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Thermophoretic interaction of heat releasing particles
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This study investigates thermophoretic force acting at heat relegalisgrbing particles near the
interface between two media with different thermal conductivities. This force is caused by the
induced temperature gradient which is proportional to the rate of heat reasarption by the
particle. Therefore the magnitude of the thermophoretic force is proportional to the rate of heat
releasgabsorption by the particle, and its direction depends upon the sign of the parametes,
wherek is thermal conductivity of a host medium ard is thermal conductivity of the adjacent
medium. The obtained results imply that a heat releagbgorbing particle is attractedrepelled

to the interface when thermal conductivity of a host medium is less than thermal conductivity of the
adjacent medium. Thus, e.g., growing in air by condensation particle is attracted to a metal surface
while an evaporating in air particle is repelled from a metal surface. The change of temperature
distribution caused by heat releasing particles results in the additional thermophoretic interaction of
these particles. We determined a condition for mutual attraction of two spherical heat releasing
particles and derived an expression for the thermophoretic force acting at the particles. The
magnitudes of the considered thermophoretic forces are compared with the classic thermophoretic
force. © 2003 American Institute of Physic§DOI: 10.1063/1.1556196

I. INTRODUCTION mophoresis was discovered more than one hundred years ago
Behavi ¢ mi ficles insid host di ; (see, e.g., Ref. 4 and references therdie feasibility of the
enavior of microparticies nside a host medium a'thermophoretic self-action of a heat releasing particle near

iracted con&dgrable attennon_becagse of the emergence fﬁfe interface was not discussed before. The obtained results
new technological processes involving microparticles, their

- ) i . —imply that a heat releasingabsorbing particle is attracted
significance in atmospheric physics and due to a large Va“et%/repelled to the interface when thermal conductivity of a
host medium is less than thermal conductivity of the adjacent
medium. Thus, e.g., growing in air by condensation patrticle
is attracted to a metal surface while an evaporating in air
l[!)(?atrticle is repelled from a metal surface.

(see Refs. 1-3 and references theredne of the mecha-
nisms determining the behavior of small particles in fluids is
associated with thermophoretic forces. These forces arise d

to the kinetic slip of a fluid flow_near the particlgéin the Using the results obtained in Sec. Il of this study in Sec.
presence of the temperature gradient along its surface. 1]l we determined a condition for mutual attraction of heat

When temperaturg gradient is caused by an eXtem&}elea:sing particles and derived an expression for the thermo-
source then the magnitude of the effect depends upon thef)horetic force acting at the particle

mal conductivity of a host medium, and of the particlec, .

In the limiting case whei,— = this effect disappears. Dif-

ferent situation occurs when a patrticle is located near the

boundary between two media and when the particle itself is #. FORCES ACTING AT A HEAT RELEASING
heat source or sink. The latter can occur, e.g., in the case ARTICLE LOCATED NEAR THE BOUNDARY
a chemically active particle when heat is released or apBETWEEN TWO MEDIA WITH DIFFERENT
sorbed due to a chemical reaction. In this situation thermal HERMAL CONDUCTIVITIES

conductivity of a particle is of lesser importance since the  ~qnsider a plane surfage=0 separating two media with
induced at the particle temperature gradient due to the pregrermal conductivitiese, and ,, correspondingly. Assume
ence of the interface between two media is determined prig,5; 4 spherical heat releasing particle with a centec at
mari!y by thermal characteristics of the host and adjacenﬁaving a radium and a heat release rajés located inside a
media. ) ) ) ) host fluid with thermal conductivitk, (see Fig. 1L The host

In Sgc. Il of this stqdy we investigated a fOFCG_ acting atg iq is considered to be incompressible and Newtonian, and
the particle due to the induced temperature gradient causgg, neglect temperature dependence of the physical proper-
by the presence of the interface between two media Withios Assume small Knudsen and Reynolds numbersg Kn
different thermal conductivities. Although the effect of ther- 5 Re<1, so that inertial effects can be neglected.

