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Abstract--This paper presents a numerical study of the structure flow and heat transfer in the discharge 
tube of a high power CO2 laser. A compressible turbulent model was developed in connection with 
simplifying assumptions. The resulting set of partial differential equations describing the flow was solved 
by means of the PHOENICS code. Several types of thermal boundary conditions were tested and the 
numerical results were found in a quite good agreement with the experimental data obtained in a previous 
study. The location of the reattachment point was found highly correlated with the values of the turbulent 
energy and the dissipation rate of turbulent energy in the entrance section. The size of the recirculation 
zone and the shock waves created near the exit section of the nozzle have no significant effect upon the 

structure flow downstream of the reattachment point. 

1. INTRODUCTION 

In this study, we consider the flow structure and the 
heat transfer in a high power CO2 laser discharge tube. 
Such a flow is very complex because of compress- 
ibility, turbulence and discharge effects which interact 
to give the velocity and temperature field. A survey of 
literature shows that only a few papers deal with this 
problem and existing models are generally based upon 
very simplified assumptions. The geometry of this 
problem appears in Fig. 1 : the gas mixture is intro- 
duced in the tube by means of a nozzle and the electric 
discharge is created by electrodes located at the 
entrance and exit section of the tube. Sonic conditions 
are assumed at the throat, so that the flow is com- 
pressible and turbulent. 

Turbulent flow past a backward-facing step has 
been the subject of many works reported in the litera- 
ture. Several turbulence models, such as the k-e 
model, have been proposed. In connection with the 
development of numerical methods, these models were 
compared with experimental data in order to find their 
validity range. Go,;man et al. [1] have studied several 
types of recirculating flows and their results are in 
good agreement with experimental data of Back and 
Roschke [2] for the case of an axisymmetric sudden 
expansion flow. Mace et al. [3] have numerically studied 
the case of highly compressible flows with shock waves 
generation. They encountered some numerical sta- 
bility difficulties and their results could not be vali- 
dated, but the Mach disk formation was found. In 
order to take the wall effects into account, Amano 
and Goel [4] proposed a modified Reynolds stresses 
turbulence model. They compared their calculations 
with the results given by the standard k-g model for 
the case of an incompressible bidimensional flow. It is 

difficult to choose between these models: indeed the 
best results (as compared with experimental data) are 
not obtained with the same model for the three main 
regions of the flow (i.e. the recirculating zone, the 
reattachment zone and the transition zone up to the 
fully developed region). Moreover, the length of the 
recirculating zone seems under-evaluated with the two 
models. Thangam and Speziale [5] also studied this 
problem. They found that the type of boundary con- 
ditions considered and the numerical choices such as 
grid size and integration field span highly affect the 
validity of the results. They estimated the results' 
validity as 12% when the turbulence is described with 
the k-e  model. An anisotropic formulation of the tur- 
bulent viscosity allows a reduction of the discrepancy 
between experimental and numerical results to less 
than 5%. For the special problem involved in the 
present study, Baron [6] studied the turbulent flow in 
a laser cavity. The electric discharge thermal effect 
was simulated with a constant volumetric heat source 
in the enthalpy equation. However, this work was 
undertaken with the incompressibility assumption. 

It is undeniable that, in the case of a recirculating 
flow, discrepancies exist between I ce  model and exper- 
imental data. However, the associated error range is 
acceptable. The purpose of this paper is to study the 
flow structure and the heat transfer through a high 
power CO: laser discharge tube : the flow is turbulent 
and compressible. The first stage is to test the validity 
of the compressible turbulence model [7] by con- 
sidering the flow without electric discharge. The elec- 
tric discharge thermal effect is studied in the last part 
of the study. In order to solve the set of partial differ- 
ential equations, we used a code based upon a finite 
volume formulation, PHOENICS. 

