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Abstract-Coupled radiative and convective transfer are studied experimentally and theoretically in the 
case of CO2 and H,O laminar flows. A channel with uniform wall temperatures and a rectangular cross- 
section of aspect ratio equal to 5 is used. A non-intrusive optical measurement technique, based on high 
resolution spectroscopy of carbon monoxide, is used to measure temperature profiles at two cross-sections 
of the channel. This technique appears to be more precise than shielded thermocouple measurements. 
Optical measurements are in good agreement with the results of a previously developed model in which 
spectral radiative properties of the flowing gas are calculated by using a statistical narrow-band model. 
The agreement between theoretical and experimental results is checked for both temperature profiles and 

the global heat transfer between the measurement sections. 

1. INTRODUCTION 

IN A LARGE variety of industrial applications, knowl- 
edge of radiative transfer in flowing infra-red gases is 
crucial for the determination of heat fluxes on the 
walls of the system. These applications include rocket 
and aircraft engines, boilers and furnaces, nuclear 
reactor safety, etc. Gas to wall heat transfer in such 
systems results from coupled radiation and con- 
vection processes which cannot be, in general, esti- 
mated separately. 

The theoretical analysis of this problem has received 
considerable attention during the last 25 years (see, 
e.g. refs. [l, 21 for a literature survey), while only few 
experimental investigations have been devoted to the 
subject. Nichols [3] first studied experimentally the 
effects of radiation on temperature profiles of water 
vapour flowing turbulently in an annular passage at 
two different pressures (1 and 3.22 atm) and at a 
Reynolds number close to 20000. He compared suc- 
cessfully his measurements with theoretical pre- 
dictions based on a perturbation method and 
assuming that radiative transfer is small when com- 
pared to turbulent convection. More recently, Greif 
and co-workers investigated the interaction between 
radiation and convection in flowing H,O and CO2 
inside a vertical tube of 5 cm i.d. heated electrically 
with a constant flux. The first experiments [4, 51 were 
related to turbulent HZ0 and CO2 flows and another 
study was related to laminar CO* flows [6]. Tem- 
perature protiles were measured in these investigations 
by using thermocouples with radiation shields and the 
maximum temperature reached at the wall was about 
670 K. Some other experimental studies [A are limited 
to the measurement of radiative fluxes emitted from 

flames in order to model fire propagation phenom- 
enon or to improve the predictions of radiative fluxes 
on the walls of combustion chambers. Emission spec- 
tra from flames have also been used for temperature 
and concentration measurements [8]. 

In this paper, coupled radiation and convection is 
investigated experimentally in the case of Hz0 and 
CO2 laminar flows inside a channel with a rectangular 
cross-section of aspect ratio equal to 5. The channel 
walls are at uniform temperatures. A non-intrusive 
optical temperature measurement technique, based on 
the inversion of the spectral shape of an infra-red 
absorption line, is used for the measurement of tem- 
perature profiles at two cross-sections of the channel. 
Experimental results are compared with theoretical 
predictions obtained from a previously developed 
model [9] where statistical narrow-band models are 
used for the calculation of fluid radiative properties. 

The experimental setup is described in Section 2 
together with the optical arrangement used for spec- 
troscopic technique measurements. In Section 3, the 
basis of the theoretical model is briefly recalled and 
the conditions of comparison with experiments are 
explained. Measured and calculated temperature pro- 
files are compared in Section 4 ; convective and radi- 
ative parts of the overall heat transfer are then dis- 
cussed in the case of our experiments. 

2. EXPERIMENTAL SETUP 

2.1. General description 
A stationary flow, open-circuit channel was de- 

signed and built for the present study. The exper- 
imental apparatus allows the study of H20, COz, CO, 
air flows, or a mixture of these gases, inside a channel 
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NOMENCLATURE 

C current intensity of the diode laser [mA] u, u axial and transverse velocity 

CP specific heat at constant pressure components, respectively [m s ‘1 
[Jkg-‘Km-‘] X, _Y, z system coordinates [m] 

d column length [cm] X, molar fraction of species j 
E distance between the channel walls, Z channel width, 0.15 m. 