The force acting at a particle in a stationary regime is

dElectronic mail: yuli@menix.bgu.ac.il determined by the following system of equations:
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elperin@menix.bgu.ac.il kV2T+q=0, Vp=yV2, V.u=0. (1)
0021-8979/2003/93(7)/4321/7/$20.00 4321 © 2003 American Institute of Physics

Downloaded 27 Feb 2005 to 132.72.117.104. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



4322 J. Appl. Phys., Vol. 93, No. 7, 1 April 2003 Yu. Dolinsky and T. Elperin

K K to the temperature gradient induced by a heat source when a
2 1 heat source is located near the edges of this surface. Here we

consider a situation when a heat source is located far from
the edges and the surface can be considered as an infinite.
The third boundary condition in Eq4) corresponds to a
rigid particle, and the last condition in Eqg) implies a slip
of fluid at the particle due to the induced by the surface
temperature gradient.

————————— Hereafter we assume that a heat releasing particle is lo-

A cated in the regiorz>0. The Green’s functionG(r,r’)

which satisfies an equation

< V2G(r,r')=48(r—r")
and boundary condition@®) with respect to variable is well
0 known (see, e.g., Ref. 6, Chap. 2, Se¢. @nder the condi-
tion that a pointr is located in a region 1G(r,r')
S =G4(r,r') and
FIG. 1. Location of a particle with a radigsnear the interface between two Gy(r.r "= 1 1 K17 K2 1 (5)

media with thermal conductivities; and . 4 [r—r’'] + K1t Ky [rT=Rr')’

HereR is an operator of specular reflection with respect to a
HereT is temperaturey is a velocity of a host fluid with an  Planez=0, i.e., Rr=(x,y,-2).

imbedded heat sourdgarticle g, pis fluid pressure, and If a ,pomt r is located in region 2, therG(r,r’)
is a dynamic viscosity. Equatiofl) must be supplemented = Cz2(r.r’), and
with boundary conditions for temperature and velocity. 1 2k, 1
When velocityu is found then the force acting at the particle Gy(r,r')y=— Y P i— m (6)
is determined as followésee, e.g., Refs. 1 and:5 172
Then the solution for the temperature reads
fzf -dS, o=—pe+tp(Vu+(Vu)h), (2 1
. o . : T(r)=—f G(r,r')qg(r")dr’. )

whered is a stress tensor, argdis a unit tensor and integra- K

tion is performed over the surface of a particle. Boundary

o Expression(5) for the Green function implies that tem-
conditions for temperature read P ) P

perature distributionl'(r) is given by a sum of two terms.
[T]ls=0, n:[«VT]s=0, (3)  The first term describes temperature distribution due to the
wheren is a unit external normal vector, arid]s= 2 heat source,'and the second term is as;ociated vyith the pres-
' S ence of the interface. The latter term is responsible for the

f_a f ess’s[eg ga?;(tainvawveosn?gjg trr(]aes eexég\r/g?l ?—T:r;r;tf?gr]iluzl;gri effect of self induced thermophoresis, while the contribution
P 9 ' P Y- potf the first term is zero due to boundary conditigds The

S denotes that a corresponding variable is determined at th*e

. . . - ormula for the second term reads
surface separating between two media, while subspript-
plies that variable is determined at the surface of the rigid 1 ki—ky 1 Yim(N) pim

particle. Boundary conditions for the velocity are as follows: ~ T1(r)= 1 Kt Am B [T RQTL 8

U,=0, us=0 (n-u),=0,
(7 U)p=H7VT), (4) .

a

where 7 is a unit tangential vector, (.)denotes the magni- le:mfo fQYrm(Rn')a"+ZQ(a'-ﬂ')da' dQ(n"),
tude far from the particle, and (, )denotes the value at the
particle’s surface. A coefficient in Eq. (4) is considered to r—Rec r'—c
be constant in order to linearize the problem, and its depen- N= [F—Rd’ '
dence upon the parameters of the problem is discussed be-
low. a’'=|r'—c|, andY,,(n) are spherical function¢see, e.g.,