2623 



2624 G. VLAD et al. 

NOMENCLATURE 

C~ wall friction coefficient U ÷ 
C o specific heat 
Grd Grashof number defined with the U* 

diameter of the tube (equation 21c) v 
Jp wall heat flux w 
k turbulent kinetic energy y 
NUd Nusselt number defined with the y+ 

diameter of the tube (equation 21b) z 
p static pressure 
Pexit static pressure at the exit section 

[50 mb] e 
Pr Prandtl number 
r radial coordinate )¢ 
Ra Rayleigh number 
Rer Reynolds number defined with the # 

v 
radius of the tube 

Rt turbulent Reynolds number P 
St Stanton number 
T temperature 
T + dimensionless temperature 
T* friction temperature 
U velocity in the nearest cell from the 

wall, along z direction 

dimensionless velocity defined by 
U/U* 
friction velocity 
radial velocity component 
axial velocity component 
distance from the wall 
dimensionless value o f y  : y+ = y U*/v. 
axial coordinate. 

Greek symbols 
turbulent dissipation rate 
Von Karman constant (0.41) 
dissipation function 
dynamic viscosity 
kinematic viscosity 
density. 

Subscripts 
1 laminar 
t turbulent 
o entrance section. 

2. ASSUMPTIONS AND NUMERICAL MODEL 

2.1. Physical model 
Figure 1 schematically shows the flow shape: the 

gas is introduced in the cylindrical discharge tube by 
means of a circular convergent nozzle. In order to 
create turbulence, the gas flow rate must be as high as 
possible in the tube. Consequently, the ratio between 
pressure at the exit and entrance sections of the con- 
vergent is imposed equal to 0.528, sonic conditions 
are therefore reached at the nozzle (exit section of the 
convergent). For  this geometry and for the case of a 
ideal gas, it should be underlined that the application 
of the momentum conservation induces a weak 
decrease in the pressure in a section located near of the 
nozzle. This decrease produces an oblique expansion 
wave which interacts with the jet boundaries so that a 
compression wave is generated. This process (expan- 

sion-compression waves) is repeated until it vanishes 
completely. 

These perturbations take place only near the nozzle 
exit section. Other flow characteristics are classic ones 
(shear zone, recirculating zone and boundary layer 
redeveloping zone). 

2.2. Numerical model 
All the physical quantities describing the flow 

(mass, momentum, enthalpy) obey the same con- 
servation principles. It follows that the general equa- 
tion solved by PHOENICS can be expressed as : 

Div (p lTtp - F~ grad q~) = S~ (1) 

where ~p represents the conserved variable. In this 
case, variables are the axial (w) and radial (v) velocity 
components, the static enthalpy (h), the turbulent kin- 

Shearzone 

Recirculating Reattachment 
zone point 

Fig. 1. Geometry of the laser discharge tube and schematic description of the flow. 

Boundary layer 
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Towards fully 

I : ~  developped flow 
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etic energy (k), and the turbulent dissipation rate (e). 
All these equations are expressed in the next para- 
graph. The pressure is deduced from the continuity 
equation, which itself is obtained by setting ¢p = 1 in 
equation (1). In turbulent flow problems, dependent 
variables are decomposed in a mean part and a tur- 
bulent part according to the Favre method [8]. 
PHOENICS solve mean time-averaged equations and 
the Boussinesq assumption allows to express the cor- 
relation between ~9 and velocity components. This 
equation can be written in the following general form : 

(pu;tp') = -- Ft,,pgrad tp (2) 

where ¢p' and u~ are the turbulent fluctuations of ¢p 
and the velocity component along the axis x~, respec- 
tively and F~,~ is the turbulent diffusion coefficient. 
For  a given function (v, w, h, k or e), the global 
diffusion coefficient is the sum : 

Fo = Fl,,p +Ft,,p (3) 

where F~,~ is the laminar diffusion coefficient. 
PHOENICS calculates F~ with the following general 
formula : 

( v l  + vt ~ (4) F ~ = p  ~ ~',~) 

where Yl, Yt are the kinematic viscosity of the fluid 
and the turbulent viscosity, respectively, al,~, trt,~ being 
considered as laminar and turbulent Prandtl numbers 
for the scalar variable ~o. 

The standard form of  the finite difference equations 
solved by PHOENICS for a variable is : 

2 Ai~i 
n,s,h,I 

(5) 
~P Z Ai 

n,s,h,l 

where A~ are the links to the neighbour nodes (north, 
south, high and love). The compressibility effects in 
the transonic and supersonic regions are evaluated 
with the weighting thctor (1 + M  2) applied to the Y~ Ai 
term in the denominator of equation (5). Using this 
method, Davis et al. [9] obtained satisfactory results 
for Mach numbers up to 2.6. In our problem, Mach 
number does not exceed 1.3. 

