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Abstract—The effective thermal conductivity of a number of spherical metal powder—gas systems has been
measured using a transient line source method. Variation of effective thermal conductivity with changes in
gas pressure, temperature, and particle size was determined and the results compared with previous ex-
periments. Uranium and zirconium powders were oxidized, and it was found that the effective thermal
conductivity at atmospheric pressure decreased with extent of oxidation. An expression for randomly
stacked spherical powders (void fraction = 0-40) was developed using the orthorhombic stacking arrange-
ment and assuming linear heat flow. It was tested over a four-fold range in bulk solid conductivity to bulk
gas conductivity ratio and found to give reasonable agreement. The treatment was extended to the case of
metal particles with oxide coatings. It was found to agree with the uranium oxidation experiments in which
a sharp decrease in effective thermal conductivity was noted in the initial stages of oxidation.

NOMENCLATURE
a, b, ¢, constants for equation (7);
d, particle diameter [cm];
k, thermal conductivity [cal/cm s
degC];
L, mean free path [cm];
q heat input [cal/cm s];
0, heat flux [cal/cm? s];
R,, metal sphere radius;
r, Z, 0, cylindrical coordinates;
T, temperature [°C];
t, time [s];
o, thermal diffusivity [cm?/s];
d, source radius [cm];
A4, constant for equation (7);
p,G constants for equation (7);
€ps void fraction;
€ solid fraction.

RECENT studies of uranium powder ignition at
Argonne National Laboratory [1] have been
interpreted using the theory of thermal explosion

* Present address: School of Hygiene and Public Health,
The Johns Hopkins University, Baltimore, Maryland.

proposed by Frank-Kamenetskii [2]. This
theory defines a criterion for ignition in terms
of the system geometry, the rate and heat of
reaction, and the system thermal conductivity.
It was therefore important to determine how the
thermal conductivity of metal powders varies
with temperature, pressure, particle size, and
extent of oxidation. The thermal conductivities
of several mesh fractions of uranium and zir-
conium powder have been measured as a
function of pressure, temperature, and extent
of oxidation and the results compared to a
theoretical expression which was concurrently
developed. In order to further test this expression,
thermal conductivities of aluminum, copper,
magnesium, nickel, and glass powders were also
measured using nitrogen, hydrogen, helium,
argon, methane, and Freon-12 as the inter-
sticial gas.

EXPERIMENTAL METHOD

Powder thermal conductivity was measured
using the transient line source method. This
method was chosen because it is a rapid, ab-
solute method which is suitable for measuring
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powder conductivity at various temperatures
and pressures. The method makes use of the
fact that the rate of heat transfer from a line
source is a function of the thermal properties
of the medium. It is unique among transient
methods in that the experiment yields thermal
conductivity directly, not thermal diffusivity. It
was first used to measure the thermal conducti-
vity of soil {3], and has since been used for
insulating materials, [4], polymers [5], and
various liquids [6, 7]. Van der Held and van
Drunen [6] showed that the line temperatures
at times ¢; and t, are related by the following
expression:
f t, — o .
T, — T, ={g/4nk)ln = (N
thh— 1t
where T} = line temperature at ¢, °C;
T, = line temperature at ¢,, °C;
g = heat input, cal/cm s;
k= thermal conductivity, cal/om s
degC;
time, s;
zero time correction.

t =
Lo

The zero time correction is necessary because of
the finite radius of the source. It was shown [6]
to have an approximate value of §%/4x where &
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is the source radius and « is the powder thermal
diffusivity. It can be found by trial as that time
correction which makes T vs. In (¢ — 1) linear.
The powders were contained in a stainless steel
cylindrical cell, 2 in long and 0-75 in diameter
(see Fig. 1). A 0-025-in OD hypodermic tube was
soldered along the axis of the cylinder ; this tube
contained a 36-gauge constantan heating wire
and two 40-gauge iron—constantan thermo-
couples. Two reference thermocouples were
attached to the cell exterior. The heating wire
was powered by a d.c. supply capable of
supplying up to 05 amps at 40 volts. The
resistance of the heating wire was measured
independently using a bridge, while the cur-
rent during an experiment was determined from
the voltage drop across a 3-ohm precision
resistor in series with the heating wire.

