GRAVITY-INDUCED MOTION OF A UNIFORMLY
HEATED SOLID PARTICLE IN A GASEOUS MEDIUM
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The steady motion of a uniformly heated spherical aerosol particle in a viscous gaseous medium is
analyzed in the Stokes approrimation under the condition that the mean temperature of the particle
surface can be substantially different from the ambient temperature. An analytical expression for the
drag force and the velocity of gravity-induced motion of the uniformly heated spherical solid particle
is derived with allowance for temperature dependences of the gaseous medium density, viscosity,
and thermal conductivity. It is numerically demonstrated that heating of the particle surface has a
significant effect on the drag and velocity of gravity-induced motion.
Key words: Stokes problem, gas—particle system, nonisothermality.

Introduction. Knowing the force of medium resistance to particle motion is necessary in solving many
scientific and engineering problems, e.g., in designing experimental facilities where directed motion of particles
has to be ensured, in developing methods of fine cleaning of gases from aerosol particles, in analyzing particle
precipitation in plane-parallel channels with different temperatures, and in solving numerous problems related to
cleaning of industrial wastes from aerosol particles. It is known that the drag force can be substantially changed
by deliberate heating of the particle, for instance, in the laser radiation field in the case of clearing of clouds and
fogs, in combustion of particles in chemically active media, and in particle transfer in photoprecipitators where the
particle motion occurs under conditions of substantial relative differences in temperature. The relative difference
in temperature is understood as the difference between the particle surface temperature and the temperature of
the medium far from the particle. The relative difference in temperature is assumed to be small if the inequality
(Tes — Teoo)/Teo < 1 holds and to be large if (Tbs — Teoo)/Teoo ~ 0(1) (Tes is the mean temperature of the
particle surface and 7., is the temperature of the gaseous medium far from the particle). The heated surface of
the aerosol particle exerts a significant effect on thermophysical characteristics of the ambient gaseous medium and,
as a consequence, on the magnitude of the drag force.

The problem of the drag force acting on a heated spherical solid particle was first solved in [1], though the
results obtained there cannot be used for large differences in temperature because of the inappropriate choice of the
method used to solve gas-dynamic equations. Moreover, Kassoy et al. [1] considered only the linear dependence of
thermal conductivity and dynamic viscosity on temperature.

For viscosity, thermal conductivity, and diffusion described by power functions [2], an analytical solution of
the problem of the drag force acting on a heated spherical particle was derived in [3-6]; results obtained in these
papers allow the estimates to be made at large differences in temperature.

Sometimes solving problems with nonisothermal flows additionally involved the allowance for the so-called
Barnett temperature stresses [7]; for example, the problem of the flow around a strongly heated sphere was solved
numerically in [8] and analytically in [9]. The Barnett stresses can produce a significant effect on the motion of
particles at Mach numbers M — 0 [8]. In the present paper, the motion of particles is considered for rather low
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Knudsen numbers and not too low Mach numbers, where the temperature stresses may be neglected even for relative
differences in temperature of the order of unity. It should be noted that the solutions of differential equations that
describe the velocity and pressure fields in the form of power series, which are obtained by the method reducing the
problem dimension, are rather cumbersome. In the present work, the solution of gas-dynamic equations is found in
the form of generalized power series, which substantially simplifies the calculations.

1. Formulation of the Problem. We consider a gaseous flow around a uniformly heated spherical aerosol
particle with substantial differences in temperature in the vicinity of the particle.

The particle can be heated to high temperatures, for instance, in the field of laser radiation. The temperature
distribution over the particle surface is close to uniform if the thermal conductivity of the particle is much higher
than the thermal conductivity of the gas or if the radiation wavelength is substantially greater than the particle
radius [10].

In analyzing the flow around the aerosol particle, we assume that all processes are quasi-stationary because of
the small time of thermal relaxation of the gas—particle system. The particle motion occurs at Peclet and Reynolds
numbers much smaller than unity. As (Tes — Teoo)/Teco ~ 0(1), we have to take into account the temperature
dependence of viscosity and thermal conductivity of the gaseous medium. In the present work, we use the power
dependences [2]

He = /’LEOO(TE/TEOO)B7 >\5 - )\eoo(Te/Teoo)a7 0.5 La< 107 0.5 < ﬁ < 107

where preco = pre(Teoo); Aeco = Ae(Teoo), te and A. are the dynamic viscosity and thermal conductivity of the
gaseous medium, respectively, and T, is the gas temperature. The particle is assumed to be uniform in terms of
its composition and large (Knudsen number Kn = A/R <« 0.01, where A is the mean free path of gas molecules),
and there are no phase transitions on the particle surface. The particle radius is rather small, and the influence of
gravity-induced convection on the temperature distribution may be neglected.

