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Abstract-A critical comparison is presented between experimental measurements and theoretical pre- 
dictions describing the temperature profiles in a nitrogen plasma jet discharging into nitrogen, with a 
sideways-injected cold gas stream of nitrogen or oxygen. In general, the theoretical predictions, based on 
the solution of the a&symmetric Navier-Stokes equations and associated thermal and mass balance 
relationships are found to be in good agreement with the measurements. A notable feature of the modelling 
work is that particular care had been taken to specify the temperature and the velocity profiles at the inlet 
boundary, chosen to be some distance inside the torch, and the thermal boundary conditions at the other 

bounding surfaces. 

INTRODUCTION 

IN A PREVIOUS paper [I], two of the present authors 
described a mathematical representation of heat and 
fluid flow phenomena and mixing in a confined plasma 
system, both in the presence and the absence of swirl ; 
furthermore, the effect of side-stream injection has 
also been explored. In this previous paper, attention 
was focused on the computation, and no explicit com- 
parison was made with the experimental measure- 
ments. The purpose of the present paper is to critically 
examine the comparison of the theoretical predictions 
of a closely related plasma system with experimental 
measurements, concerning the temperature fields 
within the system. 

Such a critical comparison is clearly desirable, 
because the inherent complexity of plasma systems 
requires that a number of assumptions be made in the 
statement of the governing equations, as discussed 
earlier, and the appropriateness of these can only be 
assessed in the light of experimental dam. Another 
important point that should be made here is that many 
‘real life’ industrially used plasma systems involve 
annular or side-stream injection of various gaseous 
species, and it is necessary that the models to be used 
represent these systems also. 

Over the last several years, increasing attention has 

§Visiting Fulbright Scholar, on leave of absence from 
Institute of Chemical Engineering and Technology, Uni- 
versity of the Punjab, Lahore 20, Pakistan. 

been devoted to the mathematical modelling of the 
flow, temperature and turbulence fields in plasma jets 
issuing from the torch. The earlier work used the 
boundary-layer (parabolic) approach to represent the 
plasma free plume [2-51, which could not fully address 
the important feature of developing flow in the torch 
nozzle, flow in reactors or plasma flames impinging 
on targets. In refs. [3-6], an important phenomenon 
of the mixing of an exiting plasma jet with the ambient 
environment was either neglected, or only partially 
represented. Reference [7] successfully addressed this 
issue. 

The temperature measurements are made in the free 
plume, with and without injection of cold gas in the 
torch nozzle. This ideally requires that the integration 
domain be extended for the full length of the arc 
column. However, as the point of injection of the cold 
gas is downstream from the point of attachment of 
the arc, the calculation domain inside the torch is 
extended only to the point where the influence of the 
flow of current is absent. (This condition has already 
been relaxed, and progress in this respect will be pre- 
sented in a subsequent publication.) 

STATEMENT OF THE PROBLEM 

Figure 1 shows a schematic sketch of the system 
to be considered. This is seen to consist of a non- 
transferred arc plasma emerging from a nozzle into a 
very large cylindrical chamber. The ratio of the flow 
area of the chamber to that of the flow area of the 
torch orifice is large enough to consider the plasma 
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NOMENCLATURE 

C,, C2, C, constants in K--E turbulence S, source term for dependent variable 
model SR radiation loss per unit volume of plasma 

C, specific heat T, ambient temperature 
h enthalpy T, left chamber wall temperature 
H, torch nozzle length included in integration T,,, maximum temperature 

domain Tt torch tip temperature 
H2 free plume length included in integration U, velocity of plasma at r = 0 and z = 0 

domain (maximum velocity) 
H3 free plume width included in integration V velocity in v-direction 

domain Z axial coordinate. 
k thermal conductivity 
K turbulence kinetic energy per unit mass Greek symbols 
nl mass concentration of plasma gas E dissipation rate of turbulence energy 

(nitrogen) 1 thermal efficiency of plasma torch 
P, torch power p,, pe, pt molecular, effective and turbulent 

ei cold gas injection rate viscosities, respectively 
Q, plasma gas flow rate P density 
r radial coordinate 0 turbulent Prandtl/Schmidt number for h, 

R,, internal radius of torch exit K, E and m, respectively. 

fH,-+k---- Hp P 

FIG. 1. Schematic sketch of the system. 

jet as emerging from a nozzle into an infinite ambient 
environment. Such an assumption may not be truly 
valid if the system is made to run for an extended 
period for experimental measurements. In such a case, 
some uncertainties in specifying both the temperature 
and the concentration conditions at the entrainment 
boundary would exist. It may, however, be mentioned 
that the temperature of the chamber has been noted 
to be essentially the same as the ambient temperature, 
thereby suggesting that the radiated energy of the 
plasma is essentially absorbed by the water-cooled 
walls. The chamber is first pumped down to 1 Torr 
and then filled with the plasma gas to 1 atm pressure 
before the plasma is started. 

