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Thermophoretic force on nonspherical particles in the free-molecule regime
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The present paper is devoted to studying the thermophoresis of a nonspherical convex particle suspended in a
gas with nonuniform temperature distribution in the free-molecule regime. Based on the gas kinetic theory and the
assumption of a rigid-body collision for the gas-particle interaction, analytical expressions for the thermophoretic

forces are obtained for several typical nonspherical bodies, including cylinders, spheroids, needles, disks, and
cuboids. The orientation dependences of the thermophoretic forces and thermophoretic velocities are evaluated
based on these expressions. It is found that the influence of the pitching effect of the nonspheres can be significant.
The expressions for the orientation-averaged thermophoretic forces are also obtained under the assumption of a

uniform particle orientation distribution.
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I. INTRODUCTION

Thermophoresis describes the particle motion caused by
a nonuniform temperature distribution in the surrounding
fluid (usually a gas) [1-4]. The gas molecules with higher
kinetic energy in the hot region usually impinge on the
particle with greater momenta than those coming from the
cold region, which results in a net force (thermophoretic
force) in the direction from the hot to the cold side, as well
as a drag opposite to the particle movement direction. The
thermophoretic velocity of the particle is usually defined as
the terminal velocity induced by the balance between the ther-
mophoretic and drag forces. The thermophoresis phenomenon
has been widely studied over the past decades, because it can
find applications in numerous practical applications, includ-
ing aerosol science [5,6], manufacturing of microelectronics
[7-10], nuclear reactor safety [11], and combustion [12—-16].
However, the underlying physics of thermophoresis is far from
clear, not only for the evaluation of the thermophoretic force
but also for its direction (negative thermophoresis is reported
under some particular conditions) [17-24].

Theoretically, the thermophoretic force can be considered as
the net momentum transfer from the gas molecules over the en-
tire particle surface in unit time. The challenge is to obtain the
molecule velocity distribution of a gas with nonuniform tem-
perature distribution, which might be influenced by the pres-
ence of the particle. This difficulty could be greatly reduced in
the free-molecule regime, where the Knudsen number Kn > 1.
Here, Kn = A/L,, A is the mean free path of the gas, and L,
is the characteristic size of the particle. In the free-molecule
regime, the gas molecules reflected by the particle surface
can usually move for a long distance before colliding with
other gas molecules; i.e., the interactions between the incident
gas molecules and those reflected by the particle surface can
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be neglected. Therefore, the macroscopic motion of the gas
induced by the presence of the particle is also neglected.
Therefore, it is reasonable to assume that the gas molecule
velocity distribution is uninfluenced by the particle. In the
continuum (Kn <« 1) and transition (Kn ~ 1) regimes, the
influence of the particle on the molecule velocity distribution
of the gas cannot be neglected, and there exist several analytical
approaches based on different approximation methods for the
Boltzmann transport equation [25-31]. However, the validity
of these approaches still remains debatable [32,33].

In the free-molecule regime, based on the gas kinetic theory
[34,35], Waldmann [36] determined the thermophoretic force
on a spherical particle suspended in a gas under the assumption
of rigid-body collisions between the gas molecules and the
particle. The Waldmann equation for the thermophoretic force
is given by [36]

o 8k anRZVT 0
P75 kg O

where, « is the thermal conductivity of the gas, m is the gas
molecule mass, kg is the Boltzmann constant, T is the gas
temperature, R is the radius of the spherical particle, and
VT is the temperature gradient of the gas (here, the positive
direction of VT is from the cold to the hot side). It is clearly
seen that the thermophoretic force is in the direction opposite
to the temperature gradient, i.e., from the hot to the cold
side. Experimental [37—43] and numerical [29,44] studies have
shown that the Waldmann equation predicts the thermophoretic
forces quite well for larger Knudsen numbers. However,
negative thermophoresis (thermophoretic force is from low
to high temperature) becomes possible as the particle size
decreases from micro- to nanoscale [21]. Moreover, negative
thermophoresis can also be observed as the flow regime is
in the continuum regime, when the particle has a thermal
conductivity much higher than that of the surrounding fluid
[23].
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It should be noted that the majority of the previous investi-
gations on thermophoresis are for spheres, even though most
aerosol particles of practical interest are definitely nonspheres.
It is a general and convenient theoretical method to simplify
a real particle into a sphere. However, the effect of the
particle shape and orientation on its transport is reported to
be significant according to the available literature [45-61].
In the free-molecule regime, Garcia-Ybarra and Rosner [45]
analyzed the thermophoresis of a spherocylinder (a cylinder
with two hemispherical caps at both ends) and evaluated
the thermophoretic force on the cylinder particle. The ther-
mophoretic force on the cylindrical part is given by [45]

K [2mm o
Fr=—— RoL|oVT 2——|VT, |, 2
T S‘IkBT 0 |:0 ||+( 2) J_i| (2)

where Ry is the cylinder radius; L is the cylinder length;
the subscripts “L” and “||” indicate the temperature gradient
components perpendicular and parallel to the cylinder axis,
respectively; and o is the momentum accommodation coef-
ficient. It is found that the thermophoretic velocity of the
spherocylindrical particle with its axis aligned with VT is
higher than that of a sphere with radius R, by about 31%, and
the direction of the thermophoretic velocity can deviate from
VT by an angle of 12° [45]. As for other nonspherical particles,
few theoretical studies on thermophoresis are available in the
free-molecule regime.