For  our calculations, we used an orthogonal, 'stag- 
gered' grid. The choice of the grid density is a delicate 
problem. Indeed, gradients are computed by means of 
a first order approximation, so steep gradients require 
grid refinement. Also, the numerical diffusion level 
depends on the grid size : a coarse grid leads to some 
important numerical diffusion; on the other hand, a 
fine grid reduces this diffusion. A preliminary study 
therefore will determine the influence of the grid size 
on the numerical results. The chosen grid has to ensure 
sufficient accuracy and refinements should not influ- 
ence numerical results furthermore. 

3. MATHEMATICAL MODEL 

3.1. Equations 
The flow under consideration in this study is steady, 

turbulent, axisymmetric and compressible. In cylin- 
drical coordinates, with the specifications (1)-(4), the 
conservation equations can be written as follows : 

continuity : 

_ 0 
1 O (pry) + ~z (pw) = 0 (6) 
r dr 

radial component of the Navier-Stokes equations : 

+ N  (P'+Pt)~zz +Sv (7a) 

@ 
Sv = - 0~ (7b) 

axial component of the Navier-Stokes equations : 

l 0  0 1 0 [  Ow l 
r N (prvw)+ N (pww) = 7 ~r ( ' + u ' l r N  

o[ 
(,,  + #t) ~ -  z + S ,  (8a) 

@ 
Sw = - 0~ (8b) 

energy equation : 

1 . tx  0hq 
to,. ; OrLtP,- + N)r J 

o Pf,u~ , #, "~OhG 

~P + W~z + (p, + #t)q). (9b) Sh = V~r 

In equation (9b), the dissipation function, ~,  is 
given by : 

(9c) 

The nomenclature defines the other symbols used 
in the above equations. The ideal gas law allows to 
deduce the gas density and the temperature is cal- 
culated from the static enthalpy (T = h/Cp). For all 
calculations, the kinematic viscosity, the specific heat 
and the thermal conductivity are constants. It is 
important to note that the standard version of 
PHOENICS does not account for all the crossed 
derivatives and additional terms related to the diver- 
gence of the velocity. These ones have been introduced 
in a source term in order to correctly simulate the 
compressibility and turbulence. The electric discharge 



2626 G. VLAD et al. 

thermal effect is simulated by means of an additional 
source term in the energy equation. About  80 % of the 
total electric energy input is transformed into heat. 
From experimental results [10], this thermal power 
appears uniformly distributed in the whole volume of 
the discharge tube and it can be estimated as : 

P = 8.49 x 105 W m  -3. (10) 

3.2. Boundary conditions 
Figure 2 shows schematically the boundary  

conditions. We assume no-slip conditions at the walls. 
In case of flow without electric discharge, temperature 
difference between the gas and the ambient air is weak. 
Therefore adiabatic walls have been considered as a 
first approach. On the tube axis, the boundary con- 
ditions are : 

Ow 0 Oh Op =o~= ~=o~=o. (ll) 

Sonic conditions flow are assumed within the whole 
entrance section. The jet nozzle is treated as a fixed 
mass flow boundary  with uniform values of all vari- 
ables across the jet radius. These values correspond to 
the experimental ones [10]: 

w = 3 1 1 m s  -1 v = 0  T = 2 4 1 K  

p = 0.0763 k g m -3. (12) 

Exit pressure is 50 rob. The length of the discharge 
tube is long enough so that axial derivatives of the 
velocity components and enthalpy can be set equal to 
zero in this section. When electric discharge effects are 
under  study, the thermal heat flux passing through the 
wall is not negligible. Two type of boundary  con- 
ditions have been then considered : (i) the temperature 
is assumed constant  on the wall;  and (ii) a heat flux 
condition is prescribed. 

3.2.1. Constant wall temperature. A dimensionless 
temperature is introduced [11] : 

T + _ T - T p  
T* (13) 

with : 

T* - JP (14) 
pCpU* 

where Jp is the thermal flux which passes through the 
wall. The friction velocity is given by U* = t71/4k 1/2 - - #  . .  . 

