EXPERIMENTAL INVESTIGATION OF THE INFLUENCE OF A MAGNETIC FIELD ON THE HEAT TRANSFER
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The influence of an external transverse magnetic field on the heat
transfer between a low-temperature argon plasma flow and the channel
walls is experimentally investigated for Reynolds numbers in the lami-
nar and transition regions of the flow. It is shown that the magnetic
field has only a slight effect on heat transfer within therange of param-
eters studied. Application of a magnetic field leads to a decrease in
heat transfer.

From the general statements of magnetohydrodynamics, it is known
[1] that an external magnetic field can have a pronounced effect on
the flow of an electrically conducting medium and, in the case of

' nonisothermal flow, even on the heat transfer with the environment or
with the channel walls. The nature of the influence of the magnetic
field depends on various factors. The principal factors are: therelative
orientation of the vectors of magnetic induction and of the mean flow
rate; the flow regime; the specific characteristics of the conducting
medium; the magnitude of magnetic-field induction; and the electrical
conductivity of the channel walls.

Theoretical and experimental investigations of heat transfer in
magnetic fields are concerned mostly with flows of electrically con-
ducting fluids (liquid metals and electrolytes) in channels. A fairly
complete survey of the progress in this field is to be found in [2].

Heat transfer involved in low-temperature plasma flows in a mag-
netic field is characterized by such specific features as the presence of
appreciable temperature and conductivity gradients both across the
flow and along the channel axis, the Hall effect, and ion recombina-
tion.

Methods based on approximate physical simulation of plasma flows
by conducting fluids are suitable for studying heat transfer of plasma
flows only within certain well established limits.

Only few papers [3,4] deal with the experimental investigation of
the influence of magnetic fields on the heat transfer in low-tempera-
ture plasma channel flows. These papers deal primarily with qualitative
determinations of the nature of the influence of a magnetic field in the
turbulent range of Reynolds numbers.

The aim of the present investigation was to determine the nature
and magnitude of the influence of a transverse magnetic field on the
heat transfer at the inlet section of the channel for various flow rates,
various wall temperatures, and various orientations of the crosssection
of a rectangular channel with respect to the magnetic field direction.
The influence of a readily ionizable addition introduced into the flow
on the behavior of heat transfer in the presence of an applied magnetic
field is also studied.

1. The experimental equipment was composed essentially of a
Plasmatron, a mixing chamber, a useful channel length, a rear cham-

Fig. 1. Schematic drawing of the experimental equipment. 1)

Argon cylinders, 2) reductor, 3) flow meter, 4) control valve,

5) plasmatron, 6) mixing chamber, 7T) impurity batcher, 8)use-

ful channel length, 9) rear chamber, 10) thermocouples, 11)

electromagnet, 12) water mixers. The magnetic field is directed
normal to the diagram
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ber, and an electromagnet (Fig. 1). The argon was conducted from
standard cylinders via a reductor and flow meter to a dc plasmatron
where it was heated. The argon flow rate was measured from the pres-
sure drop at a measuring double diaphragm with a maximum random
error of 3%, the flow rate being varied from 0.8 to 2.2 g/sec (in all the
experiments performed). The plasmatron incorporated two coaxial
water-cooled electrodes, a tungsten rod serving as the cathode, and a
cylindrical copper nozzle, with an inner diameter of 5 mm and a
length of 8 mm, as the anode. The plasmatron was fed by two indepen-
dently excited dc generators. A ballast resistance with a step control
from 0.15 to 3 ohm was switched into the plasmatron circuit. The
plasmatron was started by discharging a high-voltage capacitor bank.
The current and voltage at the plasmatron electrodes were measured in
the experiments, together with the power released in the electric arc.
A melt of alkali metals (80%K, 20%Na) was introduced by means of a
special batcher, which ensured a constant flow rate, into the flow at
the exit section of the plasmatron nozzle with the aim of increasing the
electrical conductivity. The amount of this addition was 0.2% of the
argon consumption. Behind the plasmatron was mounted a cooled mix-
ing chamber inside of which was placed a cylindrical sleeve made
from boron carbonitride with an inner diameter of 12 mm and a length
of 56 mm. The mixing chamber served for mixing the argon with the
alkali metal vapors, and also for partially damping the oscillations
generated in the jet by the plasmatron arc. The outlet of the mixing
chamber contained a small cylindrical section (! = 14 mm) with an
inner diameter of 12 mm, the beginning of which was taken as the
beginning of the channel. From the mixing chamber, the plasma flow
was conducted to the useful length of the channel. Three series of ex-
periments were performed for three different modifications of the use-
ful length.