In the experimental setup, different volumes of cold 
gas (nitrogen or oxygen) are injected into the torch 
through eight equally spaced radial holes (1 mm diam- 
eter) normal to the nozzle axis, and are located 5 
mm upstream in the exit of the torch. This injection 
arrangement is approximated in the theoretical cal- 
culations by calculating the velocity of the injection 
gas on the basis of flow rate and total flow area of 
these eight holes, and then, using this velocity, cal- 
culating the width of the cylindrical port. This 
approximation is not likely to introduce any serious 

error, as the magnitude of the injection velocity is the 
main parameter expected to play a significant role, 
which is kept the same. 

The flow inside the torch nozzle was considered 
laminar, as the Reynolds number, based on the 
maximum velocity, viscosity and density of the plasma 
at the maximum temperature, is lower than the critical 
value for flow to be turbulent. It is realized that this 
may be somewhat of an oversimplification since the 
very steep temperature gradients could well introduce 
flow instabilities ; however, such instability may not 
give rise to fully turbulent flow. Furthermore, exper- 
imental measurements at the torch exit, and visual 
observations, suggested that the flow was laminar when 
exiting the torch. Because of the rapid quenching/ 
decay of the jet, the flow in the free plume is ex- 
pected to be turbulent, as has been experimentally 
observed. Therefore, the flow in the free plume is 
assumed turbulent, and an isotropic eddy viscosity 
in the stress-strain relationship holds. It should be 
remarked here that while the flow may be fully tur- 
bulent some short distance from the torch exit, it is 
expected to be transitional in the near vicinity of the 
torch exit. It follows that some error could be intro- 
duced using a high Reynolds number turbulence 
model [8]. 

A number of modifications of the standard K-E 
turbulence model have been proposed to predict near- 
wall and low Reynolds number turbulent boundary 
layer flows [9-141. However, before using such an 
approach, one requires at least a detailed map of 
velocity and turbulent quantities to critically deter- 
mine the suitability of an adopted approach. Work is 
presently in progress both for experimental measure- 
ments of needed flow quantities, and for suitable 
modifications of the computer code. 
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The assumptions made that the plasma is in local 
thermodynamic equilibrium throughout, and is opt- 
ically thin, and that compressibility effects are neg- 
ligible, are not likely to involve significant error. 

The case under study is a variable density-turbulent 
flow system. For such a system, two types of decompo- 
sition can be used : either the unweighted form com- 
monly used for constant-density flows, or the density- 
weighted decomposition suggested by Favre [15]. In 
the present work, unweighted averaging is adopted, 
and as a first approximation the correlations involving 
density fluctuation are neglected. These correlations 
are not expected to introduce serious errors, as the 
level of turbulence is not large especially close to the 
nozzle exit, where the temperature decay may be 
maximum. 

The plasma gas in the present study is always nitro- 
gen, and nitrogen or oxygen is injected as a side 
stream. Thus, nitrogen plasma or a mixture of nitro- 
gen and oxygen plasma exits the torch into nitrogen. 
Therefore, in the formulation of the mass transport 
equation, a binary system of nitrogen and oxygen is 
considered. 

Following the aforesaid assumptions, the equations 
of conservation of mass, momentum, enthalpy h, 
plasma mass fraction m, turbulent kinetic energy K 
and turbulent energy dissipation rate E, which govern 
the plasma flow under consideration, can be written 
in a general form, as these transport equations are all 
similar, as follows : 

where $J represents the two velocity components (r 
and z), as well as the other variables already men- 
tioned ; if 4 is put equal to unity, and T4 and S, 
to zero, this equation also represents the continuity 
equation. Forms for the source terms and transport 
coefficients for each of the variables are given in Table 
1. Properties of the gases involved were taken from 
tabulated data of Fauchais [ 161 and Yos [ 171. 

The turbulence model constants C,, C2, CD, uK, Q,, 
a,, and a, are given values recommended by Pun and 
Spalding [ 181 and are tabulated in Table 2. 

The above equations alone do not specify the prob- 
lem ; additional appropriate information regarding 
boundary conditions is required. 

