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Abstraet--13ecause the structure of the flow in glow discharge tubes for high-power COs lasers is one of 
the main physical processes to control in order to avoid arcing, an experimental procedure for studying 
the velocity and temperature fields in such tubes was performed. Two kinds of injection system have been 
studied. For the first one, the gas mixture is injected by a single sonic nozzle located on the axis of the tube. 
Because the power of the laser may be increased by associating several tubes in line, the other injection 
system consists of a series of 12 holes radially arranged in order to move injectors away from the axis. For 
both cases, the axial mean time velocity profile was measured (without electric discharge) using a laser 
Doppler anemometry technique in several sections of the discharge tube. The temperature field was 
investigated during the discharge by using a special thermofluorescent probe. It is found that turbulence 

facilitates the homogenization of the discharge. 

1, INTRODUCTION 

Nowadays,  the electrical discharge C O  2 laser is more 
and more used in l~tboratories and industrial processes 
(welding, cu t t ing , . . . )  as a high-performance tool. The 
power range actu~tlly available is about a few watts 
for wave-guide CO2 lasers, 104 W for fast transversal 
flow lasers and 108 W for preionized T E A  lasers opera- 
ting in the pulsed mode. Al though the physical pro- 
cesses occurring in all these lasers are similar, their 
performances are different because of  the tech- 
nological choices retained for their conception. 
Among  the parameters having a significant effect upon 
the discharge, the geometry of  the laser cavity, the 
pressure and velocity fields, the temperature of  the gas 
mixture and the electronic density are of  the greatest 
interest. 

For  fast axial flow lasers, the axis of  the gas flow 
and optical axis merge with the axis of  the electrical 
discharge. The linear energy laser extracted from the 
tube is about  300 W m - l  [1, 2], the gas flow structure 
being similar to a subsonic one for cylindrical 
geometry tubes. F r o m  all these characteristics, it fol- 
lows that most  of  the Joule effect energy is delivered 
in the region of  the axis tube, which can induce arcing 
under high-pressure operating conditions. 

A 10 kW turbul,~nt axial flow CO2 laser (TAF 10) 
has been developed at the 'Insti tut  Mfdi terranfen de 
Technologie '  in Marseille : this laser is a fast axial flow 
laser equipped witlh 12 discharge tubes, as shown in 
Fig. 1 [3]. In order to move injectors away from the 
optical axis of  the laser cavity, 12 sonic nozzles are 
radially arranged in each tube. The high subsonic 
turbulent flow which results from the mixing of  the 
12 jets allows us avoid the arcing phenomenon.  The 
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delivered electrical power is about  5 kW for each tube. 
This paper presents an experimental investigation of  
the velocity and temperature fields in such a tube. In 
order to test the validity of  results, the case of  injection 
by means of  a single sonic nozzle located in the axis 
of  the entrance section of  the tube is also investigated : 
indeed, the flow structure is then axisymmetric and 
such a configuration has been the subject of  a few 
experimental and theoretical studies [4-7]. 

2. EXPERIMENTAL PROCEDURE 

2.1. The testing bench 
The principle of  the testing bench is shown in Fig. 

2 : three roots are arranged in parallel with each other 
and deliver 1000, 2000 and 4000 m 3 h-~, respectively, 
in the gas circulating closed cycle. The compression 
ratio is 2.5 for a maximal inlet pressure of  50 mb. At  
the exit of  each root,  a gas-water  heat exchanger is 
placed, so that the injection gas temperature is main- 
tained at 17°C. Because the maximal temperature sup- 
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Fig. 1. Schematic diagram of the 10 kW laser head [3]. 
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NOMENCLATURE 

a t speed of the sound at the throat section Tup 
[m s- ' ]  