1) Experiments at a small mean flow rate were performed in a cir-
cular channel consisting of eight water-cooled copper cylinders sepa-
rated from each other by paranite inserts, 0.5 to 0.8 mm thick. The
channel as a whole was a circular cylindrical tube with an inner dia-
meter of 12 mm, an outer diameter of 20 mm, and an over-all length
of 380 mm. The length of the individual cylinders along the channel
axis was 30, 20, 20, 20, 20, 35, 80, and 130 mm, starting at the
channel inlet. The total relative length was 30 diameters, 10 of which
were situated in the magnetic field.

2) Experiments with a large mean flow rate at low wall tempera-
tures were performed with the same channel that was used in the first
series; however, the first six cylinders were provided with cylindrical
sleeves made from boron carbonitride, a material characterized by ex-
cellent insulating properties at high temperatures. The jnner surface of
the sleeves formed a channel of rectangular cross section measuring
6% 3 mm. An identical sleeve was inserted into the outlet nozzle of
the mixing chamber. By turning the sleeves over 90°, it was possible to
vary the orientation of the rectangular cross section of the channel with
respect to the direction of the magnetic field. The total relative length
of the rectangular channel was 36 equivalent hydraulic channel dia-
meters, 30 of which were situated in the magnetic field.

3) In the third series of experiments, the sleeves in the second,
third, fourth, and fifth cylinders were exchanged for similar sleeves
made from heat-resistant high-alumina concrete, which surpassed the
mechanical strength of the former cylinders but had inferior heat-con-
duction properties. Thus, the third series permitted the use of higher
surface temperatures in the rectangular channel, retaining, at the same
time, the good insulating properties of the walls.

The rear chamber, located behind the test channel, incorporated a
multichannel mixer, made from boron carbonitride, intended for mea-



suring the flow temperature. In the mixer, the flow was distributed
over six channels with chromel-aluminum thermocouples (0.35 in diam-
eter) at the outlets. The channel axes were adjusted parallel to the
axis of the test channel, in order to reduce the influence of the radia-
tion from the plasmatron arc and the plasma column in the test channel
on the temperature measurements. The thermoelectric power of the
thermocouples was measured by an EPP-09 electronic potentiometer.
The mixer was surrounded on all sides by a large number of molydenum
foil screens in order to reduce the radiation losses of the thermocouple
sensors. The outer surface of the rear chamber was thermallyinsulated
by an asbestos fabric. From the rear chamber, the argon was made to
flow at atmospheric pressure to the connecting piece of an exhaust fan.

The plasmatron, the mixing chamber, and the test channel were
cooled with tap water supplied from a constant-pressure cylinder. The
cylinder provided a constant water pressure of roughly 0.5 gauge at-
mospheres at the input of a water gauge. From a distributing manifold,
the water flowed (separately for each heat exchanger) through the
water gauge, the first mixing tank, the heat exchanger, and thesecond
mixing tank before being discharged. The water flow through each
heat exchanger was determined from the pressure drop at a measuring
disk with the aid of a % -shaped differential manometer. All the water
gauges were mounted on a water meter panel, and their recordings
were photographed. Each water gauge was individually calibrated by a
volumetric technique.

The difference in the water temperature in the mixing tanks (with
a capacity of roughly 500 em®) was measured by differential four-
junction chromel-copel thermocouples (thermopiles), the recordings
being made by a 12-point electronic self-registering EPP-09 potentio-
meter or by a UPIP-60 apparatus.

A transverse magnetic field was generated by an electromagnet.
The effective area of each magnet tip was 120X 25 mm. For a pole
spacing of 21 mm, the maximum magnetic induction at the middle of
the gap was 2 tesla. All parameters of the equipment were measured in
the steady-state mode. The transit time to steady-state operation was
15 to 20 min. The accuracy of the heat flow measurements was assessed
from the thermal balance of the equipment.

2. Data processing. The mean value of the heat flux density at the
test-channel wall was determined for each cylinder from the formula
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where ¢, G, and At are, respectively, the specific heat, the flow rate,
and the temperature difference of the water measured in the mixers
mounted at the inlet and outlet of each cylinder; d is the tube diameter
or the equivalent hydraulic diameter of the rectangular channel equal
to the ratio of the quadruple cross-sectional area to the wetted peri-
meter; and ! is the cylinder length along the channel axis.

Owing to the high thermal conductivity of copper and the small
wall thickness, the inner-surface temperature of the circular channel
wall differed only slightly from the temperature of the cooling water
and, therefore, varied within a relatively narrow range (290 to 370° K)
as compared to the variation of the mean mass flow temperature. Be-
cause of this, a constant wall temperature of 340° K was taken for cal-
culating the heat-release coefficient in the circular channel.

Since the thermal conductivity of boron carbonitride is rather high
(five times that of high-alumina concrete), the temperature of the
inner surface of the channel wall formed by high-alumina concrete
sleeves was also taken constant and equal to 340° K.

