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Abstract—A theoretical analysis was made of the different phenomena encountered and the assumptions
involved in the calculation of the heat transfer rate to a single sphere under plasma conditions. In the presence
of steep temperature gradients it isshown that if the integral mean thermal conductivity of the plasma is used in
the evaluation of the heat transfer coefficient, the Nusselt number for the conduction heat transfer between the
plasma and the particle is equal to 2.0. The results also show that the relaxation time of the thermal boundary
layer around the particle is negligible compared to its transient heating-up time. Computations were carried
for particles of different diameters (20-100 ym) and materials (Al,05, W, Si, Cu .. .) immersed in plasmas of
argon, nitrogen and hydrogen over the temperature range 4000-10000 K. These show that for Biot numbers
greater than 0.02, temperature differences as high as 1000 K can develop between the surface and the center of
the particle even for a particle as small as 20 ym in diameter. In a few cases where the heat flux is particularly
high (hydrogen plasma at 10 000 K) the surface temperature of a 100 ym alumina particle can reach the boiling
point of alumina (4000 K) whileits centeris still in the solid state. The results of a relatively simple analysis show
that, except for a particle with a surface temperature above 2000 K immersed in an argon or a nitrogen plasma
below 4000 K, radiation heat losses from the particle to the surroundings are negligible compared to the
conductive heat flux from the plasma to the particle.
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NOMENCLATURE T, particle surface temperature [K];
ab. constants T, free stream plasma temperature [K].
Bi, Biot number, k/k,;
C,, constant, equation (2); Greek symbols
C, specific heat at constant pressure [J kg™! o, &,  thermal diffusivity of the liquid and of the
K™17; solid particle, respectively [m? s~ 1];
C, C,, specific heat of the particle in the liquid and At, time necessary for the particle to melt [s];
solid phase, respectively [T kg ' K™ 1']; AT,  temperature difference between the surface
do, particle diameter [m]; and the center of the particle [K];
h, heat transfer coefficient [Wm™ 2K '7]; A1, A, latent heat of the particle respectively for
k, thermal conductivity [W m ™! K~ !7; vaporization and for fusion [MJ kg™ '];
k, integrated mean thermal conductivity of the £, Py, P, density of the plasma, of the liquid, and of
plasma gas [Wm™' K~17; the solid particle, respectively [J kg1
k, k,,  thermalconductivity of the particleinliquid K™ '];
and solid phase, respectively [W m~! 4, boundary layer thickness [mm];
K™ 1]; g, emissivity of the particle;
Nu, Nusselt number, hdy/k; o, Stephan—Boltzman constant.
q, heat flux to the surface of the particle
[Wm™?];
Grads radiative heat losses from the particle 1 INTRODUCTION
[Wm~?]; THE THERMAL treatment of powders under plasma
r, distance in the radial direction [m]; conditions represents one of the important applications
Fes radius of the particle under vaporization of plasma technology which lead to a number of
conditions [m]; successful industrial developments. Plasma spray
Fins radius of the melting front [m]; coating [1-3] and powder spheroidization [4] are
T oo radius at which the gas temperature reaches  typical examples.
the free stream plasma temperature [m]; In the plasma spraying operation, the coating
R,, particle radius [m]; material is introduced in the form of a fine powder in a
Re, Reynolds number, pud,/u; DC plasma jet as shown in Fig. 1. As the particles are
L, time [s]; entrained by the plasma gas they are heated, molten
T, temperature [K]; and accelerated to a velocity of the order of a few
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F1G. 1. Powder injection in a DC plasma jet as commonly used
in plasma spray coating.

hundred meters per second. Upon impaction of the
liquid droplets on the substrate, they flatten and form a
lamella structured thin film of the coating material. The
quality of the deposit obtained depends toalarge extent
on the particie temperature and velocity at the moment
of impaction. A particle which reaches the substrate
while still in the solid state would not flatten and thus
increase the brittleness and the porosity of the coating.

A considerable effort has been devoted to the
optimization of the powder injection conditions to
insure the complete melting of the particles in the
plasmajet. A number of fundamental studies have been
made of the plasma—particle heat transfer [5-8] and of
the modelling of the trajectories and temperature
histories of the particles as they are injected in the
plasma jet [9-17]. These, however, have not always
been consistent in the assumptions made and the
relative importance attributed to the different heat
transfer mechanisms involved. For example, only a few
investigations dealt with the problem of internal heat
propagation in the particles 12, 13, 15, 16] while the
others assumed the particles to be at a uniform
temperature with negligible internal temperature
gradients. The presence of steep temperature gradients
across the boundary layer around the particle and its
effect on the transfer properties of the gas has often been
dealt with in a rather empirical fashion. Without
exception, all investigations have used steady-state
correlations for the calculation of the conductive and
convection heat transfer coefficients between the
plasma and the particles under transient conditions.

