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DIFFUSIOPHORESIS AND PHOTOPHORESIS
OF HEATED LARGE NONVOLATILE AEROSOL SPHERICAL PARTICLES
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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 ¢;, 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 T;s 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 (T;s — Too)/Teo < 1 is fulfilled and
large if (Tis — Too)/Too ~ O(1) (i stands for the particle, S refers to the physical quantities at an average particle
surface temperature, and oo 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 — Too)/Too ~ 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 p., thermal conductivity A, diffusion Dj5, and dynamic viscosity e,
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 ¢;. The particle is considered to be large [1]. The
gas medium consists of two components whose relative concentrations are denoted as C7 and Cy. Here C1 = nq/n,
Cy = na/n,n =ny +na, pe = p1+ p2, p1 = Min1, p2 = mang, and min; and mans 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 Cy < Cs 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]:

He = Uootga )\e = Aootga D12 = Dootier; )\1 = Az()t;y

Here poo = MG(TOO), Moo = )\@(Too), Dy = D12(Too), Aig = /\i(Too), tr = Tk/Too (k = e,i), 05 < a < 1.0,
0.5<6<1.0,05<w<1.0,and —1 < v < 1. The values of thermal conductivity, dynamic viscosity, and diffusion,
for example, for a binary air-COy mixture are taken at o = 0.81, = 0.72, and w = 0.70 (273 K < T, < 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,6, ), 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 VCio 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 Use = —Uqgpr, (Ugpn, 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 (A VTe) =0, div (M VT) = ¢ (1.1)
C/nPmam P,
div ( pi 2 D12VC'1) = 0, n = kTe; (12)
9 o1 cou oU o . oul® )
Pe — . k J J n . (e) —
Oz, ¢ O e oz, T om 3% Om, )] day, PV ) =0
with the following boundary conditions:
y — o0 U = Uy cosh, Uée) = —Uxsinf, P.= Py,
(1.3)
Cl = C10 + |VO100|TCOS 97 Te = Too (y = T/R);
y—0: T # oo (1.4)
oT, oT; 0Cy
—L T=Ti A" =My oo R(T - T i L
Yy ’ A 8y A 8y UOUlR( 4 00)7 8y 07 ( 5)
(e) _ (e) - K Ve 8T’e K D12 601 1.6
U, 0, Uy TS RT, 99 + Kps R 90" (1.6)

Here z; are the Cartesian coordinates, U ,ie) denotes the mass velocity components, k is the Boltzmann constant,
Ve = te/ pe is the kinematic viscosity, Us = |Usol, 00 is the Stefan—Boltzmann constant, o is the total emissivity,
and Kpg and Kpg 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 C1. = Cy + |VCioo| 7 cos 8, we
pass on to the dimensionless variable y, then there is a small dimensionless parameter ¢ = R|VCis| < 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 |Uan| ~ D12 |VCis| ~ (D12/R)e [1-3]. This means that, when considering diffusionophoresis, we can restrict
ourselves to corrections to the first order of smallness with respect to €. 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 =1.161 and K9 = 0.27 [1, 14, 15].

The key parameters in the problem are material constants foo, Poo, Ao, and D, as well as parameters R,
Too, |VCiso|, and Uy. Reynolds numbers can be made from these parameters (Reoc = RUs/Doo). Thus, the
role of a small parameter is played by € = R|VCis| in describing diffusiophoresis and by ¢ = Reo in describing
photophoresis.
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At e < 1, the solution of the gas-dynamic equations is sought in the form
V,=vVO4ev®y  P=PO4ep®y (1.7)

(Vve = Ue/UOO)'

It follows from the boundary conditions that the mass velocity components W(e) and Ve(e) 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

Vi (y.6) = cosbG(y). V3 (y,0) = —sinby(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,
Egs. (1.1) and (1.2) are solved. Their solutions are sought for using the perturbation theory [16]:

te(y,0) = teo(y) + cter (v, 0), ti(y,0) = tio(y) + eti (y,0). (2.1)

Here

1 1

Lo\ 1/ (Q+e) H 1 1/(147) 4

tol) = (1+ )t = (Bot 0 - y/1/)0dy+/120 ay) L V= R
Y Yy

y Yy
cosf I'q cos H 1 U 1
te = , t; — {B ( / dy — / J )}’
1(y) o g2 1(y) 0 1y + ) +g y1 2 W / Y1y dy

0 3)\i0Teoo 0 ! 3Ai0Teoo b 0 V q 1 V qiz T COS
4 v
R2(1 + ) o 3R2 Tl T
— Y) 2 . — 2 ) _ _ )
¢O - 2)\i0Teoo Y / qi (Tv 9) dﬁU, ¢1 2A7;0Teoo Y / q; (T7 9)33 dﬂf (tk TOO , k' e, Z) ,
-1 “