The cell was enclosed in a furnace which is
capable of maintaining a temperature of 300°C.
Provision was made to measure thermal con-
ductivity using several gases at absolute pres-
sures ranging from 107° to 5 x 10° mm
{approximately 100 psig). The output of the two
iron—constantan couples, connected as a thermo-
pile, was recorded on a Brown potentiometer
recorder. A typical thermal conductivity deter-
mination took one minute and gave a maximum
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F16G. 1. Powder thermal conductivity apparatus.
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center line temperature rise of approximately
15 degC. A temperature-time trace for one of
the zirconium experiments is shown in Fig. 2.
After about one minute of measurement, the
time—temperature relationship is no longer
represented by equation (1) because of the
boundary effect of the cell.

Each time the cell was filled with powder, it
was gently tapped until no further reduction in
bulk volume was noted. In all cases, this was
found to give a void fraction of (-40. Further-
more, reproducible values of thermal conduc-
tivity were obtained in repeated tests of this
packing procedure using the same powder.

MATERIALS AND PREPARATION

The spherical uranium powder used in these
experiments was obtained from the National
Lead Company and was separated into mesh
fractions using standard screen techniques. The
sphericity of the powder was verified micro-
scopically. A chemical analysis of the uranium
is listed elsewhere [1]. The powders were nor-
mally kept in a helium drybox to prevent gra-
dual oxidation. In order to oxidize a powder. it

was spread over the bottom of a Petri dish and
placed in an oven at 150°C. The extent of oxida-
tion was determined by weighing,

Reactor grade zirconium in the form of & in
wire was submitted to the Linde Company for
preparation of the zirconium powder. This
powder was likewise seived into a number of
fractions of spherical powder. Because zirconium
oxidizes much slower than uranium, it was
necessary to oxidize the zirconium in porcelain
dishes in a furnace at either 300 or 600°C de-
pending on the particle size. Other powder
materials used included aluminum, copper,
magnesium, nickel, and Pyrex. The sources and
size fractions of these materials are listed in
Table 1.

The gases used in the experiments were
nitrogen, helium, hydrogen, argon, methane,
and Freon-12, all of commercial purity or better.

RESULTS AND DISCUSSION

A. Unoxidized uranium powder

Initial experiments with uranium powders
were conducted using three mesh fractions
{(—16 +20, —70 +80, and —230 +325). Ther-
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mal conductivities in nitrogen gas were mea-
sured at atmospheric pressure and at tempera-
tures ranging from 25°C to 300°C. The results,
shown in Fig. 3, indicate a linear increase of
thermal conductivity with temperature, and an

Table 1. Powder materials

Materials Form Mesh size Supplier
Aluminum  Grained —30 +45 Alcoa Aluminum
ingot Company
Copper Nearly —30 +35 Belmont Smelt-
spherical ing and Refining
Co.
Magnesium Spherical —100 +200 Valley Metallur-
gical Processing
Co.
Nickel Spherical —230 +325 Linde Company
Pyrex Beads —140 +200 Minnesota
Mining and
Manf. Co.

increase of conductivity with increasing par-
ticle size. Thermal conductivity of five uranium
mesh fractions at 25°C in N, were measured at
pressures from 5 x 107° to 5 x 10> mm and
the results are shown in Fig. 4. These curves are
similar in shape to those obtained by Masu-
muni and Smith [8] for glass powders and
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stainless steel shot in that at high and low
pressures the thermal conductivity does not
change with pressure.

According to the kinetic theory of gases [9]
the thermal conductivity of a gas is essentially
independent of pressure. However, at low pres-
sures, the gas mean free path, L, is appreciable
with respect to the particle diameter, d, resulting
in free molecular conduction so that the overall
powder conductivity decreases. The pressure
above which conductivity is constant can be
characterized by .a critical Knudsen number,
L/d. The critical Knudsen number for the
uranium powders in nitrogen, was approxi-
mately 3 x 107*, while Deissler and Eian [10]
report a critical Knudsen number of 7 x 10~4
for magnesium oxide powder in air, helium,
and argon. The limiting high pressure conduc-
tivity, k, is seen from Fig. 4 to increase as the
particle size increases. The conductivity at very
low absolute pressures, hereafter denoted k,, is
apparently the contact conductivity of the
particles. It likewise increases with particle size,
but is never more than approximately 5 per
cent of the value of k. At high pressures, essen-
tially all of the heat conduction is by a series
path through both gas and solid.

In a recent paper, Butt [11] has presented a
theoretical expression for two-phase thermal

s

I

-16 +20 mesh (10004 )

-
- -
— O

S

»
I

| I I

£

-70+80 mesh (190.)