The first condition in the boundary conditiort4) im- Ref. 7).
plies that a particle is at rest in the laboratory frame of ref-  If coefficientsp,,, have azimuthal symmetry with respect
erence. Thus, it is assumed that an external force is applied ta the axis connecting two pointsandRc, thenT; can be
the particle in order to compensate a force determined by Eqyritten as follows:
(2). The second condition in the boundary conditiqd$ -
implies the absence of slip at the surface separating between ()= b Pi(npy £ _K1T K2
the fluid and an external solid medium. Slip may occur due ! 2k, Sh [r=Re"™ S kgt Ky’

where

AT
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1 (a where Q=a’qg for a surface heat source, an@
p|:(—1)'f_ljo P(n)g(a’,u")a’ " ?da’ du’, =(a%3)qy for a volumetric heat source.
Equation(12) accounts for the temperature gradient in-
andP,(u) are Legendre polynomials. duced at the particle embedded into the host medium when

Keeping only the first nonvanishing terms with respectthermal conductivities of a host medium and an adjacent
to a parametea/A, whereA is a distance between the center medium are different. Ifx;=«,, the system is homoge-

of the particle and the interface between the two media, weéeous, and spatial temperature distribution is determined by

obtain the following expression fov T: spatial distribution of heat sources. In this study we consider
£.Kpo an isotropic distribution of internal heat sources, &O.
VT,=— "—2 9 When k1> k5, EQgs.(5) and (7) imply the existence of
2k1(24) the additional heat source with the same sign as a real heat
where source. Thus, a heat releasing particle is repelled from the
—Re surface, and heat absorbing particle is attracted to the sur-

- face. Indeed, the last in Eq&}) shows that the velocity of
lc—Rc|’ the fluid has the same sign as an induced temperature gradi-

Thus, in the first nonvanishing order with respect to the pa®nt- Since the directipn of the particle yelocity is the same as
rametera/A, the induced temperature gradient field is ho-that of the surrounding fluid, the particle will move in the
mogeneous, and its magnitude is determined by the geometf{jréction of the induced temperature gradient.
of a heat source,. _ Similarly, Whe_n_K1< Ko, EQs.(5) and(?) |mply the ex-

In order to solve a hydrodynamic part of the problemiStence of the additional heat source with the sign opposite to
one can use either bispherical coordindtes employ a the sign of areal heat source. Thus, e.g., in the case of a heat
method of reflectiongsee Ref. 2, p. 1891n the latter case a 'eleéasing particle there occurs the induced heat absorption

velocity field is determined by the following expansion: source located akc. Therefore the induced temperature gra-
dient, VT« —k, and heat releasing particle is attracted to the
U=Uptu;+ux+..., surface. The situation is reversed in the case of a heat ab-

where each term is determined by boundary conditighs ~Sorbing particle. _ o
and a boundary condition which is satisfied by a preceding Equation(12) implies that a heat releasing particle is
term. Thus ifug is determined by boundary conditio® for attracted to the interface when thermal conductivity of the
a particle immersed into an infinite medium, thepis de- host medium is less than thermal conductivity of the adjacent
termined by a boundary conditian|s= — ug|s, the velocity ~Medium. Thus, e.g., growing in air by the condensation par-
u, is determined by a boundary conditiag|,= —u,|,, and ticle is attracted to a metal surface while an evaporating in
SO on. air particle is repelled from a metal surface.

In the first nonvanishing order with respect to the param- ~ Certainly the result expressed by E42) remains only

etera/A, the expression for fluid velocity, reads(see Ref. ~qualitative without determining a dependence of the coeffi-
9, Chap. 1, Sec. 15 cient & upon the parameters of the problem. Kinetic theory

(see Ref. fyields the following formula for this coefficient:

Uo=—A(5-k), (10
where the tensaé is as follows: g3 (13)
4Tg’
2
§= r—d e+nn+(é—3nn) r—d?)’ wherev= 7/p is a kinematic viscosity.
When a particle itself is a heat source, a temperature at

n— r-c the particle surfacd g depends upon the power of a heat

[r—¢|” source, and upon the thermal conductivity of the particle,

Kko. Temperature distribution in a stationary regime is deter-
mined by the first equation in E¢l) where boundary con-
ditions (3) at the interface must be supplemented with
adé,. po boundary conditions at the surface of the particle. Consider a
_TW' case when a heat source has a spherical symmetry, i.e.,
_ o : q(r)=avé(a—|r—cl)+asé(a—|r—c|), where qy is the
The forceF acting at the particle is determined by the fol- jensity of a uniform volumetric heat sourcg is the density
lowing expressiorisee Ref. 9, Chap. 1, Sec.)15 of a surface heat source, afifk) is the Heaviside step func-

