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The process of heat and mass transfer for a substance on sublimation
of a rotating sphere in rarefied air is examined experimentally in this
paper. We have determined the average values for the coefficients of
convective heat transfer at pressures of 10 < P < 10° N/m? for the me-
dium at rotation velocities for the sphere up to 60 rad/sec.

Many researchers have recently devoted their time
to studying the process of heat transfer and the hydro-
dynamics of flow in the rotation of disks, cones, and
spheres in air, without considering the transverse
flow of mass. Here the author makes an attempt ex-
perimentally to study the process of heat transfer from
a rotating sphere in rarefied air when phase conversion
of the first kind takes place on the surface of that
sphere. con

The transfer of heat and mass from a rotating
sphere in rarefied air is of considerable interest fo
astrophysicists, aerodynamicists, and thermophysi-
cists.

When a sublimating sphere rotates in a gas medium
in the viscous regime, the flow of the vapor-air mix-
ture about the sphere—generated by centrifugal and
Coriolis forces—is additionally complicated by a
trangverse flow of matter. The nonuniformity in the
density gradients of the medium at various points on
the sphere in this case complicates the convective
heat- and mass-transfer. Considering the complexity
of the convective heat transfer in the rotation of a
sphere, the author undertook an experimental study in
order to determine only the average values for the
heat-transfer coefficient. The experiments were car-
ried out on a test installation described in [1]. Several
changes had been introduced into this installation, and
namely: the circular heat shield was replaced with a
spherical shield of the same diameter,. and instead of
the balance beam, on the shaft of the electric motor
we mounted the spherical body being studied. The
sphere was made of textolite whose surface was coated
with a thin layer of highly sublimated material—naph-
thalene. A number of microthermocouples were in-
troduced to the surface of the sublimating material
through the hollow shaft; these thermocouples were
used to measure the average temperature of the sphere
surface.

In addition, during the course of the experiment we
measured the surface temperature of both the shield
and the ambient medium, the loss of mass on the part
of the sublimating material, and the velocity of sphere
rotation. To avoid vibration during the rotation, the
experiments were carried out with a sphere of small

dimensions and low weight, and the hollow shaft was
short and quite rigid. The results from these exper-
imental studies are shown in Figs. 1, 2, 3, and 4.
Figure 1 shows Jy, (kg/m?.sec) as a function of
w {rad/sec) for various pressures of the ambient
medium, i.e., (10 < P < 10% N/m?. The experimental
data show that with an increase in the angular velocity
of the sphere there is an increase in the rate of sub-
limation. This quantitative relationship appears over
a wide range of pressures. However, with a drop in
the over-all pressure (P < 1.33 -10% N/m?, the vel-
ocity of sphere rotation begins to exert only slight in-

‘fluence on the sublimation process, and when P =

~ 10 N/m?, we find that Jy, is independent of w,

Proceeding from the function J,, = F{w), on the
basis of the thermal and material balance we deter-
mined the convective heat transfer
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Here it was assumed that the heat which is supplied
to the surface of the sphere is completely expended on
the phase conversion. Figure 2 shows ¢ggp as a func-
tion of w. We see from the figure that with an increase
in w for a pressure of P > 10 N/m?, Coop Increases.
The function oeon = f(w) appears most markedly at
ambient-medium pressures of P > 1.33.10% N/m?
{(curves 1 and 2).
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Fig. 1. Sublimation rate Jp (kg/m?-sec) versus angu-

lar velocity of sphere rotation w (rad/sec) at pressures:

1) 1-10% 2) 1.33-10% 3) 1.33-10% 4) 1.33-10%; 5) 1.33.
-10% N/m?,
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Fig. 2. Convective heat transfer coefficient acy (W/m?-

-deg) versus conditions of sphere rotation velocity w

(rad/sec) at the following ambient pressures: 1) 1-

-10%; 2) 1.33-10%; 3) 1.33-10%; 4) 1.33-10%; 5) 1.33-
-10' N/m?,

To verify the experimental results, we carried out
tests on the heat transfer of a rotating sphere at nor-
mal atmospheric pressure, for which the rate of sub-
limation is very low. These results were compared
with the data of other authors.

Figure 3 shows the comparative data for convective
heat transfer as functions of the velocity of sphere
rotation in dimensionless form. We see from the fig-
ure that the reduced results of our investigations lie
on a single common straight line plotted from the re-
sults—obtained by other authors [2—4]—on heat trans-
fer not encumbered by mass transfer. These data can
be expressed by a criterial equation of the following
form:

Nu = 0.3 Re%52, (2)

The results shown in Fig. 3 are in satisfactory
agreement with the theoretical data derived in [6].
For free convection when «w = 0, the results of the
study at atmospheric pressure are described by the
equation
Nu = 2 -+ 0,34 (Gr)%27, (3)

where when Gr = 0 we obtain Nu = 2, which coincides -

with the theoretically found value for the transfer of
heat by means of pure heat conduction.