This paper is devoted to derive the expressions for the
thermophoretic forces on the nonspherical particles of convex
shapes in the free-molecule regime. The rest of the paper is or-
ganized as follows. In Sec. II, the molecule velocity distribution
of a gas with a nonuniform temperature distribution is given
based on the Chapman-Enskog thoery. In Sec. III, the explicit
expressions for the thermophoretic forces on several typical
nonspherical bodies, including cylinders, spheroids, needles,
disks, and cuboids, are obtained on the basis of the gas kinetic
theory. Finally, we conclude our paper in Sec. IV.

II. GAS MOLECULE VELOCITY
DISTRIBUTION FUNCTION

As mentioned in Sec. I, in the free-molecule regime, the gas
molecule velocity distribution is uninfluenced by the presence
of the particle. According to the Chapman-Enskog theory
[34,35], for a gas with nonuniform temperature distribution,
the gas molecule velocity distribution reads

= fod+ @), (3)

where f is the equilibrium Maxwellian velocity distribution
function,

3

o\
Jo= n(ﬁ> exp(—h’C"), 4)

and & is the correction owing to the temperature gradient,

8htk

O =—
5p

5
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FIG. 1. The coordinate systems for a nonspherical particle sus-
pended in a nonuniform temperature field of a highly rarefied gas.

Here, h = \/m/(kgT), n is the molecular number density of
the gas, and C’ is the thermal velocity of the gas molecule.

Consider a nonspherical particle with arbitrary convex
surface suspended in a gas with nonuniform temperature field.
A global coordinate system { X, Y, Z} with its origin located
at the center of the particle is established, as shown in Fig. 1(a),
wherein X is in the direction of the temperature gradient. Let
I, J, and K be the unit vectors in the X, Y, and Z directions,
respectively. The thermal velocity of the gas molecule is C' =
UL+ V'J+WK= U,V ,W)T, and the temperature gra-
dientis VT = (VT,0,0)". A local coordinate system {x, y, z}
with its origin fixed to the surface element d§ of the particle
is also introduced, as shown in Fig. 1(b), wherein y is in the
inward normal direction of dS, and x and z are tangent to dS.
Let i, j, and k be the unit vectors in the x, y, and z directions,
respectively. In the system {x, y, z}, the thermal velocity of
the gas molecule is ¢’ = u'i + v'j + w'k = («’,v’,w’)T. Then,
the transformation between the above two coordinate systems
can be expressed as

x=M-X, (6)

where x = (x,y,2)T,X = (X,Y,Z)7, and the transformation
matrix

ax oy 0oz

M= |8x Br Bz|. (7N
Yx Vv Vz

Here, Ax,Ay, and Az(A = «,B,y) are the direction cosines
of I, J, and K in the coordinate system {x, y, z}, respectively.

According to the above definitions, the thermal velocity
components in the global coordinate system can be expressed
by those in the local coordinate system, U’ = w'ayx + v' By +
wyx, V =vay +v'By +w'yy, and W =v'ay +v' Bz +
w’yz. Thus, the gas molecule velocity distribution function
can be rewritten as

f=f{l+AVT[RPW? + v +w?) - 3]
x (u'ax +v'Bx + w'yx)}, (8)
where the Maxwellian velocity distribution function fj is

3
fo= n<%> expl—h2w? + v +w?), ()

and A = —8h*«/(5p).
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FIG. 2. The transformation between the global and local coor-
dinate systems: (a)—(c) the global and auxiliary coordinate systems;
(d) the auxiliary and local coordinate systems.

III. ANALYTICAL EXPRESSIONS FOR
THERMOPHORETIC FORCES ON THE
NONSPHERICAL PARTICLES

A. General integral expressions for the thermophoretic forces
on rigid particles in the free-molecule regime

Based on the gas kinetic theory, the thermophoretic force
can be considered as the net momentum transfer from the gas
molecules over the entire particle surface in unit time, which
consists of two contributions: momentum exchange due to
the incident gas molecules and reflected ones [62—64]. In
the present paper, we assume that the mass of the particle is
much larger than that of the gas molecule. The net momentum
transfer of the incident gas molecules can be calculated by an
integration of the momentum transfer on the surface element,
which depends on the velocity distribution function given
by Eq. (8). The contribution by the reflected gas molecules
depends on the reflection scenarios of the gas molecules
upon collisions with the particle. There are two limiting
cases of reflection: specular and diffuse reflections. For the
specular reflection, the collision between the gas molecule
and the particle is elastic and there is no tangential momentum
transfer. For the diffuse reflection, the incident gas molecule
is reemitted with an equilibrium Maxwellian distribution
specified at the particle surface temperature 7,, (assumed to
be equal to the gas temperature 7). Usually, the reflection is a
mixing of specular and diffuse scatterings. It is conventional
to introduce a momentum accommodation coefficient, which
denotes the fraction of molecules reflected in a diffuse
manner.