The temperature of the inner surface of the rectangular-channel
wall formed by high-alumina concrete sleeves was calculated from the
values of the heat flux and the outer-surface temperature of the sleeves.
A relation describing the temperature dependence of high-alumina con-
crete [5] was used for this purpose.

Here, use was made of a formula describing the heat transfer
through a cylindrical wall with an inner diameter equal to the equiva-
lent diameter of the recrangular channel. The temperature of the
sleeve outer surface was taken constant and equal to 340° K.

The wall temperature of a channel consisting of high-alumina con-
crete, determined in this way, varied from 600 to 1300° K.

The accuracy of heat flux measurements for all flow conditionsem-
ployed was assessed by evaluating the thermal balance of the equip-

ment. It was found that the unbalance with respect to the power ex-
pended in the plasmatron arc did not exceed 5% for a circular channel
and 10% for a rectangular channel.

The mean mass flow temperature for various channel cross sections
was calculated from the thermal balance of the channel length down-
stream from the cross section studied to the rear chamber, where a
sudden change in the flow temperature occurs. At the inlet of each
cylinder of the channel, the mean mass flow temperature was deter-
mined from the formula
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where T— is the flow temperature in the rear chamber.

Assessment of possible errors involved in the determination of the
mean mass flow temperature showed that our method is more accurate
than another frequently used method, in which the temperature is de-
termined from the thermal balance of the plasmatron, the mixing
chamber, and the channel length in front of the cross section studied.

The temperature dependence of the thermophysical parameters of
argon was taken from [6].

The Nusselt number N, averaged over each channel cylinder, was
determined from the formula

qd
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where T, is the mean mass flow temperature at the middle of a cylin-
der, and X\ is the heat transfer coefficient of argon at the temperature
T+ .

The data obtained experimentally for a viscous gravitational lami-
nar flow in a horizontal circular tube with conducting walls are given
in Fig. 2, where Np; and Ny are Nusselt numbers determined with and
without an applied magnetic field, respectively.

Analysis of data obtained for the case examined shows that:

1) Application of an external transverse magnetic field leads to a
decrease in heat transfer. This probably is due to the influence of the
magnetic field on the motion of a gas under the effect of free convec-
tion forces; the heat transfer drop occurs precisely over the channel
length exposed to a strong magnetic field.

2) The maximum heat transfer drop does not exceed 15%, and cor-
responds to the temperature at the tube inlet, which is equal to 4200°K
at a Reynolds number

4GAr
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R= =530.

With a further increase in temperature (which for a given argon flow
rate corresponds to smaller Reynolds numbers), we observed a decline
in the rate of heat transfer decrease,

3) With increasing flow rate (from R = 600 to R = 1600) at a tem-
perature T = 3700° K, the influence of the magnetic field diminishes.
The experiments showed that alkali metals added to the flow condensed
at the cold surface of the tube. This was accompanied by an insignifi-
cant increase in heat release and a smaller influence of the magnetic

field.
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Fig. 2. Relative changes in heat release for laminar flow in a hor-

izontal circular tube under various flow regimes. Each regime is

defined by the mean mass flow temperature, in °K, and by the

Reynolds number in the first cylinder of the channel, as given,

respectively, below: 1) 3200, 860; 2) 3300, 1600; 3) 3400, 650;

4) 8700, 600; 5) 3700, 1600; 6) 3800, 1300; 7) 4200, 530; 8)
4300, 500; 9) 4600, 490.
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Fig. 3. Relative change in the heat release in a rectangular chan-

nel with nonconducting walls for various flow regimes. Each re-

gime corresponds to the mean mass flow temperature, in °K, and

the Reynolds number in the first channel cylinder, as given, re-:

spectively, below: 1) 2400, 3600; 2) 3300, 4200; 3) 3400, 4100;
4) 8700, 4000; 5) 4000, 3900.

Fig. 3 gives experimental data for flow in a rectangular channel at
Reynolds numbers corresponding to laminar-turbulent transition. The
presence of a transverse magnetic field leads, in this case, toadecrease
in heat transfer (up to 10%); no increase in the influence of the mag-
netic field on heat transfer was observed when alkali metal additions
were introduced into the flow. Nor did experiments performed for vari-
ous orientations of the channel cross section relative to the direction of
the magnetic field reveal any noticeable difference in the influence of
the magnetic field on heat transfer. It is noteworthy that an argon
plasma jet generated by a plasmatron possesses a certain nonequilibrium
electrical conductivity, which at a given temperature is comparable to
the equilibrium electrical conductivity of argon containing a readity
ionizable addition, Since the measurement of the nonequilibrium
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conductivity of argon in the present conditions is highly complicated,
the experimental data obtained can not be represented as a function of
the Hartmann number, as is conventionally done in magnetic thermal
physics of electricity conducting fluids,
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