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Abstract---The well-known experimental data on turbulent heat transfer in a long cylindrical duct (more 
than 50 diameters long) with d between 5 and 10 mm at flow rates G from 0.1 to 15 g s -l  and currents I 
from 50 to 400 A are analyzed and correlated. Data on argon flow at pressure p between 0.1 and 2 MPa 
are worked into equations. Generalization of this data is derived in the form of a dependence between 
dimensionles,; turbulent heat conductivity and Reynolds and Hartmann numbers in view of the effect of 
inertial, visco as and electromagnetic forces. The main sources of turbulent heat conductivity at the indicated 
conditions are analyzed. It was shown that electromagnetic forces decrease turbulent heat transfer for a 
fully developed flow with a wall-stabilized d.c. arc. This hypothesis was made to account for the dynamics 
of transition from laminar to turbulent flow in the above mentioned conditions. The connection between 
flow regime and departure from local thermodynamic equilibrium (LTE) is established. Copyright © 1996 

Elsevier Science Ltd. 

1. INTRODUCTION 

The different non-stationary regimes in the electric- 
arc devices with pressures p = (0.1-10) x 105 Pa and 
temperature T = (7-20) x 103 K were observed. In 
many cases these regimes are accompanied by stoch- 
astic oscillations of  gasdynamic parameters. These 
oscillations, as a rule, are identified within a turbulent 
regime. 

The investigation of  turbulent heat transfer in mod- 
ern electric-arc energy-consuming devices (e.g. plasma 
generator, Faraday MHD-generator ,  MPD-thruster)  
is important  for prediction and determination of  
efficient control methods of  their overall charac- 
teristics with the use of  external electromagnetic or 
acoustic fields. The peculiar features of  heat transfer 
in the above mentioned devices are determined by 
interaction between non-linear Joule heating and tur- 
bulent flow when thermal and electrical properties of  
plasma are drastic functions of  state parameters for 
the most  part. 

The influence of  turbulence on heat transfer can be 
analysed by using the coefficient of  turbulent heat 
c o n d u c t i v i t y  •turb, t]his coefficient may be included into 
Boussinesq form energy transfer equations for tur- 
bulent regimes [I]. 

This paper is devoted to investigations of  physical 
sources of  turbulent heat transfer for a fully developed 
flow with a wall-stabilized d.c. arc and cocurrent gas 
flow. The main rules of  turbulent heat transfer charac- 
teristics in different electric-arc devices can be estab- 
lished only for this case. 

Only a very limited number of  studies satisfying the 
above requiremen~Ls exist, see refs. [2-6]. All these 
experimental results were obtained in long (more than 

40 diameters) segmented cylindrical channels with 
diameters between 5 and 10 mm and axial supplies of  
plasma-generating gas (mainly argon) at pressure p 
from 0.1 to 2 MPa, flow rates G from 0.1 to 15 g s -1 
and currents I from 40 to 400 A. 

In these works the observed transition from laminar 
to turbulent flow (with arc voltage fluctuations 
appearance) was characterized by a number of  special 
properties [7]. The most important  of  these properties 
are the following : 

(1) at flow rates grater than 1.5 g s - l ,  the voltage 
gradient starts to increase above its laminar 
value and is enhanced by a factor of  4 at about  
1 5 g s - t ;  

(2) the average temperature and its profile do not 
differ much from the laminar to turbulent case 
with differing mass flow but constant current. 

2. TURBULENT HEAT CONDUCTIVITY OF 
ELECTRIC-ARC PLASMA 

For  a stationary, fully developed flow of  electric- 
arc plasma in a cylindrical channel with frame of  axes 
(x, r, ~b) and parameters 

n = (u(r),O,O) ; j = (jx(r),O,O) ; E = (E~,O,O) 

(1) 

for conditions of  axial symmetric and fully developed 
flow 

~I~ = 0 ,  ~ lax  = 0 (2)  

energy transfer equations for current regions of  
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NOMENCLATURE 

B~ arcing current magnetic field induction 
cp heat capacity of plasma 
d duct diameter 
E, electric field strength along x 
G mass flow rate 
Ha Hartman number 
I arc current 
Jx current density along x 
M Re~Ha 1/3 
p pressure 
qv intensity of volume heating 
qvT dqv/d T 
r radial coordinate 
Re Reynolds number 
R radius of duct 
Rb radius of current-carrying region 
T~ temperature of heavy particles 
T~ temperature of  electrons 
Tw wall temperature 
u velocity component along x 
U power loss by radiation per unit 

volume 
v velocity component along r 

x coordinate axis along duct. 

