436

GOLD MONITOR
|

CADMIUM COVER

o
o~
-

URANIUM ROD—_§ |

210

MEASURING SAMPLE

CADMIUM BOX __
WITH URANIUM
SAMPLE

Fia. 1. Arrangement for the irradiations (all units in
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resonance integrals calculated from the two formulas
are 5%.

This new result for metal gives a ratio of oxide to metal
resonance integrals which is in better agreement with the
value obtained by Smith et al. Unfortunately, a direct com-
parison of the two results is not possible because of the large
difference in neutron energy distribution at the sample
position for the two measurements.

The old measurements were less accurate than the new
ones, and part of the discrepancy for the metal is explained
by the common margin of errors. In addition, a minor
systematic error has been discovered for the measurements
described in (2). During the metal irradiations, one of the
uranium rods in the inner ring of the reactor lattice had
been removed by the reactor operators. This caused a slight
decrease of the high energy tail of the neutron spectrum,
which decreased the resonance absorption for the lumped
uranium relative to that for the infinitely thin uranium
standard. This effect is certainly small and it can hardly
amount to more than about 19;. Finally, it may be pointed
out that the use of different cross section standards for the
two measurements makes it difficult to say if the old meas-
ured activities for the metal were too low or those for the
oxide too high.

It has been argued against the method of measurement
that the cadmium box (diam 30 mm, length 200 mm, Cd-
thickness 0.8 mm) depresses the fission sources nearest to
the samples and thus causes a depletion of high energy neu-
trons around the samples. To investigate the magnitude of
this effect, threshold detectors (phosphor, sulphur, and
aluminium) were successively irradiated inside the large
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cadmium box and inside a small one (diam 30 mm, length
10 mm). Gold was used as a flux monitor. The normalized
activities from the detectors inside the small box were about
19, larger than those from the large box. Thus, the depres-
sion of the very high energy flux (above 1-2 Mev) is quite
small and there is no reason to believe that it should be con-
siderably larger at lower energies.

More details about the experiments desceribed and some
additional ones concerning the epithermal absorption in
samples, being part of a noncadmium covered rod, will be
given in a company report, AE-64.
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The Temperature Dependence of the
Viscosity of Liquid Metals

A knowledge of the thermophysical properties of liquid
metals is essential to the effective use of these elements as
working fluids or as high-temperature coolants in nuclear
power plants. In this connection, viscosity is an important
property because of its relation to pumping power require-
ments and heat transfer characteristics of the system (I).
Experimental difficulties are so great that direct measure-
ments of viscosity have been made on only a fraction of the
metals of the Periodic Table, and methods to estimate
unknown viscosities from measurement of simpler more
basic properties are desirable both for preliminary assess-
ment of practical applicability and for improving our under-
standing of the liquid metallic state. Although attempts
have been made to correlate viscosities and their tempera-
ture coefficients with other properties of the elements
(2-16), no completely satisfactory viscosity—temperature
relation for liquid metals has been formulated. However,
Andrade’s equation for the estimation of viscosities of
liquid metals at their melting temperatures (14)! gives
values which are generally in reasonably good agreement
with those determined experimentally, this being especially
true for metals whose structures do not deviate greatly
from cubic close packing (14). If a temperature dependence
factor could be incorporated into Andrade’s expression for
7m , the resulting equation would offer a means to estimate
viscosities as a funetion of temperature for liquid metals for
which experimental data are not available. Among the more
promising equations proposed for the caleulation of tem-
perature coefficients are those of Eyring (3, 7), Firth (4),
and Hrbek (9). While each of those equations (3, §, 9) has

! This equation is: ny = 0.57 (MTwn)12V23, where npn
is the viscosity, in millipoises, at the Kelvin melting tem-
perature, T , M is the atomic weight, and Vi, is the atomie
volume at 7Ty, .
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TABLE I
SoUuRcEs oF ViscosiTy DaTa

Method of Method of Method of
Element measure- References Element measure-  References Element  measure- References
ment ment ment
Ag a, c 24, 32, 33 Fe b, ¢ 20, 38 Ni d 38, 40
Al c 10, 30, 31, 36 Ga a, ¢ 41, 60 Pb c 26, 29, 36, 55
Au ¢ 23 Hg a, e 42-49 Rb d 21
Bi a, ¢ 26, 34, 35 In c,d 50, 60 Sb a, ¢ 26, 36, 39, 56
Ca d 37 K a, d 32, 44 Sn a,c,e 24, 26, 27
Cd a, ¢ 29, 32 51-53 29, 32, 35
Co c 38 Li d 21 36, 38, 44, 45
Cs d 21 Mg c, d 37, 54 54, 56, 57
Cu a, ¢ 22, 39, 40 Na a, d 52, 53 Zn a, ¢ 30, 32, 36, 44, 58

a—capillary, b—rotating crucible, c—oscillating erucible, d—oscillating sphere, e—oscillating disc.
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Fic. 1. Log viscosity-reciprocal absolute temperature plots for liquid metals.

some merit, there is room for improvement. The present
investigation was carried out, therefore, to determine if a
suitable expression for the estimation of temperature
coefficients of viscosity could be obtained, and the results
are given in the present paper.