CoefficientA is determined from the last expression in the
boundary condition$4):

F=8mnAk. (11)  tion. Then boundary conditions at the surface of the particle
read
In particular cases when heat sources are distributed uni-
formly over the surfaceq=qsdé(r —a), or over the volume, [T],=0, n:[«VT],=—gs. (14

g=qy of the patrticle,5(x) is Dirac’s delta function
Solving this boundary value problem by the method of re-

, Q (12) flections as described above we arrive at the following ex-
K1A® K1t Ky pression for temperaturg

manld K1~ Ky

F=k

Downloaded 27 Feb 2005 to 132.72.117.104. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



4324 J. Appl. Phys., Vol. 93, No. 7, 1 April 2003

T=T0+T'+T". (15)

The termT? in Eq. (15) is determined by E¢1) and bound-
ary condition(14). The termT’ in Eq. (15) is determined by

Eqg. (1) with g=0 and with the following boundary condi-

tions:
n-[«kVT']s=(k,—k1)(N-VT%s,
[T']s=0, T.=0. (16)

The termT” in Eq. (15) is determined by Eq(1) with g
=0 and with the following boundary conditions:

n'[KVT”]p:(KO_Kl)(n‘VT’)p,

[T"],=0, T.=0. (7

Yu. Dolinsky and T. Elperin

Let L be a characteristic length scale of variation of the ex-
ternal temperature. TherW(T) .~ T/L and

F 1 aLaQ _ aQ
— = K_Z — |f _< 1,
Fex 4 A KT kT
_ (23
F 1 aL  aQ
—=lf—, if —=>1
Fext 4 A KlT

Is must be noted that although in this study we consid-
ered boundary conditions for rigid particlesee Eq(4)] the
obtained results are vali(at least qualitatively for small
liquid droplets with large viscosity in comparison with that
of a host medium. In view of the latter remark let us consider

Denote by subscript 0 temperature inside a particle and b§f’® magnitude of the investigated phenomenon using an ex-

subscript 1 temperature of a host fluid. Then

2 2
gqvac| 1 1 r Jsd —
0
= —+—|1-=| |+ —+
07 3 |ky 2k 1 a® K1 T
r=[r—d, (18)
, =
a® Q = — 1
0:—— = -
T3 K1|r—c|+T’ Q QS+3aQVu

ample of an evaporating droplet of alcohol in air at tempera-
ture T=373K (Q=qppa, whereq, is a latent heat of
evaporation aQ/x; T~0.1. When external temperature gra-
dient is small, i.e.L.>A?/a, the self-induced thermophoretic
force can be larger than a thermophoretic force caused by an
external temperature gradient. Note that a thermophoretic
force given by Eq(18) Fe~f(a/L)v?p, where 0<f<3/2

and the ratica/L can be varied in the experiments. The size
of a particle when a forcE~ v?p exceeds the gravitational

whereT is the initial temperature before introducing a heatforce is of the order o= (12/g)“¥(p/p,) "3 whereg is the

source. The temperature at the particle’s surface

a
T= 227 (19
K1
and
Qa2 1
T,ZSQ .
K1 |r—Rc|
Tp=—2 X0 (g.(r-c) (20)
0 kot 2k, '

K17 Ko a3

lem“_ds(ﬂ-(r—c)),
where

. £Qa Kk o

e @ Kr

Equations(4), (10), (11), (13), and(20) yield the following
formula for the forceF:

3w a? vpé,f Qa 3k
T TR e @
a _
(_s+_|_ K1 KoT £K1
K1

acceleration of gravity ang, is a material density of the
particle. Thus, e.g., in air under normal conditions this size is
on the order oe<0.03 cm.

