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Abstract: This paper describes a theoretical study of the steady motion of a large solid nonvolatile

aerosol spherical particle, which contains thermal sources within itself, in a concentration gradient

of binary gas mixture components. It is assumed that an average particle surface temperature sig-

nificantly differs from the temperature of the binary gas mixture surrounding it. Equations of gas

dynamics are solved taking into account the power-law dependence of the molecular transfer coef-

ficients (viscosity, thermal conductivity, and diffusion) and the density of the gaseous medium on

temperature. Under boundary conditions, diffusion and thermal slip are taken into account. Numer-

ical estimates show that the diffusion and photophoretic forces and velocity substantially depend on

the average particle surface temperature.
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INTRODUCTION

In gaseous media, the ordered movement of aerosol particles can occur under the influence of forces of various

nature (including molecular), such as diffusiophoretic and photophoretic forces. A diffusiophoretic force causes an

ordered motion of particles in two- and multicomponent gaseous media with an inhomogeneous distribution of

its components due to external concentration gradients. The velocity acquired by particles as the effect of a

diffusiophoretic force is balanced by the force of viscous resistance of the medium is called diffusiophoretic velocity

[1–3]. Photophoresis in a gas is particle motion in a field of electromagnetic radiation under the influence of

radiometric force [4, 5]. When electromagnetic radiation interacts with a particle inside of it, heat energy is released

with bulk density qi, which is why this particle is nonuniformly heated. The gas molecules surrounding the particle

collide with its surface and then are reflected from the heated surface of the particle at a higher velocity speed

than from a cold one. Depending on the size, shape, and optical properties of the particle material, as well as

the radiation wavelength, both the illuminated and the shady surfaces of the particle may turn out to be hotter.

Therefore, both positive (particle motion in the direction of radiation propagation) and negative (particle motion in

the opposite direction) photophoresis may occur. The phenomena of diffusiophoresis and photophoresis are almost

always observed in thermodynamically nonequilibrium aerodisperse systems

Diffusiophoretic and photophoretic forces can have a significant impact on particle deposition in the channels

of heat and mass exchangers and on particle motion in the regions of “bleaching” of dispersed systems, and they
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also can be used for fine cleaning of small volumes of gases, taking aerosol samples, and applying special coatings

of given thickness from particles with desired properties, etc. In theoretical works devoted to the study of diffusion

and photophoresis, these phenomena are well described at small relative temperature differences in the vicinity

of a particle [1–5]. A relative temperature difference is understood as the ratio of the difference between an

average particle surface temperature TiS and the temperature of a gaseous medium far from it T∞ to the latter.

The relative temperature difference is considered to be small if inequality (TiS − T∞)/T∞ � 1 is fulfilled and

large if (TiS − T∞)/T∞ ∼ O(1) (i stands for the particle, S refers to the physical quantities at an average particle

surface temperature, and ∞ means the physical quantities characterizing a gaseous medium in an unperturbed

flow). In the latter case, the particle is called heated. Particle surface heating can be caused, for example, by a bulk

chemical reaction, radioactive decay of the particle substance, absorption of electromagnetic radiation by a particle,

and so on.

If (TiS − T∞)/T∞ ∼ O(1), gas-dynamic equations are solved only with account for a dependence of molec-

ular transfer coefficients (viscosity, thermal conductivity, and diffusion) and the density of a gaseous medium on

temperature. Moreover, the gaseous medium is considered to be nonisothermal, and the system of gas-dynamic

equations describing this medium becomes nonlinear. There are very few papers on particle motion at significant

relative temperature differences in gaseous media, with most of those only touching upon the gravitational motion

of heated large solid particles [6], thermophoresis of large heated solid particles [7], and photophoresis of heated

large solid particles [8]. It is shown in [6–8] that heating a particle surface can have a significant effect on particle

motion.

At present, there is increasing interest in studying the behavior of suspended particles in thermodynamically

nonequilibrium systems (see, e.g., [9–11]). This work is related to a combined effect of diffusion and photophoretic

forces on a heated large nonvolatile spherical particle suspended in a binary gas mixture.