In the local coordinate system, the force on the surface
element of the particle in the y direction is given by

p=pi+p =Q2—0ppi +0ppw, (10)

FIG. 3. The coordinate systems for a cylinder.
and the tangential forces in the x and z directions are

Ty = Tyj — Txyr = O¢ Ty, (11)

T, =Tz — Ty = 07Ty (12)

Here, p;,7y;, and t, are the normal and tangential forces
induced by the impinging gas molecules, while p,,t,,, and
7., are attributed to the reflection of the gas molecules. o, =
(pi=p:)/(pi—pw) and o = (7;~7,)/(7i—T,) are the normal and
tangential momentum accommodation coefficients. p,, and
7, are the normal and tangential forces due to the diffusely
reflected gas molecules. Clearly, t,, = 0 and

po I [l SIS me? fodudvdw . /x -

No R0 ) fodudvdw 2%

where N, is the number of the diffusely reflected gas
molecules. For completely diffuse reflection, N, is equal to
the total number of the impinging gas molecules N;,

+o00  pto0  pto00
N; :/ / / vfdudvdw. (14)
—00 0 —00

Then, the normal and tangential forces due to the impinging
and outgoing gas molecules are expressed by

400 “+o00 —+00
Di =/ / / mv? fdudvdw, (15)
—00 0 —00
+00 +00 +00
Tyi =/ / / muvfdudvdw, (16)
+00 +00 +00
Ty —/ / / mvw fdudvdw, a7

400 ptoo pHoo
/ / vfdudvdw. (18)

By substituting Egs. (8) and (9) into Egs. (15)—(18), the
parts of normal and tangential thermophoretic forces on the
surface element are rewritten as

pw=

PAVT Bx

_ 22
pi = asmn exp (—h*vg), (19)

AVT
T = ﬁ(ax —2Bxh%ugvo)exp (—h*}),  (20)
AVT
=t T — 2Bk uowexp (<), @D
pAVT By
Pw = —% exXp (—hzvo), (22)
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FIG. 4. The coordinate systems for a spheroid.

where u, vy, and wy are the mass velocity components of the
gas in the local coordinate system. Here, we focus our attention
on subsonic gas flow, in which only the first order term of
hvy is taken into account and the influence of higher order
terms can be neglected. Finally, the thermophoretic force acting
on the particle can be obtained by integrating the elementary
force components (p, 7., and t,) over the whole surface of the
particle,

Fy = / {orTriax+[(2 — ap)pi + Gpr]/Bx + 0. Tyx}dS,
S

(23)

Fy = f (0: Ty +I(2 — 0,)pi + 0 pulBy + 0vtuyr}dS,
S

(24)

Fz = / {octxiaz +[2 —0,)pi +0ppuwlBztocTiyZ}dS,
s

(25)

which are expressed in the global coordinate system. Equa-
tions (23)—(25) could be considered as the general integral
expressions for the thermophoretic forces on rigid nonspherical
particles with a convex surface in the free-molecule regime.
Note that the above derivation is restricted to the particle with
a convex surface; otherwise multiple collisions should be taken
into account.

B. Transformation matrices

Considering the influence of the particle’s orientation on the
thermophoresis, it is necessary to specify the orientation of the
particle. An auxiliary coordinate system {X,Y},Z;} has to be
introduced with its origin also fixed at the center of the particle
as show in Figs. 1 and 2. Let I;,J;, and K, be the unit vectors
in the X1,Y;, and Z, directions, respectively. The coordinate
system {X,Y},Z,} are related to coordinate systems {x, y, z}
and {X, Y, Z} by

X=M1 'X], (26)

and

X; =M;-X, 27

*
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FIG. 5. Variation of the reduced thermophoretic force as a func-
tion of i for a prolate spheroid: (a) the orientation dependence of the
parallel thermophoretic force; (b) the orientation dependence of the
transverse force.

where X; = (X;,Y;,Z,)7, and M, and M, are the transforma-
tion matrices from {X,Y;,Z;} to {x, y, z} and from {X, Y,
Z} to {X1,Y1,Z,}, respectively.

By substituting Eqs. (26) and (27) into Eq. (6), the transfor-
mation matrix

M=M, - M,. 28)

Here, the transformation matrix M is particle shape dependent
and independent of the particle orientation, while the transfor-
mation matrix M; is independent of the particular shape of the
particles and depends on the particle orientation.

As shown in Fig. 2(d), a general transformation matrix M;
can be given by

sin ¢ 0 cos ¢
M; = [ cos¢sing —cosé —singsing |, (29)
cos ¢ cosé& sin & —sin¢ cosé
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FIG. 6. Orientation dependence of the deviation angle B, for a
prolate spheroid.

J

cos ¢ cos @ cosf — sin ¢ sin g
cos @ sin @
—sin ¢ cos @ cos — cos ¢ sin @

M, =

Actually, rotation (c) is unnecessary for axisymmetric parti-
cles (including, cylinders, spheroids, disks, and needles) if Y is
set to be in the direction of the particle axis. The angle between
X and Y is denoted by y (the angle between the temperature
gradient and the axis of particles), and cosyr = cosgsiné (see
Fig. 1).

Then, in the following subsections, the thermophoretic
forces on several typical nonspherical particles are calcu-
lated, including cylinders, spheroids, disks, needles, and
cuboids.

C. Cylinders

Consider a cylinder of length L and radius Ry(L > Ry),
wherein the end effect of the cylinder can be neglected. As
shown in Fig. 3, the solid angles £ = 0and 0 < ¢ < 27. Then,
the transformation matrix M, for a cylinder

sing O cos¢
My =|cos¢p 0 —sing |. 31
0 1 0
The surface element
dS = RydpdY,. (32)

By substituting Egs. (19)—(22), (28), and (30)—(32) into
Egs. (23)—(25), the instantaneous thermophoretic force com-
ponents {Fx, Fy, Fz} on a cylinder can be obtained as follows:

F K 2mm e T o 4 (2 % Vsin?y
=—— o —0,— — |sin“y |,
XTS5 kT 0 ' PT

(33)

where ¢ denotes the angle between X and the projection of
y in the X; O Z, plane and £ denotes the supplementary angle
between y and Y;. Here, the solid angles (¢, &) depend on the
shape of particles.