While a number of these assumptions could well be
justified under certain conditions, there remains
considerable ambiguity about the limits of their validity
and the role of the different heat transfer mechanisms in
the overall transfer process.

P. FaucHais and M. BouLos

In an attempt to clarify this situation, the present
investigation has set as its objective an answer to the
following specific questions:

(1) Towhatextent does the method used account for
the variations of the transfer properties of the plasma
across the boundary layer and can it influence the
estimated heat transfer rates?

(2) How long is the relaxation time of the thermai
boundary layer around the particle compared to its
transient residence time in the ptasma?

(3) Under which conditions can internal heat
conduction have an important influence on the overali
heat transfer rate to the particle?

{4) What are the possible temperature differences
that can develop between the surface and the center of
the particie under different conditions?

The approach used is theoretical. It is based on the
solution of the corresponding transfer equations for a
single spherical particle under different conditions. In
order to maintain its relevance to the original plasma
spray coating problem, the computations were carried
out for the particle sizes, materials, and plasma
conditions typically used in plasma spray coating
operations. A summary of the materials studied and
their corresponding physical and thermodynamic
properties are given in Table 1. The study was carried
out at atmospheric pressure with argon, nitrogen and
hydrogen as the plasma gases at temperatures in the
range [rom 4000 to 10000 K. Since under typical
operating conditions the particle Reynolds number is
rather small (Re, < 100), the plasma-particle heat
transfer analysis was limited to conduction heat
transfer.

An extension of the results to include convective heat
transfer can be made relatively simply. The contri-
bution of radiative heat transfer to the overall energy
balance around the particles was also neglected since,
as shown later, it represented only 4 small percentage of
the overall heat transfer rate to, or from, the particle.

2. PLASMA-PARTICLE CONDUCTIVE HEAT TRANSFER

2.1. Effect of steep temperature gradients

During the transient heating of a particle under
plasma conditions, the surface temperature of the
particle can be about 1000-2000 K while the ambient
plasma temperature is 10000 K. The presence of such a

Table 1. Materials studied and their correspondmg physmdl and thermodyndmm properues

Meltmg
Density Molecular point
Material (kgm™%) Weight (K)

Si 2330 28 1685
Si0, 2320 60 2000
AL O, 4000 102.0 2326
Cu 8930 63.5 1356
Ni 8900 58.7 1727
183.8 3680

w 19350

Thermal

Boﬂmg Spemhc Latenl heat
point heat of fusion conductivity
(K) (Jkg"K’ ) (MJkg ) (Wm 'K™H
"628 905 1. 80 108.0
1157 0.14 1.5
4000 1242 1.00 6.3
2840 425 0.20 398.0
3005 541 0.30 733

6200 170 .19



Transient heat conduction under plasma conditions

steep temperature gradient across the boundary layer
can have an important effect on the heat transfer rates.
The question dealt with in this section is simply: at
which temperature should the fluid property values be
evaluated?

To answer this question, consider the steady-state
conductive heat transfer between the plasma and an
isolated spherical particle. The governing equation can
be written in spherical coordinates as follows:

1d(, dT
Rl Pl Y}
rZdr <r k dr) M)

Integrating equation (1) between the surface of the

particles (r = R, and T = T,) and any other pointr, we
obtain

dT

2 k—

r dr

™™ 1 1
j KT)dT = C, <R~ - -) 3)

T, o T

=C, {2)

and

where C, is a constant.
Equations (2) and (3) can be used to calculate the heat

flux to the surface of the particle
dT

q=k—

ar @

r=Rop

or

C, 1 (T® 1 1
= =— KDAT || — — - 5
1 R} R Ts ) Ry r ©

for r = r,, the radius at which the gas temperature
reaches the free stream plasma temperature T, we

obtain
1 (T= 1 1
=— KT)dT /[{ — —
1 R%L ™ /<Ro rm> ©

for r, > R, the above equation simplifies to

1 {7
q=— KT)dT. )
RO Ts
The heat flux can be expressed in terms of a heat transfer
coefficient, h, as follows:

q=hT,—T) (8)
From equations (7) and (8) we obtain
1 Te
h=—r—r KT)dT. ©
RoT,—T) j ( )

The above equation can be rewritten in terms of the
Nusselt number, Nu = hd,/k, we obtain,

2 Tew
o< g, 40T

which reduces to the well-known expression Nu = 2.0,
commonly used at moderate and low temperature
conditions, if we use the thermal conductivity of the gas,

(10)
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k, as its integral mean value across the boundary layer
defined as follows;

RN b
= KT)dT.
(T, —T) j @

Equation (11) was used earlier by Bonnet [8] and
other workers for the calculation of the average thermal
conductivity of the gas in the thermal boundary layer
under plasma conditions.