1. FORMULATION OF THE PROBLEM

In a binary gas mixture with density ρe, thermal conductivity λe, diffusion D12, and dynamic viscosity μe,

we determine a solid aerosol spherical particle with radius R (subscript e refers to the gas). Inside the particle, there

are active nonuniformly distributed heat sources with density qi. The particle is considered to be large [1]. The

gas medium consists of two components whose relative concentrations are denoted as C1 and C2. Here C1 = n1/n,

C2 = n2/n, n = n1 +n2, ρe = ρ1 + ρ2, ρ1 = m1n1, ρ2 = m2n2, and m1n1 and m2n2 denote the mass and numerical

concentration of molecules of the first and second components of the binary mixture. It is assumed in determining

the diffusiophoretic and photophoretic forces and velocity that inequality C1 � C2 is fulfilled.

As the particle is heated, the properties of the gaseous medium and the particle are described while accounting

for the power form of the dependences of molecular transfer coefficients on temperature is taken into account [12]:

μe = μ∞tβe , λe = λ∞tαe , D12 = D∞t1+ω
e , λi = λi0t

γ
i .

Here μ∞ = μe(T∞), λ∞ = λe(T∞), D∞ = D12(T∞), λi0 = λi(T∞), tk = Tk/T∞ (k = e, i), 0.5 � α � 1.0,

0.5 � β � 1.0, 0.5 � ω � 1.0, and −1 � γ � 1. The values of thermal conductivity, dynamic viscosity, and diffusion,

for example, for a binary air–CO2 mixture are taken at α = 0.81, β = 0.72, and ω = 0.70 (273 K � Te � 900 K).

The relative approximation error is not larger than 5% [12].

In a theoretical study of diffusion and photophoresis, it is assumed that, due to a short thermal relaxation

time, the heat and mass transfer process in a particle–binary gas mixture system is quasistationary. Particle motion

occurs at small Peclet and Reynolds numbers, with free convection being neglected (the Grashof number is much

smaller than unity). The problem is solved using the hydrodynamic method, and the main hydrodynamic variables

are determined in solving the hydrodynamic equations with corresponding boundary conditions.

It is convenient to derive expressions for diffusiophoretic and photophoretic forces and velocities in a spherical

coordinate system (r, θ, ϕ), associated with the center of mass of the aerosol particle. Thus, the solution of the

problem is reduced to analyzing an infinite plane–parallel gas flow around a particle, and velocity U∞ of this flow

is to be determined (U∞ ‖ Oz). The z axis is directed horizontally along the concentration gradient ∇C1∞ of the

first component of the binary gas mixture, which is constant at infinity. The distributions of velocities, pressures,

relative concentrations, and temperatures have axial symmetry with respect to the Oz axis. With the indicated
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choice of the origin, the heated particle can be considered as stationary, and the external medium (binary gas) can

be viewed as moving at a velocity U∞ = −Udph (Udph is the velocity of diffusiophoresis and photophoresis) in a

direction opposite to the direction of the actual motion of the heated particle.

With account for the assumptions made, we solve the system [13]

div (λe∇Te) = 0, div (λi∇Ti) = qi; (1.1)

div
(n2m1m2

ρe
D12∇C1

)
= 0, n =

Pe

kTe
; (1.2)

∂

∂xk
Pe =

∂

∂xj

[
μe

(∂U (e)
k

∂xj
+
∂U

(e)
j

∂xk
− 2

3
δjk
∂U

(e)
n

∂xn

)]
,

∂

∂xk
(ρeU

(e)
k ) = 0

with the following boundary conditions:

y → ∞: U (e)
r = U∞ cos θ, U

(e)
θ = −U∞ sin θ, Pe = P∞,

C1 = C0 + |∇C1∞|r cos θ, Te = T∞ (y = r/R);
(1.3)

y → 0: Ti �= ∞; (1.4)

y = 1: Te = Ti, −λe ∂Te
∂y

= −λi ∂Ti
∂y

− σ0σ1R(T
4
i − T 4

∞),
∂C1

∂y
= 0; (1.5)

U (e)
r = 0, U

(e)
θ = KTS

νe
RTe

∂Te
∂θ

+KDS
D12

R

∂C1

∂θ
. (1.6)

Here xk are the Cartesian coordinates, U
(e)
k denotes the mass velocity components, k is the Boltzmann constant,