Under the assumptions made, the equations and boundary conditions for velocity U., pressure P., and
temperature Tt in the Stokes approximations have the following form [11, 12]:
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div (A VT,) = 0;

r=R, Us =0, Us =0, T. =T.s; (1.2)

r — 00, U, — Uye,cosf —Uyegsin, T, — Teoo, P.— P.. (1.3)

Here Uy and Uj§ are the radial and tangential components of the mass velocity of the gas in a spherical coordinate
system Us, p. is the density of the gaseous medium, Uy, = |Us| (Us is the free-stream velocity determined from
the condition of vanishing of the total force acting on the particle), e, and ey are the unit vectors of the spherical
coordinate system, and F("9) is the vector of the gravity force (Us and |F(m9)| are related so that the total force
acting on the particle equals zero).

The no-slip conditions for the normal and tangential components of mass velocity and the condition of a
constant temperature are set on the particle surface. Conditions (1.3) are used as the boundary conditions at
infinity, i.e., far from the particle. Hereinafter, the index e refers to the gas, and the index oo refers to physical
quantities characterizing the ambient medium in the undisturbed flow.

2. Velocity and Temperature Fields. Velocity of Gravity-Induced Falling of the Particle. To
determine the force acting on a uniformly heated aerosol particle and the velocity of its gravity-induced falling, we
have to find the distributions of temperature, velocity, and pressure in the vicinity of this particle. The general
solution of the heat-conduction equation, which satisfies the corresponding boundary conditions, has the form

te(y,0) = teo(y) = (1 + To/y) /0T, (2.1)

where t. = T./T.00, y = 7/ R is the dimensionless radial coordinate, I’y = t?a — 1 is a dimensionless parameter

characterizing the difference in temperature between the particle surface and the medium far from the particle, and
ts = Tes/Teoo. With allowance for Eq. (2.1), we obtain
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In what follows, relation (2.2) is used to find the velocity and pressure fields in the vicinity of the particle.
The form of the boundary conditions (1.2), (1.3) allows us to separate the variables in solving gas-dynamic
equations. The velocity and pressure components are found in the form

Uy, 0) = UscG(y) cos 0, Ug(y,0) = —Useg(y) sin 0, P.(y,0) = P.oo + h(y) cost, (2.3)

where G(r), g(r), and h(r) are arbitrary functions depending on the radial coordinate r. Substituting Egs. (2.2)
and (2.3) into the Navier—Stokes equation and separating the variables, we obtain the relation
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We seek for the solution of Eq. (2.4
solution of the homogeneous equation (2.4):
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For the homogeneous equation (2.5), the point y = 0 is a regular singular point [13]. The solution of this equation
is sought in the form

~—

in the form of a generalized power series [13, 14]. First we find the

G=y"> Cut",  Co#0. (2.6)
n=0

Substituting Eq. (2.6) into Eq. (2.5), we obtain the governing equation p(p+ 3)(p —2) = 0 whose roots are p; = —3,
p3 =0, and py = 2. The following solution corresponds to the greatest root:

1 o0
Gy = 5 See, ol =1,
n=0

The second solution of the homogeneous equation (2.5), which satisfies the condition of finiteness for y — oo, and
the particular solution of Eq. (2.4) are found in the form
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The expressions for the coefficients cih (n>=1), c? (n = 3), and P (n > 4) found by the method of
undetermined coefficients have the form
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In calculating the coefficients C’,(Ll)7 C’,(LZ)7 and 07(13) by recurrent formulas, one has to take into account that
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The function g(y) in the expression for UJ is related to the function G(y) by the functional relation

1 rdG(y)
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which follows from the continuity equation [second expression in Egs. (1.1)] with allowance for the temperature
dependence of the gaseous medium density (p. = 1/t.0).
Thus, we obtain the expressions for the velocity components
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G, G, and G4 are the first derivatives of the functions G, G, and G with respect to y.

The constants of integration A; and Ay are determined by substituting expressions (2.7) and (2.8) into the
corresponding boundary conditions on the particle surface. The force acting on the particle is found by integrating
the stress tensor over the particle surface [12]:

F, = /(—PS cos 0 + o,y cosf — opgsin)r’sinfdf dp n,.
3

Here 0, = 2. OU? /Or and 0,9 = 1 (OU5/0Or+(1/r) OUS /00 — U§ /r) are the components of the stress tensor in the
spherical coordinate system [12], and n, is the unit vector directed along the Oz axis in the Cartesian coordinate
system.

Based on the relations discussed above, we obtain

F, = 6nRptcoo frlUsom s, (2.9)
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Fig. 1 Dependences of /* (a) and h (b) on the mean surface temperature T£s for Teoco = 0 C,
Pe=1atm, and a =/3=05 (1), a =/3=0.7 (2), and a = /3= 1.0 (3).

