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Abstract—A model for the heat transfer from a stationary, infinite plasma to a particle is developed so as
to include rarefaction effects over the entire range of Knudsen numbers, and thermal and chemical
nonequilibrium in the vicinity of the particle surface. The overall heat transfer rate is obtained by separately
determining the contributions due to heavy species conduction and to energy transport by ion flow to the
particle surface. Knudsen effects are accounted for by means of Sherman’s interpolation formula for the
conduction problem and its equivalent in electrostatic probe theory for the ion transport to the surface.
Results are presented for argon plasmas in the pressure range 0.1-1 atm, and for particle sizes in the range
10-100 um.

1. INTRODUCTION

THE CcORRECT prediction of the behavior of particles
immersed in a plasma stream is of central importance
to the successful application of plasma jets to spraying
and coating technologies. The fundamental problem
lies in determining realistically the coupling between
the particles and the plasma stream, in terms of
momentum transfer (which determines the particle
trajectories and residence times within the plasma jet),
and energy transfer (which affects directly the particle
temperature, state, size, shape and therefore, in-
directly, the momentum transfer). Much work has
been done in the area of numerical modeling of this
quite complex physical situation, and the treatment
of the coupled problem seems to be well established,
provided suitable models are available for the separate
problems of momentum and heat transfer to a single
particle. Unfortunately, due to the nature of the
plasma, and due to constraints on particle size and
operating pressure, one finds that the description of
these phenomena, which is a prerequisite to the overall
description of the coupled problem, is complicated by
at least two effects which preclude the application
of otherwise well-established models. One is non-
equilibrium, thermal and chemical, which may change
the relative importance of certain energy transfer
mechanisms as well as introduce new ones that cannot
be described by equilibrium theory. The second is that
the problem neither satisfies the requirements of a
continuum approach, nor those of free-molecular
theory. Deviations from either limit are not necessarily
small, and no established theory is available for the
transitional region. The aim of this work is to propose
one possible way of including both effects in a model
of the heat transfer to a particle, without resorting to
a priori assumptions regarding the extent of non-

equilibrium, or the magnitude of the deviation from
continuum. Analogies with established results in elec-
tric probe theory and in heat transfer in rarefied gases
(under non-plasma conditions) will be instead intro-
duced, that, in spite of not having a strong theoretical
foundation, seem appealing for their ability to cor-
rectly recover known limits, and their agreement with
experiments. Simplifying assumptions will unavoid-
ably be made, but it is felt that their relaxation should
not introduce qualitative differences from the method
described here.

2. BACKGROUND

That heat transfer rates to particles may be sub-
stantially affected by deviations from continuum was
first shown by Chen and Pfender, who carried out the
analysis of plasma-particle heat transfer at atmo-
spheric pressure [1], for pressures ranging from 0.01
to 2 atm [2), and for situations where the flow around
the particle may contribute a convective component
(3]. The deviations from continuum (known as
Knudsen effect) associated with the non-negligible
Knudsen number Kn = i/R,, where 7 is a charac-
teristic mean free path length in the plasma and R, the
particle radius, were treated by means of a conduction
potential discontinuity, in analogy to the classical tem-
perature jump approach [4]. Joshi es al. [5] kept the
mass transfer and heat transfer problems separate,
and suggested the use of a generalized diffusivity,
implying the validity of some sort of heat and mass
transfer analogy. The non-continuum effects were also
accounted for by a diffusion potential jump approach.
It must be stressed that in both Chen and Pfender’s
and Joshi er al’s lines of work a plasma in local
thermodynamic equilibrium (LTE) was postulated.
This assumption implies that all diffusional driving
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A particle surface area [m’]

C electron (ion) molar fraction in the
undisturbed plasma

D diffusion coefficient [m*s~']

g Damkohler number

e electron charge [C]

E, E electric field [Vm™')

/. g. h Shorthand notations for functions of
nt,C

he heat transfer coefficient (W m=2 K]

I electric current {A]

Je dimensionless current density at the
particle surface

J,J current density [A m™7]

k Boltzmann's constant [J K~']

K heavy species translational thermal
conductivity [Wm~' K]

Kn  Knudsen number

Kn, effective Knudsen number for ion

diffusion

Kn, effective Knudsen number for
conduction

L characteristic fength [m]

Lg recombination length [m]

m mass

Ma  Mach number

n dimensionless number density

N number density [m ™7

N ionization rate {m~3s™']

Nu,  Nusselt number based on R, and K, .

P, total pressure [Pa]

q. dimensionless heat flux at the particle
surface

Q heat transfer rate [W]

NOMENCLATURE

Q.ona Heat transfer rate by heavy species
conduction [W]

Q.. energy transport rate due to ion diffusion
currents [W]
0" heatflux [Wm™’)
R radius, radial coordinate [m]
T temperature [K]
v thermal velocity [m s~ ']
Z number of collisions.
Greek symbols

2 ¢  collisionless ion collection coefficient
%ra  thermal accommodation coefficient
¥ recombination coefficient [mfs~']

.. mean free path [m]

P plasma density [kg m™’]

h2 collision cross section [m?]

T dimensionless temperature

®d,,., ionization potential [V]

A®,.... sheath potential drop [V]

Q'Y first approximation to the ion—-neutral
momentum transfer collision integral
[mA].