νe = μe/ρe is the kinematic viscosity, U∞ = |U∞|, σ0 is the Stefan–Boltzmann constant, σ1 is the total emissivity,

and KTS and KDS are thermal and diffusion slip coefficients. Under boundary conditions on the particle surface

(1.5) and (1.6), the equality of temperatures and the continuity of a radial heat flux with account for thermal

radiation, the vanishing of the normal mass velocity component, the thermal and diffusion slip for the tangent mass

velocity component, and the impermeability of the particle surface for the radial flow of the first component of the

binary gas mixture are taken into account. The standard flow conditions and the concentration gradient of the first

component of the binary gas mixture, which is set far from the particle, are taken into account in the boundary

condition (1.3) and the finiteness of physical quantities in the particle volume is accounted for in (1.4). As the

problem is solved by the hydrodynamic method (gas dynamic equations are solved), the boundary conditions are

assumed to be known.

When performing numerical estimates, it is necessary to know the values of the thermal and diffusion slip

coefficients. They are determined from solving the Boltzmann equation in the Knudsen layer and, in the general

case, depend on the type of the molecular interaction model used, the average particle surface temperature, and

the mass ratio of the mixture molecules [11, 14, 15]. If, in the boundary condition C1e = C0 + |∇C1∞| r cos θ, we
pass on to the dimensionless variable y, then there is a small dimensionless parameter ε = R|∇C1∞| � 1 in the

problem. It is easy to show that the velocity of a large solid particle in a concentration gradient field is proportional

to |Udh| ∼ D12 |∇C1∞| ∼ (D12/R)ε [1–3]. This means that, when considering diffusionophoresis, we can restrict

ourselves to corrections to the first order of smallness with respect to ε. Taking into account the above-given, it is

necessary to expand the slip coefficients in a series with respect to a small parameter, and, considering the boundary

condition for the tangent mass velocity component and the studies from [14, 15], the role of a zeroth approximation

in numerical estimates of the strength and velocity of diffusiophoresis and photophoresis should be played by values

K
(0)
TS = 1.161 and K

(0)
DS = 0.27 [1, 14, 15].

The key parameters in the problem are material constants μ∞, ρ∞, λ∞, and D∞, as well as parameters R,

T∞, |∇C1∞|, and U∞. Reynolds numbers can be made from these parameters (Re∞ = RU∞/D∞). Thus, the

role of a small parameter is played by ε = R|∇C1∞| in describing diffusiophoresis and by ε = Re∞ in describing

photophoresis.
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At ε� 1, the solution of the gas-dynamic equations is sought in the form

Ve = V (0) + εV (1)
e + . . . , Pe = P (0)

e + εP (1)
e + . . . (1.7)

(Ve = Ue/U∞).

It follows from the boundary conditions that the mass velocity components V
(e)
r and V

(e)
θ should be sought

for in the form of expansions of Legendre and Gegenbauer polynomials [13]. To determine the total force acting on

the particle, it is sufficient to obtain the first terms of these expansions. Then, expressions for the mass velocity

components of zero approximation (1.7) take the form

V (e)
r (y, θ) = cos θG(y), V

(e)
θ (y, θ) = − sin θg(y),

where G(y) and g(y) are the arbitrary functions dependent on the y coordinate.

2. TEMPERATURE FIELDS OUTSIDE AND INSIDE OF THE PARTICLE

AND THE RELATIVE CONCENTRATION FIELD OF THE FIRST COMPONENT

OF THE BINARY GAS MIXTURE

The diffusiophoretic and photophoretic forces and velocities can be determined one knows temperature

fields outside and inside of the particle and the relative concentration distribution of the first component. For this,

Eqs. (1.1) and (1.2) are solved. Their solutions are sought for using the perturbation theory [16]:

te(y, θ) = te0(y) + εte1(y, θ), ti(y, θ) = ti0(y) + εti1(y, θ). (2.1)

Here

te0(y) =
(
1 +

Γ0

y

)1/(1+α)

, ti0(y) =
(
B0 +

H0

y
− 1

y

1∫
y

ψ0 dy +

1∫
y

ψ0

y
dy

)1/(1+γ)