0.03 m 
F(v - v,,) spectral shape of the absorption 

line [l/cm-‘] Greek symbols 
H enthalpy flux [W] P, temperature dependence coefficient of a 

KV spectral absorption coefficient [cm ‘1 Lorentz half-width 
L distance between the two measurement 5, wall emissivity 

cross-sections, 1.2 m Y Lorentz half-width (HWHM) [cm ‘] 
ti mass flow rate [kg s-’ mm’] (Pcd conductive flux transferred from the 
P total pressure [atm] walls to the gas [w m--“I 
qr,, qry axial and transverse local radiative flux cpr radiative flux transferred from the walls 

components, respectively [W m-‘1 to the gas [w m -“I 
Re Reynolds number I thermal conductivity [W m ’ K ‘1 
S,(T) line strength [cmm2atm- ‘1 P viscosity [kg m- ’ s ‘1 
T temperature [K] \’ radiation wave number [cm-‘] 

T, bulk temperature [K] VO line centre wave number [cm ‘1 
T,, T, upper and lower wall temperatures, P density [kg m _ ‘1 

respectively [K] 73, spectral transmissivity. 

of rectangular cross-section. The apparatus is sche- 
matically shown in Fig. 1. Water vapour is produced 
in an electrical steam generator working at a regulated 
pressure (about 6 bar), while CO2 and CO are supplied 
from pressurized gas tanks (‘Air Liquide’, pure gases). 
The partial flow rate of each species is measured using 
orifice flowmeters. The flowing mixture is then heated 
electrically before entering the test section. The tem- 

perature reached at the channel entrance can be varied 
from 300 to 1000 K depending on the working con- 
ditions. The flow is mechanically conditioned inside a 

U 

w valve D flowmeter 

~1 internal reastancs S expansion bellows 
z external resistance P reducq valve 

FIG. 1. Schematic diagram of the experimental apparatus. 

plenum chamber which includes a honeycomb and a 
convergent duct with a ratio between the upstream 
and downstream sections equal to 6.6. 

A schematic view of the horizontal test channel is 

given in Fig. 2. Its total length is 2 m and the aspect 
ratio of its cross-section is equal to 5 (15 cm wide and 
3 cm high). The channel is made of four stainless 
steel walls which are assembled in such a manner that 
optical measurements can be carried out for any beam 
position close to the horizontal walls (Fig. 3). The 
upper and lower channel walls are at uniform but 

different temperatures. The upper wall is heated elec- 
trically by 16 flat resistances monitored by an Apple 
II microcomputer. The temperature under each resist- 
ance is held at a fixed value T, in the 350-950 K range. 
The lower wall is held at a temperature T, close to 373 
K using a liquid-vapour water phase change. This 
asymmetric configuration is used for two reasons : 

(a) it avoids flow instabilities and recirculations 

due to natural convection in the case of laminar flows : 

/ 
FLOW 

FIG. 2. Test channel. 
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FIG. 3. Channel cross-section and optical window assembly. 

(b) this arrangement results in a minimal per- 
turbation of measurements due to thermal boundary 
layers on the vertical channel walls. 

Deviations from the fixed wall temperatures are given 
by 25 chromel-alumel thermocouple measurements. 
The maximum deviations are about k 5 K for T, and 
f 10 K at 400 K and f 18 K at 800 K for T,. Four 
windows enable optical measurements at two cross- 
sections of the channel 1.20 m away from one another 
(Fig. 2). Each window includes a sapphire (A&O,) 
slab brazed on titanium, in line with the inside vertical 
surface of the channel (with 0.1 mm tolerance, in order 
to avoid flow perturbations), and a CaF, slab on the 
other side (Fig. 3). The enclosure between A&O9 and 
CaF, slabs is under vacuum in order to minimize laser 
beam perturbations due to natural convection outside 
the channel. Measurements at the upstream section 
are introduced as inlet conditions in the parabolic flow 
calculations while measurements at the downstream 
section are compared with the results of these cal- 
culations (Section 4). 

2.2. Instrumentation 
Only temperature profiles are measured at the two 

cross-sections of the channel. In fact, it appears that 
the shape of the velocity profile at the upstream sec- 
tion has no influence on the calculated temperature 
profile at the downstream section, as will be discussed 
in Section 3. 

Temperature is measured using both a classical 
probe technique and an original optical technique. 
Thermocouples (1 mm chromel-alumel) with radi- 
ation shields are used for measurements 3 cm away 
from the optical sections of the channel. Thermo- 
couples are micrometric screw displaced in the flow 

and the radiation shields are retracted in the upper 
wall of the channel before proceeding to optical 
measurements. The accuracy of thermocouple 
measurements is discussed in Section 4. 