Greek symbols 
( G'~) / ( ,~ ~) 

2 molecular (laminar) heat conductivity 
2z total heat conductivity 
2r d(2)/d(T) 
/~o 4 n "  10 - 7  H m - l ,  magnetic constant 
~b potential, coordinate axis 
q molecular viscosity 
p mass density 
a electric conductivity 
n 3.14. 

Subscripts and other symbols 
turb turbulent 
o axis parameters 
b current-carrying boundary parameters 
( A )  time-averaged local value of A 
X cross section-averaged value of A 
A' fluctuating component of A. 

optical transparent arc plasma can be represented as 
follows (I  = const.) 

1 d /  dT~ 
 Xrr(   )+jxEx-V=O (3) 

for laminar regimes and 

1 d [r(2+2turb)d~r 7 ]  r dr +jxEt,~b -- U = 0 (4) 

for turbulent regimes, where E, arb is an electric field 
strength for turbulent flow. 

The directed above experimental results (1) and (2) 
were used for deducing equations (3) and (4). These 
equations were written without considering viscous 
dissipation and work of pressure forces terms. These 
terms are small in comparison with the Joule heating 
term. 

In these equations : u and j are velocity and current 
density vectors; 2 and U are molecular heat con- 
ductivity and the power loss by radiation per unit 
volume in the approximation of the optically trans- 
parent medium. 

After subtracting equation (3) from equation (4) 
and taking into account Ohm's law (for I = const.) 
j~ = aE~ = ¢7turbEturb , where cr and O'turb are laminar and 
turbulent electric conductivity of plasma, we get 

l d  d 
r ~r(r~.t,~b ~r~+aE,~(Etu~b--Ex) = O. (5) 

After integration of equations (3) and (4) from axis 
(r = 0) to r we obtain the following relationships 

2 dT --r -1 Ir(aE~-U)rdr (6) 
Jo 

2 turb dT --r-' i 6 E x ( - -  -1  rdr. (7) 
~turb~-F = ~o \ Ex 

From equations (6) and (7) the dependence for 
value 2turb//~Z c a n  be deduced, where As = 2 +/~turb" We 
get 

r U 
[ a ( 1 - ~ ) r d r l  

~turb Jo \ aEx] I 

jo 

1 

(8) 

This expression describes the distribution of values 
2turb/2~ across a current-carrying radius of duct. The 
quantity Eturb characterizes the turbulence extent and 
its changes across this radius. 

Since the mean turbulent electric field strength Et,rb 
was measured in the experiments of refs. [2-6], the 
value 0~turb/2Z)b c a n  be obtained for a current carrying 
boundary r = Rb from equation (8). 

After integration of equation (8) from r = 0 to 
r = Rb we get 
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(%)b =(!LQ-l)(+L_ZJ (9) 

Notice that Rb g (0&0).9)R for a fully developed arc 
plasma flow, where R is the radius of the duct. Here 
B and I? are the values of Q and U calculated at the 
bulk temperature T’. The value (dturb/L&, on the axis 
of the duct can be obtained from equation (8). With 
a little manipulation we get 

where axis parameters are marked by indices o. 
Immediately near the wall of duct, wherej, = 0, the 

value (&,,,/L,) decreases up to zero on the wall. 
The dependence value (9) was used for the gen- 

eralization of experimental data in refs. [2-61. For 
calculation of 5, Uand dimensionless numbers Re and 
Ha the bulk temperature T was determined from the 
relationship, deduced in ref. [S] 

where T, is the wall temperature (it was assumed that 
T, = 500 K). The dimensionless numbers Re and Ha 
were calculated frorn the relationships deduced in ref. 

PI 

2G l/2 
Rez-- 

13 

zRr(~i) ’ 
Ha=!% ___ 

[ 1 AR v(i?Wx 
(12) 

where g0 = 47~ x IO-’ H m-’ is a magnetic constant, 
rl is viscosity. The values of rl, 1 and U were taken 
from refs. [9-121. 