, V =
4

3
πR3,

te1(y) =
cos θ

tαe0

Γ1

y2
, ti1(y) =

cos θ

tγi0

[
B1y +

H1

y2
+

1

3

(
y

y∫

1

ψ1

y2
dy − 1

y2

y∫

1

ψ1y dy
)]
,

H0 =
(1 + γ)R2

3λi0Te∞
J0, H1 =

R

3λi0Te∞
J1, J0 =

1

V

∫

V

qi dV, J1 =
1

V

∫

V

qiz dV, x = cos θ,

ψ0 = −R
2(1 + γ)

2λi0Te∞
y2

+1∫

−1

qi(r, θ) dx, ψ1 = − 3R2

2λi0Te∞
y2

+1∫

−1

qi(r, θ)x dx
(
tk =

T

T∞
, k = e, i

)
,

∫

V

qiz dV is the dipole moment of density of heat sources [8, 10] (z = r cos θ and dV = r2 sin θ dr dθ dϕ); the

integration is carried out over the entire volume of the particle.

The solution of the diffusion equation (1.2) is sought in the form

C1(y, θ) = C10(y) + εC11(y, θ). (2.2)

We substitute Eq. (2.2) into the diffusion equation (1.2) and obtain

div (tωe0∇C10) = 0, div (tωe0∇C11 + ωtω−1
e0 te1∇C10) = 0. (2.3)

Integrating the first equation (2.3) two times, we obtain the following expression satisfying the boundary condi-

tion (1.4):

C10(y) = C0 +M0(t
1+α−ω
e0 − 1). (2.4)
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The solution of the second equation (2.3) is sought in the form

C11(y, θ) = τ(y) cos θ. (2.5)

Expressions (2.5), (2.4), and (2.1) are substituted into Eqs. (2.3), which results in

y2
d2τ

dy2
+ y

(
2− ωl

1 + α

)dτ
dy

− 2τ = −1 + α− ω

1 + α
ω
M0

tωe0

l(2− l)

y2
Γ1. (2.6)

The homogeneous equation (2.6) is sought in the form

y2
d2τ

dy2
+ y

(
2− ωl

1 + α

)dτ
dy

− 2τ = 0. (2.7)

A point y = 0 for Eq. (2.7) is a regular singular point, so its solution is sought in the form of the generalized

power series [17]

τ(y) = yρ
∞∑
n=0

Δnl
n, l =

Γ0

y + Γ0
, Δ0 �= 0. (2.8)

Equation (2.8) is substituted into Eq. (2.7), which results in a governing equation ρ2 + ρ− 2 = 0, whose roots are

equal to ρ1 = 1 and ρ2 = −2.

The first solution of Eq. (2.7), which corresponds to a root larger in absolute magnitude, is determined as

Φ1(y) =
1

y2

∞∑
n=0

Δ(1)
n ln (Δ

(1)
0 = 1). (2.9)

Equation (2.9) is substituted into Eq. (2.7) and the method of undetermined coefficients is used to obtain the

following recursion formula for Δ
(1)
n (n � 1):

Δ(1)
n =

1

n(n+ 1)

[
(n+ 1)

(
2n− 2− ω

1 + α

)
Δ

(1)
n−1 − (n− 2)

(
n− 1− ω

1 + α

)
Δ

(1)
n−2

]
.

The second solution of Eq. (2.7) is sought in the form

Φ2(y) = y
∞∑

n=0

Δ(2)
n ln +

a2
y2

ln (y)
∞∑
n=0

Δ(1)
n ln (Δ

(2)
0 = 1).

A recursion formula for Δ
(2)
n (n � 4) is obtained similarly:

Δ(2)
n =

1

n(n− 3)

{
(n− 2)

(
2n− 2− ω

1 + α

)
Δ

(2)
n−1 − (n− 2)

(
n− 1− ω

1 + α

)
Δ

(2)
n−2

+
a2
2Γ3

0

n−3∑
k=0

(n− k − 2)(n− k − 1)
[
(2k + 3)Δ

(1)
k −

(
2k − 2− ω

1 + α

)
Δ

(1)
k−1

]}
,

Δ
(1)
0 = Δ

(2)
0 = Δ

(2)
3 = 1, Δ

(2)
1 = − ω

2(1 + α)
, Δ

(2)
2 = 1,

a2
2Γ3

0

=
Δ

(2)
1

6

(
2− ω

1 + α

)
,

Δ(1)
n = 0, Δ(2)

n = 0

at n < 0.