For the nonspherical particles, the transformation matrix
M, can be expressed by the Euler angle (¢, 6, ¢) defined by
the three successive rotations, as shown in Figs. 2(a)-2(c). The
rotation sequence is as follows:

(a) Rotating the global coordinate system {X,Y,Z} by an
angle ¢ clockwise about the Y axis to generate the coordinate
system {X',Y’,Z'} [see Fig. 2(a)].

(b) Rotating the coordinate system {X',Y’,Z’} by an angle
6 clockwise about the Z' axis to generate the coordinate system
{X",Y",Z"} [see Fig. 2(b)].

(c) Rotating the coordinate system {X”,Y”,Z”} by an
angle ¢ clockwise about the Y” axis to generate the auxiliary
coordinate system {X,Y],Z;} [see Fig. 2(c)].

Therefore,
—cos¢ sinf cos ¢ sing cosf + sin ¢ cos ¢
cos @ sin ¢ sin 6 . 30)
sin ¢ sin 0 —sin ¢ sin ¢ cos @ + cos ¢ cos ¢

(

Ly LY Tt \RyLVT cos r cosf, (34)
= — _— — 0, — — COS COS U,
YOS kT rT )
F, = 2Ty % \RyLVT cos ¥ sin ¢ sin 6
= = [— — 0, — — COS SIN@ Sino.
2= 5\ kpT rT )R 4

(35)

Then, the expression for the thermophoretic force on a
cylinder in the free-molecule regime is given by

Fr=—< 2m RoL|o. VT, + (2 +Z\vr
=—= O —a —_— ,
r 5\ kgl ° I D)) +

(36)

which is consistent with Eq. (2) [45], if 0; = 0, = 0. Here, the
total thermophoretic force are decomposed in the directions
parallel and perpendicular to the cylinder axis, respectively,
i.e., Fr = Fr | + F7 1. The thermophoretic force can also be
decomposed in the directions parallel and perpendicular to
VT.¥r =Fr , +Fr,. Here, Fr, = Frcosy + Fr siny
denotes the thermophoretic force parallel to VT (aligned with
VT),and Fr, = Frsiny — Fr | cosy denotes the transverse
thermophoretic force. Then,

Fr,

i [2mm RoL|o.cos’yr + (2 + s sin®y |VT
=—= o —0, + — ,
SV ks OTLT L

(37)
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FIG. 7. Variation of the reduced thermophoretic force as a func-
tion of ¥ for an oblate spheroid: (a) the orientation dependence of the
parallel thermophoretic force; (b) the orientation dependence of the
transverse force.

Fr, =— RoL|2 — - Z\vr Ysiny. (38)
= o CcOos ¥ sin Y.
! 5V kgT 0 P 2

As shown by Egs. (37) and (38), the total thermophoretic
force on the cylinder is not opposite to the direction of
temperature gradient VT', because a transverse force, Fr ;,
is induced by the pitching effect of cylinder. In the present
paper, the thermophoretic force component opposite to VT is
called the parallel thermophoretic force, while the component
perpendicular to VT is called the vertical thermophoretic force
or transverse force, for short.

For a small particle undergoing Brownian rotation in the
free-molecule regime, it is expected to rotate freely in the
absence of a strong external force field [50,55]. Under this
assumption, the orientation of the particle undergoes a uni-
formly random distribution. The average force acting on the

25F
20t *W %, v Z?az(l) 8
L = " a=0.
15- '*** * ¢ bla=0.5
0p & M‘ * *  bla=0.1
i %, * - - - - Disk
T Spde” ag )
o o%
=
o sl X
Z ol
-10 +
/,
= -15+
20+
25+
0 180

w (degrees)

FIG. 8. Orientation dependence of the deviation angle 8, for an
oblate spheroid.

particle can be obtained by the orientation averaging,

1 2 2 T
(Fy = / / / Fsin0dodeds.  (39)
872 Jo 0 0

By substituting Egs. (33)—(35) into Eq. (39), the transverse
force vanishes. Thus, the orientation-averaged thermophoretic
force on a cylinder is given by

2k [2mm
(Fr)=——,/7—Q2 —0, +0)R)LVT,

40
15V kgT (“40)

which is consistent with Wang’s result [47] in the rigid-body
limit.

