of Complexing Agents. The concentra­ * 10
tions of zirconium, cerium, and ruthenium were 
measured only for the series of extractions 
made with 0.4M TBP in methylcyclohexane 
since, only for this series, was sufficient activ­
ity extracted into the organic phase to justify 
individual fission-product analyses. Even so 
the counts of ruthenium present in the organic 
phase were too low for results to be meaning­
ful, and too few cerium analyses were obtained 
for satisfactory interpretation.

It was found that the extraction of zirconium, 
which constitutes a major portion of the beta 
activity in the extract as compared to only 5 to
10 per cent in the feed, decreases as the sol­
vent uranium concentration increases and is 
increased by an increase in the aqueous-phase 
nitric acid concentration. For an aqueous phase
0.1M in uranium, the zirconium ratio increases 
about 10-fold, from about 0.001 to 0.01, as the 
nitric acid concentration is increased from 1 to
6.5 moles/liter, with a consequent decrease of
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URANIUM-GROSS BETA-ACTIVITY FACTORS
0.2M TBP

10,000

0.1 M TBP7000
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URANIUM-GROSS GAMMA-ACTIVITY FACTORS5 2000
EITHER 0.4 OR 
02M TBP

1000
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AQUEOUS NITRIC ACID CONCENTRATION , MOLES/LITER

Fig. 2 — Separation factors of uranium from gross beta and gamma activities as 
a function of aqueous nitric acid concentration. (Curves for solvent 60 per cent 
saturated with uranium at equilibrium.) Solvent: TBP in methylcyclohexane. 
Activity: from 100-day-irradiated, 270-day-cooled ORNL slugs.

1000 to about 50 in the uranium-zirconium sep­
aration factor.

Since zirconium is one of the principal fis­
sion products which is extracted by TBP, it was 
anticipated that the high extraction of zirconium 
relative to that of the other fission products 
would limit the decontamination obtainable in an 
extraction cycle. A search, therefore, was made 
for an aqueous-soluble zirconium complexing

agent that would lessen the extraction of zir­
conium without limiting the extraction of ura­
nium. As shown in Table 3, at a concentration 
of 0.01 mole/liter, oxalate in the aqueous phase 
decreased the extraction of zirconium by a fac­
tor of about 60, compared with a factor of about 
20 for fluosilicate. The presence of oxalate 
does not interfere with extraction of the ura­
nium to an aqueous uranium concentration of
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ICT6 mole/liter which represents a uranium 
loss of 0.001 per cent for a feed uranium con­
centration of 0.1 mole/liter.

(d) Pu(IV) Equilibriums: the Reduction to the 
in State. Since a small amount of Pu239 is 
formed in the enriched-uranium core of the 
EBR, a modest decontamination factor of about 
200 is necessary. Laboratory extraction data 
indicated that the presence of oxalate or fluo- 
silicate would lead to adequate complexing of

(e) Substitution of Carbon Tetrachloride Dil­
uent for Methylcyclohexane. The data cited 
above, except for the plutonium distribution 
studies, were determined using methylcyclo­
hexane as the diluent. It was realized that this 
diluent would not ultimately be satisfactory. 
After it had been determined that carbon tetra­
chloride was a satisfactory diluent, key data 
were redetermined using carbon tetrachloride. 
It was found that the change of diluents neither

Table 3—Comparison of Zirconium Complexing Agents*

Complexing 
agentt

HNOj cone, 
in aqueous, 
moles/liter

Zr beta 
ratio, 
org/aq

Decrease factor
in Zr beta ratio
relative to blank

U ratio, 
org/aq

None 3 6.7 x 1(T3 4.1
None 5 1.9 x 10-2 4.7
Citrate 3 2.1 x KT3 3.2 3.9
Citrate 5 1.6 x KT2 1.2 4.8
Fluoride 3 5.4 x KT4 12 3.8
Fluoride 5 1.1 x KT3 17 4.7
Fluosilicate 3 4.4 x 1(T4 15 3.8
Fluosilicate 5 7.9 x KT4 24 4.7
Oxalate 3 8.5 x KT5 79 3.5
Oxalate 5 3.3 x KT4 58 4.5

♦Aqueous: 0.1M uranyl nitrate, 3M or 5M nitric acid, and 3.4 x 108 
counts/min/ml Zr tracer; solvent: 0.4M TBP in methylcyclohexane; and 
equal volume extractions.

tConcentration = 0.01 mole/liter.

the plutonium so that the decontamination re­
quirements would be met. Contrary to the sat­
isfactory tetravalent plutonium decontamination 
predicted by the laboratory data, decontamina­
tion from plutonium in the first fifteen semi­
works runs with either oxalate or fluosilicate 
was very poor, generally less than ten.

Since trivalent plutonium is essentially non- 
extractable, it was decided to guarantee decon­
tamination from the plutonium by reducing it to 
the trivalent state with ferrous sulfamate rather 
than to attempt to resolve the reasons for the 
difference between laboratory predictions and 
semiworks results with tetravalent plutonium. 
This treatment reduced plutonium laboratory 
distribution ratios in the presence of oxalate 
by a factor of about 500, giving a thoroughly 
adequate opportunity for good plutonium decon­
tamination. This procedure was successful as 
described in Sec. 4.

appreciably affected that data nor invalidated 
the above conclusions.

(f) Selection of First Contactor (Extraction 
and Scrubbing) Conditions. As a result of the
laboratory investigations outlined above, the 
compositions of the various streams were se­
lected and are as follows:

Feed solution: 0.1M uranyl nitrate; 3M nitric 
acid; and 0.01M sodium oxalate or sodium 
fluosilicate.

Scrub solution: Same as feed solution except 
that no uranyl nitrate is present.

Organic solvent: 0.4M TBP in carbon tetra­
chloride.

The method of selection of the flow ratios has 
been described in detail in reference 2; there­
fore it will not be covered here. It is possible 
to use many different flow-ratio combinations. 
In the early semiworks runs a volume ratio of 
feed to scrub to solvent of 4:1:5 was employed.
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In later runs the amount of organic extractant 
was gradually and successfully decreased until 
the ratios of feed to scrub to solvent were 
5.5:1: 5.

The solvent of 0.4M TBP was chosen because 
of the lower solvent consumption required de­
spite the lower separation of uranium from 
beta activity with a 0.4M TBP solvent than with 
either a O.lMor a 0.2M TBP solvent (by a max­
imum factor of 2).

As mentioned above, when it became known 
later that decontamination from plutonium was 
unsatisfactory in semiworks operations, ferrous 
sulfamate at a concentration of 0.05 mole/liter 
was incorporated as a constituent of the feed 
and scrub streams.

3.4 Stripping of Uranium from a TBP —Carbon 
Tetrachloride Solvent

Data for the stripping of uranium from the 
0.4M TBP—carbon tetrachloride solvent system 
have been obtained and extend over a uranyl 
nitrate concentration of from 10-s mole/liter 
to about 0.1 mole/liter. For water the uranyl 
nitrate ratio increases from about 10 (aqueous/ 
organic) with O.OlMuranyl nitrate in the organic 
phase at equilibrium to several hundred for 
solvent uranyl nitrate concentrations in the 
range of 5 x 10~s to 10-T mole/liter. Although 
distribution ratios are highest with pure water, 
the use of a dilute nitric acid strip solution, 
e.g., 0.01 mole/liter is believed advisable in 
order to ensure a reasonably low pH throughout 
the stripping system.

4. DEMONSTRATION OF TBP-EXTRACTION
PROCESS IN SEMIWORKS OPERATIONS AT
WEST STANDS

Sixteen active semiworks runs were made in 
developing and demonstrating theANL recovery 
process for the EBR fuel. Sufficient information 
was obtained to make feasible the design of 
full-scale plant facilities for recovery of ura­
nium by this process. Over-all uranium losses 
in this series of runs were consistently 0.1 per 
cent or less. From the data obtained the col­
umn heights necessary to reduce over-all ura­
nium losses to less than 0.1 per cent in plant 
operation can be safely predicted.

Very high f i s s i o n-product decontamination

factors were obtained for a single extraction 
cycle. With optimum conditions using Hanford 
slugs cooled 85 days, beta decontamination fac­
tors were 10s‘s whereas the gross gamma de­
contamination factors were 10*'*.

The results of the semiworks investigations 
will be briefly outlined, as were the laboratory 
results. For more detailed information it is 
suggested that the original report2 be consulted.

4.1 Description of Semiworks Equipment

The semiworks studies were conducted in 
1-in. stainless-steel columns packed with %- 
in. stainless-steel Raschig rings. The packed 
height in the extraction-scrubbing column was 
23 ft, which could be divided into al4-ft extrac­
tion section and a 9-ft scrubbing section or a 
17-ft extraction section and a 6-ft scrubbing 
section. The packed height in the stripping 
column was 15 ft. Interface control was ef­
fected by means of Taylor Fulscope Interface 
controllers.

Solutions were pumped with Milton Roy pumps 
and, with the exception of the aqueous scrub 
stream, were all pumped to spill-over points 
from which they flowed by gravity into the col­
umn. The aqueous scrub stream was pumped 
directly into the column. The active feed solu­
tion was pumped by displacement with methyl­
cyclohexane.

A schematic diagram of the equipment is 
shown in Fig. 3.

4.2 Results of Semiworks Studies

(a) Decontamination from Individual Fission 
Products. Although changes throughout the 
series of sixteen runs were made in various 
variables, the effects of these changes were 
small in comparison with the dependence of 
gross decontamination factors on slug-cooling 
time. Decontamination improved with a slug­
cooling time up to about 70 days, with further 
aging having little or no effect. For example, 
using 50- to 120-day-cooled Clinton slugs, the 
beta factors increased from 104-2 to 104-T and 
gamma factors from 10s'8 to 104"T.

The lower decontamination with the shorter 
cooled slugs is due to the 8-day Im activity. 
This activity is very poorly removed, and it 
limits the gross beta and gamma decontamina-
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TAYLOR DIFFERENTIAL

COLUMN 1A
DIA: I.O" IPS STAINLESS-STEEL PIPE 
TOTAL length: 25.0 FT 
PACKED LENGTH: 23.0 FT 
PACKING: 1/4" * 1/4'' STAIN LESS - STEEL 

RASCHIG RINGS

COLUMN IB
DIA: 1.0" IPS STAINLESS— STEEL PIPE 
TOTAL LENGTH: 16.75 FT 
PACKED LENGTH: 15.0 FT 
PACKING: 1/4" x 1/4" STAI N LESS - STEEL 

RASCHIG RINGS

Fig. 3—Schematic diagram of EBR separations columns.

tion achievable. For example, fission-product 
analysis demonstrated that the decontamination 
from iodine varied from 101,5 to 102,<.

Consistently high decontamination from other 
major fission products (cerium, ruthenium, and 
zirconium) was found in the runs. In the absence 
of iodine these fission products account for 
most of the activity associated with the sepa­
rated uranium. Thus there is the indication that 
the ultimate level of activity associated with the 
uranium would be independent of slug-cooling 
time, provided the iodine activity were allowed 
to decay out either before or after processing. 
If aging time is defined as the time from dis­

charge of fuel to the start of hand-manipulated 
operations on the uranium, a decontamination 
factor for iodine of 600 would be required for 
60-day-aged EBR fuel, 100 for 80-day-aged, 
and 20 for 100-day-aged material. In its present 
state of development, therefore, processing of 
EBR fuel in conjunction with an over-all cooling 
time of 100 days is needed to ensure sufficient 
reduction of fission-product activity for safe 
handling in direct operations.

An examination of the complete data2 reveals 
very uniform decontamination factors for ru­
thenium, zirconium, and cerium. In runs with 
Clinton slugs ruthenium decontamination is
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about 104'1, cerium 105'8, and zirconium 105. 
The use of Hanford slugs allowed the detection 
of higher decontamination factors than was pos­
sible with Clinton slugs. The decontamination 
factors for ruthenium, cerium, and zirconium, 
using Hanford slugs, are about 104-S, 105 r, and 
105"5, respectively.

Semiworks runs were also made to compare 
the decontaminations found for zirconium in the 
presence of either sodium fluosilicate or sodi­
um oxalate. The results obtained for each were 
essentially the same. It was therefore con­
cluded that either reagent could be used. In the 
operation of the unit at Lemont, described in 
Sec. 5, the oxalate was used.

(b) Decontamination from Plutonium. Pluto­
nium-decontamination factors in the runs with­
out ferrous sulfamate were generaUy less than 
10 which is considerably below the required 
value (about 200); however, one value of 38 was 
obtained. As discussed previously these factors 
were much poorer than the values of 200 ex­
pected on the basis of laboratory data. The 
reasons for this were not discovered. In later 
runs 0.05M ferrous sulfamate was employed in 
feed and scrub streams to reduce the pluto­
nium to the inextractable trivalent state. High 
plutonium-decontamination factors of 180 to 680 
demonstrated the success of this measure.

(c) Number of Theoretical Stages Present in 
Extraction and Stripping Columns. For the ex­
traction column it was found that the height 
equivalent to a theoretical stage (HETS) varied 
from 2.2 to 3.3 ft, the average being 2.7 ft. A 
safe design value for the HETS is regarded as 
3 ft. It is felt that the length of the extraction 
section in plant operations should be a minimum 
of 20 ft and preferably 25 ft. A 10-ft scrubbing 
section in conjunction with the extraction sec­
tion is believed adequate. The details of the 
calculations are given in the complete report.2

It was difficult to determine the number of 
theoretical stages present in the stripping col­
umn since the nitric acid concentration of the 
stripping solution changed continuously as it 
passed through the column. However, it was 
estimated that the HETS was in the neighbor­
hood of 6 ft. For plant operations it was rec­
ommended that 20 ft of packing be employed in 
the stripping column to ensure a low loss of 
uranium in the organic phase.

^8
Cb CO

5. THE ENRICHED-URANIUM RECOVERY 
FACILITIES AT LEMONT

As explained in Sec. 1, it was necessary to 
build an installation at ANL which could re­
cover the core of the EBR in case of a national 
emergency. This installation has been used for 
the recovery of the analytical samples taken 
for the burn-up determination. It would not 
have been possible to use the semiworks equip­
ment described in the previous section since 
the group had to vacate the West Stands, where 
it was located. The new facilities were subse­
quently designed, were erected, and were ready 
for operation at the end of the summer of 1951. 
The design philosophy caUed for a batch size 
that is limited to one-half of criticality. The 
capacity of the installation with three-shift op­
eration is 1 kg of uranium per day. However, 
if this unit were to operate on highly irra­
diated material over an extended period, there 
would be a serious problem of waste disposal 
at the Lemont site. The operating area of this 
unit is shown in Fig. 4. The equipment in­
stalled provides means of (1) dissolving EBR 
fuel elements, (2) decontaminating the enriched- 
uranium dissolver solution by the solvent- 
extraction process, (3) reducing the product- 
solution volume so that the final concentration 
is 200 to 300 g of uranium per liter, (4) remov­
ing residual trace fission products (mostly zir­
conium) and clarifying the product solution by 
passing it through a silica gel column, and 
(5) reducing the volume of the fission-product 
aqueous-waste stream. The flow sheet used is 
shown in Fig. 1.

5.1 Description of EBR Fuel Processing 
Facilities

The sampling of the enriched core of the EBR 
consisted of a complete traverse. This repre­
sents about 4 kg of U235 per sampling. At the 
date of this writing the processing of the en­
riched uranium for one burn-up determination 
has been completed, and a second similar ex­
periment is now under way.

Most of the equipment in the EBR processing 
facility is standard with the exception of the 
solution-sampling and the active-feed metering 
devices. These will be described in some de­
tail whereas the other equipment will be dis­
cussed only briefly.
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Fig. 4—Recovery facility control area.
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The dissolver is capable of dissolving com­
pletely from one to eight slugs (50 to 400 g) at 
a time. In order to get significant analytical 
samples, it is essential that each dissolving be 
complete so that there is no opportunity for 
cross contamination of batches. The solvent- 
extraction plant is a one-cycle unit consisting 
of a feed make-up tank, two packed towers, and 
collection tanks. These tanks are for the or­
ganic raffinate, aqueous fission-product waste, 
and the aqueous-product solution. The uranyl 
nitrate solution, after collection, is concentrated 
to an approximately IM solution. The aqueous 
waste is concentrated as a preliminary step to 
further disposal.

The fumes and off-gases are caustic scrubbed 
in a packed tower, drawn through a steam jet 
ejector, and discharged into a surface con­
denser. The condensate flows through a mixed- 
bed ion-exchange column and into the monitored 
drain system. The noncondensables are vented 
via a CWS filter back to the atmosphere.

The solution samplers have been described in 
detail.9 The basic principles are those of the 
Q-Smith sampler designed by duPont personnel 
for the original Oak Ridge (X-10) bismuth phos­
phate pilot plant. An air jet is used to circulate 
solution from a process vessel through a sam­
ple vial and back into the vessel. Some of the 
drawbacks of this original sampler were the 
high radiation exposure while removing a sam­
ple vial, the relatively high percentage of broken 
or spilled samples, and the problem of sample 
disposal. In the modification of this sampler 
these problems were largely overcome.

Figure 5 is a schematic diagram of the im­
proved sampling device. The improvements are 
accomplished in the following manner: The 
caps for the vials contain a self-sealing rubber 
diaphragm, which is punctured with hypodermic 
needles for solution addition and removal. The 
capped vial is retained in the shielded carrier 
by a retaining ring, which is inserted and re­
moved by a screwdriver mounted on the bottom 
of the cover of the shielded pot.

The sampling operation is carried out in the 
following manner: A clean capped vial is placed 
in the shielded carrier, and the retaining ring 
is added. This assembly is placed in the sam­
pling enclosure and lifted into place hydrauli­
cally. When raised into position, two hypoder­
mic needles puncture the diaphragm, one needle

going to the bottom of the vial and the other 
being a preset distance from the bottom. The 
air jet is then turned on, and liquid is drawn 
into the vial via the longer needle and leaves 
via the short needle, thus agitating the solution 
in the vial. The air jet is turned off, and the 
carrier is removed and taken to the analytical

WASH FUNNEL
AIR SUPPLY

DISCONNECT— < 
FOR NEEDLE 
REPLACEMENT

SAMPLE VIAL—

VENT

PROCESS
VESSEL

Fig. 5 — Sampling device for radioactive materials.

laboratory. After an aliquot is removed, the 
carrier is returned to the sampler. A valve in 
the suction line is opened, and the air jet is 
again turned on. Instead of sucking on the proc­
ess vessel, the wash solution in the funnel is 
sucked through the sample vial via the needles, 
recovering the material in the original sample 
and rinsing the vial and needles.

The same type of sampler can be used to 
sample inactive solutions that contain valuable 
or dangerous material, such as plutonium.

The active-feed metering device is the other 
somewhat unusual equipment feature of the EBR
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Fig. 6-—Rotating bucket type feed metering device. A, assembled feeder-dis­
charge side. B, feeder showing buckets (upper housing removed).
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fuel recovery unit at Lemont. It is a modified 
wet feeder mounted above the top of the extrac­
tion column and is supplied by a nonmetering 
pump (a remote Pulsafeeder). The modifica­
tion consists of a bucket design such that the 
“pumping” rate is independent of the liquid 
level in the reservoir. The apparatus is shown 
in Fig. 6. Some of the advantages of such a 
device are the elimination of check valves, 
bellows, or seals with their problems and free­
dom from effects of particles in the stream. 
Rate adjustment is provided through speed con­
trol of the driving mechanism.

5.2 Performance of Recovery Unit at Lemont

The performance of the unit at Lemont has 
been thoroughly satisfactory. The recovery of 
the enriched uranium from individual fuel rods 
of the EBR, based on the potentiometric and 
precision colorimetric analytical methods, 
ranged from 98.4 to 100.0 per cent, whereas the 
corresponding material balance range was 99.0 
to 100.9 percent. The average material balance 
for the twenty runs was 100.4, and the average 
recovery was 100.1 per cent.

Extraction losses (which include uranium in 
the aqueous- and organic-waste streams and in 
the condensate from the 50-to-l volume reduc­
tion of the uranium-bearing product stream by 
evaporation) totaled 0.0056 per cent of the ura­
nium dissolved in all runs. Purification losses 
in the silica gel treatment of the product solu­
tion were 0.1 per cent. Over one-fourth of the 
total loss was incurred on one of the first 
batches purified before operating techniques 
had been perfected.

The beta activity of the decontaminated prod­
uct solution was 2.1 times that of unirradiated 
enriched uranium, whereas the corresponding 
gamma activity ratio was 2.2. The over-all de­
contamination factors for both beta and gamma 
activities were about 5 x 104. These decontami­
nation factors are somewhat lower than those 
found in long runs using the semiworks equip­
ment. This occurs because of the lower decon­
tamination factors that are obtained toward the 
completion of a batch run when the uranium 
content of the solvent has been depleted. The 
reduction in uranium content of the solvent is 
accompanied by an increase in solvent uptake 
of fission products still remaining in the col­

umn. When small batches of 200 to 300 g are 
processed, the contamination of the accumulated 
product at the end of a run is significant.

REFERENCES

1. A. M. Rom, Terminal Report of ORNL Pilot-plant 
Development of the Materials Testing Reactor— 
25 Recovery Process, Report ORNL-676, May 23, 
1950.

2. L. Burris and R. C. Vogel, Tributyl Phosphate 
Solvent-extraction Process for Recovery and De­
contamination of U r a n 1 u m-235 Fuel Discharged 
from Experimental Breeder Reactor, Report ANL- 
4530, Sept. 15, 1950.

3. M. Levenson, Determination of the Conversion 
Ratio of the Experimental Breeder Reactor by 
Radiochemical Methods, Report ANL-5095, Dec. 
23, 1953.

4. R. L. Moore, The Mechanism of the Extraction of 
Uranium by Tributyl Phosphate, Report HW-15230, 
Sept. 1, 1949.

5. W. B. Lanham and T. C. Runion, Purex Process 
for Plutonium and Uranium Recovery, Report 
ORNL-479, Oct. 7, 1949.

6. L. Burris, I. G. Dillion, and V. G. Trice, Halex 
Solvent-extraction Process for Uranium and Pluto­
nium Recovery from Discharged Reactor Fuels, 
Report ANL-5218, Jan. 1, 1954.

7. F. W. Woodfield, Progress Report, Chemical De­
velopment, Separation Technology, Report HW- 
24321, April 1952.

8. Report of the Chemistry and Chemical Engineering 
Section for February, March, April, 1952, Report 
KAPL-747.

9. S. Lawroski and C. E. Stevenson, Summary Report, 
Argonne National Laboratory Chemical Engineer­
ing Division, January, February, March, 1952, 
Report ANL-4820, May 5, 1952.

ABOUT THE AUTHORS

Leslie Burris, Jr., is an associate chemical engi­
neer in the Chemical Engineering Division of ANL. 
He has been associated with the development of sepa­
rations processes for uranium and plutonium since 
1945 and served as Project Leader for the develop­
ment of the uranium recovery process described in 
this article and for the Halex process (a uranium- 
plutonium separations process using TBP diluted 
with carbon tetrachloride as the solvent). He has 
been employed by ANL since 1948, having previously 
worked a short time for Tracerlab, Inc., and five

8 C5« CONFIDENTIAL
... . ..



RECOVERY OF FISSIONABLE MATERIAL FROM ENRICHED-URANIUM FUELS 55-56

years for the Monsanto Chemical Company (three 
years at OKNL and two years in St. Louis). He re­
ceived the B.S. degree in chemical engineering from 
the University of Colorado in 1943 and has since 
engaged in graduate study at the Illinois Institute of 
Technology and the University of Tennessee.

M. Levenson is a chemical engineer in the Chemi­
cal Engineering Division of ANL. He received the 
B.Ch.E. degree from the University of Minnesota in

1943. Prior to joining ANL in 1948, he was with ORNL 
(1944 to 1948) and the Houdaille-Hershey Corporation 
(1944). He was Project Engineer in charge of the EBR 
fuel processing facility described in this article and 
the interhalogen volatility pilot plant built at Argonne. 
He is now on special assignment in the Chemical 
Engineering Division Director’s office.

Biographical sketches for S. Lawroski, R. C. Vogel, 
and S. Vogler are given with Part I.

CONFIDENTIAL



235
THE VARIATION OF <*u WITH ENERGY 

IN THE INTERMEDIATE-ENERGY RANGE

SOPHIE OLEKSA 

Brookhaven National Laboratory

December 1954

ABSTRACT

Recent experiments have made possible a new 
evaluation of resonance parameters for some of 
the low energy levels of U235. The data permit a 
numerical calculation of the variation of a 
with energy in the range from 100 to 100,000 ev 
in accordance with a method proposed by E. P. 
Wigner. We examined the effects of fitting the 
experimental data with several different distri­
butions, and the results are as follows:

1. The variation of a U236 with energy is a 
slow one, no matter which of several distribu­
tions is assumed to hold for the fission and 
scattering widths.

2. The different distributions used give val­
ues of a that do not differ markedly.

3. The values obtained by means of Wigner’s 
theory are in good agreement with results of 
the Knolls Atomic Power Laboratory integral 
experiments.

4. The theory can be applied with confidence 
to fissionable materials other than U235 for 
which comparable information aboul low-energy 
resonances is available.

1. INTRODUCTION

The ratio of the radiative-capture cross sec­
tion of a fissionable material to the fission

cross section is one of the important parame­
ters of any chain-reacting assembly based on 
nuclear fission. This ratio, usually denoted by 
or, appears in the quantity which is defined by

v

where v is the average number of neutrons pro­
duced per fission. Then tj is the number of fis­
sion neutrons produced for each neutron ab­
sorbed in the fissionable material. The neutron 
economy of a chain-reacting system depends 
strongly on the value1 of 77 and, therefore, on 
the value of a. For example, the possibility of 
breeding is a consequence of the fact that the 
value of 77 is greater than 2 under certain con­
ditions.

The neutron economy of a nuclear reactor 
actually depends on the values of v, a, and 77 as 
functions of energy over the entire range of 
neutron energy in the system. It follows that 
one of the most important nuclear properties of 
a reactor is the variation of a with neutron 
energy. The value of ?7U has been measured2 
by a direct method in the thermal-energy re­
gion, i.e., the region covered by the slow chop­
per, up to about 0.2 ev. Since v is not expected 
to vary in this region, the measurement actually 
gives a as a function of energy in the range
0.006 to 0.2 ev. The results of the measurement
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show a for U235 to be practically constant in this 
range.

The measurement of a in the resonance re­
gion is a more difficult problem because the 
partial reaction widths can vary from resonance 
to resonance and they are hard to measure. The 
development of the fast chopper has made pos­
sible the location and resolution of many reso­
nances in the lower part of the resonance re­

volts, present a serious problem because it is 
extremely difficult to obtain partial level widths 
with any precision and values of a can be ob­
tained only with great difficulty, if at all. Be­
cause of the importance of a as a reactor pa­
rameter, integral experiments have been made 
in which average or cutoff values6,7 of a have 
been obtained for Pu239 and U235. In these ex­
periments shielded samples of the fissionable

Table 1 — Fission and Neutron Scattering Widths of 92U235

E„, ev Ff, mv 2grn , mv 2grn° , mv

0.29 ± 0.01 120 ± 30 0.0040 ± 0.0006 0.007 ± 0.001
1.12 ± 0.02 130 ± 20 0.016 ± 0.003 0.015 ± 0.003
2.04 ± 0.01 30 ± 13 0.009 ± 0.002 0.006 ± 0.001
2.86 ± 0.07 60 ± 40 0.004 ± 0.001 0.002 ± 0.001
3.17 ± 0.02 130 ± 40 0.024 ± 0.003 0.014 ± 0.002
3.60 ± 0.02 110 ± 20 0.050 ± 0.005 0.027 ± 0.003
4.85 ± 0.05 20 ± 10 0.052 ± 0.004 0.024 ± 0.002
5.4 ± 0.2)
5.9 ± 0.2 j 0.04 ± 0.02 0.017 ± 0.009
6.2 ± 0.2 0.04 ± 0.02 0.016 ± 0.008
6.4 ± 0.1 16 ± 6 0.34 ± 0.03 0.13 ± 0.01
7.1 ± 0.1 30 ± 20 0.13 ± 0.01 0.049 ± 0.005
8.8 ± 0.1 100 ± 30 1.08 ± 0.09 0.36 ± 0.03
9.3 ± 0.1 0.14 ± 0.02 0.046 ± 0.005
9.5 ± 0.2 1
9.8 ± 0.2 J 0.06 ± 0.03 0.02 ± 0.01

10.2 ± 0.1 0.09 ± 0.02 0.027 t 0.005
11.7 * 0.1 50 ± 20
12.5 ± 0.1 40 ± 20
19.3 ± 0.2 45 ± 20
21.2 ± 0.2 90 ± 30
23.7 ± 0.3 140 ± 70
35.3 ± 0.6 110 ± 50

♦Fy = 30 ± 6 mv; g = Vj for all practical purposes; and r° = r„ (t /E0)'i,
where e = 1 ev.

gion,3,4 and more information is now available 
than ever before. Thus about 35 resonances in 
U235 have been resolved between 0.3 and 35 ev, 
and the total and some fission widths, as well 
as some values of a, are listed for these reso- 
nances in the latest compilation of cross sec­
tions.5 Although the values of a listed vary 
widely and the uncertainties cited are relatively 
large, the presence of such a list represents a 
great step forward in reactor physics.

The resonances at higher energies, i.e., at 
energies greater than a few hundred electron

material were irradiated in a Hanford reactor, 
and the amount of Pu240 or U236 formed was 
measured. Depending on the way in which a 
sample is shielded, a value of a can be ob­
tained which corresponds to an average over 
the energy range above a certain cutoff energy. 
Values of a obtained in this way have proved to 
be useful; but their precise meaning is far from 
clear, and their usefulness in refined reactor- 
design calculations is open to question.

Wigner8 showed that it is possible to calculate 
the value of o as a function of energy in the

s cel CONFIDENTIAL
•• • ••• • •• •• • • • ••• *



WITH ENERGY 59VARIATION OF a0’”

range 100 to 100,000 ev, provided that the total 
and fission widths of a reasonable number of 
resonance levels are known at neutron energies 
less than 100 ev and that the number of neutrons 
emitted per fission is assumed the same for all 
levels. The absence of experimental infor­
mation prevented the adequate application of 
Wigner’s ideas, but his work stimulated the 
further measurement of the necessary widths. 
The work of the Brookhaven fast-chopper group6 
supplied enough data to make it seem worth 
while to apply Wigner’s theory to these data.

2. DISCUSSION OF THE EXPERIMENTAL 
DATA

The experimental data9 on which the present 
study is based are listed in Table 1, which gives 
the values of parameters for 21 of the low- 
energy resonance levels of U235. Most of the 
measurements were made by the Brookhaven 
fast-chopper group, and the values are the re­
sult of the methods of analysis used by that 
group.4

The cross section at the peak of the reso­
nance, a0, and the total width, T, were deter­
mined by means of shape analysis of the trans­
mission curve at energies up to about 4 ev; at 
energies greater than 4 ev the method of thick 
and thin samples was used. The neutron-scat­
tering width, rn, was obtained from the experi­
ments with thin samples. The capture width, 
Ly, varies somewhat from level to level, but 
the variation is not large and Fy is assumed to 
be constant. The value given, 0.030 ± 0.006 ev, 
is an average of the capture widths obtained 
from the analysis of the first few resonances of 
the total and fission cross-section curves. The 
fission width, Ff, was then found by subtracting 
the constant capture width and the scattering 
width from the total width. The fission widths 
obtained in this way were checked, wherever 
possible, against the fission cross-section 
curve. The errors assigned to the widths are 
often large, in some cases as large as 60 to 70 
per cent of the widths themselves, and the val­
ues listed must be considered preliminary in 
nature.

It can be seen from Table 1 that Ff varies 
from level to level with a factor of about 9 from 
the smallest to the largest width. The calcula­

tion of a involves the differential spectrum 
produced by this fluctuation, i.e., the probability 
that Ff lies between Ff and Ff + dFf. Only 16 
fission widths were available for the present 
analysis, and these are not enough to allow an 
adequate fitting of the differential spectrum. 
Consequently it is necessary to fit the less 
sensitive integral spectrum, in which the ordi­
nate is the probability that Ff is greater than, 
or equal to, a given value. Unfortunately the 
integral spectrum is often not sensitive enough 
to permit clear distinctions to be made between 
the effects of different distributions. Instead of 
finding the distribution of widths which fits the 
data best, several differential distributions can 
be considered. The integral form of each of 
these distributions fits the data reasonably well. 
The results of the theoretical treatment can 
then be examined to find useful particular re­
sults or trends. In addition, the theoretical re­
sults can be checked against the results of the 
Knolls Atomic Power Laboratory (KAPL) inte­
gral experiments.8,7 This procedure has been 
adopted in the present study.

Three differential distributions have been 
used for the fission widths in this study. These 
are

P(Ff) dFf dFf for 0 s Ff s a

= 0 for Ff > a (la)

P(Ff) dFf = ae-aIf dFf (lb)

P( Ff) dFf = a2rfe“ aIf dFf (1c)

The constant a has somewhat different meanings 
in Eqs. la, lb, and 1c. Its value is determined 
by the condition

=- r”rf P(Ff) dFf = 1 (Id)
If Jo

For the constant distribution, Eq. la, 

a = 2Ff

For the exponential distribution, Eq. lb,

1a = — 
rf
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All 12

O 0.01 0.03 0.05 007 0.09 011 013 0.15 017
T,, ev

Fig. 1—Integral spectrum of the fission widths in 92!J236. x, experimental points.----- ,
N = 24e-16 rf (average Ff = 0.063 ev)_____ , N = 16e~23 rf (23 !> + 1) (average I’f =
0.087 ev).------, N = 17 — 105 Ff (average Ff = 0.079 ev).

For the xe cx distribution, Eq. 1c, P(Ff) dFf = (2Ff In tr1 dFf for rf < f0t

2a = —
rf

The integral forms of these distributions are 
compared in Fig. 1 with the experimental values 
of the fission widths. The fit may be regarded 
as reasonably good in each case, in view of the 
number of fission widths available and the un­
certainties in their values.

The theoretical results obtained with the dis­
tributions of Eq. 1 will be compared with those 
obtained for a distribution used by Wigner in 
his original study. He assumed a distribution 
that is symmetrical and constant on the loga­
rithmic scale, i.e.,

P(rf)dFf = 0 for Ff < ^

= 0 for Ff > f0t (le)

where f0 = the geometric center of the fission- 
width distribution

t2 = the spread in the values of the fission 
widths

Tf = f0
t - (1/t) 
(2 In t)

It can be seen from Table 1 that the scatter­
ing widths fluctuate much more strongly than 
the fission widths; the largest value is about 
250 times as large as the smallest value. The 
integral spectrum for Fn has an extremely long 
tail because of the large widths of the reso­
nances at 6.4 and 8.8 ev. In the absence of 
better information and for the sake of conven­
ience and simplicity, the same functional form
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X "•>.

Fig. 2 — Integral spectrum of the reduced scattering widths in ,2U236. x, experimental 
data.------, N = 17e- 34 r* .------ , N = 15e-70rX (70rJJ + 1). -----  , N = 14—250rn'..

of the distribution has been used for the scat­
tering widths which was used for the fission 
widths, except, of course, that the constants are 
different. This does not mean that the distribu­
tions for Ff and Tn must be the same. Thus

P(rn) drn =idrn forO-rn-b

= 0 for rn > b (2a)

p(rn) drn = be~br” drn (2b)

P(rn) drn = b2rne-br" drn (2c)

The constant b has different meanings in Eqs. 
2a, 2b, and 2c, just as does the constant a in 
Eqs. la, lb, and 1c. Its value is determined by 
the condition

J- f~ rn P(rn) drn = i (2d)
1 n ',o

Then b has the values 2rn, l/rn, and 2/Tn for 
the constant, exponential, and xe~cx distribu­
tions, respectively. The integral forms of these 
distributions are compared with the experi­
mental neutron widths in Fig. 2; actually, the

reduced neutron widths r° are used, where 

P® = rn(t/E)yi

with e being equal to 1 ev. The tail of the spec­
trum has been ignored. (If the tail really exists 
and is not caused by the superposition of the 
widths of several resonances, then the best fit 
to the present neutron-scattering data of 92U2SS 
is the integrated form of the differential dis­
tribution [K/(b2 + T2)] dPn. This distribution, 
however, is both uncertain and difficult to use. 
J. Harvey and D. J. Hughes have considered the 
distribution of r®/rn for 150 resonances of 
several isotopes, where T® is the average re­
duced neutron width of a particular isotope, and 
they find that the exponential distribution agrees 
well with the experimental differential spec­
trum.) The reduced neutron widths are used 
because rn varies very nearly directly as the 
square root of the energy, as shown by the 
experimental values. The average neutron­
scattering width rn is then equal to the product 
of the average reduced neutron width F® and 
the square root of the energy.

The distribution of the neutron widths which 
corresponds to Wigner’s distribution for the 
fission width is
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P(rn) drn = o for ra<^
11 S

= (2rn In s) 1 drn for ^ < rn < n0s

= 0 for rn > n03 (2e)

where n,, = the geometric center of the neutron- 
width distribution

s2 = the spread in the values of the neu­
tron widths

r - n s ~ rn 0 2 In s

3. THEORY

According to the usual theory of compound 
nucleus formation, the cross section o(n,x) is 
given by

o(n,x) = oc lx
r (3)

where oc = the cross section for the formation 
of the compound nucleus 

Fx = the partial width for the process x 
F = the total width

According to resonance theory

oC
7T*2grnr

(E — Er)2 + (r2/4)

Thus

o(n,x) 7r<2grnrx
(E - Er)2 + (r2/4)

(4)

(5)

which is the one-level Breit-Wigner formula, 
where X is the wavelength, E is the energy of 
the incoming neutron, Er is the energy of the 
neutron at resonance, and g, a statistical weight­
ing factor, is equal to (2J + 1) (2S + 1) (21 + 1), 
where J is the spin of the compound nucleus, I 
is the spin of the target nucleus, and S is the 
spin of the neutron.

If it is assumed that X, rn, and Tx are con­
stant over the energy spread dE of the neutron 
source, then the average of Eq. 5 over a single 
level gives

I o(n,x) dE = 27T2X2g £n£x
r barns ev

4.i x ioe g rnrx 
e r barns ev (6)

where E now is the energy of the level. The 
energy and the widths should be expressed in 
electron volts.

For the energy range 100 to 100,000 ev, only 
neutrons with 1=0 need be considered. Since 
I = % for U235, g will have the values 7/ig and 
9/lg; but for all practical purposes g can be 
taken as Vj. The partial width, rx, will be T-y 
or Ff, depending on whether the radiation cross 
section or the fission cross section is wanted. 
The total width, F, is equal to the fission width, 
Ff, plus the radiation width, Fy, plus the scat­
tering width, Fn.

It is believed that the average values of the 
radiation and fission widths do not vary appre­
ciably with energy. This would seem to imply 
that a should not change with energy since a = 
Fy/Fj for an individual level. However, if Ff 

fluctuates from level to level, around some 
average value, a will have different values for 
different levels. The data of Table 1 show that 
Ff does fluctuate in this way. This variation of 
Ff from level to level, together with the weight­
ing of each level with the probability that a re­
action will occur, is the basis for the variation 
of the average value of a with energy. (This 
point is discussed in greater detail by Wigner 
in reference 8.) At low energies Fn, which 
varies with the square root of the energy, is 
negligible compared with Fy and Ff. The prob­
ability for a reaction (Ff + ry)/(Ff + Fy + Fn) 
is then practically equal to unity. At higher 
energies Fn approaches Fy + Ff. Since Fy is 
constant, the probability of the reaction will be 
affected mainly by the fluctuation of Ff. The 
effect of the fluctuations on d(n,y) and d(n,f) can 
be expressed as

d(n,y) = o' rf P(Fn) P(Ff)

v rnFy
rn + rf + r1 dFf dFn (7)
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and

d(n,f) = a’ r P(r ) P(rf)

rnrf
rn + Ff + r. dFf dFn (8)

or

where o' = (4.1 x 10® g)/DE barns/ev and the 
averages are over many levels. The average 
spacing of the levels, D, is assumed to be larger 
than the widths; it appears in the expression be­
cause the averaging is taken over many levels. 
The capture to fission ratio is then given by

= p(n,r)
o(n,f) (9)

The next step in the analysis is the derivation 
of the actual expressions for d(n,y), o(n,f), and 
a for the different distributions. This is done in 
the Appendix, where the expressions for the 
various quantities of interest are given in some 
detail to save other workers the trouble of de­
riving them.