Subscripts

C continuum limit

e electron

FM  free-molecular limit

h heavy (ion and. or neutral)

i ion

n neutral

p particle

T total (ions+electrons + neutrals)
7 undisturbed plasma.

forces can essentially be expressed in terms of the
temperature gradient and, therefore, could be ac-
counted for in a generalized heat conduction equation
by the inclusion of a reactional component in the
thermal conductivity of the plasma. The slip and jump
methods were applied by Chang [6] for the calculation
of drag and convective heat transfer to particles under
plasma spraying conditions varying from atmospheric
pressure to soft vacuum. Chang allowed for non-
equilibrium effects treating number densities and
temperatures separately and obtaining density and
temperature jumps at the particle surface. His energy
transfer rates clearly distinguish between the various
contributions, due to heavy species translational
energy transport, recombination energy release due to
the neutralization of ions on the particle surface and
electron enthalpy transport.

Although its use as a "corrective’ boundary con-
dition to the continuum form of the governing equa-
tion lacks theoretical justification. the jump approach

is generally accepted for Knudsen numbers ranging
from 0.001 to 0.1. This implies that the method is
expected to describe perturbation of the continuum
situation of small magnitude. The authors of ref. [1],
based on a comparison with Takao's results [7] for
rarefied cold flow heat transfer data for spheres in the
transition regime, find agreement up to Kn = 0.8.
Given the lack of theoretical support to the use of
the jump approach. which assumes a zero-order
continuum behavior to dominate near the surface,
matched to kinetic expressions that strictly apply only
to plane geometry, there seems to be little guarantee that
the results will be physically realistic and not forced
by the nature of the approach itself. It is the authors’
opinion that the range of applicability of the jump
approach method should be judged according to the
magnitude of the deviations from the continuum limit,
and therefore its use should be limited to small jump
distances relative to the particle characteristic length.

An alternative approach to the problem was intro-
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duced by Lee (8] and refined by Chyou [9], and was
based on the concept of a limiting Knudsen sphere.
The thickness of the shell surrounding the particle is
of the order of the shortest among the relevant mean
free paths and the Debye length, and transport is
free molecular inside the shell and continuum outside.
Continuity is required at the continuum—free molec-
ular interface, and is used to provide boundary con-
ditions to the continuum problem. Their results, as
discussed in a later section, do not however recover
the free-molecular limit for small particle size.

Another major stumbling block of most previous
approaches is the assumption of prevailing LTE con-
ditions in the plasma surrounding the particle. This
assumption strongly affects the evaluation of prop-
erties and, in particular, of the diffusive fluxes of
charged particles to the surface. Since equilibrium in
relatively high density plasmas is achieved primarily
by collisional mechanismes, it is obvious that any study
of the rarefaction effects on the heat transfer to small
particles must account for possible nonequilibrium,
chemical and thermal. This last aspect needs to be
carefully considered in view of the potentially impor-
tant contribution to heat transfer rates due to the
release of recombination energy to the surface, and of
the effect on the results of the transport property
calculations.

3. PROPOSED APPROACH

3.1. General description

The approach described here aims to quantify the
importance of ion diffusion and recombination energy
release, and of thermal conduction in the energy trans-
fer to the surface of particles in the 10~100 um diam-
eter range, immersed into argon plasmas at pressures
ranging from 0.1 to 1 atm. This choice of parameters
essentially covers the continuum end of the transition
regime (for Kn calculated on the basis of undisturbed
plasma properties and particle size, as described later
in more detail). No assumptions about thermal or
chemical equilibrium will be made, and, for consist-
ency, possible simple expressions for non-equilibrium
property calculation will be suggested. Flow effects
will be neglected. In dealing with deviations from the
continuum situation an alternative approach to the
jump model will be adopted : this approach consists
of obtaining, for Knudsen numbers in the transition
range, the value of the quantity of interest (be it the
ion current or the conduction heat transfer rate to the
particle) by interpolation between the values cal-
culated in the continuum and free-molecular limits.
The interpolation formula may indeed be quite arbi-
trary, and the only two constraints that one may
impose is that it should asymptotically yield the cor-
rect continuum and free-molecular limits for Kn — 0
and Kn — o, respectively. The arbitrariness of the
interpolation formula can only be removed by com-
parison with experimental data.
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This idea was first introduced by Sherman [10] for
the correlation of heat transfer data in rarefied gases
in the transition regime. The interpolation formula
for spheres yielded excellent agreement in spite of its
simplicity

Q2 _ v e

Qe 14+Kn "’ 7 Qru
where Qg and Q are values calculated by approach-
ing the problem in the free-molecular and continuum
limits, respectively, and Q represents the actual heat
transfer rate. This treatment of the transition regime
is known as Sherman’s interpolation method, and has
been proven to be of a fairly general nature. Cer-
cignani [11] discusses its merits as compared to Milli-
kan’s empirical formula and variational methods for
the calculation of the drag force on a sphere in the
transitional flow regime.

As far as the evaluation of the ion current collected
by the particle is concerned, the particle can be treated
as a floating spherical probe, and electric probe theory
results may be applied. For a physical probe in the
transition regime, Talbot and Chou [12] proposed an
interpolation formula for some key integral quantities
for the prediction of the current collection obtained
in an earlier fully kinetic analysis of the problem [13].
Thornton [14] later proposed and substantiated with
experimental results, a simpler correlation. the spirit
of which is essentially the same as that of Sherman’s

R
Iew  L+KnS v’

Kn, = —[C-

[ FM
where I and I are again the values obtained from
the continuum and free-molecular limiting solutions,
respectively, and 7 is the actual ion current reaching
the particle.