Experimental data from refs. [2-61 are shown in 
Fig. 1 in the form of dependence (L,,,,/&), = f(Re) in 
accordance with equation (9). At Re > IO3 turbulent 
heat conductivity is increased considerably as it is seen 
from Fig. 1. The dispersion of the experimental points 

0.6 

. 

o I O II ; A I 

103 104 

Re 

Fig. 1. Function I:&,,/&), vs Reynolds number Re. 
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Fig. 2. Function (&,,,j&), vs Re/H@. 

may be due to the effect of electromagnetic forces, with 
current increasing the turbulent heat and conductivity 
decreasing it. This value hardly affected by pressure 
or the duct diameter. 

Taking into account the effect of electromagnetic 
forces on turbulent heat conductivity, the same data as 
in Fig. 1 were replotted in the coordinates (&,j&),, 
Re/Hdi3). As can be seen from Fig. 2, the scatter in 
the data is smaller than in Fig. 1. 

The data in Fig. 2 may be approximated, for exam- 
ple, by the following dependence 

(L,,,,/&), r -0.1+9.3 x IO-’ M 

-4.4 x lO-9 M2 +9.3 x lOP’4 M3, (13) 

where M = Re/Hu”3 2 1.15 x 103. 

This dependence is marked by a dotted line in 
Fig. 2. 

3. TURBULENT HEAT CONDUCTIVITY SOURCES 

IN ELECTRIC-ARC PLASMA 

The turbulent electric field strength EtUrb measured 
in experiments, contains all the physical sources of 
turbulent heat transfer in a wall-stabilized arc. For 
the purpose of the main directed sources let us con- 
sider the energy transfer equation for electric-arc 
plasma flow in a cylindrical duct 

The current density vector j is determined, as above, 
from Ohm’s law 

j = aE (15) 

where p and cP are mass density and heat capacity and 
u, v are velocity components along the axes x and r. 



1200 YU. S. LEVITAN 

To obtain a time-averaged equation from equations 
(14) and (15) a function of both space (r) and time (t) 
was expressed in terms of a time-averaged quantity 
(c )  and a fluctuating small component c ' :  c(r, t) = 
( c ( r ) )+c ' ( r ,  t). Substituting these values onto equa- 
tion (14) taking into account equations (1), (2) and 
(15) for averaging functions and continuity equation 

div (pu) = 0 (16) 

we get after averaging 

- r ( < ~ . >  + ~,turb 
r 

+ O><s~>(1 + <E'~><el> +2 O><ex>/<~'s;> 

- < U > = 0  (17) 

where 

1,  d<T'2> 
•turb =[~AT -~r ((pCpV)'T'>l(d<T>/dr)-' 

2T = d(2>/d(T) ,  (18) 

The time-averaging arc current is 

(I) = 2n aturb(Ex)rdr (19) 

where 

<E~2> 2 <a 'E '> '~ 
O'turb = <0"> 1+ (E~> + (a)(Ex>)" (20) 

Let us analyze the main physical sources of turbulent 
heat transfer in a wall-stabilized electric-arc plasma 
flow for the above mentioned parameters by using 
these equations and dependencies. 

3.1. The effect of electromagnetic forces 
As it was established earlier [8], heat transfer in 

changing from laminar to turbulent flow is determined 
by the interaction between inertial, viscous and 
electromagnetic forces. In accordance with this con- 
clusion, heat transfer characteristics of electric-arc 
plasma flow, specifically, turbulent heat conductivity 
coefficient, can be represented in the form of a 
relationship by using dimensionless numbers Re and 
Ha, which include directed interaction (see Section 2). 
From this point of view the results of the experiments 
in refs. [2-6] outlined in Figs. 1 and 2 can be attributed 
to the effect of electromagnetic forces. The arcing cur- 
rent magnetic field induction increases with arc cur- 
rent increasing, this field value has a maximum on 
the current-carrying boundary. The inward directed 
component of electromagnetic force (j,:B4,) increases, 
this force retards the cross travel to wall of turbulent 
'moles'. In other words, the magnetic field B~ sup- 
presses the cross velocity fluctuations v' resulting in a 
decrease of the turbulent heat flux component 

<(pCpV)'T'> as is seen in Figs. 1 and 2. This suppression 
is not significant since the value of ((pcpv)'T'> is too 
small for a fully developed flow with a wall-stabilized 
d.c. arc. 