It is interesting to note that if k(T) is a linear function
oftemperature k(T) = aT+ bthe aboveequation can be
integrated to give

1 T2 Ty
[ . e Y &
(T,—-T)L 2 Ts

(11)

(2)

which simply reduces to the commonly used practice to
evaluate the property values at the arithmetic mean
temperature of the surface and the free-stream
temperatures, i.e.

k= KT),
with
T+ T
T= 3 13)

The application of equation (11) can be considerably
simplified by splitting the integral with respect to some
reference temperature T, = 300 K, as follows:

f=— | ["unar- "
_ TYdT— | KT)dT| (14
(Too_n)l:J:!OO ™ Loo @ ] 9

or

U(T,) = I(T)] (15

=T

where, I(T), which is known as the ‘heat conduction
potential’, is defined as

in- "
300

Based on the available literature data, the integrated
thermal conductivity, I(T), was calculated using
equation (16) for different gases at atmospheric
pressure and the results given in Fig. 2 together with the
corresponding values of the thermal conductivity as
function of temperature.

K(T)dT. (16)

2.2. Boundary layer relaxation time

The question treated in this section is how long is the
relaxation time of the thermal boundary layer around
the particle, compared to its transient residence time in
the plasma?

Let us consider a particle of radius Ry, and uniform
temperature 7;, suddenly immersed in a plasma at a
temperature T,,. Following a similar development as
that given in the previous section, it can be shown that
equation (6) gives rise to the following relation for the
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instantaneous Nusselt number:
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around the particle. In other words, 1t is the radius at
which the gas temperatureis equal to 0.99 of the plasma
temperature.

Attime/ = 0+ ¢ where ¢ is a small increment of time.
r, will not be much larger than R, and the Nusselt
number could be considerably greater than 2.0. As the
particle receives heat from the plasma. the thickness of
the boundary layer, 4 = (r, —R,). will increasc
leading to the limiting case where for. r. » R Nu
= 2.0,

The heat transfer equation governing the transient
development of the thermal boundary layer around the
particle can be written as follows:

ST Lo LT

pC (1s)

P

(s Feor [

where p, C,, and k are the plasma density, specilic heat
and thermal conductivity, respectively. Equation (18)

could be solved using the following boundary
conditions :
r=Ry. 1=0 Ty=T,. 1>0
3 * 7CRY
Twy="1T, + - — = A‘( — ]I dr, (19a)
) 0 {)\.C;RO J O \ or ) }r = Ry ( J
>Ry =0, Tiry=T1T,,
(5{“ I U,
t>0. T.n=1T,.
”(".T\‘».
() -0, (19b)
\OF Sy s

The results expressed in terms of the instantaneous
Nusselt number as function of time, obtained for a
particle with a diameter of 100 ym immersed in a
nitrogen plasma at 10000 K are given in Fig. 3. In this
figure, two curves are given. One is for the case where
the particle surface temperature was assumed to vary
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F1G. 3. Variation of the instantaneous Nusselt number as function of time for a 100 um diameter particle in a
nitrogen plasma at 10000 K.
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with time according to equation (19a),i.e.atr = R,and
t > 0, T(t) = variable. The second curve on Fig. 3
represents an approximate solution where the surface
temperature of the particle was assumed to be constant,
ie.r=Roandt>0T(t) =T,

In either case, it is noticed that the instantaneous
Nusselt number drops rapidly with time and attains its
asymptotic value of 2.0 in about 1 us from the time the
particle has been immersed in the plasma. Since in most
plasma spray coating applications, the residence time
of the particles in the plasma jet is of the order of a few
milliseconds, it appears that, as far as the boundary
layer relaxation is concerned, the use of a Nusselt
number of 2.0 for the calculation of the conductive heat
transfer rate to the particle is quite adequate.

3. INTERNAL HEAT TRANSFER IN THE PARTICLES

As mentioned earlier, most of the studies of particle
~heating under plasma conditiong have neglected the
effects of internal heat conductioitinthe particle on the
overall transfer process. This section will deal with the
effects of internal conduction on the heating-up time of
particles in the absence or presence of phase change. An
attempt will be made to define an appropriate
parameter that can be used to determine a priori when
internal heat transfer in the particles can be neglected
and when it must to be taken into account.
For comparison, computations will first be made for
a particle with an infinite thermal conductivity, i.e.
uniform particle temperature. This will be followed by
calculations for particles with a finite thermal
conductivity in the absence of phase change, and finally
~for particles with a finite thermal conductivity in the
presence of phase change.

571

3.1. Heat transfer to a particle with an infinite thermal
conductivity

The evolution of the temperature of a particle with an
infinite thermal conductivity suddenly immersed in a
plasma stream can simply be calculated by an energy
balance on the particle. Assuming a Nusselt number of
2.0 and neglecting radiation losses from the particle it
can be easily shown that

de’—12E(T )
dt  pCdd ™

(20)

where k is the mean thermal conductivity of the gas,
given by equation (11), p, and C, are the density and the
specific heat of the particle, respectively. Since k and C,
are functions of temperature, equation (2) has to be
solved using standard numerical techniques such as the
Runge-Kutta—Merson method. As a first approxi-
mation, if Kk and C, are assumed to be constant, it
is possible to obtain the following exact solution:

12kt
= €X .
P\n.C2

As expected, equation (21) shows that the particle
temperature rises the faster the higher the thermal
conductivity of the gas and the lower the specific heat
and the diameter of the particle.