-230 +325 mesh(50u)

| | I

o]

50 100 150

THERMAL CONDUCTIVITY, cal/cm s deg C X 10*
®
I

200 250 300 350

TEMPERATURE, °C

F1G. 3. Thermal conductivity of unoxidized uranium powder in nitrogen at
atmospheric pressure.
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Fi16. 4. Thermal conductivity of unoxidized uranium powder at 25°C in nitrogen.

conductivity, including the effect of gas pres-
sure. For the system under consideration, using
the symbols defined above, Butt’s equation for
the effective thermal conductivity is:

k
k=G ama @

At high pressure, 2L/d < 1 and k ~ k since
k > k,. At moderately low pressures, 2L/d » 1
and k ~ kd/2L, while at very low pressure,
kd/2L < kg so that k ~ kg. These three regions
are clearly seen in Fig. 4. Butt’s theory predicts
that in the region of moderately low pressure
d log k/d log L = —1; however the maximum
experimental slope in Fig. 4is d logk/d log L. =
—0-42, approximately a square root dependence
upon pressure. The data of Masamuni and
Smith [8] for stainless steel shot likewise show a
maximum slope of —0-43 while for glass spheres
the maximum slope is —0-25.

The thermal conductivity of the —70 + 80
mesh uranium powder was measured at 24°C
in several gases at pressures ranging from 1072
to 5 x 107* mm. The results are shown in
Fig. 5. The k values for these gas—powder
systems were in the same order as the gas

thermal conductivities, i.e. ky, > ke, > kn, >
ks, At low pressure the thermal conductivities
are nearly equal; this is consistent with the
assumption that k, is a contact conductivity
and that the gas at this pressure contributes
very little to the overall conductivity.

B. Oxidized uranium powders

Thermal conductivity measurements were
performed with two mesh fractions of oxidized
uranium powder as a function of the extent of
oxidation. The results of these experiments
are shown in Figs. 6 and 7, plotted as a function
of nitrogen pressure at 25°C. The limiting high
pressure conductivity k, falls off rapidly at
low oxidation extent, and then more gradually
as the oxidation reaches completion at an
O/U atom ratio of 2-44. 1t is interesting to note
that the value of k; remains essentially un-
changed throughout the oxidation. Since
uranium oxides are poorer thermal conductors
than uranium metal this indicates that the
particle contact is somewhat better with the
oxide-coated particles. Figure 8 shows how the
conductivity of the medium and fine mesh
powders at 25°C and atmospheric pressure
changes with extent of oxidation.
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FIG. 5. Thermal conductivity of uranium powder (—70 + 80 mesh) at 25°C in various gases.
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C. Zirconium powders

The thermal conductivity of —70 + 80 mesh
zirconium powder was measured at various
pressures of helium, nitrogen, and argon at
25°C; the results in Fig. 9 show that as with
uranium, the k values increase with increasing
gas conductivity and the k, values are identical.
Values of k were measured for several zirconium
size fractions in nitrogen at 25°C and are
plotted along with uranium powder data in
Fig. 10 as a function of average particle size.
Both uranium and zirconium powders show
the tendency for k to increase with increasing
particle size. Measurements of oxidized —70
+80 mesh zirconium powder were performed
at 25°C in nitrogen. As shown in Fig. 11, they
exhibit a decrease of k with extent of oxidation
similar to that found with oxidized uranium
powder; however, the effect is not as marked
at first as with uranium (see Figs. 6 and 7). This
is probably due to the fact that zirconium oxide
is a more compact and adherent coating than
the uranium oxide.
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D. Other powder materials

In order to test a correlating equation (see
below), the thermal conductivity of aluminum,
copper, magnesium, nickel, and Pyrex glass
powders were measured at pressures high
enough (generally 100 psig) such that k values
were obtained. The experiments were per-
formed at 25°C using hydrogen, helium, me-
thane, nitrogen, argon, and Freon-12. The
results of these experiments are presented in
Table 2.