It is necessary to stress that a directed effect takes 
place only for moderate current values, when the wall- 
stabilizing influence on the arc does not break down. 
For  currents more than the critical value under the 
present conditions ( ~  1 kA) the arc core will occupy 
the space near the duct axis under the radial electro- 
magnetic force. In this case it is possible that hydro- 
magnetic instability occurs due to the wall-stabil- 
izing influence decreasing, causing the large-scale 
fluctuations that in the final analysis lead to the tur- 
bulent heat transfer increase [8]. Although these fluc- 
tuations are not observed in refs. [2-6] there is a good 
probability of their arising at small flow rates [8]. 

The above mentioned suppression of the turbulent 
transfer in the direction perpendicular to the vector of 
the magnetic field induction has been much studied 
as applied to magnetohydrodynamic turbulent flows 
(see, for example, ref. [13]). 

3.2. Electric fluctuations 
The appearance of electric fluctuations (electric 

conductivity a' ,  potential ~b' or electric field strength 
U, current density j ' , Joule heating q~ etc.) due to 
gasdynamic fluctuations (velocity n', temperature T" 
and pressure p')  is an important feature of turbulent 
electric-arc plasma flows [14, 15]. These fluctuations 
are included in the one-point correlations ( a ' E ' )  and 
(E'2), which appear in the Reynolds-averaged energy 
transfer equation (17). As shown in refs. [14, 15], these 
correlations can be expressed in terms of correlations 
containing electric conductivity fluctuations only for 
the arc column [14, 15] 

(E'2>/(E~} = (1 /3 ) (a ' z ) / ( a  2> 

(&E '> / ( ( a ) (E>)  = -(1/3)(&2>/(~2>. (21) 

With regard to these relationships and in accordance 
to equations (19) and (20) we get the following 
expressions for a,urb and (/> 

1 (0"2> '] 
O'turb = <O'>  1 3 <a2>J 

( I ) = 2 •  (a> 1 3 ( a~>]  

From these relationships it is apparent that the 
appearance of electric conductivity fluctuations (due 
to the temperature fluctuations in arc column avail- 
ability) causes the decrease of the time-averaged con- 
ductivity and arc current by a factor of [ 1 -  (1/3)~], 
where a = ( a ' 2 ) / < a 2 ) .  However, under the test con- 
ditions of refs. [2-6] it is obvious that ( / )  = const. 
and electric field strength must rise by a factor of 
[1 - (1/3)a]-~ to compensate the conductivity 
decrease. In this case supplementary turbulent heating 
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will occur, which produces heat flow and loss increases 
for the heat transfer equation satisfaction. Hence we 
obtained the following equation instead of equation 
(17) 

r d d ( T )  
1- ~r I r ( ( ) - )  + ~'turb) ~d-~- 1 

+ ( c r ) ( E ~ ) ( 1 - 1 ~ ) - ' - ( U ) = 0 .  (23) 

This equation can be used to analyze the influence of 
electric fluctuations on the turbulent heat conductivity 
as applied to the fully developed and wall-stabilized 
arc plasma flow. It is seen from equation (23), that 
the supplementary tarbulent heating and loss in some 
instances may be caused by electric fluctuations. In 
electric-arc plasma the temperature fluctuations 
induce the conductivity fluctuations due to the con- 
ductivity-temperature connection availability. 

Notice that in the immediate arc core the velocity 
fluctuations in these conditions are significantly lower 
than temperature ones because the arc core plasma 
viscosity is greater titan the viscosity of the outer 'cold' 
gas. Beyond this paint the magnetic field damping 
(see Section 3.1) and wall-stabilizing effect may also 
promote a decease in velocity fluctuations. By these 
means the electric fluctuations can appear initially on 
the ' laminar backglound'.  Details of the nature and 
importance of these fluctuations are presented in the 
next section. 

With the availability of electric fluctuations in the 
arc core for ( / ) = c o n s t .  we get Etur b = (Ex) 
[1-(1/3)~] -1, hence the value of Etu,b varies in the 
current-carrying duct region directly with variation in 
the value of ~(r) (for small ~). After averaging over 
the cross section of the arc and substituting ~turb into 
equation (9) we obtain 

3 ~ 2 )  ' (24) 

The experimental data on temperature fluctuations in 
the arc core are necessary for numerical estimations 
of the contribution of electric fluctuations to the tur- 
bulent heat conductivity. Unfortunately, the exper- 
imental works on the first-hand measurements of the 
fluctuating parameters arc across section distributions 
cannot be found. The available modern contact and 
contactless diagnostic techniques of arc fluctuating 
characteristics (see ref. [16]) may be used at best to 
fit the high temperature jets discharged from plasma 
channels (no more than (4-7) x 103 K). 