The partial solution of the heterogeneous equation is written as

Φ3(y) = −1 + α− ω

1 + α
ω
l(2− l)

y2tωe0
M0Γ1.

Thus,

C1(y, θ) = C10(y) + εC11(y, θ),

where C10(y) = C0 +M0(t
1+α−ω
e0 − 1) and C1(y, θ) = cos θ(D1Φ2(y) +M1Φ1(y) + Φ3(y)).
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The integration constants included in the expressions for the temperature fields and the concentrations of

the first component are determined from the boundary conditions on the particle surface:

Γ1 =
RtαeS
λiST∞δ

J1, Γ0 = t1+α
eS − 1, M1 = −ΦI

2(1)

ΦI
1(1)

.

Here δ = 1 + 2λeS/λiS + (4σ0σ1R/λiS)T
3
e∞t

3
eS , λiS = λi0t

γ
iS , λeS = λe∞tαeS , and ΦI

1(1), Φ
I
2(1) denotes the first

derivatives from the corresponding functions, taken at y = 1, tiS = ti0 (y = 1), and teS = te0 (y = 1).

The average particle surface temperature TiS = tiST∞ is calculated by solving the system of transcendental

equations

tiS = teS ,
l(S)

1 + α
teS =

R2

3λeST∞
J0 − σ0σ1

RT 3
∞

λeS
(t4eS − 1), l(S) =

t1+α
eS − 1

t1+α
eS

. (2.10)

The degree of heterogeneity of radiation energy distribution in a particle depends on optical constants of the

particle material mS and diffraction xa. Then an expression for radiation density transformed into heat can be

written as qi = 4π(nSaS/(n0λ0))I0BS , where mS = nS + iaS, xa = 2πR/λ0, nS is the refractive index, aS is

the absorption coefficient, n0 is the refractive index of the medium, I0 and λ0 denote the radiation intensity and

wavelength, and BS is the coordinate function calculated using the Mie theory [11].

With fulfillment of the inequality λe � λi, which is valid for most gaseous media, the thermal conductivity

of the particle is much larger than that of the gas, which means that, in the dynamic viscosity equation, the

dependence on angle θ in the particle–gas system can be ignored (assuming that there is weak angular symmetry in

the temperature distribution). In view of this, it can be considered that viscosity depends only on temperature te0(r),

i.e., μe(te(r, θ)) ≈ μe(te0(r)). This assumption allows one to consider the hydrodynamic part separately from the

thermal part (they are related via boundary conditions).

3. SOLUTION OF THE HYDRODYNAMIC PROBLEM.

ANALYSIS OF THE RESULTS OBTAINED

The results of studying the velocity-linearized Navier–Stokes equation in a spherical coordinate system show

that, if the thermal conductivity of the particle is much higher than that of the gas (weak angular asymmetry in

the temperature distribution), this equation can be reduced to a third-order inhomogeneous differential equation

with an isolated singular point whose solution can be sought in the form of generalized power series (see [6]).

Thus, the general expressions for the mass velocity components, which satisfy the boundedness condition of

the solution as y → ∞, have the form

U (e)
r = U∞ cos θG(y), G(y) = A1G1 +A2G2 +G3,

U
(e)
θ = −U∞ sin θg(y), g(y) = A1G4 +A2G5 +G6,

Pe = P∞ +
μ∞U∞
R

tβe0

{y2
2

d3G

dy3
+ y

[
3 +

β − 1

2
yf

] d2G
dy2

−
[
2− y2f I − β

2
y2f2 + (β − 2)yf

]dG
dy

+ 2
[
y2f II + yf I(4 + yβf)− 2

3
f
]
G
}
,

where

f = − l

y(1 + α)
, Gk =

(
1 +

l

2(1 + α)

)
Gk−3 +

1

2
yGI

k−3 (k = 4, 5, 6),

f I, f II, GI
1, G

I
2, and G

I
3 denote the first and second derivatives with respect to y from the corresponding functions,

G1(y) =
1

y3

∞∑
n=0

C(1)
n ln, G2(y) =

1

y

∞∑
n=0

C(2)
n ln + ω2 ln (y)G1(y),

G3(y) =

∞∑
n=0

C(3)
n ln + ω3 ln (y)G1(y).
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The values of C
(1)
n (n � 1), C