4. RESULTS

The integrations of Eqs. 7 and 8 give the 
a(n,y) and b(n,f) in terms of the average fission 
width and the average neutron-scattering width, 
and a is then obtained as a function of those 
parameters. The value of a obtained in this 
way depends on the energy because of the de­
pendence of rn on energy.

It will be seen shortly that the formulas for 
a becorne quite complicated when the expres­
sions for the distributions are inserted. Some 
of the main features of the results can be seen 
much more easily in the limits of zero and very 
large energy. In the limit E —■ the neutron 
width becomes much larger than the fission and 
radiation widths, and a approaches the same 
limit for all the distributions. This limit is

P(rn) ry drn drf

/0Tp(rf) p(rn> rf drn drf

rV
(0“P(Ff) Ff dFf

In the limit E — 0 the average neutron width 
approaches zero. For each of the distributions 
used here, «, as E — 0, is given by

X~p(ri)rr?1Vr'

X'p(ri)r7Tivdr'
(ID

It is evident from Sec. 3 that the calculations 
can be tedious, especially when several distri­
butions are used. Some of the general proper­
ties of the behavior of a can be seen more 
easily by looking at the behavior of a in the 
limits E — 0 and E — °°. In particular, a good 
idea can be obtained of the possible range of 
variation of a, and the effects of differences in 
the distributions can be estimated.

In the limiting cases of very large and very 
small values of the neutron energy, a can be 
expressed as a function of the ratio Fy/Ff, and 
the variation of a with the parameter is shown 
in Fig. 3. All the distributions give the same 
result in the limit E — °°, and a increases from 
zero to unity as Fy/Ff increases from zero to 
unity. Each distribution gives a different curve 
in the limit E — 0, and in each case the value 
of a is greater in the lower limit than in the 
higher limit.

The best value of Fy at present is 0.030 ±
0.006 ev.* The values of Fj shown in Fig. 1 
vary from 0.060 to 0.085 ev, depending on the 
choice of the distribution. These values, to­
gether with their uncertainties, put the region 
of interest for Fy/Ff between 0.3 and 0.5. The 
best value of the ratio is, at present, in the

•At the time many of these calculations were performed, the av­
erage values of the widths were different, e.g., Ty = 0.025 ± 0.005 ev. 
Since these values are still not rigidly settled, we have used the old 
values wherever possible to avoid repeating calculations. For ex­
ample, although Fig. 1 indicates that the best fit for the constant dis­
tribution is Fy/Ff = 0.38, we have used the old value of Fy/Ff = 0.33 
for the reason just stated. The change in a for a change in Fy/Ff 
from 0.33 to 0.38 can easily be obtained from Fig. 3 or Table 2.
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t r

EXPONENTIAL

CONSTANT

ALL DISTRIBUTIONS

WIGNER'S DISTRIBUTION 
t = 2.72

0.1 02 0 3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 11
ry/rf

Fig. 3—Variation of a of 92U23S with Fy/Ff for E — 0 and E — «>.

neighborhood of 0.35 to 0.40. For Fy/Ff = 0.35, 
or varies from 0.5 to 0.35 for the constant and 
xe-cx distributions, from 0.65 to 0.35 for the 
exponential distribution, and from 0.43 to 0.35 
for Wigner’s distribution. The results for the 
variation of or with Fy/Ff are listed in Table 2; 
the ratio o^E — 0)/or(E — °°) is plotted for the 
different distributions in Fig. 4.

The exponential distribution gives the great­
est spread in the possible values of a, and the 
Wigner distribution gives the smallest spread. 
When the Wigner distribution is used, the value 
of a depends on the value of the parameter t, 
which is a measure of the spread in the fission 
widths. In the results presented so far for this 
distribution, the value of t was taken as 2.72. 
This value was used by Wigner, and its use here 
permits comparison with his results. At the 
same time the value t = 2.72 fits the new ex­
perimental data quite well. The effect on the

value of a of varying t is shown in Table 3 for 
Fy/fj = 0.40 and in the limits E — 0 and E — 

Although, for simplicity, the limits E — 0 and 
E — °o have been used, the calculation of » is 
valid only in the range 100 to 100,000 ev. (It 
will be seen from the graphs that the value of o 
at 100 differs very little from the value obtained 
at E = 0. This, in addition to the ease of calcu­
lation, is another reason why we studied a in 
the limit E —• 0.) At higher neutron energies the 
effects of neutrons with angular momentum 
greater than zero must be taken into account, 
and reactions such as inelastic scattering must 
be considered. The actual variation of « with 
energy is shown in Fig. 5 for a particular case 
of practical interest; the case is that of the 
constant distribution, with Fy/Ff = 0.33 and 
Fn = 0.13/E x 10-3 ev. (Because we had to give 
less weight to the tail of the distribution, our 
Fn = 0.03/E x 10~3 ev. We prefer the value of

-w - - —— “
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Table 2-—Variation of a with F^/Tf for E -► 0 and E -* 00

r7/rf

a(E — 0) a(E — ») 
for all
diet.

Aa
-A.

Expon.
dist.

Const.
dist.

Xe-cx
dist.

Wigner
dist.*

Expon.
dist.

Const.
dist.

Xe-cx
dist.

Wigner
dist.*

0 0 0 0 0 0 0 0 0 0
0.1 0.25 0.18 0.16 0.13 0.1 0.15 0.08 0.06 0.03
0.2 0.43 0.32 0.30 0.26 0.2 0.23 0.12 0.10 0.06
0.3 0.58 0.44 0.43 0.38 0.3 0.28 0.14 0.13 0.08
0.4 0.72 0.56 0.56 0.50 0.4 0.32 0.16 0.16 0.10

0.5 0.86 0.67 0.68 0.61 0.5 0.36 0.17 0.18 0.11
0.6 0.99 0.79 0.79 0.72 0.6 0.39 0.19 0.19 0.12
0.7 1.11 0.90 0.91 0.83 0.7 0.41 0.20 0.21 0.13
0.8 1.24 1.00 1.02 0.94 0.8 0.44 0.20 0.22 0.14
0.9 1.36 1.11 1.14 1.05 0.9 0.46 0.21 0.24 0.15
1.0 1.48 1.22 1.25 1.16 1.0 0.48 0.22 0.25 0.16

*t = 2.72.

EXPONENTIAL

CONSTANT

WIGNER'S DISTRIBUTION

0.2 0.3

Fig. 4—Variation of or(E —• 0)/ot(E — ") with Fy /Ff.
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Table 3—Variation of a with t for E —- 0 and E —- 
(Tr/f0 = 0.40)

t a(E — 0) a(E —- °<=) Aa

1.50 0.41 0.39 0.02
2.00 0.41 0.37 0.04
2.50 0.42 0.35 0.07
2.72 0.43 0.34 0.09
3.00 0.43 0.33 0.10
3.50 0.44 0.32 0.12

J. Harvey and V. E. Pilcher, rn = 0.13/E x 10-s 
ev, which is obtained by taking more resonances 
into consideration.) The same results hold for 
the xe-cx distribution since there turns out to 
be little difference in the results for these two 
distributions.

The theoretical results are also compared 
with the values obtained for a in the KAPL 
integral experiments; the latter values are de­
noted by the circles. The KAPL values are also 
listed in Table 4, where the energies given are

0.5 —

0.2 —

E, ev

Fig. 5—Variation of a of 12U236 with energy for the constant distribution. Ty/Ff = 
0.33. r„ = O.IS/E x 10-3 ev. The points indicated by circles are the values de­
termined in the KAPL integral experiments.

Table 4—Variation of a with Energy* 
(Experimental values)

Energy, ev a

100 0.52
150 0.42

1,500 0.45
3,000 0.42

215,000 0.10
300,000 0.17

*The energies given are median en­
ergies. The median energy is defined 
such that half the neutron flux is below 
this energy. J. R. Stehn states that the 
values of a given here are seldom bet­
ter than 20 per cent.

median energies, the median energy is defined 
so that half the neutron flux is below the median 
energy. According to J. R. Stehn in a private 
communication, the values of a obtained in the 
KAPL integral experiments seldom have un­
certainties smaller than 20 per cent of the value 
of a itself, ft is evident from Fig. 5 that theory 
and experiment agree quite well in the range 
100 to 10,000 ev. At 100,000 ev the experi­
mental value is much smaller than the theoret­
ical value. Similar results are shown in Fig. 6, 
for which the exponential distribution was used. 
At the higher energies the effects of higher 
angular momentums and inelastic scattering 
have undoubtedly started to become important. 
Weisskopf10 considered these effects and ob-

6^
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tained agreement with experiment at 100,000 ev. 
We have also examined the variation of the av­
erage fission cross section with energy for the 
several distributions. The theoretical values 
agree within a constant factor with the experi­
mental values from 100 to 10,000 ev. At 100,000 
ev the same constant factor does not apply, 
thereby lending support to the belief that higher 
angular momentums have begun to appear.

Figure 6 also shows how a change in Fn af­
fects the variation of a with energy. The case

5. CONCLUSIONS

The theory and results treated in Secs. 3 and 
4 can be summarized briefly in the statements 
that follow.

tt235
1. The variation of au with energy is a 

slow one, no matter which of several distribu­
tions is assumed to hold for the fission and 
scattering widths.

2. The different distributions used give val­
ues of a that do not differ markedly.

E, ev

Fig. 6—Variation of a of 92U236 with energy for the exponential distribution.
----- , r7/rf = 0.23; fn = 0.67/E x 10-3 ev..........., Fy /Ff = 0.23; rn = 0.2VE x

10-3 ev.

chosen is the exponential distribution with 
Fy/Ff = 0.23 and r„ = 0.67/E x 10~s ev and 

Fn = 0.2/E x 10_s ev.
Since 1949, when Wigner wrote his original 

report, there have been many changes in the 
average values. The present values and the 
1949 values are listed below because the com­
parison is interesting:

Present values 1949 values

Fy = 0.030 ± 0.006 ev Fy = 0.017 ev
Ff = 0.075 ± 0.015 ev Ff = 0.12 ev
Fn = (0.13 ± 0.02) x lO^VE ev F„ = 6.6 x 10-Ve ev

t = 2.72 t = 2.72
s = at least 10 s = 8

3. The values obtained by means of Wigner’s 
theory are in good agreement with results of 
the KAPL integral experiments.

4. The theory can be applied with confidence 
to fissionable materials other than U235 for 
which comparable information about low-energy 
resonances is available.

Although the preceding conclusions are highly 
favorable, there is still some room for im­
provement. Despite the fact that more experi­
mental data are available than ever before, this 
information still leaves some questions open. 
Thus it would be highly desirable to have enough 
information so that differential distributions 
could be obtained which fit the experimental 
fission and scattering widths well. More pre­
cise measurements on more resonances are

CONFIDENTIAL
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needed to accomplish this. For a more detailed 
understanding of the variation of a with energy, 
a better understanding of the partial widths is 
needed. Thus Fy has been assumed to be con­
stant; actually it fluctuates slightly from level 
to level, but the radiation process involves such 
a large number of final states that ry is already 
an average quantity. The variation of Fy with 
energy is not large, and Fy increases at most 
by a factor of 1.3 over the energy range10 up to 
1 mev. The assumption of constant Fy is, there­
fore, probably a good one, but more detailed in­
formation would be helpful. Similarly, it has 
been assumed that the systematic variation of 
Ff with energy is too small to be considered 
and that the fluctuations in Ff from level to 
level are responsible for the variation of a with 
energy. More information bearing on this as­
sumption would also be helpful. With regard to 
Fn, statistical theory predicts that this width 
should vary as the square root of the energy, 
and the experimental data seem to support this 
prediction. Again, a more thorough test of the 
assumption would help in understanding the be­
havior of or. Finally, it has been assumed that 
the distributions for Ff and Fn are the same. 
The available data point in the direction of dif­
ferent distributions for the fission and scatter­
ing widths, and this point should be settled.

The preceding remarks bear on the problem 
of understanding the behavior of or, a problem 
that is different from that of obtaining reason­
able values for use in reactor-design calcula­
tions. The fact that the different distributions 
used in this report lead to values of a which do 
not vary greatly indicates that many subtleties 
which are of interest from the viewpoint of 
nuclear theory would not have any serious ef­
fects on reactor calculations. Thus some cal­
culations have been made by us in which dif­
ferent distributions were used for Ff and Fn; 

the results for a were not significantly dif­
ferent. Results such as this one increase our 
confidence in the application of Wigner’s theory 
to the problem of getting values of a as a func­
tion of energy for use in reactor calculations.

6. APPENDIX: EXPRESSIONS FOR o(n,y),

5(n’y) = S ff r fflr drf drn
ab Jq Jq i n + I f + ly (12)

which gives, on integration.

a(n,y) =
o'Fy

2ab ab + (a + Fy)2 In a + Fy 
a + b + Fv

b2 in - r2
a + b + Xy ^ b + Fy 

The average fission cross section is

d(n>f) =lkff r drf dr"
ab Jq Jq Fn + if + ly 

which gives, on integration,

2(a2b + ab2) + abFy

(13)

(14)

+ (2a3 + 3a2Fy - F3) In a ^ ^ 

+ (2b3 + 3b2Fy - F3) in

+ F3 In Fy
y a + b + F,

Then

 g(n,r)a o(n,f)

As E — b — °o, and

a
2IV _ Fy
a Ff 

As E — 0, b — 0, and

(15)

(16)

(17)

If In 
a

i — If in
(18)

In the case of the exponential distribution de­
fined by Eqs. lb and 2b, the average radiation 
cross section is given by

a(n,f), AND a

For the constant distribution defined by Eqs. 
la and 2a, the average neutron-radiation cross 
section is

o(n,y) ^ ff'ab f f e hrn e•Ai •/«
-arf

o -'o
X f n ^ Fy dr^ drn <19>

,8 f 71
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9

4

which gives For E — 0, b —• and

a(n,y) = rya + Fy abebIr
b - a

xEl(brr)

+ ryabeary El(ar-y)
b — a

where E,(ary) is the exponential integral 

-x dx

(20)

r*,al ,

E,(ary) = - Ei(-ary) (ary > 0).
The average fission cross section is

d(n,f) = a'ab ( f e-bIne-arf

x r„ rT dr< dr» (21)

Thus

°(n,f) = ^ (b + a) - abebI 7

X E,(bry) |ry - ^4^) - abe 

x E,(ary) _ a + ryj

Finally, for « = d(n,y)/o(n,f), we get 

« = Fy(b — a)

al’y

(22)

- (b + a) a

l + bebI> El(bFy)

+ beaI> El(arv) ------T b — a

— bebrt E,(bry) (ry-^j

- beaI r E,(ary) + Fyj (23)

In the limiting case E —■ b — 0, and

« = ary = ff (24)

a -
 aryear7 El(ary) 
l-aryearr El(aFy) (25)

or

a = —^

IX err/rf ’•(??)
(26)

It is sometimes interesting to consider the 
special case in which the constants a and b are 
the same. This can be done by finding limiting 
forms of the expressions for o(n,y), o(n,f), 
and a.

For b — a

lim o(n,y) = [l - aFy
b»a z

+ (ary)2earr E,(ary)] (27)

and

v v'rv lim o(n,f) = — 
b—a O

STV ~ 1 + arY

-(ary)2earr E^alV) (28)

and therefore for b -* a

lim 0 = 3
b-'-a

1 - ary + (ary)2eaI>

x E,(ary)j|^|^ 1 + aFy

-(ary)2earr El(ary) (29)

In the case of the xe cx distribution, the av­
erage radiation cross section is

v(n,y) = o*a2b2ry f f e_br“ e~ ^
dfl d0

CONFIDENTIAL
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Thus

a(n,y) = o'aVi; [ Fy earr Et(ary) - |

Thus, for b -* a.

lim ° = g

(a - b)s
ryebrx Ej(bry)-i

3! 2!
2 - -^r- + 1 - aT^(ary)2 aT.

+ (ary)2eaix E,(ary) 4!
(ary)3

+ [ebrr Ei(bry) - eaI> E,(ary)] 3! 2!

(a - b)2
r2ebri E,(bry)-^ (31)

The average fission cross section is given by 

b(n,f) = o1a2b2 f f e_brn e-arf

x r. rT ',r< dr" <32>
or

o(n,f) = q>a2b2|(a^b)s[- r2earr E,(ary)

ryebri' E^bTy) - h + j,]ry i+ —l — -±- f
a a

(^bi> [rr^ E,(brr)-I

/ ^ x 11 24i(arr)--J+ ^+ r earr E

x [ebrr E^bTyJ-e^r Et(ary)] ^ (33)

In the special case for which b — a,

lim a(n,y) =b-*-a
aTy(aFy)2 3! 2!

12 (aFy)2 aFy

+ 1 - ary + (aTy)^^ E,(ary) (34)

and

a'ry (aTy)2
lim o(n,f) = ---- -----------

30b-»a

4! 3! 2!
+ —

(aTy)3 (ary)2 aT-

- 1 + aT - (aT )2earr E,(ary) (35)

(ary)2 ' aTy 1 + arV 
1_1

- (ary)2earr E^aTy)

In the limiting case E — «>, b — 0, and

(36)

a =
ary ry

2 rf

For E — 0, b — b0, and

(37)

Of
ary[l-aryeary E^aTy)]

1 - aTyfl - aryearr E^aFy)]
(38)

or

Of =

2ry
rf

l-!£Ve2rT/rf Elffi
rf \ Tf

1_HV l_3e2rr/rf E,
rf

(39)

For the Wigner distribution we are interested 
mainly in the limiting values of a for very large 
and very small energies. Wigner found that 
with his distributions (Eqs. le and 2e), a in the 
limit E —- is given by

a =
J •' P(Ff) Ff dFf Ff

_ Fy _ Fy 2 In t
nr “ r (40)

f|/t t--

and in the limit E — 0

2 In t

m fry+ Y'

-1

Tr + ~t ^

(41)
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HRE EXPERIMENTS ON

INTERNAL RECOMBINATION OF GAS
WITH A HOMOGENEOUS CATALYST*

S. VISNERt and P. N. HAUBENREICH 

Oak Ridge National Laboratory

January 31, 1955

ABSTRACT

The use of copper dissolved in the reactor 
fuel for the complete recombination of radio- 
lytic gas has been successfully demonstrated in 
the Homogeneous Reactor Experiment. Copper 
ion was added as copper sulfate on four oc­
casions, increasing the copper concentration to 
10, 25, 75, and 150 per cent of the estimated 
concentration necessary for complete recom­
bination in a static system at 250°C, at 1000- 
psig total pressure, and at a uniform power 
density of 20 kw/liter. The investigation was 
conducted at temperatures from 185 to 260°C, 
at pressures from 765 to 1200 psig, and at 
power levels as high as 1600 kw.

In the main the copper behaved as expected 
from previous static bomb tests; the reactor 
data have been shown to be consistent with the 
laboratory data if it is postulated that a small 
bid relatively stagnant region exists in the core 
with characteristics predicted from mixing ex­
periments with a plastic model. The highest 
power level for which all the gas was internally 
recombined was 1350 kw. In the course of all 
copper experiments, including 350 hr of oper­

ation at the highest copper concentration, 0.06 
mole/liter, no deleterious effects due to the 
presence of copper observed.

1. INTRODUCTION

In an aqueous homogeneous reactor the water 
is continually dissociated by the lission frag­
ments into H2 and 02. During the early opera­
tion of the Homogeneous Reactor Experiment 
(HRE),1 this gas was continuously removed 
from the core and bled to the low-pressure 
system, where it was recombined both by burn­
ing and by contact with a catalyst bed. The 
water was returned to the reactor system to 
maintain a constant fuel concentration. For 
1000-kw operation gas was formed at the rate 
of 10.3 cfm at S.T.P.,the rate being independent 
of temperature. This corresponds to a Gh2 val­
ue (the number of hydrogen molecules produced

•Upon successful conclusion of the Homogeneous Reactor Experi­
ment, the reactor was dismantled in June 1954 to make room for the 
Homogeneous Reactor Test-

fPresently affiliated with Combustion Engineering—Superheater, Inc.
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for each 100 ev of energy absorbed in solution) 
of 1.4, which is in agreement with predictions 
based on in-pile ampoule tests.2

It had been reported that, in the presence of 
dissolved copper salts as homogeneous cata­
lysts, hydrogen and oxygen when dissolved in 
aqueous solutions at elevated temperatures re­
combine smoothly to form water.3'4

The dependence of the rate constant on vari­
ous parameters had been studied in in-pile 
static bombs and in rocking bombs primarily 
out-of-pile where the gas is charged into the 
bomb from supply cylinders. The rate of the 
recombination reaction was found to be first 
order in both the concentration of dissolved 
copper and the concentration of dissolved hy­
drogen. Since the concentration of dissolved 
hydrogen is proportional to the partial pressure 
of hydrogen (the constant of proportionality 
being related to the solubility at the tempera­
ture), the recombination rate is also propor­
tional to the partial pressure of hydrogen. The 
rate of recombination for a given hydrogen and 
copper concentration increases with tempera­
ture. There is a doubling of the rate constant, 
for example, from 240 to 256°C, corresponding 
to an activation energy of 24.4 kcal/mole.

It is a relatively simple matter to compute 
for a static isothermal system at equilibrium 
the minimum concentration of copper ion that 
is required for complete recombination at a 
specified temperature, power density, and total 
pressure (to prevent the accumulation of radio- 
lytic gas in the gas phase). If the effects of in­
creasing the temperature with the total pressure 
of gas and steam remaining constant are con­
sidered, it is found that the concentration of gas 
in solution goes through a maximum and de­
creases rapidly as the boiling point is ap­
proached since the increase in solubility con­
stant is outweighed by the decrease in gas 
pressure. Although the reaction-rate constant 
increases with temperature, the effectiveness 
of the copper as a recombiner catalyst also 
goes through a maximum and decreases due to 
the rapid decline in the gas in solution. The 
higher the total pressure, the higher will be the 
temperature at which the maximum effective­
ness of the copper occurs.

The conditions that are obtained in a circu­
lating homogeneous reactor are, in general, 
quite removed from those in a static test bomb.

As the fuel solution circulates through the core, 
pump, heat exchanger, and other auxiliary 
equipment, the solution experiences changes in 
temperature, pressure, and power density. Re­
actors under consideration call for a tempera­
ture increase from core inlet to outlet of about 
40°C, a pressure drop of about 40 psi in the 
circulating loop, a residence time of 2 to 4 sec 
inside the core where the average power density 
is 50 to 100 kw/liter, and a residence time of 3 
sec outside where the power density is negli­
gible. As an additional complication a slug of 
solution during circulation may alternately ex­
perience conditions where the maximum con­
centration of dissolved gas from solubility con­
siderations either exceeds or is less than that 
carried by the solution, with the result that 
equilibrium conditions may not prevail. A meth­
od has been worked out for computing the effect 
of residence in the external portion of the cir­
culating system, assuming uniform pressure 
and equilibrium conditions;6 the results are the 
same as those obtained by considering the re­
actor as a static system but with a volume 15 
to 20 per cent larger. This has the effect of 
decreasing the average specific power for a 
given total power and therefore increasing the 
the apparent effectiveness of the copper by 15 
to 20 per cent.

In a homogeneous-reactor fuel solution the 
copper is concentrated or diluted along with the 
uranium. For a given copper loading the Cu+2 
concentration is always proportional to the con­
centration of U236. Thus the Cu+2 concentration 
varies with operating temperature in the same 
manner as does the critical fuel concentration.

The copper experiments were undertaken in 
the HRE primarily to show that the results of 
laboratory experiments on gas recombination in 
static bombs could be used to predict rates of 
recombination in a reactor. It was also desired 
to demonstrate in a reactor operating at full 
power density the over-all feasibility of internal 
recombination of the gases that are formed 
from the radiolytic dissociation of water.

Although on the basis of laboratory and static 
in-pile tests no difficulty was anticipated with 
respect to the compatibility of copper and the 
reactor system (the stability of copper in solu­
tion, the stability of the fuel, and the effects on 
corrosion), the appearance of exotic effects

to CONFIDENTIAL
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within the reactor environment could not be 
completely ruled out in advance.

2. EXPERIMENTAL PROCEDURE

2.1 High-pressure System

Figure 1 is a schematic flow diagram for the 
HRE. The high-pressure fuel system consists 
essentially of an 18-in.-diameter spherical 
core, a tube-and-shell heat exchanger, and a 
centrifugal pump. The volumes and residence 
times for a pumping rate of 120 gal/min are 
given in Table 1.

The pressure is controlled by means of a 
steam pressurizer, which is a vertical pipe 
above the core and which is heated with steam. 
There is a pressure drop of 60 psi in the cir­
culating high-pressure system at 120 gal/min; 
and at 1000 kw, corresponding to an average 
power density of 20 kw/liter in the core, the 
temperature rise across the core is 30°C. With 
the solution outlet at the north pole of the core, 
the inlet is located at 45 deg north latitude and 
is so designed as to impart a tangential flow 
component. The gases that are produced are 
centrifuged toward a central vortex and with­
drawn at the north pole.

2.2 Low-pressure System

The low-pressure system operates near at­
mospheric pressure and consists of the fuel- 
storage tanks and the equipment for handling 
the reactor gases. In the tanks, which have a 
capacity of 285 liters, there is normally present 
20 to 40 liters of fuel solution, which is con­
tinually recirculated to the high-pressure sys­
tem at a rate of 1 gal/min. The quantity of 
water in the fuel solution and therefore the con­
centration of uranium can be varied by changing 
the holdup of condensate in the weigh tanks. The 
concentration of the copper is therefore always 
proportional to the concentration of uranium and 
increases with the operating temperature as 
shown in Fig. 2.

2.3 Gas Handling

The gases that are centrifuged toward the 
central vortex in the core are let down to the 
low-pressure system along with excess fuel

Table 1 — High-pressure Components of HRE

Equipment
Fuel volume, 

liters
Residence 
time, sec

Core 50 6.6
Piping from core

to heat exchanger 4 0.53
Heat exchanger 5.5 0.73
Pump and return 6.1 0.80

piping to core

solution. Steam that is generated in an evapo­
rator appendage to the storage tanks at a rate 
of 0.5 kg/min dilutes the gases in the dump 
tanks. The gases then flow to a condenser where 
the steam is removed, and, before entering the 
flame recombiner where the hydrogen and oxy­
gen are burned, the gases are again diluted with 
steam from a steamer pot (not shown) for the 
purpose of maintaining a sufficient velocity at 
the burner nozzle for low gas flows. Cooling 
water flows through the jacket of the flame re­
combiner, the flow rate and the temperature

UJ O.IOO

= 0.438
UJ O.OSO

0.220

= 0.0732

0.005
= 0.0293

o 0.001
200 220 24(

CORE TEMPERATURE,°C

Fig. 2—Variation of copper concentration with core 
temperature.
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rise being measurable for the purpose of de­
termining the rate of heat removal. If it is 
necessary to avoid hot spots in the bed, steam 
from a second steam pot (not shown) can be 
injected into the gas stream upstream of the 
catalytic recombiner, which follows the flame 
recombiner. The catalytic recombiner, steam 
jacketed to keep the catalyst dry, is followed by 
a second condenser, where a heat balance on 
the cooling water can also be made. Residual 
gases are discharged through a cold trap to the

of U235, the first of four additions of copper 
sulfate was made. For a given quantity of cop­
per the concentration in solution, as mentioned 
earlier, is proportional to the concentration of 
U235. These concentrations vary with the reac­
tor operating temperature. For example, from 
200 to 260°C, the critical U235 concentration in 
grams per kilogram of H20 increases from 33.5 
to 44.0 or 31 per cent. It has proved more re­
liable to infer the U235 concentration and there­
fore the copper concentration from the critical

Table 2 — Copper Additions to HRE

Date

CuS04
added,

g

Cumulative 
CuSG4 in 
reactor, g

Cu cone, 
at 250*C, 

moles/liter
Molar ratio, 
[Cul/[UJ3S]

Gas estimated to 
be recombined,* %

12/5/53 74.6 74.6 0.00417 0.0293 9.5
12/6/53 111.4 186.5 0.0104 0.0732 23.7
12/18/53 373.0 559.5 0.0313 0.220 71
1/5/54 555.1 1114.6 0.0624 0.438 142

*In a static system at 250*C, 1000 psig, and 20 kw/liter.

charcoal absorbing bed and thence to the stack. 
The recombined water from the second con­
denser is continuously returned to the fuel- 
storage tanks. On the basis of a survey of tem­
peratures in the catalyst bed, it has been 
established that all the dissociation gases from 
the reactor are recombined.

2.4 Measurement of Gas Production

The rate of evolution of gas from the radio- 
lytic dissociation of water in the reactor is 
measured by the rate of recombination in the 
off-gas system. This, in turn, is measured by 
the rate of removal of the heat of recombination. 
A correction is made for the heat contributed 
by the various extraneous heat sources, such as 
the steamer pots. This can be readily calcu­
lated and is also checked by measuring the heat 
balance when no gas is produced in the reactor. 
The correction (3.7 kw) is 9 per cent of the 
heat removed from recombining the gas when 
the reactor operates at 1000 kw.

2.5 Experimental Procedure

After the inventory of reactor fuel solution 
was established as 185 kg of water and 3.75 kg

temperature of the core rather than from fuel 
samples or from considerations of inventory. 
The quantity of copper added on each occasion 
was that estimated to give approximately 10, 25, 
75, and 150 per cent recombination for a static 
system at 250°C, 1000-psig total pressure, and 
a power density of 20 kw/liter. The quantities 
and concentrations are listed in Table 2.

At each copper concentration the reactor was 
operated over a range of power levels at various 
temperatures and pressures, and the net gas 
production was measured. By comparison with 
the gas production at the same power level in 
the absence of copper, the effectiveness of the 
copper as a catalyst for internal recombination 
could be inferred.

3. RESULTS AND DISCUSSION

3.1 Recombination Data

The data obtained on the net gas yield from 
the reactor at various power levels for the four 
copper concentrations are plotted in Figs. 3 to 
9. The line representing the gas production in 
the reactor in the absence of copper is shown 
in the figures. Also shown is a dotted line rep-

CONFIDENTIAL
• • • • • • • • • «•• • • • •

8 C79
• •



78 S. VISNER AND P. N. HAUBENREICH

IMO COPPER

STATIC SYSTEM 
250°C, 1000 psig

400 600 8i

REACTOR POWER, KW

1000

Fig. 3—Internal gas recombination in HRE with Fig. 4—Internal gas recombination in HRE with 
0.004M Cu+2. Total pressure, 1000 psig. [Cu]/[U235] = 0.01M Cu+2. [Cu]/[U235] = 0.0732.
0.0293.

NO COPPER
/STATIC SYSTEM 
— 250°C, iOOO psig

7 CT ?

O 200 400 600 800 1000 1200 1400 1600 1800
REACTOR POWER,KW

Fig. 5—Internal gas recombination in HRE with 0.03M Cu+2. Total pressure, 1000 psig. [Cu]/ 
[U235] = 0.220.
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NO COPPER

IOOO
REACTOR POWER, KW

Fig. 6—Internal gas recombination in HRE with0.03M 
Cu+2. [Cu]/[U235] = 0.220.

O 765 psig 
□ 905psig 
A 950 psig 
• lOIOpsig 
A 1060psig 
■ 1100 psig 
v 1200 psig

NO COPPER

3 800 1200

REACTOR POWER, KW

1600

Fig. 7—Gas production in HRE with 0.06M Cu+2 at 
235°C core outlet temperature. [Cu]/[U235] = 0.438. 
____, static system, 250°C, 1000 psig.

LINEAR EXTRAPOLATION, 
PARALLEL TO NO COPPER

CALCULATED EOR TWO-
TEMPERATURE-CORE MODEL

NO COPPER

• - BOILING POINT 

TOTAL PRESSURE: 

A-1010 psig 
0-1110 psig 
7 -1200 psig

4.0

1 .0----

0 800 1000 

REACTOR POWER, KW

1600

Fig. 8—Internal gas recombination in HRE with 0.06M Cu+2 at 260“Ccore outlet temperature. 
[Cu]/[U236] =0.438.
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a.'
H 8

A 228°C

O 6

NO COPPER

UJ-1
i 800 1200
REACTOR POWER,KW

1600

Fig. 9—Internal gas recombination in HRE with0.06M 
Cu+2. Total pressure, 1010 psig. [Cu]/[U23S] = 0.438. 
-------, static system, 250“C, 1000 psig.

resenting the calculated performance with the 
same copper concentration in a static 50-liter 
reactor at 250°C, 1000 psig, uniform power 
density, and without circulation. In general, it 
is possible to draw a straight line through all 
points taken at the same pressure and outlet 
temperature from the core. This line is roughly 
parallel to that for no copper, and its intercept 
at zero external gas recombination represents 
the highest reactor power for which all the dis­
sociation gas is internally recombined and is 
therefore a measure of the effectiveness of the 
copper. These intercepts have been compiled 
in Table 3.

3.2 Core Mixing and Temperature Distribution

Before attempting to correlate the reactor 
data with the predictions based on static ex­
periments in the laboratory, it is necessary to 
examine the temperature distribution in the 
HRE core. The flow and temperature patterns 
inside the core are somewhat ambiguous because 
it has not been feasible to study the mixing 
during high-power operation when gas bubbles 
and volume heat generation become important 
factors. Early mixing experiments at room 
temperature with a plastic model of the HRE

core6 indicated that the main body was perfectly 
mixed except for a relatively stagnant region of 
7.5-liter volume, shaped like a doughnut, 16 cm
I.D. and 22 cm 04D.,with the vertical axis going 
through the poles. The residence time and tem­
perature rise for the liquid in this region were 
estimated as approximately twice those for the 
main body of the 50-liter core.

Additional information on mixing in the HRE 
core is available from operating the reactor at 
high power. It has been observed that, within 
the error of measurement, the core outlet tem­
perature remains constant as the power is 
rapidly increased from essentially 0 to 1000 kw. 
This would imply that there is near perfect 
mixing in the core as opposed to pure slug flow. 
The latter would have required the outlet tem­
perature to increase by 15°C, which is one-half 
the temperature rise across the core, since the 
average nuclear temperature, which depends 
only on the fuel concentration, must remain 
constant. From considerations of criticality 
and conservation of energy, it can be shown 
that the presence of a hot region of the size and 
residence time indicated by the tests with the 
plastic sphere would cause, as the power is 
raised to 1000 kw, a decrease in outlet tem­
perature of only 2°C. This is comparable to the 
error in observing the temperature for this 
type of test.

Another phenomenon at high power sheds ad­
ditional light on the core temperature distribu­
tion. It has been noted that the fuel concentra­
tion in the core becomes enhanced owing to the 
removal of radiolytic gases and associated 
steam.7 Although for no internal recombination 
the mass rate of removal of the radiolytic gases 
is proportional only to the reactor power, the 
removal of steam depends also on the tempera­
ture. In order to account quantitatively for the 
enhancement in concentration as reflected by the 
rise in core outlet temperature, it has been 
necessary to postulate that the temperature of 
the steam-gas mixture leaving the core is ap­
proximately 20°C higher than that at the core 
outlet for the circulating fuel. This hypothesis 
is also supported by data from heat balances on 
the let-down heat exchanger where the mixture 
of gas and solution returned to the low-pressure 
system is cooled by the upcoming stream. A 
hotter region surrounding the vortex is implied. 
However, the thickness of this region need only
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Table 3 — Effectiveness of Copper from Intercepts

Molar cone, 
of Cu+* 
at temp.

Molar ratio, 
[Cu|/IUJM1

Fuel temp.,
•c

Fuel pressure, 
psig

Maximum
reactor power 

where all gas is 
recombined, kw

0.0045 0.0293 260 1000 85
0.0042 0.0293 250 1000 120
0.0040 0.0293 240 1000 160
0.0038 0.0293 227 1000 90
0.0034 0.0293 190 1000 70
0.0112 0.0732 260 1000 240
0.0104 0.0732 250 1000 320
0.0104 0.0732 250 810 170
0.0099 0.0732 240 1000 240
0.0093 0.0732 224 1000 110

0.0336 0.220 260 1000 530
0.0313 0.220 250 1000 615
0.0298 0.220 240 1000 600
0.0292 0.220 235 1000 530
0.0265 0.220 210 1000 200

0.0243 0.220 182 1000 50
0.0298 0.220 240 945 440
0.0290 0.220 232 920 380
0.058 0.438 235 1200 1350
0.058 0.438 235 1100 1100

0.058 0.438 235 1060 940
0.058 0.438 235 1010 890
0.058 0.438 235 905 710
0.058 0.438 235 760 410
0.067 0.438 260 1010 690

0.061 0.438 245 1010 820
0.056 0.438 228 1010 830
0.067 0.438 260 1110 980
0.067 0.438 260 1200 1280

be sufficient to saturate the radiolytic gas pass­
ing through to the vortex. The volume of the 
region must be greater than 0.5 liter to satisfy 
the power requirements for saturating the gas 
with steam.

In summary, the main body of the HRE core 
is in a state of perfect mixing with the tempera­
ture approximately the same as the outlet tem­
perature. In addition, there is probably a region 
near the center with perhaps 15 per cent of the 
core volume for which the residence time and 
temperature rise at 1-megawatt operation are 
approximately twice those of the main body.

3.3 Effect of Temperature

It appears from Figs. 3 to 5 and 9 and Table 
3 that, at a total pressure of 1000 psig and for 
a given copper loading, the most effective in­
ternal recombination is with the core outlet 
temperature between 230 and 250°C. That is, 
the power at which gas first begins to be re­
combined externally is highest when the tem­
perature is in this range. This is more readily 
seen in Fig. 10.

Also shown in Fig. 10 are theoretical curves 
for the HRE (calculated as in reference 5).

• •
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2000

3 1600

1 200

R = 0.438 r

O 800

^ R = 0 0293
230 240 250 260

CORE OUTLET TEMPERATURE , °C

Fig. 10 — Internal gas recombination in HRE as a 
function of core outlet temperature. Total pressure,
1000 psig. R= [Cu]/[U235|. ---- , calculated for static
isothermal core with recombination in external core. 
-------, experimental.

These curves are based on a completely iso­
thermal core and take into account recombina­
tion in the circulating system. For reasons 
discussed earlier, these curves all have maxi- 
mums at the same temperature, 268°C. The 
experimental data indicate maximum effective­
ness at lower temperatures.

A qualitative explanation for the shifting of 
the maximum to lower core outlet temperatures 
would be the presence in the core of a region 
which is at a considerably higher temperature 
than the main body. In this case the effective­
ness of the copper in the hotter region would

follow the temperature there and not the core 
outlet temperature, which was measured. The 
intercepts plotted in Fig. 10 occur at higher 
power levels for the higher copper concentra­
tions. Therefore, if the temperature difference 
between the hot region and the core outlet in­
creases with power level, the effect of the hot 
region should be more pronounced at the higher 
copper concentrations. This is in agreement 
with the experimental data which show that 
generally the higher the copper content, the 
lower the temperature at which the maximum 
effectiveness occurs. The effect of a two-tem­
perature region core will be discussed more 
fully in the discussion of the effect of pressure.

In Fig. 11, the recombination rate constant 
calculated from the HRE data for 25 and 75 per 
cent nominal copper content is compared at 
various core outlet temperatures with that ob­
tained by static bomb investigators. The only 
correction applied to the reactor data was for 
the recombination in the external high-pressure 
loop. The agreement is, in general, very en­
couraging, ignoring the decrease at high tem­
peratures, which probably reflects the effect 
of the hot region in the core. This effect seems 
more pronounced for the data taken with 75 per 
cent copper, probably for the reason that the 
temperature increase in the stagnant region is 
greater at the higher power levels associated 
with the higher copper content.

3.4 Effect of Pressure

With the highest copper concentration in the 
fuel, 0.06 moles/liter nominal, an investigation 
was made of the effect of the total reactor pres­
sure on the effectiveness of the copper for gas 
recombination. Although it would have been 
desirable to conduct this study at a number of 
temperatures, it was possible because of equip­
ment limitations to achieve a sizable range of 
pressures at only one temperature, 235°C. The 
data obtained are shown in Fig. 7. The extra­
polated reactor power for gas first to appear, 
which is a measure of the effectiveness of the 
copper, is plotted in Fig. 12 against total re­
actor pressure.