The time-averaged radial distributions of tem- 
perature and its fluctuations for laminar and turbulent 
flows of argon in a segmented channel of diameter 
d = 10 mm and length L = 136 mm with a d.c. electric 
arc have only been investigated in ref. [17]. 

The operating conditions were: (1) laminar f low--  
mass flow rate G = 0.1 g s -  ~, and (measured) pressure 

level p ~ 790 torr (1.04 atm) and (2) turbulent flow 
- G  = 7.7 g s -~ and p ~ 1390 torr (1.83 atm). Arc 
current I was 65 A in both cases. 

The method itself, representing a combined exper- 
imental and analytic technique, is of significance. It is 
based on the following assumptions: (1) the plasma 
is in local thermodynamic equilibrium (LTE) ; (2) the 
approximation of the optically thin medium is sat- 
isfied; (3) the cylindrical symmetry of the arc is 
retained (in the statistical sense); (4) the plasma is 
assumed to have a low degree of ionization. 

Experimentally, the authors observed the fluc- 
tuating radiation from the turbulent arc in the form 
of the integrated intensity distribution. Through time 
averaging and inversion (Abel inversion in this work) 
the time-averaging radial distributions of line and 
emission coefficients and their mean-square fluc- 
tuations were obtained. With this information as 
inputs to an appropriate analytical formulation the 
time-averaged radial distributions of temperature and 
its fluctuations were determined. 

In my opinion the least plausible hypothesis in ref. 
[17] is the assumption of the LTE availability in lami- 
nar and particulary turbulent, electric-arc plasma 
flow. This controversial subject will be discussed in 
greater detail in the next section. 

The estimations of (2turb/2~)b value in accordance 
with the relationship of equation (24) (by using the ~t 
data from ref. [17]) demonstrate that this quantity is 
small both for laminar and turbulent regimes: less 
than 1% for laminar flow and no more than 5% for 
turbulent flow. The value of ~ was calculated from the 
formula 

o~ = , ~ . ( < T z ) t / ' ~ ) ,  (25)  

where ~r = d In #/d In 7'. In this formula the bulk tem- 
perature 7" was calculated from the deduced relation- 
ship, equation (11), and the values of tr(T) were taken 
from ref. [18]. 

The obtained results are realistic as applied to a 
laminar regime : there will be flattening of the tem- 
perature fluctuations because of high argon plasma 
radiation under experimental conditions. However, 
these fluctuations are not equal to zero on the arc axis 
contrary to the results derived from the straight- 
forward gradient models to turbulence [1]. In a tur- 
bulent regime the laminar core is also absent, this fact 
is supported by more detailed numerical investigations 
[15]. 

However, experimental results for turbulent flow 
reported in ref. [17] are contradictory to data in refs. 
[2-6] and other data in ref. [17]. Really, the values of 
(/~turb/2l~)b obtained in ref. [17], are no more than 5%, 
whereas they are nearer 50% according to the depen- 
dence equation (9) since Et~,rb/(Ex)/> 2 on evidence 
derived from ref. [2] by using arc voltages from ref. 
[17]--76 V for laminar and 260 V for turbulent regimes. 
This conflicting fact is the subject of the next section. 
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3.3. Superheat turbulence in electric-arc plasma 
The unstable and fluctuating regimes in the free 

burning nonstabilized arcs appear in the layer between 
current-carrying and 'cold' gas regions. By contrast, 
in the section with a fully developed arc plasma flow 
the dynamic fluctuations are limited by stabilizing and 
damping effects of the wall and the arcing magnetic 
field (see Section 3.1). Therefore, in the latter case the 
main sources of turbulence occur in the arc core. 

Generally, in the electric-arc plasma the different 
instabilities can appear, these instabilities each can 
give rise to a peculiar kind of turbulence. However, of 
special interest under the investigated conditions is the 
superheat instability, which has a maximum increment 
given in refs. [15, 19]. This increment is equal to 
qVT/QCp, where qw = dqv/dT, qv is an intensity of vol- 
ume heating, for example, Joule heating [19]. 