D. Spheroids

Consider a spheroid with semiequatorial axis (or radius)
a and semipolar axis (or half length) b. As shown in Fig. 4,
0< & <7 and 0 < ¢ < 2x. The transformation matrix M;
for a spheroid can be expressed as

sin ¢ 0 cos ¢
M, = | cos¢psiné —cos§ —singsiné 41
cos ¢ cosé& sin & —sin¢ cosé
The surface element
dy,
dS =rd¢ds = rdq&.—g =aDdY\d¢, 42)
sin

—x,

FIG. 9. The coordinate systems for a cuboid.
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and the distance between the surface element and the axis 72
sin§ = - L /D,
Y? b
r=a 1—b—l2 =aDsiné,

(43) ,
cosE = ﬁYl/D. (44)
where .
By substituting Eqgs. (19)—(22), (28), (30), and (41)—(44)
a2 Y2 into Eqgs. (23)—(25), the instantaneous thermophoretic force
D= \/1 + (ﬁ — 1) b_12’ components {Fx, Fy, Fz} on the spheroid are given by

J

K [2mm b o b, 2 b 5 )
Fxy =—— aVT]o, DdY, +\2 -0, — — sin“£ DAY, + cos”yr (2cos“E —sin“E)DdAY, |, (45)
5 kBT —b 2 —b —b
K [2mm O b 2 2
Fy=——= |—=|2—0,— —= |aVT cosycosb (2cos“E — sin“€) DAY, 46)
5 kBT 2 —b
Kk [2mrm g . . b 2 2
F7=——= |—|2—-0,——= )aVT cosy singsinf (2cos“E — sin“E)DdY;. a7
5V kgT 2 b

Thus, the thermophoretic force on a spheroid in the free-molecule regime reads

K [2mm b g b 2
Fr=—-— aq[o: VT +22 —0,)VT|] DdY, + |2 -0, — — (VI —2VT)) sin“£ DAY ¢, (48)
5\ kT b 2 b

where the direction of thermophoretic force also deviates from the opposite direction of VT. Being similar to cylinders, the
transverse force must vanish after orientation averaging. Thus, the orientation-averaged thermophoretic force

(Fpy = — 2% [2 ot 6)aVT /b DdY (49)
=—— [—R2—-0,+0,)a ,
r 15\ kzT r !

which is opposite to V7. Note that integral terms in Eqs. (48) and (49) depend on a and b. Then, the explicit expressions for the
themophoretic force on spheres, prolate spheroids, and oblate spheroids can be obtained based on Eq. (48), respectively.

1. Sphere (a = b = R,)

For a sphere,

b
/ DdY; = 2Ry,
—b
b 4
.2
f sine DAY, = = Ry. (50)
b 3
Thus, Eq. (48) becomes
F M I oyt o) REVT (51)
= —— —0 O¢ ,
T 15\ ksT i 0

which is consistent with Eq. (1), if 0, = 6, = o [36].

2. Prolate spheroid (b > a)
For a prolate spheroid,

/ " pav, =a+ L in YO =
=a+ —— arcsin ———,
b : b —a? b

b 2 2 _ 2 2 _ 42
/ sin2epdy; = —2 a4+ T 229 presin Y297, (52)
b b2 —a? b2 — g2 b
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If b/a > 1, the prolate spheroid is like a needle in shape. Then, Eq. (52) can be simplified to

b
/ DdY, = —b,
—b

b
/ sin’6 DAY,

b
Thus, the thermophoretic force on the needle is given by

Tk |2mm

Fp = —— |
g 10\ kgT

In this case, the thermophoretic force for an extremely
prolate spheroid (a needle) given by Eq. (54) is proportional
to that for a cylinder given by Eq. (36) by a coefficient of /4
(@ =Rp,and b = L/2).

Figure 5 presents the orientation dependence of the reduced
thermophoretic force at different aspect ratios for prolate
spheroids. Here, the orientation is denoted by the angle
between VT (X) and the particle axis (Y;), ¥. We choose
0, =07 =0.9 for the momentum accommodation coeffi-
cients [62]. The reduced thermophoretic forces F7. » = Frp/S,
Fr,= Fr./S, and F} = Fr/S are calculated for spheroids
and spheres, respectively. According to Fig. 5(a), the maximum
parallel thermophoretic force appears in the case of = 7 /2,
(i.e., the axis of the spheroid is perpendicular to VT'), while the
minimum is at Y = 0 (i.e., the axis of the spheroid is parallel
to VT'). This is because the gas-particle collision cross section
against the temperature gradient decreases from ¢ = /2 to
¥ = 0 or ¢ =, which results in an enhanced momentum
transfer at ¢y = m /2. As for the transverse force F7 ,, its mag-
nitude is small compared to the parallel thermophofetic force,
butits influence might be significant because it is perpendicular
to VT. The deviation angle of the total thermophoretic force
with respectto —VT, 8, ,is defined by tan, = Fr ,/Fr ,,as
shown in the inset of Fig. 6, and its maximum is about 15.4°.
There is no deviation in the cases of v = Oorys = /2 because
of the symmetry. With increasing b/a, the thermophoretic
force and the deviation angle for a prolate spheroid vary gently
from those for a sphere to a needle.

3. Oblate spheroid (a > b)
For a oblate spheroid,

b b2 /a2 — b2
/ DdY, =a + lna+ a ,
b Ja? —b? b
b b2 b2_2 2 / 2_b2
fsinngarY1 - a+ @ g Ve .
b a? —b? ) b

(55)

If a/b > 1, the oblate spheroid is like a disk in shape. Then,
Eq. (55) can be simplified to

b
f DdY] =a,
—b

b
/ sin?¢ DAY, = 0.
—b

(56)

T
2
T
= Zb. 53
> (53)
or
ab[orVT + (2 — 0, + 7>Vn] (54)

(

Thus, the thermophoretic force is given by

Kk [2mrm ,
Fr=——o a’lo: VT +22—0,)VT}l. (57
5V kgT

Here, the thermophoretic force on the disk with negligible
thickness can also be obtained by the linear superposition of
this force on the leading and trailing surfaces.