THEORETICAL CORRELATION

There have been numerous theoretical equa-
tions for powder thermal conductivity suggested.
Several treatments {e.g. Rayleigh [12], Russell
[13], Woodside [14], and Deissler and Eian
[10]) begin with an assumed stacking arrange-
ment, and the effective conductivity is obtained
as a function of the bulk conductivities of the
two phases, and the void fraction. This type of
treatment is only applicable for predicting k.
The equations developed by Masumuni and
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Table 2. Thermal conductivity data for test of orthorhombic model
Solid Gas Solid conductivity Gas conductivity Power conductivity , ,
kg . k ik, kik,
Aluminum Argon 0-561* 418 x 1073 610 x 107 134 x 10¢ 146
Nitrogen 610 x 107° 870 x 107 920 x 103 14:3
Copper Freon-12 0-982% 235 x 1073 460 x 1074 418 x 10* 196
Argon 418 x 107° 785 x 1074 2:35 x 10* 188
Nitrogen 610 x 10° 105 x 1073 161 x 104 172
Methane 795 x 1073 150 x 1077 124 x 10* 189
Helium 355 x 107¢ 395 x 1073 277 x 10* 1t
Hydrogen 425 x 107* 480 x 1073 231 x 10 113
Magnesium  Freon-12 0-406% 235 x 1073 240 x 107% 173 x 10% 10:2
Argon 418 x 167° 500 x 197% $71 x 19? 12
Nitrogen 610 x 107° 650 x 107* 665 x 10° 107
Methane 795 x 1073 970 x 107*% 511 x 10° 122
Helium 355 x 1074 340 x 107* 114 x 1o* 958
Hydrogen 425 x 107* 370 x 1073 9-55 x 102 870
Nickel Freon-12 0-241* 2:35 x 1077 470 x 107* 1:03 x 10* 200
Argon 418 x 103 670 x 1074 576 x 10% 16-0
Nitrogen 610 x 10~5 835 x 107* 395 x 100 136
Methane 795 x 1077 990 x 107% 303 x 10° 12:5
Helium 355 x 1074 295 x 1073 679 x 10* 831
Hydrogen 425 x 10~* 355 x 1073 567 x 10 835
Uranium Argon 0-0590* 418 x 107° 610 x 107 141 x 10° 146
Nitrogen 610 x 1077 820 x 107% 967 x 16* 134
Helium 355 x 1074 320 x {673 1-66 % 107 901
Zirconium Argon 0-0621* 418 x 107 620 x 107* 148 x 10? 148
Nitrogen 610 x 107° 840 x 107* 102 x 10° 138
Helium 355 x 104 260 x 1073 175 x 102 732
Pyrex 250 x 103t 235 x 10~% 280 x 1074 106 119
Argon 418 x 10~* 400 x 1074 598 957
Nitrogen 610 x 10°# 500 x 1074 410 820
Methane 795 x 10™% 700 x 107 314 881
Helium 355 x 107* 105 x 1073 704 296
Hydrogen 425 x 107* 135 x 1073 5-88 318
Water (1} P44 x 1072 1-50 x 1077 174 104

* Obtained from Thermophysical Properties Research Center Data Book, Volume 1, Purdue University, 1963,
+ Obtained from Handbook of Chemistry, 10th Edition, N. A. LaNGE, Ed, McGraw-Hill, New York. 1961.

Smith [8] are applicable to the transition
region between k, and k, but depend upon a
knowledge of the thermal accommeodation co-
efficient, the contact conductivity, k,, and the
fraction of a cross sectional area taken up by
the solids.

The randomiy stacked spherical powders
used in the present experiments had measured

void fractions of 0-40. Among regular packing
structures, the orthorhombic structure, void
fraction 0-395, best approximates this condi-
tion. Furthermore, McGeary [15] observed
that uniform size spheres tend to stack in the
orthorhombic arrangement. We therefore con-
sider a unit cell of the orthorhombic structure
shown in Fig. 12 with a unit area normal to
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heat flow, a unit temperature difference, and a
calculated thickness of 076 units. Following
the treatment of Deissler and Eian [10], we
assume no bending of heat flux lines. First
considering the areas where heat flows through

lHEAT FLOW DIRECTION

OPEN AREA = 0-093

’ \ TOTAL AREA =1
h) e H il
z=0 i . oo % 7el
H L2
25~ i X . SECTION OF
/ A SOLID SPHERE
]} — &
?,

Z:076 r=0

F1G. 12. Orthorhombic unit cell for thermal conductivity
calculation.

both solid and gas, we can write the heat flow
rate, dQ, through an area r dr d# in terms of the
sphere surface temperature, T,, and the solid
and gas path length, Z_  and (0:76 — Z,}:

-1 _ T
Z -kgrdrdf}(o.%_ 7

@)

dQ = k,rdrdd

where k, = solid conductivity,
k, = gas conductivity.