Also shown in Fig. 12 is a theoretical curve 
that was calculated on the basis of a completely 
isothermal core with recombination also oc­
curring in the external high-pressure system.
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TEMPERATURE,°C
260 250 240

10.0

STATIC BOMB TESTS'-A 
(ACTIVATION ENERGY = ' \ 
24.4 KCAL/MOLE) \ 

-(BAND INDICATES RANGE) \

20.0 22.018.0
RECIPROCAL ABSOLUTE TEMPERATURE, 10'

generated. It is postulated that the fuel solution 
entering the core divides into two streams, one 
for the stagnant region and one for the main 
body of the core. Each region is assumed to be 
separate, perfectly mixed, and therefore at uni­
form but, in general, different temperature and 
gas concentration. For each region the pressure 
required for total recombination is calculated, 
as shown in Sec. 5, as a function of the power 
density. The curve giving the performance of 
the stagnant or hotter region at a constant core 
outlet temperature of 235°C is shown in Fig. 12,

1400
ISOTHERMAL CORE 
(ALSO MAIN BODY) —

1200
TWO-TEMPERATURE 
REGION CORE—

1000

X/y HOT REGION ALONE 
y/ (DOUGHNUT)

4001---------------- -------- -------- —0 400 800
REACTOR POWER FOR GAS TO APPEAR, KW

1200

Fig. 11—Effect of temperature on recombination rate 
constant at low power. Data interpreted on basis of 
isothermal core with recombination in external sys­
tem.

Molar ratio, 
[Cu]/[U235]

□, 0.0732 
A, 0.0732 
O, 0.220

Pressure,
psig

1000
810

1000

In general, the experimental data agree well 
with the curve with indications that, at the higher 
pressures, the copper was somewhat less ef­
fective than had been predicted by this model.

The data were also analyzed on the basis of a 
core model in which there is a relatively stag­
nant region where 15 per cent of the power is

Fig. 12—Gas recombination in HRE at 235°C core 
outlet temperature with 0.058M Cu+2. {Cu|/[U2:!5| = 
0.438.

and that for the main body is adequately repre­
sented by the curve already drawn for the iso­
thermal-core model. For pressures up to 840 
psia, gas bubbles by the two-region model are 
formed first in the stagnant region when the 
reactor power is increased. At higher pres­
sures, they appear first in the main body.

It is now necessary to discuss more fully the 
significance of the intercepts listed in Table 3. 
These were obtained by extrapolating the experi­
mental data to zero external recombination by a 
straight line parallel to the line which gives the 
gas generation for the reactor in the absence of
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copper. In this there is the implicit assumption 
that, with or without copper, once gas begins to 
appear, increases in the rate of external re­
combination are proportional to the increase in 
total reactor power. This is not generally true 
in the two-temperature model. If gas is gener­
ated in one region before the other, the initial 
rate of increase should, to a first approxima­
tion, be proportional to the fraction of the total 
power which is generated in the region where 
the gas is being produced. As gas begins to ap­
pear in the second region, the slope should 
change and become parallel to the no-copper 
line — provided the temperature of neither 
region changes. If this part of the curve were 
extrapolated to zero external recombination, the 
intercept would lie between the powers at which 
gas first appeared in the two regions. In those 
cases where, as the power is increased, gas is 
first produced in the main body (in which 85 per 
cent of the power is produced), the intercept 
should be 15 per cent of the way between the 
power for the appearance of gas in the main 
body and the power for appearance in the stag­
nant region. In the experiments where the de­
pendence of gas production on power was fol­
lowed over an appreciable range, it is impossible 
to detect any significant deviation from the 
slope of the no-copper line. However, the pre­
dicted change in slope would be only 15 per 
cent, which could not be seen because of ex­
perimental error.

The intercept power as a function of total 
pressure, calculated as described in the pre­
ceding paragraph, is shown in Fig. 12 as a 
dashed line. It appears that the experimental 
data support the two-temperature-core model. 
Additional data at higher pressures, which were 
not obtainable, would have been more conclusive. 
Also data at lower pressures would have been 
helpful in verifying that the intercept on the 
pressure axis for no internal recombination is 
the steam pressure for 235°C.

A limited amount of data was taken at 260°C 
outlet temperature at total pressures from 1010 
to 1200 psig with a nominal copper concentra­
tion of 0.06 mole/liter. These data are shown 
in Fig. 8. At the highest power level attained at 
each pressure, the reactor was on the verge of 
instability owing to the fuel-concentration effect 
in the core.

The analysis of the 260°C case using the two-

temperature-core model predicts somewhat 
different behavior than that for a 235°C core 
outlet. For the 260°C outlet temperature as the 
power is raised gas bubbles are generated first 
in the hotter region at all pressures. Further­
more, as the power is increased from the point 
at which gas first emerges to the point at which 
the solution boils in the stagnant region, the gas 
production, as shown by the solid curves in Fig. 
8, increases as rapidly as if the gas were gener­
ated throughout the reactor core. This arises 
from the fact that the gas generation in the 
stagnant region is supplemented by two other 
phenomena: first, a fraction of the solution 
which leaves the main body enters the bottom 
stagnant region where the gas dissolved in the 
solution is stripped; second, as the boiling point 
is approached in the stagnant region, the re­
combination rate falls off rapidly. It so happens 
here that the linear extrapolation of the data in 
the usual manner yields intercepts that are 
identical to the threshold powers for gas pro­
duction, which are calculated on the basis of the 
two-temperature-core model. The effectiveness 
of the copper as measured by this threshold 
power is plotted in Fig. 13 against the total 
pressure in the reactor. The data are in ex­
cellent agreement with the predictions based on 
the two-temperature-core model, whereas the 
calculations for an isothermal core predict an 
effectiveness for the copper three to four times 
greater than observed.

The two-temperature model also explains the 
incipient instability in the reactor at the highest 
power levels achieved at 260°C on the basis of 
incipient boiling in the stagnant region. This 
results in an inordinately large rate of steam 
removal from the core and a corresponding en­
hancement of the fuel concentration.

This experiment at the 260°C core outlet 
temperature thus demonstrates in a striking 
manner the necessity of taking into account the 
detailed temperature pattern in the core and 
also the validity of the assumptions concerning 
the stagnant region in the HRE core.

Shown in Fig. 14 are some data on pressure 
dependence obtained with a 0.0104M concentra­
tion of Cu+2 at relatively low power levels where 
the effect of the stagnant region would not be too 
important. The agreement with the predictions 
based on an isothermal-core model is reasona­
bly good.
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TWO-TEMPERATURE- 
CORE MODEL (ALSO, 
STAGNANT REGION)

HOO

a (OOO

ISOTHERMAL-CORE MODEL-----
/ | (ALSO, MAIN BODY IN

/ TWO-TEMPERATURE- 
REGION MODEL)

600'---------------- -------- -------- -------- -------- -------- --------
O IOOO 2000 3000 4000

REACTOR POWER FOR GAS TO APPEAR, KW

Fig. 13 — Effect of total pressure on internal gas re­
combination at 260“C fuel outlet temperature with 
0.067M Cu+J. [Cul/IU235! = 0.438.

<o (OOO

ISOTHERMAL CORE 
WITH EXTERNAL 
CIRCULATING SYSTEM"

lOO 200 300
REACTOR POWER, KW

Fig. 14—Pressure dependence of internal gas re­
combination in HRE at 250°Cwith0.0104M Cu+2. [Cu]/ 
[U235] = 0.0732.

4. CONCLUSIONS

The use of copper dissolved in the reactor 
fuel for the complete recombination of radio­
lytic gas has been successfully demonstrated in 
the HRE. In the main, the results obtained over 
a sizable range of temperatures, power levels, 
and pressures are consistent with the findings 
of the static-system experiments.

The quantitative interpretation of the HRE 
data has been complicated by the flow and tem­
perature distribution in the reactor core. There 
appears to have been a region near the center 
of the core for which the residence time and 
temperature rise at 1-megawatt operation were 
approximately twice those for the main body. 
The existence of such a region was indicated by 
mixing experiments on a plastic model. At low 
power levels the temperature in the stagnant 
region would not be expected to be much above 
the remainder of the core. This was borne out 
by the HRE experiments with low copper con­
centrations. Here the powers at which gas be­
gan to appear were low, and there was good 
agreement between the observed dependence on 
temperature and that predicted for a static iso­
thermal system. At higher copper concentra­
tions, where the power was raised quite high 
before the appearance of gas, the data had to be 
analyzed on the basis of a two-temperature 
region core model.

Because of the copper it was possible to ex­
tend the permissible power level of the HRE 
from 1000 to 1500 kw. The removal from the 
core of the decomposition gases with associated 
steam tended to increase the concentration of 
fuel in the core with respect to the low-pres­
sure system. Because the region about the 
vortex apparently ran 20 to 30° hotter than the 
remainder of the core, the removal of steam 
and the concentration effect were enhanced to 
the point where an instability developed in the 
operation of the reactor.8 By reducing the net 
gas production by means of the copper, the con­
centration effect in the core was also reduced 
permitting the operation of the reactor at high 
power levels.

Finally, no harmful effects from the copper 
were found in the operation of the reactor for 
350 hr with 0.06M Cu+2. There was no signifi­
cant change in the corrosion rate as determined
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from the nickel concentration in the fuel solu­
tion, and there was no evidence of any chemical 
instability either with respect to the copper or 
the uranium.

5. APPENDIX: RECOMBINATION IN A TWO- 
TEMPERATURE REGION HRE CORE MODEL

5.1 Calculation of Doughnut Temperatures

The behavior of flow in the HRE core under 
the influence of density differences had been 
investigated in the full-scale plastic model by 
Spiewak and Bradfute.6 They report a char­
acteristic stagnant region coaxial with the vor­
tex with the following average dimensions:

Radius, 9.5 cm 
Thickness, 3 cm 
Height, 41.6 cm 
Volume, 7.45 liters

Bradfute and Spiewak also give an expression 
by which the temperature in the stagnant region 
or “doughnut” can be estimated. The density in 
the doughnut is given by

a,<P,-P>^<P.-P>’-cgr0 (1)

where p = density in doughnut, grams per cubic 
centimeter

p, = core inlet density, grams per cubic 
centimeter

p0 = core outlet density, grams per cubic 
centimeter

<f> = specific power in doughnut, calories 
per cubic centimeter per second

x = temperature coefficient of density, 
grams per cubic centimeter per de­
gree centigrade

Cp = specific heat, calories per gram per 
degree centigrade

at = experimentally determined mixing 
coefficient, sec-1

a2 = experimentally determined mixing 
coefficient, sec-1

The specific heat and temperature coefficient 
of density are evaluated at the core outlet tem­
perature, which is usually about halfway between

inlet and doughnut temperatures. The doughnut 
temperature can be found from the density by

T = T0 + (p0 - p)x

The mixing coefficients at and a2 were found 
to be directly proportional to the flow through 
the core.

a, = 0.0227 g/100 sec-1 

a2 = 1.65 g/100 sec-1

where g is the flow rate in gallons per minute. 
For the HRE the flow rate is 120 gal/min and

aj = 0.02724 sec-1 

a2 = 1.98 sec-1

Spiewak and Bradfute also made a calculation 
of the power density in the doughnut compared 
to the average for the core. Taking into account 
the flux distribution and density differences, 
they found that at 1000 kw the doughnut power 
density was only 10 per cent above the average 
for the core. In calculating temperatures for 
this report, the power density in the doughnut 
was assumed to equal the core average.

The inlet temperature is less than the outlet 
temperature by an amount which depends upon 
the power. For the HRE the difference has been 
found to be 0.030°C per kilowatt.

Other constants that were used in evaluating 
the doughnut temperatures are given in the fol­
lowing table. Densities are for water at 75 atm 
and are taken from N. E. Dorsey, “Properties 
of Ordinary Water Substance.” Specific heats 
are from Report ORNL 156-12.

Temp., P, x, Cp,
°C g/cm3 g/cmV’C cal/g/°C

220 0.8449 0.001275 1.102
230 0.8318 0.001345 1.120
235 0.8251 0.001380 1.129
240 0.8180 0.001425 1.139
250 0.8033 0.001510 1.162
260 0.7878 0.001615 1.188

The differences in doughnut temperature and 
core outlet temperature which were calculated
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RECOMBINATION OF GAS WITH A HOMOGENEOUS CATALYST IN HRE 87

using the above information are shown in Fig. 
15. This particular curve is for a 250°C outlet; 
curves for other temperatures are only slightly 
different because of small differences in specific 
heat and temperature coefficient of density.

5.2 Calculation of Total Pressure

The following model is assumed for the pur­
pose of calculating the relation between total 
pressure and the reactor power at which gas 
first appears. As the fluid enters the core it is

2 30

^ 20

400 600 8
REACTOR POWER,KW

Fig. 15 — Calculated increase In doughnut temperature 
with respect to main body.

assumed to be divided into two streams: one 
through the doughnut and the other through the 
main body of the core. Each region is assumed 
to be perfectly mixed, at uniform temperature, 
pressure, power density, and hydrogen concen­
tration. The following procedure is then used:

1. For a specified power density and outlet 
temperature, the temperatures in the two re­
gions are estimated. For all practical purposes 
the temperature of the main body can be taken 
equal to the outlet temperature. The tempera­
ture of the doughnut can be calculated as shown 
in the previous section. Also the power densi­
ties in the two regions can be taken as equal.

2. The copper concentration in the main body 
is obtained from the copper and uranium in­
ventories and the critical uranium concentration 
for the particular outlet temperature. The ratio 
of the copper concentration in the doughnut

region to that in the main body is given by the 
ratio of the liquid densities.

3. The residence time in the doughnut is cal­
culated from the temperature rise, power den­
sity, specific heat, and density of the solution. 
From the residence time and assumed volume 
the flow rate through this region can be ob­
tained.

4. The required concentration of H2 for com­
plete recombination in solution is then calculated 
for each region.

5. From solubility data the required partial 
pressure of H2 is calculated; the pressure due 
to 2H2 and 02 is 50 per cent greater.

6. The total pressure in the region is then 
the sum of the gas pressure and the steam pres­
sure.

Denote by the subscript 1 all properties per­
taining to the main body and by 2 the properties 
in the hot region or doughnut.

Let pl = total pressure of gas and steam, 
pounds per square inch absolute 

ps = steam pressure, pounds per square 
inch absolute

pH2 = h2 partial pressure, pounds per 
square inch

y = concentration of H2 in solution, moles 
per liter

x = concentration of Cu+2 in solution, 
moles per liter

a = Henry’s law coefficient for H2, 
pounds per square inch per mole 
per liter

T = temperature in core, degrees centi­
grade

P = power density, kilowatts per liter
f = fraction of flow through region 1
t = residence time in core, seconds 

1 — j3 = fractional reduction in H2 concentra­
tion in external loop due to recombi­
nation, about 0.08

A = rate of formation of H2 by dissocia­
tion of water, 1.47 x 10“4 moles of 
H2 per kilowatt

The specific rate constant for Cu+2 ions, k, is 
a function of temperature. The data from Mc­
Duffie et al.3 were used to obtain

k = 7.16 x 109 exp (-12,200/Tabg)
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88 S. VISNER AND P. N. HAUBENREICH

At equilibrium the rate of production of H2 in 
each region is equal to the rate it is being re­
moved. The removal is due both to recombina­
tion and to transport in and out of the region.

it is required to determine the H2 concentration 
for bubble production in region 2 while gas is 
being removed from region 1, the following 
equations are written:

0 = AP, - kjXjy, - (y, - y0) ^
M

0 = AP2 - k2x2y2 + (y0 - y2) --
l2

yo = P\fy\ + (i - f)y2|

(2) o = ap -

(3)

k2x2 + 1 0(1 - f)
*2 ^

+ 0fy? ^ t y i (6)

(4) Yi
■ Pi”2 _ 2 pt - p? 

a, 3 »,

After substituting for y0 from Eq. 3, subtract 
Eq. 2 from Eq. 1;

0 = y,(/,f\^1"r;-k«Xi)
Yz p{l ~f) \~ri + f+ k2X2l2ll l2

or

Vi = My2 

where

(5)

3 H, s s 
2 2 2 + P2 — Pl

«i

ey _ S S^2 + 2 P2 ~ Pi
o'1 y2 3 or,

After substituting Eq. 7 into Eq. 6

Ap + 2 0f p?-pi

(5a) y2
3 t2

k2x2 +i[l-0f^-0(l-f)j

(7)

(8)

1 — t,-!,
kzxz + r + 0(1 - f)

M =■
kixi +

1 -- tj

Then for incipient gas production

1
Yi = AP 1 , P f1 r 1 -

y2 = ap2
i

t2 0
kzxz +T" - f) - Mfj

(2a)

(3a)

Only one of the above equations can be used — 
the one for the region where gas is first pro­
duced—since complete recombination in both 
regions is postulated. The problem of calcu­
lating H2 concentration for incipient gas pro­
duction in the remaining region while gas is 
coming out of solution in the other is somewhat 
simplified since the H2 concentration in the other 
region is that in a saturated solution. Thus, if
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REACTOR DATA TABLE 4

Previous issues of the Reactor Data Table have been designated 
as revisions of the original. In reality, the successive so-called “re­
visions” have superseded previous ones only in part, making it neces­
sary for the reader to refer to all the issues. In recognition of the in­
appropriateness of continuing the former numbering system, a new 
series designation has been initiated. The correlation of the previous 
issues of the Reactor Data Table with their position in the new series 
is to be understood as follows:

Reactor Data Table 1: TID-5022, August 1951; issued as supplement to 
Reactor Sci. Technol., 1(2) (TID-72); [all data but those on the British 
Experimental Pile (BEPO) are superseded].

Reactor Data Table 2: TID-5022 (Rev. 1), August 1952; issued as supple­
ment to Reactor Sci. Technol., 2(2) (TID-2002).

Reactor Data Table 3: TID-5022 (Rev. 2), September 1953; bound in 
Reactor Sci. Technol., 3(3) (TID-2010).

Table 4, presented herewith, lists revised data on the Sodium 
Graphite Reactor (SGR) and the Oak Ridge National Laboratory Research 
Reactor (ORR) and presents information on 18 reactors not incorporated 
in previous tables. Continuing the practice established with Table 3, the 
current table has been bound into this issue of Nuclear Science and 
Technology. A separate supplement has not been issued.

The information in this table is the best obtainable on the date 
shown in the first line. Many of the data are tentative since several of 
the reactor designs are undergoing frequent changes.

The editors welcome your criticism and suggestions. We are 
especially indebted to G. A. Young of the Technical Information Service, 
Oak Ridge, for his assistance in the preparation of this table.

t

91
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REACTOR DATA TABLE 4
O
CO

ORNL Pressurized-water 
Package Power Reactor

Homogeneous
Reactor Test 

(HRT or HRE-2)

Thermal
Breeder Reactor 

(TBR-K23)

Oak Ridge
Research Reactor 
(ORR), new design

Date of data Sept. 17, 1954 Oct. 1, 1954 Oct. 1, 1954 Sept. 29, 1954
Location &

^5 operator
Fort Belvoir, Va; Corps of 
Engineers, U. S. Army

ORNL ORNL ORNL

c Purpose o Power & heat at remote base Experimental power Power production Research
Neutron energy Thermal Thermal Thermal Thermal
Status Const, contract to be 

awarded Dec. 1954
Design and construction Reference design Detailed design (const, to start

Feb. 1955)
Reactor heat, kw 10,000 5000 (core) + 220 (rell.) 320,000 (core) + 130,000 (blanket) 5000
Net electric, kw 1700 or 1000 + 3535 steam 300 (existing turbogenerator limit) 125,000
Steam temp. & 
pressure

382°F; 200 psia 470°F; 520 psia 478°F; 560 psia

Heat flux:
Btu/sq ft/hr 

aJ Max./av.
55,900
4

32,000 av.
2.1

£ Power density, kw/liter 71.1 17.3 (av. core); 10 (av. 
core + circ. system)

100 (core); 17 (core + circ. 
system); 11 (blanket); 7 
(blanket + circ. system);
11 (over-all)

50

Specific power, kw/kg 
of FM

565 2300 (av. core); 1300 (av. 
core + circ. system)

77,000 (core); 13,000 (core + 
circ. system); 2300 
(blanket); 1300 (blanket + 
circ. system); 3600 (over-all)

~ 1250

Fuel & enrichment U (93.5%) UOjSO, in 0,0 (93% U!") Core: UOjS04 (Ul”) soln. in
D20; blanket: U-Th oxide in D^

U (93.4%)

Amount of fuel, kg 18.9 5.0 Core: 25 (U!sl); blanket: 100 
(U»»); 21,000 (Th)

3-4

§ Fuel elements o
E

Plates: U02-s.s.-ZrB2 
matrix

MTR type (plates: 17% U; 83% Al; 
0.050 x 2.8 x 24.5 in.)

o3 Fuel-element jacket S.s. Al
rt Moderator
<ure5

HjO D,0 (700 kg) D20 (19,000 liters in core & 
circ. system; 21,000 liters 
in blanket & circ. system)

HjO

Reflector HjO DjO (2000 kg) Be & H20
Shield Concrete Barytes concrete + H20 Concrete H20 & barytes concrete
Primary coolant H20 Circulating fuel Circulating fuel h2o
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CO
CO

OD

Temperatures:
Max., °F
Sheath, °F

566
554

-200
-200

— Consumption, g/day 1.4 g/Mwd 6.0 540 (Th) ~6.5
^ Av. cycle time 15 Mw-yr; 2.5 yr at

0.6 load demand
Core: 1-10 days (filtration),

100 days (Thorex); blanket:
270 days (Thorex)

-6 months

Burn-up per cycle, % 4.2 (U238 atoms) -15

Temperatures:
Inlet, °F
Outlet, °F

432
450

494
572

510
572

120
135

Velocity:
•- Ft/sec

§ Gpm

Cfm

4.3 (core)

4000

10-20 (core + circ. system);
5-10 (refl. + circ. system)

400 (core + circ. system);
230 (refl. + circ. system)

12-25 (core); 10-15 
(blanket)

32,000 (core);
13,000 (blanket)

4.0

2500

Pumping power req’d ~ 30 kw 15 hp (core); 3 hp (refl.) 1200 hp (core); 600 hp (blanket) 75 hp

System pressure, psia 1200 2000 2000 Nonpressurized

Thermal:
j* Max., n/cm2/sec 
® Av., n/cmVsec

~1014

~2. 7xl0ls
1.1 x 10“ (core); 7.3 x lO1’ (refl.)
8.2 x 1015 (core); 3.8 x 10ls (refl.)

6 x 1018 (core); 9 x 1014 (blanket)
3 x 1018 (core); 9 x 1013 (blanket)

8 x 10'3
3 x 1013

k Fast:
2 Max., n/cm2/sec

ic
£ Av., n/cmVsec ~3 x 101S

2.0 x 1014 (core); 7.5 x 1015 
(refl.); (total above thermal)

2 x 1018 (core); 7 x 1014 (blanket); 
(total above thermal energy)

1.7 x 1013

^ Intermediate (av.), 
n/cmVsec

Production rate, g/day 45 (net U!13)
Core Cylinder: 22 in. dia. x 22 

in. high
Sphere: 32 in. dia.; l/4 in.

Zircaloy-2 wall; 290 liters soln.
Sphere: 6 ft dia.; % in.

Zircaloy-2 wall; 3200 liters soln.
30 x 53 x 60 cm

Reflector thickness 13 In. IS*/, In.; 1560 liters D,0 2 ft blanket; 11,800 liters slurry 7.5-15 cm

Shield thickness
00co
«co
B

8.5 ft for tolerance levels Roof: 5 ft barytes concrete; 
operating-gallery wall:
51/, ft barytes aggregate &
HjO; around reactor: 2 ft
HjO or aggregate ft HjO

8-9 ft HjO, 4 ft; concrete, 7 ft

Over-all dimensions Reactor & shield: 32 x 27 x
19 ft; building: 82 x 45 x 39 ft

Pressure vessel: 60 in. I.D.;
4 in. carbon steel clad with
0.4 in. s.s.; shield inside 
dimensions: 54 x 26 x 20 ft 
high; pit: 54 x 31% x 25 ft deep

Pressure vessel: 10 ft I.D.,
6 in. carbon steel clad with
0.4 in. s.s.

Pool: 10 x 20 x 26 ft deep, 
surrounded by barytes 
concrete

Control method 5 rods; absorber: B4C-Cu, 
s.s. cladding

Fuel concn.; neg. temp, 
coeff.

Fuel concn.; neg. temp, coeff. Cd-U2ss shim safety rods

References ORNL-1613 ORNL-1678; ORNL-1753;
ORNL-1780

ORNL-1642 ORNL, CF-54-3-49

Remarks See footnotes a & b See footnote c See footnote d
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Borax Reactor 
(Borax-I) Borax-n

Boiling
Experimental Reactor 

(BER)

Central Station
Water Reactor 

(CSWR)

^ ^ Date of data Sept. 1954 Sept. 1954 Sept. 1954 Sept. 1954
Location & 
operator

NRTS; ANL NRTS; ANL Not determined; ANL Not determined; ANL design

c Purpose Boiling experiment Boiling experiment Experimental power Power production
Neutron energy Thermal Thermal Thermal Thermal
Status Operation Construction; operation 

scheduled Nov. 1954
Design Inactive pending completion 

of BER
.... Reactor heat, kw 1400 (26,000 in 

excursions)
6000 est. 20,000 1,000,000

J . J Net electric, kw 5000 (gross) 280,000

. f„ pressure
488°F; 600 psig

*‘”f* HI i Btu sq ft/hr

?•*; &

Max./av.

20,000 max.

1.85

120,000 max.

~ 2

130,000 max.

2.7

400,000 max. final (un­
flattened); 300,000 initial 
(flattened)

2.5 final; 1,85 initial
...... •' ■ Power density, kw/liter

H >
10 13 (av. core); 22 (av. 

coolant); 35 (max. core);
60 (max. coolant)

20 av.

•• •• " ofFM
330 1.0 est. 420 2000 av.

. i 4 Fuel&
J..J.J enrichment

U-Al (93%) U-Al (93%) U-Zr-Nb (natural & 93%) U-Zr-Nb (natural or depleted)

.• ••• . Amount of fuel, kg
3

4.2 6-7 5 tons natural U; 15 kg U23J 39 tons natural U; 41.7 tons 
fuel alloy

§ Fuel elements
Ea

•a
CO

MTR type MTR type, 10 plates per 
element

Natural U plates: 0.25 in. 
thick x 4 ft long; enriched
U plates: 0.10 in. thick x 4 
ft long

Twisted ribbon

C Fuel-element jacket Al Al Zircaloy-2 Zircaloy-2
^ Moderator HjO H20 H20 D,0 (120 tons)

Reflector H20 h2o h2o d2o

Shield Earth Concrete & earth Concrete Concrete
Primary coolant HjO H20 H20 D20
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Temperatures:
Max., °F

Sheath, °F

400 (640 max. in 
excursions)

360

-450

-450

610

520

600

545

a> Consumption, g/day 
£

Not operated on 
continuous basis

6 (est.) 23 31 tons/yr

Av. cycle time Natural U plates: 9 yr; 
enriched U plates: 2 yr

Burn-up per cycle, % Natural U plates: 1; 
enriched U plates: 40

Temperatures:
Inlet, °F
Outlet, °F 355 (steam) 425

110
488

92
486 (steam)

Velocity: 
c Ft/sec
o Gpm
Q Cfm

Natural circulation Natural circulation 3 (in core channels)
8000

Pumping power req’d 50 hp

System pressure, psia 130 or atmospheric 
(rebuilt to operate 
at 300 psig)

300 psig 600; steam pressure, 600

>, Thermal:
•3 Max., n/cm2/sec
S Av., n/cmVsec

2 X 10”
1 x 10”

6 x 10” (est.)
3 x 10” (est.)

3 x 10”
10”

a Fast:
T Max., n/cmVsec
0 Av., n/cm2/sec

Not measured
Not measured

8 x 1012 (virgin)
3 x 1012 (virgin)

2 Intermediate (av.),
21 n/cmV sec

Not measured

Production rate, g/day 103,000 g Pu!!,/yr; 13,600 g
Pu!“/yr

Core
tn

Approx, cylinder: 1.5 ft 
dia. x 2 ft long

Approx, cylinder: 2 ft 
dia. x 2 ft high

4 ft dia. x 4 ft high Cylinder: 13.5 ft dia. x 12 ft 
high; 295 fuel assemblies

0
3 Reflector thickness 12 in. av. 10 in. av. 12 in. Radial: 1.25 ft; vert.: 1.5 ft

g Shield thickness Variable 3-5 ft concrete + earth 8 ft 8 ft
Q Over-all dimensions Reactor vessel: 4 ft 

dia. x 14 ft high
Reactor vessel: 4.5 ft 
dia. x 20 ft high

Reactor tank: 6 ft I.D. x
22 ft high

Pressure vessel: 16 ft I.D.,
43 ft high, 4 in. thick walls

Control method Steam voids; control rods Steam voids; Cd rods Hf rods; steam voids Steam voids

References ANL-5211; ANL-5272 ANL-5261; ANL-5272 ANL-5208; ANL-MT-45

Remarks See footnote e See footnote f
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Experimental
Breeder Reactor-2 

(EBR-2)

Power
Breeder Reactor 

(PBR)

Date of data Sept. 1954 Sept. 1954
Location &

-h operator
Probably NRTS; ANL

^ Purpose
3

Experimental; breeding & 
power prod.

Power production

Neutron energy Fast Fast
Status Design & development Reference design (ANL)
Reactor heat, kw 62,500 (total); 50,000 (core) 940,000 (total);

800,000 (core)
Net electric, kw 15,000 + 300,000
Steam temp. & 
pressure

900°F (superheat 280°F);
1 1800 psig

900°F (superheat 280°F);
1800 psig

u Heat flux:
1 Btu /sq ft/hroA

Max./av.

1.3 x 106 max.

1.5

%

1,250,000 max.

1.4

Power density, kw/liter 1000 (core) 1000 (core)
Specific power, kw kg 

of FM
550 (Pu); converter, 330 
(U«‘)

1800

Fuel & enrichment Pu-U258 (29% Pu)(converter,
45% enriched U)

Pu-U!J! (9.1% Pu)

35 Amount of fuel, kg 
c
3

90 (Pu); converter, 150 kg 
(U2”)

450

S Fuel elements Pin type Pin type

^ Fuel-element jacket S.s. (perhaps Zr) S.s.

.2 Moderator
4)
■3 Reflector
S

Depleted U blanket Depleted U blanket

Shield Concrete Concrete

Primary coolant Na Na
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Temperatures:
Max., °F
Sheath, °F

1390
1025

1325
1025

0)jP Consumption, g day 48 700
Av. cycle time 130 days 140 days
Burn-up per cycle, % 2 2

Temperatures:
Inlet, °F
Outlet, °F

822
1000

618
1000

Velocity:
Ft/sec

8 Gpm

Cfm

35 max.

9000

35

63,000

Pumping power req'd
System pressure, psia Atmospheric Atmospheric

^ Thermal:
5 Max., n/cm2/sec
§ Av., n/cm2/sec
§ Fast:
^ Max., n/cm2/sec
§ Av., n/cm2/sec

4.5 X 1011
3 x 10“

1.2 x 10“
9 x 10“

g Intermediate (av.)f 
z n/cmVsec

Production rate, g/day 81 1200

Core Cylinder: 1.4 ft dia. x
1.2 ft long; V., 50 liters

Cylinder: 3.5 ft dia. x
3 ft long; V., 800 liters

Reflector thickness
00
s

2 ft (blanket) 2 ft (blanket)

c Shield thickness
0)
a
S

Over-all dimensions

Control method Movable fuel rods Movable fuel rods

References ANL-5208 ANL-5208

Remarks See footnote g See footnote h



00

' *

Los Alamos
Omega West

Reactor

Los Alamos
Power Reactor

Experiment (LAPRE)

Sodium Reactor
Experiment

(SRE)

Sodium Graphite
Reactor (SGR)

Reference Design

Date of data Sept. 1954 Sept. 1954 Sept. 15, 1954 Sept. 15, 1954

"rt
Location & 
operator

LASL LASL Santa Susana, Calif.;
North American Aviation, Inc.

Not determined

0)c
5

Purpose Research Experimental; power production Experimental; power reactor dev. Power production
Neutron energy Thermal Thermal Thermal (400°C) Thermal (400°C)
Status Construction; completion 

scheduled early 1955
Construction; completion 
scheduled Dec. 1954

Construction Reference design (NAA)

Reactor heat, kw 5000 max. 2000 20,000 1,000,000

Net electric, kw 300,000
Steam temp. & 
pressure _____u

o&
Heat flux:
Btu/ sq ft hr
Max. av.

177,000 340,000 (max.)
1.7

872,000 (max.)
2.24

Power density, kw liter 46.5 4.2 (av.) 15.6 (av.)
Specific power, kw kg 
of FM

470 290 (av.) 1250

Fuel & enrichment U (93.2%) UO3 (93.4%) dissolved in
h,po4

U (2.75%) Th-U (2.24% U!”)

CO Amount of fuel, kg -6 3.9 in core; 8.4 total 58 0.885 tons U23s
c3o Fuel elements MTR type l Rods Rods
Srt Fuel-element jacket Al S.s. tank, type 347, Au-plated S.s. Zr
CO Moderator H20 H,0 Zr-canned graphite Zr-canned graphite
uo> Reflector HjO Steel L HjO shield S.s.-canned graphite Zr-canned graphite
rt
s Shield HjO & magnetite concrete HjO; Pb; concrete_ Fe & concrete, toluene-cooled Fe & concrete

Primary coolant HjO HjO, supercritical & Na Na
2-phase (internal heat 
exchanger)
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Temperatures:
Max., °F
Sheath. °F

850 1200
1000 (max.)
26.2 (at 20 Mw)

1800
1000 (max.)

% Consumption, g day 1150
Av. cycle time 1.2 sec (fuel circul. 

rate, 1200 gpm)
800 to 1200 days

Burn-up per cycle, % 0.3 (max.) 2 3 total Th-U
Temperatures:
Inlet, 0F
Outlet, °F

100
825

Inlet, 15; outlet, 120
12

500
960 ^mixed mean)

500
1000 (mixed mean)

Velocity:
§ Ft, sec
| Gpm
U Cfm

2700
5
1200 (primary system)

15 max.
60,500

Pumping power req’d 15 hydraulic hp 53 hp ^all Na pumps)
System pressure, psia Inlet, 3900 psi; outlet,

3600 psi; 5000 psia max.
3 psig 3 psig

Thermal:
Max., n cm2 sec 

>» Av., n/cmVsec
~5 x 1011 2.6 x 1015

1.7 x 101J
1.3 x 10“
5.3 x 1011

3.1 x 10“

1.25 x 10“

1.1 x 10“
5 x 101!

£ Fast:
13 Max.. n/cm2/secK3
C .g Av., n/cm/sec
30)
2

1.4 x 1014 (all neutrons 
above thermal); 9.9 x 1013 
(above 20 kev)

9 x 1013 (all neutrons above 
thermal); 6.4 x 1013 (above
20 kev)

3.4 x 1013 (between thermal 
& 20 kev)

2.5 x 10“

1.2 x 10“

Intermediate (av.), 
n/cmVsec

Production rate, g/day 13

Core 24 x 27 x 15 in. Cylinder: 15 in. dia. x 16 in. high Cylinder: 6 ft dia. x 6 ft high Cylinder: 17 ft dia. x 10 ft high

Reflector thickness Steel, 3 in.; H20, 4 ft 2 ft 30 in.

g Shield thickness
CQ

Concrete, 5 ft min.; H20,
17 ft top

H20, 4 ft; Pb, 10 in.; 
concrete, 5.5 ft

Fe, 73/4 in.; insulation, 9 in.; 
concrete, 5 ft 4 in.

Fe, 6 in.; concrete, 7 ft 7 in.

0>B Over-all dimensions
5

Octagon: 18 ft face to face x
23 ft high

Reactor vessel: cylinder,
21 in.; top flange, 32 in.; 
ht. includ. circulator,
12.6 ft; over-all vol.,
119 liters

Reactor tank: cylinder, 11 ft 
dia. x 21 ft high

Reactor tank: cylinder, 23 ft 
dia. x 25 ft high

Control method Rods, B10 in steel sheath B10 rods; temp, coeff.; 
vessel geometry; sol. 
removal

B-Ni rods & falling balls B-Ni rods & balls

References LA-1648 LAMS-1611, LA-1610 NAA-SR-956; NAA-SR- 
1027; NAA-SR-1049

NAA-SR-266; NAA-SR-283

Remarks See footnote k See footnote 1 See footnote m
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Ground
Test Reactor 

(GTR)

Tower
Shielding Facility 

(TSF)

Pressurized
Water Reactor 

(PWR)

Date of data Sept. 17, 1954 Sept. 1954 Apr. 22, 1954
Location & 
operator

Fort Worth, Tex.;
Consolidated Vultee

Oak Ridge, Tenn.; ORNL Shippingport, Pa.; Duquesne
Light Co.

^ Purpose
s

ANP shielding & radiation- 
effect research

Shielding research Power production

Neutron energy Thermal Thermal Thermal
Status Operation Operation Preliminary design (WAPD)
Reactor heat, kw 100 500 (max.) 232,000, 3-loop operation
Net electric, kw 60,000 net based on 3 coolant 

loops in operation, 4 loops 
provided

Steam temp. &
| pressure
Si Heat flux:

Btu/sq ft/hr
Max./av.

118,000 av.
3.17

Power density, kw/liter 0.91 91.2
Specific power, kw/kg 

of FM
25 700-1400

Fuel & enrichment U (93.5%) U (93.4%) U-12% Mo (1.5-3.0% U23s)
Amount of fuel, kg 4.0 3.5-4. 0

m Fuel elements 
c3

Plates: 22% U; 78% 2S Al;
0.060 x 3 x 24 in.

MTR type with 2 in. Pb 
shielding in upper end boxes

Rods, 0.3 in. O.D. x 10.3 in. long

| Fuel-element jacket 72S Al Al Zircaloy-2, 0.030 in. thick
00 ModeratorM H20 H20
3 Reflector h2o HzO H20 & steel
rt Shield
S

H20 in pool surrounding 
reactor; H20 + add’l mat. 
as desired when in portable 
shield tanks

H20 & concrete

Primary coolant H20 H20 at 2000 psi
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Temperatures:
Max., °F
Sheath, °F

1070
630 max.

jP Consumption, g day 234

Av. cycle time ~115 days at full power

Burn-up per cycle, % 3000 Mwd ton average

Temperatures:
Inlet, °F
Outlet, °F

55-70
75-90

508
542

Velocity:
Ft sec 

^ Gpm

“ Cfm

Natural convection when in 
pool; 35 gpm when in 
portable tanks

17.9
51,300; 19.4 x 106 lb hr

Pumping power req’d 3100 hydraulic hp

System pressure, psia 2000 psi

^ Thermal:
^ Max., n, cm2 sec
§ Av., n cmz sec

1.1 X 101J
6 x 1011

8 x 10“- 16 x 10“
2.5 x 10“~5 x 10“

5 Fast:
T Max., n/cm2/sec
o Av., n, cm2 sec

~4 x 1011 
~3 x 10“

g Intermediate (av.), 
n cm2/sec 3.8 x 1011 (Au resonance)

Production rate, g day

Core 15 x 21 x 24 in. high Cylinder: 4.33 ft dia. x 6.08 ft long

Reflector thickness 4 in. min. in portable tanks;
8 ft in pool

8 in. H20; V2 in. steel

m Shield thicknessc_o
c

8 ft H20 in pool; 4 in. H20 + 
add’l H20 or other materials 
in portable tanks

Fe, 11 in.; H20, 30 in.; concrete,
5 ft

Over-all dimensions
Q

22 in. x 30 in. x 16 ft high, 
bare reactor

Reactor tank: 12 ft dia. x 12 
ft high; total wt.: 55 tons; 
tower ht.: 315 ft; tower 
separations: 200 & 100 ft; 
reactor pool: 20 x 20 x 25 
ft deep

Pressure vessel: cylinder,
9.1 ft dia. x 28 ft long

Control method Cd-Pb rods Homogeneous chem. control 
with mech. shutdown rods

References CVAC-38; CVAC-163;
CVAC-215; CVAC-234

ORNL-1550; ORNL-1740 WAPD-MRP-44

Remarks See footnote o See footnote p See footnote q
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FOOTNOTES

aAlso known as the Army Power Package Re­
actor (APPR).

bThe contract for the design, construction, 
and testing of the reactor has been awarded to 
the American Locomotive Co.

cD20 reflector may be replaced with a Th02 
slurry blanket for breeding or aU02S04 solution 
blanket for plutonium-production studies. Fa­
cilities will be installed for continuous removal 
of insoluble fission products from core system. 

dInformation given is preliminary. 
eFlow of steam: 60,000 Ib/hr; flow of con­

densate: 120 gpm.
f Supplies two turbogenerators with 3.8 x 106 

lb of steam per hour.
SThe data given are the preliminary design 

specifications for EBR-2. Many of the variables 
are being optimized and refined and are, there­
fore, subject to change.

hThe data given are based on preliminary de­
sign studies which were made to provide a basis 
for the design of EBR-2.

i Two duplicate reactors to be installed in sub­
marine. The information given applies to only 
one of these.

iThe values given after “alt. design” repre­
sent an alternative reactor design being con­
sidered.