/ ¢;zdV is the dipole moment of density of heat sources [8, 10] (z = rcosf and dV = r?sinfdrdfdy); the

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

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

Ci(y,0) = Cro(y) +Cn(y, 0). (2.2)
We substitute Eq. (2.2) into the diffusion equation (1.2) and obtain
div (thVC’lo) =0, div (t‘cj’OVC'll + wtgoflthClg) =0. (23)

Integrating the first equation (2.3) two times, we obtain the following expression satisfying the boundary condi-
tion (1.4):

Cio(y) = Co + My(tig > — 1). (2.4)
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The solution of the second equation (2.3) is sought in the form
C11(y,0) = 7(y) cosb. (2.5)
Expressions (2.5), (2.4), and (2.1) are substituted into Egs. (2.3), which results in

d*r wl \dr l+a—w Myl(2-1)
2 - - 27 =— Iy. 2.6
ydy2+ ( 1—|—a)dy 4 1+a wt‘é’o Y2 ! (26)
The homogeneous equation (2.6) is sought in the form
d*r wl \dr
2
2 ) —2r =0 2.7
Y dy2+y( L ralay =T (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]

= r
) =y" > A, 1= " Ag #0. (2.8)
n=0

Cy+To’
Equation (2.8) is substituted into Eq. (2.7), which results in a governing equation p? + p — 2 = 0, whose roots are
equal to p; =1 and py = —2.

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

o0

1
2y =, STabr @l =1). (2.9)

n=0
Equation (2.9) is substituted into Eq. (2.7) and the method of undetermined coefficients is used to obtain the
following recursion formula for ALY (n>=1):
1 w w
AD = (+1)(2n—2- Y )AL —m-2(n-1-_ 7 Jall,].
n n(n+1) (7’L—|- ) n 1+ n—1 (Tl ) n n—2
The second solution of Eq. (2.7) is sought in the form

o0

@aly) =y AP+ Tin(y) YA (A =1).
n=0 n=0

A recursion formula for A,(f) (n > 4) is obtained similarly:

1 w w
@) _ _ 5 @ o1 @)
Al n(n_?)){(n 2)<2n 2 1+a)A”—1 (n 2)(n 1 1+Q)An_2
n—3
az kN k— W (op 9 “ YAD
+2P82;ol k—2)(n—k n[@k+3y¥; @k 2 1+Q)Ah%}}
AD _A@ _A® _q A __ w  ae_, a2 _ AP (- ¢ )
e ) ) i S 1+a/’

AP =0, AP =0

at n < 0.
The partial solution of the heterogeneous equation is written as
l+a—-w 1(2-1)

(b3(y): 1+Oé w y2tw0 MOFl.

Thus,

C1(y,0) = Cro(y) +Ci1(y,0),
where ClO(y) = OO + Mo(téaraiw — 1) and Ol(y, 9) = COS G(Dl(bg(y) + M1¢’1(y) + ‘I)g(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:

Rt L (1)
I, = S I, Iy=tlte —1, M =—_2".
YT AisTood 0= bes el
Here 0 = 1 + 2Xes/Ais + (40001R/)\i5)T§mt25, Xis = Aiotlgs Aes = Aesotly, and ®! (1), ®L(1) denotes the first

derivatives from the corresponding functions, taken at y = 1, t;5 = tio (y = 1), and teg =teo (y = 1).
The average particle surface temperature T;s = t;57 is calculated by solving the system of transcendental
equations

19 R? RT3 tite 1
tis = te tes = Jo — (1, — 1), 15 = s 2.10
S S 1+ a S 35T 0 — 0001 Aes ( eS )7 tiga ( )

The degree of heterogeneity of radiation energy distribution in a particle depends on optical constants of the
particle material mg and diffraction x,. Then an expression for radiation density transformed into heat can be
written as ¢; = 4m(nsas/(noXo))loBs, where mg = ng + ias, x, = 27R/Ao, ng is the refractive index, ag is
the absorption coefficient, ng is the refractive index of the medium, Iy and A\¢ denote the radiation intensity and
wavelength, and Bg is the coordinate function calculated using the Mie theory [11].

With fulfillment of the inequality A, < A;, 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 § 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 teo(r),
e, pe(te(r,0)) = pe(teo(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 — oo, have the form

UL = Uy cos 0G(y), G(y) = A1G1 + A2Gs + G,

Uy = —Usosinfg(y),  g(y) = A1Ga + 4G5 + Gy,

B HooUso y? 3G b5—1 G
P. =P+ R t60{2 dy3+y{3+ 5 yf} dy?
o 2 B oo _ dG 2 (11 I 2
R B | AR A TR R (o]
where
e ! G =(1+ ! )6 el (k=456
- y(1+a)7 k — 2(1+a) k—3 2y k—3 — T Y, )

4 1 GY, G, and GY denote the first and second derivatives with respect to y from the corresponding functions,