Eliminating T, and integrating over the three
circular segments, [using the substitution Z; =
V(0577 — r?)] we obtain the heat flow through
the solid and gas in series. Adding to this the
heat flow through the area whose projected
volume contains only gas, and multiplying
this total heat flow by 076, we obtain an
expression for the effective conductivity:

kik, = 0:577n {(A, — 1)™' — (4, — 1) % In A}
+ 0093 4)
where A = k,/k,.

This relationship is shown in Fig. 13 and
compared with the correlation obtained by
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Deissler and Eian [10] for a void fraction of
0-40. The data for unoxidized uranium and
zirconium powder and for the other powder
materials listed in Table 2 is plotted on Fig. 13.
An experimental point in the lower left-hand
corner of Fig. 13 corresponds to the system
Pyrex-water. The data show some scatter but
appear to fit equation (4) reasonably well.

This correlation relationship and the experi-
mental data can be compared also to the
theory proposed by Butt, referred to above.
For the limiting high pressure conductivity,
Butt’s equation for these systems is

k=e2[1 + dee) k, + €k, (5)

where ¢, = void fraction
¢, = solid fraction.

Inserting the appropriate values, we obtain:

k 0-36
= 0314 + i (6)

g s

This reduces to a linear relationship between
kjk, and k/k, at large values of kyk,. At high
values of kjk,, equation {4) displays a much
weaker dependence of k/k, upon kyk,, repre-
sented by the slope d log k/k,/d log ky/k, =
0-145. At kyk, = 10°, equation (6) predicts
kjk, = 360, more than an order of magnitude
larger than the data and two correlation lines
shown in Fig. 13. The experimental data of
Deissler and Eian (not shown in Fig. 13) are in
reasonably good agreement with their correla-
tion; thus, it appears that the theoretical
expression of Butt is not in good agreement
with the data of this investigation and of
Deissler and Eian, particularly at high values of
ky/k,. 1t should be noted that the critical test
of a two phase conductivity expression is at
large ky/k,, where the conductivities of the two
phases are vastly different.

OXIDE-COATED PARTICLES

This treatment has been extended to the case
where the particle has a coating of different
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F1G. 13. Test of equation for powder thermal conductivity, k, orthorhombic model.

thermal conductivity, k. In this case, the effec-
tive thermal conductivity is a function of the
three conductivities, k,, k;, and k., and the
fraction of the particle volume which is coating.
The expression for k/k, is obtained in the same
manner as equation (3); it consists of three
terms: (1) conduction through gas, (2) conduc-
tion through gas and coating, (3) conduction
through gas, coating, and solids as follows:

R, is the radius of the inner metal sphere and can
be simply related to the coating volume fraction.

Equation (7) was applied to the oxidized
uranium (~70 +80 mesh) powder-nitrogen
system using the values k, = 61 x 107*
cal/cm s degC for nitrogen, k, = 7-4 x 1072
cal/cmsdegCforuranium,andk, = 1-46 x 1073
cal/cm s degC for the oxide coating. This last
value for the oxide coating was obtained from

n [(A —lp + 0'76] + 0:597 It} M

0-76

p*b

g pfp—oc b* — 2ac
R e (G

20 +b—J—A4\[(2cp + b+ /-4
In
20 + b+ J—A4\2cp+b— /-4

k p 076
— = 0093 + 07 —
k, * 6"{(& -0 G-
where
_(e—p (p*b b a + bo + co?
I.= c 22t 2 In a+ bp + cp?
4ot b* — 2ac 1 N
P 24* J -4
ando =076 + R,;
p = /0577 — R?;
a =p2(1 =22 + A);
b =076;
c =X, — 1);
A = dac — b?;
% = k,jk..

equation (4) using the experimentally measured
conductivity of the fully oxidized powder (O/U
atom ratio 2-44). The results of these calcula-
tions are shown in Fig. 14. The predicted be-
havior of the thermal conductivities corres-
ponds well with the experimentally obtained
conductivities, showing an initially sharp de-
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Fi1a. 14. Effect of oxide coating on thermal conductivity of uranium powder (— 70 + 80 mesh)
in nitrogen at 25°C (k).

