cavity or channel, the given method is preferable to the Monte Carlo method,

NOTATION

L, initial contour; L% contour approximating contour L; z(M), f(M), v(M), arbitrary functions of the point
M; z*(m), £*(m), y* (m), step functions approximating the functions z (M), f(M), y(M); u, number of zones; ¢(m, n),
mean angular coefficient; I, contour length; o, molecular-capture coefficient; 5, relative error,

LITERATURE CITED

1. L. N, Bolgarov, Inzh,~Fiz. Zh,, 21, No. 6 (1971).

2. R. A, Haefer, Vacuum, 21, No. 7 (1971).

3. S. R, Galimov, I, S. Zh1tom1rsk11 and A, M, Kislov, Cryogenic and Vacuum Technology [in Russian],
Vol, 3, FTINT Akad, Nauk UkrSSR, Khar'kov (1973).

4, Yu, A, Surinov, 1zv. Akad. Nauk SSSR, Otd. Tekh. Nauk, 7 (1948).

5. E. M., Sparrow and R, D. Cess, Radiant Heat Transfer, Brooks- -Cole, Hemel Hempstead (1970).

6. L. I, Kalashnik, A, M. Kislov, and £, M. Livshits, Inzh.~Fiz, Zh., 13, No. 6 (1967).

HEAT TRANSFER OF THERMISTORS IN A NONUNIFORM
ELECTRIC FIELD

S. B, Minkin, V., E, Ulashchik, UDC 536.244
B. I. Fedorov, and A. G, Shashkov '

The results of an investigation of the action of de.and ac electric fields on the heat transfer
of thermistors are described,

In recent years both in the Soviet Union and abroad increased attention has been given to finding new
methods of improving heat transfer based on the use of electric fields, The basic principle of this method is
the fact that under the action of intense electric forces in liquids and gases additional disturbances arise which
under certain conditions can be localized in a narrow region of the boundary layer which has the highest ther~
mal resistance and is therefore essentially a controllable heat transfer, The electroconvection disturbances
that arise lead to a considerable increase in heat transfer.

However, despite the promising possibilities of the new method it has not been investigated to any great
extent either theoretically or in practice. The theoretical assumptions and experimental results of different
investigators are often questionable and even contradictory. This relates, first of all, to the nature of the
action on the heat transfer of dc, ac, and mixed electric fields, and also to the quantitative estimates of the
increase in heat transfer as a function of the field strength, the temperature difference, the configuration, the
diameter of the heat-transfer and high-voltage electrodes, their mutual position, the temperature of the sur-
rounding medium, etc, [6]. The methods for the experimental investigation of the effect are also far from ideal.
Thus, in all the publications known to us [1-7] the heat transfer of the heated conductor has been investigated.
The high-voltage was applied either to a coaxially situated conducting cylinder or to a plate placed parallel to
the conductor, Hence, in all these cases the heat transfer of a conductor in a nonuniform electric field was
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Fig., 1. Test model (a) and the electrical circuit used
for the measurements (b).

investigated. The effect of an increase in the heat transfer was found from the amount of additional energy
consumed in heating the wire in the field as compared with the energy consumed in heating to the same temper-
ature when there is no field. For this purpose the conductor, as a rule, was connected in a bridge circuit
which enabled one to maintain its temperature constant and to make all the measurements necessary to deter-
mine the average heat-transfer coefficient along the length., The main drawback of such a method of determin-
ing the energy consumed and the temperature of the heated wire is its comparatively low temperature coef-
ficient of resistance which determines the low temperature sensitivity of such a thermal probe and, conse-
quently, makes these measurements of low accuracy.

In the present article we attempt to extend the heat-transfer intensification effect in electric fields to
semiconductors, and primarily to semiconductor thermistors which have a high sensitivity to changes in the
heat-transfer conditions, We have two aims in mind: first, to study how the main parameters and character-
istics of the heated semiconductor devices change when acted upon by electric fields, and, second, from the
results obtained to determine the possibility of using thermistors as sensitive probes for studying heat-trans-
fer intensification processes.

As is well known, the main characteristics of any thermistor when it is heated by the current passing
through it is the static volt—ampere characteristic, i.e., the relation

UT=F(IT) o Ir=FUr)

when the parameters of the surrounding medium remain unchanged. The nature of this relationship is governed
by many factors and mainly by the conditions under which heat transfer occurs to the surrounding medium, .
Consequently, the application of an electric field and the resulting intensification of heat transfer should lead

to a change in the volt—ampere characteristics of the thermistor, other conditions being equal.