— — -Needle

(a) - - - - Disk Sphere
14+ ¢ Oblate Spheroid e Prolate Spheroid
L bla=o . -
. -~ ”
N . bla=0 - Vs
N . .

Tp

081"

0 45 90 135 180
v (degrees)
0.4 )
(b) - - - - Disk Sphere = = -Needle
0.3+ © _Oblate Spheroid o Prolate Spheroid
021 7 Bla=n ~
0.1 /7 \ .
A 7 \ OO, .
/ ba=2 D o,
0.0 — =
*S: W, b=l &Q&Qmwioy
0.1 . eooaaoanes® \ ,
b/a=0.5 .’ N\ ,
. . N
021 . . ~_-7
03+ b/a=0
_04 L 1 N 1 N 1 N
0 45 90 135 180

v (degrees)

FIG. 10. The reduced thermophoretic velocity versus ¥ for non-
spheres: (a) the parallel reduced thermophoretic velocities; (b) the
transverse reduced thermophoretic velocities.
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¢ Oblate Spheroid e  Prolate Spheroid

15
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5

PPN
L, 7 blamo”

(]

SEN

7 (degrees)

0 45 90 135 180
v (degrees)

FIG. 11. The deviation angle x (drift direction with respect to
—VT) versus ¥ for nonspheres.

Figure 7 shows the orientation dependence of the reduced
thermophoretic force at different aspect ratios for oblate
spheroids. Again, the momentum accommodation coefficients
0, =07 =0.9. It is found that the maximum parallel ther-
mophoretic force appears at ¥ = 0, while the minimum is
at ¢ = /2 which is different from the prolate spheroids.
However, the explanation is in the same manner, i.e., because
there is a maximum gas-particle collision cross section against
the temperature gradient if the axis is parallel to VT. Being
similar to the prolate spheroids, the transverse force is small

J

in magnitude and vanishes in the case of ¥ =0 or ¢ =
/2. With varying orientation, the magnitude of the reduced
transverse force for the oblate spheroid is larger than that for a
prolate spheroid, so the influence of the pitching effect is very
significant (with a maximum angle around 24.8°; see Fig. 8).
The thermophoretic force and the deviation angle for an oblate
spheroid are close to those on a disk for very small b/a, and
turn into those on a sphere if b/a = 1, as it should be.

E. Cuboids

Consider a cuboid with length, width, and height equal to
l1,0>, and I3, respectively. The thermophoretic force on the
cuboid consists of six parts, i.e., forces on the top, bottom,
front, back, left, and right surfaces. It is clear that the rota-
tion angle ¢(0 < ¢ < 2m) in Sec. IIIB has to be considered
in the transformation matrix M, because a cuboid is not
axisymmetric.

In the front surface, the solid angles ¢ = 7 /2 and § = 7 /2,
as shown in Fig. 9(b). Therefore, the transformation matrix

1 0 O
Miqu=|0 0 -—-1]1. (58)
0O 1 O
The surface element
dS =dX,dY,. (59)

For the other five surfaces, the transformation matrix M;
can also be obtained in the same way. Finally, the total force
is the linear superposition of the forces on these six surfaces,

K

Fx = X 2 VT (1, + iz + I31h) 2 2 o VT 2psin®0
=— |——0 - — — 0, — — cos psin
X S5\ wkgT ! L wkgT P 2 1 4

+ l513(cos ¢ sin ¢ 4+ sin ¢ cos ¢ cos 9)2 + I311(cos ¢ cos ¢ cos O — sin ¢ sin (p)z], (60)
2K 2m o . . . . .
Fy=—— [——=|2—0,— —= |VT[lilacos¢sinf cost — l,l3sin ¢ sinO(cos ¢ sin ¢ + sin { cos ¢ cos 0)
5\ wkgT 2
— I31y cos ¢ sinB(cos ¢ cos ¢ cos @ — sin ¢ sin ¢)], (61)
2k | 2m o . .9 . .
Fz=—— |——=|2—0,— — |VT[lil;sin ¢ cos sin“6 + l,13(sin { cos ¢ cos 6 + cos ¢ sin ¢)
5 JT]CBT 2

X (sin ¢ sin ¢ cos @ — cos & cos ¢) + [311(cos & cos ¢ cos B — sin ¢ sin @)(cos ¢ sin ¢ cos 6 + sin ¢ cos ¢)] . (62)

Then, the total thermophoretic force can be written as

Fr = —g\/E{Z(Z —0p)(1bVTL, + LIBVTL, + BLVTL) + o [(ls + BL)VTL, + (bl + 1)V,
+ (il + LBE)VTL ]} (63)
and the orientation-averaged thermophoretic force is given by
(Fr) = _x 2—m(hlz-l—lzh + 512 -0, +0)VT, (64)
15\ wkgT
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ELINNT3

where the subscripts “.L;”, “1,” and “13” denote that temperature gradient vector is perpendicular to the planes /,/5,/5/3, and
I31}, respectively.
In the case of [ = I, = I3 = [, the cuboid turns into a cube, and the thermophoretic force is given by

FT:_2_K 2m
5 JTkBT

(2—o0,+0)*VT. (65)

Note that the thermophoretic force on a cube is exactly in the direction opposite to the temperature gradient; i.e., there is no
transverse force for a cube.