Experimental facilities limited; 13 ports 1 
to 8 in. dia. available. No turbine operation at 
present; steam exhausted to atmosphere.

Secondary coolant: Na; heat will be dis­
charged to atmosphere. 

m Supplies 800°F psig steam.
° Reactor is portable and can be operated in 

various shield tanks. A crane permits operation 
at heights up to 75 ft above ground.

pCore is identical with BSF except for Pb 
shielding.

^Dry saturated 600 psia steam produced in 
heat exchangers.

CONFIDENTIAL



^REACTOR FUTURES
Urn------------------------------------------

A Conceptual Design for the 
Army Package Power Reactor

ROBERT S. LIVINGSTON
Oak Ridge National Laboratory

October 15, 1954

ABSTIiACT

Small compact “package” reactor power plants 
have been proposed for use in remole locations. 
Such a package reactor power plant, rated at 
1000 kw of net electric power and 3500 kw of 
steam for heating purposes, has been designed at 
the Oak Ridge National Laboratory. The total 
thermal output of the reactor is 10,000 kw. The 
fuel plates consist of highly enriched U02 em­
bedded in a matrix of stainless steel, with stain­
less-steel cladding. The core is moderated and 
cooled urilh circulating water, pressurized to 
1200 psia. The saturated steam that drives the 
turbogenerator is produced in a heal exchanger 
al 200 psia. Steam from the heat exchanger is 
also used, al a reduced pressure, for space 
heating.

The reactor is loaded with approximately 18 
kg of if'1* and will supply 15 Mw-years of en­
ergy before refueling is required. This corre­
sponds to 2.5 years of operation at an average 
load factor of 60 per cent. Burn-out poison in 
the form of IfC is incorporated to reduce the 
reactivity excursion and thus facilitate control.

The major objective was to design a reactor 
that would require a minimum of development 
effort and yet be reliable and inexpensive. The 
estimated capital investment, exclusive of de­
velopment work and exclusive of uranium, is 
$1,700,000. The estimated cost per kilowatt- 
hour for net electric and steam power at the 
bus, based on a 60 per cent average load de­
mand, is 5.33 and 1.23 cents, respectively.

1. INTRODUCTION

The concept of the “package” reactor was ad­
vanced in 1952 by L. R. Hafstad of the Atomic 
Energy Commission (AEC), Reactor Develop­
ment Division, and by A. M. Weinberg of the 
Oak Ridge National Laboratory (ORNL). It was 
suggested then that a small compact power- 
producing reactor might be designed to supply 
power in inaccessible or remote locations. 
Shortly thereafter a small group was established 
at ORNL, under the leadership of W. H. Jordan, 
to evaluate various reactor types and to select 
one that appeared to be sufficiently developed to 
permit the design of a thoroughly reliable sys-
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104 REACTOR FUTURES

tem that could run for long periods of time with­
out reloading. The package reactor work was 
later continued under the direction of R. S. 
Livingston and A. L. Boch, after Jordan became 
head of the Aircraft Nuclear Propulsion (ANP) 
Project at the Laboratory.

It appeared at an early date that a package 
reactor such as was being studied would ad­
mirably suit the requirements of the Army for 
use at certain of its remote arctic bases. The 
study was then oriented more specifically to­
ward this objective. Parallel studies were made 
by the Corps of Engineers and by the Operations 
Research Office at the Johns Hopkins University 
to determine which specific class of military 
installations would be most suitable for the ef­
ficient use of the nuclear power system and its 
singular characteristic of compact fuel.

In July 1954, a report was issued, summariz­
ing the design and development work done at 
ORNL on the reactor system deemed most 
adaptable to the package concept. This report, 
ORNL-1613,* A Conceptual Design of a Pres- 
surized-water Package Power Reactor, is now 
being used by a large group of private firms 
who have indicated an interest in, and a compe­
tence for, designing and constructing a reactor 
similar to the ORNL concept. The Army Reac­
tors Branch of the AEC, in cooperation with the 
Corps of Engineers, now plans to build a proto­
type reactor at Fort Belvoir, Virginia, to be 
used in establishing a firm engineering design 
for an arctic unit and to provide a training center 
for military personnel who will be required to 
operate the equipment at remote bases.!

This article has been prepared as a summary 
of the contents of the larger ORNL report. It 
describes the work done by the small group of 
engineers and physicists on the design of a re­
actor to supply heat and electricity specifically 
to an arctic military base. The electric power 
and heat generated are specified to be 1000 and 
3535 kw, respectively.

•As of the date of the preparation of this manuscript, Report ORNL- 
1613 has not been issued to the Reactor General distribution. Follow­
ing receipt of proposals for design and construction of the Army Package 
Power Reactor (APPR) at Fort Belvoir, it is planned to issue the report 
to the customary distribution.

tCertain changes in the specifications to be described herein were 
made to adapt the reactor installation to the special conditions at Fort 
Belvoir. It is not the purpose of this article to review changes or to

The reactor described in this report is only 
one of a number of types being studied at this 
laboratory and elsewhere for this type of appli­
cation. The particular reactor design that was 
chosen is a heterogeneous water-cooled and 
water-moderated stainless-steel system. It was 
selected primarily because of the advanced 
stage of engineering knowledge in this area and 
the small amount of development work which 
would be required. The fuel plates are similar 
in structure to the Materials Testing Reactor 
(MTR) plates; they consist of

highly enriched U02 em­
bedded in a matrix of stainless steel and clad 
with stainless steel. The choice of stainless 
steel was governed by the objective of holding 
the initial costs of the reactor to a minimum. 
Although the critical mass is somewhat higher 
than for zirconium-clad fuel plates, the cost of 
fabrication of the stainless steel is believed to 
be very much less than for zirconium. The 
penalty for the larger critical mass is not seri­
ous in view of the various factors contributing 
to the gross cost of power in this system.

The principal objective of this design study 
was to establish a conceptual design for a com­
plete system in sufficient detail to provide as­
surance of the feasibility of the reactor and to 
permit the preparation of realistic cost esti­
mates. Standard components were used wher­
ever possible. Special components, such as the 
pressure vessel, heat exchangers, and control- 
rod mechanisms, were designed to be well with­
in the limits of present-day technology. Much 
of the design was done in conjunction with equip­
ment manufacturers, who supplied courtesy bids 
on all the major components. It is realized that 
many factors have not been completely optimized 
in this conceptual design. This task should be 
undertaken when the detailed working plans for 
the reactor are prepared. The estimated costs 
are based on construction at Oak Ridge and do 
not include any development costs. Therefore 
the cost of construction at another site would of 
course need to be adjusted appropriately.

2. GENERAL DESCRIPTION OF REACTOR

2.1 Site Conditions

A major factor influencing the design of the 
reactor power plant, in addition to the basiccomment further on this aspect of the project.
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® TEMPERATURE-ACTUATED CON.ROLLER 

© LEVEL-ACTUATED CONTROLLER

SAFETY VALVE

23,106 Ib/hr, 203 psio, 382°F

------- -»■ GLAND LEAKAGE. 163 ib/hr
2«,273 lb/hr. 200 PS'O. 382#F

TEMPERATURE INDICATOR

^ACH 8 gph.Vg hp
Hg ABS, »Oi*F

30 psio. 250<’F
200 Ib/hr

EACH 900 gpm, 20 hp
'EACH 1 gpm, 

2 hp

33,969 Ib/hr 
230 psio, 220oF

FEED-WATER HEATER
EACH 50 gpm, 2 hp

EACH 75 gpm, 2hp

STEAM PUMP, 2 gpmEACH 4,000 gpm, 35 hp

EACH 75 gpm, 20hp

b-*
Q

Fig. 1 — Flow diagram of the reactor power cycle
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REACTOR FUTURES 105

power output requirement, is its intended loca­
tion. The chief usefulness of the package reac­
tor lies in the fact that it can be located in an 
extremely remote place where transportation of 
fuel is difficult or perhaps impossible for ex­
tended periods of time. A typical application for 
which a nuclear-powered plant would be well 
suited has been taken to be an AC&W station. 
These installations are often in remote locations 
where accessibility may be limited to air trans­
portation and where the construction period may 
be as short as three months per year. If the 
reactor is to be used at these stations, such 
physical characteristics of the site as weather 
conditions and the terrain must be properly con­
sidered insofar as they will directly affect re­
actor performance. The following site condi­
tions were considered in the design of the plant:

1. The water supply is limited to amounts 
that can be hauled by trucks.

2. All structures must be constructed above 
grade, owing to the existence of permafrost.

3. The ambient-air temperature range is from 
-50 to +75°F.

4. The maximum wind velocity is 50 mph.
5. All equipment and materials for construc­

tion and operation must be transportable by air, 
with the exception of aggregates for concrete, 
which are available at the site.

Although these conditions did not impose serious 
limitations in reactor design, their effect can 
be noted in various parts of the reactor system.

2.2 Reactor Cycle

The power cycle for the APPR is composed 
of two main systems, the primary coolant and 
the secondary steam systems. Associated with 
these are the ancillary systems for the primary 
coolant make-up, the pressurizer, the space 
heating, the condenser coolant, and the boiler 
water make-up. A flow diagram of the entire 
reactor power cycle is shown in Fig. 1. The 
reactor vessel, the primary coolant system, the 
radiation shielding, the steam turbine, the 
forced-air-cooled condenser, and the reactor 
building are shown in an artist’s sketch of the 
plant in Fig. 2.

Water circulating through the primary coolant 
system serves to transfer heat from the reactor 
core to the main heat exchanger, where it is

transferred to the secondary system. Steam 
generated in the heat exchanger drives the tur­
bogenerator and also provides heat for barracks 
and other space heating requirements at the 
station. The primary system includes the re­
actor pressure vessel, the pressurizer tank, 
two canned-rotor circulating pumps with their 
associated check valves, the demineralizer, a 
storage tank for make-up water, two filters, 
two make-up water pumps, and two seal pumps.

The secondary system includes the turbo­
generator with its associated condenser and 
condenser cooling system, the heating-system 
condensate return unit, a steam-jet air ejector, 
two hot-well pumps, a deaerating feed-water 
heater and storage tank, two feed-water pumps, 
and the evaporator. The main heat exchanger is 
a component of both systems, the primary cool­
ant passing through the tube side and steam 
being generated in the shell side.

Water for the primary system is obtained by 
periodically transferring a portion of the con­
densate from the steam cycle to a small make­
up storage tank. A fixed amount of water is 
bled continuously from the primary coolant 
system and is discarded in order to maintain 
a low concentration of corrosion products in the 
system. To replace this, an equal amount of 
water from the make-up storage tank is passed 
through the demineralizer unit and filters and 
then is injected into the primary coolant cycle 
by the make-up pumps. The hot primary coolant 
leaves the reactor core at the rate of 4000 gal/ 
min at 450°F, passes through the tube side of 
the main heat exchanger, where heat is trans­
ferred to the steam cycle, and is returned to 
the reactor by the primary coolant circulating 
pumps. An electrically heated pressurizer at­
tached to the high point of the system maintains 
a pressure of 1200 psi and thus prevents boiling 
in the pressure vessel.

Raw water for make-up in the steam cycle is 
converted to steam in the evaporator; in the 
deaerator this steam is combined with and helps 
heat the feed water before it enters the heat ex­
changer. Steam generated in the main heat ex­
changer passes through the turbine and is con­
densed in the turbine condenser. The condensate 
is then returned to the deaerating feed-water 
heater by the hot-well pumps. Steam is also 
used to heat the evaporator and is used in the
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steam-jet air ejector, which maintains a vacuum 
in the turbine condenser.

Steam for the building heating load is taken 
directly from the heat exchanger, in parallel 
with the turbine load, and passes through a 
pressure-reducing valve to the building heating 
system. Condensate from this system is col­
lected in a condensate return unit consisting of 
a storage tank and the two pumps that force the 
condensate back into the secondary system. Air 
coolers are provided to remove heat from the 
main turbine condenser coolant.

3. DESIGN DATA

The following is a partial summary of design 
data on the core characteristics, fuel-element 
and control-rod specifications, reactor per­
formance, and thermal properties of this pres- 
surized-water reactor.

Over-all plant performance:

Thermal power developed in reactor, 10,000 
kw; 34.1 x 10G Btu/hr 

Electric power generated, 1300 kw 
Net electric power delivered, 1000 kw 
Power required for auxiliaries, 300 kw 
Steam-heat load delivered, 3535 kw; 12 x 106 

Btu/hr
Over-all thermal efficiency, 45.4 per cent 
Thermal efficiency of net-electric-power gen­

eration, 15.5 per cent
Power density of reactor core, 71.7 kw/liter 
Core life before refueling, 15 Mw-years

Reactor data:

Core:
Average diameter, 22.2 in.
Height, 22.0 in.
Volume of core, 139.5 liters; 8513 cu in. 
Uranium content (93.5 per cent U235) of new 

core, 18.9 kg; 17.7 kg U235 
Critical mass after 15 Mw-years, 10.2 kg

y235

Stainless-steel content, excluding matrix, 
110.06 kg

Stainless-steel content in matrix, 98.04 kg

Reactor data (Cont’dJ
Poison content, natural boron, 0.172 kg 
B4C content, 0.220 kg
U02 content (1.136 kg/kg of uranium), 21.47

kg
Water content, 111.1 liters:

At 0.83 g/cm3 (450°F), 92.2 kg 
At 1.0 g/cm3 (70°F), 111.1 kg 

Ratio of metal to water, 0.256 
Excess reactivity (new cold clean core), 10 

per cent
Maximum reactivity during the operating 

period:
Hot, 7 per cent 
Cold, 16 per cent

Neutron flux (average, thermal, at end of 15 
Mw-year cycle), 2.7 x 1013neutrons/cm2/ 
sec

Reflector thickness (water), 7 in.

Fuel plates:

Type of plates: rectangular, flat, U02-stain- 
less steel-B4C core, clad in 304L stain­
less steel

Geometry of plates:

Fuel core Over-all

Thickness, in. 0.020 0.030
Width, in. 2.50 2.760
Length, in. 22.0 23.0

Stainless-steel cladding:
Thickness, 0.005 in.
Spacing between plates, 0.134 in. 

Composition of fuel section of plates:
U02, 17.94 wt. %
Stainless steel, 81.88 wt. %
B4C, 0.18 wt. %

Geometry of side plates:
Thickness, 0.050 in.
Width, 2.912 in.
Length, 23.0 in.

Atom ratios in reactor core:
U235, 1 atom 
H20, 68 molecules 
Fe, Ni, Cr, 48.4 atoms 
B, 0.212 atom

Fuel plates per fuel assembly, 18
Number of fuel assemblies, 40
Fuel plates per control-rod assembly, 16
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Reactor data (Cont’d)
Number of control-rod assemblies, 5 
Total number of fuel plates, 800 
Dimensions of fuel assembly (over-all): 

Thickness, 2.912 in.
Width, 2.800 in.
Length, 35.25 in.

Tolerances:
Particle size of U02:

Maximum, 86p 
Minimum, 44p

Thickness of fuel plates, ±0.001 in. 

Control rods:
Type: rectangular, to fit fuel space in lat­

tice; upper section absorber material; 
lower section fuel subassembly 

Composition:
Upper section, 16.3 wt. % BtC in copper, 

Vg in. thick clad with 304L stainless 
steel, Vgj in. thick; formed into square 

Lower section, previously described 
Geometry:

Upper section, 2.750 x 2.750 x 29 in. 
Lower section, 2.750 x 2.750 x 40 in. 

Number:
Shim rods, 4 
Regulating rods, 1 

Travel:
Shim rods, 22 in.
Regulating, 22 in.

Weight of rods, 60 lb
Acceleration of rods after release, 32.2 ft/ 

sec2
Maximum distance for rods to drop, 22 in.

Thermal data of reactor at full power:

Operating pressure in reactor, 1200 psia 
Coolant inlet temperature at reactor, 431.6°F 
Coolant outlet temperature at reactor, 450°F 
Properties of coolant:

Density at 450°F, 51.75 Ib/cu ft 
Density at 431.6°F, 52.60 Ib/cu ft 
Change in density per °F, 0.046 Ib/cu ft 
Viscosity at 445°F, 0.295 Ib/ft-hr 
Thermal conductivity, 0.39 Btu/hr/sq ft/ 

°F/ft
Specific heat, 1.115 Btu/°F/lb 

Coolant flow through core, 4000 gal/min; 
1.66 x 10® lb/hr

Number of flow passes through reactor, 1 
Flow area in core, 2.083 sq ft

Thermal data of reactor at full power (Cont’d) 
Velocity in core passages, 4.3 ft/sec 
Design heat output, 34.1 x 108 Btu/hr 
Heat-transfer area, 611.1 sq ft 
Average heat flux, 55,900 Btu/hr/sq ft 
Peak to average heat flux ratio used for de­

sign (assumed, actual ratio not available), 
4 to 1

Ratio of maximum to average heat flux in any 
one channel (cosine distribution), 1.31 to 1 

Ratio of heat absorbed in hottest channel to 
average channel (4.0/1.31), 3.05 to 1 

Maximum bulk water temperature, hottest 
channel, 487.6°F 

Reynolds number in core, 58,400 
Film coefficient of heat transfer, 2570 Btu/ 

hr/sq ft/°F
Maximum surface temperature, 554°F 
Boiling temperature at 1200 psia, 567.2°F 
Heat-transfer coefficient of scale (assuming

0.010-in. scale at k = 1.0 Btu/hr/sq ft/°F/ 
ft), 1200 Btu/hr/sq ft/°F 

Maximum metal temperature:
With assumed scale, 742°F 
With no scale, 565.7°F

4. REACTOR COMPONENTS

4.1 Reactor-core Assembly

The fuel assemblies, control rods, and their 
supporting structure make up the reactor-core 
assembly; there are 40 fuel assemblies and 5 
control rods. The arrangement of these units 
in a lattice with a supporting structure can best 
be seen by referring to Figs. 3 and 4. The end 
fittings of the fuel assemblies fit into the upper 
and lower grids of the core assembly. The 
spring section of the upper fitting allows each 
assembly to be held firmly and still allows for 
expansion and tolerance limitations. The five 
square holes in the core-assembly grids are 
for the control rods, which extend all the way 
through the reactor core.

(a) Fuel Assemblies. The reactor is loaded 
with U23S fuel enriched to the 93.5 percent level. 
The fuel, in the form of uranium dioxide, is in­
corporated into flat-plate type fuel assemblies 
(Fig. 5), which are similar in design to the fuel 
elements employed in the MTR.

The rectangular fuel plates consist essentially

CONFIDENTIAL
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CENTERLINE OF REACTOR

27-in DIA X 2-m THICK STAINLESS STEEL PLATE

ONE HALF PLAN VIEW 
UPPER ASSEMBLY GRID

t TYPICAL I 
'CONTROL RODi

,KIRT PLATE

ONE HALF HORIZONTAL 
SECTION THROUGH 

CENTERLINE OF LATTICF

0 070 m

j, TYPICAL 
FUEL

ASSEMBLYgO 0625 m 

------0 070 m SEE FIG 3

-----  0 070 m

- 2 800 m -

20 200m (REF)

Fig. 4—Reactor core, cross section.

of U02 particles uniformly dispersed and em­
bedded in a matrix of sintered stainless-steel 
powder which is clad on all sides with wrought 
304L (low carbon) stainless steel. A small 
quantity of poison, B4C, is deliberately added to 
the fuel mixture to facilitate reactor control.

The core of a fuel plate, when loaded for 15 
Mw-years, is composed of 17.94 wt. % UO2, 0.18 
wt. % B4C, and a matrix of 81.88 wt. % sintered 
stainless-steel powder. This fuel wafer meas­
ures approximately 22.00 in. long, 2.50 in. wide,

and 0.020 in. thick in the finished plate. The 
cores are jacketed by the picture-frame tech­
nique, which seals the uranium from exposure 
to the cooling water and also retains the fission 
products. The hot-working operation results in 
a good metallurgical bond between clad and core. 
The clad-core-clad thickness in mils is 5-20-5.

Eighteen of these composite plates, each 2.76 
in. wide by 23.00 in. long, over-all dimensions, 
are assembled into a single fuel element or 
assembly (see Fig. 5). The plates, with a nomi-
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nal 0.134-in. water gap space between them, 
are brazed into a pair of stainless-steel side 
plates of 0.050-in. thickness. Stainless-steel 
castings are then plug welded to the ends of the 
fuel assembly. Each fuel assembly contains 398 
g of U235 and 4.95 g of B4C. For a 30-Mw-year 
loading the loading would be 583 g of U235 and 
9.61 g of B4C.

The purpose of the end fittings is to adapt the 
unit to the supporting grids, which in turn firmly 
fix the position of the element in the reactor 
core. A spring is provided on the upper casting 
to allow for expansion and tolerance limitations. 
These adaptors also serve as transition pieces, 
which convert the rectangular cross section of 
the fuel element to the round holes provided in 
the upper and lower grids; this type of con­
struction greatly simplifies machining the grid 
sections. The fittings, of course, are hollow to 
permit free passage of water through the fuel 
assembly. The ratio of metal to water in the 
active section of the reactor core is 0.256.

The fuel plates are designed to be used in 
both the fuel assembly and in the fuel section of 
the control-rod assembly; 0.050 in. of stainless 
steel is trimmed from the width of the fuel 
plates to meet the dimensions of the control rod. 
Making all plates initially to one specification 
simplifies fabrication and permits inventory on 
only one type of plate. The total number of fuel 
plates in both the fuel assemblies and the con­
trol rods in the reactor core is 800. They con­
tain 17.7 kg of U235 for a 15-Mw-year life or
26.0 kg for a 30-Mw-year loading.

(b) Control Rods. The reactivity of the re­
actor is lowered when the control rods are in­
serted to the “in” position, i.e., resting on their 
shock absorbers. The rods will overcome the 
maximum reactivity. The five control rods in 
the loading are identical; only one rod is used 
as a regulating rod. The rods are constructed 
in two segments, jointed by a quick-release 
connection (Fig. 6). The upper segment con­
tains boron sheet;1 this section resides in the 
lattice when the rod rests on the shock ab­
sorbers. The lower segment, containing a fuel 
element with 16 fuel plates, is raised into the 
lattice when the control rod is up. The control 
rods extend from the shock absorber up through 
the upper assembly grid to the top of the reactor 
vessel where they are driven by rack and pinion; 
a magnetic clutch is released incAseof a scram.

The segments of the control rod can be un­
coupled by rotating the upper segment approxi­
mately 30 deg in relation to the lower segment. 
This can be accomplished easily while the rod 
is in the core since, during unloading, the upper 
assembly grid is removed, permitting the upper 
segment of the control rod to be rotated while 
the lower segment is contained in the lower as­
sembly grid. The control rod was designed with 
a quick-release connection for the following 
reasons:

1. Fabrication and assembly of the rods is 
simplified.

2. Handling of the rods is easier during reac­
tor unloading. The shielding requirements at the 
top of the reactor are less rigid during unload­
ing since the distance that the top of the rod 
must be raised for removal from the reactor is 
minimized.

3. One transfer-coffin design is sufficient to 
handle any of the assemblies in the reactor 
core.

The grid and support structure also provide 
bearings and shock absorbers for the control 
rods; bearings are located in both the upper and 
lower assembly grids. A bearing assembly 
(Fig. 7) consists of eight Stellite rollers, two 
rollers making up one side of a square. The 
rollers are mounted so as to give a clearance 
of Vie in. The shock absorbers are simply cyl­
inders which engage the piston-like ends of the 
control rods and which dissipate the energy of 
the control rods during a scram or when the 
rods are driven to their low position. The ab­
sorbers are attached to the lower assembly 
grid and are slotted to ensure proper flow of 
water through the core.

4.2 Control-rod Drive Mechanism

The rods are driven by a rack and pinion 
located inside the pressure-vessel cover. Mo­
tion is transmitted to the pinion through a com­
mercial rotary spindle seal. A motor unit 
mounted on top of the reactor cover provides the 
motive force; the detailed design is shown in 
Fig. 8. The unit consists of three main sub- 
assemblies: the motor unit, the seal assembly, 
and the rack-latch assembly.

(a) Motor Unit. The motor unit consists of a 
primary drive, a magnetic clutch, gear box, and
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FUEL ASSEMBLY PASSAGE
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Fig. 7 — Control-rod bearing, lower.
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an indication system. The design specifications 
are as follows:

1. Control rod to move up or down with speed 
of 1 ft/min.

2. Rod to move in increments of 0.02 in. by 
proper switch actuation.

3. Position of rod indicated at all times, in­
cluding during and after scram, with an ac­
curacy of 0.2 per cent.

4. Automatic scram rods with an acceleration 
equal to that of gravity.

(b) Seal Assembly. The decision to drive the 
rod through a seal was determined by the fact 
that the system can tolerate a nominal amount 
of leakage, provided this leakage is collected 
and returned to the system. The seal assembly 
consists of the seal and leakage collection unit 
(Fig. 8). The seal is a spindle type rotary seal 
developed by the Kuchler-Huhn Co., Inc., Phila­
delphia, Pa. It is a complete breakdown type 
and is designed for a leakage rate of 10 lb/hr. 
Calculations were made for a water pressure of 
1200 psi and a water temperature of 600°F. 
These calculations resulted in an over-all seal 
length of 6.00 in. and a shaft clearance of 0.0003 
in. It should be noted that the leakage rate varies 
approximately as the cube of the clearance. 
The torque required to overcome the calculated 
operating friction of the seal is 3 to 4 in.-lb, 
and the maximum breakaway torque is 12 in.-lb.

A fitting included in the design of the seal 
serves as the outlet for the leakage of the col­
lection unit; tubing runs from each of the five 
seals to a common receptacle. The seal con­
sists of a number of floating rings, made of 
Stellite-3 and a series of K-monel guide bush­
ings. These are assembled in a type 304 stain­
less-steel housing. The number of rings, as 
well as the clearance, determines the pressure 
breakdown and resultant leakage. The shaft is 
440C stainless steel, chrome plated, and must 
be ground to close tolerance, ±0.0001 in.

(c) Rack-latch Assembly. At the pressure 
side of the seal a 440C stainless-steel pinion is 
mounted on the shaft. This pinion in turn drives 
a 440C stainless-steel rack that is latched to 
the control element, thus giving the required 
linear motion.

The latch unit is attached to the lower end of 
the rack. The latch must be capable of trans­
mitting linear motion to the control rod; it must 
automatically release the control rod when the

rod is in its lowest position, thus allowing re­
moval of the pressure vessel cover while the 
rod remains in the reactor; and, finally, the 
latch must automatically grip the rod when the 
pressure-vessel cover is replaced. The latch 
performs its required functions by relative mo­
tion between a center rod and an outside sleeve. 
The upper end of the center rod is attached to 
the rack, and the lower end contains the grip­
ping jaws. The jaws have spring properties and 
are normally in the open position. As the outer 
sleeve moves in relation to the center rod, it 
locks the jaws in the closed position, or allows 
them to open.

In normal reactor operation the outer sleeve 
is held against a flange on the center rod by a 
strong spring. The opposing force of the spring 
is taken by a pin through the center rod at its 
upper end. In this position the rack is latched 
and locked to the control rod. The control rod, 
latch, center rod, and latch sleeve move as a 
single unit. When the control rod has been 
lowered to Approximately % in. from its lowest 
position, the motion of the outer sleeve stops 
owing to the engagement of a collar on the outer 
sleeve with a ring installed in the reactor cover. 
The center rod and control rod continue to be 
driven down by the rack, compressing the sleeve 
spring. When the control rod is in its bottom 
position, it is still latched and locked to the 
rack. In order to remove the pressure-vessel 
cover, the rack must be driven to a lower over­
travel position. This further compresses the 
sleeve spring, and the jaws leave the sleeve and 
spring open. The vessel cover can then be re­
moved, and the control elements remain in the 
reactor. The position-indication gauge in the 
control room shows whether or not the rack is 
in the overtravel position and whether the pres­
sure-vessel cover can be removed.

4.3 Pressure-vessel Design

The reactor pressure vessel was designed 
according to the 1952 edition of “ASME Code 
for Unfired Pressure Vessels.” It has a de­
sign pressure of 1250 psi and adesign tempera­
ture of 650°F. The shell material is ASME type- 
SA 212, grade-B, fire-box quality boiler-plate 
steel. This material was selected because of its 
good welding and mechanical properties.

The vessel is 9 ft 2% in. high and has an in-
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side diameter of 4 ft. The cylindrical side wall 
is 2% in. thick, including a 125-mil stainless- 
steel cladding, and is welded at the bottom to a 
standard ASME ellipsoidal head. The cylindri­
cal section is approximately 6% ft long. The top 
end of this section is welded to an elliptical 
head, which is, in turn, welded to a 2!/s-ft-I.D. 
cylinder with a 6-in. wall thickness to provide 
sufficient area for mounting the studs for at­
taching the cover plate. Five iVj-in.-diameter 
stainless-steel pipe sleeves are welded into the 
7-in. cover plate for mounting the control-rod 
drives. The vessel is to be stress relieved, and 
all weld joints are to be examined by X ray. The 
entire surface exposed to the primary coolant 
is clad with stainless steel, AISI type 304.

The thermal stresses induced by nuclear re­
actions in the pressure-vessel wall were cal­
culated as a function of wall thickness. As the 
total stress appeared excessive, a 2-in. thermal 
shield was Included in the geometry, and the 
stresses in the shell opposite the reactor center- 
line were again calculated. For operation at 
450°F the 2-in. stainless steel reduces the tensile 
stress in the 21/<-in. vessel wall from 24,000 to
17,000 psi. The thermal shield also reduces the 
thickness of concrete in the radiation shield; 
the most economical location for a given thick­
ness of thermal shield is adjacent to the re­
flector.

The cylindrical shield is welded to the upper 
support plate and extends downward 2 ft 7*4 in. 
from this plate to shield the pressure vessel 
from the hot core. The support plate and shield 
are constructed of AISI type 304 stainless steel. 
An 8-in.-diameter baffled opening is placed in 
juxtaposition to the coolant inlet to permit cool­
ing water to flow downward on either side of the 
shield before entering the fuel subassemblies.

5. SELECTION OF MATERIALS

The suitability of any material of construction 
for use in the APPR is based upon these prime 
factors:

1. It must have the proper physical properties 
to perform its function over long periods of 
time.

2. It must resist radiation damage and per­
form satisfactorily under radiation and in con­

tact with transported materials that have been 
irradiated.

3. It must withstand the corrosive action of 
contact with and submersion in water at 500°F.

The following materials were examined 
through information generally available in the 
unclassified literature and that available in AEC 
reports.

304 stainless steel 
304L stainless steel 
316 stainless steel 
347 stainless steel 
410 stainless steel 
440L stainless steel 
Stellite-3 
Stellite-6 
Stellite-12 
Graphitar-14 
Monel

Stainless steel 304 was selected as the basic 
material to be used, except as noted in certain 
special instances. Most of the previous reactor 
and corrosion loops to date have employed 347 
stainless steel as the basic corrosion resistant 
material. For the APPR it is more important 
to select an optimum material rather than just 
the "best” material. The selection of such an 
optimum material is a function of the ability of 
the material to perform what is required of it, 
evaluated on the basis of cost, availability, ease 
of fabrication, etc. Since 347 stainless steel 
costs more (about 25 per cent), contains the 
strategic material columbium, is more difficult 
to fabricate, and is only slightly superior to 
type 304 in corrosion resistance, the 304 stain­
less steel was selected.

The materials for the primary loop are, then, 
as follows:

Reactor vessel, 304 stainless steel clad to 
ASME type-SA 212, grade B fire-box 
quality steel

Gasket, dead soft nickel or monel 
Studs, 304 stainless steel 
Nuts, 303 stainless steel 

Piping, 304 stainless steel, welded with 304L 
stainless steel or 25-20 stainless steel 

Fuel elements:
Cladding, 304 or 304L stainless steel; 

matrix, 304 or 304L stainless steel, 
sintered with suitable fuel

K-monel 
Inconel 
Inconel-X 
Armco 17-4 PH 
Armco 17-7 PH 
USS 322 W 
A-nickel 
Hastelloy C 
Vascoloy-Ramet 166 
Chrome plate
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Control mechanisms:
Rack and gear, 400C stainless steel 
Seal, disks, Stellite-3; diaphragm, K-monel 
Shaft, Armco 17-4 PH or 440C chrome plated 
Bearing, rollers and races, Stellite-3 
Retainers, Armco 17-4 PH 
Springs, Inconel-X 

Heat exchanger:
Tubes and headers, 304 stainless steel 

Pumps:
Canned rotor
Frame, block, and position indicator, 347 or 

304 stainless steel
Bracket and bearing carrier, 304 stainless 

steel
Shaft, 410 or 440C stainless steel chrome 

plated
Lamination ring, monel 

Valves, gate:
Body, 347 or 304 stainless steel, Stellite-3 

runners
Gate, Armco 17-4 PH 

Valves, check:
Body, 347 or 304 stainless steel 
Pin, Stellite-3 
Facing, Stellite-3

It should be noted that the 304 stainless steel 
can be replaced by 304L, 316, 321, or 347 stain­
less steel, if necessary.

6. PHYSICS

6.1 General Considerations

Some general features of the core behavior 
may be predicted by qualitative analysis or by 
comparison with other reactors. If the core 
contains, in addition to its critical mass, enough 
fuel for several years of operation, the reactivity 
may be quite high, especially at room tempera­
ture. (In order to reduce the initial reactivity, 
boron is incorporated in the fuel matrix as a 
burnable poison.) Multigroup calculations of a 
number of hydrogenous reactors with ratios of 
fuel to moderator in the range expected for the 
package reactor indicate that an appreciable 
fraction of fissions will be caused by neutrons 
with energies up to a few hundred electron 
volts. These resonance absorptions are not 
properly described by ordinary two-group dif­
fusion theory.

6.2 Methods of Calculation*

The physical characteristics of the package 
reactor core have been evaluated by one or 
more of the following three methods: modified 
two-group diffusion theory (with multiplication 
in the fast group), performed with desk calcu­
lators; three-group three-region diffusion-the­
ory calculations, coded for the ORACLE; and 
thirty-group nine-region diffusion-theory cal­
culations, coded for the UNIVAC.

The modified two-group method was chosen 
for desk calculations because the resonance ab­
sorptions occur at sufficiently low energies to 
have little effect on the spatial distribution of 
neutrons slowing down to thermal energy.

The UNIVAC program employs the Goertzel- 
Selengut method for describing neutron energy 
loss in hydrogen collisions. It has yielded very 
satisfactory results when applied to a number 
of aqueous homogeneous critical assemblies.

6.3 Results of Critical Calculations

The results of the calculations by the three 
methods are shown in Table 1. All three meth­
ods give comparable results for critical mass 
for the cold clean reactor; the hot poisoned re­
actor; and the hot fully loaded reactor containing 
boron burnable poison. The greatest difference 
is about 10 per cent in critical mass, or about 
4 per cent in reactivity. The discrepancies are 
qualitatively understood in terms of approxima­
tions made in one or another of the methods.

6.4 Control Rods

Control-rod calculations were made in two 
ways. Modified two-group calculations were 
made for an equivalent bare cylindrical reac­
tor, employing, at the rod surface, a fast-group 
boundary condition based on diffusion of the fast 
neutrons into the moderator within the rod. In 
addition, the ORACLE three-group three-region 
calculation was applied to a central rod in a 
cylindrical side-reflected reactor. The rod is 
regarded as a moderating region, surrounded by 
a thin absorbing shell that is opaque to thermal 
neutrons, semitransparent to resonance neu­
trons, and transparent to fast neutrons. The

•The method* of calculation are described in more detail by A. M. 
Perry et al. in Report ORNL-1819.

CONFIDENTIAL



120 REACTOR FUTURES

modified two-group method gives 0.058 for the 
reactivity worth of the central rod and 0.194 for 
the worth of the five rods in the configuration 
planned. The ORACLE method gives 0.067 for 
the central rod.

Since the maximum reactivity excursion of 
the reactor is 0.14, the rods planned should be 
adequate with a comfortable margin of safety.

6.5 Temperature Dependence of k

The temperature coefficient of reactivity has 
been calculated by the UNIVAC thirty-group

actually burned, inventory charges on unburned 
uranium held up in the core, core fabrication 
costs, shutdown costs, transportation costs, and 
chemical processing costs for the uranium re­
maining in the burned-out core. Fuel burn-up 
cost is based on a charge of $20 per gram of 
U235 fissioned. The amount of U235 required 
initially was computed as a function of operating 
time. Thus, for a 15 Mw-year cycle, 18 kg of 
U235 is required as initial loading. It is as­
sumed that, after the burned-out core is chem­
ically processed, the unburned uranium would be 
sold back to the AEC at a value that would be the

Table 1 — Critical Calculations

Modified
Quantity UNIVAC ORACLE 2-group

Critical mass for cold 
clean reactor, kg

Critical mass for hot reactor.
8.03 7.40 7.26

end of cycle (fissfon products 
for 15 Mw-years), and peak 
xenon, kg 10.60 10.35 10.16

Initial loading, U235, kg
Mass of B10 required for criti-

18.10 17.85 17.7

cality; hot reactor, beginning 
of cycle, peak xenon, g 38.18 34.9 32.4

k of cold reactor, beginning of
cycle, no xenon 1.0625 1.0888 1.096

method. The multiplication constant was calcu­
lated at 432°F for two reactor cases that are 
critical at 450°F, i.e., at the beginning and at 
the end of the operating cycle. In both cases 
dk/dt = — 2.2 x 10-V°F. From modified two- 
group calculations at 68 and 450°F, the average 
temperature coefficient between these two tem­
peratures was —1.68 x 10~V°F. Because of the 
shape of the density vs. temperature curve for 
water, the latter figure is considerably smaller 
than the coefficient at 450oF.

7. OPTIMUM REFUELING CYCLE

In order to evaluate the effect of length of 
core life on the economics of the reactor oper­
ation, a study was made in which the total fuel 
and related costs were computed with varying 
reactor loadings. The results, plotted in Fig. 9, 
were arrived at by adding costs of uranium

same as that of partially enriched fuel with an 
equivalent percentage of U235 (reference 2). An­
nual inventory charges are assumed to be 10 
per cent of the value of the uranium held up.3 
This holdup period was estimated at I’/g years 
beyond the actual fuel-cycle length; it includes 
time spent in fabrication and chemical proc­
essing plus a one-year cooling period for the 
burned-out core. The core fabrication cost is 
estimated to be $42,500. Shutdown costs are 
based on an estimate of labor requirements for 
a shutdown of two weeks. Chemical processing 
costs represent a charge of $3 per gram of 
uranium remaining in the burned-out core, al­
though there are indications that this charge 
can be decreased as a result of development 
work currently under way in the fuel-plate proc­
essing field. The 2!/2~year cycle chosen (15 
Mw-years) is near the minimum, but longer 
cycles are not unattractive.
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BASED ON AVERAGE REACTOR LOAD OF 6000 kw 
ONE YEAR OF COOLING
TWO MONTHS ALLOWED FOR CORE FABRICATION 
AND CHEMICAL PROCESSING -

CHEMICAL PROCESSING COST

TRANSPORTATION COST

SHUTDOWN COST

CORE FABRICATION COST

INVENTORY CHARGES

FUEL COST

THE UNSHADED BARS ON EITHER SIDE OF THE 
SHADED BARS REPRESENT THE EFFECT OF LOWER AND 
HIGHER CHEMICAL PROCESSING COSTS.

12 3 4 5
REFUELING CYCLE (yr)

Fig. 9 — Effect of fuel-cycle length on fuel costs.
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8. COST ANALYSIS 8.3 Installed Plant Costs per Kilowatt

8.1 Bases of Cost Estimates

The difficulty of preparing cost estimates at 
the design study stage are well recognized. In 
order to make these estimates as realistic as 
possible, all major components were engineered 
sufficiently to enable several reliable manu­
facturers to quote fabrication costs. In the ab­
sence of direct quotations from manufacturers, 
costs on some items were estimated by com­
paring the component to similar existing items.