BOUNDARY CONDITIONS 

The transport equations of the form shown in equa- 
tion (1) are elliptic, and thus require the statement of 
conditions on all boundaries ‘of the solution domain 
shown in Fig. 1. At the inlet boundary, the plasma 
is assumed to have parabolic profiles for both axial 
velocity and temperature. The maximum values of 
axial velocity and temperature at the axis are selected 

to satisfy both mass and the energy input used in the 
experiment. The radial component of velocity is taken 
to be equal to zero. The plasma torch of this study is 
relatively short (i.e. L/D = 5.3), and the Reynolds 
number of flow gradually changes as the heat content 
of the flowing plasma changes due to Joule heating, 
convective and radiative heat loss ; therefore, the flow 
develops both hydrodynamically and thermally 
throughout the length of the fprch, suggesting the use 
of elliptic equations as adopted in the present work. 

At the torch tip and left-solid boundary, the precise 
definition of the boundary conditions for all the 
dependent variables would necessitate solution of 
their respective equations through the semi-laminar 
region immediately adjacent to these solid boundaries. 
This would be expensive even if a low Reynolds num- 
ber version of the model was available. One may avoid 
the need for detailed calculations in these near-solid 
boundary regions by introducing equations to link u, 
v, h, K and E on the solid boundary to those in the 
logarithmic region. The normal velocity is set at zero, 
while the law of the wall is used for the parallel velocity 
to the solid boundary. This one-dimensional Couette 
flow, characteristic of the flow, is extremely useful. It 
also provides a way around these regions of steep non- 
linear variation of the variable, and the fact that 
laminar and turbulent effects become of the same 
order of magnitude. These equations, called ‘wall 
functions’, are used in finite difference calculations at 
points near these solid boundaries. They occur in the 
momentum equations and K-generation terms with 
the appropriate near-wall E specification. The solid- 
wall boundary condition formula for h suggested by 
Pun and Spalding [ 181 is used. As for the mass fraction 
of plasma, a mass flux equal to zero at the solid bound- 
ary is employed. 

For the sideways stream, u is assigned a value of 
zero, while constant values for v and h are used, which 
take into account both the mass flow and energy of the 
injected cold gas. The value of m is fixed as 1 or 0, 
depending upon the nitrogen or oxygen gas being 
injected. 

Along the entrainment boundary, which is placed 
sufficiently far away from the axis of symmetry, the 
static pressure is assumed constant (conveniently 
zero). The axial velocity is assumed zero, while the 
turbulent kinetic energy and its dissipation rate are 
assigned arbitrarily low values yielding an eddy vis- 
cosity pt = 5~~. It should be remarked here that for 
unconfined systems, the setting of the proper bound- 
ary conditions at the ‘far surface’ can be very impor- 
tant, because these will ultimately markedly influence 
the nature of the interaction (including entrainment) 
of the plasma jet with its environment. A good dis- 
cussion by Leschziner and Rodi of these issues is 
available [19, 201. The actual choice of the boundary 
conditions for k and E was made after an extensive 
parametric study which suggested that their role was 
not very important, provided small enough values 
were chosen for them at these bounding surfaces. 
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Table 1. The transport coefficients and source terms 

The entrainment velocity u is computed by setting 
the radial gradient of pn, equal to zero. The entraining 
nitrogen is assigned an enthalpy value corresponding 
to ambient temperature. 

At the axis of symmetry, the radial velocity v and 
the radial gradients of all the remaining flow prop- 
erties are set to zero. 

Across the exit plane, located some 20-25 diameters 
from the torch exit, the axial pressure gradient is 
assumed to be zero. Also, the axial gradient of axial 
and radial velocity is assumed to be zero for each. 
Since these streamwise gradients are low, any down- 
stream-to-upstream link is negligible. Regarding the 
other variables, the axial gradients of each are set at 
zero. 

SOLUTION PROCEDURE 

The solution procedure used is embodied in the 
basic ‘2/E/Fix’ computer program [18], which pro- 
vided the starting point from which the present com- 
puter program has been developed. The schematic 
layout of the finite difference grid is shown in Figs. 2 
and 3. The velocities are stored at the locations dis- 
played from the main grid points (0) where P, K, E, 

WI, h. and other auxiliary variables are stored. The 
partial differential equation for each dependent vari- 

Table 2. Values of turbulence model 
constants used 

C, 1.43 
C, 1.92 
C, 0.09 
ox 1.0 
US 1.3 
Oh 0.9 
0, 0.9 

. . . . . . . . . 

. . . . . . . . . 
-.-..-.-e-.4.-.-. -.-.4-. 