To check this suggestion and to make quantitative estimates we carried out a series of experiments with
KMT-10, MMT-1, and KMT-4 thermistors, RIIZhT test high-power resistors, and ST5-1 posistors. Prelim-
inary investigations enabled us to draw the following interesting conclusion: intensification of the heat transfer
in an electric field is not possible in any heated body but only occurs from a metal or when there is direct
thermal contact with a metal, Hence, for the further investigations, we used KMT-4 thermistors which have a
metal body in combination with hollow cylinders of different diameter made from copper, brass, and aluminum,
One of the cylinders had a continuous highly polished surface. In the others a large number of holes were
drilled in the side surface to improve the heat transfer,

Figure 1a shows a sketch of the test model. A hollow cylinder 2 is fastened to the coordinate 1; inside
the cylinder along its axis there is a thermistor 3 which is stretched by means of a spring between two elec-
trically insulated supports 4. A high-voltage lead 5 is connected to the cylinder through a special terminal,
The second terminal of the high-voltage source is connected to the current-carrymg thermistor 6 which is
connected to its metal body,

The coordinate with the cylinder and thermistor is connected to the base 7 which is made of an electric-
ally insulating heat-resistant material.
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Fig, 2. Voltage drop across the thermistor as a function of the high voltage for
It = const = 10 mA and different temperatures of the surrounding medium:

1) 20°C; 2) 40; 3) 60; 4) 80°C (the circles correspond to the ac field and the black
dots correspond to the dc field). Uy, V; Uyy, KV. '

Fig. 3. Static volt—ampere characteristics of the KMT-1 thermistor with Ry, =
100 k @ for different temperatures of the surrounding media: 1-4) without the
field; 5-8) in a dc field, Uy = 8kV; 9-12) in an ac field, Uy = 8 kv; 1,5,9) for
0y = 20°C; 2, 6, 10) 40; 3, 7, 11) 60; 4, 8, 12) for g5 = 80°C. UT; V; IT, mA,

The investigations were made in a thermostat which enabled the assigned temperature to be maintained
with an accuracy of + 0.1°C,

The electrical circuit used for the measurements is shown in Fig, 1b, The high-voltage current is
applied to the circuit by means of a high-voltage cable which is additionally insulated inside the thermostat
with a ceramic tube,

We used an I-50-laboratory transformer as the high-voltage source to the input of which was connected
a rectifier bridge assembled from D10080S diodes for making dc measurements. The primary winding of the
transformer was connected into the network through an LATR-2M autotransformer which enabled us to vary
the output voltage smoothly from 0 to 10 kV at ac, and from 0 to 14.1 kV at de. The voltage was monitored on
the low side using a VZ-2A voltmeter and on the high side with an AVO-5 voltmeter. To prevent the output
from damaging the instruments in the case of breakdown of the air gap the circuit was provided with current
protection,

In addition, to determine the difference between the effect on the heat exchange of the rectified constant
field and a "pure" constant field a number of measurements were made using a high-voltage battery assembled
from 50 dry anode batteries (type BAS-T-80-U-2.0). The volt—ampere characteristics of the thermistor were
plotted when the field was applied in the following sequence. Initially, a steady-state operation was established
in the absence of the field for a certain value of the current flowing through the thermistor. Then the high-
voltage source was connected, the voltage was increased to the assigned value, and, keeping the thermistor cur-
rent unchanged, a new stable mode of operation of the circuit was obtained, The potential difference between
the body of the thermistor and the cylindrical electrode produces a fairly high electric field on the surface of
the thermistor and the new steady-state mode of operation is characterized by a considerably increased voltage
drop across the thermistor,

The value of the voltage of the high-voltage source was chosen so as to prevent breakdown of the air gap
and also so that the heat-transfer intensification effect in the electric field has a threshold form,

Figure 2 shows curves of the voltage drop across the thermistor as a function of the voltage of the high-
voltage source for fixed current flowing through the thermistor and for different temperatures of the surround-
ing medium. It is seen from these curves that for each temperature of the surrounding medium there are cer-
tain threshold voltages corresponding to the beginning of a change in the heat transfer and also limiting permis-
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Fig. 4. The voltage (1), dissipated power (2), temperature (3), and dissipation fac~
tor of the thermistor (4) as a function of the electric field for @y =20°C and I =
10 mA,

Fig. 5. Relative variation of the dissipated power (%) of the thermistor as a func-
tion of the temperature drop (°C): 1) in a dc field; 2) in an ac field,

sible voltages which precede breakdown, The value of both these and the others is determined, besides the
temperature of the surrounding medium, by such factors as the value of the air gap, i.e., the diameter of the
thermistor and the cylindrical electrode, the temperature of the thermistor, and the nature of the electric field.