Cp specific heat [J kg 1 K- l ]  Tdown 
D inner diameter of the discharge tube 

[m] U 
focal length [m] 
heat transfer coefficient [W m -2 K -1] Ue 
intensity [A] 
thermal conductivity [W m -1 K-1] U0 
length of the discharge tube [m] 
pressure in the exit section of the Urm s 

discharge tube [Pa] 
Pup pressure upstream of the nozzle [Pa] V 
r radial distance from the axis of the X 

discharge tube [m] 
S exchange area in boundary conditions 

(A3)-(A6) [m 2] 
T temperature [K] 
To temperature on the axis of the 

discharge tube [K] 

temperature upstream of the nozzle 
[K] 
temperature in the exit section of the 
discharge tube [K] 
local mean velocity of the gas mixture 
[m s -11 
mean velocity in the exit section of the 
discharge tube [m s -1] 
mean time velocity on the axis of the 
discharge tube [m s -1] 
root mean square instantaneous 
velocity [m s-  1] 
voltage [V] 
distance from the throat section [m]. 

Greek symbols 
# dynamic viscosity [kg m -1 s -1] 
p density [kg m-3]. 

Testing bench Cold water unit \ 
Vacuum 

PC Supply 1 
150kVA ~ 

Gas mixer 

Heat exchangers 

Roots 

I IEEE 

/ 
By-pass KEITHLEY 576 
valve 

Fig. 2. Gas recirculating loop. 

ported by the roots is 120°C, the hot gases coming 
from the discharge tube must be cooled before com- 
pression, so that another heat exchanger is placed 
between the tube and the roots. The gas flow-rate is 
regulated with a bypass valve and the maximal value 
of the mean velocity is about 350 m s -1 for a discharge 
tube with a 60 mm diameter. For  air, the cor- 
responding Reynolds number is 60 000 when the static 
pressure is 50 mb. This low pressure is generated with 
a vacuum pump, the measured maximum value of the 
depressurizarion being 0.1 mb h -1 during 24 h. A 
data acquisition and treatment system gives real-time 
measurements of temperature and pressure fields at 
several locations in the gas circulating closed cycle, so 
that the gas flow-rate can be automatically adjusted. 

Two systems of injection have been tested on Pyrex 
tubes with a 60 mm inner diameter and 0.6 m between 
the two electrodes. These two injectors are made with 
Teflon : 

(a) 

PVC 

Gas inlet 

,0, 
Pyrex discharge tube 
L=560mm D=60mm 

\ 

© 
hroat 

/ =22mm 

- L . V  Pressure and temperature 
apertures D = 1 mm 

Gas inlet 
X ~  Pyrex discharge tube 

L=560mm D=60mm 
\ 

5mm 

(b) 

Pressure and temperature 
apertures D=lmm 

Fig. 3.(a) Axial injector. (b) Radial injector system (as for 
the TAF 10 laser). 

(i) The first one [Fig. 3(a)] is an injector which 
consists of a single sonic nozzle located on the axis of 
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the tube, the tungsten electrode being placed on the 
axis of the nozzle. The theoretical velocity is 50 m s l 
with a pressure of 50 mb in the exit section of the tube, 
the ratio between entrance pressure and exit pressure 
being 1.89. 

(ii) The other injector [Fig. 3(b)] is an annular-type 
one which has 12 sonic nozzles radially arranged. The 
diameter of the throats is 8.5 mm and a tungsten 
electrode is inserted in each one. All the electrodes are 
connected in parallel by means of 10 kW 'ballast '  
resistances. The theoretical average speed is then 92 
m s-  ~, when sonic conditions are realized. 

The electrical supply is a 150 KVA DC supply 
delivering a continaous voltage. The current and volt- 
age delivered are measured with a Hall effect probe 
and a high-voltage probe, respectively. 