That Q¢/Qry and /iy may be interpreted as
effective Knudsen numbers (related to a single
Knudsen number based on undisturbed plasma con-
ditions and on particle size), may not be obvious, and
will be shown in the following.

Ion current. In the continuum limit, the ion current
is essentially driven by diffusion induced by the density
gradient that the appropriate boundary condition
(zero ion density at the particle, for a catalytic surface)
causes. One can qualitatively expect that the diffusion
ion current will scale as I-oc AD,,.N...L, where.
for frozen or near-frozen chemistry, L is a physical
dimension of the particle, typically R, for a spherical
particle. In the free-molecular limit fry 2 AN, 0,
Apart from coefficients which can be expected to be
of order unity

IC Dmx:
m —

y3
- o« === Kn,.
Tem

Ry, R,
The relevant mean free path for the Knudsen number
is therefore the ion—neutral mean free path in the
undisturbed plasma.

Conduction heat transfer rate. In the continuum
limit one expects Qc o¢ 4K, (T, —T,)/R,, whereas



1500

in the free-molecular limit, Qpy % AN, 0 (T, —T,).
where v, = t,, is the thermal velocity for the heavy
species (ions and atoms are assumed in thermal equi-
librium). By taking the ratio of the two, one finds
Qc/Qm < Kiv, /Nyt R,. Jumping to some results of
the property evaluation discussed later, one finds that,
to an acceptable degree of accuracy, K, ¢ Ny, Doy,
with some dependence on the degree of ionization.
Therefore

QC « Dmx. x;"lrlL
Orv Rp'-'lx R,

=Kn,.

It is important to note that the two expressions for
Ic/Iey and Q¢/Qgv, due to a difference in the numeri-
cal factors, will yield different values in spite of their
analogous dependence on Kn,.. This suggests that the
ion collection and the energy transfer to the particle
respond differently, in terms of transitional behavior,
to the same undisturbed plasma conditions. This
seems one additional reason for analyzing these two
processes separately rather than in a single generalized
heat conduction approach.

3.2. Property calculation

lon-neutral diffusion coefficient. The first approxi-
mation to the ion—neutral binary diffusion coefficient
in the Chapman-Enskog approach is given by [15]

_ 3QnkTy/m,)"?
" 16N Q)

Based on the ion—neutral resonant charge exchange
cross section adopted by Devoto [15], Q'"" can be
shown to vary with the heavy species temperature as
Q'Y T, and therefore the separate depen-
dence of D, on T, and Ny is

069
D,n xX %T .
It should be noted that for all conditions of interest
D, is an excellent approximation to the more complex
ordinary diffusion coefficient in a three-species system.
Comparison with equilibrium properties from Hsu’s
work [16] also results in excellent agreement (Fig. 1).
Heavy species translational thermal conductivity.
From simple kinetic considerations, one expects for
the translational heavy species thermal conductivity
Ky, x vy (AN, + 2,N,) where

N | s s | i |z My, [
AV u+Xr" n s fpiVp X nn+Nn mn .

It should be noted that X and X, are approximately
of the same order of magnitude, whereas, due to the
long range nature of the Coulomb potential, Z, is
substantially larger than X,. Considering various
regimes of ionization, some conclusions may be drawn
about the relative importance of AN, and A, N, in the
expression for K.
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FiG. 1. lon-neutral diffusion coefficient and heavy species

translational thermal conductivity. Comparison between the

adopted cxpressions and rigorous transport property cal-
culations for 1 atm LTE argon plasma.

For N /N, « | (weakly ionized plasma):
Zn < anm//Nn znn > Nizln/Nm

NZ /N » X, and 4N, « 7, N,.

For N,/N, not small (moderately to strongly ionized
plasma) :

Z,» NI, /N and /iN « /i, N,.

So, except for practically fully ionized plasmas (N /N,
~2/Z,.210, {=0.9), the heavy species trans-
lational thermal conductivity is dominated by ion-
neutral and neutral-neutral collisions. Adopting the
approximation X, x 5%, one obtains 2N, x
[QP(N/N,+1/5)]"". and K, can be related to
D, via Q"' A slight modification of the numerical
factors to improve the comparison with available data
yields

4kN;

Ko=17, D
it N,

a simple expression for the translational thermal con-
ductivity of heavy species, which is believed to be
suitable for non-equilibrium conditions since the
dependence on temperature and density is kept sep-
arate. This expression, when tested vs the equilibrium
calculations of Hsu [16] resulted in agreement within
5% of the more accurate values (Fig. 1). The extension
to include the fully ionized limit is straightforward,
but will not be applied here.