1 oo 1 oo
Gily) = d e, Galy) = , DD + wyIn ()G (y),
n=0

n=0

Ga(y) = Y O™ +wsn (y)Gi(y).

n=0

431



The values of 07(11) (n>1), Cff) (n > 3), and C,(Z?’) (n > 4) are determined using the recursion formulas

1

c = n(n+3)(n +5) {[(n=1)(3n> +13n +8) + 71 (n + 2)(n + 3) + 72(n + 2)]C.Y,
—[(n—1)(n—2)Bn+5) + 2y (n2 — 4) + ya(n — 2) +3(n + 3)]C Y,
+(n—=2)[(n —c1)(n = 3) + 1 (n = 3) + %O},

Ag = (3K + 16k + 15)C — [(k — 1)(6k + 13) + 7 (2k + 5) + 72]CLY_,

+ Bk = 1)(k—2) + 271 (k — 2) + ys]CY,,

oo _ 1 {1 = 1)3n® + 1= 6) + yin(n +1) + ny]C2,

" (n+1)(n+3)(n—2)
— [ys(n+ 1)+ (n — 1)(n — 2)(3n — 1) + 2yin(n — 2) + y2(n — 2)]C7,

+(n—2)[(n—1)(n—3) +3+mn-3)]C7,

o (—7a)(1 = 7a) -+ (2 = 1 = )
S n—k-1)Ay -
+ I3 k:O(n Fm1) A6 n! }’
1
o — {(n=1)3n% =5 — 4+ yn + )02,

" n(n+2)(n — 3)
—[(n = 1)(n —2)(3n — 4) + 271 (n — 1)(n — 2) + 72(n — 2) + ] CL7,

+(n—2)[(n—1)(n—3) +7(n—3) +]CY,

n—3
w,
+ 21?8 S n—k-2)(n—k- 1)Ak}.
k=0

At the same time,

1
Gl=1 c?=1 V=1 V=0 CY=1 Y= (n+n+6mn)

w
% = 73(104'3”714—72), Va4 =

p _1-B
23~ 60

1+a’ T 14

w 171
Fi = 15 [4 (271 + 72 + 674) (4 + 371 +72) + 373 + 37a(7a — 1)},
0

1 24 2a —
03(2):’737 C 1, 4= + _2+42a-§

2 1+Oé’ 73 (1+OZ)2 )

at n < 0, we have 07(11) =0, Cff) =0, and Cff) =0.

Integration constants A; and Ay 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 €, 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]:

F, = /(—Pe 080 + 0 cos 6 — 0, 5in 0)r? sin 0 df de n (3.1)
(5)

(orr and 0,9 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

FZF#—I—th—I—Fdh,

where F, = 6mRuccUs fmn. is the force of viscous resistance of the medium, F,, = —6mRpcc fpnJim, is the
photophoretic force, Fy, = —6TRitoo fan |V Cioo| M. is the diffusionphoretic force, and n is the unit vector in the
direction of the Oz axis.

The values of fp,, fpn, and fg, can be estimated using the expressions

2 No 0 4ves G1(1)

Fm = 4 Ny’ Fon = Krs 30T tos Nidis'

_ ) WDIG(1) 22(1)2](1) - (1241

Jan 3N, PL(1) ’

where N1(1) = G1(1)G5(1) — G2(1)GL (1), Nao(1) = G1(1)GL(1) — G3(1)GL (1), and ves = ueootigﬁ.
The total force F' is equated to zero, so the following expression is obtained for the diffusiophoretic and
photophoretic velocity Ugpp, of the solid large heated spherical particle in the binary gas mixture:

Uapr, = —(hpnJ1 + han |[VCiso| )12, hoh = for/fms  han = fan/ fm-

Functions G4 (y),
Ns(y) are obtained at y =
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 (I'y — 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 G; = 1, G} = -3, Gil = 12,
Gl= —60,Ga=1,GL=-1,G} =2, G' = —6,G3 =1, G, =0,GL =0, G}l = -0, &y =1, Dy = 1, B3 = 0,
N1 =2, and Ny = 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} = fu/fmlns = 273 K, fon = for/ fprlTis = 273 K, and
fan = fan/fanlTs = 273 K, which are included into expressions for the resistance force, the photophoretic force, and
the diffiophoretic force, on the average temperature Tj5 for copper particles of a radius R = 25-10~% m, which move
in a air—-COg binary gas mixture under normal conditions. The numerical estimates obtained using the determined
formulas show that f, and f}, strongly depend on the average particle surface temperature.

Gi(y), Gy ) Ga(y), Gh(y), G5 (), Ga(y), G3(y), G (y), ®1(y), P2(y), P3(y), Ni(y), and
1

) M1
, Gt (y), G (y), etc.; the first and second derivative are obtained from the corresponding

ph
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Coefficients f, (1), fon (2), and fj, (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.
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