(2)
n (n � 3), and C

(3)
n (n � 4) are determined using the recursion formulas

C(1)
n =

1

n(n+ 3)(n+ 5)
{[(n− 1)(3n2 + 13n+ 8) + γ1(n+ 2)(n+ 3) + γ2(n+ 2)]C

(1)
n−1

− [(n− 1)(n− 2)(3n+ 5) + 2γ1(n
2 − 4) + γ2(n− 2) + γ3(n+ 3)]C

(1)
n−2

+ (n− 2)[(n− c1)(n− 3) + γ1(n− 3) + γ3]C
(1)
n−3},

Δk = (3k2 + 16k + 15)C
(1)
k − [(k − 1)(6k + 13) + γ1(2k + 5) + γ2]C

(1)
kk−1

+ [3(k − 1)(k − 2) + 2γ1(k − 2) + γ3]C
(1)
k−2,

C(2)
n =

1

(n+ 1)(n+ 3)(n− 2)

{
[(n− 1)(3n2 + n− 6) + γ1n(n+ 1) + nγ2]C

(2)
n−1

− [γ3(n+ 1) + (n− 1)(n− 2)(3n− 1) + 2γ1n(n− 2) + γ2(n− 2)]C
(2)
n−2

+ (n− 2)[(n− 1)(n− 3) + γ3 + γ1(n− 3)]C
(2)
n−3

+
ω2

Γ2
0

n−2∑
k=0

(n− k − 1)Δk − 6
(−γ4)(1− γ4) · · · (n− 1− γ4)

n!

}
,

C(3)
n =

1

n(n+ 2)(n− 3)

{
(n− 1)[3n2 − 5n− 4 + γ1n+ γ2]C

(3)
n−1

− [(n− 1)(n− 2)(3n− 4) + 2γ1(n− 1)(n− 2) + γ2(n− 2) + nγ3]C
(3)
n−2

+ (n− 2)[(n− 1)(n− 3) + γ1(n− 3) + γ3]C
(3)
n−3

+
ω3

2Γ3
0

n−3∑
k=0

(n− k − 2)(n− k − 1)Δk

}
.

At the same time,

C
(1)
0 = 1, C

(2)
0 = 1, C

(3)
0 = 1, C

(3)
1 = 0, C

(2)
2 = 1, C

(1)
2 = −1

8
(2γ1 + γ2 + 6γ4),

ω3

2Γ3
0

= −γ3
60

(10 + 3γ1 + γ2), γ4 =
β

1 + α
, γ1 =

1− β

1 + α
,

ω2

Γ2
0

=
1

15

[1
4
(2γ1 + γ2 + 6γ4)(4 + 3γ1 + γ2) + 3γ3 + 3γ4(γ4 − 1)

]
,

C
(2)
3 =

γ3
4
, C

(3)
3 = 1, γ2 = 2

1 + β

1 + α
, γ3 =

2 + 2α− β

(1 + α)2
;

at n < 0, we have C
(1)
n = 0, C

(2)
n = 0, and C

(3)
n = 0.

Integration constants A1 and A2 are determined from the boundary conditions on the surface of the aerosol

particle.
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Thus, in a first approximation with respect to ε, we obtained expressions for the temperature fields outside

and inside of the aerosol particle, the relative concentration distributions of the first component of the binary gas

mixture, and the velocity and pressure distributions in its vicinity.

The resulting force acting on the particle is determined by integrating the stress tensor on the aerosol particle

surface [13]:

Fz =

∫

(S)

(−Pe cos θ + σrr cos θ − σrθ sin θ)r
2 sin θ dθ dϕ

∣∣∣
r=R

(3.1)

(σrr and σrθ are the stress tensor components).

The expressions obtained above are substituted into Eq. (3.1) and integrated, resulting in the expression for

the total force

F = Fμ + Fph + Fdh,

where Fμ = 6πRμ∞U∞fmnz is the force of viscous resistance of the medium, Fph = −6πRμ∞fphJ1nz is the

photophoretic force, Fdh = −6πRμ∞fdh |∇C1∞|nz is the diffusionphoretic force, and nz is the unit vector in the

direction of the Oz axis.