The spectroscopic technique used here is based on 
the inversion of the. spectral shape of a vibration- 
rotation line, obtained from an absorption setup and 
a diode laser as infra-red source. A similar technique 
has been applied by Hanson and his co-workers [lo, 
1 l] to measure the concentration of molecular species 
such as CO and NO in combustion media. Tem- 
perature in such media can be deduced from the ratio 
of the strengths of two nearly coincident absorption 
lines, characterized by different lower energy levels 
[ 121; this is particularly suitable for high temperature 
measurements. For intermediate temperatures (30s 
1000 K), it seems more judicious to use the tem- 
perature dependence of the Lorentz half-width of an 
absorption line. 

2.2.1. Basis and calibration of the spectroscopic 
technique. The spectral transmissivity 7” of a homo- 
geneous and isothermal gaseous column of length d is 
given by 

z, = exp(-K,d) (1) 

where K, is the spectral absorption coefficient defined 
for an isolated line of the absorbing species a, centred 
at wave number vO, by 

K, = K,,,(v) = x,PS,(T)F(v-v,). (2) 

Here x, designates the molar fraction of species a, P 
the total pressure, S,(T) the line strength at tem- 
perature T and F(v - v,,) the normalized line shape. In 
our experimental conditions (300 K < T < 1000 K 
and P = 1 atm), the line broadening is mainly due 
to molecular collisions and Doppler effects can be 
neglected. The line shape is then a Lorentzian one 

qv-v,) = r/(Q’+(v-vo)‘)) (3) 

it is characterized by the Lorentz half-width 
y(HWHM) which depends on total pressure, tem- 
perature and molar fractions x, of all the mixture 
components 

y,(T,) is the Lorentz half-width of the absorption line 
broadened by collisions with partner j under standard 
temperature and pressure conditions ; /laj designates 
the temperature power law dependence coefficient. 

Measurements of absorption spectra around wave 
number v0 enable the determination of the quantities 
x,&(T) and y. The temperature of the isothermal path 
length and concentration of the absorbing species can 
then be deduced from these parameters if the co- 
efficients yoj(Ts) and fiaj are known. In our exper- 
iments, the absorbing species is diluted in the flowing 
gas with a molar fraction lower than lo-‘. The precise 
knowledge of x, is not required for temperature deter- 
mination from the Lorentz half-width since the con- 
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Table 1. Collisional broadening of the 1-O P(4) 

CO line ; parameters to be used with equation (5) 
and T, = 300 K 

Collision 
partner, j 

N, 
H@ 
CO* 

-~ 

Yco-,VJ 
(cm-’ atm-‘) 

0.069 
0.104 
0.0925 

B C&J 

0.690 
0.740 
0.667 

tribution of self-broadening is then negligible when 

compared with that of foreign-broadening (equation 
(4)). The absorbing species chosen in this study is 
carbon monoxide which presents the following advan- 
tages. 

(1) CO vibration-rotation lines are well resolved 
(the rotational constant is B, z 1.92 cm-‘) ; no over- 

lapping line effects are to be accounted for in the data 
reduction procedures. 

(2) The total absorbtance of the CO fundamental 
band is sufficiently small ; heat transfer in transparent 
gases can be studied without adding CO radiation 
effects. 

The particular absorption line used is the P(4) line of 
the fundamental band, centred at v0 = 2127.693 cm-‘. 
Infra-red active molecules such as CO2 and H,O are 
transparent at this wave number for temperatures 
lower than 1500 K. 

The calibration of this spectroscopic technique 
requires the measurement of the temperature depen- 
dence of the CO-P(4) broadening coefficients due to 
different species. These measurements have been per- 
formed on a high temperature spectroscopic setup 
for CO-N*, CO-H20 and CO-CO, mixtures inside 
thermally stabilized cells [13-l 51. The measured 
values of yco, in the temperature range 293-900 K 
can be approximated within 2% by the power law 

Y,,,-(T) = Yco ,vsN~mlr,o~,. (5) 

The values of ycoj( TJ and &oj for j = N,, H,O and 
CO2 are given in Table 1. Further details of these 
measurements and comparisons with theoretical pre- 
dictions are available in refs. [ 13-151. 