FIG. 2. Layout of the finite difference grid. 

able (4) is integrated over the respective control vol- 

ume (Fig. 3) and the following algebraic equation is 
obtained for each grid in the calculation domain : 

The A’s in equation (2) consist of convection and 
diffusion fluxes through the control volume faces, e.g. 
A, contains the convective and diffusive fluxes of 4 
through the north face of the control volume. It was 
found in the present studies that it was important 
how these coefficients were calculated for the velocity 
points adjacent to the nozzle exit corner. Considering 
the u velocity at point A in Fig. 3, the north coefficient 
A,, in equation (2) should contain only half the con- 

FIG. 3. Detailed layout of the finite difference grid. 
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FIG. 4. Experimental arrangement : 1, plume; 
torch; 3, stepping motor for .z motion; 4, lens; 

2, plasma 
5, stepping 

motor for M ;ot&ion ; 6, entrance slit ; 7, monochro&ator ; 
8, grating ; 9, SIT. detector ; 10, He-Ne laser; 11, clock for 
stepping motor; 12, H.V. pulse generator; 13, lord; 14, 
wavelength controller; 15, P.A.R. 1216 controller; 16, inter- 
face; 17, scope; 18, 19, 21, interfaces; 20, H.P. 9845 A 

computer. 

vection, since half of the north face of the control 
volume is blocked by the nozzle surface. Similarly, the 
diffusion contribution to A, should be such that it 
takes account of the fact that half of the north face is 
the anode wall and only the other half is exposed to 
the flow. Similar arguments are valid for the west 
coefficient A,, considering the v velocity stored at 
point B. 

The computational mesh used for all calculations 
consisted of 9 x 11 non-uniformly distributed nodes 
inside the torch, and 21 x 30 nodes outside the torch 
to cover the free plume. The limited grid dependence 
tests carried out with different arrangements of grid 
nodes and numbers of grid points showed that any 
further refinement of the computational grid is un- 
likely to affect the numerical accuracy of the results 
presented. A typical run to predict the flow, tem- 
perature and concentration field required a cpu time 
of 1.5 h on a MicroVAX II. The other relevant details 
of the procedure are described in the earlier paper [ 11. 

The model contains digitized tables for laminar 
viscosity, density, thermal conductivity, and heat 
capacity at constant pressure and radiation loss per 
unit volume of individual gaseous species for the tem- 
perature range of interest. The laminar viscosity of 
the mixture required during computation is estimated 
using the Wilkes estimate, and the thermal con- 
ductivity using Brokaw’s method [21]. The heat 
capacity of the gaseous mixture is obtained using mass 
fraction weighting. The density of the mixture is 
obtained using mole-fraction weighting. 

EXPERIMENTAL SET-UP 

As described in Fig. 4, the plasma jet (1) is imaged 
using an optical lens (4) with magnification of 1 on 

the entrance slit (6) of the monochromator (7). We 
use a Jobin-Yvon THRP monochromator working in 
first order and single pass with a grating (8) (300,180O 
or 2400 lines mm-‘), the angular position of which is 
monitored by a controller (1) interfaced (19) with the 
computer (20). For energy and wavelength cali- 
brations, spectral (L) and tungsten ribbon (W) lamps 
are imaged on the entrance slit using a rotating mirror 
(M) driven by a stepping motor (5). 

The plasma torch (2) is movable along its Z-axis 
using a stepping motor (M) supplied, as in ref. [S], by 
an interfaced controller (11). The detection is ensured 
by a silicon intensified target (9) (S.I.T. Vidicon PAR 
1254) driven by a PAR 12 16 controller (15) interfaced 
(16-l 8) with the computer. 

The scanning pattern of the target is viewed on a 
scope (17) with Wehneit modulation using X-Y-Z 
outputs of the PAR 1216 controller. 

The silicon target of the tube is software divided 
into different tracks, each of them being assigned to a 
viewing height from the horizontal jet axis. Moreover, 
on each track, each channel of the track (up to 511) 
corresponds to a given wavelength, provided a prior 
calibration with a spectral lamp and by using the 
reciprocal dispersion factor of the monochromator. 
So the O.M.A. with 2-D detector gives both spectral 
and spatial resolution facilities. 

SIGNAL PROCESSING 

The thermal background of the silicon target due 
to electron-hole creation, even with the blind detector, 
has a highly reproducible level, so that it may be stored 
in an array of the computer, and then, subtracted 
from each signal, provided the temperature of the 
detector and the exposure time are kept constant over 
the period of the experiment. Arising from the reading 
mode of the target by an electron beam and from 
the diffusion of charge carriers in the silicon under 
illumination, the signal is submitted to crosstalk 
effects which reduce the resolution of the system. This 
effect may be accounted for by imaging a very thin 
light source on a channel location and then scanning 
the target over the track. This gives rise to an appar- 
atus function which may be included in the further 
treatment of the data [22]. The spatial resolution is 
also affected by the light scattered by the collection 
lens and coming from the brightest part of the jet. 
As a consequence of the extremely high gradients of 
brightness, a part of the light emitted by the hottest 
zone is scattered and overlaps with the light emitted 
by the fringes of the jet. This gives rise to a flattening 
of the spatial contour, and this effect is amplified by 
Abel’s inversion. So this scattering effect may be partly 
accounted for by registering the profile originating 
from a light source of known dimensions (in our case, 
a horizontal slit 200 m wide) and standing in the place 
of the jet. This gives rise, too, to another component 
of the overall apparatus function by which each signal 
may be deconvolved using FFT techniques. 
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BAND HERD TOTHL LINES (P+R) 

FIG. 5. N: (I-) O-O Band from O.M.R. 