Thus, the threshold dc voltages which we measured were less than the ac voltages, in agreement with
the results obtained in [3], while the heat transfer in the dec field occurs much more intensely than in the ac
field. In the ac field the relation Up = F(Uyy) is a mildly sloping curve and the voltage across the thermistor
continues to increase as Ugy increases until the breakdown voltage is reached. On the other hand, in the de
field immediately after the threshold voltage the voltage across the thermistor increases sharply and there is
a tendency to reach saturation when Uhgv is increased further.

Under the same conditions for the same heating current the start of the change in the heat transfer is
shifted towards lower fields as the temperature of the surrounding medium is increased, and when the latter
is maintained constant the threshold and limiting fields are less for higher heating currents; i.e., for higher
thermistor temperatures. Hence, before plotting the volt—ampere characteristics in the field we determined
the high voltage prior to breakdown for maximum thermistor current and temperature of the surrounding medi-
um corresponding to the upper limit of the chosen temperature range. For other temperatures this voltage was
maintained constant,

Families of static volt—ampere characteristics plotted without a field and also in dc and ac fields are
shown in Fig. 3.

The figure shows that both dc and ac electric fields have a considerable effect on the heat transfer of the
thermistor. The volt—ampere characteristics are deformed by the field and are shifted to the right and upwards
towards higher voltages, corresponding to a reduction in the thermistor temperature, and an increase in its
resistance with considerably increasing dissipated power (Fig. 4).

The curves plotted in a field are similar in shape to the initial curves at the corresponding temperatures
of the surrounding medium. The latter only has an effect on the absolute value of the action: as the temperature
of the surrounding medium is increased, the increase in voltage across the thermistor for constant current
flowing through it is reduced,

The nature of the action of the field up to the maximum of the volt—ampere characteristics and after it is
not the same.

Up to the maximum of the curve the heating of the thermistor by the current flowing through it is small,
and the effect of the field on the heat transfer is practically negligible. As the current is increased heating of
the thermistor increases and the volt—ampere characteristics obtained when the field is applied are not the
same as the initial curves.

We can use as a criterion of the intensification of the heat transfer of a thermistor by the field, as in the
experimentally heated conductor, the relative change in power dissipated by the thermistor for the same heating
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TABLE 1. Effect of the Material, Internal Diameter, and State of the Surface of the Cylindrical Electrode on
the Heat Transfer of a Thermistor in an Electric Field

Material and surface of Internal diameter of the |Voltage of the high~ Thermistor Voltage across
the cylindrical electrode |cylindrical electrode, mm| voltage source Uyy, KV jcurrent IT’ mA ttl}e t%armistor
Dural cylinder with 0 T L 52,2
openings 26 7.6 7 66.0
Dural cylinder without ‘ 0 7 52
openings 26 7.6 7 65.0
Aluminum cylinder with 0 7 51
openings 16 5.6 7 61.2
Copper cylinder with 0 7 _51.5
openings 16 : 5.6 7 60.5

temperatures, Then by using the thermistor as a heated body if is not necessary to take any special steps to
maintain the temperature constant when'the field is applied. To calculate the value of AP/P for different
thermistor temperatures overagiven temperature range of the surrounding medium it is sufficient on the
graph of the families of volt~ampere characteristics, plotted in the field and without it, to draw from the
origin of coordinates a number of lines which in the theory of thermistors are called lines of equal resistance
or equal temperature (Fig. 3). The points of intersection of the volt—ampere characteristics with each of
these straight lines define the mode of operation of the thermistor for the same heating temperature. In Fig. 5
using theoretical data, we have constructed graphs of AP/Pr = F(A©) in dc and ac fields for different tempera-
tures of the surrounding medium,. It is seen from this figure that in a dc field the heat transfer of the thermis-
tor is much higher than in an ac field, while the relative change in the dissipated power increases with the
temperature drop, reaching approximately 70% in a dc field and approximately 45% in an ac field, The tempera-
" ture of the surrounding medium in the range considered (20-80°C) has practically no effect on the intensification
of the heat transfer.