2.2.2. Optical setup and data reduction procedures. 
A schematic view of the optical setup is given in Fig. 
4. The diode laser beam is mechanically chopped and 
enters a grating monochromator which selects a single 
emission mode. It is then split in three parts. The first 
beam is directly focused on the detector Dl and enables 
the recording of variations of the laser radiation inten- 
sity. The second beam goes through a reference cell 
containing a CO-N, etalon mixture at room tem- 
perature. The transmissivity of this mixture leads to 
the conversion law between radiation frequency vari- 
ations and the diode current C. The third beam is split 
in two equal parts in order to sound the flow at 
the two cross sections of the channel. Four motor- 
ized units, including step by step motors, allow pre- 

MU3 18 !9 MU& 

kLOW x 
- 

%03 
c: 

COF* M 
-F MU2 

MU1 1 \ BS& 
111: 

IL61 
reference 

--02 

cell --01 

02 
+--=-+~~--~“m~“~, L!i 

LL 

/ 

grot1nq 
monochramator 

chopper 

BSl’_ 1 I 
-_Ll He.Ne (ahqnment) 

r---7 

L--l Olode laser 
system 

FIG. 4. Optical setup for diode-laser measurements : M, Au 
mirror ; L, CaF, lens ; BS, CaF, beam splitter ; 0, diaphragm ; 
D, detector ; MU, motorized unit for vertical displacements. 

cise vertical displacements of the beams with 1 pm 
resolution. 

The four chopped signals delivered by the detectors 
are filtered in lock-in amplifiers and digitalized to- 
gether with the diode laser current by a 12 bits A/D 
conversion card of a PDP 1 l-23 computer. Numerical 
averaging of the converted values is made for each 
radiation frequency. 

The spectral absorption coefficient is deduced from 
two experiments. The first is performed with the flow- 
ing gas seeded with CO and the reference cell filled 
with the etalon C&N, mixture. The second is per- 
formed with an empty reference cell and without CO 
in the flow. The ratio between the signals recorded 
during these experiments leads to the transmissivity 
vs the diode current and then vs radiation frequency. 
A non-linear least-squares fitting of the measured 
absorption spectra by the theoretical Lorentz shape 
leads to the determination of the Lorentz half-width 
and then to temperature using equation (5) and the 
calibration parameters of Table 1. Figure 5 shows 
an example of measured profiles for a water vapour 
flow and corresponding theoretical fits. Agreement 
between the two spectra is very good. 

This optical technique has been previously applied 
to the study of laminar channel air flows [16]. The 
measurement uncertainties have been estimated to 
+2% at 300 K and f3% at 900 K. 

3. THEORETICAL PREDICTIONS AND 
CALCULATION PARAMETERS 

In a previously published study [9], the interaction 
between radiation and convection in channel flows 
has been investigated theoretically. The same analysis 
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520 540 560 C (mAI 

FIG. 5. Typical spectral line protiles recorded at the downstream section for a water vapour flow : -, 
measured spectra; ----, best fit by a Lore& profile. C designates the diode current which is a 

monotonous function of radiation frequency. 

is used here to make comparisons with experimental 
results. Theoretical basis and numerical procedures 
are briefly recalled in Section 3.1, and the calculation 
parameters are given in Section 3.2. 

3.1. Theoretical basis 
The two-dimensional form of the mass, momentum 

and enthalpy balance equations are 

(7) 

03) 

where u and v are the axial and transverse velocity 
components, respectively. p, p, 1 and C, designate 
the temperature-dependent density, viscosity, thermal 
conductivity and specific heat at constant pressure, 
respectively. qrY is the transverse component of the 
radiative flux vector. It is assumed here that the axial 
radiative dissipation term aq,,/ax is negligible when 
compared with the transverse dissipation aq,/ay [ 171 
as it is usually done for the conductive dissipation in 
the case of parabolic flows. Radiative properties of 
CO2 and Hz0 are calculated by using a random 
statistical narrow-band model to account for the high 
resolution structure of the absorption spectra. For 
these two molecules, and especially at high tempera- 
ture, the most accurate model is that where line inten- 
sities obey an exponential-tailed-inverse distribu- 
tion law [ 181. This model is used in this study together 
with the Curt&Godson approximation for non-iso- 
thermal paths. It leads to temperature and flux dis- 
tributions more accurate than those predicted by the 
exponential wide-band model [9]. 