Prior to this deconvolution, the signal is noise elim- 
inated by using an optimal Wiener filter as described 
in ref. [23]. 

TEMPERATURE MEASUREMENTS 

We have measured the rotational temperature 
which is close to the temperature of heavy species 
(relaxation time between rotation and translation 
being less than lo-’ s) and which is mainly responsible 
for heat transfer between the plasma and a solid. 

For the temperature measurements, we use the 
(O-O) transition of the molecular spectra of Nt , that 
is the first negative system. 

This requires a good knowledge of the band struc- 
ture and a fine location of the lines on the target. After 
wavelength calibration, each line is assigned to stay, 
on each track, in a given domain defined by its mean 
location and its width, both expressed in channel num- 
ber. According to the resolution we use (about 0.2 
A), the molecular spectrum consists of an unresolved 
hand head including the first 26 P lines, and partially 
resolved total lines, each of these including P and R 
overlapping lines. Such a spectrum is presented in Fig. 
5, as plotted by the computer after data acquisition. 

Neglecting the spin doubling, we may write the 
emission coefficient for P and R lines as [24] 

+(T) = C&s4Kp exp - &'(K,--1) 
> 

(3) 

cR(T) = C@J~(K, + 1) exp -$F'(K,+l) 
> 

(4) 

with 

where 4 = 213 for odd values of K, l/3 in the other 
case; K the rotational quantum number of the lower 
level ; o the wave number of the line ; S:& the band 
strength; and T:, G'(d) and F'(K) are the electronic, 
vibrational and rotational spectral terms, respectively, 
of the upper level. 

In Fig. 5, the lines indexed l-10 are the result of 

the overlapping of a P line and an R line such as 
Kp = K,+27, and starting from KR = 0. 

The method we use for the rotational temperature 
measurement is briefly summarized as follows. The 
only assumption we need is that the rotational relax- 
ation is fast enough to allow a Boltzmann distribution 
among the rotational levels. 

Summing the spectral emission coefficient over the 
range corresponding to the band head, we get 

(6) 

Then, summing the spectral emission coefficient 
over the domain allocated to each (P+ R) line, in- 
dexed i, we get 

hne-i = G,(T) +ER,(T). (7) 

Thus, for each line we define as a theoretical func- 
tion of the temperature, the relative coefficient 

th(T) = 3 

which is independent of AJ( r>, Q( 7) and SE:U;... 
After the registration and the brightness calibration 

of the spectrum, Abel’s inversion for the band head, 
the line and the continuum, we get a set of exper- 
imental values for each relative emission coefficient, 
and this for each track. It can be expressed by 

(9) 

The temperature is then calculated as the parameter 
which minimizes the quantity 

N being the number of the (P + R) lines under analysis. 
The precision of the measurements is evaluated by 

using the curvature of the E(T) function in its mini- 
mum neighborhood and the value of this minimum. 

More specifically, the temperature is determined 
from the rotational spectrum of the N: (C&O) band 
and by an adjustment of the experimental measure- 
ments with a set of theoretical spectra computed for 
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different temperatures. The squared deviation is then 
given as a function of the temperature from which 
the theoretical spectrum is computed. This function, 
E,(T), shows a minimum for the best guess, T,,,, and 
this minimum would be zero if the measurements were 
perfect. In reality, this is never the case and the mini- 
mum of E,(T) is a non-zero value, E,,,. From this 
value, and from the curvature of the function in the 
neighborhood of T,,,, we can evaluate the quantity 

6T = \i( (~2~q~T2)) (11) 

which reflects the quality of the measurement rather 
than a real error. The value of E,,, is related to the S/N 
ratio and (~‘E,/~T”) to the sensitivity of the method. 

As the relative evolution of the intensities of the 
lines in the band is more sensitive to the temperature 
variations at low temperatures, the sensitivity is 
improved in the cold regions of the jet. In contrast, 
when the temperature decreases (typically below 5000 
K), the line intensity decreases and, at the same time, 
the noise, mainly due to the plasma fluctuations in the 
fringes, increases ; Em increases too. 

