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Direct numerical simulations for axisymmetric plasma jet are developed to inves-
tigate particle plasma spraying process. In this paper we study the plasma jet and
we focus mainly on the plasma-particle exchanges. Finite element analysis em-
ploying COMSOL multiphysics software is used in this simulation. Finally, com-
parisons are made with the numerically observed particle Nusselt’s numbers and
theoretically predicted Nusselt’s numbers based on the Ranz and Marshall corre-
lation. The results agree well with those obtained previously.
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Introduction

Heat transfer from a spherical particle to the surrounding plasma gas occurs in vari-
ous industrial processes, such as in thermal spray technology, fluidized bed reactors, and slur-
ry reactors. Over the years, a considerable amount of literature has addressed the problem of
the fluid-solid interaction in an unconfined region, especially in thermal spray process.

Thermal spraying uses a plasma gas which transports and accelerates fine particles
about 5 to 100 micrometers of molten material with a high temperature on a surface coat.

Those droplets are deposited and then are solidified on the substrate. The particle ac-
cumulation on the substrate creates a coating. The connections between the substrate and de-
posited layer are entirely mechanical. The material to be deposited may be in the form of
powder, wire or rod. The energy source may be provided with flame or electric arc plasma jet
[1-5].

The aim of this work is to determine the heat exchange between the plasma gas and
the spherical particle. Indeed, in plasma sprays, metal or ceramic materials (20-60 ) in a mol-
ten or semi molten state are projected at high velocity on beforehand prepared substrates. The
gas reaches high temperatures ranging from 6000 K to 12000 K and ensuring particle fusion
for most refractory materials. The impact velocity of the drops is relatively higher, in the or-
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der of 100 m/sto 500 m/s. It is difficult to describe the behavior during the impact on the sub-
strate [6] which is directly related to the thermal and dynamic particle histories in the flame.
This dynamic and thermal behaviors are described by numerical simulations to independently
evaluate the axisymmetric jet flow and the particle behavior injected into it [7-11]. The calcu-
lations are based on semi empirical transfer laws. This numerical study allows a better under-
standing of the transfer phenomena as well as the validity range of the semi-empirical correla-
tions.

Some basic considerations

The dimensionless analysis of the problem suggests that the thermal boundary layer
of the particle immersed in high plasma temperature is a reflection of the dynamic boundary
layer. The Ranz and Marshall correlation, established in 1952, can explain the heat transfer
between a spherical particle and the plasma gas. This correlation can be written:

Nu:hd—p:a+cRem Pr" (1)
K

where Nu is the Nusselt number for the transfer plasma/particle, Re — the Reynolds number of
the particle given by eq. (2), Pr — the Prandtl number of surrounding gases given by eq. (3),
h — the heat coefficient, and ¥ — the thermal conductivity of the gas. The constants flow
properties a, ¢, n, and m are numerical constant determined by the fluid chosen and the flow
geometry.

The Nusselt number Nu = hd,/k characterizes the thermal boundary layer of the par-
ticle with diameter d,. The latter receiving on its entire surface (S = 4nd§), at temperature T,.
The heat flux @ =hS(T,, —T,) of plasma temperature T... The heat transfer coefficient h at the
plasma/particle interface is calculated with established empirical correlations of eq. (1):
with

-V,)d
Re :M (2)
y7i
and
c
pr=0 (3)
K

In the Ranz and Marshall correlation [8], it is postulated that at fluid velocity (Vi)
equal zero, heat transfer is effected only by conduction, which leads to a value of a = 2, by es-
timating the coefficients ¢, m, and n equal to 0.6, 0.5, and 0.33, respectively.

The correct terms are introduced to take into account the effects of temperature gra-
dients in the boundary layer and non-continuity relating to the plasma flows where the mean
free path of the molecules is close to the particle diameter. Table 1 summarizes some Nusselt
number correlations [8-12].

In order to take account the velocity and forced convection, the Reynolds number is
introduced as an additive term. Besides, the Prandtl number is also used to characterize the
plasma gas nature and its heat storage capacity. Due to the thermal boundary layer thickness
and the high thermal gradient with in it and which generates inhomogeneity terms of proper-
ties involving the kinematic or dynamic viscosity ratio product by the density or even specific
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heat ratio. Note that Kalganova
correlation in [12] weights the

Table 1. Empirical correlations used for calculating the

Nusselt number [7]

Nusselt number of conductive |Ranzand
transfer by the thermal conduc- | Marshall Nu =2+ 0.6 Re®® pro=3
tivity ratio. (8l

In this study, the_momen- v 21 015
tum and energy equations, to- |Gauvin Nu = (2+0.515 ReO-S)[F’wﬂwJ
gether with the above appropri- |[12] Pwk
ate boundary conditions (fig. 1), o5
was solved in a segregated man- | Fiszdon B 05 5033 | Pookls |
ner using COMSOL Multiphys- [[in9and 11] Nu=(2+0.6 Re™ Pri) (pWﬂW]
ics software (version 3.5a). The
values of the global characteris- | Leeand 06 (. 038
tic quantities such as the Nusselt | Pfender Nu = (2+0.6 Re® Pr®) [Mj [CWJ
numbers on the particle surface D 247 Pk pw
were obtained through COM- 0.2
SOL post processing. From the | Kalganova NU =2 5 4 05 Re®5 pro4 [/’wﬂwj
obtained values the Nusselt [in 12] K Puwbby

number was computed and com-

pared with the correlations proposed by Ranz and Marshall, Lewis and Gauvin, Fiszdon, Lee

and Pfender, and Kalganova (tab. 1).