The governing flow and energy equations are solved 
simultaneously in order to account for the tem- 
perature dependencies of density and viscosity. An 
implicit finite difference scheme is used to solve the 
flow equations, following the recommendations of 

Patankar [19]. The radiative dissipation term aq,/ay 
is computed by integration over the absorption spec- 
tra and the propagation directions. A direct radiative 
balance is carried out for each control volume. Fur- 
ther details on the numerical procedure and derivation 
of the radiative dissipation term are given in ref. [9]. 
The same analysis is used here, except for the two wall 
radiosities which are not equal in this study. Equation 
(30) of ref. [9] is replaced by 

B’; = E~xAvZ~~(T,)+(~ -s,t) 5 A”;,B; (9) 
j=2 

N--I 

B; = e$aAvZ$(T,)+(l --ES) 1 A&B; (10) 
j=l 

where subscripts 1 and N designate the lower and 
upper walls, respectively. 

3.2. Calculation parameters 
Thermophysical properties of the studied gases can 

be approximated by a temperature dependence law 

Z = G+FT” (11) 

within a 2% maximum error in the temperature range 
30&1000 K. The values of G, F and m for 1, ZJ and 
C, have been deduced from a compilation of different 
data [20, 211. These values are given in Table 2 for 
H,O and CO*. The state equation for a perfect gas is 
used to calculate density. 

The statistical narrow-band model is used with 
25 cm-’ spectral resolution. The parameters of this 
model, generated from a line by line calculation (see, 
e.g. ref. [18]), are stored at intermediate temperatures 
and a simple interpolation is used for any temperature. 
Seventy-two narrow bands are considered for the 2.7, 
4.3 and 15.2 pm vibration-rotation bands of C02. For 
H,O, 140 narrow bands are considered, covering the 
2.7 and 6.3 /*m vibration-rotation bands and the pure 
rotation band which is truncated at 70 pm. 

The spectral directional emissivity of the stainless 
steel used for the channel walls has been measured at 
different wavelengths in the range 3-10 pm and at 
different temperatures in the 30&800 K range. The 
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Table 2. Thermophysical properties of Hz0 (subscript 1) and CO2 (subscript 2) ; to be 
used with equation (11) 

Z Unit F G nr 
_.~~~. ~--- 

A 1 Wrn-‘K-’ -0.0166 1.05 x 10.” I 
A2 W mm’ K-’ -6.26 x JO-’ i 7.626 x IO 1 
P I lo-‘kg rn.-‘s-’ -3.071 0.0407 I 
k ' 10~ kg m-’ s-’ - 14.93 1.728 0.5 
CPI J kg’ K-’ 1680 0.600 I 
CPI J kg-’ K~-’ 20 166.0 0.287 
--________-. ._.-.___--~ ._ 

Table 3. Experimental conditions for H,O and COz flows: T,, upper wall temperature; r,, lower wall 
temperature 

Experiment 

Hl 
Cl 
c2 
c3 

Fluid Figure (2) (2) 

Hz0 6 623 383 
CO, 7 623 360 
co, 8 723 383 
CO* 9 783 378 

(kg rn” s-‘) 
RI? Re 

X = 0 h’ zz L 
________~~. 

0.390 1583 1426 
0.294 1144 1072 
0.383 1588 1448 
0.356 1471 1329 

apparatus used for these measurements is described in 
ref. 1221. No significant variations have been observed 
when the probe temperature varied. In the same 
manner, variations lower than 10% are obtained when 
varying the wavelength or the angle between the emis- 
sion direction and the normal to the probe in the O”- 
70” range. The direction and wavelength averaged 
emissivity was found to be E, = 0.27. This value is 
assumed in the numerical predictions to be inde- 
pendent of temperature, wavelength and emission 
direction (diffuse and gray walls). 

The last conditions required for solving the para- 
bolic how equations are the inlet conditions (x = 0, 
upstream section). The inlet temperature profile is 
given by diode laser measurements at the upstream 
section. For the axial velocity, the inlet profile is 
assumed to be parabolic and is calculated from orifice 
flowmeter measurements in such a manner that the 
total Bow rate is conserved. Calculations using a flat 
velocity profile at x = 0 lead to a maximum tempera- 
ture difference lower than 1 K at the downstream 
section. The important dynamical quantity is the mass 
flow rate rather than the velocity profile. 