In order to show how the accuracy of the measure- 
ments changes from point to point, the idea was to 
plot the experimental isotherms as bands. It should 
be noted that the width of each band depends on 
both the intrinsic accuracy and on the temperature 
gradient. 

Let p be the radius of curvature at each point of a 
given isotherm T. Along the radius the variation 6T 
of T is reflected by a quantity 6p which may be evalu- 
ated as follows : 

(12) 

where (aT/hz) is the normal derivative of the tem- 
perature. 

For example, on the jet axis in the range 6.7 kK, 
the recombination of atomic nitrogen plays the role 
of a thermal buffer, and thus the temperature gradient 
is low in this region. As a consequence for a given 
value of 6T, the width 6p will be large even though 
the accuracy is good. In the 6-7 kK region close to 
the nozzle exit, the accuracy of the measurements is 
about the same, but in this case the gradient is very 
steep. Consequently, the 6p width is lower than the 
previous case. Finally, in the 34 kK region for large 
Z values, the sensitivity is very good (low tem- 
perature) but the signal is weak, instabilities are large 
and radial gradient steep ; 6p is increasing with Z. 

A COMPARISON OF MEASUREMENTS AND 
PREDICTIONS 

In this section, we shall consider a critical com- 
parison of the theoretical predictions with exper- 
imental measurements. We shall be considering three 
sets of measurements, namely : 

(1) a nitrogen jet discharging into nitrogen 
(depicted in Figs. 6-8) ; 

(2) a nitrogen jet discharging into nitrogen with a 
sideways injection of a nitrogen stream (depicted in 
Figs. 9-l 1) ; 

(3) a nitrogen jet discharging into nitrogen with a 
sideways injection of an oxygen stream (depicted in 
Figs. 12-14). 

These measurements, including the facts that the 
power input and the gas flow rates were made to vary 
within each individual set, represent a broad enough 
range of conditions to provide realistic perspectives 
regarding the assessment of the modelling effort. 

Figures 68 represent conditions corresponding to 
the behavior of a ‘straight’ plasma jet; problems of 
this type have been tackled both by previous inves- 
tigators and the present authors. Here, Figs. 6 and 8 
represent essentially identical conditions, shown here 
in order to indicate the reproducibility of the exper- 
imental measurements. The situation depicted in Fig. 
7 corresponds to a nearly 50% increase in the gas flow 
rate, and an increase of about 20% in the power input. 

Inspection of these plots shows fairly good agree- 
ment regarding the general trends exhibited ; the 
agreement regarding the jet boundaries, as signified 
by the 3 kK isotherm, is excellent. 

The principal discrepancies between the measure- 
ments and the predictions lie in the entrance region ; 
to a significant extent, this may be attributable to the 
difficulties involved in specifying realistic inlet bound- 
ary conditions. As discussed in the preceding section, 
in the calculations the domain of integration included 
some inside portion of the torch ; however, the prob- 
lems will not be completely resolved until the whole 
torch is included in the calculations. Another potential 
source of the discrepancy is the inherent difficulty in 
making precise temperature measurements in a region 
where extremely steep temperature gradients exist. In 
this regard, the 3 or 4 kK boundary is much easier 
to resolve. Further reasons for the discrepancy may 
include asymmetric torch behavior and possibly the 
departure from local thermodynamic equilibrium. 

Figures 9-l 1 show a system with a sideways injec- 
tion of nitrogen. As seen in the captions, the volu- 
metric flow rate of the injected stream is significantly 
less than that of the main plasma jet. This arrange- 
ment will lead to a rather more complicated flow 
pattern, and one would expect on physical grounds 
that the outer regions of the plasma jet would be 
cooled by the injected stream. Both the experimental 
and the computed results reflect this trend. 

Finally, Figs. 12-14 depict systems where an oxygen 
stream is being injected. Oxygen will be a more effec- 
tive coolant in this instance because of its higher spec- 
ific heat closely connected to its higher energy of dis- 
sociation, at about 4000 K against 7000 K for 
nitrogen, resulting in a much higher enthalpy of oxy- 
gen at 4000 K than of nitrogen at the same tempera- 
ture. Indeed, inspection of these figures shows that 



42 A. H. DILAWARI el ul 

,0.006 

I 
r 

0.048 
L 

FIG. 6. Comparison of experimentally measured and theoretically predicted temperature profiles for 
a nitrogen plasma jet discharging into nitrogen. Measurements are given by the broad curves (Q, = 

201m-‘;P,=11,6kW;q=59%). 
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FIG. 7. Comparison of experimentally measured and theoretically predicted temperature profiles for 
a nitrogen plasma jet discharging into nitrogen. Measurements are given by the broad curves (Q, = 