For the viscous region, we also have : 

T + = Pry + (15a) 

where y+ = yU*/v. For  the logarithmic region: 

T + = ert (U + + Pro) (15b) 

where U ÷ = U/U* (U is the velocity along the wall, 
in the cell that is nearest from the wall) and Pm is an 
empirical function : 

= 9 ( P r  - - l ~ ( P r ~  -1/4 (16) 
Pm \Prt ] \ P r t ]  " 

For  the viscous region and the logarithmic zone, 
the Stanton number  (St = T*U*/TU)  is respectively 
defined as : 

Cf 
St = 2 Pr (17a) 

{2 Prt PrtPm U'~- 1 
St = ~r - r  + C1/4kl/2 ] / . (17b) 

Finally, the thermal wall heat flux is expressed as : 

Jp = p C p U S t ( T p -  T). (18) 

3.2.2. Prescribed wall heatflux. We assume that the 
thermal wall heat flux is : 

Jp = n t (Tex t -  Tp) (19) 

where Ht is the global heat transfer coefficient. Text 
and Tp are the ambient  temperature and the wall tem- 
perature, respectively. The mechanism involved in the 
heat transfer through the wall is firstly conduction 
and, secondly, convection and radiation between the 
outer wall and the ambient  air. The conductive ther- 
mal resistance is approximately one hundred times 
less than the convective thermal resistance. It follows 
that Ht can be expressed as : 

Ht = Hc + Hr (20) 

where Hc and Hr are temperature functions. They 
represent the convective and radiative heat transfer 
coefficients respectively. The radiative heat transfer 
coefficient is [12] : 

H r = ea(Text+Tp)(T2xt+T 2) (21a) 

with cr = 5.67 x 10 -8 W m -2 k 4 (Stefan-Boltzman 
constant) and ~ = 0.944).91 (glass emissivity [14]) for 
T = 290-370 K. 

The convective heat transfer coefficient is expressed 

ambient  air 

~ v---0, 
w=31 lm/s  

v 

v--0, //w--0 

axis of 
symetry 

Fig. 2. Boundary conditions. 

Pexit=50mb 
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from the classical Nusselt number correlation which is 
valid for free convection around a horizontal cylinder : 

2Nud 
H e -  D (21b) 

Nud = C(GraPr) n (21c) 

with 2 = 0.0268 W m -~ k -~ (thermal conductivity of 
air [13]). D is the diameter of the tube, Grd and Pr 
being the Grashof and Prandtl numbers, respectively. 
For the range 104 < Ra < 109, we have C = 0.52 and 
n = 1/4 [13]. 

It should be noted that in order to verify our 
assumptions, the thermal wall conditions were studied 
with several approaches. First, a very simplified model 
was used, which consists in computing the wall heat 
flux with equation (19) where Tp is the temperature 
of the middle of the near wall grid cell. The second 
approach consists to estimate the wall temperature 
from the wall heat balance equations (18) and (19). 
Finally, the last case takes the conduction process in 
the wall into account and the wall heat flux is deter- 
mined from equation (19). In all the cases, the global 
heat transfer coefficient is calculated with relations 
(20) and (21). 

4. THE TURBULENCE MODEL 

The turbulence model used by PHOENICS is the k-  
model. This one is based upon a turbulent viscosity 

scheme. According to our assumptions, equations of 
the turbulent kinetic energy and the turbulent dis- 
sipation rate are : 

r ~r (prvk) + (pwk) = 1 0 - 7 ~  ~ ' +  r 

with : 

a F / #t \ Okl +s, 

Sk = I~t ~ - pe 

l a ~ 1 0 [ (  /At~ r 6381 

with : 

+ ~z i,,+,,j~zl+S~ 

(22a) 

(22b). 

(23a) 

8 
St = (C~,#trb-pC~2e) ~. (23b) 

The turbulent viscosity is given by : 

k 2 
Pt = PC, ~ .  (24) 

Additional term,; due to pressure forces should 
appear in the k equation ( -  <u~> ~P/ 
Oxi, <p'au;/Oxi>). They should also appear weighted 
by C,e/k in the e equation. In order to estimate the 

effects of these terms, we computed them by mean 
of Rubesin model [15]. In our case, we noticed no 
significant modifications of the results. Therefore, 
they will be neglected from now on. 