4. RESULTS AND DISCUSSION 

Diode laser measurements presented below are 
averages of temperatures obtained from two line 
records and the error bands indicate a confidence inter- 
val of &- 2.5% due to measurement uncertainties. Four 
experiments of radiating gas flows are reported in this 
paper. The first refers to a H,O flow while the three 
others are related to CO1 flows with increasing upper 
wall temperature in order to increase radiative trans- 
fer. Table 3 shows the flow conditions related to each 
experiment. The Reynolds number given in this table 
is based on the bulk temperature Tb 

and then varies with x. rii designates the mass flow 
rate per unit cross-sectional area 

(13) 

The bulk temperature at the upstream section is 
chosen in our experiments close to the cold wall tem- 
perature in order to produce a significant increase of 
the total enthalpy flux between the two measurement 
sections. 

Figures 6-9 show the measured and calculated tem- 

t 
T !K) 

E-Y (mm) 
300 - * f . ( ’ ’ ’ ’ ’ ’ ’ ’ ’ 

6 12 10 2c 30 

FIG. 6. Measured and calculated temperature profiles at the 
downstream section. Experiment Hl : *, the~ocoupie with 
radiation shield measurements; +, diode laser measure- 
ments ; A, constant wall temperatures ; -----, calculated 
temperature profile at the downstream section, accounting 
for radiation ; -----, calculated temperature profile 
at the downstream section, without radiation; 
diode laser measurements at the upstream section (ittie; 

conditions). 
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t 
T (K) 

E-Y mm) 
300 0 ’ ’ ’ ’ ’ ’ ’ ’ c ’ ’ ’ ’ ’ 

6 12 10 2c 30 

FIG. 7. Same as in Fig. 6 ; experiment Cl. 

perature profiles ; five profiles are plotted on each 
figure. 

(1) Diode laser measured profile at the upstream 
section. 

(2) Thermocouple measured profile at the down- 
stream section. 

(3) Diode laser measured profile at the downstream 
section. 

(4) The calculated profile accounting for coupled 
radiation and convection. 

(5) The calculated profile without radiation effects. 

Discrepancies up to 80 K between the thermocouple 
with radiation shield and diode laser measurements 
are observed, especially for high values of T,, and in 

700 

60[ 

T (K) 

E-Y (mm) 1 I I I, I,, I I .I t 
6 12 18 2c 30 

FIG. 8. Same as in Fig. 6 ; experiment C2. 

600 

500 

cot 

)- 

y 

I - 

I - 

l- 

6 12 18 2r, 30 

FIG. 9. Same as in Fig. 6 ; experiment C3. 

the cold region of the flow. Thermocouple measure- 
ments in this region do not tend to the cold wall 
temperature. These discrepancies are due to the effects 
of hot wall radiation on the equilibrium temperature 
of the probe. Convective transfer between the thermo- 
couple and the flowing gas is small in the case of 
laminar flows and radiation effects remain appreciable 
in spite of the use of radiation shields. 

For the water vapour experiment, the agreement 
between diode laser measurements and calculations 
is quite good but the theoretical curve does not go 
systematically through the error bands. In fact, the 
mass flow rate was not constant during Hz0 exper- 
iments ; rh fluctuations up to + 15% were observed as 
a result of interruptions in the pressure regulation 
mode inside the electrical steam generator. On the 
other hand, CO, was supplied from gas tanks at con- 
stant pressure, which leads to a constant flow rate 
within f. 1% during an experiment. The agreement 
between diode laser measurements and calculations 
(accounting for radiation) is then excellent for CO2 
flows. 

For similar wall temperature conditions, radiation 
effects on the temperature profile at the downstream 
section are more important in the case of H,O (Figs. 
6 and 7). There are two reasons for this : 

(a) the spectral widths and total absorbtances of 
the H,O absorption bands are generally greater than 
those of CO1 ; 

(b) the H,O absorption band centred at 6.3 pm is 
close to the maximum emission spectral range of a 
wall at 623 K. 



__ .~~ ~ 
HI 9745 10989 
Cl 3730 4221 
c2 5140 6119 
c3 5084 6224 

For high values of the upper wall temperature, radi- 
ative transfer becomes important even for CO, flows 
(experiment C3). The maximum difference between 
the profiles calculated with and without radiation is 
34 K in the case of Fig. 9. 