Although the obtained results were derived under the
assumption thab<<A, they are essentially valid also for
a/A~1. It is known that a thermophoretic force increases
indefinitely when a particle approaches a surfaemd the
smaller is a Knudsen number Kn\/a, where\ is a free
path length of gas molecules, the steeper the increase of the
thermophoretic force. In the present study it is assumed that
Kn<1. The reason for the increase of a thermophoretic force
is the increase of a temperature gradient when a particle ap-
proaches a surface. When a heat releasing particle ap-
proaches a surface, a temperature gradient also increases.
Analysis of the behavior of a thermophoretic force acting on
a heat releasing particle near the surface wah~1 re-
quires numerical calculations and was not performed before.

[lI. THERMOPHORETIC INTERACTION OF HEAT
RELEASING PARTICLES

One of the direct consequences of the above considered
phenomenon of thermophoretic self action of a heat releasing
particle is the existence of the effect of attraction in a system
consisting of a small particle with the radiiy and internal
heat sourcey, and a large particle with the radid®, and
internal heat sourceqy, (see Fig. 2 Denote thermal conduc-

In the case of a “regular” thermophoresis associated with thgjyities of the particlesx, and «,, and assume thak,
external temperature gradier¥ [).. & thermophoretic force s ., where«; is thermal conductivity of a host medium.

is determined by the following formulésee, e.g., Ref. 9,

Chap. 1, Sec. 4

ar®p

T

Fex= —37f (VT)ext- (22

Temperature gradient induced by a partiglet the surface of

a particleb, VT2({b}), results at the flow slip at the surface
of the particleb. If the particleb is immobilized, then there is
a forcng acting at the particle due to the viscosity of a host
medium. Similarly, a forcé acts at the particla due to an
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3
(Kl_ Ko’)z ra

VT.({oc})=—-D,———— k. 26

a'({ }) o K;+2Kl AS ( )

In expression(26) we took into account thaR,<R;. Here-
after we assume th&®,<R;.

A gradient of the temperature induced by a heat sobrce
in the vicinity of a particlea can be determined using ex-
pression(18), and in the leading order approximation

Rp Qpk _
Tk A7

Dy,
Azk

o

0 _
VT,({ah=
FIG. 2. Locations of particless and b in a host medium with thermal
conductivityx; . R, R, andk,, k, are radii and thermal conductivities of

. , In order to determine temperatufé we must use an equa-
particlesa andb, respectively.

tion similar to Eq.(17) when we have to take into account
temperature gradier?T({a}), Thus for T” we have the
following boundary conditions:
induced temperature gradieMT)({a}). However, due to

the thermophoretic self action which is caused by the in[T"1,=0, [x,(n-VT")],=(x,—&1)(N- V) (Tt T2).
duced temperatureB,({a}) and T,({b}), the particles will Denote

be attracted to each other if thermal conductivities of par-

ticles are larger than thermal conductivity of the host me- Kk1— k= 2R\ Kk

dium. Since the effect of the induced temperature is the ef- pB,=—|D;+D +—2K1 F —. (27)

fect of the higher order in the paramet&,/A,, and
Ry /AL, WhereA,, is a distance between the centers of theThen we obtain
particles, the total effect is mutual repulsion of particles.
However, if internal heat sources are such tpakq,, then

"o

(.30 (r=c,)),

VT.({a})>VTY({a}). In this case the self-induced attrac- 00k, +2
tive force acting at particla is larger than a repulsive force 3
produced by particl®. The resulting effect is that particke , K17 Kg

R
is attracted to particle. Let us determine these forces using 10 kgt 2Ky [r—cyf? (B (r=Cy).
a method of reflections.

Due to linearity of the problem temperatufeas in the

previous case can be represented asl,+ T,, where

In this approximation the tangential component of the tem-
perature gradients VT), is determined by the following
expression:

T,=T°+T/ +T". (24)

3K1
T Kyt 2Ky

(7 VT)e=(mB)f,, f (28)

Temperaturé’?,, whereo=a,b is determined by Eq.1) and
boundary conditiong14) at the surfaces of both particles.
Thus temperaturég is determined by expressi@h8) where
Ko, Q, amust be replaced by, , Q,, R,.