Computations were next carried out to solve
equation (20) taking into account the variations of
either k, C, or both with the temperature of the particle.
Typical results obtained for a 100 um diameter alumina
particle immersed in a nitrogen plasma are given in Fig.
4. Tt is interesting to note that the results are essentially
the same in either case and hardly differ from the exact
solution given by equation (21). This is mainly due to
the relatively small change in the temperature of the
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FiG.4. Temperature history for a 100 um diameter alumina particle immersed in a nitrogen plasma at 10 000 K
(neglecting internal heat conduction).
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F16G. 5. Temperature histories for 100 um diameter alumina particles immersed in a nitrogen plasma at different
temperatures (neglecting internal heat conduction).

particle compared to the temperature difference
between the plasma and the particle.

Calculations were also carried out using equation
(21) to determine the effects of variations of the plasma
temperature (400010000 K), plasma gas (H,, N,, Ar)},
particle material (Ni, Si, Al,O;, W, SiO,) and diameter
(20, 60, 100, 200, 400 um), on the temperature history of
the particles as they are suddenly immersed in the
plasma. The results are given in Figs. 5-8, respectively.
Tt should be pointed out that while the computations
were stopped as the particle reached its melting point,
the constant temperature portion at the end of each of
these curves represents the time that would be taken by

R —

2326k P

2000/ [Al203 PARTICLE |
Ro =50pm

[ |Tg =10000 K
I Hp
2° Np

P s

|
|

Tempergture [K ]

L_;_u_uuﬂ; SIS W RTTY] RN TSN U T1 DS S SN S U] S W
- -5 -4

the particle for complete fusion, calculated as follows :

. Ao \
(ADtusion = 12K(T, = T) (22)
where 4, is the latent heat of fusion of the particle. 1t is
noticed from Fig. 5 that there is a very substantial
improvement in the heating efficiency of the particles
with the increase of the temperature of the plasma from
4000 to 6000 K. The effect is far smaller between 8000
and 10000 K. This supports the generally accepted rule
that for diatomic gases there is relatively little to gain,
from a particle heating point of view, by using a plasma
at a temperature higher than the dissociation

-3 -2 !

Log (Time [s])

F1G. 6. Temperature histories for 100 ym diameter alumina particles immersed in different plasma gases at
10000 K (neglecting internal heat conduction).
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F1G. 7. Temperature histories for 100 um diameter particles of different materials immersed in a nitrogen
plasma at 10000 K (neglecting internal heat conduction).

temperature of the gas (8000-10000 K for N, and
5000-7000 K for H, at atmospheric pressure). This is
due to the steep increase of k associated with the
dissociation of the gas (Fig. 2). The results givenin Fig. 6
show that by proper selection of the plasma gas
considerable improvement in the heat transfer rate to
the particles can be achieved, thus reducing the heating
time. In fact the increase of the mean thermal
conductivity of the plasma from 0.07 to 4.4 associated
with the change from an argon to a hydrogen plasma
results in a reduction of the time required to melt a 100
um diameter alumina particle from 4 x 10~ ? to about
2x 107 %s.

3.2. Heat transfer to a particle with a finite thermal
conductivity in the absence of phase change

In this section we examine the effect of internal
heat conduction in the particle on the tempera-
ture distribution and its overall heating rate.
The calculations are based on the following assump-
tions:

(1) The particleis spherical with a finite but constant
specific heat and thermal conductivity.

(2) The particle has a uniform initial temperature,
Ty, before it is suddenly immersed in a plasma of a
temperature T,.
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Fi1G. 8. Temperature histories for alumina particles of different diameters immersed in a nitrogen plasma at
10000 K (neglecting internal heat conduction).
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(3) Negligible radiation losses from the particle to
the surroundings.

(4) The particle temperature is followed only to the
point where its surface reaches the melting point of the
material.

Based on the above assumptions. the equation
governing the transient heat transfer in the particle can
be written as follows:

Lor Lo/, e
SR (e
x, Ot PO\ ar )

where o, is the thermal diffusivity of the particle
material, o, = [k/p.C,]. Equation (23) can be solved
with the following boundary conditions:

(23)

(=0, O<r<R, T(n.)=300K. (24a)
A |
(>0, r=0 "= =0 (24b)
cr [Nt
or
r=R, k. o =g (24c)
P Ro

where ¢ is the external heat flux to the surface of the
particle given by equation (8) with a Nusselt number of
2.0.