The overall heat transfer between the measure- 

ment sections can be characterized by the difference 
between enthalpy fluxes at these sections. The en- 
thalpy flux H(x) is given by 

W.J 1 
H(x) = z 

s 
E~(x>u)u(x>v) C,AT)dT dy 
0 (s (1 1 

(14) 

where 2 designates the channel width (15 cm). The 

conductive and radiative parts of the global transfer 
between the flow and the walls are given, per unit wall 
area, by 

(Pcd@) = -(naT/a~),=,+(naT/ay),=. (15) 

s 

E 

V,(X) = 4,(O) -q,(E) = -@,l@dy. (16) 
0 

The difference between the enthalpy fluxes at the 
measurement sections is obtained from an integration 

of the energy equation over the studied volume 

(l/z)(H(L)--H(O)) = 
s 

“b’Pcd(X)+cPr(~))d~~. 
0 

(17) 

Table 4 gives the values of H deduced from diode laser 
measurements and equation (14) at the two sections, 
and the calculated values at the downstream section. 
The agreement between predicted and measured 
global heat transfer values is very good for CO, flows 
(<3.4%), while discrepancies similar to the uncer- 
tainties on the flow rate ti are obtained for the H,O 
flow. The conductive and radiative fluxes, calculated 
at different sections 0 < x < L, are shown in Fig. 10 
for experiments H 1 and C3. Radiative transfer reaches 
approximately 30% of the conductive transfer in the 
case of CO, at x = L, and 50% in the case of H,O. 

5. CONCLUSIONS 

A rectangular test channel with uniform wall tem- 
peratures has been designed to study coupled con- 
vection and radiation in internal H,O and CO2 lami- 
nar flows. Both classical shielded thermocouple and 
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Table 4. Enthalpy fluxes at the measurement sections : H(O), measured at the upstream section ; H,(L). 
calculated at the downstream section (L = 1.2 m) ; H,,,(L), measured at the downstream section 

Experiment 

K(L) -K(L) H,” (LI - H,(L) 

H(O)/2 H&)/Z K&)/Z K(L) -H(O) H,(L) 
(W m-‘) (W m-‘) (W m-‘) 00) (%) 

10731 -20.7 -2.3 
4218 PO.4 --0.1 
6126 0.7 0.1 
6186 -3.4 m-O.6 

original optical techniques have been used to measure 
temperature profiles at two cross-sections of the chan- 
nel. The optical technique is based on the inversion of 
the spectral shape of the 1-O P(4) CO absorption line, 
and particularly on the temperature dependence of 
the Lorentz width of this line. This non-intrusive tech- 
nique appeared to be more precise than the classical 
probe technique since the latter is sensitive to wall 

radiation, in spite of the use of radiation shields. 
Optical measurements have been compared with the 
results of a previously developed model where absorp- 
tion and emission are taken into account by using a 
statistical narrow-band model and our parameters. 
The optical measurements at the upstream section 

have been used as inlet conditions in the parabolic 
flow calculations. A very good agreement between 
measured and calculated profiles is obtained, 
especially in the case of CO* flows for which satis- 
factory experimental conditions were checked. The 
measured global heat transfer between the channel 
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FIG. 10. Radiative and convective fluxes in the case of the 
HI (a) and C3 (b) experiments. 
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walls and the flow has been also successfully compared 
with numerical predictions. The influence of radiation 
on temperature profiles and enthalpy fluxes has been 
clearly demonstrated in the case of CO, and Hz0 
laminar flows. 
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ETUDES EXPERIMENTALE ET THEORIQUE DES TRANSFERTS COUPLES PAR 
CONVECTION ET RAYONNEMENT DANS DES ECOULEMENTS LAMINAIRES 