Temperaturel | is determined by heat conduction equa-

Inspection of the expression f@, Eq. (27) yields the fol-
lowing condition when temperature gradient at the particle’'s
surface changes sign:

tion with boundary condition$16) where subscrips is re- - 3
. — . D k;—k; R
placed by subscrip. When o=a then o=b and vice LSS A B4
versa. For spherical particles with ra®j, and Ry Dy wot2k1 A
/ Rg/+1 P/( ) or
T =Dg(k1— K)E +1 1 20 _
\ Ckgt (F+1) kg AT r—cgl’ o oRo— Ky Ky (29
(25) Qo’ A3 Qagoy ga'_K;‘FZKl. )
where u=k-n;, k=(c,—¢,)/A, A=|c,—c;, n,=(r Itis possible to continue the iteration procedure keeping only

—cy)/|r—c5l, D(,— RZQ(,./Kl the leading order term at each iteration. Such a procedure can
Expression(25) is a multipoles expansion of temperature be termed a procedure of leading order iterations. Since ev-
T/ relative to a center of a particle. This expression fol- ery particle is characterized by its parameters, the effect in-
lows from Eq.(18) for Tg and the known relation for a field duced by one particle at the current iteration may exceed the
of a point source near a sphdfer details see, e.g., Ref. 10, effect induced by another particle at the preceding iteration.
Problem 157. In order to determine expansion of tempera-It is exactly a condition Eq(29) that describes a situation

ture T, into multipoles series with respect to a partiel®ne
can use Ref. TChap. 4, Sec.)7

In the rangdr —c,| <A in the leading order approxima-
tion with respect to the parameter—c,|/A<1 we find

when at the first iteration the effect of particte prevails
over the effect of particler at the zeroth iteration.

Let us determine the forces exerted by fluid at the par-
ticles when particles are in rest in the laboratory frame of
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reference. As it was noted above this implies that there is &lere the forcng is caused by the temperature gradient at the
force F which is applied at the particle and keeps it at rest.surface of particle and it is given by the following expres-
Thermophoretic force that is calculated in this stuéfy, sion:Fg=—(3wv2p/?)ﬁaRafa

=—F. Similarly to Sec. Il for simplicity we consider the

problem in the zeroth order approximation in Knudsen num-

ber Kn. The velocity field is determined by E@.) with the . 3m?p R, Rﬁab Rgaa Ky — K Rﬁ

following boundary conditions: Fom——fa— + 2— |k,
A2 K1 K1 Kpt2Kk; A3
(7u)e=0,(7VT),, (n-u,=0, u,=0. (30) (34)
3
Here 6, is determined by formul§l3) whereTg is assumed fa=i.
Kyt 2K,

to be equal to the temperature of the host medium without
particles. The latter assumption is valid when the heat releasEhe force given by expressidB4) comprises two terms. The
rates are not high, so that according to ELp) TS:? first term describes a force induced by an external sobrce
Fluid velocity is given by superpositioni=u,+uy, while the second term describes a self-induced thermo-
whereu,=ul+u/ +u” . Each iteratioru" is determined by Pphoretic force. The second term in express(8),

the equations;V2(V xu") =0, V -u"=0 with corresponding 3R
boundary conditions. Thus, the tera] satisfies boundary Fi=— Ef 0
conditions(30) at the surface of particle and
. I is caused by a fluid flow induced by a temperature gradient at
u;({oh)=-uz "({o}), (D particleb. If condition (29) (where subscript corresponds

wheren>0 and{c} denotes coordinates at the surface ofto a particleb) is satisfied, then contribution of a self-induced
particle o. Since the particles are kept at rest the only char{eémperature gradient into a fordg can be neglectedQ,

acteristic direction in the problem is determined by a vector<Qa,) and

k. Expression for a velocity]. can be written as followésee o=
3mvp R;Qa

Ref. 9, Chap. 1, Sec. 15 ng = bebK o k. (35)
np2 1
n__ ne oo ¢
" Jr—c,| ayS+ Ir—c,|? S|k, (32 Expression(35) determines a force acting at a partitlelue