Equations (22)-(24) are valid far away from the 
wall and for high turbulent Reynolds numbers 
(R t = k2/vle). Thus, it is necessary to simulate wall 
friction by means of additional source terms in the 
momentum equations for all the ceils adjacent to the 
wall. The coefficients C,, C,l, C~2, o~ and at are 0.09, 
1.45, 1.9, 1.4 and 1.3, respectively. For the logarithmic 
zone, the friction coefficient is : 

Cf )~Cl/4k 1/2 

2 - Uln (9C~/4kl/2/Vl)" (25) 

This equation is valid out of the boundary layer 
where the flow structure is controlled by the tur- 
bulence process, that is for y+ > 40. Therefore, it is 
important to choose the size of the mesh grid so that 
the calculation point next to the wall is outside the 
boundary layer. This condition is not valid near the 
reattachment point-- in this last region, the following 
equation is used : 

Cf vl 
(26) 

2 - y U  

which is the same as for the laminar flow case. The 
source term introduced in the momentum equations 
is: 

1 2 
S o = - ~ p U  Cf. (27) 

Finally, the value of the dissipation rate of turbulent 
energy is determined with empirical correlations that 
are based upon a "mixing length" formulation. We 
have : 

---- (~, 3/4 k3/2 
--" L "  (28) 

Near the wall, the mixing length is : 

L = ZY. (29) 

5. RESULTS 

Computations have been performed with a 35 x 150 
grid which correctly simulate the physical phenomena. 
An increase in the number of cells does not lead to any 
significant modifications of the results. The Reynold 
number for the two cases considered (with and with- 
out the electric discharge) is : 

UoRo 
Rer - 1.4 x 104. (30) 

Y1,0 

5.1. Flow without electric discharge 
Figure 3 shows the Mach number variation near 

the nozzle. We see that the fluid velocity increases 
downstream the nozzle until the Mach number (M) 
is equal to 1.2. Compression waves then appear and 
the velocity decreases until M = 1.1. Downstream, 
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1.21 

0 

0.8 

0 .6  Present model  
~t 0 Experiment  

0,4 O ~ O o  
0 .2  - O ~ v  ~ _ "~_'2"2"_ _'2 

I I I I I I 
10 20 30 40 50 60 

z/r 0 

Fig. 4. Flow without electric discharge : variation of the axial 
component of velocity for r/ro = 0 and comparison between 

numerical and experimental data of [7]. 

1.2 

0.8- 7.05 N~ 

¢ °'6 ~ . - . i i i :~  0 4 -  . . . .  "~3;'- \ 0.2 ~_,~?...:.......~.. 
0 -  "~ 

I I I I ~ 1  I 
-0.2 0.5 1 !.5 2 2.5 3 

r/r  o 

Fig. 6. Flow without electric discharge: axial velocity 
profiles, z/ro = 0.74, 7.05, 13.9, 20.35. 

0.01 

0 
: I 

I0 20 30 40 50 
z/r 0 

0 .05  

0 .04  

o 0 ,03  

0.02 

I 
60 

Fig. 5. Flow without electric discharge: variation of the 
tubulent energy for r/ro = O. 

0 .18  -- 
. . . . . . .  z/r o = 51.65 

0 . 1 6 -  ~ ' ~  . . . .  26 .9  " ~ N  

f 0.15 

0 .14  
t 

0.13 ~I 

I I I I I I 
0'120 0.5 1 !.5 2 2.5 3 

r/r o 

Fig. 7. Flow without electric discharge: axial velocity 
profiles, z/ro = 26.9, 35.7, 43.2, 51.65. 

turbulent processes become more and more important  
as the variation of  the velocity gradient is lower and 
lower. Comparison between numerical results and 
experimental data [10] shows a good agreement, as 
seen from Fig. 4 : the calculations correctly predict the 
fluid acceleration in the exit section of  the nozzle. The 
second acceleration cannot be validated because the 
variation of  the axial component  of  the velocity is too 
weak compared with the experimental error range. 
We see that the decrease in the velocity is qualitatively 
well described and that the reattachment point is pre- 
dicted approximately 15% downstream the exper- 
imental value. The lack of  experimental data did not  
enable us to model  the turbulent characteristics in 
the entrance section satisfyingly. Indeed, the re- 
at tachment point  location is highly correlated to the 
inlet values of  the turbulent kinetic energy and the 
turbulent dissipation rate. 