In [5, 6] the authors—investigating the transfer of
heat in the rotation of spheres and cylinders—took into
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Fig. 3. Convective heat transfer versus sphere ro-
tation velocity in dimensionless form at normal at-
mospheric pressure: 1) authors' data; 2) otherdata.
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consideration the influence of free convection. The
coefficient of convective heat transfer or, correspond-
ingly, the dimensionless Nu number, in this case, is
a function of the viscosity, inertia, and lift forces.
The influences of these forces on convective heat
transfer is expressed in dimensionless form as the
ratio of the inertial and lift forces to the forces of
friction. The results of the studies are generalized in
the form of the equation

Nu = 2(Re? + Gr)»6, @

where the Re number varies in the range 1-10% < Re <
< 1.8-10% and the ratio Gr/Re?> 0.1. When Gr/Re? <
< 0.1, the influence of free convection can be neglected,
and the Nu number is then determined from Eq. (2).

In the rotation of a sublimating sphere in a rarefied
gas, the mass forces generated on sublimation may be
more substantial than the lift or inertia forces. As
demonstrated by the results of our experiments, at
low pressures (P < 1.33-10% N/m?, the rate of subli-
mation for w = 0 is of the same order of magnitude as
for the rotating sphere. Consideration of the quanti-
tative effect of these forces on the process of convec-
tive heat transfer is not always possible. We there~
fore attempted indirectly to evaluate the effect of the
inertial forces on the rate of convective heat transfer
in a rarefied gas where, because of the over-all in-
tensity of heat transfer resulting from the lift and
mass forces when «w = 0. The results of the experi-
mental study in the pressure range 10 < P < 10* N/m?,
processed in dimensionless form are generalized in
the following equation:

Nu — Nu, = 1.83 Re0-022, (5)

The correlation of the experimental data is shown
in Fig. 4. The Nusselt number and, correspondingly,
the Reynolds number were calculated on the basis of
the experimental data, The physical parameters of the
gas were determined from the arithmetic mean of the
temperature between the surface of the sphere and the
ambient medium.

Having analyzed the experimental data in the pres-
sure range 10 < P < 10° N/m?, we see that the rota-
tional motion of the sublimating sphere leads to apro-
nounced increase in the rate of sublimation. The
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Fig. 4. Correlation of experimental data on heat

transfer on sublimation of rotating sphere at var-

ious pressures of surrounding medium:1) 1.33-
-10%; 2) 1.33-10%; 3) 1.33-10% N/m?.



intensification of the process of convective heat- and
mass-transfer is due in this case to the hydrodynamic
action on the layer of gas adjacent to the sphere.

When the sphere is rotating in an unbounded volume
and the gas-flow regime is viscous, the molecules of
the vapor-air mixture—because of the viscosity—are
drawn into the circular motion. The increase in the
velocity of rotational motion in this case leads to a
rise in the velocity of sphere streamlining, which
governs the increase in the intensity of convective
heat transfer. On the other hand, when we find phase
conversion at the surface of the sphere the rotational
motion enhances the increase in the speed with which
the vapor is removed from the sublimation surface,
i.e., it increases the intensity of the convective mass
transfer.

Because of the nonuniform distribution of the gas-
flow velocities about the rotating sphere, as well as
because of the appearance of a transverse flow of va-
por from the sublimating material, the flow of the
vapor-air mixture becomes complex. The nature of
such a flow is experimentally not easy to determine.
On the basis of experimental results, we can state
that only a transverse flow of substantial density can
exert perceptible influence on the nature of the gas
flow and, consequently, on the process of heat- and
mass-transfer. As is shown by the experimental data,
for a low~-intensity process of sublimation which, in
our case, takes place at atmospheric pressure, we
find complete analogy between the processes of heat-
and mass-transfer. In this case, the intensity of heat
transfer in the presence of mass transfer virtually
coincides with the intensity of pure heat transfer. With
a drop in P, the relative density of the transverse
mass flow increases, while the role of the convective

heat-flow component diminishes. This results in a
phenomenon such that—even in the range of pressures
corresponding to the viscosity regime—the velocity of
sphere rotation has but slight effect on the sublima-
tion process. The nature of sphere streamlining by a
flow of a rarefied gas depends on the relationship be~
tween the mean molecular free path I and the sphere
dimension d, i.e., {/d. Investigations have shown that
with a value of 1/d > 0.01, we cannot neglect the dis-
crete nature of the medium, since we note the effects
of slippage and a temperature discontinuity about the
surface of the sphere in the process of heat- and masgs-
transfer, and these introduce an effective thermal
resistance into the convective heat transfer. In our
case, when P &~ 10 N/m?, I/d = 0.03, and neither the
rate of sublimation nor thevelocity of convective heat-
and mass-transfer are functions of the velocity of
sphere rotation.
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