3.3. Continuum model

Ion diffusion. Following Hirschfelder et al. [17], the
appropriate form for the ion diffusion flux J, in a
monatomic singly ionized plasma at constant total
pressure is

72

ViN
[—N“VN,+ L[:—‘eE+N,VN,,:l

tot

ml Dm
J ==

where the electric field E. in the case of a floating



A unified approach to plasma-particle heat transfer

particle, is ambipolar in nature. For a floating particle,
since J, = J.and D,, « D, one can conclude, by order
of magnitude analysis of the electron diffusion equa-
tion

VN,
¢E =~ —kT,W—

to a very good degree of approximation. Therefore
kT,
3 = =MD [(N“+ Nk ) VN, —N,VNH].
o

Plol
The term VN, must be evaluated consistently with the
assumption of constant total pressure P, by means
of Dalton’s law

P:ol = NnkTh+Nuk(Th+Tc)

It will be assumed here that the electron tem-
" perature T, can be taken as essentially constant, and
treated as a parameter of the problem. This assump-
tion is supported by the fact that there seems to be
strong evidence, both experimental [18] and com-
putational [6, 19], that substantial deviations from
thermal equilibrium should be expected in the vicinity
of cold boundaries, even for atmospheric pressure
plasmas, with the electron temperature remaining
quite high. This should certainly hold for the plasma
surrounding relatively small particles. A suitable
criterion for electron cooling can be based on
the following argument: an electron will remain in
the vicinity of the particle (within a typical distance
R,) for a number of collisions of order Z ~ (R,/4,)*
(based on a random walk model), and will lose at
each collision with a cold ion or neutral a fraction
2m /m,(x= O(10~ %)) of its energy. Substantial electron
cooling will therefore only take place if Z(2m./
m,) = O(1), that is only in the presence of very large
particles.

In the following, the ion density N, will be scaled
with respect to the undisturbed plasma ion density
N, asn = N/N,,, the heavy species temperature will
be scaled with 7., as t = T,/T,,.. The undisturbed
plasma will for simplicity be considered in LTE with
T., =T, = T,.Thislast assumption may be readily
removed, if necessary, without requiring but minor
modifications in the equations presented here.
Another parameter will be introduced as C= N,/
N¢,, related to the undisturbed plasma degree of
ionization ¢ as ¢{=C/(1-C), where =N,/
(Nix+N,,) (a fully ionized plasma is then charac-
terized by C = 0.5). D,, may be expressed in terms
of D,,, as

TO 69

Dln = Dmx A ATt
NT/NT;:

Scaling the gradient operator on (R,)~', and man-
ipulating the expression for J,, the natural scaling for
the ion diffusion flux becomes evident as

JI rO 69

= m = - ~}g—[(r+g’)vn+an1’]
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where f and g are shorthand notation for functions
of n and 7 defined as

f=fn;O)=1-nC; g=gnt,0) =1 -nC(l-1).

The conservation equation for the diffusion flux is
of the form

v-J, =N,

where the right-hand term represents the net ion-
ization rate per unit volume, which for dominating
three-body recombination (ion—electron-electron
process described by the coefficient 2) can be written

as
. N?
L= (TN | (32) Na—nE |
A! a (TL) < [:(Nn)cq Nn C]

Introducing the scaled variables in the continuity
equation one obtains

V-j, = @n(s—n?)
where

1—Cn(1
s=s(n.r:C)E—?(—l—n_—(§g)2

and & is the Damkohler number defined as

o= R _(ReY
- Dm:c/z,]vnt LR '

Typically, the recombination length calculated on the
basis of the Hoffert-Lien [20) recombination
coefficient is of the order of a few hundred
micrometers (Lg ~ 107°~10~* m) for an atmospheric
pressure plasma. When dealing with micrometer-size
particles (R, ~ 10 *~10~°®m) the Damkdhler number
is of the order Z ~ 10~ *-10"*, indicating that frozen
conditions tend to prevail in the vicinity of the particle.
In Table 1 the recombination length and the
Damkdohler number for a 100 um diameter particle in
an atmospheric pressure plasma are compiled. It is
important to note that, due to the structure of the
recombination term, even for Z ~ 0.1 near-frozen
conditions should be expected. Since approximately
& « P, frozen conditions become even more domi-
nant at subatmospheric pressures.

Assuming therefore that frozen conditions prevail
in the plasma around the particle, the continuity equa-
tion becomes

V-j =0

Table 1. Characteristic recombination lengths and
Damkdohler numbers for a 100 um diameter particle in an
atmospheric pressure argon plasma

Tx [K] LR [m] 2= (Rp/LR)2
8000 2.32x 107 46x10°*
10000 5.47x 103 8.4x107?
12000 2.35x 1073 4.5x 1072
14000 1.65x 1073 1.Ix 10!
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dmate R asr= R/RP, one obtains the ion diffusion
equation in integral form as

[(r+g2> nf S ] Z

TO 69

fo

where j; is a scaled current density such that /. = j,
(4neR N, . D,,.) (taken positive when collected by the
particle). j. must be determined so as to satisfy the
appropriate boundary conditions (n — 1 for r — co,
andn=0atr=1).