The most likely region for superheat instability and 
associated fluctuating regime appearance ('superheat 
temperature turbulence' as it is named in ref. [20]) is 
the high temperature current-conducting channel of 
the arc, since the directed increment is inversely related 
to the gas density. As mentioned above, the velocity 
fluctuations are much less than temperature fluc- 
tuations in this region. The resulting data in ref. [17] 
for the temperature fluctuations in laminar electric- 
arc plasma flow adds considerable support for this 
effect. 

The electric-arc plasma makes itself evident in pass- 
ing from a laminar to a turbulent regime. Let us con- 
sider this subject by the example of "simple" three- 
component argon plasma at the investigated 
conditions. This plasma involves two subsystems-- 
electrons and heavy particles. It has been found [17] 
that the temperature fluctuations are small in laminar 
flows for high radiative argon. It is not surprising, 
then, that these fluctuations cannot lead to the depar- 
ture from LTE in the arc core [19]. 

It is well known that the temperature and velocity 
profiles deform in passing from laminar to turbulent 
flow. This profile flattening is followed by near wall 
gradients increasing, with velocity and temperature 
axes values decreasing. As a result the increasing of 
the wall shear stress and heat loss takes place. The 
electrons and heavy particles respond to this profile 
deformation in various ways. This deformation leads 
to the electric field strength increase for ( / )  = const. 
The nature of this effect was discussed in Section 3.2. 
The electric field acts on electrons largely causing the 
increase of their kinetic energy and the volume pro- 
cesses intensification. As a results the 'overheating' 
of electrons in comparison with the heavy particles 
necessarily leads to the departure from LTE in the 
current-conducting arc core. Notice that the departure 
from LTE in the arc core can be observed even with 
laminar regime for weakly radiative gases (He, H~) 
due to more intensive temperature fluctuations in 
these gases in comparison with high radiative argon. 
The departure from LTE must be increased for the 
turbulent regime. 

The departure from LTE takes place across the 
diameter of the duct for turbulent flow [19, 21]. Excess 
electron energy is transmitted partially to ions and 
atoms through ambipolar fields and partially by col- 
lisions due to turbulent heating. Under these con- 
ditions the 'overheating' electrons deform the heavy 
particles' temperature profile nearer to the initial lami- 
nar profile. This effect is supported by the above men- 
tioned fact, that the average temperature and its pro- 
file do not differ much from the laminar to turbulent 
case with differing mass flow but constant current [2- 
6]. 

The above mentioned processes dynamics are pre- 
sented in diagram form in Fig. 3, the temperature 
profiles of heavy particles T d and electrons T~ are 
shown schematically. It must be emphasized that the 
basis for the execution of this sequence of processes is 
the superheated electron turbulence which arises. The 
physics of interaction between electrons and heavy 
particles has been detailed in ref. [19]. Because of this, 
the electron subsystem is crucial in turbulent heat 

I Transition from laminar I 
to turbulent flow 

I<T> and < o >  decrease in I 
the arc core (T¢ = T )  [ 

- I 
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Fig. 3. Qualitative diagram of processes in the section with 
fully developed electric-arc plasma flow. 
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transfer,  especially in weakly radiat ive gases. This 
effect was neglected in ref. [17]- - the  depar ture  f rom 
LTE was not  t aken  into account  when  applied to the 
set of  equat ions  for turbulent  arc plasma.  The  above  
directed large discrepancy between the reproduced 
data  f rom ref. [17] of  tu rbu len t  heat  conductivi ty f rom 
Eturb measurements and  the same da ta  f rom refs. [2-6], 
is a t t r ibu tab le  presumably  to neglect of  the depar ture  
f rom LTE in ref. [17]. 

4. CONCLUSION 

On the basis of  the above  da ta  it may  be said tha t  
the t rans i t ion  f rom laminar  to tu rbulen t  flow in the 
fully developed flow wi th  a wall-stabilized d.c. electric 
arc mus t  occur  s imultaneously with t rans i t ion  f rom 
equil ibr ium to nonequi l ib r ium plasma for strongly 
radiat ive gases and  an  increase in the degree of  non-  
equi l ibr ium for weakly radiat ive gases. 
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