The cost estimates were prepared for con­
struction at a developed site similar to Oak 
Ridge, Tenn. No attempt was made to estimate 
the added costs for construction of the plant at 
an arctic base, where labor costs and transpor­
tation could be expected to run much higher. 
The cost of the plant is estimated at $1,703,000, 
including a 10 per cent engineering charge. Ad­
ditional costs would be required to cover any 
excessive development type engineering deemed 
necessary.

8.2 Capital Costs

The principal items are as follows: 
Reactor $
Primary coolant system 
Steam system 
Main condenser cooling 

system
Evaporator system 
Primary coolant water 

purification system 
Pressurizer system 
Instrumentation and 

controls, reactor 
Instrumentation and 

controls, process 
Electrical systems 
Building, including crane, 

platforms, and ventilating 
equipment 

Reactor shielding 
(500 cu yd)

Miscellaneous 
Contingencies, 10 per cent 
Engineering, 10 per cent

148.000
357.000
171.000

61.500
22,000

32.000
40.500

82.000

38.500 
82,000

260,000

70,500
42,000

140,700
155,300

Total plant cost $1,703,000

The reactor will produce 1000 kw net electri­
cal power and 12.1 x 106 Btu/hr (3535 kw) in the 
form of steam for heating purposes. An analysis 
of the plant costs indicates that 45 per cent 
should be charged to steam and 55 per cent to 
electric power. This gives $936 per kilowatt 
net electric power and $216 per kilowatt steam 
heat.

8.4 Kilowatt-Hour Costs

In calculating the costs per kilowatt-hour for 
net steam and electricity delivered (Table 2), 
the following assumptions were used:

1. The plant amortization rate would be 13.5 
per cent.

2. The fuel inventory rate would be 10 per 
cent.

3. The charge for U235 burn-up would be $20 
per gram.

4. There would be a $3.00 per gram charge 
for chemical reprocessing of the fuel.

5. The initial fuel loading would be approxi­
mately 18 kg of U235.

6. The operating costs would be based on a 
core life of 15 Mw-years before refueling.

7. During reactor operation consumption of 
U235 would be 1.4 g/Mwd.

8. Operation and routine maintenance of the 
reactor plant would cost $150,000 per year.

8.5 Summary of Costs

A summary of the above estimates is as fol­
lows:

Plant construction costs 
Installed plant cost per 

kilowatt:
Electric 
Steam

Cost per kilowatt-hour
(60 per cent average load):

Electric 
Steam 

Cost per kilowatt-hour 
(100 per cent average 
load):

Electric 3.59 cents
Steam 0.83 cents

$1,703,000

936
216

5.33 cents 
1.23 cents
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Table 2 —Kilowatt-hour Costs, Mills

60% average load 100% average load 

Item Electric Steam Electric Steam

Capital costs:
Complete plant (rate, 13.5%) 24.06 5.57 14.43 3.34
Fuel inventory (rate, 10.0%) 3.76 0.87 2.25 0.52

Subtotal 27.82 6.44 16.68 3.86
Operating costs:

Fuel burn-up 6.42 1.49 6.42 1.49
Fuel fabrication 1.78 0.41 1.78 0.41
Chemical reprocessing 1.58 0.37 1.58 0.37
Labor and maintenance 15.70 3.63 9.42 2.18

Subtotal 25.48 5.90 19.20 4.45
Total costs 53.30 12.34 35.88 8.31
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ABSTRACT

This article describes a helium-cooled liquid- 
metal-fuel reactor with a graphite core struc­
ture. The fuel is a solution of uranium inmolten 
bismuth. The graphite is composed of blocks 
containing vertical holes for the fuel and hori­
zontal holes for the helium coolant, which passes 
directly through the core to the turbine. The 
liquid-metal fuel circulates slowly at a rate 
sufficient for fuel processing. The reflector 
material is graphite, and, if breeding is desired, 
the fertile material is a thorium-bismidh slurry.

A major advanlage of this system lies in the 
ability of the closed-cycle gas turbine to ef­
ficiently utilize the clean inert high-tempera­
ture gas from a nuclear reactor in the direct 
production of useful power. The power-plant 
equipment can be made compact by the use of 
elevated pressures. As suitable materials of 
construction for higher temperatures are de­
veloped, further increases in efficiency can be 
realized by the closed-cycle plant.

The system studied will produce 60 mega­
watts at the generator terminals at an over-all 
efficiency of 40.4 per cent. The turbine inlet

temperature is 1400°F, and the maximum sys­
tem pressure is 1000 psi. The reactor core is 
a5-ft cube contained in a 14-ft-diameter spheri­
cal vessel, and the maximum fuel temperature 
is 1800° F.

1. INTRODUCTION

This article describes a nuclear power plant 
that combines the advantages of a liquid-metal- 
fueled reactor with those inherent in a closed- 
cycle gas turbine. In this plant a common sup­
ply of helium serves as reactor coolant and 
power-plant working fluid. The high tempera­
tures available in a nuclear reactor can be 
utilized to the fullest advantage in a closed- 
cycle gas-turbine power plant since it is possi­
ble to use the heat energy at a temperature 
close to that at which it is available without 
danger of chemical attack on power-plant com­
ponents.

The present experimental and developmental 
work at Brookhaven National Laboratory (BNL)

•On loan to Brookhaven National Laboratory from the Tennessee 
Valley Authority.

125

CONFIDEN IAL
v:

o 125



126 REACTOR FUTURES

is directed toward an externally cooled, or cir­
culating fuel, liquid-metal-fuel reactor that 
works in conjunction with a steam-turbine cycle.1 
This article shows another method of utilizing 
some of the advantages of the uranium-bismuth 
liquid-metal fuel, such as continuous fuel make­
up and processing, unlimited burn-up, no radi­
ation damage to fuel, high specific power, and 
satisfactory properties at elevated temperature. 
The reactor would be internally cooled, graphite 
moderated, and liquid-metal fueled, with the 
heat transferred directly to the cycle working 
fluid, i.e., helium. Although many of the basic 
problems are similar to the externally cooled 
Liquid Metal Fuel Reactor (LMFR), the ultimate 
feasibility of the gas-cooled liquid-metal-fuel 
reactor is dependent on several unknown factors 
that have yet to be studied.

The reactor for this power plant consists of a 
pressure vessel containing cross-drilled graph­
ite shapes as the core, with a similar reflector 
or breeding blanket surrounding the core. The 
graphite core structure contains horizontal 
rows of gas passages with alternate vertical 
rows of fuel passages. The fuel passages carry 
molten uranium-bismuth alloy. This molten 
fuel is stagnant, except for a small processing 
stream of uranium-bismuth leaving and re­
entering the reactor at a rate of approximately
0.2 gal/min. This stream is processed by con­
tacting with fused salts, as proposed and de­
veloped by BNL for the LMFR. Nongaseous 
fission products are removed by the salt, where­
as gaseous fission products are removed by 
suitable degassing equipment.

If breeding is desired, a fertile material 
would be inserted in an appropriate set of pas­
sages in the graphite blanket region, with di­
verted helium from the cor* coolant stream 
passing through the other set of passages. The 
breeder fluid would be the thorium bismuthide 
slurry that is being developed at BNL. The 
slurry would be periodically circulated for the 
removal of the bred fissile material.

The closed-cycle gas-turbine power plant, as 
proposed by the Escher Wyss Engineering 
Works, Zurich, Switzerland,2'3 has been under 
development by that firm since 1936. The re­
sults to date have given promise of the advan­
tageous application of the closed-cycle gas- 
turbine system to power-plant requirements. 
The range of useful output of the system would

be tremendously enhanced if a nuclear reactor 
were to replace the conventional fuel-fired gas 
heater.

Major equipment items of the power plant are 
the machinery set, the heat-transfer apparatus, 
and the control system. The machinery set con­
sists of a two-stage axial-flow compressor, with 
intercooling between stages, driven by a high- 
pressure turbine at constant speed. Helium 
leaves the high-pressure turbine and flows di­
rectly to a low-pressure turbine that generates 
the useful power. The heat-transfer apparatus 
is of the extended surface type, plate fin, plate 
pin, or tubular, depending on the application. 
The control system consists of a regulator to 
set a constant system pressure and a low-pres­
sure receiver—high-pressure accumulator sys­
tem and transfer pump.

The major advantage of the closed-cycle sys­
tem is its ability to use a clean inert high-pres­
sure gas as the working fluid. The rotating 
machinery is not subject to corrosion and dep­
osition problems, and it can be made compact 
because turbine exhaust is at a relatively high 
pressure. Heat-exchange-equipment size would 
be reduced by the use of small hydraulic pas­
sageways. Other advantageous characteristics 
include (1) load-control equipment external to 
the main working-fluid stream because the load 
can be varied, while maintaining an essentially 
constant efficiency, merely by changing the 
pressure level in the system and (2) lower cool­
ing-water requirements because of sensible 
heat rejection from the system instead of latent- 
heat rejection.

The net effect of these advantages is the po­
tential reduction of gas-turbine equipment costs 
below steam equipment costs.

The system to be described will produce 60 
megawatts at the generator terminals. Helium 
will enter the turbine at 1400°F and 1000 psia. 
The required heat output of the reactor will be
148.5 megawatts, giving a system heat rate of 
8460 Btu/kw-hr. The proposed layout of the 
system is shown in Fig. 1. The turbogenerator 
and its associated equipment will be located 
out-of-doors with the reactor and fuel-proc­
essing equipment located in an underground 
shielded room.

A system of this size could be used to supply 
a block of electrical power in regions where 
normal transmission costs or conventional fuel-
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supply costs are high. It could be operated with 
or without a breeder blanket, depending on the 
over-all economic considerations. A similar 
system would be applicable as a central-station 
type breeder reactor with a single gas-turbine 
plant providing a net electrical output within the 
limits of present-day steam-turbogenerator

When a gas-turbine cycle is considered, tur­
bine inlet temperatures in the range of 1200 to 
1500°F are required to produce optimum ef­
ficiency. This means that reactor fuel tempera­
tures in the range of 1400 to 2000°F are neces­
sary. Present technology offers very few 
materials that can contain the uranium-bismuth

HELIUM SYSTEM 
(FOR CONTROL) / MACHINE

SHOP

TURBINES AND 
RECUPERATORS

•STARTER 
•TURBINES 
RECUPERATORS .

FUEL-PROCESSING, 
DUMP, AND STORAGE 
AUXILIARIES

REACTOR

LUBRICATION
SYSTEM COOLING- 

WATER PUMPS

SECTION A-A

REACTOR

. GENERATOR

SWITCHGEAR 
AND TRANSFORMERS ,

■GENERATOR
CONTROL ROOM,

66' 0" OFFICES. ELECTRICAL
FOR REFERENCE ROOM

SECTION B-B-RAILROAD

PLAN

Fig. 1 — Plant layout for a 60-megawatt nuclear gas-turbine power plant.

equipment. In the field of the so-called “pack­
age reactors,” this system would have the ad­
vantage of requiring only the supply of fresh 
fuel and salt and the return or disposal of con­
taminated salt. It would not require mechanical 
replacement of the core at a remote base. 2

2. REACTOR DESIGN

2.1 Heat Transfer
The use of a liquid fuel permits heat to be 

removed either internal or external to the re­
actor core. In the externally cooled LMFR the 
liquid fuel transports heat from the core to an 
external water boiler at a top fuel temperature 
of 1000°F. In this case core design is relatively 
simple, but the fuel inventory is increased owing 
to holdup in the external equipment.

fuel at these temperatures, much less to circu­
late it. An internally cooled liquid-metal-fuel 
reactor core would offer the best possibility of 
properly containing the liquid fuel. In order to 
include sufficient heat-transfer surface, core 
design would be relatively complex, but external 
fuel holdup would be reduced to a minimum.

To achieve the optimum power-conversion 
cycle, it is necessary that there be minimum 
temperature degradation between the reactor 
fuel and the turbine inlet. To accomplish this, 
it is proposed to circulate the coolant directly 
through the reactor core to the turbine inlet. 
Helium is a suitable coolant because of its good 
heat-transfer, nuclear, and chemical properties. 
The graphite core structure must be designed 
to give sufficient heat-transfer surface with a 
minimum resistance to gas flow and to prevent
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contamination of the helium. A relatively high 
gas pressure will be required by the system in 
order to keep pressure losses low and equip­
ment sizes moderate. Since the basic elements 
of the core are each potentially suitable in the 
higher temperature range, the upper tempera­
ture limit of the system, and consequently the 
extent to which the performance of the system 
can be improved, will probably be set by inter­
actions between the basic elements, i.e., graph­
ite-uranium—fission product reactions.

Heat-transfer design of the reactor core de­
pends on many variables. Some of these vari­
ables are mutually dependent on other consid­
erations, such as criticality requirements, 
gas-turbine-cycle requirements, and mechani­
cal-design requirements. For example, the 
gas-coolant channels should be designed to (1) 
provide a heat-transfer surface to gas volume 
ratio for a given coresize that will not serious­
ly affect the net density of the graphite moder­
ator; (2) handle the required gas flow while 
sustaining only a small pressure loss, as dic­
tated by the turbine-cycle studies; and (3) pro­
vide sufficient graphite wall thickness between 
the fuel and the coolant channels to assure the 
mechanical stability of the core.

Initial consideration was given to finned 
graphite tubes for containing the fuel within the 
core. This scheme was abandoned because of 
the inability of the tubes to provide sufficient 
heat-transfer surface in a reasonable core 
size. Instead, large blocks of graphite drilled 
with two sets of holes, one set for the fuel and 
one set for the coolant, are proposed. This al­
lows a compact array of fuel and gas channels, 
as shown in Fig. 2. Alternate rows of rectangu­
lar slots contain the uranium-bismuth fuel and 
the helium coolant.

Coolant channels of small hydraulic radius 
are desirable because they give a large heat- 
transfer surface to coolant volume ratio. The 
use of a clean inert gas coolant imposes no 
restrictions in this direction. However, since 
the pressure loss of the coolant going through 
the reactor core has a direct effect on the gas- 
turbine-cycle efficiency, it is necessary to 
optimize the size of the coolant channel.

It is desirable to express the heat-transfer 
capabilities of a reactor core in terms of param­
eters such as gas volume and allowable pres­
sure loss in order that they may be readily

optimized with the criticality calculations and 
the gas-turbine-cycle calculations. After an 
apparent optimum has been established, a de­
tailed design may follow.
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Fig. 2 — Fuel and gas channels.

The criterion of fixed pressure loss of the 
gas coolant indicates that the equation for heat- 
transfer surface (see Table 1 for definitions of 
symbols)

and the equation for pressure loss

AP _ G2fVmL (2)
P 2gr(144P)

should be combined in order to optimize the 
coolant-channel size.
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Table 1—Definitions of Symbols Used for 
Heat-transfer Design

Symbol Definition

\0.2
0’045(d7 RTmWlS 

L 2ge(144P)2(xA)'’8
(4)

A Total face area of core, sq ft
C Specific heat (1.25 Btu/lb/°F for helium)
D Equivalent diameter, ft
e Pressure-loss fraction of inlet pressure 

(AP/ P)
f Friction factor
G Mass velocity, Ib/hr/sq ft
g Gravitational constant (32.2 ft/sec2)
h Gas-film heat-transfer coefficient, Btu/

hr/sq ft/0F
L Length along coolant channel, ft
P Pressure at reactor inlet, psi
Q Total heat generation, Btu/hr
R Gas constant (386 ft/°R for helium)
r Hydraulic radius, ft
S Total heat surface, sq ft
AT Coolant temperature rise through reactor, °F 
At Temperature drop across gas film, °F 
Tm Average gas temperature, °F
u Viscosity Ib/hr/ft
Vm Average specific volume, cu ft/lb
W Total weight flow, Ib/hr
x Ratio of gas-flow area to total face area of 

core
y Ratio of effective heat-transfer perimeter to 

total perimeter
Z Ratio of maximum to average heat generation

Let the gas-film coefficient 

h = 0.027CG0'8 (^)° 2 3600 

and the friction factor

—(iC

Solving Eqs. 3 and 4 simultaneously and sub­
stituting W = Q/3600C AT gives

Q = 3.22 x 106 At0'5 xAy°'5 (5)

It is now possible to fix these parameters and 
find the core size as a function of power output. 
For the 60-electrical-megawatt case thefollow- 
ing values are used: total heat generation Q, 
506 x 106 Btu/hr, and coolant-temperature rise 
AT, 514°F,with an average coolant temperature 
of 1140°F and a pressure loss of 1.5 per cent of 
the inlet pressure. Since we are concerned for 
the moment only with the core, a value for e of
0.01 will be used. For helium the specific heat 
C is 1.25 Btu/lb/°F and the gas constant R is 
386 ft/°R. As reactor operating parameters, 
let the reactor inlet pressure P be 1000 psi. 
For the gas-film temperature drop At, a value 
of 200°F will be used. Because of the good heat- 
transfer properties of helium, the gas film will 
not be the controlling resistance between the 
fuel and the coolant. Consideration of the ther­
mal conductivities of the graphite wall, the bis- 
muth-to-graphite film, and the uranium-bismuth 
fuel indicates a reasonable estimate of the ratio 
of over-all temperature drop to gas-film tem­
perature drop to be 2.0. Therefore, by assum­
ing gas-film At to be 200oF, a fuel-to-gas tem­
perature drop of 400°F is implied. Based on a 
reactor coolant-outlet temperature of 1400°F 
and uniform heat generation along the coolant 
channel, this would give a maximum fuel tem­
perature of 1800°F.

Substituting these values in Eq. 5 gives

Introduce a factor x (ratio of gas-flow area to 
total face area of core) and a factor y (ratio of 
effective heat-transfer perimeter to total perim­
eter) for any coolant channel.

Solving both equations for hydraulic radius to 
length ratio gives

0.027C^ 2(xA)0-2yW<!-8 At (3600) 

L ' Q (3)

xAy0'5 = 3.09 (6)

If a core shape is selected wherein all coolant 
channels are of the same length, then the coolant 
area factor x becomes the percentage of gas 
voids in the moderator for the entire core. 
Typical of this shape would be a cubical or 
cylindrical (axial flow) core. A cubical core 
was selected as the simplest shape to form with 
the core blocks. The penalties of an increased
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critical mass and a somewhat larger core vessel 
remain to be evaluated.

To find the required core size, let the coolant- 
area factor x be 0.15 per cent. The effective 
heat-transfer perimeter of a rectangular slot 
could be assumed to include both long sides 
that face the fuel channels and only one short 
side. Using a value for y of 0.8 in Eq. 6 gives 
the required face area A of 23 sq ft, which is 
equivalent to a 4.8-ft cube.

Substituting these values in either Eq. 3 or 4 
will give the proper hydraulic radius of the 
coolant channel. To find the actual dimensions 
of the coolant slots, the percentage of fuel vol­
ume in the core and the minimum practical 
thickness of graphite between fuel and coolant 
slots must be considered. From nuclear calcu­
lations a fuel-volume fraction of approximately 
20 per cent is desired. The minimum graphite 
thickness was set at 3/16 in. Detailed considera­
tion of all these factors leads to the following 
slot dimensions:

Fuel: 0.250 by 0.75 in., with 0.250 in. between 
slots

Gas: 0.141 by 0.565 in., with 0.187 in. be­
tween slots

Fuel-volume fraction: 24.5 per cent
Gas-volume fraction: 13.8 per cent
Graphite-volume fraction: 61.7 per cent
Core size: 5-ft cube

These calculations have been made on the 
basis of uniform heat generation throughout the 
core in order to simplify the preliminary cal­
culations. A number of possibilities present 
themselves for approaching a uniform coolant- 
outlet temperature while accounting for the 
realities of reactor operation.

1. Apply a factor Z in Eq. 5 which would be 
inversely proportional with the first power of Q. 
This factor is defined as the ratio of maximum 
heat flux to average heat flux. Design all chan­
nels uniformly, and employ external orificing 
to account for the variation in heat flux.

2. Flatten the flux distribution by varying the 
widths of the fuel channels, i.e., nonuniform 
fuel distribution.

3. Vary the spacing between adjacent coolant 
channels.

Although arbitrary values have been assigned 
to the many variables in Eq. 5 in order to il­
lustrate the 60-megawatt case, this equation

affords a rapid method for optimizing these 
variables with respect to other components of 
the entire system. Further studies toward im­
proving the performance of the system would 
include increasing the gas voids at the expense 
of fuel inventory and increasing the allowable 
pressure loss and reducing the inlet tempera­
ture to the reactor at the expense of cycle ef­
ficiency.

It is of interest to take a quick look at a sys­
tem generating 200 megawatts of electricity at 
40 per cent thermal efficiency. If the same as­
sumptions are used, except that Q = 1.71 x 109 
Btu/hr, gas film At = 300°F (over-all At = 
600°F), and coolant-area factor x = 0.2, then 
substituting these values in Eq. 5 gives the re­
quired face area A of 47.6 sq ft. This is equiv­
alent to a 6.9-ft cube.

2.2 Mechanical Features

(a) Reactor Vessel. The reactor core and 
reflector are installed inside a pressure vessel. 
Two cases have been considered, a cylindrical 
vessel and a spherical vessel. The obvious ad­
vantage of a spherical vessel is that the wall 
thickness is halved.

Design conditions selected for the reactor 
vessel are:

Operating pressure: 1000 psig
Design pressure: 1250 psig
Shell design temperature: 900°F
Proposed material: carbon-0.5 per cent 

molybdenum (ASTM A204 or equal)
Allowable working stress: 13,000 psi

Since the vessel is exposed to helium on the 
inside and air on the outside, there is little cor­
rosion or oxidation with which to contend.

The reactor outlet temperature is 1400°F, and 
the inlet temperature is 886°F. The design is 
such that the vessel wall is exposed to reactor 
inlet gas only. The high-temperature gas leav­
ing the reactor is carried in internally insulated 
piping that begins with a hood at the reactor 
outlet, thereby preventing any direct contact of 
the outlet gas with pressure parts. The hood 
and inner shell of the internally insulated pipe 
are made of suitable alloys to resist the tem­
perature. These parts operate essentially 
stress free.

The reactor core considered for this study is
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a 5-ft graphite cube surrounded generally by 
4-ft graphite reflector. If the corners of the re­
sultant cubical graphite structure are rounded 
off so that not less than a 2-ft 6-in. reflector is 
provided, it can be installed in a 12-ft 6-in. 
cylinder or a 14-ft 3-in. sphere. The corre­
sponding thicknesses of these vessels, using a

(b) Graphite Arrangements. An arrangement 
drawing (Fig. 3) has been prepared which shows 
the method of installing the graphite parts in­
side a spherical vessel. The core, together 
with fuel-inlet and -outlet pipes and the re­
flector surrounding the core, is shown. The 
gas flows horizontally through the reactor core,

2" SHEAR-RING TYPE CLOSURE 
WITH EXTERNAL NOZZLE48" SHEAR-RING TYPE CLOSURE

EXPANSION LOOPSUPPER GRAPHITE REFLECTOR

— GRAPHITE-TO-STEEL TUBE JOINT5' CORE --------------------

GAS INLET (BAFFLED) FUEL-ELEMENT HEAD PIPES

GAS TO TURBINE

GAS FROM RECUPERATOR
INTERNAL INSULATION

SPHERICAL SHELL 14'3" ID-3|" WALL LOWER PLATFORM (GRAPHITE REFLECTOR)

FUEL-ELEMENT TAIL PIPESREFLECTOR COOLING

Fig. 3 — Graphite arrangement.

joint efficiency, E, of 95 per cent, calculated 
from the simple relations t = PR/SE and t = 
PR/2SE are

12-ft 6-in. I.D. cylinder-t = 7% in.
14-ft 3-in. I.D. sphere —t = 33/4 in.

The pressure-vessel industry will be able to 
fabricate either of these vessels; moreover it 
is entirely feasible to internally insulate the 
vessel and to take advantage of presently avail­
able higher strength alloys to further reduce 
wall thicknesses if desired. To permit installa­
tion and repair or replacement of core parts, a 
fairly large opening with a high-pressure clos­
ure is required. Again several types Of closures 
of 36 in. to perhaps 60 in. are available for this 
service; furthermore, welded closures could be 
used.

whereas the fuel flows from top to bottom 
through the reactor-core elements, which will 
be described in Sec. 2.2f.

The general assembly of the graphite is de­
scribed below and will apply to an arrangement 
using either a spherical vessel (see Fig. 3) or 
a cylindrical vessel.

The lower graphite reflector consists of 
graphite beams 4 ft deep and 15 in. wide, of a 
length sufficient to span the inside of the vessel 
from shelves provided on the inside wall. Such 
beams will be of adequate strength to support 
the entire graphite structure in the vessel with­
out exceeding the allowable graphite stresses 
in bending. Should there be any difficulty in this 
respect, the shelves can be extended to reduce 
the span where necessary.

The fuel element consists of a central body
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15 in. square and about 7 ft long, with 6-in. head 
and tailpipes about 5 ft long protruding from the 
ends. All these parts are of graphite and are 
shown in Fig. 2. The core contains 16 such fuel 
elements standing on end on the lower graphite 
reflector platform. The tail pipe from each fuel 
element passes through holes in the beams, and 
the alloy-steel fuel-pipe connection from the 
bottom of each tail pipe passes through a suitable 
high-pressure closure in the bottom head, thus 
providing a fuel connection to the outside of the 
vessel.

The side-reflector graphite blocks are stacked 
beside the 16 fuel elements, and the inlet and 
outlet graphite diffusers are stood up at the in­
let-gas face and outlet-gas face of the reactor 
core, respectively. These diffusers contain 
gas passageways like louvers to provide some 
reflection of neutrons at the inlet and outlet 
connections. Moreover, it may be desirable to 
arrange the inlet- and outlet-gas ports so that 
there is a right-angle turn at each location to 
permit more effective reflection and neutron 
economy. The internally insulated hood at the 
reactor outlet makes good contact with the faces 
of the reflectors to prevent excessive hot-gas 
leakage against the vessel wall.

The upper graphite reflector is now installed. 
It may consist of small blocks keyed together 
to some extent to prevent shifting with tempera­
ture. Otherwise it is not called upon to resist 
particular stresses.

The alloy-steel inlet pipe protruding from 
the head pipe of each fuel element is sealed in 
a small high-pressure closure in the closure 
plate for the large high-pressure closure. Both 
inlet- and outlet-fuel pipes may be wrinkled, 
bent, provided with bellows, or otherwise ar­
ranged to provide for thermal expansion between 
the graphite and the steel vessel. Furthermore, 
since the graphite is much hotter than the steel, 
these motions may almost cancel.

(c) Reflectors and Reflector Cooling. As 
noted above, the upper and lower reflectors are 
4 ft. The corners are rounded off to a 2 ft 6 in. 
minimum, and the side reflectors are 4 ft at the 
thickest point. In the case of the cylindrical 
vessel, upper and lower reflectors could be 
made 6 to 8 ft if desired since it is only neces­
sary to increase the length of the cylindrical 
part of the vessel. In the case of the spherical 
vessel, the reflectors cannot be increased ma­

terially above 4 ft without increasing the size 
of the sphere.

The drawings do not indicate any special pro­
visions for reflector cooling, other than inlet 
and outlet pipes in the heads of the vessels to 
inject a portion of the entering gas into these 
spaces. It is intended to drill the reflector 
blocks as necessary to permit sufficient gas to 
flow through these blocks to remove the heat 
generated in the reflector.

Outside of the considerable design, drafting, 
and machining time necessary to make all these 
graphite blocks perform as required, no un­
usual problems in the reflector cooling are 
foreseen.

(d) Graphite Shapes. It will be noted that 
the graphite shapes contemplated for the parts 
of this reactor are quite large. We believe all 
these parts are within the capability of the 
graphite industry. In some cases they may be 
made with power-operated tools, such as air 
tampers, the mix being rammed into appropriate 
molds. In other cases extrusion heads attached 
to existing machines can probably handle the 
problem. Furthermore, some changes in the 
design will permit less massive parts. For 
instance, the bottom platform can be more fully 
supported by steel shoes, thus bringing the 
whole reflector into a situation where no particu­
lar bending stresses would be encountered and 
permitting a block structure to be used.

In the case of the fuel elements, which are 15 
in. square (12 or 6 in. square could be used as 
well), 15 in. round stock about 7 ft long would 
be needed. Such shapes are currently extruded 
for electrode work; however, a coarse mix is 
used for electrodes. This design will need a 
fine-grained mix, cured and graphitized more 
slowly than is the present practice.

(e) Drilling Graphite. For the reflector cool­
ing channels, owing to the low-heat duty, we 
think ordinary drilled holes will be sufficiently 
accurate. Milled slots will be needed in some 
cases. All these are within present machining- 
practice capabilities.

In the case of the fuel elements, small and 
very accurately spaced slots are required (see 
Fig. 2). There are several proposed methods 
of doing this, four of which are described below.

1. Use stock 24 in. long and 15 in. square. 
Drill pilot holes and broach the slots to the re-
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quired dimensions, then cement three pieces 
together and regraphitize into a seamless piece. 
Chase slots after regraphitizing. Plug ends of 
slotted holes after making end portholes.

2. The more promising method, subject to 
some development work, is to use sonic drilling 
for the slots both crosswise (15 in.) and length­
wise (60 in.). Any shape of hole can be drilled 
with this method, and there are no rotational 
forces to deflect the drill. The harder the ma­
terial the better it works. We see every promise 
that once a set of drills is started into a piece, 
with the hole just made serving as a guide, very 
great accuracy for long distances should be 
easily obtained.

3. Extrude shapes around a core structure 
that, on being burned or melted out, will provide 
passages as necessary. Passages may need to 
be chased or broached for cleanup purposes.

4. Extrude or ram the graphite matrix over 
pins that will leave pilot holes in the structure 
for further drilling or broaching.

(f) Fuel Element. The complete fuel ele­
ment is shown in Fig. 2. The main body of the 
element is about 7 ft long and 15 in. square, 
with 16 such elements comprising the 5-ft cubi­
cal core.

The gas slots are drilled crosswise through 
the element in the 5-ft active section.

The fuel slots are drilled lengthwise through 
the element, bottoming at the lower boundary of 
the active section. Cross holes intersect each 
row of fuel slots at the bottom, and a single 
cross hole intersects the afore-mentioned cross 
holes and the central outlet channel, thus con­
necting all vertical fuel slots to a single outlet. 
The outer ends of connecting cross holes are 
plugged.

A similar interconnection arrangement of 
holes will be used at the top; however, owing to 
the threaded connection for the head pipe, it will 
be necessary to cement, plug, and regraphitize 
the unnecessary holes at the top of the element 
before the recess for the head pipe can be ma­
chined and threaded.

Rugged head and tail pipes are screwed into 
the top and bottom of each fuel element. Con­
nections to alloy-steel inlet and outlet fuel pipes 
are made by means of a special spherical seated 
graphite-to-tube joint.

(g) Breeding Blanket. The arrangementsqie- 
scribed in this article does not have a blanjtej^ ^

however, it would be possible to install, in ap­
propriate holes in the reflector, vertical tubes 
containing fertile fluid. Such tubes may be 
cooled by gas passing in the same general man­
ner as that described for reflector cooling 
which would extract both reflector and blanket 
heat. Provisions would be required to permit 
slow circulation of the fertile fluid to a proc­
essing plant and back to the blanket.

2.3 Fuel Processing

The use of a liquid-metal fuel in this reactor 
offers the usually mentioned advantages of fluid- 
fueled reactors, i.e., continuous processing, 
good neutron economy because of the immediate 
removal of fission products, high fuel burn-up, 
and no radiation damage to the fuel. The par­
ticular advantage offered by the liquid-metal 
fuel is its high-temperature low-vapor-pres­
sure characteristics.

The fuel-processing plant under development 
at BNL for the externally cooled version of the 
LMFR should be applicable in practically every 
detail to the reactor described here. The proc­
essing may be carried out in the 900°F tem­
perature range and under negligible pressure, 
compared with that in the reactor. Basically 
the processing scheme consists in continuous 
removal of gaseous fission products from the 
surfaces of the liquid-metal fuel and removal of 
nongaseous fission products by salt extraction. 
Of the gaseous fission products, Xe135 is by far 
the most objectionable; its solubility in bismuth 
has been estimated to be in the range of a few 
parts per billion, based on work by Bonilla4 at 
Columbia University. It should therefore be 
possible to desorb the xenon by applying a vac­
uum or sparging the fuel with helium. Xenon 
thus removed or sparged would be separated 
out in a cold trap containing activated charcoal.

Most of the higher cross section nongaseous 
fission products are removed from a small 
processing stream by contacting with molten 
salts at the proper oxidation-reduction potential. 
Even under optimum conditions some uranium 
is transferred to the fused salt, and a uranium- 
recovery extraction column in the exit salt 
stream appears necessary to reduce uranium 
losses to acceptable quantities. For a reactor 
generating 150 megawatts of heat, approxi­
mately 150 g of fission products will be formed 
per day. If breeding is considered, it may be
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necessary to maintain a fission-product con­
centration in the fuel stream of 20 ppm or less. 
If the fission-product concentration in the proc­
essing stream is reduced to 5 ppm, then the 
processing stream will be 267 gal of uranium- 
bismuth per day. Since the salt leaving will con­
tain approximately 400 ppm of fission products, 
the salt quantity per day will be 830 lb.

There is the possibility of pressurizing the 
fuel-processing system. This can be done by 
moving the system inside the pressure vessel 
or using a suitable pressure enclosure outside. 
This has the double advantage of eliminating the 
graphite-to-steel joint and the need for a small 
high-pressure pump for hot radioactive fuel.

2.4 Nuclear Considerations

The nuclear calculations were done on the 
basis of a two-group two-region model, the 
second region being considered infinite. The 
first set of reactor calculations were for a fully 
reflected core. In this case breeding was elimi­
nated in favor of simplicity of design. Here a 
5-ft reflected reactor is capable of producing 
150 megawatts of heat with a critical mass of
3.2 kg and a resulting specific power of 46,800 
kw/kg. However, it should be realized that the 
graphite reflector considered here must be at 
least 4 ft thick to match the nuclear assumption 
of infinite thickness. If the reflector were beryl­
lium, this thickness would be cut in half. In a 
mobile application, where size is important, 
either of these reflector thicknesses could be 
halved with a reduction in specific power of not 
more than one-half. The reactor cores in the 
first set of calculations can be considered ther­
mal down to about 3 ft, the graphite to uranium 
ratio for this size being 3800. At 5 ft the ratio 
is 12,000.

In the second set of calculations the reflector 
was replaced by a breeding blanket consisting 
of graphite, a thorium-bismuth slurry, and the 
helium coolant. The thorium concentration in 
the bismuth was assumed fixed at 10 wt. %, and 
thus an increased thorium concentration in the 
blanket can only be achieved at the expense of 
replacing graphite by bismuth. Neither neutron 
economy nor breeding gain was calculated at 
this time, but calculations from the externally 
cooled LMFR indicate that a gain of over 1 is 
certainly possible with the gas-cooled version.

In the case of the blanketed reactor, the mini­
mum uranium critical mass is three times that 
of the reflected reactor. However, since the 
minimum has moved to a larger core, the mass 
has only doubled; consequently the specific power 
for a 5-ft breeder is 23,000 kw/kg. Owing to the 
reduction in diffusion length in the blanket, a 
2-ft-thick blanket can now be considered infinite.

CORE DIAMETER, FT

Fig. 4—Graph of critical mass vs. core diameter. A, 
infinite reflector of 90 per cent graphite and 10 per 
cent helium; for a core with 65 per cent graphite, 20 
per cent bismuth, and 15 per cent helium. B, infinite 
reflector of 90 per cent graphite and 10 per cent heli­
um; for a core with 61.7 per cent graphite, 24.5 per 
cent bismuth, and 13.8 per cent helium. C, blanket 
with0.2 gof thorium per cubic centimeter of blanket; 
same core as A. D, blanket with0.3 gof thorium per 
cubic centimeter of blanket; core same as A.

Figure 4 is a graph of the critical masses of 
the two cases considered. The critical concen­
trations of fuel in the bismuth for the 5-ft cores 
are 470 ppm for the reflected reactor and 1100 
ppm for the blanketed reactor. The 1100-ppm 
concentration is less than one-half the maximum 
solubility for the 886°F low-temperature point 
for the fuel.

2.5 Reactor Safeguard

We believe that this reactor can be designed 
to meet safeguard requirements. Inherent in the 
LMFR is a negative temperature coefficient 
of reactivity on the order of — 2 x 10_4AK/°C.
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Fig. 5 — Flow diagram of power-plant cycle and control system.

Although the drawings do not indicate safety 
rods, these can be installed if they are deemed 
necessary. Control of the reactor power is 
achieved through the temperature coefficient 
and the bypassing of the helium.

Safeguard requirements might necessitate en­
closing the entire reactor vessel and piping in 
another vessel. Probably the simplest solution 
would be fo place the reactor in a room or base­
ment of such volume that the entire system 
pressure could be released without raising the 
pressure of the room appreciably. The room 
would require impervious walls, but provisions 
for the chamber to withstand high internal pres­
sures would not be necessary.

3. POWER-PLANT DESIGN*

3.1 Power-plant Cycle

A flow diagram of the power-plant cycle and 
control system is shown in Fig. 5. At design

•Information in this section has been submitted by the American 
Turbine Corporation. A detailed analysis of the power cycle is con­
tained in Report ATC-54-12 (unclassified), copies of which may be 
obtained from the American Turbine Corporation, 52 William Street, 
New York 5, N. Y.

output helium at 90°F and 426 psia pressure 
enters the low-pressure compressor, where its 
pressure is raised 155 per cent, to 661 psia. 
The helium passes through an intercooler, where 
the heat of compression is removed, and the 
helium is returned to the second-stage com­
pressor at 656 psia. Further compression oc­
curs, raising the helium to 1015 psia and 210°F. 
From the compressor system the helium passes 
to the recuperator, where its temperature is 
raised to 886°F by the heat rejected from the 
power turbine. From the recuperator the heli­
um passes through the reactor, where its tem­
perature is raised to 1400°F. It then flows to the 
high-pressure turbine, where it expands, driving 
the compressor set at a constant speed. From 
the high-pressure turbine the gas flows to the 
low-pressure or power turbine at 1160°Fand 665 
psia. The gas expands through the power tur­
bine, and useful work is extracted. The gas 
leaves the power turbine at 942°F and 440 psia 
to enter the recuperator, where it releases heat 
to the helium leaving the compressor. Finally, 
the gas passes through the precooler, where its 
temperature is lowered to 90°F, and the cycle is 
repeated.

The basic design principles of a closed-cycle
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power plant require the extensive use of heat- 
transfer surface for the recovery of heat avail­
able in the working fluid after expansion. The 
high system pressure at which a closed-cycle 
gas-turbine power plant operates, coupled with 
the fact that the working fluid is uncontaminated 
by products of combustion, makes this objective 
relatively easy to attain through the use of heat- 
transfer surface having flow passages of small 
hydraulic diameter and/or the use of extended 
surface. All chemically fired closed-cycle 
power plants built to date use air as the working 
fluid. The use of helium with its different gas 
properties makes necessary the reevaluation of 
the generally accepted cycles as used with air.

Compared to air, helium exhibits a consider­
able improvement in heat-transfer properties, 
the film coefficient being about 180 per cent 
higher under the same conditions of pressure 
level, pressure drop, and passage geometry. 
This results in heat-transfer equipment ap­
proximately 55 per cent of the size required 
for air or, where the equipment is the same 
size, an appreciable increase in the quantity of 
heat that can be transferred, the exact amount 
depending upon the effectiveness of the surface 
with air. For example, if the recuperator in the 
air-cycle machine has an effectiveness of 80 
per cent, the same surface will have an effec­
tiveness of 86 per cent in a helium cycle. If the 
effectiveness in an air-cycle machine is 90 per 
cent, which is more of the order used in a 
closed-cycle power plant, the same surface will 
have an effectiveness of 95 per cent in a helium- 
cycle machine.