F. Thermophoretic velocity

As mentioned in Sec. I, the balance between the thermophoretic and drag forces results in a thermophoretic velocity. For a
nonspherical particle, it has been shown that the thermophoretic force is not aligned with the temperature gradient V7', and there
is a transverse force due to the pitching effect. Therefore, the thermophoretic velocity of the nonspherical particle is supposed
to deviate from the negative direction of VT. Following Ref. [36], the expression for thermophoretic velocity is obtained by
balancing the thermophoretic force with the drag force (see Appendix), i.e., Fp + Fr = 0.

For cylinders, the thermophoretic velocity components parallel and perpendicular to the cylinder axis are given by

K VT
= — , 66
Ll SnkgT (66)
vT 8—4 20,
V= Ip T2 67)
SnkgT \8 — 40, + o, + 20,

which is consistent with Ref. [47] if 0; = 0, = o . Itis found that the thermophoretic velocity is independent of the cylinder size.
To clearly illustrate the influence of the particle shape on its thermophoretic motion under a temperature gradient, Egs. (66) and
(67) are rewritten in the directions parallel and perpendicular to VT, i.e., Vr , and V7 ,,

" 3 g g 0y vy (68)
= - cos sin ,
T.p SnkpT 8 — 40, + 70, + 20
K o
=T : Vs : 69
T, 5nk3T<8—4al,+an+201> sin ¥ cos (69)

For spheroids, the thermophoretic velocity components parallel and perpendicular to the axis can be obtained as

v kVT 42 —op) ffb cos’&£ DAY, + 20, ffb sin’ € DAY, a0)
T, = — ; ’
SnkpT | (8 — 40, + wo,) [*, cos2e DAY, + 20, [*, sin’€ DY,
v VT, 4o, [*, cos2E DAY, + (8 — 4o, + 207) [*, sin*e DAY, an
T, = — .
SnksT | 4o, [*, cos2E DAY + (8 — 4o, + w0, + 207) [, sin’E DY,
The thermophoretic velocity components parallel and perpendicular to VT are given by
Vi, = — K 42 —o0,) — (@8 —40, —20,)I COSzllf n 40, + (8 — 40, — 20,)T sinzw vT.
’ SnkgT | (8 — 40, +7o,) — (8 —40, + w0, — 20,)T 40, + (8 — 40, + o, — 20,0
(72)
Vp, = — K 42—-o0,)— (8 —40, —20,)I _ 40, + (8 — 40, — 20,)I VT sin y cos .
’ SnkgT | (8 — 40, +no,)— (8 —40, + 7o, —20)" 40, + @8 —40, + 7m0, —20,)I
(73)

respectively. Here, I' = f_bb sin’& DAY,/ ffk DdY,, and other integrals in Eqs. (70)—(73) have been given in
Sec. IIID.

Figure 10(a) presents the orientation dependence of the reduced thermophoretic velocities for spheres, spheroids, needles, and
disks. Here, the reduced thermophoretic velocity is defined as Vi = V7 /Vr ghere» Where Vi ghere is the thermophoretic velocity
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for spheres,

42 -0, + 0 )kVT
58 — 40, + o, + 4o kT’

VT,sphere = - (74)

The momentum accommodation coefficients o, = oy =0.9. For spheres, the reduced parallel thermophoretic velocity
component V7 is equal to unit and the reduced transverse component V7 is zero. For nonspheres, V7 , is unambiguously
orientation dependent while V7, is small in magnitude and is expected to vanish after orientation averaging. At ¢y = 0 (with the
particle axis aligned with VT), V}‘ , of aprolate spheroid (including a needle) is larger than unit (by 35.3% for a needle), and V7 ,
of an oblate spheroid (including a disk) is less than unit (by 17.6% for a disk) because of the suppressed (enhanced) friction on a
prolate (oblate) spheroid when the axis is aligned with its moving direction. At ¢ = /2 (with the particle axis perpendicular to
VT), the parallel thermophoretic velocity of a prolate particle is less than that of an oblate particle. Figure 11 plots the deviation
angle of the thermophoretic velocity with respect to —VT (see the inset in Fig. 11). The maximal deviation angle is as high as
14° for a disk at about ¥ = 7 /4, which highlights the influence of the particle shape on the thermophoretic motion because the
moving direction can be changed by the transverse forces.
For cuboids, the thermophoretic velocity components read

o _KVTL 4R —ophl 4200l +15h) ] 3)
DT T snkg T 8 — 40, + o)Ly + 20, (ls + I31y) |’

kVT,, i 42 — op)hl3 + 20.(L11r + I31y)
SnkpT | (8 — 40'p + 7T0'p)1213 + 20l + 131)) | ’

(76)

_ _KVTL3 i 42 — op)l3l; + 20.(Lir + L13)
SnkpT | (8 — 4O‘P + 7'[O'p)l3ll +20.(Lilh + 113) | ’

(77)

Here, the thermophoretic velocity is size dependent. In the case of /| = [, = I3 = [, the cuboid turns into a cube. Its thermophoretic
velocity is size independent and reads

42 -0, + 0o )kVT
58 — 40, + o, + 4o )nkgT

Vi =— (78)

G. Thermophoretic torque

For a general particle orientation with angle (¢, 6, ¢), the thermophoretic torque T on the particle can be calculated by
integration of the torque dT on the surface element d S over the whole particle surface,

T:/dT:/(rxrx—i—rxp—i—rxrz)dS, (79)
s s

where p, 7,, and 7, are the normal and tangential forces and r = rx, I; + ry,J1 + rz K, the position vector from the mass center
of the particle to the surface element.
For the cylinder, the thermophoretic torque components {Tx,,Ty,,Tz,} are given by