A general viscosity-temperature relation for liquid metals
(6) can be expressed in the form

A
log 7 =?+B, 1

where 7 is the viscosity at the temperature 7°K, and A
and B are constants. Various forms of this equation which

contain a volume term have been proposed (6), but there is
little advantage in departing from the simplicity of Eq. (1)
for considering experimental data (6, 7). Some investigators
(17-20) have reported that there is a sudden increase in
viscosity as the freezing point of the metal is approached,
while others (21-29) have shown that a linear relation of log
n versus 1/T obtains down to the freezing point. In the
present investigation, the latter was assumed correct. From
Eq. (1) and Andrade’s expression for n., (14), it can be shown
readily that

AT = T)

log [ 0.57 (M T )2 V.28
og [ 0.57( ) 1+ T

logn = 2
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This equation contains only one unknown parameter, 4,
assuming that liquid metal densities are available or may
be estimated from densities of the solid metals.

Viscosity data taken from the literature, the sources of
which are referred to in Table I, were plotted as log n versus
1/7T, and the temperature coefficient, A, was determined
from the slope of the line drawn through the plotted points.2
The factors which made it difficult to evaluate the reported
viscosity data include (a) for some metals, Ca (39) and Cs
(21), for example, only one set of data was available, and
(b) for other metals, Ga (41, 60) and Al (10, 30, 81, 36), for
example, inconsistencies were found between results
obtained by different investigators for the same metal. In
those cases where such inconsistencies existed and where it
was not apparent whose data were most reliable, average
values were used.

The temperature coefficients obtained in the manner
described above were compared with such physical param-
eters of the metals as atomic size, heats of fusion, heats of
vaporization, ionization potentials, and melting and ecritical
temperatures. The most promising correlation was obtained
by comparing the square root of the temperature coefficients
with the Kelvin melting temperatures of the metals. A least-
square treatment of the data, omitting the values for Ca,
Hg, and Mg, whose points on an A!'2 versus 7'm plot showed
the largest deviations, yielded the empirical relation

A4 = (1.79 X 1077 + 9.73)2. 3)

By combining Eq. (3) with Eq. (2) we get the following
7T relation which, in exponential form, is

n = 0.57 (MTm)llzvm—Zla
exp [(2.72 X 1072Ty + 14.77)2(Tm — T)/TTwl. (4)

Equation (4) was tested by comparing experimental and
calculated viscosities of the metals listed in Table I, and
the results are plotted as log n versus 1/7 in Fig. 1.3 Over
the temperature ranges for which experimental data were
available, the differences between experimental and calcu-
lated viscosities were (a) up to about 34, 51, and 809, for
Bi, Mg, and Sb, respectively, (b) less than 309, for Ca, Fe,
Ga, Hg, and Zn, and (c¢) less than 119, for the remaining
15 metals. Most of the metals in groups (a) and (b), which
show the largest differences between experimental and
calculated viscosities, show anomalous behavior in other
respects (14, 61). Finally, it is interesting to note that
whereas none of the metals in group (a) and only 2 metals in
group (b) are cubice, most of the metals in group (¢) have
cubic crystals structures.
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ref. 23.
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Measured Slowing Down Distribution at the
Indium Rescnance from a Line Source of
Fission Neutrons in Heavy Water*

Although a number of measurements have been reported
(1-4) of the slowing down distribution at the indium res-

* The information contained in this article was developed
during the course of work under contract AT (07-2)-1 with
the U. 8. Atomic Energy Commission.
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TABLE I
CorrecTED Errcapmium INDIUM ACTIVATIONS
Using A SINGLE EnricHED Uranitm Rop
AS A SOURCE

Distance from Foil activities, 4 (arbitrary Units)

center of rod, Totals Background
r(cm) counts Corrected
6.41 70,340 70,220
10.41 56,960 56,840
14.41 42,530 42,410
18.41 28,940 28,820
22.41 18,530 18,410
26.41 11,670 11,540
30.41 7207 7065
34.41 4292 4140
39.9 2300 2140
43.92 1366 1180
47.2 824 608

onance from a point source of fission neutrons in heavy
water, no corresponding measurements seem to have been
made for a line source.! Such line source distributions are
of considerable interest since they are often the starting
point for the calculation of flux distributions of resonance
neutrons in heterogeneous reactor lattice theory (5, 6). The
integration of measured point source distributions to obtain
line source distributions is unreliable since it assumes
knowledge of the point source distribution far beyond the
region of measurement. For these reasons, the line source
distribution has been measured directly in the Process
Development Pile (PDP). This measurement also permitted
a new determination of the neutron age to the indium
resonance in heavy water.

The Process Development Pile is a heavy-water-moder-
ated, unreflected reactor with an inner tank diameter of 494
cm and a moderator height adjustable up to 466 ecm. The
pile loading used in this experiment consisted of a driver
lattice of natural uranium fuel assemblies surrounding a
central heavy water region about 245 ¢m in diameter. The
critical moderator height with this loading was about 200
cm. A rod one inch in diameter composed of 59, enriched
uranium (93.29, U25) alloyed with aluminum was placed
at the center of the reactor to simulate a line source of
fission neutrons with a cosine-shaped strength distribution.
The moderator purity was 99.70 mol 9; D»0, and the moder-
ator temperature was 22°C.

The detectors were %-in. diam foils of a lead-indium alloy
containing 5.87% indium by weight. Each foil contained 5.6
mg/em? of indium and was enclosed in cadmium 0.020 in.
thick. The foils were placed at approximately 4-cm intervals
on a lightweight aluminum tube which was perpendicular
to the fission source rod at the center of the pile. At these
intervals, mutual shadow shielding between samples was
negligible. The plane of the foils was parallel to the fission
source. A similar foil irradiation was later made with the
source rod replaced by a solid aluminum rod, to obtain the
background distribution of pile neutrons at the indium
resonance.

t Referred to in what follows as ‘““Point (line) source
distributions.”’