2.2. The laser Doppler anemometry bench 
In order to get some information about the tur- 

bulence structure flow in the discharge tube, hot-wire 
anemometry and laser Doppler anemometry (LDA) 
techniques may be performed. The latter one was 
selected because it avoids calibration problems. The 
velocimetry apparatus is a DANTEC 55L90, with 
which it is possible to measure particle velocities as 
high as 515 m s -~. A transmitter optic with a focal 
length f = 600 mm is connected to an ionized argon 
laser by means of a single mode fiber optic transducer : 
this can transmit a 1 W beam under the TEM00 mode. 
The transmitter opLic is placed so that the two incident 
beams are coplanar with the axis of the tube. These 
beams pass through the air-Pyrex (external) and 
Pyrex-gas (inner) interfaces of the wall tube with a 
constant difference of 0.6 mm compared to the radial 
line of sight. The photomultiplier ( f  = 300 mm) oper- 
ates in the forward scattering position. 

Two kinds of ae:rosols have been tested : 

(i) Liquid aero,;ols generated from a mixing of 
glycerine and water which was pulverized by means 
of a TSI 9302 atomizer. The estimated size of such 
particules is from 5 to t0 pm. Unfortunately, it was 
impossible to obtain good experimental results with 
these particles because of the too low aerosol con- 
centration in the gas mixture. Indeed, the main prob- 
lem is to maintain a constant pessure (70 mb) in the 
whole gas circulating loop during injection of aerosols, 

Pt 
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wrap 

Shrink tubing Fluomgermanate 

~lumina ..tube c " /  ~ 
Quartz = 6mm 

Glass Ceramic co -~g  

I* 4 

L=0.1m 
Fig. 5. Fluoroptic probe. 

which was impossible with the vacuum pump per- 
formances used for these experiments. 

(ii) Submicronic smoke particles : this was the only 
way to get sufficiently high concentration particles 
with this vacuum pump. The smoke is extracted from 
a cylindrical tank in which the air flow is pulsed in 
order to create a process similar to a cyclone gen- 
eration: the smoke is then injected into the gas cir- 
culating closed cycle, the branching zone being located 
approximately 1 m upstream of the nozzles. 

2.3. The optical fiber temperature control system 
Temperatures have been measured during the elec- 

trical discharge by means of a fluorescent ther- 
mometer [8, 9], the principle of which being shown in 
Fig. 4. The main element of this system is the tem- 
perature sensor which consists of a small amount of 
temperature-sensitive phosphorus located at the top 
of the fiber optic probe (see Fig. 5). When the phos- 
phorus is excited with blue light, it exhibits a deep red 
fluorescence. 

The pulse of optical energy which is needed to excite 
the phosphorus to fluorescence is provided by a xenon 
flash lamp. After the pulse is over, the intensity of 
radiation decays. The fluorescent decay time is mea- 
sured and then correlated with the phosphorus tem- 
perature: this is done by comparison between the 
value of the decay time and a calibration value stored 
in the computer memory. The temperature data are 
transmitted by a RS-232-C port to an external PC- 
AT micro-computer. 

Figure 6 shows a cross-section of the discharge tube 
with the probe : the latter is introduced into a 2 mm 
diameter hole located at the top of the tube by means 

_ ~  Photodiode 

Blue filter / \ 
t ~ / / R e d  filter 

UV F l a s h /  ~ / ~  
lamp *'--..,.. Optical fiber 
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Fig. 4. Fluoroptic thermometer. 
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Fig. 6. Temperature measurement system. 
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Fig. 7. (a). Variation of the mean time velocity along the axis 
of the tube (axial injector) Re = 6700, Paow, = 30 mb. (b) 
Turbulence intensity along the axis of the tube (axial injec- 

tor). Re = 6700, Paow, = 30 mb. 

of a mechanical system which ensures pressure insu- 
lation. Six holes have been made along the discharge 
tube, allowing us to obtain radial temperature profiles 
for several sections. 

3. R E S U L T S  A N D  D I S C U S S I O N  

3.1. Velocity field in the discharge tube 
For the two kinds of injectors (i.e. the axial injector 

and radial injectors), the axial component velocity 
profiles have been measured with sonic conditions at 
the throat(s) where the speed of the sound, at, is 341 
m s 1 for air at 17°C. The Reynolds number is defined 
as Re = pUoD/#, Uo being the mean velocity at the 
exit section and D the inner diameter of the discharge 
tube; p and p, respectively, denote the density and 
dynamic viscosity of the gas. The physical properties 
of the gas are calculated for exit conditions. The Mach 
number is defined as U/at. Results are presented in 
dimensionless form : the reference length is the diam- 
eter (D) of the tube for axial profiles and the radius 
(R) of the tube for radial profiles. 