Numerical model

For a particle in a plasma jet, two characteristics are
studied: motion (trajectory, velocity, acceleration) and ther-
mal evolution (temperature, physical state, heat flux). When a
particle and a fluid (plasma) are in relative motion, a drag
force is given by the fluid to the particle. This force comes
from current lines dissymmetry between particle upstream
and downstream. This force is given by:

1 dj

Fo ==~ Cot =2 ps V. =V, [V, = V) (4)
where Cp [-] is the drag coefficient that depends of the parti-
cle morphology and of Reynolds number, d, [m] — the diame-
ter of particle, V., — V, [ms™] the difference between plasma
velocity and particle velocity, and p.,, [kgm™] the plasma
density.

Several researchers have shown that in the absence

vt
E No slip
H boundary Open
g ] )~ Tw boundary
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Dottt
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:. ......................... -

Figure 1. Initial and boundary
conditions used in our model

of chemical reactions on the surface, heat conduction convection in the thermal boundary lay-

er is the main mechanism for heating the particle in the plasma

jet [1]. While the particle, un-

der plasma condition, is cooled by radiation to the ambient environment.

The convective and conductive heat transfer is described by eq. (5):

dT
pC, EJF'DCF’VVT =V(xVT)+q

)
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where ¢, [Jkg™K™'] is the heat capacity, x [Wm™K™'] — the thermal conductivity, and V — the
field velocity calculated by the incompressible Navier-Stokes model. For transport by conduc-
tion and convection, the thermal flux vector is given by:

q=—-kVT +VCc,TV (6)

Also the heat flux g, due to thermal radiation from the particle to the plasma was
q, = go—(Ts4 —T2), where ¢ is the emissivity for thermal radiation and o — the Stefan Boltz-
mann constant for thermal radiation.

The dimensionless boundary conditions are given as follows (see fig. 1).

The boundary inlet. The fluid comes into uniform flow condition and the radial pres-
sure gradient is zero:

V, =0, Vy=V,, V,=0, &:O

At the sphere surface. No-slip condition of the fluid and surface temperature main-

tained constant at T,,:

Vy =V, =V, =0, r=r,, T=T,
In the plasma jet. Far from the particle the temperature is uniform and equals T
r— o, T=T,
The pressure at the outlet is defined as constant, (p = Pw = Patm)-
The initial condition for the temperature at the particle surface is the same in the
whole simulation and it is equal to T,, = 300 K.

The Reynolds and the Prandtl numbers vary with the velocities (Vi,) and tempera-
tures (Tiy) of the gas.

50000 . —— The thermal treatment of particles in a
— »— Nitrogen .
T Helium plasma medium depends not only on the operat-
T, 40000| © ﬁ;?\ﬁ"?s% ing the torch parameters but also on thermody-
5 : namic and transport properties of the plasma
§ 30000 gas (such as heat capacity, thermal conductivi-
g ty, and dynamic viscosity). The latter, is highly
g R ”~ non-linear over all the expected temperature
= el I3 5 range and it is useful to clarify it according to
. . the gas mixture used. The gases, most common-
Uc,---—~-----------"" S ly used, are the monatomic gases (argon, heli-

2000
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um) and diatomic gases (hydrogen, nitrogen)
and their binary mixtures Ar-H,, Ar-He, and
H,-N,. The data used in this paper are extracted
Figure 2. Specific heat capacity of pure gases from the T& TWinner database [13-15].
Ar, He, N, and the mixture HpAr75% at Figure 2 illustrates the specific heat capaci-
atmospheric pressure . . .
(for color image see journal web-site) ties behavior of the mono atomic gases (argon,
helium) These capacities are almost constant un-

til the onset of ionization (Ar = Ar" + €7), The diatomic gases exhibit dissociation peaks (H, =
2H). In the model, c, is linearized piecewise.

The thermal conductivity behavior of gas (fig. 3) reproduces the specific heat quite
accurately. It should be noted that the thermal conductivity of helium is much larger than oth-
er gas in 300 K. In the model, « therefore, is linearized piecewise.
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The gas dynamic viscosity increases sub-
stantially with the temperature square until the
ionization temperature, after which it collapses
(fig. 4). The calculations being made under it
are represented by the typical function [14, 15]
w(T) = u(300)(T/300)2.