30.4 1 m-’ ; P, = 13.4 kW; q = 59%). 
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FIG. 8. Comparison of experimentally measured and theoretically predicted temperature profiles for 
a nitrogen plasma jet discharging into nitrogen. Measurements are given by the broad curves (Q, = 

201m-‘;P,=11,4kW;n=59%). 
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FIG. 9. Comparison of experimentally measured and theoretically predicted temperature profiles for a 
nitrogen plasma jet discharging into nitrogen, with a sideways injection of a cold nitrogen stream. Measure- 

ments are given by the broad curve (Q, = 20 1 m-’ ; P, = 11.6 kW; Qi = 2 1 m-’ ; q = 59%). 
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FIG. 10. Comparison of experimentally measured and thLeoretically predicted temperature profiles for a 
nitrogen plasma jet discharging into nitrogen, with a sideways injection of a cold nitrogen stream. Measure- 

ments are given by the broad curve (Q, = 20 1 m-’ ; P, = 11.6 kW ; Qi = 4 1 m-’ ; q = 59%). 

FIG. 11. Comparison of experimentally measured and theoretically predicted temperature profiles for a 
nitrogen plasma jet discharging into nitrogen, with a sideways injection of a cold nitrogen stream. Measure- 

ments are given by the broad curve (Q, = 10.6 1 m-’ ; P, = 9.8 kW; Qi = 4 1 m-’ ; q = 45%). 

FIG. 12. Comparison of experimentally measured and theoretically predicted temperature protiles for a 
nitrogen plasma jet discharging into nitrogen, with a sideways injection of a cold oxygen stream. Measure- 

mentsaregivenbythebroadcurve(Q,=201m~’;P,=11.6kW;Q~=2lm~‘;~=59%). 

the jet boundaries are being ‘squeezed inwards’, 
especially at the higher oxygen input rates. The exper- 
imental measurements and the theoretical predictions 
are in good agreement regarding this trend. 

Computed axial velocity profiles are presented as 
Figs. 15 and 16 for identical plasma gas flow rate and 
torch power but for cold oxygen flow rate Qi, equal 
to 2 and 7 1 m-‘, respectively. The marked inlluence of 
cold gas injection on velocity field is readily apparent. 
Figures 17 and 18 depict the computed oxygen fields 
for these two values of flow rates for sideways-injected 

oxygen. The oxygen fields presented are consistent 
with the expected behavior. The purpose of showing 
these profiles is to demonstrate the ability of the pro- 
gram to represent flow field and mixing also, which 
information is needed for the understanding of vir- 
tually all practical plasma systems. 

DISCUSSION 

In this paper a critical comparison is presented of 
theoretical predictions and experimental measure- 
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FIG. 13. Comparison of experimentally measured and theoretically predicted temperature profiles for a 
nitrogen plasma jet discharging into nitrogen, with a sideways injection of a cold oxygen stream. Measure- 

ments are given by the broad curve (Q, = 20 1 m-’ ; P, = 11.6 kW; Q, = 4 1 mm’ ; q = 59%). 

FIG. 14. Comparison of experimentally measured and theoretically predicted temperature protiles for a 
nitrogen plasma jet discharging into nitrogen, with a sideways injection of a cold oxygen stream. Measure- 

ments are given by the broad curve (Q, = 20 1 m-’ ; P, = 11.6 kW; Qi = 7 1 m-’ ; q = 59%). 
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FIG. 15. Computed axial velocity field for a nitrogen plasma 
jet discharging into nitrogen, with a sideways injection 
of a cold oxygen stream (Q, = 20 1 m-‘; P, = 11.6 kW; 

Qi = 2 1 m-’ ; q = 59%). 
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FIG. 16. Computed axial velocity field for a nitrogen plasma 
jet discharging into nitrogen, with a sideways injection 
of a cold oxygen stream (Q, = 20 1 m-l; P, = 11.6 kW; 

Q, = 7 1 m-’ ; q = 59%). 

ments concerning the temperature profiles in a nitro- 
gen plasma jet discharging into nitrogen, with a side- 
ways injected cold gas stream. 

In general, the theoretical predictions were found 
to be in quite good agreement with the measurements ; 
indeed, this agreement has been rather better than 
found by previous investigators. Reasons for this are 
thought to include the following. 

(1) In the formulation of the problem, particular 
care has been taken in the definition of the tem- 
perature and the velocity profiles at the inlet to the 
domain of the integration ; this was found to be quite 
critical. 

(2) In the solution of the problem, care has been 
taken to satisfy the overall heat and mass balances; 
this issue may appear trivial, but it has not received 
as much attention as necessary in the past. 