3.1.1. Axial injector. For the axial injector case, Fig. 
7(a) and (b) respectively, show the mean time axial 
velocity profile and the turbulence intensity (U~mJUo, 
U0 denoting the local mean time velocity on the axis 
of the tube) along the axis of the discharge tube. 
Although the pressure ratio was determined in order 
to have a subsonic-sonic-subsonic flow configuration, 

it is seen that, near the throat (X = 0), the axial Mach 
number is greater than unity: the reason is that the 
stagnation pressure in the injection chamber is higher 
than the measured static pressure, which is due to the 
fact that the velocity of the gas in the chamber is not 
equal to zero as assumed for the calculation of the 
pressure ratio. The axial velocity highly decreases with 
an accompanying radial expansion between X/D = 0 
and X/D ~ 3, this last point corresponding to the re- 
attachment zone. The flow then redevelops up to the 
exit section. 

In the separated region, the recirculating flow inter- 
acts with the jet and thus creates a high-shear zone 
which induces a maximal turbulence intensity. This 
maximum is approximately located at X/D = 2. The 
results which have been obtained agree with those 
reported by H6go [7] who used a hot-wire ane- 
mometry technique: however, for this geometry, the 
LDA technique used in the present study allows us to 
perform measurements nearer the throat region. 

3.1.2. Radial injectors. Figure 8(a)-(c) corresponds 
to the radial injectors for which it was technically 
impossible to measure near the throats region. This is 
why no experimental points are reported for 
0 <<, X/D < 1.33. It should be noticed that a recir- 
culating flow must occur in this region, because of 
the location of the injectors. Except for this fact, the 
structure flow is similar to the previous one for the 
axial velocity component [Fig. 8(a)]. The X-com- 
ponent of the mean time velocity field was investigated 
for several sections of the tube : these results have been 
reported in dimensionless form in Fig. 8(c). Between 
X/D ~ 5 and X/D = 9 (exit section), the profiles 
remain similar with a constant decreasing of the tur- 
bulence intensity, as seen from Fig. 8(b). Figure 8(b) 
also shows that the values of the turbulence intensity 
are lower than for the axial injector system (due to 
the definition of dimensionless variables). In our con- 
figuration of the LDA procedure, the incident beams 
are normal to the axis of the tube, so that it was 
experimentally difficult to perform measurements near 
the walls because of the reflection of the laser beams. 
It follows that the recirculating zone which approxi- 
mately occurs between 0.7 ~< r/R < 1 (for low values 
of the ratio X/D) does not clearly appear in Fig. 8. It 
should be noticed that the LDA bench was not equi- 
ped with a Bragg cell, so that negative values of the 
velocity could not be measured. However, extra- 
polation of the curves show that gas flow-rate con- 
servation is verified. 

Compared to the above results, Fig. 9(a) and (b) 
shows the effect of Re on the axial component velocity 
[Fig. 9(a)] and the accompanying turbulence intensity 
[Fig. 9(b)]: we see that the reattachment point is 
nearer the throat region as Re decreases. 

3.2. Temperature field in the discharge tube 
For the two kinds of injector, the temperature pro- 

files in several sections of the discharge tube have been 
measured during the discharge by using a thermo- 
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fluorescent probe. Several tries and analysis of  the 
electric discharge stability with time have allowed us 
to determine the experimental values of  the intensity 
and voltage (I = :50-100 mA and V = 20 kV). The 
composit ion of  the gas mixture is CO2 (3 %), nitrogen 
(41%) and helium (56%) The variations of  I, V, Tup 
(temperature upstream of  the nozzle), Taow. (tem- 
perature downstream of the exit section of  the tube) 
and To (temperature at a point located on the axis) 
with time are plotted in Fig. 10. We see that the current 
slowly decreases whereas the voltage increases, so that 
the energy delivered in the laser mixture is constant 
during the experiraent. It follows that a steady-state 
regime is reached approximately 15 min after the 

beginning of  the discharge and all the temperatures 
then remain constant. 