DE CO2 ET H,O 

R&sum&Les transferts couples par convection et rayonnement sont dtudies experimentalement et thio- 
riquement dans le cas d’ecoulements laminaires de COr et H,O. Un canal a temperatures de parois 
constantes, caracterist par une section droite de rapport d’allongement &gal a 5, est utilist. Une technique 
non-intrusive optique, fondle sur la spectroscopic a haute resolution du monoxyde de carbone, est utilisee 
pour mesurer les champs de temperature en deux sections droites du canal. Cette technique s’avere beaucoup 
plus precise que celle utilisant des thermocouples a brans radiatifs. Les mesures optiques sont en bon 
accord avec les resultats d’un modble developp& anterieurement, oti les proprietes radiatives du gaz en 
ecoulement sont calcul&es a partir d’un modele statistique a bandes etroites. L’accord entre les resultats 
theoriques et experimentaux est obtenu aussi bien pour les prolils de temperature que pour le transfert 

global de chaleur entre les sections de mesure. 
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EXPERIMENTELLE UND THEORETISCHE UNTERSUCHUNGEN DES 
WARMEAUSTAUSCHES DURCH STRAHLUNG UND KONVEKTION IN 

LAMINAREN CO:- UND H20-STRiJMUNGEN 

Zusammenfassung--Der Warmeaustausch durch Strahlung und Konvektion wird experimentell und 
theoretisch fur laminare CO?- und HIO-StrBmungcn untersucht. Verwendet wurde ein rechteckiger 
Striimungskanal mit gleichformiger Wandtemperatur und einem Seitenverhaltnis von 5. Zur Messung 
der Temperaturverteilung an zwei verschiedenen Kanalquerschnitten wurde eine opt&he MeRmethode 
verwendet, die auf einer hochaufliisenden Kohlenmonoxid-Spektroskopie basiert. Diese Technik scheint 
genauere Megergebnisse zu liefern. als Messungen mit strahlungsgeschiitzten Thermoelementen. Die op- 
tischen Mcssungen stimmen gut mit den Ergebnissen eines friiher entwickelten Rechenverfahrens iiberein, 
in welchem die spektralen Strahlungseigenschaf’ten des Gases nut einem statistischen Schmalband-Model1 
berechnet uerden. Die Ubereinstimmung zwischen theoretischen und experimentellen Ergebnissen wurde 
sowohl fur die Tcmperaturprofile als such den globalen Wartnetransport zwischen den Mefiquerschnittcn 

iiberpriift. 

3KCllEPkiMEHTAJIbHOE II TEOPETFZECKOE MCCJIEfiOBAHHE COBMECTHOI-0 
JIYgHCTOI-0 II KOHBEKTHBHOl-0 I-IEPEHOCA l-IPI? JIAMMHAPHOM TEriEHHM CO2 

M H,O 

h,OTSU,,,S-3KCnepHMeHTaJIbHO W TeOpeTHWCKE, HCCAeAyeTCX CBB3aHHbIfi JlyWCTbdi W KOHBeKTHBH6lji 

nepC.HOC B JIahtHHapHbIX Te'ieHHKX co, H H,O. kiClIOJIb3yeTCX KiiHU IIpKMOyrOAbHOrO CWIeHHKC OTHO- 

meHAer4 c~opo~,pan~bm 5. CTeHKH Karima HMemT o~~opomym TehmepaTypy. JJnn ~3rdepeiiHa npo- 
@i.nefi TeMnepaTypbl B AB~X CeYeHmx KarmAa npHhtewmcn AHCT~H~HOHH~G onTaneCKs& MeToA Ha 

OCHOBeBbICOKOiiCneKTp~HOfi pa3~IlIalOIQeiicnOCO6HOCTH OKliCH~JlepOAa.~OXOXCe,YTO MeTOAIlO3- 

BOAneT nOJIyWTb 6onee TOYHbIe AaHHbIe, 9eM 3KpaHIIpoBaHIibIe Tephfonapu. PesyJIbTaTbI Omti¶eC~biX 
83MepeHHfi XOpOUIO COrAaCylOTCK C paCYeTaMH II0 paHeepa3pa60TaHHOi.i MOAeJIH,B KOTOpOfi ClIeKTpa- 

,,bHbIe Il3JlyYaTeJlbHbIe CBOikTBa IlOTOKa ra3a paC4JWThlBaloTCK IT0 CTZlTHCTH’ieCKOti MOAeAH )‘3KHX 

nOJIOC. COBIIaAeHHe TeOpeTHWCKHX pC3yJIbTaTOB C 3KCII~HhteHTZUIbHblMH I'IpOBepeHO KaK C lIOMOWdO 

npo+Hneii TehmepaTypbI, TaK H c nohsombm cymaptsoro Tennonepemca Ha YgacrKe hfemy me- 

HHSMH,BKOTOpL.IXlTpOBOAHAHCb H3MePeHHR. 