(25)

The system of partial differential equations was
solved using an implicit finite-difference method. The
results obtained for a 100 um diameter alumina particle
suddenly immersed in a nitrogen plasma at 10000 K are
given in Figs. 9(a) and (b) in terms of the temperature
history of the particle and the internal transient
temperature profiles, respectively.

It can be noted from Fig. 9(a) that the temperature
difference between the surface of the particle and its

2326",‘— M. P
S

ZOOOE' FNZ PLASMA 10000
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center can be as muchas 1250 K. Itis also noted that the
results of computations using the ‘simple model’.
assuming an infinite thermal conductivity of the
particle, i.e. uniform particle temperature, represents
relatively well the mean temperature of the particle.
This can be attributed to the fact that the heating rate of
the particle is controlled to a large extent by the specific
heat of the material.

It is to be noted from Fig. 9(b) that the slope of the
temperature profiles, near the surface
("'("'1' ‘ N
NP R(-,,r')
are almost constant which reflects relatively little
change in the external heat flux. g.

The corresponding temperature history obtained for
particles of different materials and diameters sugddenly
immersed in plasmas of different gases and tem\}a‘craw
tures are given in Figs. 10-15.

Itisnoted from Fig. 10 thatina hydrogen plasma the
temperature difference. AT, between the surface and
the center of the particle is substantially greater than
that computed for a nitrogen plasma (Fig. 9) and can
reach as much as 2062 K when the surface temperature
of the particle reaches its melting point. The same
remarks hold for the uniform particle temperature
model ('simple case’) curve 3 on Fig. 10.

As expected for a particle of a good thermal
conductivity material, such as copper, the heat
propagation phenomena in the particle are negligible
(Fig. 11). The influence of the thermal conductivity of
different materials on the temperature profile across the
particle is shown in Fig. 12. It can be noted that AT, is
negligible for W and Si and important {or the oxides
with low thermal conductivity such as Al,O; and SiO,.

Itis interesting to note in Fig. 13 that, for an alumina
particle immersed in a nitrogen plasma at 4000 K. the
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e .
— 2 ¢ SURFACE _._.._
v l
E] 3 : SIMPLE CASE __
Q S —
5 \oooE
a
H r T
2 s
500&' """ ; |
;t Lt P U ST W AN S S raaad
-6 -5 -4 -3

Log(Time [s1)

FiG. 9(a). Temperature history for a 100 gm alumina particle immersed in a nitrogen plasma at 10000 K
(including internal heat conduction).
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F1G. 9(b). Temperature history for a 100 um alumina particle immersed in a nitrogen plasma at 10000 K
(neglecting internal heat conduction).

temperature difference between the surface and the
center of the particle is negligible compared to that
obtained with a 6000 K nitrogen plasma. The effect is
mainly due to the large increase in the thermal
conductivity of the plasma, and thus the heat flux to the
particle, over this temperature range.

The effect of the thermal conductivity of the gas is
best observed by comparing AT, for an alumina particle
immersed respectively in a hydrogen, nitrogen and an
argon plasma (Fig. 14). AT, is smaller for N, than for H,
and is almost negligible for Ar. (k under these
conditions equals 4.6, 1.6 and 0.2 Wm ™! K1, for N,,
H, and Ar, respectively.) Figure 15 shows that the

Dueto the large differences that can develop between
the temperature of the surface and that of the center of
the particle, it would be most useful to have a criterion,
or a parameter, that could indicate a priori whether this
difference is negligible or not. In other words, a
parameter which could indicate under which con-
ditions internal heat propagation in the particle can be
neglected and the ‘simple model’ can be used in
calculations of the temperature history of the particle.

Based on an energy balance on the particle
neglecting convective and radiative heat transfer, it can
be shown that

. ) . o k éT
diameter of the particle has relatively little influence on —(To—T) = k,— (26)
AT, R, or lo=g,
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F1G. 10. Temperature history for a 100 um alumina particle immersed in a hydrogen plasma at 10000 K
(including internal heat conduction).
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F1G. 11. Temperature history for a 100 um copper particle immersed in a nitrogen plasma at 10000 K
(including internal heat conduction).

Since
oT

or

r=Ro

changes little with time during the transient heating of
the particle one can write, as a first approximation, that

oT =T, AT
ar ,,R”A R, R,
or
AT, ]k o)
L-T] k'
4000 oo e -
I I Np PLASMA 10000 K
Ro =50u m
HEERCN
3000f
2 A0z
30w i
i e
RENL \‘J

Temperature [K]

Log ( Time

It is then reasonable to expect that

I'* = f(Bi) (28)

when T% =[AT/T,—T,)], and the Biot number,

Bi = kjk,. {(29)
In Fig. 16, T* is plotted as a function of Bi for the
different materials and plasma conditions used in our
calculations. It may be noted that the temperature
difference between the surface and the center of the
particle is less than 59, of (T, — T.) when Bi < 0.02.