3.2.1. Axial injector. Temperature as a function of  
the dimensionless radius r/R has been plotted in Fig. 
11 (a)-(c), for several sections of  the discharge tube 
and two values of  the current intensity (50 and 100 
mA),  the corresponding power delivered in the dis- 
charge being 0.53 and 1.06 W cm -3, respectively. The 
abscissa r/R = -  1 corresponds to the wall tube, 
where the probe is introduced. 

The first profile [Fig. 11 (a)] shows the temperature 
distribution in a section located near the nozzle and 
the minimal temperature is observed on the axis 
(r/R -- 0). In the recirculating zone, the temperatures 
increase because the velocities are smaller for the same 
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Fig. 11. (a) Temperature profile near the nozzle (X/D = 1.7) 
for the axial injector. Re = 6700, Pdow, = 30 mb. (b) Tem- 
perature profile downstream of the reattachment zone 
(X/D = 4.1) for the axial injector. Re = 6700, Pdow, ---- 30 mb. 
(c) Temperature profile near the exit section (X/D = 7.9) for 

the axial injector. Re = 6700, Pdow, = 30 mb. 

value of the heat source. After the reattachment point 
{X/D = 4.1 [Fig. 11 (b)] }, the radial temperature pro- 
file is flattened. The shape of this profile is the same 
near the exit section {X/D = 7.9 [Fig. 11 (c)]}, but  the 
temperature difference between the axis and the wall 
increases with X/D. This variation is quasi-linear, as 
shown in Fig. 12. 

It should be noticed that the density of the electrical 
energy delivered is symmetrical about  the axis of the 
tube. This has been verified by studying the stability 
of the discharge luminosity during the experiments. 
Figure 13(a) illustrates the discharge luminosity in the 
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Fig. 12. Variation of temperature along the discharge tube. 
Re = 6700, Pdow~ = 30 mb. 

first half of the tube : this picture was realized by using 
a CCD camera with an exposure time ranging from 
1/20 to 1/500 s. Figure 13(b) shows the corresponding 
radial distribution of luminosity for several sections 
of  the tube : except for near the throat (X/D = 0.66 
and 1.32), we see that the symmetry is good and that 
the turbulence produces a good homogenization of the 
discharge throughout the tube. Indeed, the turbulence 
process aids the mixing of the charged particles and 
these are then uniformly distributed in the whole vol- 
ume of the tube. However, as seen from Fig. 11 (b) and 
(c), this symmetry does not  appear on the temperature 
profiles. This phenomenon is mainly due to con- 
ductive losses in the probe [10], as explained in the 
Appendix. 

3.2.2. Radial injectors. As for the previous case, Fig. 
14(a)-(c), respectively, shows the radial temperature 
profiles in sections located near the injection system 
(a), after the reattachment zone (b) and near the exit 
of the discharge tube (c). Figure 15 illustrates the 
axial variation of the temperatures. The shape of the 
temperature profiles is very similar to the previous 
case. However, the exit temperature is lower because 
the mass flow-rate is higher for this injection system 
(15 g s- l ) .  For  X/D = 2.1 [Fig. 14(a)], the minimal 
temperature is again observed on the axis of the dis- 
charge tube (where the velocity is higher) and its maxi- 
mal value is reached in the recirculation zone. Figure 
14(b) and (c) shows an increasing temperature 
between the reattachment point and the exit section, 
and this variation is quasi-linear as shown in Fig. 15. 
It is noticed that the radial temperature profile is not 
symmetrical with respect to the axis of the tube. How- 
ever, Fig. 16(a) and (b) again shows the symmetry of 
the laser discharge. 