(3) In the development of the numerical scheme, 
care has been taken to provide a proper representation 
of the boundaries, especially in the corner regions near 
the inlet, i.e. the nozzle exit. 

Even allowing for the obvious difficulties inherent 
in making accurate temperature measurements, sig- 
nificant discrepancies still remain between measure- 
ments and predictions, especially in the regions adjac- 
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FIG. 17. Computed oxygen field for a nitrogen plasma jet, 
with a sideways injection of a cold oxygen stream (Q, = 

20 1 m-’ ; P, = 11.6 kW; Q1 = 2 1 m-’ ; q = 59%). 
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FIG. 18. Computed oxygen field for a nitrogen plasma jet, 
with a sideways injection of a cold oxygen stream (Q, = 

20lm-‘;P,=11.6kW;Qi=71m-‘;q=59%). 

ent to the plasma jet nozzle. These problems are 
inherently associated with the need to have a precise 
knowledge of the velocity and the temperature fields 
within the plasma gun and will not be resolvable until 
this issue is specifically addressed. The second, only 
partially resolved problem is associated with the lami- 
nar-turbulent transition within the chamber. For the 
conditions considered, the plasma jet is laminar in 
the nozzle, but will become turbulent some distance 
downstream from the nozzle exit. 

Resolution of these problems poses a major chal- 
lenge, but work is proceeding in both these areas. 
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ECOULEMENT ET TRANSFERT DE CHALEUR DANS DES REACTEURS A PLASMA- 
II. COMPARAISON CRITIQUE DES PROFILS DE TEMPERATURE CALCULES ET 

EXPERIMENTAUX DANS DES JETS DE PLASMA EN L’ABSENCE OU EN PRESENCE 
D’INJECTION LATERALE 

R&mn&-On presente une comparaison critique entre des mesures experimentales et des calculs de profils 
de temperature dans un jet de plasma d’azote debouchant dans de l’azote, avec un ecoulement froid 
lateral d’azote ou d’oxygene gazeux. En general, les previsions bashes sur la resolution des equations axi- 
symbtriques de Navier-Stokes associies aux equations de bilan de masse et d’energie, sont trouvees etre 
en bon accord avec les mesures. Comme originalite du modile est l’attention particulitre port&e a la 
specification des profils de temperature et de vitesse a l’entree, a une certaine distance a l’inttrieur de la 

torche, et des conditions aux limites thermiques sur les autres frontieres. 

STRdMUNG UND WARMEUBERGANG IN PLASMA-REAKTOREN-II. KRITISCHER 
VERGLEICH ZWISCHEN GEMESSENEN UND BERECHNETEN 

TEMPERATURPROFILEN IN PLASMASTROMEN 

Zmarmm&assung---Es wird ein kritischer Vergleich zwischen experimentellen Ergebnissen und theo- 
retischen Berechnungen vorgestellt fur den Temperaturverlauf in einem Stickstoffplasma-Strahl. Der Plas- 
mastrahl tritt in Stickstoff ein, wobei ihm seitlich kaltes Stickstoff- oder Sauerstoff-Gas zugefiihrt wird. 
Die Losung der achsensymmetrischen Navier-Stokes-Gleichungen und der zugehiirigen Energie- und 
Massenbilanzbeziehungen stimmen gut mit den Messungen ilberein. Das Besondere an dieser Arbeit ist, 
daB die Temperatur- und Geschwindigkeitsprofe am Eintritt und die thermischen Randbedingungen an 

den anderen Berandungen besonders sorgf’%ltig gewahlt werden. 

TErIEHHE EHJJKOCTH M TEHJIOTIEPEHOC B HJIA3MEHHbIX PEAKTOPAX-II. 
KPHTHYECKOE CGHOCTABJIEHHE 3KCHEPHMEHTAJIbHO H3MEPEHHbIX H 

TEOPETHRECKH PACCWiTAHHbIX I-IPO@HJIEH TEMHEPATYPbI B HJIA3MEHHbIX 
CTPYJIX B OTCYTCTBHE H HPH HAJ’IHWIH BJJYBA C6OKY 

_IIpencramrerio rtpaTwccroe conocrannerme srcnepm4errranbnbrx AanHbrx H Teoperkmec- 
an pacKTO% oml ~~~EJlETeMncpaypbl B~Me~OftcTpyea30Ta,E~KaeMO~Ba30T, 

n&Mi ~OKOBOM eayBc nOTma xonoLMOr0 83OTa mm micnojmna. B U~OM iiai@no,¶TO ~eopc~mcCxne 

pavmid m OCHOBC purreiusn occc~~~e~p~p~w ~~~BxME~~H~~~-CTOK~IIES~W~HH~~~TCJIJIO- 