The values of fm, fph, and fdh can be estimated using the expressions

fm =
2

3

N2

N1
, fph = K

(0)
TS

4νeS
3δT∞teS

G1(1)

N1λiS
,

fdh = K
(0)
DS

4D
(S)
12 G1(1)

3N1

Φ2(1)Φ
I
1(1)− Φ1(1)Φ

I
2(1)

ΦI
1(1)

,

where N1(1) = G1(1)G
I
2(1)−G2(1)G

I
1(1), N2(1) = G1(1)G

I
3(1)−G3(1)G

I
1(1), and νeS = νe∞t

1+β
eS .

The total force F is equated to zero, so the following expression is obtained for the diffusiophoretic and

photophoretic velocity Udph of the solid large heated spherical particle in the binary gas mixture:

Udph = −(hphJ1 + hdh |∇C1∞|)nz, hph = fph/fm, hdh = fdh/fm.

Functions G1(y), G
I
1(y), G

II
1 (y), G2(y), G

I
2(y), G

II
2 (y), G3(y), G

I
3(y), G

II
3 (y), Φ1(y), Φ2(y), Φ3(y), N1(y), and

N2(y) are obtained at y = 1, GI
1(y), G

II
1 (y), etc.; the first and second derivative are obtained from the corresponding

functions.

The resulting expressions for the force and velocity of diffusiophoresis and photophoresis can also be used for

small relative temperature differences in the vicinity of the particle. In the case where the amount of heating of the

particle surface is small, i.e., the average surface temperature slightly differs from the ambient temperature far from

the particle (Γ0 → 0), the dependence of the molecular transfer coefficients (viscosity, thermal conductivity, and

diffusion) and the density on temperature can be neglected. Then, at y = 1, we have G1 = 1, GI
1 = −3, GII

1 = 12,

GIII
1 = −60, G2 = 1, GI

2 = −1, GII
2 = 2, GIII

2 = −6, G3 = 1, GI
3 = 0, GII

3 = 0, GIII
3 = −0, Φ1 = 1, Φ2 = 1, Φ3 = 0,

N1 = 2, and N2 = 3. In this case, the expressions for the force and velocity of diffusiophoresis and photophoresis

match with the known results (see, e.g., [1–4]).

The figure shows the dependence of f∗
m = fm/fm|TiS = 273 K, f∗

ph = fph/fph|TiS = 273 K, and

f∗
dh = fdh/fdh|TiS = 273 K, which are included into expressions for the resistance force, the photophoretic force, and

the diffiophoretic force, on the average temperature TiS for copper particles of a radius R = 25 ·10−6 m, which move

in a air–CO2 binary gas mixture under normal conditions. The numerical estimates obtained using the determined

formulas show that f∗
m, f∗

ph, and f
∗
dh strongly depend on the average particle surface temperature.
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Coefficients f∗
m (1), f∗

ph (2), and f∗
dh (3) versus the average particle surface temperature TiS .

CONCLUSIONS

In this study, the expressions are obtained that allow one to estimate the force and velocity of diffusiophoresis

and photophoresis of large heated nonvolatile aerosol spherical particles when the average temperature of their

surface differs significantly from the temperature of the gaseous medium far from them in the case of a power-law

dependence of the molecular transfer coefficients (viscosity, thermal conductivity, and diffusion) and the density

of the gaseous medium on temperature. Under boundary conditions, thermal and diffusion slip are taken into

account. The estimates show that the diffusion and photophoretic forces and velocity substantially depend on the

average particle surface temperature. According to the resulting expressions for diffusiophoresis and photophoresis,

the behavior of heated large solid spherical particles in thermodynamically nonequilibrium aerodisperse systems, in

which a small constant concentration gradient of the binary gas mixture components is maintained using external

sources, should be described only with account for the combined effect of these effects, which is due to the dependence

of molecular transfer coefficients (thermal conductivity and diffusion) on the average particle surface.

REFERENCES

1. V. S. Galoyan and Yu. I. Yalamov, Droplet Dynamics in Heterogeneous Viscous Media (Luis, Yerevan, 1985)
[in Russian].

2. Yu. I. Yalamov, M. N. Gaidukov, and A. M. Golikov, “Two Methods for Constructing the Diffusiophoresis of
Large Aerosol Particles,” Kolloid. Zh. 39 (6), 1132–1138 (1977).