Heavy species heat conduction. In the heavy species
energy equation, the dominant energy transfer mech-
anism is assumed to be conduction. Coilisional coup-
ling with electrons is assumed to be weak (due to the
low electron—heavy mass ratio, and to the fact that
where N, is large (T,—T,) is small, and vice versa),
and will be neglected. The appropriate form of the

3 i cog tn 2
energy equation under such assumptions reduces tc a

heat conduction equation, involving the translational
thermal conductivity of the heavy species. After
scaling the equation, consistently with the ion diffusion
equation, and observing that

-~

nC{(i —37) 069
-2C 1—nC(1+r)

the resuiting integral conduction equation becomes

dz__ h %
dr 1% 2
where
1-2C 1-nC(1
h=hn1;0) = nC+7)

1+2C 1-nC(1-37)

and ¢. is a scaled heat flux such that Q¢ =
9.(4n R, K}, T,.). The boundary conditions for r are

~ —_ — t e = 1
t=lforr—c,andr=7,=7/T atr=1

To sum up, the governing equations and boundary
conditions for the coupled problem of ion diffusion
and heavy species heat conduction are

069{_ 2_+nl'd_r—'_j°

r "’dr_]_rﬁz
f=f(n;C)sl—-nC;g:g(n,r;C)sl-—nC(l—r)
dr h q.
dr 95,2

o 1=2C 1=nC(+7)
h=hin, 0O = T 5E Tonc(1=30)
n—-1 for r-o, and n=0 at r=1
=1 for row, and t=1,=T/T,
at r=1.

The solution to this non-linear set of coupled ordi-
nary differential equations can be readily obtained by
a Runge-Kutta algorithm, together with a shooting
method for two-point boundary value problems. The
solution of the continuum problem in terms of the

E. LEveronI and E. PFENDER

constants of i mtegrauon whnch ensure satlsfacuon of
the boundary conditions. j, and g, are functions only
of the parameters C (related to the degree of ionization
in the undisturbed plasma) and 7, (the ratio of the
particle surface temperature to that of the plasma). In
particular, g. can be analytically approximated as a
function of C and 7, to within 3% of the numerical

)u}uuuu Uy ulC C)\pleblU[l

l !
g = (1= 1.730); +2C'~.—?—
0

Q
1.07

The group q./(1—t,) may also be interpreted as a

1 th tiala
conventional Nusselt number based on the particle

radius (Nu, = h.R,/K,.) for heavy species trans-
lational conduction. In the limit € -0, and 7, — 1
(small temperature differences). ¢, — 1 and Nu, — 1 as
expected. j. is not amenable to a simple analytical
description, although an attempt to collapse the
results onto a single curve is presented in Fig. 2. The
specnﬁc plasma conditions and particle size (T, Py
R,) enter the solution only in the reunmensmnauzauuu
of Jeand g, to Jc and Q. It should however be noted
that neglecting the term A4, with respect to 4N, in
the approximation for X, leads to the non-physical
situation of K, — 0 in the fully ionized limit. The
model is therefore not expected to yield accurate

results for £ 2 09, 0r C 2 0.47.

3.4. Knudsen number expressions

Plasma-particle Knudsen number. The Knudsen
number Kn,, based on the undisturbed plasma prop-
erties and on the particle radius will be defined as

Dmx

leIZ ’
G

Assuming an undisturbed plasma in LTE, the explicit
dependenceof Kn.on T, and P isKn, =< T''%/P,,.

Kn, =

1omg
i i jeli—1p)
- —
<
0.8 29
o
I
0.6
0.4
—— =15
o tp=15
) o~ =0 ﬁ,
—— =115
0.0 T r ' —
0.0 01 02 03 0, 05
C
FiG. 2. Rescaled dimensionless ion flux at the particle surface

in the continuum limit.



A unified approach to plasma-particle heat transfer

Numerically

1.045 (T,/10%)' "
R, ™

where T is in K, R, in um, and P, in atm.

Ion diffusion Knudsen number. The effective
Knudsen number for ion current collection was
defined as Kn, = Ic/Iz. From the solution of the
continuum problem, /- (the current collected in the
continuum limit) can be calculated as

IC =jc(eN|xDmx/Rp)A-

In the free-molecular limit Laframboise’s theory for
electrostatic probes in the collisionless regime {21]
yields. in the analytical representation due to Kiel [22]

Tev = 26 (N it 9 A

where ., is a coefficient that depends on the ratio
of ion and electron temperature in the undisturbed
plasma. For (T,/T.), = |, and for a thin sheath,
a r = 0.72 [22]. By taking the ratio of /c to I¢y, One
obtains

Je

L83

Kn, =250

Kn,.

Conduction heat transfer Knudsen number. The
Knudsen number for the heat transfer rate by con-
duction was defined as Kn, = O¢/Qry. From the solu-
tion of the continuum problem, Q¢ can be calculated
as

QC = qc(Khx TL/RP)A

In the free-molecular limit, Q. can be obtained from
kinetic theory as

Qe = %pal(Noy + 206N, )0y [A1[2K(T . — Tp)]A

where xr, is the thermal accommodation coefficient
associated with the particle surface. The importance
of 2y, is a matter that should not be passed over
lightly: its effects may be substantial, and little more
than guessing ‘reasonable’ values can at this stage be
done. From here on a, will be assumed to be 1 : this is
of course a limiting case, and one could expect it to
be realistic only for particles of very irregular shape,
or high degree of porosity. However, here, the choice
is made to avoid introducing further effects that would
increase the effective Kn,.
Introducing the expression for K,

16N,
Khn - l+2C Dmx
1-2C
and observing that (N, +xN,)=[1-Q

—a.¢)C]N+... one obtains for the effective Knudsen
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number Kn,

(1-20/(1420) ¢,
1-Q—2)C (I-1,)

For ars <1, the effective Kn, would simply be
increased by a factor of 1/ar,. It is important to note
here that although Kn, and Kn, are different, they are
clearly related to a single parameter of the undisturbed
plasma, that is Kn . Their exact values depend on the
solution of the continuum problem, but since j, and
(1-20)gq./(1 +2C) (the latter being a scaled tem-
perature gradient at the particle surface) should both
be of the order unity, Kn, and the above formulae
give a simple and rather accurate estimate of the effects
of the deviation from continuum on ion diffusion and
heavy species heat conduction.