[s1)

F1G. 12. Temperature histories of 100 ym diameter alumina particles of different materials immersed in a
nitrogen plasma at 10000 K (including internal heat conduction).



Transient heat conduction under plasma conditions

577

2326—M.P.
Ny PLASMA

2000 Al,03 PARTICLE
Ro =50 . m
I:Tgp 24000 K
2: - 8000 K

1500 3: - 10000 K

1000

Temperature [K]

500

-4 -3 -2 -

Log {(Time (s])

Fi1G. 13. Temperature histories of 100 um diameter alumina particles immersed in a nitrogen plasma at different
temperatures (including internal heat conduction).

3.3. Heat transfer to a particle with a finite thermal
conductivity in the presence of phase change

Inthe previous section, dealing with the internal heat
conduction in the particles, the computations were
systematically stopped as the particle surface
temperature reached the melting point of the material.
Obviously as long as the particle remains immersed in
the plasma its temperature history will proceed further
with the gradual melting of the particle. In this case the
melting front (limit between the solid and liquid) will
propagate towards the center of the particle and the
heat transfer take place across a liquid layer of

increasing thickness. This could obviously result in the
surface temperature of the particle increasing rapidly
compared to the progression of the melting front for
low thermal conductivity materials. It is then possible
toreach asituation where the surface of the particle is at
the boiling temperature while its center is not yet at the
melting temperature.

To calculate the propagation of the melting front,
one has to solve the differential problem illustrated in
Fig. 17 after Murray and Landis [18]: if r,(t) is the
position of the melting front at time ¢, one has to solve
the heat transfer equations in the solid and liquid parts
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FiG. 14. Temperature histories of 100 um diameter alumina particles immersed in different plasma gases at
10000 K (including internal heat conduction).
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F16. 15. Temperature histories of different diameter alumina particles immersed in a nitrogen plasma at 10 000
K (including internal heat conduction).

of the particle,

The numerical technique used was that proposed by
Murray and Landis [18]. It is an implicit finite-

1 &7 1] ¢ oTy )
- (T =3 LT <VZ = )J (30) difference method with a variable grid in the radial
xoormLer o direction (Fig. 17). The computation time was,
17 1] e R a7 however, improved by more than one order of
;1 a2l o ! “(%,;;’) (31) magnitude using the iterative scheme proposed by
) ) o Jamet [19].
with the following boundary conditions: The radial temperature profiles obtained during the
cr 3 melting of a tungsten and an alumina particle immersed
at r= Ry, 'I‘"'(i,f e 4 B2 ina nitrogen plasma at 10000 K are given in Figs. 18
. ‘ and 19, respectively. These show two different
at F= 0, f],, =0, (33) behaviours depending on the values of the respective
S P thermal conductivities of the particles and that of the
at the solid-liquid interface. plasma.
. o . It is noticed that for tungsten, at the moment the
ﬂﬂ! = ‘l,; I:kl(T‘ i I ’ . (34) particle is completely molten, its surface temperature is
dr  pagl =y, CF drer,, at 3844 K while its center is at 3680 K. On the other
o 20eNe i%@l 2 . ;
f I
i’> \? 03 Np “
: AN
\\
\ t
Coa = |
’Tu‘:k‘ ol iu203‘N2 L
s = 6000 K ]
[B= 1
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E
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F16. 16. 1'* as function of Bi for different materials and plasma conditions. (Unless otherwise indicated, the
calculations were made for 100 um diameter particles with a plasma temperature of 10000 K.)
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FiG. 17. Schematic showing the propagation of the melting
front for a particle immersed in a plasma.

hand, the surface temperature of an alumina particle
reaches its boiling point (4000 K) while the temperature
of the center is still below that of the melting point of
alumina (2040 K). At this point, only 92%; of the particle
is completely molten. The effect is even stronger when
using a hydrogen plasma at 10000 K which, because of
its higher thermal conductivity, gives rise to higher heat

3800

579

flux to the particle surface. Under such conditions the
surface of the particle has been found toreach its boiling
point while the center of the particle is still at 1390 K
with only 61%; of the particle molten.

This could well explain the reported difficulties in
obtaining a completely molten alumina plasma-
sprayed coating even when measurements of the
surface temperature of the particles arriving at the
substrate are greater than the melting point of alumina
[20].

4. EFFECT OF RADIATION HEAT LOSSES

In the preceding calculations, the radiation losses
from the particle have always been neglected. In order
to evaluate the maximum error introduced by such an
assumption, calculations were made of the radiation
energy losses, P4 = ¢a T, with ¢ = 1.0, as function of
the surface temperature of the particle. The results are
givenin Fig. 20together with the conductive heat flux to
a 100 ym diameter particle for different plasma gases
and temperatures for comparison.

It may be noted that, except for a particle with a
surface temperature above 2000 K immersed in an
argon or nitrogen plasma below 4000 K, the radiative
heat losses from the particle are negligible compared to
the conductive heat flux from the plasma to the particle.