4. CONCLUSION 

We have presented an experimental investigation of 
the velocity and temperature fields in a cylindrical 
discharge tube. The case of gas injection by means of 
either a single axial sonic nozzle or 12 sonic nozzles 
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injectors. Re = 17 300, Pdow, = 50 mb.  
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Fig. 15. Variat ion of  temperature  along the discharge tube 
(radial injectors). Re = 17 300, Pdow. = 50 mb.  
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Fig. 16. (a) Visualization of  the discharge in the first half part  of  the discharge tube (radial injectors). 
Re  = 17 300, P d ~ ,  = 50 rob. (b) Radial variation of luminosity for several sections (radial injectors). 

Re = 17 300, Pao.,,~ = 50 mb. 



216 O. BOIRON et al. 

radially a r ranged has been examined. The velocity 
field was measured  with the L D A  technique.  The 
results show tha t  the flow structure is highly tu rbulen t  
and  similar for the two injection systems, except for 
near  the entrance region of  the discharge tube (near 
the nozzles). It is shown tha t  the turbulence intensity 
is higher  for the axial injector system and  tha t  the 
turbulence allows us to obta in  a good homogeniza t ion  
of  the discharge t h r o u g h o u t  the tube. Tempera ture  
profiles have been measured  by using a ther- 
mofluorescent  p robe  dur ing the discharge. The  tem- 
pera ture  is approximate ly  a l inear funct ion of  the 
abscissa X/D.  The study of  the stability of  the dis- 
charge luminosi ty  shows the symmetry  of  the flow 
structure,  which is in agreement  with  the measured  
velocity profiles. On  the other  hand ,  the symmetry  of  
the tempera ture  profiles is no t  observed,  bu t  this can  
result  f rom the conduct ive losses in the probe,  as 
explained in the Appendix.  
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APPENDIX: THERMAL ANALYSIS OF THE 
PROBE 

As pointed out above (Section 3.2), the conductive heat 
transfer through the probe can greatly affect the measured 
temperature, specially when the temperature sensor is located 
in a flow subjected to high temperature gradients, which is 
the case near the walls of the discharge tube. 

Figure A1 schematically presents the cylindrical probe, y 
being the axis of this cylinder. It consists of several materials : 
alumina, glass, quartz, fluorogermanate and ceramic. The 
width of the fluorogermanate layer ranges from 10 to 20 #m 

Axis of the discharge tube 

J R r  . . . . . . . .  

Alumina ~ 

~ Laser mixture 
Quartz (Tgas) 

Wall of the .0. / 
dischai'ge'thb6 Ambiant air (Tair) [ 

(R-r)-L . . . . . . . . . . . . . . . . . . .  - ~  

D/2 = 0,8 mm 

Fig. A1. Schematic presentation of the probe and definition 
of coordinates. 

so that its physical properties can be assumed equal to the 
quartz without introducing a significant error. For the same 
reason, the ceramic top of the probe is assumed to be made 
with alumina (the mass of alumina in the chemical com- 
position of ceramics generally ranges from 90 to 99.8%). As 
seen from Fig. A1, the probe is subjected to several heat 
fluxes : 

(i) the forced convection between the gas mixture and the 
top and lateral surface of the probe ; 

(ii) the radiative exchange between the probe and the wall 
of the discharge tube : it can easely be shown that this flux is 
negligible, as is the radiative exchange between the probe 
and the ambient air (for 0 < y < R -  r -  L) ; 

(iii) the conduction in the probe ; 
(iv) the convective exchange between the probe and ambi- 

ent air (for 0 < y < R - r -  L) 

With the above assumptions, the temperature distribution 
in the probe, T(x,y,  t), is obtained by solving the following 
differential system of equations : 

c~T Div (ki gr~d T) (AI) p l C p , ~  = 

where i refers to one of the three materials, which means that 
there are three equations ; p, Cp and k, respectively, denote 
the density, specific heat and thermal conductivity of material 
i. The continuity of flux is written for all the interfaces by 
applying Fourier's law and neglecting the contact thermal 
resistances. Because of symmetry, the others boundary con- 
ditions are : 