On the other hand, the high specific heat of 
helium (1.25 Btu/lb/°F) and the fact that it is a 
monatomic gas make the design of the turbo­
machinery difficult, the number of stages re­
quired for the same temperature rise being 
roughly proportional to the specific heat or, 
compared to air, in the approximate ratio of 5 
to 1 (1.25 to 0.24). However, a cycle analysis 
will show that the compressor temperature ratio 
required for maximum cycle efficiency de­
creases with increasing recuperator effective­
ness. This fact is made use of in the design of a 
closed-cycle plant using helium as a working 
fluid, trading static heat-transfer surface for 
stages of turbomachinery.

In order for any closed-cycle nuclear power 
plant to be attractive economically, it is neces­

sary that the power plant have a high thermal 
efficiency, which can be achieved only in a high- 
temperature machine, i.e., one operating at 
cycle temperatures in excess of approximately 
1200°F. All experience to date with closed- 
cycle power plants has been at cycle tempera­
tures ranging from 1250 to 1300°F, as dictated 
by limiting tube-wall temperatures in a chemi­
cally fired air heater. In a nuclear power plant 
this restriction is removed, and turbine inlet 
temperature is only limited, within reason, by 
reactor outlet temperature. However, our pres­
ent experience would limit such temperatures 
to about 1500°F for a power plant of conserva­
tive design.

3.2 Design Assumptions

The current state of the art of designing tur­
bomachinery of high stage loadings indicates 
that it is possible to obtain polytropic stage 
efficiencies of 89 per cent in compression and 
88 per cent in expansion. Although stage ef­
ficiencies of turbines would normally be higher 
than compressors for the same work per stage, 
in an effort to reduce the number of stages in 
the turbine to an acceptable level, the work 
output per stage is about three times that of the 
compressor stage. This accounts for the lower 
turbine stage efficiency. Compression work is 
equally divided between the high- and low-pres­
sure compressor, and each has a pressure ratio 
of 1.55 to 1, resulting in an over-all pressure 
ratio of 2.4 to 1.

Pressure losses in the plant have been as­
sessed at 7 per cent, resulting in an over-all 
expansion ratio of 2.4 x 1 - 0.07 = 2.23 to 1. 
Pressure losses are distributed as follows:

Intercooler
High-pressure recuperator 
Reactor
Low-pressure recuperator 
Precooler

— 0.75 per cent 
—1.50 per cent 
—1.50 per cent
— 2.25 per cent 
—1.00 per cent

Although these pressure losses may appear 
to be optimistic, they can be attained with care­
ful design and without excessively large heat- 
transfer surface. Referred to an air-cycle plant 
this is the equivalent of a total over-all pres­
sure loss of 11 per cent, assigning 5.5 per cent 
total pressure loss to the reactor, which would 
be the equivalent pressure loss in a fired heater.

CONFIDENTIAL



REACTOR FUTURES 137

Compressor inlet-air temperature is assumed 
at 90°F, based on 75°F cooling water. If cooling 
water is available at, say, 55 to 60°F, the ef­
ficiency of the plant would increase about 2 
per cent.

A recuperator effectiveness of 93 per cent 
has been selected for the design since a plant 
of this type would be a base-load machine. This 
is slightly less than the maximum used in 
closed-cycle plants (94 per cent in the experi­
mental Escher Wyss plant of 2000 kw) and is 
believed to be reasonable for a plant of this 
type.

3.3 Turbomachinery

Modern fluid mechanics and gas dynamics 
(upon which turbomachinery design is based) 
are founded upon the concepts of perfect fluid, 
potential flow, and real fluid corrections to this 
flow. Both the theoretical and experimental de­
velopments of the science are expressed in 
terms of kinematic nondimensional parameters 
and such nondimensional groups as Reynolds 
number and Mach number. Therefore, if the 
effects of these nondimensional variables are 
properly applied, much of the existing work on 
turbomachinery for air can be used for the de­
sign of units for another gas, such as helium.

The expected performance of the proposed 
60-megawatt machine has a strong foundation 
in reality since the blading and proportions of 
the set have been closely patterned on an exist­
ing successfully tested development compressor 
and a successful turbine. The units chosen were 
selected as good examples of present-day prac­
tice for machines now running on industrial test 
and in service. The compressor and turbine 
were designed for air and tested in air, with air 
Mach-number limitations an important factor. 
The helium design is so closely patterned on 
the air machines that no attempt was made to 
take advantage of the release from Mach-num- 
ber limitations. Hence there should be a slight 
unaccounted for periormance bonus that follows 
the conservative design pattern adopted for this 
unit with the idea of providing as nearly guaran­
teed performance as is possible in the pre­
liminary design of an unconventional machine.

In all cases tip speeds, solidity ratios, and 
blade diagrams are essentially identical to those 
of the reference machines. Hub-tip diameter

ratios are made similar to those of the models, 
except where some modifications are needed to 
match the speed and volume flow of the helium 
machine.

(a) Compressors. Both the high- and low- 
pressure compressors are discussed at the 
same time since each has the same over-all 
pressure ratio and blading design. The only 
difference is an increase in the hub-tip diam­
eter ratio and a decrease in the length of the 
high-pressure unit owing to the greater density 
and consequent reduced volume flow in this 
machine.

The blading is the standard free-vortex axial- 
stator inlet type pioneered by Escher Wyss of 
Zurich, Switzerland. This type of blading is con­
servative in concept and application but provides 
outstandingly high efficiencies and numerous 
constructional advantages for the many gas-tur­
bine and industrial blower installations in serv­
ice. This blading is especially attractive for a 
helium machine since the Mach-number restric­
tions, which provide the limiting conditions for 
the pressure-rise coefficient in air, do not ap­
ply in the less compressible helium.

Both compressor units are based directly on 
test data5 in air. It should be emphasized that 
this test work, reported in 1945, represents 
conservative but efficient practice which re­
sulted from many years of research and in­
dustrial application with this type of machine 
and which has been further proved in service in 
the years since 1945.

(b) High-pressure Turbine. The high-pres­
sure turbine supplies the power for operation 
of the compressors. It is mounted with the com­
pressors as a single-shaft three-bearing self­
running turbocompressor set. No useful output 
torque comes from this turbine.

The turbine blading is a high-efficiency type 
based on aircraft gas-turbine practice. Absolute 
exit velocity from the rotor is axial, and ex­
perimental results show close agreement with 
a free-vortex radial distribution of velocity 
through the stage.

(c) Low-pressure Power Turbine. The low- 
pressure power turbine is mechanically inde­
pendent of the compressors and high-pressure 
turbine, but it is directly coupled to the gener­
ator. The power turbine therefore rotates at a 
constant speed of 3600 rpm and produces the 
entire useful work output for the plant.
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The blading is basically the same as that in 
the high-pressure turbine and derives from the 
same test data. However, the tip speed is only 
about one-half that of the high-pressure ma­
chine, and the gas velocities are reduced pro­
portionally.

3.4 Heat-exchange Apparatus

Efficient heat-exchange apparatus plays an 
important role in the design of a closed-cycle 
power plant. All exchangers operate at an ef­
fectiveness of at least 80 per cent and may ex­
ceed 90 per cent. This requires that the units 
be of a special design if their dimensions are 
to be kept within reason. The problem is allevi­
ated somewhat by the fact that the working fluid 
is clean, thus permitting the use of compact 
surfaces with flow passages of small hydraulic 
diameter.

The recuperator design is based on the Ferro- 
therm pin-fin flat-plate heat exchanger. The 
low-pressure passages are formed of rows of 
biconvex pins sandwiched between thin parting 
sheets. The high-pressure passages are formed 
of thin ribbons that are edge brazed to the low- 
pressure parting sheets. After assembly the 
entire unit is furnace brazed. The completed 
recuperator, which is rectangular in shape, is 
mounted inside a cylindrical pressure shell.

The precooler is constructed of a standard 
tube-in-shell design using fin tubes of the type 
manufactured by the Heat-X-Changer Company, 
Inc., to carry the helium. Cooling water flows 
through the shell in a four-pass cross flow.

The intercooler is a conventional tube-in- 
shell heat exchanger with a hairpin tube bundle 
and a divided tube sheet. The partially com­
pressed helium flows through the tubes, and 
water flows across the tubes in the shell.

3.5 General Arrangement

A general arrangement of the 60-megawatt 
closed-cycle gas-turbine machinery set and 
heat-transfer apparatus is shown in Fig. 6.

The high-speed compressor and turbine set 
and the low-speed power turbine are arranged 
in a single case, split on the horizontal center 
line. The high-speed shaft, consisting of the two 
compressor stages and the high-pressure tur­
bine, is mounted on three bearings, one at each 
end of the shaft and one between the low- and

high-pressure compressor. The center bearing 
is a combination thrust and journal bearing. 
The low-pressure power turbine is located 
downstream from the high-pressure turbine, 
and it is supported on two bearings, the one at 
the turbine exhaust being a combination thrust 
and journal bearing. There is but one opened 
shaft in the machinery set, that being at the 
discharge end of the power turbine from which 
the generator is driven. A viscosity on contact 
type seal is used at this point to prevent the 
escape of helium from the system. The system 
pressure at this point is approximately 150 lb. 
Seals of this type are currently being used in 
compressors handling hydrocarbon gases at 
pressures far in excess of this level. When 
piston bearings of the type currently being used 
in canned rotor pumps, where the fluid being 
pumped is used as the lubricant, are fully de­
veloped, their use will make it possible to dis­
pense with the lubrication and oil scavenger 
system.

The intercooler between compressor stages 
is designed to be an integral part of the ma­
chinery set, thus eliminating the necessity for 
external lines and their associated joints, which 
are a source of leakage. The intercooler is a 
hairpin tube type, with helium in the tubes and 
water in the shell. The tube sheet, to which the 
tubes are welded, is bolted directly to a mating 
flange on the bottom of the machinery-set cas­
ing between the low- and high-pressure com­
pressors. The helium is conducted, by suitable 
diffusers, from the discharge of the low-pres­
sure compressor through the intercooler and 
back to the high-pressure compressor inlet.

Through a system of internal ducts, helium 
leaving the compressor flows in an annular pas­
sage around the high-pressure turbine inlet pipe. 
In this way, openings in the machinery-set cas­
ing are reduced to a minimum.

3.6 Control System

The subject plant is designed for base-load 
operation on a network where the frequency 
(speed) control is from another source. There­
fore only power-output (pressure-level) control 
is required, together with a means of synchro­
nizing the speed of the output turbine to the 
reference source of the time of starting. Power, 
or pressure-level control, is effected by the

x 2,8 —----- -
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addition or withdrawal of working fluid from 
the circuit. Speed control of the power turbine 
is effected by bypassing.

Helium that is not being circulated in the 
power-plant cycle is stored in accumulators 
for subsequent use, i.e., this is a no-loss sys­
tem. The accumulator system consists of two.

of normal rating, power output varies directly 
with system pressure. Therefore the power- 
output control consists of a set of variable- 
datum pressure-reducing valves between the 
system and the receiver and accumulator tanks 
which are designed to maintain a constant pre­
selected pressure level in the system.

STARTING MOTOR

24' 6" TO GENERATOR
TURBINES

COMPRESSORS

PRECOOLER RECUPERATOR

INTERCOOLER
TO AND FROM REACTOR

Fig. 6—General arrangement of the 60-megawatt closed-cycle gas-turbine machinery set, 
including heat-transier apparatus.

or two groups of, storage bottles; one is the 
receiver, and the other is the accumulator inter­
connected by a transfer pump. In this system 
the total amount of helium in the power plant 
and tanks is constant at all times. Leakage 
losses are made up by the addition of helium to 
the receiver from time to time as required. A 
simplified diagram of this system is shown in 
Fig. 5.

Over the range of power output at which this 
plant will operate, assumed to be ± 10 per cent

An overspeed governor is provided on both 
the high-pressure compressor-turbine set and 
the power turbine. The governor on the com­
pressor-turbine set is a top-speed governor 
only, tripping a compressor bypass valve when 
this set exceeds a predetermined speed limit. 
The governor on the power turbine is designed 
to come into play only in the event of an emer­
gency, the presence of which makes it necessary 
to shut the plant down. In action the power-tur­
bine governor opens the power-turbine bypass
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valve, immediately reducing the weight flow 
through the power turbine. Since this reduces 
the back pressure on the compressor-drive 
turbine, it tends to overspeed, thus activating 
the compressor bypass valve. Furthermore, 
the power-turbine-overspeed governor trips the 
system-pressure regulator, resulting in the 
discharge of the contents of the system to the 
receiver.

When the power-plant load is dumped and the 
reactor activity level is reduced, a means must 
be provided to cool the reactor for a period of 
about 1 hr after shutoff. During the normal 
procedure of shutting off the plant and the 
emergency condition previously discussed, the 
compressor-turbine set will circulate helium 
through the reactor until the minimum self­
running speed is reached. At that time a sec­
ondary motor-driven circulating compressor 
with an auxiliary cooling loop is energized, 
circulating helium through the reactor until ac­
tivity is reduced to a point resulting in a safe 
temperature level.

3.7 Xenon Removal

The helium used in this plant is available 
commercially at a purity of 99.99 per cent. 
Impurities consist of argon, carbon dioxide, and 
nitrogen; none of these are in sufficient quanti­
ties to be of any concern. There is, however, 
the possibility of contamination of the system 
by gaseous fission products escaping from the 
reactor fuel elements. The principal volatile 
radioactive impurity of the fission process is 
xenon, and removal of the xenon from the work­
ing fluid is desirable to reduce the activity of 
the working fluid to an acceptable level and 
avoid the necessity of extensive shielding.

The xenon can be effectively removed to any 
degree desired by activated charcoal in a cold 
trap. This is accomplished by withdrawing a 
small stream of helium from the cold end of 
the compressor intercooler and passing it 
through a heat exchanger in which it is cooled 
to the temperature necessary to reduce the 
xenon content to a permissible level. Since the 
xenon is present in such small amounts, even 
its complete removal leaves the helium es­
sentially undiminished in amount. This cold 
helium stream passes through a turboexpander, 
where its pressure is dropped to essentially the

suction pressure of the compressor. In passing 
through the expander the helium is cooled suf­
ficiently so that it can act as the refrigerant for 
cooling the xenon cold-trap exchanger. A typi­
cal flow diagram for this cold-trap system is 
shown in the general flow diagram (Fig. 5).

4. DEVELOPMENT WORK

The major premise in this proposal is that 
the graphite core structure will be a suitable 
container for the uranium-bismuth fuel. The 
ideal container material would prevent any 
passage of the fission products into the coolant 
stream and would be completely inert to any 
reaction with the uranium or its fission prod­
ucts.

Experimental work on the diffusion of gaseous 
and nongaseous fission products through ura­
nium-impregnated graphite is being done by 
North American Aviation, Inc.6,7 Results show 
relatively slow diffusion rates at 1000°C, with 
appreciable diffusion rates in the range from 
1500 to 2200°C.

Fission-product diffusion rates through im­
pervious graphite from uranium-bismuth solu­
tions remain to be evaluated. Factors that 
might tend to retard fission-product contamina­
tion of the coolant stream include the effect of 
fission-product removal by the circulating fuel 
stream and the effect of high-density graphite.

Pending a study of this problem, certain al­
ternate features can be considered. A fraction 
of the helium stream could be diverted through 
a turboexpander and cold-trap arrangement, as 
described in Sec. 3.7, in order to reduce the 
level of activity in the helium circuit. Another 
possibility would be to add an intermediate gas- 
to-gas heat exchanger and isolate the leakage 
fission products in the primary coolant circuit.

Present experimental work at BNL indicates 
the formation of uranium carbide in a uranium- 
bismuth-graphite system and shows that the 
formation of UC or UC2 is favored by increasing 
temperature. This problem may be solved by 
adding a suitable inhibitor to the uranium-bis­
muth which would have a greater tendency than 
uranium to react with carbon. Zirconium may 
be such a suitable inhibitor, particularly if all 
the fuel passageways are lined with zirconium 
carbide.
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Another matter to be considered would be the 
tendency of helium to diffuse from the coolant 
channels into the fuel channels. However, by 
maintaining the fuel pressure only slightly be­
low the helium pressure, the leakage rate would 
be minimized. The leakage helium would be re­
stored to the main coolant stream after aiding 
in the sparging of fission-product gases from 
the uranium-bismuth fuel.

The research work at BNL directed at the 
externally cooled LMFR will be of some value 
in predicting the performance of gas-cooled 
uranium-bismuth cores operating at higher 
temperature; in addition, BNL will pursue where 
possible some of the problems to a limited de­
gree. It is hoped that those interested in the 
gas-cooled reactor and gas turbine will examine 
some of the problems mentioned in this article.
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A Hybrid - reactor Proposal

GEORGE SAFONOV
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Santa Monica, California

October 28, 1954

ABSTRACT

A hybrid reactor which incorporates the sta­
bility of the homogeneous reactor with the high 
conversion ratio of a Kouts-Chemick lattice is 
proposed.

The technology of water-cooled and water­
moderated reactors has been advanced by recent 
work at two of the national laboratories. The 
Homogeneous Reactor Experiment (HRE) at Oak 
Ridge National Laboratory (ORNL) has demon­
strated that systems with fuel in aqueous solu­
tion will operate with remarkable stability. At 
Brookhaven National Laboratory (BNL), Kouts 
and Chernick1 have shown experimentally that 
systems with slightly enriched uranium in an 
approximately equal volume of water exhibit 
high fast fission factors (~ 1.1 < e < ~ 1.2). The 
BNL team has suggested that such a large fast 
fission effect may make it possible to breed 
plutonium in a substantially thermal-neutron 
spectrum. Such a thesis was strengthened at 
the recent Symposium on Fission Physics and 
Classified Nuclear Physics for Reactors and 
Shielding held at Oak Ridge where Kouts re­
ported an initial U235 to Pu239 conversion ratio of 
approximately 1.3. In this paper a hybrid re­

actor that would incorporate features of the 
above ORNL and BNL reactor concepts is pro­
posed.

It is not possible to hold uranium as a salt 
solution in an equal volume of water. However, 
if the uranium is only slightly enriched in U235, 
this isotope alone, or a large part of it, may be 
held in solution. By moving the primary fission­
able material from the metal to the water, the 
high conversion ratio of a Kouts-Chernick lat­
tice should not be appreciably altered, and, with 
the fissionable material in solution, the condi­
tion for HRE type stability is satisfied. Such a 
reacting system, therefore, is truly hybrid. It 
is not only a composite heterogeneous-homoge­
neous machine but it also operates with a “fast- 
slow” neutron spectrum.

Moving the fissionable material from the 
metal to the water converts a one-region re­
actor into a two-region machine. The liquid 
region with its expensive fissionable material 
forms a cooling and moderating bath about the 
solid region with its inexpensive depleted ura­
nium. Two-region operation may offer benefits 
other than HRE type stability and a high con­
version ratio.

Since the solid region contributes a small 
fraction of the total power, it may be possible

c
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to relax the rigid fuel-element specifications 
on all-solid fuel systems. The escape of fission 
products is no longer a problem since the liquid 
region continuously removes such poisons. With 
a lower fission rate in the metal, this region 
tends to operate at lower maximum tempera­
tures. Also, the solid region is less subject to 
fission-fragment damage, and the in-pile life of 
the metal may be increased. Corrosion is a 
problem, but larger amounts of corrosion might 
be tolerated in a system that continually purges 
its liquid of foreign matter.

It is not the purpose of this paper to speculate 
on possible operational schemes for an over-all 
plant employing a hybrid. However, a particular 
scheme mignt be worth mentioning. This scheme 
involves two reactor tanks, A and B, each con­
taining their charge of depleted uranium. The 
working fluid is pumped in a loop containing tank 
A and an external heat exchanger. When A is 
ready for processing or servicing, the expensive 
working fluid is pumped through B. That is, B 
replaces A in the circulating-fluid loop. Such

an operational scheme would keep the expensive 
fuel solution earning its keep in a more or less 
continuous manner.
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Plutonium Power Reactor with 
Oxide Fuel and Blanket Elements
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ABSTRACT

Increased capital costs of a reactor power 
system make it desirable to seek reduced fuel 
charges below the 2 to 4 mills/kw-hr of coal- 
or oil-fired systems. An inexpensive procedure 
for recovering plutonium from the core and 
blanket of a breeder and for refabricating it 
into fuel structures offexs an attractive possi­
bility for reducing fuel costs. A fuel element 
consisting of plutonium arid uranium oxide in 
steel tubing and capable of a large fraction of 
fuel bum-up is described. This fuel element 
makes possible recovery and refabrication with 
fewer steps than are required for a metal fuel 
element and, therefore, results in lower recycle 
costs.

Breeders with fuel and fertile material in 
both oxide and metallic form were analyzed by 
the multigroup method on the UNIVAC for the 
purpose of comparing characteristics. A sum­
mary is presented of the nuclear data assumed, 
the method of calculation, and the results ob­
tained. The decrease in the breeding ratio re­

sulting from the replacement of the metal core 
by oxide is only 0.2, which is a small effect in 
a future nuclear power economy, where pluto­
nium has a low value as fuel rather than a high 
value as weapon material. Use of an oxide 
blanket may reduce the breeding ratio by 0.05.

An illustrative design is presented which has 
five atoms of uranium per atom of plutonium in 
the core and 45 per cent sodium and which has 
a breeding ratio of 1.4 and a critical mass of 
400 kg. Incremental refueling is assumed to 
reduce the control range required for 50 per 
cent bum-up of the original fuel loaded.

1. INTRODUCTION

At this stage in the development of reactor 
power systems, it is generally considered that 
the substitution of the reactor for the firebox 
of the boiler results in a higher capital cost 
per unit of electrical capacity when compared 
to conventional power plants. It is desirable to
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reduce the power cost attributable to fuel below 
the 2 to 4 mills/kw-hr of coal- or oil-fired 
systems in order to achieve a competitive po­
sition with a reactor system. Each mill per 
kilowatt-hour reduction in fuel cost compen­
sates for an approximate $50.00 per kilowatt 
increase in capital cost.

The recycling of plutonium from the core and 
blanket of a breeder type reactor offers an at­
tractive possibility for reducing fuel costs. Its 
success depends on determining an inexpensive 
procedure for recovering the plutonium from 
the core and blanket and for fabricating it into 
fuel structures. The sale of excess plutonium 
is desired to compensate for fuel-inventory 
charges and a high fuel charge during the start­
up phase of a breeder cycle.

If the fuel-fabricating cost is expressed in 
terms of cost per unit length, we have the fol­
lowing relation1 for the contribution of fuel fab­
rication to the cost of electricity. Power con­
version efficiency is taken as 30 per cent.

Mills _ 0.14 /$/ft to fabricate
Kw-hr burn-up frac. \ g Pu loaded/ft

g chemical recovery/

A fuel element that costs $5.00 per foot to 
fabricate, has 3 g of plutonium per foot, and is 
capable of a burn-up fraction of 50 per cent 
contributes about 0.5 mill/kw-hr to the cost of 
electricity, exclusive of the cost of the pluto­
nium, which is expected to be small in a future 
plutonium-power production economy. If chem­
ical recovery costs $1.00 per gram, it contrib­
utes another 0.25 mill/kw-hr, making a total of 
only 0.75 mill/kw-hr. The factor-of-10 reduc­
tion due to a 50 per cent burn-up fuel instead of 
a 5 per cent burn-up fuel is very important.

A fuel element that shows great promise is 
the concept of uranium and plutonium oxide in 
steel tubing. The recovery and fabrication pro­
cedure has fewer steps and is therefore less 
expensive. Because of the chemical stability 
of the oxide, this form of plutonium is believed 
to present the fewest materials-compatibility 
problems with uranium compounds and tubing 
materials. It makes possible exploitation of the

high-temperature potentialities of sodium as a 
reactor coolant for efficient power conversion. 
The porous mixture is desired to achieve a 
large fraction burn-up per pass of the fuel 
loaded, thus reducing the refabrication fre­
quency and expense. The porosity provides 
space for accumulation of the additional fission 
atoms and permits escape of fission gases to a 
reservoir. The design is also applicable to U235 
fuel, which may be used during the start-up 
phase of a breeder cycle or as a converter type 
power and plutonium producer.

A possible method of constructing the fuel 
element is to slide an oxide rod or oxide pellets 
into a tube. A large diameter of fuel compact 
is desirable in order to reduce fabrication costs 
per gram of plutonium loaded. As a result of 
operation at high specific power, it is expected 
that densification of the compact will occur, 
with the formation of a small central void. Most 
of the cylindrical compact will be sintered, a 
small region near the outer edge will remain 
powdered, and at high specific powers it is rea­
sonable to expect that a region near the center 
will be fused. Irradiation tests2 of powder-filled 
fuel elements indicate that this condition would 
be satisfactory.

One of the questions concerning the use of 
oxide fuel and fertile material is their effect on 
the breeding ratio and fuel loading. Multigroup 
calculations were made to explore the breeding 
ratio and critical mass of oxide reactors with 
variations in the composition. The effect of re­
placing oxide for metal in both core and blanket 
has been studied. Results concerning critical 
mass and breeding ratio have been obtained for 
a variety of cases having different ratios of 
fertile material to fuel and varying sodium con­
tent. Enough cases have been calculated to in­
dicate the feasibility of a reactor having both 
core and blanket made of oxide.

Control effectiveness has been studied to­
gether with an incremental reloading scheme. 
This scheme makes possible high burn-up of 
individual fuel rods with a small operating con­
trol range. Some safety considerations indicate 
the oxide fuel rod is as safe or more safe than 
the metal for a wide range of accidents. The 
nuclear data assumed in this multigroup anal­
ysis and the compositions studied will be de­
scribed and results will be given.
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2. NUCLEAR EVALUATION

Nuclear characteristics have been calculated 
for the various reactor compositions which are 
listed in Table 2. It is not intended that each 
composition have complete technical and en­
gineering feasibility. The compositions were 
chosen as being typical of an area of interest in 
which to explore the nuclear properties that 
would serve as a basis for a more detailed 
mechanical design.

2.1 Method of Calculation

The multigroup calculations were carried 
out on the UNIVAC, using codings developed 
at Argonne National Laboratory (ANL). Nine 
energy groups were used. The highest seven 
energy groups were identical with the highest 
seven of a previous calculation.3 The eighth and 
ninth groups extended over lethargy intervals
7.0 to 8.5 and 8.5 to 10.0, respectively. Elas­
tic degradation was treated similarly to inelas­
tic scattering, except that each scattered neu­
tron is transferred into the next lower energy 
group. To determine this elastic transfer re­
quires knowledge of the ratio of flux at the 
bottom of a group to the average flux in the 
group, which is estimated from experience with 
similar problems previously done. This esti­
mate is checked after flux distributions are ob­
tained, and the problem can be iterated if agree­
ment is unsatisfactory. It is assumed that there 
is no degradation to energies below the lowest 
group.

To obtain answers to cases rapidly enough 
for exploratory work, some simplification must 
be made to the end-enclosed cylindrical geom­
etry of practical reactor construction. There­
fore cases have thus far been treated in one 
of two geometries that permit analysis by a 
single spatial variable. These simpler geo­
metric forms are a sphere and a bare-ended 
cylinder, in each of which a reflector and blan­
ket are wrapped around a central core; how­
ever, the wrapping is omitted from the ends of 
the cylinder.

Critical masses and breeding ratios calcu­
lated in these simpler geometries have been 
corrected to values applicable to the practical 
end-enclosed cylindrical geometry. These cor­
rections are sufficiently well known in the case

of the sphere, which has been applied to several 
most interesting cases. A greater number of 
cases have been treated as bare-ended cylin­
ders, simply because a UNIVAC coding in this 
geometry was available earlier.

2.2 Nuclear Data Used

Much of the input information, including fis­
sion cross sections, was obtained from publica­
tions of the cross-section committee, particu­
larly the BNL-170 report series.4

A curve for a (ratio of radiative capture to 
fission) of Pu239 vs. energy deduced several 
years ago at Knolls Atomic Power Laboratory 
(KAPL) was used. These data are given in 
Fig. 1. This curve is based on two types of ex­
periments carried out at KAPL. The first ex­
periments were exposures of thin plutonium 
foils in a Hanford flux with different degrees of 
shielding to cut off the low-energy flux at vari­
ous energies; results of these measurements 
are labeled “Hanford” in Fig. 1. The second 
type of experiment involved exposure of 20-mil- 
thick plutonium foils in various preliminary 
pile assemblies (PPA in Fig. 1) having inter­
mediate- and fast-neutron spectrums. These 
PPA data gave the lower curve of Fig. 1, for 
which self-shielding caused some reduction in 
the a of Pu239. The PPA points indicated on the 
upper curve were obtained by estimating the 
effect of self-shielding and correcting accord­
ingly. The upper curve of Fig. 1 is, therefore, 
an extrapolation to those foils having no self­
shielding.

The a data for Pu239, therefore, are consistent 
with a number of experiments having semiquan- 
titative validity. The important energy range 
for oxide reactors lies between 10 and 200 kev.

The inelastic-scattering data for U238 are 
taken from reference 5, Fig. 1. The iron and 
Pu239 inelastic data used are given in Table 1, 
where oinej is the inelastic-scattering cross 
section.

Inelastic scattering of iron is deduced from 
measurements by Jennings, Weddell, and Hel- 
lens.6 Inelastic scattering of Pu239 is described 
by figures used in previous calculations at 
KAPL.3

The degradation effect of various inelastic 
scatterers is given by the energy-group trans-
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fer functions listed in reference 3 or reference 
7, p. 29.

The capture cross section of iron assumed is 
taken from reference 7, p. 34.

The scattering resonances in oxygen above 
approximately 0.4 mev were not included in

give little credit for recently reported increases 
above several million electron volts neutron 
energy. Pu240 was assumed to have the same 
cross sections and number of neutrons per 
fission as U238. The average poisoning per fis­
sion product was assumed to be 0.1 of the Pu239
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Fig. 1—Curves for a of Pu2S> vs. fission energy.

detail, but a more smoothed-out function was 
assumed, which was carried over from older 
calculations.3

The neutrons per fission were assumed to be 
2.91 in the case of Pu239 and 2.48 for both U235 
and U238. These are conservative figures which

Table 1 — Iron and Pu239 Inelastic Data

Lethargy* Mev <jFe „ barns 
inel

Pua»

^ inel ’ barns

1 3.68 1.45 1.8
2 1.35 0.59 1.2
2.5 0.82 0 1.1
3 0.50 0 0

♦Lethargy, u, ln(107 ev/E), where E is neutron 
energy.

fission cross section at that energy. This ratio 
is suggested in reference 7.

An assumption has to be made concerning the 
effect of self-shielding on the a of Pu239. The 
fuel rods visualized are about Vs to V4 in. in 
diameter.1 This gives an equivalent thickness 
of about 5 to 10 mils of pure plutonium. In the 
case of oxide reactors having considerable 
scattering intimately associated with the fuel, 
the self-shielding effect would be slight. For 
this reason we have made the conservative as­
sumption that for oxide cores the a of Pu239 is 
entirely non-self-shielded or that the upper 
curve of Fig. 1 applies. For metal cores we 
have assumed values of o for Pu239 intermediate 
between the two curves of Fig. 1, where the 
lower curve applies to 20-mil foils.
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2.3 Results of Analysis for Various 
Reactor Cases

Results based upon the sphere are assumed 
to be directly applicable to the practical end- 
covered cylindrical geometry, provided the 
critical mass and size are increased 10 per

about 30 per cent too large. The interpretation 
adopted here is that applicable to an oxide re­
actor. Larger critical masses and dimensions 
are given here than those previously reported8 
for some cases. These increases have resulted 
from a recent comparison of spherical and 
bare-ended cylindrical results for an oxide

Table 2—Composition and Results of Analysis for Various Reactors*

Reactor
M-4-M(C)

Reactor
0-4-M(C)

Reactor
0-5-M(C)

Reactor
0-6-M(C)

Reactor
0-6-0(C)

Reactor
0-6-0(S)

Reactor
Op-5-OP(S)

U/Pu atomic ratio in core 4 4 5 6 6 6 5
Core composition, vol. %

Pu239 metal 3.56 0 0 0 0 0 0
U metal 14.1 0 0 0 0 0 0
Pu23902 0 4.50 3.99 3.84 3.80 4.11 4.15
uo2 0 18.7 20.8 24.0 23.8 25.7 21.7
Na 53.8 44.0 45.4 42.5 43.0 38.4 44.4
Fe 19.7 20.0 16.5 14.8 14.8 16.0 15.6
Pu240 0 0 0 0 0 ° 1
Fission products 0 0 0 0 0 0 r 14.2
Void 9.0 12.8 13.3 15.0 14.6 15.6 J

Core diameter
and height, cm 84 101 114 123 123 112 108

Critical mass of Pu239, kg 308 366 465 564 558 456 412
Blanket type Metal t Metalt Metalt Metalt Oxidet Oxidet Oxidet
Blanket thickness, cm 45 45 45 80 80 80 45
Internal breeding ratio 0.39 0.43 0.55 0.66 0.66 0.66 0.55
External breeding ratio 1.26 1.03 0.94 0.88 0.83 0.86 0.90
Total breeding ratio 1.65 1.46 1.49 1.54 1.49 1.52 1.45

♦Code explained in text. 
tClean.
^Exposed.

cent. This recipe has been found reliable from 
past experiments and calculations, provided the 
channeling effect in the end reflectors and blan­
kets in the actual geometry is low.

Results for bare-ended cylinders are “cali­
brated” by comparison with calculations for 
spheres of the same material composition. It 
has been found that the breeding ratio for bare- 
ended cylinders agrees to within a few per cent 
with that for spheres and, therefore, with that 
for a practical geometry if a blanket is provided 
at the ends to receive the escaping neutrons. 
The correction of the critical masses from 
bare-ended cylinders to spheres is apparently 
dependent upon composition since a correction 
factor applicable to an oxide reactor predicts a 
critical mass for a metal reactor which is

composition together with an allowance for con­
version to the practical geometry.

To restate, all results given in this report 
are those applicable to a practical end-enclosed 
cylindrical geometry. These results are be­
lieved to be valid, except that critical masses 
and sizes predicted by the bare-ended cylin­
drical geometry for a metal reactor are prob­
ably somewhat high.

Table 2 lists the more important reactor 
compositions that have been studied together 
with results obtained for each composition by 
the multigroup analysis.

Each reactor in Table 2 is designated by a 
descriptive code. Reactor M-4-M(C), for ex­
ample, designates a reactor having metal core, 
four uranium atoms per plutonium atom in the
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core, and a metal blanket (analyzed in cylin­
drical coding). Reactor 0-6-0(S), for example, 
designates one having an oxide core, six ura­
nium atoms per plutonium atom in the core, and 
an oxide blanket (spherical coding). Reactor 
Op-5-OP(S) is a special and important case. It 
has an oxide core with some poisons of burn-up 
due to Pu240 and fission products, five atoms of 
uranium per atom of plutonium in the core, and 
an oxide blanket containing some Pu23® due to 
exposure (spherical coding). This reactor is 
discussed further below. In this report U, as 
well as uranium, designates natural uranium. 
Plutonium designates Pu239 unless stated other­
wise.

Table 3 — Blanket Compositions

Blanket Material Vol. %

M (metal) U 67
Na 23
Fe 10

O (oxide) uo2 67
Na 23
Fe 10

OP (oxide; uo2 66.3
Pu included) Pu23902 0.7

Na 23.0
Fe 10.0

Each reactor has a reflector 12 cm thick, 
composed primarily of lead, with the following 
composition: lead, 60 vol. %; iron, 23 vol. %; 
and sodium, 17 vol. %. This reflector was found3 
to represent a good compromise between re­
ducing critical mass and providing some reflec­
tor control without much sacrifice in breeding.

The composition of the blankets of the reac­
tors listed in Table 2 are given in Table 3.

The densities used were as follows:

Material Density, g/cm'

Pu02 11.4
UOz ; 10.9
I^i metal 18.6
U metal 18.8
Fe 7.8
Na 0.85
Pb 10.5

Comparison of oxide-core reactor 0-4-M(C) 
with metal-core reactor M-4-M(C) shows the 
decrease in breeding ratio resulting from re­
placing the metal core by oxide to be only 0.2. 
The oxide core is larger and can have a smaller 
sodium fraction to remove the same amount 
of heat. Therefore reactors M-4-M(C) and 
0-4-M(C)are similar in power characteristics.

A comparison of oxide-blanket reactor 
0-6-0(C) with metal-blanket reactor 0-6-M(C) 
points out that a decrease in breeding ratio of 
only 0.05 results from replacing a metal blan­
ket by an oxide blanket. The gain in economy in 
reprocessing oxide-blanket elements is to be 
balanced against this reduction in breeding.

The dependence of breeding ratio and critical 
mass upon composition is indicated by com­
paring results for the various reactors listed 
in Table 2. To determine the effect of sodium 
content, a modification of reactor 0-6-0(C) was 
calculated which had the sodium fraction re­
duced sufficiently to reduce the critical radius 
about 10 per cent. This reactor turned out to 
have 37.6 instead of 43.0 vol. % sodium and a 
critical mass 23 per cent less. The breeding 
ratio was changed by a negligible amount (less 
than 1 per cent). This information was used to 
reduce all reactors to the same sodium fraction 
of 40 vol. % in order to study the dependence of 
breeding ratio and critical mass upon changes 
in only the uranium to Pu239 atomic ratio in the 
core. Results for breeding, assumed to be un­
affected by changes in sodium fraction, are, 
however, revised by a few per cent in each case 
so as to be applicable to an infinite blanket; this 
removes the small effect of differences in blan­
ket thickness upon the breeding ratio. The crit­
ical mass was revised according to the formula

A (% critical mass) _ 23
A (Na vol. %) 43.0 - 37.6 “ 4-3

The dependence of breeding ratio and criti­
cal mass upon the uranium to Pu239 ratio is 
illustrated in Fig. 2. Both the breeding and 
critical mass increase with increasing ratio, 
but for a ratio larger than 5 the critical mass 
increases very rapidly. Therefore, an optimum 
design is indicated in the vicinity of a ratio of 
5, above which the additional increase in breed­
ing is not worth the excessive increase in crit­
ical mass.
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The spectrums of neutron distribution, core 
fissions, and U238 captures are given in Figs. 3 
and 4 for reactors 0-6-M(C) and 0-6-0(C). 
These spectrums apply to oxide reactors having 
a uranium to Pu238 ratio of 6. Reactors having 
the more desirable value of 5 for this ratio 
have very similar spectrums. The maximum in

TOTAL BREEDING RATIO

INTERNAL BREEDING RATIO

U/Pu ATOMIC RATIO IN CORE

<r
UJo

500 -

U/Pu ATOMIC RATIO IN CORE

Fig. 2 — Effect of uranium to plutonium atomic ratio 
for oxide cores each containing 40 vol. % sodium, x, 
metal blanket, cylindrical calculation. A, oxide blan­
ket, cylindrical calculation. O, oxide blanket, spheri­
cal calculation.

the fission distribution (Fig. 3) in an oxide core 
lies at about 100 kev. The smaller peak at about 
2 mev is due to U238 fissions. The distribution 
of fissions and to a lesser extent of other cap­
tures extends over a considerable width. The 
difference in blankets has a trivial effect in the 
core, but the spectrum in the oxide blanket 
(Fig. 4) is significantly lowered.

The spatial distribution of Pu238 production in 
the blankets is given in Figs. 5 and 6. Figure 6 
points out that the blanket relaxation lengths 
are fairly short, even in the oxide blanket, which 
has less than half the atomic uranium density 
of the metal blanket. Therefore, the 80-cm 
thickness is greater than necessary. A reason­
able thickness for the oxide blanket is 50 cm. 
This thickness permits an escape out of the 
blanket of about 3 per cent of the neutrons which 
enter the blanket. The external breeding ratio 
is reduced about 0.024 in the 50-cm blanket as 
compared to the 80-cm blanket.

To determine the reactivity loss in a reactor 
operated up to 50 per cent burn-up of its orig­
inal plutonium, an estimate was made of the 
isotopic constitution and the reactivity after 
such burn-up, assumed uniform throughout the 
core, for a reactor having originally six ura­
nium atoms per plutonium atom. The burned- 
out reactor lost 13 per cent in reactivity, of 
which fuel depletion and Pu240 accumulation was 
responsible for 9 per cent and fission products 
for 4 per cent.

To sustain such a reactivity loss in a single 
loading run to 50 per cent burn-out would re­
quire a 30 per cent increase in the plutonium 
originally loaded. Moreover, about 5 per cent 
of the neutrons would be parasitically lost, a 
large control range would be required, and too 
little space would be available for coolant. A 
practical way to minimize these difficulties and 
yet take advantage of the long burn-out possi­
bilities of oxide fuel rods is to include fuel rods 
of all exposures in the reactor and at discharge 
to replace only a fraction (say, 0.1) of the most 
exposed rods by unexposed rods.