5. CONCLUSIONS

From the above theoretical analysis, the following
conclusions can be made:

(1) In the presence of steep temperature gradients,
the integral mean thermal conductivity of the gas must
be used in the evaluation of the heat transfer coefficient,

Ta
J KT)dT.

(1

Toe—Ts
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FiG. 18. Radial temperature profiles during the melting of a 100 um diameter tungsten particle immersed in a
nitrogen plasma at 10000 K.
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F1G. 19. Radial temperature profiles during the melting of a 100 um diameter alumina particle immersed in a
nitrogen plasma at 10000 K.

In this case, the Nusselt number for conduction heat
transfer between a single sphere and an infinite streamis
equal to 2.0.

(2) For a sphere suddenly immersed in a thermal
plasma, the relaxation time of the thermal boundary

layer around the sphere is orders of magnitude smailer
than its transient heating time. The use of a Nusselt
number of 2.0 for the calculation of the conductive heat
transfer rate to the particle is therefore quite adequate.

(3) During the transient heating of a particle under
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F1G.20. Radiative heat flux from the particle to the surrounding as function of the particle surface temperature.
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plasma conditions, internal heat conduction in the
particle should be taken into account if the Biot number
is greater than 0.02. Depending on the thermal
conductivity of the plasma gas and that of the particle,
temperature differences as high as 1000 K can develop
between the surface and the center of the particle even
for a particle as small as 20 ym in diameter.

(4) For poor heat conducting materials such as
alumina, the surface temperature of a 100 yum diameter
particle immersed in a hydrogen plasma at 10000 K,
can reach the boiling point of alumina (7' = 4000 K)
while its center is still in the solid state (T, < 2040 K).

(5) Except for a particle with a surface temperature
above 2000 K immersed in an argon or nitrogen plasma
of a temperature below 4000 K, radiation heat losses
from the particle to the surrounding are negligible
compared to the conductive heat flux from the plasma
to the particle.
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CONDUCTION DE LA CHALEUR EN REGIME TRANSITOIRE DANS UN MILIEU

PLASMA

Résumé—Nous avons développé une analyse théorique des différents phénomenes intervenant et des
hypothéses généralement utilisées pour le calcul du transfert de chaleur entre un plasma thermique et une
spheére de mati¢re condensée isolée. En présence des gradients de température trés importants recontrés dans
de tels milieux, nous avons montré, que si nous utilisions la valeur intégrée moyenne de la conductivité
thermique du plasma pour évaluer le coefficient de transfert de chaleur, le nombre de Nusselt pour le transfert
de chaleur conductif entre le plasma et la particule est rigoureusement égal 4 2. Nos résultats montrent
¢galement que le temps de relaxation de la couche limite thermique entourant la particule est négligeable par

rapport au temps de chauffage de la particule.

Descalculs ont été menés pour des particules de différents diamétres (20 2 100 um) et des matériaux différents
(Al,0;,W,Si,Cu.. ) immergés dansdes plasmas d’argon, d’azote et d’hydrogene dont les températures varient
de 4000 a 10000 K ces calculs montrent que pour des nombres de Biot supérieurs a 0,02, des différences de
temperature aussi élevées que 1000K peuvent exister entre la surface et le centre de la particule, méme pourdes
particules de diamétre inférieur 4 20 um. Dans quelques cas, lorsque le flux de chaleur est particuliérement
élevé, (plasma d’hydrogéne 4 10000 K), la température de surface d’une particule d’alumine de 100 ym de
diametre peut atteindre la température de vaporisation de I'alumine (4000 K) alors que son centre est encore 3

I’état solide.

Les résultats d’une analyse relativement simple montrent que, excepté pour une particule dont la
température de surface est supérieure 4 2000 K immergée dans un plasma d’argon ou d’azote en dessous de
4000 K, les pertes par rayonnement de la particule sont négligeables comparées au flux de chaleur conductif

apporté par le plasma a la particule.
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INSTATIONARE WARMELEITUNG UNTER PLASMA-BEDINGUNGEN