3T(0, y, t) 
- - = 0  

0x 

c~ T(0, R -- r, t) 
kAI Oy -- hpSp(Tgas- Tprobe) for 

¢~T(O, R - - r - - L ,  t) 
kh~ 0 for 0y 

k t3 T(O/2,y, t) 
AI ~X hcac(Zgas- Tpr°be) 

(A2) 

0 < x < D/2 

(A3) 

O < x < D/2 (A4) 

for O < y < R - - r  

(A5) 
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Fig. A2. (a) Temperature distribution in the probe when its 
lateral surface is subjected to a uniform temperature dis- 
tribution : the temperature sensor is located at r = - 2  mm. 
(b) Temperature distribution in the probe when its lateral 
surface is subjected to a uniform temperature distribution: 

the temperature sensor is located at r = + 58 mm. 

o T(D/2, y, t) 
kAI OX -- hcI'lS(Tair - Tpr°be) 

for O < y < R - - r - - L .  (A6) 
In the above equatiorts, the subscript 'AI' refers to alumina, 
whereas hp is the convective heat transfer coefficient between 
the surface at the top (Sp) and the laser mixture; he is the 
convective heat trans:rer coefficient between the lateral sur- 
face of the probe (Sc) and the laser mixture; hcN is the 
convective heat transfer coefficient between the external lat- 
eral surface of the probe (S) and the ambient air. The differ- 
ential system of equation (A1) subjected to boundary con- 
ditions (A2)-(A6) was solved by using the MEF/MOSAIC 
code, which uses a finite-element procedure. 

Figure A2(a) and (b) shows the temperature distribution 

398 .T (K) ( ~  Probe 

373- D~charge 

+0.58 +0.23 -0.02 -0.27 -0.52 

Y/L 

Fig. A3. Temperatures in the probe when its lateral surface 
is subjected to a non-uniform temperature distribution : the 

temperature sensor is located at r = + 58 mm. 

as a function of the position of the probe in the discharge 
tube. For these calculations, the initial value of the probe 
temperature was 293 K and the temperature of the gas was 
373 K. The values of the heat transfer coefficients have been 
calculated by using the classical correlations for Nusselt 
numbers [11] and the value of the mean velocity was deduced 
from the measurements. The ratio between the length and 
the radius of the probe, L / ( D / 2 ) ,  is equal to 125. In the case 
of Fig. A2(a), the top of the probe is located at y = 2 mm 
from the inner wall of the tube (that is at r = 28 mm from 
the axis of the tube). We see that the temperature of the top, 
which is the measured temperature, is smaller (75°C) than 
the real fluid temperature (100°C): this difference results 
from the conductive losses through the cylinder, most of its 
lateral surface being cooled by ambient air. Because the 
surface in contact with the hot gas is higher as the probe is 
introduced in the discharge tube, such a difference is not 
observed when the temperature sensor is located on the axis 
or near the opposite wall [Fig. 18(b), y = 58 mm]. However, 
for this last case, another thermal phenomenon occurs 
because the sensor is in the thermal boundary layer, and so 
the lateral surface of the cylinder is again subjected to high 
velocity and temperature gradients. This case has been mod- 
eled in Fig. A3 by assuming a variable temperature dis- 
tribution on the lateral surface: for these calculations the 
temperature of the gas has a symmetrical linear variation 
between 100°C (wall) and 120°C (axis of the discharge tube). 
For this example, the difference between the measured and 
the real temperature is then equal to 10°C. 

The above analysis shows that a measured non-sym- 
metrical temperature profile can result from the conduction 
process in the probe, even if the real temperature profile 
is symmetrical. Such a situation occurs when the probe is 
subjected to high temperature gradients, which is the case 
when the temperature sensor is located near the walls. 