R R to the temperature gradient at its surface induced by a par-
whereS,;=é+n,n,, S,=&—3n,n, . Since the problem is a ticle a. Expression$33)—(35) provide a solution of the prob-
linear one the total force acting at the particle can be writtenem. We do not present here a general formula that can be
asF,=3F), andF)=—8wna) (see Ref. 5, Chap. 2, Sec. obtained by substituting Eq$34)—(35) into Eq. (33), and
20). In order to transform the multipoles expansion with re-consider conditions when a force acting at a partizlés
spect to a particles into a multipoles expansion with respect attractive. These conditions comprise a conditi@@) that

to a particles, we will use the following formulas: can be rewritten as
* o — Kp— K1 R2 =Ry
n=(ngt'+K) 2 P(u') (=), t'=[r=c,l/A, Qo<2Qu 5, AT (36)

and a condition

n,=(nzt—k) > P(w)(—1)7t", t=|r—ci/A,
F2I>5 IR
wherep'=k-n, and u=k-ng.
In the first nonvanishing approximation with respect to
parameters’ andt we arrive at the following expression for

[see EQ.(33)]. If condition (36) is satisfied within a wide
margin of safety, then the first term in the right-hand side of

the velocity: Eq. (34) can be neglectegk.g.,Q,=0) and the condition for
attraction reads
a”fl 2
ur {oh)=2-"—k. fa Ry 3
A fb gbAZ > 2 . (37)
Then boundary conditiof80) and formula(31) yield The latter condition corresponds to a case when a self-
3R 1R induced by a particlea thermophoretic force(attracting
an=— > X"a%_l, bl =— > X”a%_l. force) is larger than a thermophoretic force acting at particle

a due to a fluid flow caused by a temperature gradient at a
Thus in the leading order approximation the following force particle b (repelling force. Thus, a heat releasing particle

acts at particlex: with a low thermal conductivity is attracted to the particle
with a high thermal conductivity. In the limiting case when
F.= FO— § Ta FO 33) Kkp> k1 andk ;> k4, the condition for attraction Eq37) can
2 A be rewritten as
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Rﬁ 3k, ity of the adjacent medium. The obtained results imply that a
127 P (38)  heat releasing particle is attracted to the interface when ther-
mal conductivity of a host medium is less than thermal con-

It is interesting to note that in the range of the parametergjuctivity of the adjacent medium. Thus, e.g., growing in air
indicated above neither conditi¢@7) nor condition(38) de- by condensation particle is attracted to a metal surface while
pend upon the size of a partickeand a heat release rate. an evaporating in air particle is repelled from a metal sur-
SinceR,, is fixed, condition(37) determines the distance be- face.
tween the particled where repulsion changes to attraction.  We determined a condition for mutual attraction of heat
In contrast to a case of a particle interacting with a planereleasing particles and derived an expression for the thermo-
surface where attraction occurs at any distance, attractiophoretic force acting at the particle. In contrast to a case of a
between spherical particles occurs only within a certain finiteparticle interacting with a plane surface where attraction oc-
distance. The reason for this behavior is a fluid flow slip atcurs at any distance, attraction between spherical particles
the particleb which is caused by a heat sour€g,. The occurs only within a certain finite distance.
higher the thermal conductivity of a partidie «,,, the lower It must be noted that thermophoretic interaction of par-
the temperature gradient at the surface of a parbidleat is  ticles was considered in earlier studisse, e.g., Refs. 11-14
induced by a heat sourag, and the smaller the repulsion and references thergirHowever, a case with heat releasing

force particles was not considered before although it may play an
3R important role in various phenomena, e.g., capture of con-
Fl=—1> _a|:8_ densing particles by a particle with a high thermal conduc-

2 A tivity, capture of oxidizing particle by a larger particleor-

Let us compare the magnitude of a thermophoretic forcgosion, etc.
Fi" which is responsible for attraction of partickthe sec-
ond term formula(34)] with a classical thermophoretic force ACKNQWLEDGMENTS _ .
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