An analysis has been completed of such an 
incremental refueling or steady-state reactor 
having a uranium to Pu238 content of 5 to 1 and 
having maximum exposure for each rod suffi­
cient to burn out 50 per cent of the original fuel. 
This reactor is Op-5-OP(S) of Table 2. The
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CORE FLUXES

20 —

LETHARGY (u)

0.06 —
CORE FISSIONS
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1 MEV 10 KEV 1 KEV

Fig. 3—Core spectrums fission distribution curves. O, metal blanket, x,oxide blanket. 
4> (u) is neutron flux per unit logarithmic energy interval measured in neutrons per 
square centimeter per second and normalized to one source neutron per cubic centi­
meter per second in the core.
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>T3

3
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BLANKET FLUXES

0 2 4 6 8 (0
LETHARGY (u)

CAPTURES

LETHARGY (u)

1 KEV10 KEV100 KEV1 MEV

Fig. 4 —Blanket spectrums fission distribution curves. O, metal blanket, x, oxide blan­
ket. <t>(u) is the same as for Fig. 3. is the capture cross section of U238 measured
in cm-1.
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DISTANCE INTO BLANKET, CM

Fig. 5—Spatial distribution of Pu2sa production in blankets.-----, metal blanket.
-----, oxide blanket. Normalization is the same as for Fig. 3.
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RELAXATION LENGTH 11.8 CM

AVERAGE RELAXATION 
LENGTH 14 7 CM

DISTANCE INTO BLANKET, CM

Fig. 6—Spatial distribution of Pu25’ production in blankets.----- , metal
blanket. ----- , oxide blanket. Normalization is the same as for Fig. 3.
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critical mass is about 400 kg, and its breeding 
ratio is at least 1.4. Consistent with an average 
burn-up of 25 per cent per rod, Pu240 and fission 
products were included in the core to the extent 
of 0.00040 x 1024 atoms/cm3 and 0.00106 x 1024 
atoms/cm3, respectively.

The control available by replacing the lead in 
the reflector with sodium is 4 per cent, which 
was found by a separate multigroup calculation. 
The approximate control requirements in terms 
of percentage may be outlined as follows:

Temperature 0.5
Burn-up (incremental refueling) 1.3 
Tolerances 0.2

Total 2.0

The use of 2 per cent in operational control 
leaves 2 per cent in the reflector for shutdown 
safety. Additional elements for shutdown and 
safety will be required.

An accident analysis has been made for both 
an oxide and a metallic fuel rod under the con­
ditions that reactivity is added to the reactor at 
a constant rate and that the negative coefficient 
of reactivity of each rod results from the ther­
mal expansion, which reduces fuel density. It 
was assumed that both oxide and metal rods can 
expand until a condition of failure is reached, 
which for metal was assumed to be melting of 
fuel at 860°C and for oxide was assumed to be 
melting and vaporization, both of which were 
assumed to occur near 4000°C. For reactivity 
increase rates up to 1 dollar/sec, both metal 
and oxide elements appear controllable. The 
oxide element is superior, owing principally to 
its larger heat capacity before melting, even 
though its temperature coefficient of reactivity 
is slightly less negative. At the 1 dollar/sec 
rate, for example, the times between reactivity 
bursts are 0.10 and 0.14 sec, respectively, for 
metal and oxide; the metal can withstand only 
one or two such bursts and the oxide about five. 
Only at very high rates of increase in reactiv­
ity, probably about 5 dollars/sec, can the metal 
be preferable. In this case the time before 
melting or bursting is in the range 10 to 100 
msec even for the metal, and it is questionable 
whether a reactor with either type of fuel ele­
ment can be saved.

3. ILLUSTRATIVE DESIGN

The illustrative design is based on the re­
sults of reactor Op-5-OP(S) calculation. Incre­
mental refueling, whereby the reactor is com­
posed of fuel rods of a progressive degree of 
burn-up from 0 to 50 per cent of the original 
fuel loaded, is assumed. This reduces the con­
trol range that must be provided for fuel de­
pletion and fission-product and Pu240 accumula­
tion. For this reactor, with a 5 to 1 uranium 
to Pu239 content, the fuel loading is about 400 kg 
of plutonium. The core volume corresponds to 
that of a cylinder 42 in. in diameter and height.

The mixture of Pu02 and UOj is pressed to 
65 per cent density and is inserted in steel 
tubes 0.2 in. in diameter. Suitable blanket and 
reflector inserts are added at each end and are 
sealed, with some additional void space allowed 
for a fission-gas reservoir.

Some provision must be made to arrange the 
fuel elements in subassemblies as a larger fuel 
rod, with means for separating individual fuel 
elements from each other. Solid metal rib or 
spiral wire spacers have been used in some 
reactor designs. The use of larger size fuel 
elements in this reactor, Vg to Vi in. in diam­
eter, makes possible the consideration of thin- 
walled tubular spacers between fuel rods, as 
illustrated in Fig. 7. An important feature of 
this arrangement is that the coolant sodium is 
allowed to flow through the separator tubes as 
well as in the usual space between the fuel ele­
ments. Because of the good thermal conduc­
tivity of sodium and the thin tube wall of the 
spacers, this arrangement permits better heat 
transfer than is possible with solid wire or rib 
separators.

The fuel rods and separator tubes are sus­
pended on one end from narrow support strips, 
as illustrated in Fig. 8. This is arranged so as 
to provide low impedance entrance and exit con­
ditions for coolant flow. Many fuel elements and 
separator tubes are grouped together in a sub- 
assembly, which may be hexagonal, square, or 
another shape, depending on special features of 
the general reactor design. In the illustrative 
design the fuel elements are 0.2 in. in diameter. 
For this case the tubular spacers are about 
Vg in. in diameter, and with a 0.005-in. thickness 
they represent only 2 per cent volume fraction 
of steel in the core; O.OlO-in.-thick walls would
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FUEL ELEMENT-^ 

SPACER TUBE

Fig. 8 — Fuel-rod assembly.
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increase the steel fraction to 4 per cent. The 
larger hexagonal tubes surrounding a group of 
fuel elements and spacers, approximately 4 in. 
across flats, with 0.020-in. walls account for 
another 2 per cent steel volume in the core. 
Allowing 2 per cent steel for tubular spacers

180 CM

100 CM

SIDE
I

BLANKET

TOP
BLANKET

CORE

REFLECTOR

BOTTOM
BLANKET

12 CM

12 CM

112CM

250 CM

50 CM

■ 12 CM

Fig. 9 —Geometry of reactor regions.

and 2 per cent for the 4-in. hexagonal tubes, 
11.6 per cent steel fraction remains for the 
fuel-element wall. This results in a 0.013-in. 
wall thickness for the fuel element.

With a sodium flow of 30 ft/sec and a 300°F 
temperature rise in the core, the heat removal 
is 160,000 watts/cm2 of flow area, or 660 mega­
watts from the core. With a fuel loading of 
400 kg, this is a specific power in the core of 
1650 watts/g.

The general reactor geometry is illustrated 
in Fig. 9. The side blanket is 50 cm thick. The

end blanket, which has a larger sodium fraction 
because of coolant channels to the core, is 
shown as 100 cm thick to reduce leakage of 
neutrons.

4. CONCLUSION

A power breeder having fuel and fertile ma­
terial in both core and blanket can be designed 
with a breeding ratio of 1.4 and a fuel invest­
ment of 400 kg. The effect of oxide instead of 
metal is to reduce the breeding ratio by only
0.25, a small effect in a future nuclear power 
economy where plutonium has a low value as 
fuel rather than a high weapon value.
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TECHNICAL NOTES

Radioactivity in Reactor Cooling Water

W. S. LYON, JR., and S. A. REYNOLDS
Analytical Chemistry Division 
Oak Ridge National Laboratory

December 7, 1954

1. INTRODUCTION

The Oak Ridge National Laboratory (ORNL) 
Low Intensity Test Reactor (LITR) is a beryl­
lium-moderated water-cooled reactor using 
enriched-uranium fuel. It was of interest to the 
ORNL Operations Division to determine what 
radioactive species are present in the cooling 
water when the reactor has reached a steady 
state. Induced activity from impurities in the 
water or from dissolved metal from the reactor 
components or lines would be expected. In ad­
dition, some slight fission-product activity might 
be expected. Table 1 lists the impurities found 
in the LITR cooling water.

Three different types of determinations were 
made in assaying the radioactivity present in 
the LITR water. Each of these experiments, to­
gether with the results therefrom, is described 
in the following sections.

2. SHORT-LIVED ACTIVITY

The only activity with a half life greater than 
a few seconds and less than 1 min was N1®,

which is produced by the reaction O^ObpJN1®. 
The identification of N16 in LITR water and the 
estimation of its concentration were performed 
as described below.

Since N1® has a quite short half life, it was 
decided to make energy measurements on a 
steady-state system containing the activity. 
Beta-absorption data were chosen for the ac­
tivity measurement since N1® has two extremely 
hard beta rays, 4 and 10 mev.‘

The experimental assembly used to measure 
the N1® in LITR water is shown schematically in 
Fig. 1. A three-way stopcock was attached to the 
outlet line from the LITR water system. Water 
entering the stopcock could then be sent either 
through the counter assembly or directly to the 
drain. The counter assembly consisted of a pro­
portional argon-methane—filled beta counter 
connected through an Instrument Development 
Laboratories model 162 scaler to a linear 
count-rate meter and Brown recorder with fast 
response. A standard aluminum sample card 
holder was placed between the counter tube and 
the sample tube through which the active water 
passed. The sample tube was made of alumi­
num tubing about 1 cm in diameter with a wall
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Table 1—Impurities in LITR Cooling Water as 
Determined by Spectrographic Analysis

Approximate
Element concentration, ppm

Silver <1
Beryllium 0.05
Calcium 4
Chromium 5
Copper 10
Iron 20
Magnesium 0.3
Manganese <1
Sodium <100
Nickel <4

Silicon 2
Titanium 3
Zinc <30
Zirconium <1.5

assembly of counter, shelf, and sample tube 
was held in place on a table by clamps and 
screws and was surrounded on all sides by lead 
brick. The experimental procedure was to al­
low LITR water to flow through the tube for 
several minutes until a steady-state activity 
had been reached. Aluminum absorption data 
were then obtained by placing aluminum ab­
sorbers below the counter tube and observing 
the decrease in counting rate. Data were taken 
on water from two outlets from the LITR, valves 
12 and 25. The shape of the absorption curve 
obtained in each experiment was the same. 
Figure 2 is an absorption curve obtained in this 
manner. The counter was calibrated by clearing 
the sample tube of LITR water and filling 
it (through the third arm of the stopcock) with 
a solution of radioactive Ru10,,-Rh108 (3.5-mev 
beta) of known concentration and obtaining alu-

Fig. 1—Counter assembly for measurement of N16 in LITR water.

thickness of about 1 mm everywhere except 
directly below the tube window, where the alu­
minum wall had been filed down to approxi­
mately 0.40 mm thickness for about 1 cm along 
the length of the aluminum tubing. The entire

minum absorption data in a similar manner. 
The efficiency of the counter tube was thus ob­
tained by dividing the observed counting rate of 
the known ruthenium-rhodium solution by the 
true disintegration rate (disintegrations per
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minute per milliliter) of the standard solution. 
The activity of the LITR water was found by 
dividing the observed counting rate of the water 
by the tube efficiency.

Decay data were obtained on the water to as­
certain what activities were being counted in 
the counter. These data were obtained by first 
closing the stopcock so that no more water en-

lated to be 1.7 x 108 dis/min/ml for valve 12 
and 1.9 x 10® dis/min/ml for valve 25.

3. GAMMA EMITTERS OF INTERMEDIATE 
HALF LIFE

It was of interest to find what gamma-emitting 
nuclides having a half life greater than 1 min

2000 3000 4000 5000
THICKNESS OF ALUMINUM ABSORBER, MG/CM!

6000 7000(000

Fig. 2—Aluminum absorption data for LITR water.

tered the tube and then following the decay of 
the water in the sample tube by use of the Brown 
recorder. Figure 3 indicates the short-lived 
decay of LITR water and shows the presence of 
N18 and a longer lived background.

The activity observed from the absorption 
data had then to be corrected to the time of 
leaving the LITR. This time was found by open­
ing the stopcock and measuring the time re­
quired for the active water to reach the counter. 
This time was observed to be 18 sec. With this 
figure and the half life for N18 (7.3 sec), the ab­
sorption data were corrected to the time of 
leaving the LITR. The activity found was calcu-

and less than 1 day were present in LITR water. 
For the identification of electromagnetic radia­
tion an Nal(Tl) gamma-ray spectrometer is 
most useful.8 Fred C. Maienschein provided 
such a spectrometer for these experiments. 
The counter consisted of a 3- x 3-in. cylindrical 
Nal crystal with an approximately ll/2- x Vi-in. 
well. This well type crystal was cemented to a 
Dumont 3-in. photomultiplier tube. Pulses from 
the Dumont phototube were fed through an A-l-A 
preamplifier and an A-l amplifier and thence to 
a 40-channel differential pulse analyzer. The 
counting rate in each channel was recorded on a 
mechanical register. Data were obtained from
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7.5 SEC

TIME, SEC

Fig. 3—Short-lived decay of LITR water.

300 kevto 4.3 mevwith each channel width being 
100 kev, and again from 150 kev to 2.15 mev 
with each channel width being 50 kev.

A hollow cylindrical aluminum shield (about
1.3 g/cm2) was placed in the crystal opening to 
absorb most of the beta radiationfrom the sam­
ple. Samples of LITR water were obtained, 
made to 2 ml in volumetric flasks, and placed 
within the crystal. The decay of the gamma 
spectrum of the water was followed on the mul­
tichannel analyzer. Figure 4 shows, the decay 
data obtained with the analyzer set for the range 
300 kev to 4.3 mev. Figure 5 shows similar 
data for the range 150 kev to 2.15 mev. From 
the data of Fig. 4 it was concluded that there 
was no gamma radiation of energy greater than 
the 2.8-mev gamma from Na24. The peak at 4.1

mev is a “pile-up” peak caused by the coinci­
dence summing of the Na24 2.8-mev and 1.3- 
mev gamma rays. Decreasing the geometry of 
the counter by moving the sample away from the 
crystal removed this peak; in addition, known 
samples of Na24 gave a peak with the ratio, 
(2.8-mev gamma)/(4.1-mev gamma), identical 
to that of the water sample.

The areas beneath the photopeaks observed in 
Figs. 4 and 5 were obtained by graphical inte­
gration, and the decay of each peak was plotted.

An energy and efficiency calibration of the 
counter was made by measuring aliquots, of 
known disintegration rate, of Na24 (1.37- and 
2.75-mev gamma energy) and Cs137 (0.661-mev 
gamma energy) in the scintillation-counter as­
sembly in a manner similar to that used for the



TECHNICAL NOTES 185

•t

r

CHANNEL NUMBER CHANNEL NUMBER

APPROXIMATE ENERGY, MEV
0.160 0.610 1.11 161 

APPROXIMATE ENERGY, MEV

Fig. 4 — Decay of gamma-ray spectrum (0.3 to 4.3
mev) of LITR water. Time out of LITR:______, 250
sec;_____ , 980 sec;______ , 1480 sec;______ , 1820
sec;........... , 3680 sec.

Fig. 5 — Decay of gamma-ray spectrum (0.15 to 2.15
mev) of LITR water. Time out of LITR:_____ , 65
sec;---------, 185 sec;______ , 320 sec; ______, 440
sec;______, 740 sec;_______, 1040 sec.
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Table 2—Gamma Emitters Observed in 
LITR Water

Nuclide
Energy,

mev Half life
Rate,

dis/min/ml

Na24 1.38 15.1 hr 1.3 x 105
2.7 15.1 hr 1.3 x 105

Mg2T 0.84 (42%) 9.5 min 1.4 x 106
1.01 (58%) 9.5 min 1.4 x 10s

Al28 1.78 2.3 min 6 x 106
Np239 0.21 2.33 days 2 x 10®
Uncertain 0.46 ~ 16 min 5 x 104 

y dls/min

The values given in the last column of Table 2 
for the disintegration rates are absolute disin­
tegration rates of the nuclides. These are iden­
tical with the emission rates of the gamma rays 
with the exception of Mg27, which has relative 
gamma intensities, as indicated in the second 
column.3

The Na24 is formed by the Al27(n,a)Na24, 
Na23(n,y)Na24, and Mg24(n,p)Na24 reactions. Mg27 
is formed by Mg26(n,y)Mg27, and perhaps a small 
amount is formed by Al27(n,p)Mg27. Al28 is 
formed by Al27(n,y)Al28.

No assignment has been made for the approx­
imately 16-min 0.46-mev gamma activity since

Table 3—Radiochemical Analysis of LITR Water 5 Hr After 
Removal from the Reactor

Activity Half life
Rate,

dis/min/ml
% of total 
dis/min

Method
references®

Np239 2.3 days 2.0 x io® 59.1 6
Na24 15.1 hr 8.7 x io4 25.2 7
Cu*4 12.8 hr 2.7 x 104 7.8 8
Mn56 2.6 hr 5.4 x io5 1.6 9
Aguo 270 days 2.8 x io3 0.8 9

Fission products

I 4.8 x 10® 1.4 10
Sr 4.6 x 10® 1.3 11
Zr 6.2 x 10® 1.8 12
Ba 1.4 x 10® 0.4 13
Nb 1 x 10® 0.3 14
Total rare

earths 1 x 10® 0.3 15

Total 3.45 x 10® 100

samples. The area beneath the photopeak ob­
tained from the gamma spectrum of each nu­
clide, when divided by the true disintegration 
rate, gave the efficiency of the counter for that 
energy gamma. These true points were used to 
construct an efficiency vs. energy curve, from 
which efficiencies for the various observed 
energy photopeaks were obtained.

The area beneath the photopeaks, when di­
vided by the appropriate efficiency, yielded the 
absolute gamma-emission rate of each gamma 
ray. From the energy, intensity, and decay 
data,1 the radioactivity listed in Table 2 was 
identified.

the literature reveals no nuclide with this half 
life and gamma energy.

4. LONGER LIVED RADIOACTIVITY

The radioactive contaminants remaining in 
LITR water after a decay of several hours were 
determined by radiochemical analysis. These 
analyses were performed under the supervision 
of G. W. Leddicotte and were done by the stand­
ard radiochemical methods in use by the ORNL 
Analytical Chemistry Division.

Table 3 summarizes the results of these 
analyses. These are in agreement with data
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previously reported by Reynolds.4 All counting 
was done on a well type gamma scintillation 
counter, and the percentages are percentages of 
gross gamma counts per minute observed. The 
accuracy of each individual analysis is unknown. 
The presence of such a large amount of Np239 
and of such a small amount of fission-product

Table 4 — Radioactivity Present in LITR 
Cooling Water

Activity Half life
Rate,

dis/min/ml
% of total 
dis/min*

N16 7.5 sec 1.8 x io8
Al28 2.3 min 6 x 10s 50.9
Mg” 9.5 min 1.4 x 10s 11.9
Uncertain ~ 16 min 5 x 104 4.2
Mn56 2.6 hr 2 x 104 1.7

Cu64 12.8 hr 2.7 x 104 2.3
Na24 15.1 hr 1.1 x 10* 9.3
Np239 2.3 days 2.1 x 105 18.1
Ag110
Total fission

270 days 2.8 x 103 0.2

product 1.9 x 104 1.6

♦ Excluding N16.

activity is quite mystifying. Np239 has been pos­
itively identified through chemical separation 
of the neptunium and physical measurements. 
These have included gamma-ray spectroscopy 
and decay measurement. Repeated attempts to 
find the 23-min U239 parent of the Np239 have 
been unsuccessful. These methods have in­
cluded an attempt to find the 23-min decay 
period in the gross-decay curve of the LITR 
water by use of a scintillation counter as detec­
tor and chemical separation followed by decay 
counting. This work was done under the super­
vision of E. I. Wyatt. The procedure used was 
to extract, using diethyl ether, an aqueous phase 
of 20 ml of LITR water containing a few milli­
grams of natural uranium as carrier, together 
with FeS04 and hydroxylamine to keep the nep­
tunium reduced and thus nonextract^ble. The 
ether phase was then evaporated, and decay fol­
lowed. No U239 was found in this decay. Since 
the chemistry of neptunium and uranium should 
be quite similar in an aqueous solution such as 
this, it seems unlikely that uranium is “falling 
out” within the system. These considerations

suggest that Np239 may actually be diffusing 
through the fuel element and into the circulating 
water. In any event the presence of Np239, and 
its large contribution to the total activity pres­
ent, is quite surprising.

5. SUMMARY

The presence of radioactivity in LITR cooling 
water has been quantitatively established. Table 
4 is a summary of the data obtained.
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A Method of Estimating the 
N Content in the Cooling System 
of an MTR Type Reactor

F. T. BINFORD

Reactor Experimental Engineering Division 
Oak Ridge National Laboratory

February 8, 1955

N16 is produced by the reaction O^n.yJN1®. 
This reaction takes place above a neutron 
threshold energy of the order of 9.3 mev.1'2 
Although the half life of N18 is only 7.3 sec,1*3’4 
the high-energy gamma rays that accompany the 
decay of this nuclide present a major shielding 
problem in cases where circulation of aqueous 
reactor coolant outside the main reactor shield 
is a design requirement. The gamma energies 
are reported by Millar5 to be 6.13 mev (100 per 
cent) and 7.10 mev (8 per cent).

Lansing8 has calculated the linear absorption 
coefficients for these photons to be 0.06 cm-1 in
2.3 g/cm3 of concrete and 0.026 cm-1 in water. 
Curves showing the thickness of 2.3 g/cm3 con­
crete which is required to reduce to tolerance 
the radiation from pipelines carrying various 
concentrations of N18 in water have been cal­
culated by the method of the equivalent-line 
source.7 The results are presented graphically 
in Fig. 1.

For a reactor through which a coolant is cir­

culated at a constant rate, the gain in concen­
tration per pass through the reactor of any 
radioactive nuclide produced, may be repre­
sented by an equation of the form

AC = Stf>(l - e-Xtr) (1)

where AC is the increment of activity concen­
tration gained during a single pass through the 
core, 20 is the average cross section—flux 
product over the neutron energy and space dis­
tribution in the core, X is the decay constant of 
the nuclide under consideration, and tr is the 
residence time in the core.

If C is taken to be the concentration of activ­
ity (disintegrations per unit time per unit vol­
ume) of the nuclide under consideration in the 
coolant at the exit from the core, and if a frac­
tion a of the total flow is continuously purged 
from the system and is continuously replaced 
by an equal amount of coolant that is free of 
activity, then at equilibrium

cbN
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C = C(1 - «)e-xtc+ AC (2)

where here tc is the total circuit time. Thus 
the activity concentration in the core effluent 
becomes

S<M1 - e-Atr)
1 — (1 - a)e~Atc (3)

For the particular case of N18 the value of X 
is 0.095 sec-1, and for most practical cases 
Vc/Q is greater than 500 sec. Thus, since 
0 « a < 1, the second term in the denominator 
is negligible compared to unity. On the other 
hand, Vr/Q is generally quite small, being of 
the order of 1 sec or less. Thus Eq. 4 becomes

CsS^AVr/Q (5)

The times tc and tr may be expressed in 
terms of the volume flow rate Q (volume per

— 2 IN

42 IN

24 IN

INCHES (0
FEET 4 2 3 4 5

SHIELD THICKNESS

Fig. 1—Curves for 2-, 6-, 12-, 18-, and 24-in. pipe, 
showing concrete-shield thickness required to reduce 
radiation from pipelines carrying Nle-bearing water 
to tolerance (~0.75 mr/hr). (UNCLASSIFIED)

It can be seen from Eq. 5 that purging has vir­
tually no effect on effluent activity in those 
cases where the half life of the nuclide in ques­
tion is short compared to the time required for 
an increment of coolant to traverse the entire 
cooling circuit.

The factor

20 = f f 0(r,E) 2(r,E) dr dE
•'e •'vol

is just the average production rate of N16 atoms 
per unit volume per unit time. For any given 
core configuration this quantity is proportional 
to the specific power. That is,

£0=^- (6) 
m

where is a constant of proportionality, P is 
the power level in convenient units, and m is 
the mass of fissionable material present.

The assumption is now specifically introduced 
that ?t has essentially the same value for all 
MTR type reactors having similar fuel elements 
and similar ratios of metal to water. This is 
equivalent to the assumption that the form of 
the energy and of the space dependence for both 
the cross section and the flux is essentially the 
same in all such reactors. Under this assump­
tion Eq. 5 becomes

P£AVrP
mQ (7)

unit time), which is considered constant over the 
entire system, and of the water-containing vol­
umes, Vr and Vc, of the reactor core and the 
entire system, respectively. Thus

20(1 - e-XV'/Q) 1

1 - (1 - a)e-xvc/Q
(4)

In many cases of practical interest the flow 
rate of the coolant, Q, is also proportional to 
the power level. Thus, if K is the flow per unit 
power,

Q = KP (8)

CONFIDENTIAL



TECHNICAL NOTES 191

' *

«

whence

^ *VVr 
mK (9)

For a given type of fuel element, the ratio V/m 
is constant. Thus, if the expression PfAVr/m = 
A,

C * | (10)

where A is a constant for all the systems con­
sidered and K is characteristic of the particular 
reactor under consideration.

This relation is quite useful since it permits 
measurements taken in an operating reactor to 
be extrapolated for the purpose of estimating 
the N18 activity to be expected in the coolant of 
another reactor of similar type but of different 
size, provided only that the values of K are 
known.

Let Kq be the flow rate per unit power for the 
reference reactor in which the effluent-activity 
concentration is known. Then, if Kt is the cor­
responding value for the reactor for which the 
concentration estimate is required.

C,=^C0 (11)

where C0 is the measured reference concentra­
tion and Cj is the estimated concentration.

Lyon and Reynolds (page 197) have measured 
the maximum N18 concentration in the cooling- 
water effluent from the Low Intensity Test Re­
actor (LITR) at 3-megawatt operation to be 
3 x 108 dis/sec/ml. The average concentration 
then is 2.6 x 108 dis/sec/ml, where the ratio of 
average to maximum flux laterally across the 
LITR core has been taken as 0.87. Kj = 400 
gal/Mw-min. Then for any similar reactor the 
concentration of N18 in the effluent in disinte­
grations per second per milliliter is given by

Ci
1.04 x 10

K,
(12)

where Kt is the flow rate per megawatt in 
gallons per megawatt-minute. Conversion to 
millicuries per cubic inch may be accomplished 
by multiplying by 4.43 x 10-7.

It is interesting to compare the result ob­
tained experimentally by Lyon and Reynolds for 
the LITR with the concentration of N18 obtained 
by a calculation based on measured constants.

The cross section for the 018(n,p)N18 reaction 
has been tabulated as a function of energy from 
the threshold to 18 mev by Martin.1 This cross 
section is indicated by the solid-line curve in 
Fig. 2. The broken-line curve represents a 
correction2 of the threshold to 9.3 mev and a 
correction at 18 mev which is noted in a foot­
note of reference 1. Because of the high thresh-

ao —

—l 60

MEV

Fig. 2—Cross section for 018(n,p)N18. ------- .cross
section reported by Martin.1------- , correction to
9.3-mev threshold and to footnote given in reference 
1.

old it is reasonable to consider, as a first ap­
proximation, that only the uncollided flux is 
effective in producing the reaction. Measure­
ments by Trice,8 in both the LITR and the Bulk 
Shielding Facility (BSF), indicate that the high- 
energy spectrum in these reactors does not 
differ sensibly from the fission spectrum. Ac­
cordingly normalization of the cross section for 
018(n,p)N18 over Watts’s fission spectrum yields 
a value of 0.026 millibarn for the average cross 
section. The macroscopic cross section thus 
becomes 8.66 x 10_I cm-1. The N18 concentra­
tion in the LITR effluent is given by

• • • • r r 
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C = 8.66 x 10_I (13)
w

where here $u is the average uncollided flux. 
For the LITR, Vr/Q = 0.75 sec and A = 0.095 
sec-1. Measurements by Trice8 in the BSF in­
dicate that the ratio of uncollided to thermal 
flux is approximately unity for this type of 
core. Thus, since in the LITR at 3 megawatts 
the average thermal flux is 2.6 x 103,

C = 1.6 x 106 dis/sec/ml (14)

which is in fair agreement with the experimen­
tal value of 2.6 x 108 dis/sec/ml.
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Continuous Repurification 
of LITR Cooling Water

V
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The cooling water used in the Low Intensity 
Test Reactor (LITR) has presented a number of 
problems because the relatively small volume 
in the system has caused the concentration of 
radioactivity to be rather high. Also, the sys­
tem contains large amounts of exposed carbon 
steel and cast iron, which has increased the 
problems of corrosion, turbidity, and radioac­
tivity of the water. The water has been much 
improved in quality by the use of a combined 
cation and mixed-bed bypass demineralizer, 
and at the same time the corrosion rate of the 
steel and the radioactivity of the water have 
been reduced.

The cooling-water system of the LITR has a 
total capacity of about 10,000 gal and includes 
the reactor tank (holding about 4000 gal), a seal 
or surge tank (having a 7000-gal capacity but 
generally operated with about 4000 gal of water), 
pumps, heat exchangers, a demineralizer and 
filter, and connecting pipelines. The steel tanks 
and some of the pipelines were originally painted 
with Amercote 33, but this has come off in many 
places, especially where it is exposed to high 
radiation. A schematic diagram- of the system 
is shown in Fig. 1.

When routine operation of the LITR began in 
1951 at 770 kw, the water could only be purified, 
whenever it became turbid or the radioactivity 
became high, by purging into retention basins 
located about 200 yards away. It was possible, 
using this method of operation, to maintain the 
specific resistance of the water at about 200,000 
ohm-cm and the concentration of the radioac­
tivity at about 50,000 counts/inin/ml (counted in 
a well type gamma scintillation counter with 
approximately 45 per cent efficiency for Na24 
and 39 per cent efficiency for Np239).

In 19 52 the power of the reactor was increased 
to 1500 kw, the purge rate was increased from
25,000 to 50,000 gal/month, and the radioac­
tivity of the cooling water rose to about 150,000 
counts/min/ml. The flow rate of the cooling 
water was increased from 300 to 1100 gal/min, 
and the increased water flow carried a sufficient 
quantity of N16 (Ti^ =7 sec) out of the reactor 
tank to require 21/4 in. of lead shielding on the 
exit-water line. (At the previous water flow of 
300 gal/min, the linear velocity of the water 
was so low that the N16 decayed before it reached 
the exit-water line.)

The high radioactivity of the cooling water
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Fig. 1—Schematic diagram of the LITR cooling-water system.
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presented a considerable disadvantage in oper­
ation for other reasons also; for example, tools 
used in the reactor during shutdown became 
highly contaminated. Occasionally it is neces­
sary to lower the water level in the reactor 
tank about 8 ft in order to work inside the tank, 
and under these conditions radiation fields of 
500 mr/hr are sometimes encountered. The 
radioactivity of the pumps and pipelines was in 
proportion to the amount of long-lived radioac­
tivity (half life greater than a few minutes) in 
the circulating water.

For these reasons it was decided to install 
a bypass demineralizer, which would reduce 
the radioactivity and increase the purity of the 
water, thus reducing corrosion and the need for 
purging the system with fresh demineralized 
water. The demineralizer concentrates the 
radioactivity so that it can be sent to a hot- 
waste system in a small volume, whereas the 
purging method put large volumes of radio­
active water into retention ponds. The latter 
method is much less desirable than the hot- 
waste system, where the radioactivity can be 
stored indefinitely.

A mixed-bed demineralizer with a 3-cu ft 
capacity was designed for purifying the water. 
Two of these units were fabricated, and it was 
hoped that one unit would keep the system puri­
fied for several months, at which time a second 
unit could be inserted into the system and the 
resin from the first unit dumped to the hot- 
waste system or buried. Operation of the units 
using Rohm and Haas resins IR-120 and IRA-410 
began in January 1953, and the water quality in 
the system was quickly increased from about
250,000 to 500,000 ohm-cm. The radioactivity 
in the cooling water was reduced somewhat, al­
though the main effect was the reduction of the 
amount of purge water used. It quickly became 
apparent that the demineralizer was too small 
for the system. The radioactivity of the cooling 
water was not reduced as much as had been 
hoped, and the life of the unit was too short (3 
to 4 weeks) to permit the use of new resin each 
time the units were regenerated. Since the col­
umns had not been designed to be regenerated 
intact, it was necessary to open them, remove 
the radioactive resin, separate it into cation and 
anion components, and then regenerate each 
component. Because the columns were very 
radioactive (about 10 r/hr at 1 ft), this system

of operation was quite difficult, and it was de­
cided to enlarge the capacity of the system and 
provide for regeneration in place.

The effect of the increased water quality on 
corrosion was marked. Corrosion samples* 
were inserted into the water system on a rack 
suspended from the top plug approximately 15 
ft above the active lattice. These were samples 
of beryllium, 2S aluminum, and 1030 carbon 
steel which were attached to the rack in sets of 
three. One of each set was insulated from con­
tact with any other metal; another was incon­
tact with aluminum, and the third was in contact 
with type 347 stainless steel. The samples were 
defilmed and weighed* after being removea. 
The results showed that aluminum and beryllium 
had negligible corrosion rates; aluminum, for 
example, was shown to corrode at a rate of only
0.2 or 0.3 mil per year and sometimes less than 
this, and the beryllium corrosion rate was usu­
ally less than 0.2 mil per year. However, carbon 
steel, which had a corrosion rate before instal­
lation of the bypass demineralizer of approxi­
mately 14 mils per year, showed a decrease in 
the corrosion rate to approximately 4.1 mils per 
year after the installation of the demineralizer. 
Both tests were maintained for about 1500 hr. 
Little difference was noted between the samples 
insulated from other metals and those in contact 
with aluminum or stainless steel.

In February 1953, an analysis! was made of 
the major radioactive components in the water, 
which were found to be approximately 58 per 
cent Np239, 27 per cent Na24, and 3 per cent Mn56 
(these of course represent only the longer lived 
components). The Na24and Mn5®can be explained 
by well-known nuclear reactions on sodium, 
aluminum, and iron, but the presence of Np239 
could not be explained since it implies the pres­
ence of depleted U238 in the LITR cooling water. 
Following this, S. A. Reynolds and others in the 
Analytical Chemistry Division, ORNL, confirmed 
the presence of Np239 and performed a more 
comprehensive analysis of the radioactivities in 
1954; their results have been reported in this 
journal.1 There has been considerable specu­
lation that the Np239 may be produced in the 
small amount of U238 in the fuel elements and

“■y J. L. EnglUh, Reactor Experimental Engineering Diviaion, ORNL
r*y A. R. iron, Che mil try Diviaion, ORNL
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then diffuses through the fuel-plate cladding 
into the water. The water was analyzed for U239 
with negative results. However, no satisfactory 
explanation has been found for the presence of 
Np239 in the water, which is relatively free from 
fission products.

In September 1953, the power of the reactor

a larger bypass demineralizer that could be 
regenerated in place and would process a larger 
portion of the cooling water, reducing the radio­
activity and increasing the quality of the water. 
A mixed-bed column of 20 cu ft was decided up­
on as the minimum size that could be used, and 
bids were solicited from several companies.

Table 1—Radiochemical Analysis of LITR Water Before and After 
Passing Through Demineralizer

Radiochemical
analyses

Process water entering demineralizer

Gamma,
counts/min/ml Gross gamma, %

Exit from 2-cu ft 
cation column,* 

gamma, 
counts/min/ml

Gross gamma 21,700 475b
Np239 gamma 12,000 55.3 < 10
Na24 gamma 6,950 32.0 <10
Cu64 gamma 1,620 7.5 <5
Mn56 gamma 380c 1.8 d
Sr91 gamma 272 e 1.2 <2

If gamma 230 8 1.0 g
Total rare earths 138 0.6 < 2
Ba140 gamma 36 0.1 < 2
Zr96 gamma Not detected1* <2
Nb95 gamma < 10 Not detected
Material balance 99.5

aThe exit from the 30-cu ft column was too low to be successfully measured.
b This activity was not identified, but it is believed to be predominantly radioiodine 

isotopes.
cThe decay study showed that the manganese activity was predominantly, but not 

pure, Mn56 (half life 2.6 hr).
dActivity showed up in the manganese precipitate but it was not Mn56.
“The decay study indicates pure Sr91 (half life 9.7 hr).
f Fission-product iodine.
8It is possible that radioiodine was volatilized during the evaporation.
The radiochemical procedure does not appear to give a very good decontamination 

factor for neptunium. In spite of the fact that the zirconium precipitate contained 
much activity, the spectrometer showed that it was neptunium instead of zirconium.

was increased from 1500 to 3000 kw. The effect 
of this change on the water system was im­
mediately apparent in a decreased specific re­
sistance and increased radioactivity in the cool­
ing water. The amount of radioactivity in the 
cooling water increased to about 200,000 counts/ 
min/mland sometimes ran 300,000 counts/min/ 
ml. This, of course, increased the difficulty of 
working in and around the reactor water tank. 
It was decided to press ahead with the design of

After consideration of the equipment offered by 
bidders, a standard-sized tank holding 30 cu ft 
of resin was chosen instead of building a tank 
of special design.

Considerable difficulty had been encountered 
in regenerating the anion resin taken from the 
3-cu ft columns then in use, and investigation 
disclosed that the anion resin was apparently 
being damaged by radiation; therefore it could 
not be regenerated properly. It was decided.

CONFIDENTIAL
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in order to protect the resin in the 30-cu ft 
mixed-bed column, to install cation columns 
before the mixed-bed column so that most of 
the activity (which is in cationic form) would be 
removed before the water entered the mixed- 
bed demineralizer. This design was carried out, 
and the mixed-bed unit was installed in Septem­
ber 1954, using approximately 20 cu ft of Nalcite 
SAR anion resin and 14 cu ft of Nalcite HCR 
cation resin. The two columns formerly used as 
mixed-bed columns were installed with 2 cu ft

A typical radioactive analysis of the water 
going through the demineralizer is as follows:

Inlet water 55,000 counts/min/ml
Exit water from 2-cu ft 4,000 counts/min/ml

cation column
Exit from 30-cu ft 1,500 counts/min/ml

mixed-bed column

Another typical analysis,* showing the differ­
ent radioactive components, is given in Table 1.

Table 2 — Data on LITR Water for Different Methods of Operation*

*
Date

Flow rate, 
gal/min

Specific
resistance,
av. ohm-cm

Radioactivity 
in cooling water, 

av. counts/min/ml
Power,

kw

Corrosion
rate of 1030 

carbon steel, 
mils/year

Method
of

operation

3/51
3/52

300
1100

~200,000
-250,000

-50,000 
- 150,000

770
1500 15

Purging
Purging —25,000

1/53 1100 -500,000 -100,000 1500 4
gal/month

3-cu ft mixed-bed;

V

9/53 1200 -300,000 -200,000 3000

bypass demineralizer, 
3 gal/min

3-cu ft mixed-bed;
p

9/54 1200 -500,000 -50,000 3000

bypass demineralizer, 
3 gal/min

30-cu ft mixed-bed; 
bypass demineralizer 
preceded by 2-cu ft 
cation column

♦Temperature of water, 100 to 120°F; pH, 5.5 to 6.5.

<

of cation resin each so that they could be oper­
ated singly, in series, or in parallel ahead of 
the mixed-bed column. The volume of water 
going through the demineralizer was increased 
from about 3 to 15 gal/min. This arrangement 
proved very successful and reduced the radio­
activity in the cooling water from about 250,000 
to about 50,000 counts/min/ml. At the same 
time the specific resistance has been increased 
from about 300,000 to 500,000 ohm-cm. The in­
creased water quality made it much easier to 
do work in and around the reactor tank; the 
radiation immediately above the open tank was 
lowered from 100 to about 30 mr/hr. It is quite 
likely that further reductions in radiation level 
will be noted as the radioactivity adsorbed on 
the tank walls gradually decays.

It was found desirable to install a filter capa­
ble of handling several hundred gallons per 
minute to remove flocculent corrosion products 
to reduce the turbidity of the water. The filter 
selected contains cloth filter elements; it was 
installed in bypass piping around the pump.

Decomposition of water required that the seal 
tank be operated with an off-gas suction to pre­
vent the build-up of explosive mixtures of hy­
drogen and oxygen.