Kn, = 20.0 Kn,.

3.5. Energy transfer rates

The total energy transferred to the particle from the
surrounding plasma can be computed on the basis of
the calculated I (ion current collected by the particle)
and Q (translational energy transport by the heavy
species). The contribution due to Q is straightforward.
The diffusion current also contributes to the overall
energy transfer: ions carry ionization energy that is
released upon neutralization on the particle surface
(assumed catalytic), and are accelerated across the
electron retarding sheath immediately adjacent to the
particle surface. Moreover, due to the fact that the
particle obviously collects no net electrical current,
there will also be an electron current, equal in mag-
nitude but carrying opposite charge, reaching the sur-
face and contributing an amount of energy pro-
portional to I and to the electron temperature, For a
floating particle the surface work function is irrelevant
to the calculation of the overall heat transfer rate,
since ions and electrons contribute terms of equal
magnitude and opposite sign. The expression for the
overall heat flux to the particle should then read

Q!ol =
Total
Q +1I- q)lomz +1I- (— A(Dshealh) + 12k T:c/e~
Heavy species lonization Sheath potental Electron
translational energy contnbuton translational
energy transpor! transport energy transport
- I — e, )
= Qcond = Qrec = Qe

For argon, @, = 15.76 V. The contribution due to
the sheath potential drop (essentially a particle charg-
ing effect due to the high electron mobility) is not so
clearly defined. However, in the fully collisionless case,
for a thin sheath around a floating particle, according
to Laframboise’s analysis

A = —S5.9(kT /).
In the continuum limit, Bohm’s criterion [23] can be

expected to hold in some form, with a ‘presheath’
existing in front of the collisionless thin sheath, In this
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estimated as
Ay = —S2KT, e).

In view of the dominance of the ionization energy
transport term, the difference between the two values
for the sheath potential drop will be neglected, and
the first of the two will be employed throughout.

4. RESULTS AND DISCUSSION

The calculation of the plasma-particle energy trans-
fer rates hinges on the determination of the non-
dimensional parameters j, and g, from the continuum
solution. From these parameters, the overall energy

E. Leveront and E. PrENDER

smsa ol omen

erin t he Knudsen
aumbers for ion diffusion (Kn,) and heat conduction
(Kn,). which describes the deviations from that limit.
may be obtained. In the adopted model, j, and ¢.
depend only on the degree of ionization of the undis-
turbed plasma and on the particle-to-plasma tem-
peratureratio 7, = 7,/T, . The dependence of the con-
tinuum limit solution on 7, is generally weak, and can
bc analytically reduced {(collapsing the curves com-
pletely in the case of g. and at least partially in the
case of j,). This result seems particularly interesting
in view of the drastic simplification it would allow in
the overall plasma-particle coupling problem. In the
following discussion. no further mention of the effects

of 7, on the heat transfer rates will be made other than
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F1G. 3. Heavy species conduction (Qcna) and ion current energy transport (Q.) to particles of radius R,
vs total pressure for undisturbed plasma at (a) 10000 K, (b) 12000 K, (c) 14000 K
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reminding the reader that in the free-molecular limit
the translational energy exchange is proportional to
T, .(1-1,).

The results will be presented in the form of separate
contributions to the energy transfer rates from Q,.
and from Q... The calculations were carried out
for pressures Py, in the range 0.1-1 atm, for plasma
temperatures T, up to 15000 K, and for spherical
particles of radius R, of 50, 25, 10 and 5 ym. This
choice of parameters, in addition to its relevance to
applications, is consistent with the primary objective
of this work, that is the description of the heat transfer
in the transitional regime between the continuum and
free-molecular limits. The deviations from either limit
will be presented in the form of the specific Knudsen
numbers Kn, and Kn,, from which the quantities of
interest may be obtained as

e 1o
Owm 1+Kn;'" Qc 1+Kn,

First, the dependence of Q.4 and Q... on pressure,
with the particle radius as a parameter, and for three
plasma temperatures will be presented. At 10000 K
(Fig. 3(a)). Q.ona dominates over Q.. whereas at
12000 K (Fig. 3(b)) a cross-over between the two
effects occurs depending on pressure and particle
radius. At 14000 K (Fig. 3(c)) Q.. dominates the
heat transfer, independently of particle radius and
pressure. This is due to the substantial increase in
charged species density over this temperature range.
The dependence of Q... on pressure shows an inversion
in trend with different particle radius. In particular,
for near-continuum situations (low T, high P, large
R,. and resulting small Kn, o T}'*/(PoRy)), Qrec
increases with decreasing pressure. This behavior is
attributable to the fact that the ion current reaches the
particle surface by diffusion, and the larger diffusion
coefficient and higher degree of ionization associated
with lower pressures initially overcompensate the
‘thinning’ of the plasma, which, eventually, for further
decreases in pressures, dominates, limiting the con-
tribution of Q... In terms of the dependence on the
particle radius, both Q... and Q... are larger for larger
particle size. However, the increase is not proportional
to the increase in the surface area available for heat
transfer: indeed, the energy transfer rates per unit
area (Fig. 4) show that the fluxes are higher for smaller
particles. This effect is consistently observed for all
conditions, and is more pronounced as continuum is
approached (in fact, in the free-molecular limit, the
fluxes become independent of the particle size). The
physical reason for this to happen is that, for given
plasma temperature and pressure conditions, smaller
particles are characterized by larger Knudsen
numbers, and therefore their conditions lie closer to
the free-molecular limit, which represents the upper
limit in terms of possible plasma-particle energy ex-
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FiG. 4. Heavy species conduction (Q.,.«) and 1on current
energy transport (Q) per unit to particles of radius R, vs
total pressure for undisturbed plasma at 12000 K.