3. Yu. I. Yalamov and B. A. Obukhov, “Theory of Diffusiophoresis of Large Nonvolatile Aerosol Particles,” Zh.
Tekh. Fiz. 42 (5), 1064–1068 (1972).

4. F. Ehrenhaft, “Die Photophorese,” Ann. Phys. 55, 81–132 (1918).
5. A. A. Cheremisin and A. V. Kushnarenko, “Photophoretic Interaction of Aerosol Particles and Its Effect on

Coagulation in Rarefied Gas Medium,” J. Aerosol Sci. 62, 26–39 (2013).
6. N. V. Malai, E. R. Shchukin, A. A. Stukalov, and K. S.‘Ryazanov, “Gravity-Induced Motion of a Uniformly

Heated Solid Particle in a Gaseous Medium,” Prikl. Mekh. Tekh. Fiz. 49 (1), 74–80 (2008) [J. Appl. Mech.
Tech. Phys. 49 (1), 58–63 (2008)].

7. N. V. Malai, A. V. Limanskaya, and E. R. Shchukin, “Thermophoretic Motion of Large Heated Aerosol Spherical
Particles,” Prikl. Mekh. Tekh. Fiz. 57 (2), 164–171 (2016) [J. Appl. Mech. Tech. Phys. 57 (2), 337–343 (2016)].

8. N. V. Malai, A. V. Limanskaya, E. R. Shchukin, and A. A. Stukalov, “Photophoresis of Heated Large Spherical
Aerosol Particles,” Zh. Tekh. Fiz. 82 (10), 42–50 (2012) [Tech. Phys. 57 (10), 1364–1371 (2012)].

9. Chyi-Yeou Soong, Wen-Ken Li, Chung-Ho, and Pei-Yuan Tzeng, “Effect of Thermal Stress Slip on Microparticle
Photophoresis in Gaseous Media,” Opt. Lett. 35 (5), 625–627 (2010).

434



10. S. A. Beresnev, F. D. Kovalev, L. B. Kochneva, et al., “Possibility of Photophoretic Levitation of Particles in
Stratosphere,” Opt. Atmos. Okeana 16 (1), 52–57 (2003).

11. V. G. Chernyak, S. A. Starikov, and S. A. Beresnev, “Diffusiophoresis of an Aerosol Particle in a Binary Gas
Mixture,” Prikl. Mekh. Tekh. Fiz. 42 (3), 72–83 (2001) [J. Appl. Mech. Tech. Phys. 42 (3), 445–454 (2001)].

12. N. B. Vargaftik, Handbook of Physical Properties of Liquids and Gases (Nauka, Moscow, 1972; Springer-Verlag,
Berlin–Heidelberg, 1975).

13. L. D. Landau and E. M. Lifshits, Course of Theoretical Physics, Vol. 6: Fluid Mechanics (Nauka, Moscow,
1986; Pergamon Press, Oxford-Elmsford, New York, 1987).

14. Yu. I. Yalamov, A. A. Yushkanov, and S. A. Savkov, “Diffusiophoresis of Moderately Large Nonvolatile Aerosol
Particles,” Dokl. Akad. Nauk 301 (5), 1111–1114 (1988).

15. A. A. Yushkanov, S. A. Savkov, and Yu. I. Yalamov, “Dependence Between Slip Coefficients and a Molecular
Interaction Model,” Inzh.-Fiz. Zh. 51 (4), 686–687 (1986).

16. A. B. Vasil’eva and B. F. Butuzov, Asymptotic Methods in the Theory of Singular Perturbations (Vysshaya
Shkola, Moscow, 1990) [in Russian].

17. E. Von Kamke, Handbook of Ordinary Differential Equations (Chelsea, 1974)

435


	Abstract
	INTRODUCTION
	1. FORMULATION OF THE PROBLEM
	2. TEMPERATURE FIELDS OUTSIDE AND INSIDE OF THE PARTICLEAND THE RELATIVE CONCENTRATION FIELD OF THE FIRST COMPONENTOF THE BINARY GAS MIXTURE
	3. SOLUTION OF THE HYDRODYNAMIC PROBLEM.ANALYSIS OF THE RESULTS OBTAINED
	CONCLUSIONS
	REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