The above experimental results were obtained using a KMT-1 thermistor and a Duralumin cylinder with
an internal diameter of 22 mm. The data obtained with other cylinders are presented in Table 1, It is seen
from this table that the material of the cylinder has practically no effect on the heat transfer inthe field, We
also did not observe any practical difference in the heat exchange of the thermistor when a field is applied when
the cylindrical electrode has a continuous smooth surface and when its surface is a grid with openings 1 mm in
diameter. At the same time, the diameter of the high-voltage electrode, as mentioned above, has a consider-
able effect on the intensification of the heat transfer, It would seem to be a natural assumption that for small
diameters of the high-voltage electrode one can attain the same intensification of the heat transfer at lower
voltages, but in practice this turns ouf to be untrue.

Investigations showed that when the diameter of the electrode is reduced both the threshold voltages and
the increase in voltage are reduced for the same currents. The range between the threshold and the breakdown
voltages is considerably reduced so that for diameters of the high-voltage electrode which differ from the dia~-
meter of the thexmistor by 3-4 mm, the threshold voltages are equal to the breakdown voltages and intensification
of the heat transfer becomes impossible. On the other hand, an increase in the diameter of the high-voltage
electrode leads to an unjustified increase in the threshold voltages, from which it follows that there are optimum
ratios between the diameter of the heated body and that of the high-voltage electrode which must be determined.
It is precisely for this reason that we were unable to determine the intensification of the heat transfer of the
thermistor in a "pure" dc field produced by a dry battery due to its limited voltage. The effect of the action
of a pure dc field was observed on a heated nickel conductor with a Dural plate placed horizontally above it as
the second electrode. The intensification of the heat transfer was estimated, as in [1], only qualitatively from
the blackening of the conductor, from which we were able to conclude that pure dc fields have the same effect
on the heat transfer as rectified and ac fields.

The following conclusions can be drawn from the above investigations.

First, the static volt—'ampere characteristics of a thermistor undergo considerable changes when dc and
ac electric fields are applied. The relative increase in the dissipation factor of the thermistor (the heat-trans-
fer coefficient) may reach approximately 75% in dc fields and approximately 45% in ac fields. This opens up
new possibilities for using thermistors in measurement technique, for monitoring and controlling high voltages.

Second, in view of the high sensitivity of thermistors to a change in the heat-transfer conditions, they can
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possibly be used successfully as probes to investigate intensification of heat transfer in electric fields and
enable much better methods of investigation to be developed, as well as simplifying the circuit and increasing
the accuracy of measurements,

NOTATION

I, current through the thermistor, mA; U, thermistor voltage, V; Uyvy» voltage of the high-voltage
source, kV; ©T, thermistor temperature, °C; 6, the ambient temperature, °C; A6, temperature drop, °C; P!
power dissipated at the heating temperature ©T with no field, mW; AP, increase in power dissipated in a field
at a temperature 8, mW; Kk, dissipation factor of the thermistor, mV/°C; Ry, rated resistance of the thermis-
tor at @, = 20°C, kQ; E = Uy [2.3 rlog®R/ r)]7}, electric field strength, kV/cm; R, inner radius of the cylinder,
cm; r, radius of the thermistor, cm.
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DETERMINATION OF THERMOPHYSICAL CHARACTERISTICS
OF HIGH HEAT-CONDUCTANCE MATERIALS ON THIN SAMPLES

N. N. Medvedev and Z. M, Savicheva UDC 536.2.083

A method is proposed that makes it possible to eliminate the contact thermal resistances in the de-
termination of the thermophysical characteristics of high heat conductance materials on sam-
ples with thickness h < 5-1073 m,

Thin samples of solid dielectrics with high heat conductance are widely used in radio equipment for space
research, The thermophysical characteristics (t.p.c.) of the solid dielectrics has to be determined on thin
samples. Such samples are easier to prepare without defects in the internal structure, Furthermore, samples
of small thickness more closely correspond to real conditions of operation of solid dielectrics.

The thermophysical characteristics of very hard materials with thermal conductivity above 20 W/m - deg
on samples of thickness less than 5-1073 m cannot be determined by the existing methods.

Stationary and many nonstationary methods require the introduction of the température measuring device
into the investigated sample; this is difficult to accomplish in thin samples of great hardness. Moreover, in
thin high heat conductance samples it is difficult to measure small time intervals of temperature increase due
to rapid heat transfer.
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