Zusammenfassung - Die verschiedenen Phinomene, die beim Wirmelibergang an einer Einzelkugel unter
Plasma-Bedingungen auftreten, wurden theoretisch untersucht, ebenso die Annahmen, die bei der
Berechnung gemacht werden. Es wird gezeigt, dal bei der Berechnung des Wirmeiibergangskoeffizienten
mit der integralen mittieren Wiarmeleitfihigkeit des Plasmas beim Auftreten steiler Temperatur-Gradienten
die Nusselt-Zahl fiir den Wirmeiibergang durch Wiarmeleitung zwischen Plasma und Partikel gleich 2.0 ist.
Die Ergebnisse zeigen auBlerdem, daB die Relaxationszeit der thermischen Grenzschicht an den Partikeln
vernachlissigbar klein ist, verglichen mit der Dauer ihrer instationdren Aufheizung. Die Berechnungen
wurden fiir Partikel von unterschiedlichem Durchmesser (20 bis 100 um) und aus unterschiedlichem
Material (Al,O;, W, Si, Cu...) durchgefiihrt, die von Argon-, Stickstoff- und Wasserstoff- Plasma bei
Temperaturen zwischen 4000 und 10000 K umgeben waren. Sie zeigen, daB sich fiir Biot-Zahlen groBer als
0,02 zwischen Oberflache und Kern der Partikel Temperaturdifferenzen bis zu 1000 K entwickeln konnen.
sogar fir Partikel mit Durchmessern von nur 20 gm. In wenigen Fillen, wenn die Wirmestromdichte
besonders hoch ist (Wasserstoff-Plasma bei 10000 K), kann die Oberfliche eines 100 pm-Aluminium-
Partikels die Siedetemparatur des Aluminiums (4000 K) erreichen, wihrend sich der Kern noch in festem
Zustand befindet.

Die Ergebnisse einer verhiltnismiBig einfachen Analyse zeigen, daB --auBer bei Partikeln mit einer
Oberflachentemperatur iiber 2000 K, die sich in Argon- oder Stickstoff-Plasma von unter 4000 K befinden
die Wirmeverluste durch Strahlung vom Partikel in seine Umgebung vernachlidssigbar sind, verglichen mit

dem Wirmestrom durch Wérmeleitung vom Plasma an die Partikeloberfliche.

HECTAUMOHAPHASA TEINJOMPOBOAHOCTb B YCITOBUAX OBPA30BAHUS T1JIA3ZMbI

AnHoraussi — [1poBeieH TCOPETHYECKHH aHanU3 PA3JIHYHbIX JKCICPUMEHTANbHBIX pPE3Y/bTAaTOB H
JOMYLUEHHHA, MCNOJb3YEMBIX fIPM pacueTe HMHTEHCHMBHOCTH MEPEHOca Telia K eAMHUYHOH cdepe B
ycoBusix o6pa3zoBaHus naasmsl. B ciiyuae Oonbuidx rpaMeHTOB TEMIEPATYP NOKA3aHO, YTO €CNd NpH
pacuete k03(p(UIHEHTa TENNONEPEHOCA HCNOJbL3YETCH CPEIHEHHTErpaibibli K0ahdHuLIHEHT Tennonpo-
BOJAHOCTM MJIa3Mbl, 3HadeHue vucna HyccenbTa ans npouecca nepefady tenia TEMJIOMPOBOAHOCTbIO
MEXy MIa3mMoll M wactuuei pasHo 2.0. M3 pesymbraToB TakXke ciaellyeT, HTO Bpems PEJIAKCaLHH
TENJI0BOrO NOTPAHHYHOIO €105 BOKDYI YaCTHIbI MPEHEOPEXHMO Maso 110 CPABHEHHIO C COOTBETCTBY-
IOUIMM BPEMEHEM HECTALMOHAPHOTO HarpeBa. PacyeTsl BLINOJHEHB! /718 4ACTHIL Pa3TH4HBIX J1aMETPOB
(ot 20 a0 100 Mkm) u matepuanos (Al,O;, W, Si, Cu...), noMelleHHbIX B M1a3My aprosa, a3oTa u
BOJOpOAA B AMana3oHe remneparyp ot 4000 no 10000 K. IMoka3ano, 4To npu 3HaueHuax uncia buo,
npesbiiaronx 0,02, pasHOCTb TeMmmepartyp MEXAy MOBEPXHOCTbIO M I1EHTPOM HaCTHibl MOXET
nocturatsh 1000 K naxe as chep caMoro majioro auamerpa (20 mxm). B psine cinydaes, korza Temsiopoit
noTok ocobedno senux (mnasma sojgopoaa npu 10000 K), Temneparypa moBepxHOCTH allOMUHHEBOH
4acTHLbl AHaMeTpoM 100 MKM MOXeT NOCTHraTh TOYKH IUIaBJIeHHs altoMHHHA (4000 K), a uenrtp ee
BCE €llle OCTABATLCH B TBEPAOM COCTOSHHH.

Pe3ynbTaThl JOBOJILHO NMPOCTOrO aHasiM3a NOKa3blBaloT, YTO 3@ MCKIKOYEHMEM HACTHUBI ¢ TeMiepa-
Typoi nosepxnocTH Beilie 2000 K, noMeluennoft B nuiazMy aprona MM a3oTa ¢ TEMIEPATypod HHXe
4000 K. 1yvdcTbie MOTEPH TeMila OT 4YacTHILL B OKPYXAIOUIYIO CPedy MNpPeHeOpexuMo Majbl 1o

CPaBHEHHIO C nepeaaveii Temia TEMIOHPOBOAHOCTBIO OT MJIa3Mbl K HaCTHLE.