The axial variation of  the turbulent energy (Fig. 5) 
shows that three regions can be distinguished: the 
first one is the core region (z/ro < 4), near the nozzle, 
where k slowly decreases. The second region is for 
4 < z/ro < 15 : in this region the jet expands with a 
high decrease in the velocity and the maximal value 
o f k  is reached for z/ro ~ 13. Finally, for z/ro > 15, a 
boundary layer flow regime occurs with an 
accompanying slow diminution of  k value. 

0 . 0 4 -  

. ~ h . ~ - - ' ~ . .  Z/to-- 13.9 

0 . . . . . . . .  t . . . . . . . . . . . . . . .  

-0.02 

-0.04 

-O.06  I I I I I I 
0.5 1 1.5 2 2.5 3 

r/to 

Fig. 8. Flow without electric discharge: radial velocity 
profiles, z/ro = 0.74, 7.05, 13.9, 20.35. 

The variation of  the axial velocity profiles is shown 
in Fig. 6 which confirms that the core rapidly vanishes 
and that the jet  expansion induces a more flattened 
profile. At  the discharge tube exit section, Fig. 7 shows 
that the flow is not  fully developed. The radial velocity 
profiles are drawn on Figs. 8 and 9. The recirculating 
zone induces high values of  the radial component  of  
the velocity, which explains that the boundary layer 
is flattened downstream the reattachment point. In 
this last region, the radial component  is weak and 
directed towards the axis of  symmetry. 
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-4xl0~0 0.5 1 1.5 2 2.5 
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Fig. 9. Flow without electric discharge: radial velocity 
profiles, z/ro = 26.9, 35.7, 43.2, 51.65. 
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Fig. 12. Flow without electric discharge : radial variation of 
the static enthalpy, z/ro = 0.74, 7.05, 13.9, 20.35. 

0.05 

0 

--0.05 

-0.1 

-0.15 

/ 
I I I -0"20 110 210 31 40 50 60 

z/r o 

Fig. 10. Flow without electric discharge: variation of the 
static pressure (r/ro = 0). 
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2.974 / 
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Fig. 13. Flow without electric discharge : radial variation of 
the static enthalpy, z/ro = 26.9, 35.7, 43.2, 51.65. 

e~o 

3 -  

2.9 
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2.5 

2.4 

2.3 I I 
10 20 

I 1 I I 
3 0  4 0  50 60 
z/r o 

Fig. 11. Flow without electric discharge: variation of the 
static enthalpy (r/ro = 0). 

Figure 10 shows the axial variation of the pressure 
and it illustrates again the succession of expansion 
and compression zones near the nozzle. These com- 
pression waves interact with the jet boundaries, creat- 
ing expansion waves which, in turn, induce a new 
expansion and so on. This process vanishes and the 
gas compression downstream is connected with the 
flow deceleration. 

The enthalpy variation is similar (Fig. 11): it is 
interesting to note the cooling effect of  the gas expan- 
sion near the exit section of the nozzle. Then, due to 

the compression wave, temperature increases. Down- 
stream, deceleration is associated with a progressive 
heating effect. Radial distributions of the enthalpy are 
drawn on Figs. 13 and 14. The correlation between 
enthalpy and velocity clearly appears : near the nozzle 
(Fig, 12), sonic conditions occur and the enthalpy 
values are low compared to other regions where the 
Mach number  is lower. In the region where the boun- 
dary layer develops (Fig. 13), the axial values of the 
enthalpy are lower than the wall ones. 

5.2. E l e c t r i c  d i s charge  t h e r m a l  e f f e c t s  
Figures 14 and 15 illustrate the enthalpy axial vari- 

ation, for the two cases of boundary  conditions (con- 
stant wall temperature and wall heat flux). Near the 
axis of symmetry, results given by the two types of 
boundary  conditions are very similar and they agree 
very well with the experimental data [10]. On the other 
hand, predicted wall values do not  agree with the 
experiments, but  this discrepancy is only located near 
the wall. The main reason is that the uniform volumic 
distribution of heat generated by the electric discharge 
assumption is not  valid close to the wall. However, in 
order to take the real distribution of  heat into account, 
a more complex model should be considered. A trans- 
port equation associated with each type of electric 
particle that interacts within the gas mixture should 
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Fig. 14. Flow with electric discharge : radial variation of the 
static enthalpy on the axis of symmetry. 
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Fig. 17. Flow with electric discharge: comparison between 
the models with and without conduction through the wall, 