Results and discussions

The computed distributions with direct
numerical simulation of plasma velocity and
temperature for case of inlet gas velocity at x-
y-plane of z = 0 are shown in figs. 5. Similar
profiles of plasma velocity and temperature are
found in 2-D axisymmetric simulations. Nu-
merical results for Nusselt number for particle
obtained are shown in figs. 6, 7, and 8.

For the plasma gas H, 25%Ar75% (fig.
5), the Nusselt numbers are plotted for both
cases (numerical simulation and correlations
proposed by the authors listed in tab. 1). When
analyzing the numerical results obtained it can
be noticed that the Ranz and Marshall [8] cor-
relation values are most higher than the values
obtained by other correlations. The values ob-
tained by Fiszdon [in 9 and 11] and Kalganova
[in 12] models are very low, which explains
why Lee and Pfender [in 11] added a corrective
term to Fiszdon model (tab. 1). The results ob-
tained by Lewis and Gauvin [12] correlation
are close to our simulation values and they are
in argeement with those estimated by Lee and
Pfender [in 11] correlation for Re®*Pr*** > 60.

In the case monatomic plasma gas such as
helium (fig. 7). We notice that all correlations
and simulated values are lower than those ob-
tained by the Lewis and Gauvin [12] model.

For the argon, another mono atomic
plasma gas, fig. 8 shows that all correlations
agree well with our results in a wide range ex-
cept the cases of Lewis and Gauvin [12] and
Kalganova [in 12] models. As we can notice,
every correlation leads to different results ac-
cording to the nature of the plasma gas used.
This is why we need to obtain a unified for-
mulation valid for all plasma gas. In this con-
text, we proposed a new Nusselt correlation
number given us:
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Figure 3. Thermal conductivity of pure gases
Ar, He, N, and the mixture H,Ar75% at
atmospheric pressure

(for color image see journal web-site)
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Figure 6. Nusselt number correlations as a
function of Reynolds and Prandtl numbers
for H,Ar75%) (for color image see journal web-site)

d .
Nu=h—L=a+cRe"Pr"Y' (7)

K
The term Y introduced in eq. (7) given
by the formula Y = pu./pwiw alSO appears
in other correlations.
The unknown coefficients n, m, and i
can be obtained by using a multiple linear
regression according to eq. (8):

log(Nu—2) =log(c) + m log(Re) +
+n log(Pr) +i log(Y) (8)

Equation (7) can also be written in the
following form Nu = A + X, and it is possi-
ble to evaluate the variable X, such as that:

5 10 15 20 25 30
Re?® Pr®

Figure 7. Nusselt number correlations as a

function of Reynolds and Prandtl numbers

for helium (for color image see journal web-site)
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Figure 8. Nusselt number correlations as a
function of Rr and Pr for argon
(for color image see journal web-site)

X =cRe™ Pry! ©)
The unknown constant a in eq. (7) can also be obtained by a multiple linear regres-
sion between the values of Nusselt numbers obtained with COMSOL (which we denote Nuc)

and X as the independent variable.

The new correlation “present model” obtained and the others cited in tab. 1 are rep-

resented as a function of Nuc.

In figs. 9 and 10 we can see that for mono-atomic plasma gases (helium and argon), data
correlations proposed by various authors including our new proposed model are concentrated
around the Nuc values except for the case of Lewis and Gauvin [12] for Nuc > 4.

For diatomic gases, Argon-Hydrogen (H,Ar75%) (fig. 11), we note that there is a
wide dispersion of Nusselt values compared to the values given by the numerical simulation
(Nuc) except the cases of Lewis and Gauvin [12], Lee and Pfender [in 11] and our proposed

model, which agree well for Nuc < 15.

Figure 12 summarizes results for all correlations and plasma gases used, we note that the
present model results obtained agree well with the numerical simulation (Nug). The correlation
values from the authors cited above are relatively dispersed except for Nuc < 10.
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Table 2 represents the coeffi- Table 2. Values of the constants a, ¢, m, n, and i from the
cients values of eq. (7) obtained Proposed model presented

by a multiple linear regression. As - - - . :
we can observe in this table, each

gas has its own correlation |A"9on 473 | 036 | 0105 | 0254 | 205
coefficients. Indeed, this is what |Helium 525 | 0.563 0.138 0.762 | 0.104
prompted us to perform a linear |, A750, | 885 | 0.142 | 04606 | —0.894 | —1.44
regression on all the gas, and the

result is indicated in the last row |Allgases | 748 | 0.25 1.32 -11 | 0015
of the table.

Conclusions

A computational fluid dynamics code, COMSOL multiphysics software was used to
explore aspects related to heat transfer from spherical particle and its surrounding atmosphere
at high temperature for different gases. We studied the validity of the correlations proposed by
different authors to correct the Ranz and Marshall [8] correlation. It appears that the interac-
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tion of the plasma jet and spherical particles involves several complex mechanisms as the gas
properties are non-linear, especially for diatomic constituents. The results show that neither
the correlations derived from Ranz and Marshall [8], nor the present model is completely val-
id for the whole range of gas compositions and for all ranges of velocity and temperature.
However, the new model presented here gives better results than previous correlations report-
ed in the literature.
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