Table 2 gives typical values of important op­
erating data for the different methods of opera­
tion of the LITR water system.

*By H. L Wyatt, Analytical Chemistry Division, ORNL.
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LETTERS TO THE EDITORS

To the Editors:*

When the reactor business was in its infancy, 
the primary problem was one of physics. Later, 
mechanical design problems involving such 
components as pumps, valves, and control-drive 
mechanisms began to stand out. Now we are 
beginning to realize that one of our major prob­
lems in the design of power reactors lies in the 
field of heat transfer, especially since we have 
found that the limiting factors in reactor design 
are certain transient conditions rather than 
steady-state conditions.

As an illustration, consider the so-called 
“loss-of-flow accident.” This situation, which 
is of concern in the design of several reactors 
now under consideration, arises when all pump­
ing power is lost with the reactor at full power. 
Although the flow of coolant is rapidly diminish­
ing, the reactor will continue to produce a sig­
nificant amount of heat owing to the length of 
time it takes the control system to scram the 
reactor. The question now is: “At what heat 
flux will the fuel element burn out owing to the 
reduced flow?” This is a question which has not 
yet been given a satisfactory answer, and as a 
result we are forced to be overly conservative 
in our designs.

I doubt if most people in the heat-transfer 
field appreciate the extremely high price that 
we have to pay for this conservatism. The en­
tire design of the power plant, including the de­
tailed design of its components, is affected. For 
example, one conservative solution made neces­
sary by the lack of heat-transfer data is to have 
a much larger flow through the core than is 
necessary for steady-state conditions. This, in 
turn, requires developing larger size pumps

with their associated bearing and material prob­
lems; it means having larger generators to 
provide the power required for the increased 
flow; it also means using larger pipes. All this 
results in a heavier and larger plant.

Another approach is to operate the reactor at 
lower temperatures and lower heat fluxes. The 
penalty for this is an increase in the size and 
cost of the core, the size of the pressure vessel, 
etc. Our lack of heat-transfer knowledge also 
forces us to develop quick-responding scram 
mechanisms. However, this type of control in­
strumentation and mechanism is extremely dif­
ficult to develop since we are talking of the 
order of a few hundred milliseconds. The point 
I would like to emphasize is that our lack of 
burn-out data requires us to accept undesir­
able alternatives that decrease the reliability of 
our plants and make them bigger and heavier 
than necessary.

Closely allied with the question of fuel- 
element burn-out is the question of flow stabil­
ity during a power transient. Conceivably a flow 
channel could develop a hot spot at which boiling 
might occur. The increased resistance to flow 
due to the presence of the vapor might so re­
strict the flow that the hot-spot temperature 
would continue to rise and fuel-element burn­
out would occur. Today little is known of this 
effect.

Of considerable interest is the effect of local 
boiling on the corrosion properties of fuel ele­
ments and on the rate of deposition of crud. A 
good knowledge of this effect would be of great 
value to the reactor designer.

[•Editors’ Note: This is a summary of remarks made by Admiral 
H. G. Rickover at the Reactor Heat-transfer Meeting held at Brook- 
haven National Laboratory, Oct. 18 and 19, 1954.J
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Even in the nonboiling region the lack of data 
is felt since investigations of over-all and local 
heat-transfer coefficients and pressure drop 
have been limited largely to over-simplified 
geometries and to temperatures, pressures, and 
flow rates below those currently being consid­
ered.

The reactor heat-transfer program is lagging 
in two respects. Not only do we lack an under­
standing of the basic mechanism of such things 
as burn-out but of more immediate concern to 
the core designer is the need for raw experi­
mental data for the reference fuel-element 
geometries and coolant conditions.

Several things must be done without delay if 
we are to hope for any improvement in the situ­
ation.

1. The various organizations throughout the 
country engaged in building or designing reac­
tors must place a much greater emphasis on 
heat transfer and must support expanded heat- 
transfer experimental programs.

2. The heat-transfer people must learn more 
about core design and the particular problems 
facing the reactor designer since the limiting 
factors in design are transient problems unique 
to the reactor field.

3. The experimenter in heat transfer must 
chart his program to obtain this urgently needed 
information on a “cash” basis and must look for 
novel approaches to this admittedly difficult 
problem.

4. The experimenter must publish his find­
ings quickly and must overcome his reluctance 
to release results which to him appear errone­
ous or difficult to explain.

The situation is a serious one. The United 
States today is deeply committed in the field of 
power reactors; the heat-transfer people hold 
one of the vital keys to the solution of many of 
our reactor problems. Significant advances in 
nuclear power will be retarded unless heat- 
transfer people make a concentrated effort to 
solve the pressing thermal problems I have 
enumerated above.

H. G. Rickover 
Naval Reactors Branch 
Division of Reactor Development 
U. S. Atomic Energy Commission

To the Editors:*

I would like to make some comments on the 
status of general reactor theory and then to 
discuss some of the special problems of slightly 
enriched uranium-water lattices. To begin 
with, it is evident that the volume of effective 
work in reactor theory has been increasing at 
an exponential rate during the past few years. 
While this rapid development is due in part to 
an increase in personnel and to the adaptation 
of high-speed computing machines to reactor 
problems, to an even greater extent is it due to 
improvements in our knowledge of nuclear con­
stants afforded by integral experiments and 
cross-section measurements.

For example, it was not until large-scale 
D20—natural uranium lattice studies were ini­
tiated at North American Aviation, Inc., (NAA) 
and the data on thermal-neutron cross sections 
were improved that it became worth while to go 
beyond diffusion theory to calculate the flux 
distribution within a lattice cell. There now 
exist a number of alternate attacks on this com­
mon problem. At Brookhaven National Labora­
tory (BNL), the spherical-harmonics method1-3 
and mesh methods of solving one-velocity equa­
tions4 have been adapted to this purpose for use 
on the AEC UNIVAC at New York University. 
At Knolls Atomic Power Laboratory (KAPL) the 
BNL work on the spherical-harmonics method 
has been extended to multiregion lattices by 
Weil.5 At Argonne National Laboratory (ANL),6 
a Los Alamos procedure for the solution of the 
one-velocity Boltzmann equation for spheres 
has been applied to the more complex case of 
cylindrical geometry. Further work on this 
problem is in progress at Hanford, Westinghouse 
Atomic Power Division (WAPD), and at Du Pont 
where Brown and St. John7 have made an initial 
attack on the difficult problem of chemical bind­
ing in hydrogenous mediums.

Similarly, it was not until large-scale H20 — 
slightly enriched uranium lattice studies were 
undertaken at BNL that the need of refining cal­
culations of the fast effect, resonance capture, 
and neutron leakage in hydrogen-moderated

•[Editors’ Note: The contents of this letter were presented as a 
paper at the Oak Ridge Classified Nuclear Physics Meeting, Oct. 13 
to 15. 1954.J
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systems became apparent. With the Pressur­
ized Water Reactor, the Submarine Advanced 
Reactor, and boiling reactors in various stages 
of design, we now have plenty of company in 
these investigations, including WAPD, KAPL, 
ANL, and others.

Finally, we owe a great deal to so-called 
“pure neutron physics” experiments for the 
steady improvement in our knowledge of cross 
sections and other basic data, without which re­
actor theory would remain in a semiempirical 
state.

Since we will never have the last word on 
cross sections or the last refinement of reactor 
theory, it would seem that now is as good a time 
as any to coordinate this knowledge and to 
broaden the scope of our work. We are looking 
hopefully to the newly revamped Reactor Physics 
Planning Committee to achieve this goal. We 
need, among other things, to fill in the large 
gaps in reactor theory and experiments and in 
the tabulation of basic reactor paramefers which 
are evident, for example, in the present “Reactor 
Physics Handbook.”

In addition, we need to correlate discordant 
results. In the past such correlation has been 
sporadic for lack of an effective central group 
among the diverse, harassed, widely separated 
AEC sites. For example, some years ago, in 
analyzing the temperature coefficients of graph­
ite-normal uranium reactors at BNL, I. Kaplan 
and I came to the conclusion that the capture to 
fission ratio for U235 was essentially constant 
in the thermal-energy range. On the other hand, 
a KAPL analysis of neutron-spectrometer data8 
indicated a fairly large temperature coefficient 
for «U236. It was not until much later, in fact not 
until the Chalk River meeting of January 1953, 
that I was able to discuss fully this discrepancy9 
with J. B. Sampson, and, thanks in part to sub­
sequent pressure by KAPL, the experimental 
group under Don Hughes at BNL devised a more 
accurate method of measuring a which not only 
resolved the problem but is now being used to 
obtain cross-section data for other fissionable 
species. Some of their results have been dis­
cussed at this meeting.

There are a number of current problems of 
this type. Thus the Chalk River meeting dis­
closed a systematic difference in the buckling 
of D20-natural uranium lattices as measured

at Chalk River and at NAA. Recent Snell experi­
ments at Los Alamos and at ANL have yielded 
conflicting results. Fowler’s measurements at 
Oak Ridge National Laboratory (ORNL) of the 
variation of of U235 with energy, if substanti­
ated, would cast doubt on the traditional cross 
sections in use for even the simplest untamped 
assemblies. Again, the age of a fission-energy 
neutron in pure water has been going down on 
the basis of recent calculations. According to 
Zweifel and Hurwitz,10 the best value is now 25 
cm2, or about 20 per cent below the experi­
mental values. To avoid any possibility of ruffled 
feelings, I might add a current discrepancy in 
which BNL and WAPD are involved. Measure­
ments of the thermal-neutron flux in the mod­
erator of slightly enriched uranium-water lat­
tices have been running about 10 per centhigher 
at Bettis Field than similar measurements at 
BNL.

With regard to theoretical methods, I would 
say that the results achieved to date by straight 
Monte Carlo calculations have been quite mea­
ger. Modifications of the Monte Carlo method, 
such as the multigroup directional network 
presently being tested by Schiff11 of WAPD, ap­
pear to hold more promise. On the other hand, 
age-diffusion multigroup methods have been 
carried to a fine art with the aid of high-speed 
computing machines, and they remain invaluable 
in the treatment of intermediate reactors of 
complex geometry. At KAPL, for example, 
Stark and Roe have completed a two-dimensional 
multigroup code capable of handling up to 15 
neutron groups and a few thousand space points 
in what is regarded as a reasonable amount of 
UNIVAC time.

Since age-diffusion theory is correct only to 
first order, even for nonhydrogenous systems, 
spherical-harmonic refinements have been sug­
gested, for example, by Safonov12 of RAND and 
Fleck13 of BNL. For water-moderated systems 
these refinements become quite important, and 
various theoretical methods have been sug­
gested by Goertzel14 of Nuclear Development 
Associates (NDA); Selengut15 of NDA; Zweifel, 
Hurwitz, and Erlich of KAPL; and Henry, 
Hellens, and others of WAPD.16 At Harwell we 
understand that similar work is in progress, 
following spherical-harmonics methods devised 
by Davison.17
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Of course, group methods still mask a good 
deal of ignorance. Group constants must still 
be fudged to agree with such things as experi­
mental neutron ages, resonance integrals, and 
critical-mass data. Limited experimental data 
on clean critical assemblies make it difficult 
to assess the validity of these constants. As far 
as checking theoretical calculations of other 
important parameters such as conversion ratios 
or neutron spectrums is concerned, we have 
much less experimental data to go on.

Although the theory of the statics of clean 
homogeneous-reactor systems is therefore far 
from complete, reactor physicists have concen­
trated heavily on this particular field at the 
expense of other important problems. Among 
these are:

1. The general theory of reactor kinetics, 
stability, and control. There have, of course,

Fig. 1 — First-collision probability in rod lattices.

where dy = distance between centers of volumes V, 
and Vj

d-j = corresponding distance in mean free paths

K a = Jx Ko(y) dy

been a number of studies of the kinetics of spe­
cific reactor systems and a few general studies, 
such as those of Fleck and myself18^20 at BNL 
and Welton, Ergen, and Weinberg21,22 at ORNL, 
but a great deal still remains to be done.

2. The hydrodynamics and heat-transfer char­
acteristics of reactor coolants. Most of this 
work is presently being done by engineers, but,

Table 1—Solution of Reactor Integral Equations 
by Mesh Methods*

One-velocity integral equations:

n(F) = J [(1 + f) n(r') + S(r')J K(?,r') dr' (1)

Equivalent set of mesh equations:

N
n<ri) = I Pi,j Id + 0 "(rj) + SOj)) (2)

1 = 1

Finite slab formula for first-collision probability:

piiilk = {E3[(k _ 1)61 _ 2E3<k6> + E3[(k + 1)61}

 6 - y2 + Ea(6)
hi 6

E (6) = f' e’6/^"-2 3 4 dp

Present applications to lattice problems:
Thermal-neutron leakage 
Thermal-flux distributions

♦See Report BNL-C-7953.

in questions involving fluid flow or the formation 
and growth of bubbles in boiling systems, the 
theoretical physicist could render valuable aid.

3. The application of newer models of the 
nucleus to reactor problems. These models cast 
considerable light on details of the fission 
process, on neutron cross sections, on the 
angular distribution of scattered neutrons, and 
so forth. Because of manpower limitations at 
BNL we have been able to assign only one 
physicist, Sophie Oleksa,23,24 to work of this 
type.

4. The statics of heterogeneous reactors in­
volving a lattice or clumped arrangement of fuel 
elements. Too many of these problems are still 
being treated by first “homogenizing” the reac­
tor system.

In investigating the latter problems at BNL 
for slightly enriched uranium-water lattices, 
we have found that some type of mesh method is 
generally indicated. A typical problem is illus­
trated in Fig. 1. In a heterogeneous reactor a 
considerable increase in the interaction fast ef­
fect, and hence in the conversion ratio, can be 
obtained by use of a close-packed lattice or 
clumped arrangement of fuel elements. The
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problem of determining the interaction fast effect 
is resolved, for isotropic scattering, by the es­
sentially geometrical problem of obtaining the 
first slight collision probability for a neutron of 
given energy between two elementary volume 
elements. Theoretical complexities arising 
from the spatial variation of the thermal-fission 
sources, the presence of fuel cladding, and the 
shielding effect of intervening fuel elements 
limits the usefulness of analytical approaches 
to the problem.25 On the other hand, if we divide

can now be used for heterogeneous as well as 
homogeneous systems, for reflected as well 
as bare reactors. We have run a number of 
trial neutron-leakage problems through by this 
method, and we have found that it gives accurate 
results for a fairly crude mesh.4,28 At present 
we are running the problem of the flux distribu­
tion in heterogeneous slab lattices on the UNIVAC 
for a wide range of parameters, partly to deter­
mine the range of validity of spherical-har­
monics approximations and partly with a view

Table 2 —Influence of the Choice of Cross Sections on Reactor Parameters

Fast-fission factor € in homogeneous U238-H20 assemblies

Report
u KAPL-1043

Report WAPD-T-149
Report

BNL-C-7580
BNL, new 
oq valuesV h2o /V erf =2.10 uf = 2.73

0 1.23 1.23 1.17 1.227 1.170
1 1.091 1.11 1.080 1.093 1.081
2 1.062 1.069 1.055 1.060 1.055
3 1.047 1.051 1.042 1.044 1.042
4 1.038 1.041 1.035 1.035 1.034

Correction for more accurate treatment of energy losses
in collisions with uranium

Corrected for Corrected for
Vh2o /V u Standard e inelastic collisions elastic collisions

0 1.2274 1.2345 1.2216
1 1.0925 1.0932 1.0918

the fuel elements into a suitable mesh, the solu­
tion indicated in the figure involves nothing 
more complicated than an accurate scale draw­
ing of the lattice, a good ruler, and a table of 
the Kjj function.26

Table 1 shows the general one-velocity inte­
gral equation which is equivalent to the exact 
Boltzmann equation for an isotropic scatterer. 
Similar integral equations have been derived by 
Carlson27 and others at Los Alamos for aniso­
tropic scatterers. In the present instance, the 
kernel of the integral equation has a simple 
physical interpretation, again representing the 
collision probability at r for a neutron starting 
a new flight at r'. In place of the integral equa­
tion, which can be solved only in special cases, 
we can set up a mesh and solve an equivalent set 
of simultaneous linear equations. The method

to the complete tabulation of this particular 
problem.

The influence of the choice of cross sections 
on reactor parameters, is shown in Table 2, 
where theoretical values of the fast-fission 
factor e are tabulated for homogeneous U238 - 
H20 assemblies. The methods used to obtain 
this important quantity are essentially exact. 
At BNL we obtain e by iteration of the exact 
integral equation.29 At KAPL a group method 
has been developed for the same purpose,30 and 
at WAPD a successive neutron-generation treat­
ment is employed.31 The difference in results 
is mainly attributable to the choice of inelastic 
cross sections for U238, which have not as yet 
been sufficiently well tied down. On the basis of 
Bonner’s recent data, the value of e for pure 
U238 is reduced from 1.23 to 1.17. The sensitivity

CONFIDENTIAL
98 81



212 LETTERS TO THE EDITORS

of the results at low water to uranium volume 
ratios indicates the need for additional accurate 
integral experiments in this region.

The value of e is sensitive also to the value 
of U238 as a function of energy. However, the 
calculations are insensitive to the particular 
treatment of neutron-energy losses in collisions 
with the fuel. In particular, elastic collisions 
may be treated as involving no energy loss, and 
inelastic collisions, as slowing the neutron down 
past the fission threshold of U238. The results of 
more accurate treatments are shown in the 
second part of Table 2.

The ratio of fast to thermal fissions in an 
isolated uranium rod is shown in Fig. 2. Theo-

0.175

0,150

0.125

0.100

0.075
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i 1.0
ROD RADIUS, IN.

Fig. 2 — Ratio of fast fissions to thermal fissions in 
an isolated uranium rod.
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^tres

O, Untermyer’s data. A, Kout’s data.-----, old Of’s.
----- , new CTi’s. Assumptions: r1,185 = ru0,(E) = 2.5 x
flat flux. No back-scatter from moderator.,
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Fig. 3 — Flux distribution in uranium-H20 lattice. P3 
sPherical-harmonic approximation; 1.15 p>er cent en­
riched 0.6-in.-diameter rods on triangular grid. Ratio 
of HjO volume to uranium volume = 1.5. x, experi­
mental data along jnedian. O, experimental data be­
tween rod centers.

retical curves, based on an extension of the 
method of Report CP-644, which takes the exact 
energy dependence of the neutron cross sections 
into account,29 are compared with experimental 
data obtained by Untermyer32 and Kouts.33 Cor­
rections for thermal-flux gradients and back- 
scattering from a particular moderator may be 
obtained by the mesh methods previously dis­
cussed. The difference in the theoretical curves 
due to changes in inelastic cross sections be­
comes more pronounced for the thicker rods, 
and the desirability of extending the BNL meas­
urements into this region becomes evident. This 
type of experiment is also relatively inexpensive 
since the material requirements are small.

Figure 3 correlates experimental data on the 
intracell flux distribution in BNL H20-slightly 
enriched uranium lattices with one-velocity 
spherical-harmonics calculations.3 The data 
indicate a strong increase in neutron tempera­
ture for close-packed lattices as contrasted 
with the results for more widely spaced lattices 
where kT values of 0.025 to 0.030 ev appear to 
fit the data.29 The convenient “cylindricaliza- 
tion” of the lattices makes it impossible to 
reproduce the azimuthal variation of the flux 
distribution in the moderator. Relaxation calcu-

CONFIDENTIAL
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lations based on elementary diffusion theory29 
show an adequate fit of the flux distribution in 
the moderator, although diffusion theory yields 
a poor approximation for the flux distribution 
within the fuel rods. It may also be noted from 
Fig. 3 that the flux distribution does not flatten 
at the fictitious cell boundary as it should at the 
boundary of any space-filling periodic lattice. 
The reason is that the requirement of zero net 
current at the cell boundary is not synonymous 
with the vanishing of the neutron gradient except 
in elementary diffusion theory. Cylindricaliza- 
tion may thus introduce some error, especially 
in closed-packed lattices.3

Jack Chernick
Brookhaven National Laboratory

Nov. 9, 1954
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To the Editors:

The Uranium Metal Quality Working Com­
mittee (made up of representatives of E. L du 
Pont de Nemours & Company, National Lead Co., 
General Electric Company, and Mallinckrodt 
Chemical Works) has become concerned over 
the marked variation in reported tensile prop­
erties of uranium with slight changes in test 
temperature. This problem has been studied by 
the committee, and a plan of cooperative study 
has been accepted. In order that additional data 
may be obtained, laboratories not represented 
on the Uranium Metal Quality Working Com­
mittee are invited to conduct tensile tests and 
to report data according to the system described 
below. It will then be possible to use all the 
data obtained in a solution to this problem.

To give additional background on the problem 
and the proposed system of testing and report­
ing data, the following information is taken from 
the report to the Uranium Metal Quality Working 
Committee:

At the request of the Uranium Metal Quality Work­
ing Committee, a meeting was held at Battelle on 
November 8, 1954, to discuss the tensile testing of 
uranium. This meeting was attended by Mr. Kattner 
and Dr. Bush of General Electric, Dr. Fellows of 
Mallinckrodt, Mr. Guay of National Lead, and Mr. 
Muehlenkamp and Mr. Sailer of Battelle.

The first part of the meeting was devoted to a re­
view of recent data as background information for 
defining the problems and setting up possible re­
search programs for their solution. Recent results at 
Battelle, Hanford, and National Lead were presented 
and evaluated.

Briefly, the situation has not been changed by recent 
work. There is definite evidence of a very marked 
change in tensile properties (ultimate strength, per 
cent elongation, and per cent reduction in area) in the

temperature range from 50 to 250*F. A peak in ulti­
mate strength occurs in this range, and, in the same 
range, elongation and reduction of area increase ' 
drastically with an increase in temperature. This 
critical temperature range varies according to the 
type of uranium and condition of heat treatment of the 
specific sample.

Future work on impact testing has failed to reveal 
a similar behavior. The impact strength of uranium 
increases gradually with increasing temperature. 
While there is a change in the appearance of the frac­
ture, there is no sudden increase in impact strength.

The problem appears to be that of determining the 
effect of a number of variables including test tem­
peratures, strain rate, grain size, orientation, con­
dition of heat treatment, method of fabrication, and 
chemical composition on the tensile properties of 
uranium. An understanding of the relationship of 
these variables is essential if tensile testing is to be 
used as a part of production control.

Three types of attack on the problem were dis­
cussed. One method could be based on a fundamental 
study of the effect of all the above variables on tensile 
properties. Such a program would of necessity start 
with pure uranium and would, by its very nature, be 
quite time consuming. Another approach would be to 
assemble all possible data from routine testing that 
is done and attempt to determine statistically the 
relative effect of the various factors such as grain 
size, etc. on tensile properties.

The group decided that neither of the above ap­
proaches seemed proper for this group to undertake.
Any laboratory planning to undertake the fundamental 
approach to this problem should be encouraged, but 
this group would not attempt to sponsor or direct the 
program. It is believed further that a statistical ap- < 
proach using presently existing data would not be 
fruitful, since insufficient information regarding the 
several variables involved is available. »

The group then decided to suggest a type of co­
operative program which will be organized to take 
maximum advantage of tensile testing being done at 
the various sites. It is hoped that by studying the data

214
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obtained in the next 6 — 9 months, some idea of the 
relative importance of the variables can be obtained. 
This could lead to a more direct approach on the 
important variables.

In order to get the most information from the tests 
that are run, it is necessary that there be some uni­
formity of test conditions and the way in which the 
data are reported. The group recommends the fol­
lowing.

Specimen Size: Standard 0.505-in. round specimens 
with 2-in. gage length. For some work, 0.250 in. will 
be used.

Strain Rate: 0.01 in. per in. per min to the yield 
strength.

The following information should be reported.
1. Specimen History: A description of melting 

practice, fabrication history, and heat treatment.
2. Size of Sample
3. Density of Material
4. Macrostructure
5. Microstructure
6. Degree of Orientation of Grain Structure
7. Composition: This should include values for 

carbon, hydrogen, iron, magnesium, nitrogen, and 
silicon.

8. Strain Rate
9. Test Temperature

10. Yield Strength: Based on 0.2 per cent offset.
11. Ultimate Strength
12. Elongation
13. Reduction in Area
Since it appears that test temperature is the most 

important single variable, it is suggested that any 
single lot of material be tested with duplicate samples 
at six temperatures. Tests should first be made at 
-75, +75, and 300°F. Based on the results of the first 
three tests, the final three tests should be made at 
25-degree intervals chosen to define the critical tem­
perature range. For example, if low values of elonga­
tion are obtained at both —75*F and +75*F while the 
elongation at +300*F is high, the next three tests 
should be run at temperatures above 75*F. Con­
versely, if the elongation at — 75*F is low, the elonga­
tion at +75”F is moderately high and that at 300*F is 
high, the appropriate subsequent test temperatures 
might be +25*F, +50*F, and +100*F. It is hoped that 
the sharp break in the curve will be defined in this 
way.

Laboratories desiring to participate in this 
program should contact H. A. Sailer at Battelle 
Memorial Institute.

H. A. Sailer, Advisor to the Uranium 
Metal Quality Working Committee 

Battelle Memorial Institute

To the Editors:

A Thorex Information Meeting was held in 
October 1954 at Oak Ridge National Laboratory 
for the purpose of reviewing the latest irradi- 
ated-thorium processing technology. Irradiated- 
thorium processing, which provides for the 
recovery of more than 99.7 per cent of the fis­
sionable U233 and the source Th232, is essen­
tial to the economy of U233 breeder reactors. 
Procedures developed prior to Thorex merely 
recovered U233, leaving Th232 and Pa233 plus 
fission products in the extraction waste. (The 
newer Thorex process for recovery, decon­
tamination, and separation of Th232 and U233 was 
described in the June 1954 issue of Reactor 
Science and Technology. Representatives from 
the Atomic Energy Commission, E. I. du Pont 
de Nemours & Company (Savannah River), Han­
ford, Mound Laboratory, National Lead Co. 
of Ohio (Feed Materials Processing Center), 
Los Alamos Scientific Laboratory, Knolls 
Atomic Power Laboratory, and ORNL were 
present to participate in the Thorex Information 
Meeting at ORNL.

At the meeting the Hanford representatives 
described their consideration of the possibilities 
of a dual-purpose plant that could handle either 
Thorex or Purex, whichever the Commission 
might ultimately request. They contemplated 
three solvent-extraction cycles to eliminate 
head-end and possibly digestion procedures. 
The first two cycles would provide codecon­
tamination in order to ease criticality problems 
arising from the dual-purpose design concept.

The Savannah River representatives indicated 
that, if Du Pont is requested to process thorium, 
this would be done ultimately on a closed-cycle 
basis: irradiation, processing, metal fabrica­
tion, and back to irradiation. The initial

fuel charge would be 
aluminum-silicon bonded slugs; however, sub­
sequent charges may not include bonding. Han­
ford reported they already had unbonded thori­
um slugs in their reactors; and a hot-canning 
procedure being developed at the Feed Materials 
Processing Center (FMPC) looked very promis­
ing as a superior alternative to aluminum- 
silicon bonding.

Savannah River Thorex development was based 
on maximum use of existing plant facilities and 
inclusion of conservative procedures. HenceMar. 30, 1955

CONFIDENTIAL 8 185
• • • • • ••• • •••



216 LETTERS TO THE EDITORS

their processing scheme included caustic de- 
jacketing, batch dissolution with ION HN03-
0.1N NF, MnOz head-end scavenging, and 30 
per cent tri-w-butyl (TBP) solvent extraction in 
mixer-settlers. Solvent extraction would include 
an acid-deficient aluminum nitrate (ANN) first 
cycle, an acid second thorium cycle, and an 
acid second U233 cycle followed by U233 concen­
tration by ion exchange.

Savannah River experience with irradiated- 
thorium feed runs in the miniature mixer- 
settler using nine extraction and seven scrub 
stages yielded uranium and thorium losses to 
the 1AW stream of ~0.1 and 0.01 per cent, 
respectively. Protactinium and zirconium-ni­
obium decontamination factors to the 1BT stream 
have ranged between 103 and 104; ruthenium and 
rare-earth decontamination has been poor and 
variable. Head-end was expected to improve all 
decontamination factors except for rare earths, 
and the second cycle was expected to give good 
rare-earth decontamination. Savannah River 
experience indicated that 20 stages would be 
required for good thorium-uranium partition.

The FMPC, in developing thorium nitrate- 
to-metal processing procedures, abandoned 
aqueous hydrofluorination of thorium nitrate 
because of the very high maintenance cost of 
the process equipment and is now using the 
“oxalate process.” The latter includes calcining 
the thorium oxalate to thorium oxide, hydro- 
fluorinating the oxide, reducing the fluoride with 
calcium in the presence of ZnCl2 to thorium- 
zinc alloy, and finally distilling off the zinc to 
yield a thorium “sponge.” The sponge is melted 
in zirconia crucibles. FMPC contracted with 
the Bureau of Mines to develop an arc-melting 
procedure. FMPC was also investigating the 
possibilities of the Kroll (reduction of ThCl4 
with molten magnesium) and electrolytic (re­
duction of ThCl4 in a fused-salt bath of NaCl- 
KC1) processes for thorium-metal production.

KAPL was conducting a limited study on an 
“acid Thorex” flow sheet. This study was 
scheduled to end by mid-February 1955. The 
KAPL acid flow sheet incorporated caustic de- 
jacketing of the fuel elements, thorium dissolu­
tion with 13.6N HN03-0.075N HF, head-end 
Mn02 precipitation, followed by high-tempera­
ture (~70°C) solvent extraction in mixer- 
settlers. The discussion at the meeting con­

cerning the head-end procedure brought out 
that Du Pont would require a purification step 
ahead of solvent extraction (>99 per cent prot­
actinium and >80 per cent ruthenium are re­
moved from the feed by the Mn02 procedure). 
However, the MnOj procedure requires cen­
trifugation, whereas the ORNL Thorex flow 
sheet includes a feed-digestion step from which 
the feed solution goes directly to the extraction 
pulse column without clarification. It was pointed 
out that the ORNL metal-recovery plant opera­
tions had never required either head-end treat­
ment or feed clarification in any of the various 
fuel-processing jobs so far undertaken.

KAPL reported that, with respect to radiation 
effects on the nature of Mn02 precipitate forma­
tion in head-end and the question of cake sta­
bility at high radiation levels, their Purex head- 
end studies involved gross beta and gross gam­
ma levels in the head-end operation “which were 
as high, and higher, respectively, than any con­
templated in short-cooled Thorex feeds.” They 
reported, “the nature of the precipitate, carrier 
efficiency, and solution clarification were satis­
factory and the Mn++ content of the resultant 
feed to solvent extraction was satisfactorily 
low.” The cake, after centrifugation and wash­
ing, was immediately dissolved. KAPL felt that 
possible Thorex problems from heat production 
or criticality after protactinium decay could be 
overcome by further dilution.

KAPL reported thorium and uranium losses 
of 0.1 and <0.01 per cent, respectively, to the 
extraction waste in Mini mixer-settler tests 
using nine extraction and seven scrub stages. 
In 70°C non-head-ended runs they observed 
zirconium-niobium and ruthenium decontamina­
tion factors of 2 x 105 and 2 x 103, respectively. 
However, they reported emulsion troubles in 
the thorium-uranium separation bank; hence no 
separation data were reported.

At ORNL thorium-fuel reprocessing develop­
ment, which was recommenced in 1951 at the 
request of the Commission for a process capable 
of recovering, decontaminating, and separating 
U233, thorium, and protactinium, resulted in the 
Thorex solvent-extraction process using TBP. 
The pilot plant for this process, which was 
nearing the “cold” start-up point at the time of 
the October 1954 meeting, will not include prot­
actinium recovery initially because earlier
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Fig. 1—Microphotograph (bright field) of bond between thorium and aluminum-silicon alloy. Note 
continuous fracture in intermetallic compounds.

Fig. 2—Microphotograph (polarized light) of same field as in Fig. 1. Note two compound layers.
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interest in protactinium has since vanished. 
However, the process was designed to handle 
short-cooled material in order to permit main­
taining a low inventory of unrecovered U233. It 
was pointed out that the Thorex process is 
similar to the Purex process, differing prin­
cipally in that:

1. It was designed to handle short-cooled fuel 
(of particular interest in a power economy)

2. It does not have a fuel-dejacketing step 
because aluminum is used for salting and 
for minimizing corrosion

3. F- ion is required for catalyzing thorium 
dissolution

4. A feed-adjustment step is required to
(a) Dehydrate the hydrous oxides of zir­

conium and silicon that otherwise cause 
emulsions, thus impairing solvent-ex- 
traction contactor throughput

(b) Dissolve any blue Th02not dissolved in 
the dissolver

(c) Enhance ruthenium decontamination by 
a factor of ~ 100

The development of the acid-deficient Thorex 
process chemical flow sheet was described in 
detail in the June 1954 issue of Reactor Science 
and Technology.

The use of aluminum-silicon bonded fuel ele­
ments would present some difficulty in radio­
chemical processing. Metallographic examina­
tion at ORNL of aluminum-silicon bonded slugs 
showed that the silicon in the aluminum-silicon 
alloy bonding agent had migrated to the surface 
of the thorium metal and had formed an ex­
tremely refractory thorium silicide layer about 
7 mils thick. Furthermore, as shown in Figs. 1 
and 2, a continuous fracture was evident be­
tween the thorium and the aluminum can. Such 
a fracture would have considerable effect on 
the heat-transfer properties from the thorium 
to the aluminum can if slugs canned by this 
procedure were used in a reactor.

Laboratory data indicated that the thorium 
silicide layer of the bonded slugs was extreme­
ly resistant to nitric acid and alkali attack even 
though the normal catalyst, mercury, was used 
in the former case. Concentrations of mercury 
four times that used in a noncoated slug dis­
solution failed to completely dissolve the inter­
metallic layer after refluxing for 25 to 27 hr 
in 13M nitric acid. Caustic dejacketing using

10 per cent NaOH-20 per cent NaN03 did not 
dissolve or disintegrate the thorium silicide 
layer after refluxing for 20 to 24 hr. The very 
passive layer of thorium silicide was not dis­
solved when fresh dissolvent was charged to 
the dissolver. As shown in Fig. 3, the inter­
metallic layer was so passive that the thorium 
metal was dissolved through the center of the 
slug before the surface layer was significantly 
penetrated. The segments of the bonded slugs 
shown in Fig. 3 were cut from the same slug; 
only specimen A received the caustic dejacket­
ing step.

For the aluminum-silicon bonded slugs to be 
utilized in the Thorex pilot plant, it would be 
necessary to develop either (1) a more efficient 
dejacketing reagent or (2) a revised dissolution 
flow sheet dissolving aluminum, thorium, and 
the intermetallic compounds simultaneously. In 
either case centrifuges or filters would have 
to be installed in various feed lines to prevent 
any aluminum-silicon or thorium silicide parti­
cles from reaching the extraction columns. A 
considerable waste-storage problem would be 
involved since (1) disposal of the hot precipitate 
from the intermetallic layer would involve 
handling hot solids; (2) the aluminum jackets, 
if removed with caustic, would not be usable as 
salting agent in the extraction column; and (3) 
the filtered or centrifuged precipitate of the 
dissolving cycle would represent a considerable 
loss of thorium and U233 unless provisions were 
made to eventually reprocess this material.

ORNL laboratory-scale corrosion results 
presented at the meeting indicated (1) that type 
309 SNb stainless steel would be best for use 
in the fuel-dissolver and feed-adjustment tanks 
but (2) that the observed corrosion notes were 
very much exaggerated by the build-up of 
chromium in the test solutions during the 200- 
to 400-hr exposure periods. The laboratory 
tests indicated peak dissolver and feed-adjust­
ment tank corrosion rates, during the most cor­
rosive portion of the dissolver and feed-ad­
justment cycles, of 30and 55 mils/year. Because 
the corrosion test solutions were not replaced 
with fresh solutions during the extended ex­
posure periods and because the test exposures 
were carried out in stainless-steel beakers, 
the chromium concentration built up to values 
exceeding by a factor of 10 the concentrations 
to be expected in Thorex plant operations. J. E.

CONFIDENTIAL



LETTERS TO THE EDITORS 219

»'

*
* .ft

*1

>
v-
»

i* ■
t

r

»

a

Fig. 3—Aluminum-silicon bonded thorium slug. Slug was partially dissolved in HN03—F —Hg++. 
A, end of slug, which was previously dejacketed with NaOH. B, center of slug. C, end of slug.
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Truman [J. Appl. Chem. London, 4: 273-283 
(May 1954)] showed the tremendous effect of 
chromium on accelerating corrosion rates in 
high HN03 concentration solutions at boiling. 
This effect unfortunately was not recognized 
prior to Thorex corrosion studies which were 
carried out in 1953 and early 1954. A significant 
corrosion program will be carried out in the 
Thorex pilot plant and should provide the best 
indication of corrosion rates to be expected in 
the critical parts of the Thorex process.

Mechanical performance of all major
process equipment has so far been 

highly satisfactory. This effort indicates that 
the Thorex pilot-plant program can be carried 
out safely with a minimum of operational prob­
lems.

Performance of the Thorex pilot plant was 
indicated by the following data:

Column Per cent

Average thorium loss A 0.15
per column B 0.01

C 0.01
Average uranium loss A 0.03

per column B 0.6
C 0.01

The A column was operated with 9 ft of ex­
traction in order to provide a maximum scrub 
length of 24 ft. The high uranium loss in the B 
column indicates inadequate solvent scrubbing 
of the aqueous phase in the bottom section of 
the column. (The B and C columns in this pilot 
plant are concatenated pulse columns; the sol­
vent scrub section length in the B column is 15 
ft.)

Incomplete decontamination data on the ura­
nium product are as follows:
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1. Protactinium decontamination varied from 
1 x 106 to 6 x 106 and averaged 4 x 106.

2. Niobium-zirconium decontamination var­
ied from 2 x 106 to 8 x 106 and averaged4 x 10e.

3. Total rare-earth decontamination varied 
from 2 x 107 to 1 x 108 and averaged 7 x 107.

4. Ruthenium decontamination varied from 
3 x 103 to 6 x 104 and averaged 1 x 104.

The data for protactinium, zirconium-niobi­
um, and total rare earth were consistent through­
out the wnole series of runs. The initial rutheni­
um decontamination factor was about 6 x 104 
but decreased over the series of runs to 3 x 103, 
a value more consistent with previous data ob­
tained in the chemical development section.

The program will attempt to es­
tablish such things as the conditions for maxi­
mum feasible ruthenium decontamination factor 
and B column U233 recovery.

KAPL has reported that recent runs using 
their high-temperature acid flow sheet have in­
dicated that in such a system precipitation oc­
curred in the partition and stripping banks. 
They also report precipitation was similarly 
observed when testing the Savannah River flow 
sheet under high-temperature conditions, and 
they will test the ORNL flow sheet in like man­
ner next.

Following several runs using dissolved ir- 
radiated-thorium feed, KAPL observed an in­
crease in gamma activity in the thorium product. 
Both KAPL (R. C. Feber, Report KAPL-1271, 
February 1955) and ORNL (E. D. Arnold, Re­
port ORNL-1869, March 1955) have restudied 
the thorium decay scheme and found that 70- 
year U232, which is produced in the

thorium-U233 cycle, produces much larger con­
centrations of Th228 and its daughters than would 
be present in natural thorium. Results of the 
study indicate considerable gamma activity will 
be present in both U233 and the thorium products. 
Apparently the U233 problem can be relatively 
readily accommodated, but the recycle of thori­
um through metallurgy will become significantly 
more troublesome from the radiation hazards 
standpoint since the metal activity after infinite 
recycle increases by a factor approaching 2 to 
3 over natural thorium activity.

A. G? Jealous
Oak Ridge National Laboratory

Mar. 10, 1955

To the Editors:

The Division of Reactor Development, U. S. 
Atomic Energy Commission, Washington, D. C., 
has commissioned Nuclear Development Asso­
ciates, Inc., to issue a serial Boiling Burnout 
Newsletter presenting fresh experimental data, 
correlations, operating problems, critiques, and 
notices of new projects in this field, with the 
aim of contributing to the improved design of 
nuclear reactors and connected power plants. 
All organizations and institutions engaged in 
boiling burn-out experimental work or in need 
of pertinent data are invited, if not already on 
the mailing list for this newsletter, to write to 
me at Nuclear Development Associates, Inc., 
80 Grand Street, White Plains, N. Y.

John E. Viscardi, Editor 
Boiling Burnout Newsletter
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