crease followed by a more gradual decrease
with increasing extent of oxidation. Predicted
thermal conductivities using two other models
are also shown in Fig. 14, neither of which give
as good agreement with the experimental points
as the orthorhombic model. The first of these is
a simple parallel conduction model, while the
second is a combination parallel-series conduc-
tion model assuming the particle is a coated
cube.
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Résumé—La conductivité thermique effective de quelques systémes gaz-poudre de spheéres métalliques
a été mesurée en utilisant une méthode transitoire avec source linéique. La variation de la conductivité
thermique effective a été déterminée lorsque la pression du gaz, la température et la taille de la particule
changent, et les résultats ont été comparés avec des expériences antérieures. Des poudres d’uranium et de
zirconium ont été oxydées et 'on a trouvé que la conductivité thermique effective & la pression atmos-
phérique diminuait lorsque I'oxydation était plus profonde. Une expression pour des poudres de sphéres
empilées au hasard (porosité = 0,40) a été exposée en employant un empilement orthorhombique et
en supposant un flux de chaleur linéaire. On P’a vérifiée dans une gamme de rapport de ia conductivité
globale du solide a la conductivité globale du gaz allant du simple au quadruple et ’on a trouvé que "accord
€tait raisonnable. Le traitement a été étendu au cas de particules métalliques revétues d’oxydes. On a
trouvé un accord avec les expériences d’oxydation d’uranium dans-lesquelles une diminution brutale
dans la conductivité thermique effective a été rema quée dans les étapes initiales de I'oxydation.

Zusammenfassung— Die scheinbare Wiarmeleitfahigkeit einer Reihe kungelférmiger Metalipulver-
Gassysteme wurde gemessen mit einer instationiren Methode und linienformiger Warmequelle. Ande-
rungen der scheinbaren Wirmeleitfahigkeit mit Anderung des Druckes, der Temperatur und der Partikel-
grosse wurden bestimmt und die Ergebnisse mit fritheren Versuchen verglichen. Uran und Zirkonium
wurden oxydiert, wobei sich zeigte, dass die scheinbare Wirmeleitfahigkeit bei Atmosphirendruck mit
dem Oxydationsgrad abnahm. Fin Ausdruck fiir wahllos angeordnete kugelformige Pulver (Hohlrauman-
teil 0,40) wurde entwickelt, wobei eine orthorombische Stapelordnung beniitzt und ein linearer Warmefluss
angenommen wurde. Dieser Ausdruck wurde bis zum vierfachen Wert des Verhiltnisses der Festkorper-
leitfihigkeit zur Gaswarmeleitfihigkeit gepriift, wobei sich annehmbare Ubereinstimmung ergab. Die
Untersuchung wurde auf Metallpartikel mit Oxydschichten ausgedehnt. Es zeigte sich Ubereinstimmung
mit den Versuchen der Uranoxydation, in denen ein starker Abfall der scheinbaren Wirmeleitfihigkeit
in den Anfangsstadien der Oxydation auftrat.

AnHotauna—C TOMOLNBIO METOJAA HECTALMOHAPHOrO JIHHEHHOTO HCTOUYHMKA U3MepeHa
a¢deKTUBHAA TEMIONPOBOXHOCTL PAJA cuCTeM clepnueckne Meralanyeckue NMOPOLIKM-TA3.
VYeTaHOBIEHA 3aBUCMMOCTE 2PPeKTHBHOM TeNIONpOBOXHOCTH OT U3MEHEHMik [aBJIeHMA rasa,
TEMIEPATYPH M DasMepoB YacTHI. PeayibTatsl CpaBHMBAIMCE € JAHHBIMU HPENBILYIMX
BKCMEPUMEHTOB. OKUCIAIMCh NOPOILKU YPAaHa U UMPKOHUA, i OBIIO HANIEHO, YTO C yBeaude-
HHEM CTelleHM OKUCJIEHMA NpU arMmocepHOM AaBiIeHMM IPPEKTHBHAA TEIIONPOBOIHOCTD
cHuKauch. Ha ocHoBe pesysibTaToB AJAA poMONMYECKON YKIAMKK M B AONYIUEHNH JHMHERHOCTH
TEIUIOBOrO IOTOKA IOJIYyYeHO BHpaeHue s GecriopAnOYHON YKAaAku cepudyecKux Mo-
powikoB (KoapdunuenT nopucroctn == 0,40).

IIporepka BrIpaxeHMA MOKABaIA XOpOllee COBMAjleHVe AaHHHX. MeTo/ pasBUT Ha cxydait
METAIINYECKMX YACTUIL C OKMCHBIMA MOKpHITUAMK. [TonyyeHO Xopoliee coraacue ¢ dKCHEPU-
MEHTaMM 10 OKMCJIEHHIO YpaHa, rige HaGII0OAan0Ch peskoe CHuxKeHue dPPeKTUBHON Teno-

NPOBOJHOCTH B HAYAJIBHEIX CTAMAX OKHCIICHMA,