variation of the static enthalpy for r/r o = 51.6. 
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Fig. 15. Flow with electric discharge : radial variation of the 
static enthalpy near the wall (r/ro = 0.93). 
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Fig. 18. Flow with electric discharge: radial variation of the 
static enthalpy, z/ro = 0.74, 7.05, 13.9, 20.35. 
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Fig. 16. Flow with electric discharge: comparison between 
the models that neglect the conduction through the wall, 

variation of the static enthalpy for r/r  o = 51.6. 

be solved with continuity, momentum,  energy and 
turbulence equations. Moreover ,  in these new equa- 
tions, many physical coefficients are unknown, so that 
such a model  is not  undertaken here. 

As explained in Section 3, we compute several models 
of  wall heat  flux. All models lead to similar results 
(Figs. 16 and 17). We see that taking the conduction 
into account does not  give significant variations of  the 
wall temperature. ".['his is due to the low temperature 
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Fig. 19. Flow with electric discharge: radial variation of the 
static enthalpy, z/ro = 26.9, 35.7, 43.2, 51.65. 

difference between the discharge tube inner and the 
outer walls. 

Even when the electric discharge occurs, cooling is 
important  near the nozzle region. Figures 18 and 19 
show that the radial enthalpy profile is flattened down- 
stream of  the reattachment zone according to the uni- 
form volumic heat source assumption. Figure 19 also 
shows that the wall heat flux is higher at the exit 
section of  the tube since the temperature difference 
between the gas and ambient air is maximal in this 
region. Near  the entrance section, the axial velocity 
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Fig. 20. Flow with electric discharge : axial velocity profiles, 
z/ro = 0.74, 7.05, 13.9, 20.35. 
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Fig. 23. Flow with electric discharge : radial velocity profiles, 
z/ro = 26.9, 35.7, 43.2, 51.65. 
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Fig. 21. Flow with electric discharge : axial velocity profiles, 
z/ro = 26.9, 35.7, 43.2, 51.65. 
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Fig. 22. Flow with electric discharge : radial velocity profiles, 
z/ro = 0.74, 7.05, 13.9, 20.35. 

profile is similar to the profile obtained without the 
discharge. However, the electric discharge thermal 
effect become significant downstream and we notice 
the progressive acceleration of the fluid (Fig. 21). The 
qualitative variation of the radial component  of the 
velocity in the recirculating zone is also similar to 
the previous case (i.e. without electric discharge), but  
values are slightly higher, as seen from Fig. 22. After 

the recirculating zone (Fig. 23), the boundary  layer 
develops and this component  varies as if no discharge 
occurred. 

F rom these results, we see that an electric discharge 
gas heating acts mainly on the axial component  of the 
velocity. However, the flow structure remains 
unchanged as compared with the structure obtained 
without electric discharge. This means that although 
the heat input is great in such laser processes, con- 
vection remains forced and no transition towards 
mixed convection is observed. 

6. C O N C L U S I O N  

In this study, a compressible turbulent model has 
been presented to describe momentum and heat trans- 
fer in the discharge tube of a high power CO2 laser. 
For  a constant  Reynolds number  at the entrance 
section, the reattachment point location is highly cor- 
related with the inlet values of the turbulent  kinetic 
energy and the turbulent  dissipation rate. This results 
agree with the previous study of Thangam and Spe- 
ziale [5]. The recirculation zone and the shock waves 
created near the nozzle have no significant effects upon 
the structure flow downstream of the reattachment 
point. Several thermal boundary  conditions have also 
been tested and their influence upon the structure flow 
has been discussed. The uniform volumic heat source 
assumption can explain the discrepancy between pre- 
dicted temperature and experimental values at the 
wall. The model could be improved by introducing 
the transport equations associated to all the particles 
that electrically interact in the discharge process. 
However some unknown coefficients appear in these 
equations and so the precision of the results would 
not  be improved. Finally, it is important  to note that 
the size of the recirculating zone is weak as compared 
to the total length of the discharge tube so that the 
proposed model correctly describes the complex flow 
under consideration. 
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