A spherical particle falling in a viscous medium under the action of the gravity force starts moving with a
constant velocity at which the action of the gravity force is balanced by hydrodynamic forces. With allowance for
the buoyancy force, the gravity force acting on the particle is

F = {pP- Pe)g(#/'2)'KR3nz (2.10)

(g is the acceleration due to the gravity force; the subscript p refers to the particle).
Equating expressions (2.9) and (2.10), we obtain the expression for the velocity of gravity-induced motion
of a uniformly heated spherical particle (an analog of the Stokes formula):

Ue = h”nz, h,=1r2 " g. (2.11)
e o ojfj,

Thus, relations (2.9) and (2.11) allow us to estimate the force acting on a uniformly heated sphere and the
velocity of gravity-induced motion of this sphere with allowance for the temperature dependences of the gaseous
medium density, viscosity, and thermal conductivity with arbitrary differences in temperature between the particle
surface and the ambient medium far from the particle.

If the particle-surface heating is rather low, i.e., the mean temperature of the particle surface differs in-
significantly from the ambient temperature far from the particle (( —%0), the temperature dependences of density,
viscosity, and thermal conductivity may be neglected. Then, we have G\ = 1, Gx= —3, G"* = 1, G2= —1, G3 = 1,
G3=0, N1 = 2, and N2 = 3. In this case, relations (2.9) and (2.11) transform to the known Stokes equations for a
sphere [11]

Figure 1 shows the dependences of f* = /M/Mt* and h = h*/hfAT” on the mean surface temperature Tes
for an alumina particle of radius R = 5 yitm moving in air at Teoo = 0°G and Pe = 1 atm. It is seen that particle-
surface heating produces a significant effect on the velocity of its gravity-induced motion and on the drag force of
the ambient medium. The theoretical conclusions are supported by experimental data (see, e.g., [15]).

Thus, with allowance for the temperature dependences of the density, viscosity, and thermal conductivity of
a gaseous medium, expressions are derived, which generalize the Stokes formula to the case of steady motion of a
uniformly heated spherical solid particle in a nonisothermal gaseous medium in the field of the gravity force with
arbitrary differences in temperature between the particle surface and the ambient medium far from the particle.

This work was performed within the program “Development of the scientific potential of the higher school”
of the Ministry of Education and Science of the Russian Federation (Grant No. RNP.2.1.1.3263) and was supported
by the grant of the Belgorod State University.



REFERENCES

1.

2.

10.
11.
12.

13.
14.
15.

D. R. Kassoy, T. C. Adomcon, J. R. Messiter, and A. F. Messiter, “Compressible low Reynolds number flow
around a sphere,” J. Phys. Fluids, 9, No. 4, 671-681 (1966).

S. Bretshnaider, Properties of Gases and Liquids. Engineering Methods of Caleulation [in Russian], Khimiya,
Moscow (1966).

. E. R. Shchukin and Z. L. Shulimanova, “Motion of solid particles heated by internal heat sources in binary

gaseous mixtures with prescribed external gradients of temperature and concentration,” Krupskaya Moscow
Regional Pedagogical Institute, Moscow (1984); Deposited in VINITI 09.19.84, No. 7400-84.

E. R. Shchukin, “Effect of surface heating on thermophoretic motion of a particle in the radiation field,” in:
Abstracts of the 3rd All-Union Workshop on Propagation of Laser Radiation in Disperse Media, Part 4, Inst.
Exper. Meteorology, Obninsk (1985), pp. 183-185.

7. L. Shulimanova, “Theory of thermodiffusephoretic, photophoretic, and Brownian precipitation of particles
in plane-parallel channels,” Candidate’s Dissertation in Phys.-Math., Odessa (1986).

. E. R. Shchukin and N. V. Malai, “Photophoretic and thermodiffusephoretic motion of heated nonvolatile aerosol

particles,” Inzh.-Fiz. Zh., 54, No. 4, 630-635 (1988).

M. N. Kogan, V. S. Galkin, and O. G. Fridlender, “On stresses arising in gases owing to inhomogeneity of
temperature and concentrations. New types of free convection,” Usp. Fiz. Nauk, 119, No. 1, 111-124 (1976).
V. S. Galkin, M. N. Kogan, and O. G. Fridlender, “Low-Reynolds-number gas flow around a strongly heated
sphere,” Prikl. Mat. Mekh., 36, No. 5, 880885 (1972).

. E. R. Shchukin, “Effect of nonlinear characteristics of a gaseous medium on motion, capturing, and kinetics of

phase transitions of aerosol particles,” Doct. Dissertation in Phys.-Math., Moscow (1999).

C. Bohren and D. Huffman, Absorption and Scattering of Light by Small Particles, Wiley, New York (1983).
J. Happel and H. Brenner, Low Reynolds Number Hydrodynamics, Noordhoff, Leyden (1965; 1973).

L. D. Landau and E. M. Lifshits, Course of Theoretical Physics, Vol. 6: Fluid Mechanics, Pergamon Press,
Oxford-Elmsford, New York (1987).

V. L. Smirnov, Course of Higher Mathematics [in Russian], Vols. 2 and 3, Nauka, Moscow (1974).

E. Coddington and N. Levinson, Theory of Ordinary Differential Equations, New York (1955).

V. 1. Babii and I. P. Ivanova, “Drag of a particle under nonisothermal conditions,” Teploénergetika, No. 9, 19-23
(1965).