change. This effect is expected to be important for
the optimization of particle size vs expected residence
times towards the most efficient particle heating.
When the energy flux plots vs temperature are con-
sidered (for three different pressures, 0.1, 0.5, and
1 atm, Figs. 5(a)—(c), respectively), the striking feature
is the existence of a temperature range, approximately
2000-3000 K wide, where a change in the dominant
energy transfer mechanism occurs, namely from ordi-
nary conduction by the heavy species to recom-
bination and sheath energy release due to the ion flow
to the particle, for increasing temperatures. Lowering
the pressure causes the crossover to take place at a
lower temperature, as a result of the increasing degree
of ionization.

As far as the dependence on pressure of the specific
Knudsen numbers Kn, and Kn, is concerned. Fig. 6
shows the wide spectrum of conditions swept by the
present choice of parameters, with rarefaction gen-
erally more heavily affecting conduction than ion
diffusion. It is important to note how most of the
conditions are characterized by Knudsen numbers
well above 0.1, indicating that the deviations from the
continuum limit are generally larger than 10%, and
indeed it appears that at low pressures, or for small
particle sizes, one should rather worry about devi-
ations from the free-molecular limit than from con-
tinuum. This is somewhat in disagreement with pre-
vious analyses, as can be seen from Fig. 7 where the
results from the present model are compared with
those from refs. [1, 8, 9], for the specific case of an
atmospheric pressure plasma at 15000 K. It must be
pointed out that a direct comparison of the absolute
values for the energy transfer rates is not possible,
since none of the mentioned references reports the
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F1G. 5. Heavy species conduction (Q...4) and ion current energy transport (Q,..) per unit area to particles
of radius R, vs undisturbed plasma temperature for a total pressure of (a) 0.1 atm. (b) 0.5 atm. (c) I atm.

calculated values for the continuum limit, but only
the deviation from such limits. Discrepancies in the
values for Q7 may therefore be partly responsible for
such differences. For the purpose of a meaningful
comparison with Chen and Pfender’s results [l],
obtained by a jump method, the results of the equi-
librium version of the present model are also
presented. Two sets of property values were used
(from ref. [16], indicated as LTE1, and from ref. [9],
indicated as LTE2), that should bracket the values
used in ref. [1]. It is clear that, with respect to the
present model, the jump approach substantially
underestimates the Knudsen effect, and. indeed, for
particle radii less than about 20 um, predicts energy

fluxes that exceed the free-molecular limit values (rep-
resented by the straight lines labeled as Qfy/Q¢). It is
interesting to note that, however, the jump approach
appears to have the ability to attain an asymptotic
free-molecular behavior for small particle sizes. The
problem with it seems to be the syvstematic under-
prediction of the relevant Knudsen number, due to
the strong bias which the initial assumption of small
deviation from continuum puts on the property evalu-
ation. As far as the present model is concerned, it
is important to note that the particular conditions
considered in Fig. 7 correspond to a situation where
the energy transfer rates are dominated by the recom-
bination term. and therefore the overall deviation
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FiG. 6. Effective Knudsen numbers for ion diffusion (Kn))
and for conduction (Kn,) for particles of radius R, vs total
pressure for undisturbed plasma at 12000 K.

from continuum is strongly dependent on the specific
Knudsen number Kn, for ion diffusion and only
weakly on Kn,. The situation is different at somewhat
lower temperatures, where the two contributions are
comparable, with a resulting ‘hybrid’ interpolation
curve, affected simultaneously by Kn, and Kn,. As
for Lee’s and Chyou's models [8, 9], where the jump
approach is abandoned in favor of the limiting sphere
concept, problems arise mainly in the recovery of a
free-molecular behavior. This is probably due to the
fact that the continuum-free molecular interface is
positioned at the sheath edge, a few Debye lengths
away from the particle surface. Since the Debye length
is substantially shorter than the ion—neutral mean free
path. this results in a simple increase in the effective
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particle size seen by the continuum solution, without
a real description of rarefaction effects. The model
evidently computes the Debye length on the basis of
the continuum solution, approaching the particle
from the undisturbed plasma, therefore linking the
Debye length to the particle size. The result is that
Q"/Q¢ for Lee and for Chyou actually represents a
ratio between two continuum energy transfer rates for
particles of different radii that, however, vary in the
same functional way. This, for small particle sizes,
gives rise to a constant Q"/Q¢ ratio. The model may
account for some changes in the temperature bound-
ary condition for the continuum problem as the par-
ticle size is reduced, but, as the present model clearly
indicates, these should only weakly affect the solution.