L2

Tx, = / (Yitocos¢p — Yy psing — Ryt sinp)RodpdY, =0, (80)

-12Jo

/ L/2 pox
Ty, = / / T, RdpdY, =0, (81)
-2 Jo

Lj2 pom

= / / (=Y1T,singp — Yy pcos¢p — Ryt cos ) RodpdY, = 0, (82)
-2 Jo

which is consistent with results of Ref. [45].
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For the spheroid, the thermophoretic torque components read

b p2nw
Tx1 = / (YiTocosgp +rpcosésing — Yipsin€sing —rr, sin€sing — Y7, cos € singp)aDdepdY, =0, (83)

—bJ0O

b 2w
Ty] 2/ / rxraDd(]ﬁle = 0, (84)
-b JO

b p2rm
Tz = / (=Y T, singp+rpcosé cosp—Y;psin&cos¢p —rr,sin& cos¢p — Y17, cos & cosplaDdpdY; =0, (85)
-bJo

where, r, sin, cos§, and D are given in Eqs. (43) and (44).

For the cuboid, the thermophoretic torque components {Tx,,Ty,, Tz, } on the front surface (see Fig. 9) can be written as

L2 pb)2 . -
Tx, r= Yp— =1, )dX,dY, = — | ———1L,LI5VT 0, 86
o ./_13/2/12/2< b T) T 0V 2mk T cos g sin (86)
L2 ph)2 . -
Ty r = / / <—Tx + X1P>dX1dY1 | ———1L13VT(cos ¢ cos g cosf — sin ¢ sin @), (87)
1J2 J—1/2 10V 27 kgT

13/2 5L/2
TZIf_/ / ( Y]TX+X1TZ)dX1dY1 =0. (88)

/2 J—L/2

In the back surface, both x and y directions are reversed, and the thermophoretic torque components read

I3/2 /2
TX1 b= / / <Yp + = TZ>dX1dY1
13/2 5/2

K
\Y
~ToV 2n T Tl1lzl3 T cosgsind, (89)

LJ2 phf2 « m
Ty, » = [ / ( X1p>dX1dY1 = — | ———111b13VT(cos ¢ cos ¢ cos §— sin ¢ sin @), (90)
1212 10V 2k T
L2 phf2
Tzlb—/ / ( Y['Ex~|—X1‘L'Z)dX1dY| =0, (91)
13)2 =1 /2

which can be counteracted by the thermophoretic torques on
the front surface. Similarly, the thermophoretic torques for the
other four surfaces counteract each other due to the symme-
try. Finally, the cuboid experiences zero net thermophoretic
torque.

According to the above calculations, there is no net ther-
mophoretic torque on cylinders, spheroids, and cuboids, which
can be attributed to the symmetry of their particular shape.
In fact, it has been reported that any particle that has three
mutually perpendicular planes of symmetry will experience
zero net thermophoretic torque [45].

IV. CONCLUSION

In summary, we have theoretically studied the thermophore-
sis of the nonspherical rigid particles in the free-molecule
regime based on the gas kinetic theory. The formulas for
the thermophoretic forces acting on the convex particles,
especially several typical nonspherical bodies, including cylin-
ders, spheroids, needles, disks, and cuboids, are obtained by
considering the influence of the particle shape and orientation.
The expressions for the thermophoretic forces on the cylinders
and spheres (a special case of spheroids) are consistent with
those in the open literature. Due to the pitching effect of

(

nonspheres, there exist transverse forces perpendicular to
the temperature gradient, which might significantly affect
the thermophoresis (especially its direction) of nonspherical
particles even though it is small in magnitude compared to the
force component opposite to the temperature gradient. Under
a uniformly random distribution of the particle orientation, the
expressions for the orientation-averaged thermophoretic forces
are obtained by orientation averaging.
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APPENDIX

A particle suspended in a gas with a nonuniform
temperature distribution is subjected to a thermophoretic
force as well as a drag. In the steady state, the particle
moves with a thermophoretic velocity by balancing the
thermophoretic force with the drag force on the particle. The
normal and tangential drag forces on the surface element are
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given by
P 1
pi = T {hvo exp (—h*vg) + ﬁ(hzvg + 5)[1 + erf(hvo)]}, (A1)
6 = S {exp () + VTl + et )
oW
T, = 2\/50}1 {exp (—hzvg) + J/mhy[l + erf(hvo)]}, (A3)
Do = ﬁ{exp (—=h*v3) + Thvoll + erf(hvp)l}, (A4)

where erf(x) = (2//7) f(f e d n is the error function. Thus, the drag force on a cylinder is given by

¥p = —n,/znkaTRoL[o,VJr(z —o,+ %ap + %)Vl]. (AS5)

The drag force on a spheroid reads

Fp = —n\/ankBTa{ [o,vl + 2(2 — o, + %;,,)V] /

and the drag force on a cuboid can be written as

zkaT
T

FD=—I’1

b T or b 5
DdY1+ 2—0,,—}—2(7,,—? (VL—ZV”) S éDdY] ,
b -b

(A6)

i
{2<2—GP+ZUP> (L1 V 1, +DLIV L4104V L) +or [(lbl+BIDV L+ L + BV, + (b + 1213)VJ_3]}-

(A7)

The above results are consistent with the drag expressions given in Ref. [62] if we assume that 07 = 7).
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