As a final remark, it is interesting to note that non-
equilibrium reduces the particle size induced rarefac-
tion effects on the plasma-particle heat transfer rates,
at least for an atmospheric plasma at 15000 K. This
is probably attributable to the fact that the recom-
bination energy transfer, which dominates the heat
transfer under these conditions, is somewhat less sen-
sitive to the Knudsen effect than conduction, as can
be seen from Fig. 6.

5. CONCLUSIONS

Independently of the model adopted to describe
the phenomenon, it is evident that, for the set of
conditions considered, the energy fluxes based on the
continuum approach are sufficiently close in mag-
nitude to their counterpart in the free-molecular limit
that methods based on the assumption of small per-
turbations from either limit appear inadequate. In
such translational regions of the Knudsen number
range, Sherman’s interpolation formula for con-
duction heat transfer and its analogous formula (due
to Thornton) in electrostatic probe theory seem to

1 T 7
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FiG. 7. Effect of particle size on the deviation from continuum total energy transfer fluxes. The data for
previous models are taken from ref. [9].
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offer a physically sound and computationally advan-
tageous approach to plasma-particle heat transfer
problems. Non-equilibrium effects may be included in
a simple way, as long as the plasma properties are
consistently evaluated.
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UNE APPROCHE UNIFIEE DU TRANSFERT THERMIQUE PLASMA-PARTICULE
DANS DES CONDITIONS DE NON-CONTINUITE ET DE NON-EQUILIBRE

Résumé—Un modéle pour le transfert thermique d'un plasma infini & une particule est développé de fagon
i inclure les effets de raréfaction sur le domaine complet des nombres de Knudsen, du non-équilibre
thermique et chimique au voisinage de la surface de la particule. Le flux global de chaleur est obtenu en
déterminant séparément les contributions de la conduction des espéces lourdes et du transport d'énergie
par I'écoulement ionique a la surface de la particule. Les effets de Knudsen sont pris en compte au moyen
de 1a formule d’interpolation de Sherman pour le probléme de conduction et son équivalent dans la théorie
électrostatique pour le transport ionique a la surface. Les résultats sont présentés pour des plasmas d'argon
dans le domaine de pression 0,11 atm et pour des tailles de particules dans le domaine 10-100 ym.

EINE EINHEITLICHE NAHERUNG FUR DEN WARMEUBERGANG ZWISCHEN
PLASMA UND PARTIKELN UNTER NICHTKONTINUUMS- UND
NICHTGLEICHGEWICHTSBEDINGUNGEN

Zusammenfassung—Es wird ein Modell fiir den Wirmeiibergang von einem ruhenden unendlich aus-
gedehnten Plasma an ein Partikel entwickelt, Dabei werden die Einflisse einer starken Verdiinnung
iiber den gesamten Bereich der Knudsen-Zahlen beritcksichtigt, ebenso die thermischen und chemischen
Nichtgleichgewichtsbedingungen in der Nihe der Partikeloberfiiche. Der Gesamtwirmetransport wird
durch getrennte Bestimmung der Einzelbeitrige ermittelt: Wiirmeleitung und zusétzlicher Energietrans-
port durch lonenstrémung zur Partikeloberfliche. Knudsen-Effekte werden mit Hilfe der Interpolations-
gleichung nach Sherman fiir das Wirmeleitungsproblem beriicksichtigt, flir den Ionentransport wird das
entsprechende elektrostatische Analogon herangezogen. Es werden Ergebnisse fiir ein Argonplasma
im Druckbereich 0,1-1 atm und fiir PartikelgrdBen im Bereich 10 bis 100 ym vorgestelit.
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EQWUHBIA NOAXOM K TEIUIONEPEHOCY MEXAY IJIABMOA U YACTHLEA TIPU
OTCYTCTBUM CIIOMWIHOCTHU U PABHOBECHA

Ammoraums—Pa3paGorana Mozens TeruionepeHoca OT HEMONBHXKHOM GeckoHEMHON Mna3Mbl X 4acTHIUE
ans yuera a$dexTon paspexeHus BO BCeM AHANa3oHe 3HaucHHH wncna KHyaceua, a Taxie TELIOBOrO H
XUMHYECKOTO HEPABHOBECHS BO/IM3H NOBEPXHOCTH HacTHUBL. CKOPOCTb CYMMApHOTO TEMIONEPEHOCA
[OJIyYeHa METOOM DA3febHOrO ONMPEAC/ICHHA BKIA/0B 32 CYET TEILIONPOBOAKOCTH THKENbIX YaCTHU H
NEPEHOCA IHEPIUH HOHHLIM MOTOKOM K MOBEPXHOCTH HacTHubl. KHyacenosckuit adupext yyuThiBacTCH
uHTepnonAmMontoil Gopmynodt lllepmana ans 3aqa4u TEMIONPOBORHOCTH H ee IKBHBANEHTA B 3M1€KT-
POCTaTHKS NPUMMEHHTENLHO K NEPEHOCY HOHOB K MopepxHOCTH. [IpencTaBsienbl pe3ynbTaTsl AAA aAProH-
HoO#t nasMel ipu nasnenuu 0,1-1 aT™ 1 pazmepax yactuu 10-100 Mxm.
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