
JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER

Vol. 14, No. 4, October–December 2000

Thermal Behavior of Porous Plates Subjected to Air Blowing

Jérôme Bellettre,¤ Françoise Bataille,† Jean-Claude Rodet,¤ and André Lallemand‡

Institut National des Sciences Appliquées de Lyon, 69621 Villeurbanne CEDEX, France

The cooling of porous plates by air blowing is studied experimentally. The in� uences of the air injection rate,
of the hot main � ow temperature, and of the internal heat exchange surfaces of porous media are determined.
The experiments show high ef� ciency for this cooling process, about 97%. Because of the radiative heat transfer
occuring within the test section, a large injection rate (about5%) is required to reach such an ef� ciency. The critical
injection rate is highlighted. Beyond that value the convective heat transfer does not exist any more because the
boundary layer is blown off. Our heat transfer model of the porous plate and its vicinity (convective and radiative
transfer) emphasizes important temperature gaps between the solid phase and the � uid phase of the porous media.
Fitting the model with the experimental data permits an estimate of the internal heat transfer coef� cients.

Nomenclature
cp = speci� c heat, J/(kg K)
d = mean pore diameter, m
F = injection rate, F = ( q v)inj / ( q u)e

Fi j = form factor between walls i and j
h = convective heat transfer coef� cient, W/(m2 K)

or W/(m3 K)
J = radiosity, W/m2

Nu = Nusselt number, Nu = h intd / s k f

Pr = Prandtl number, Pr = l cp / k
q = net radiative exchanged heat, W
Re = Reynolds number, Re = q vd / l
S = surface, m2

s = speci� c surface, m2/m3

T = temperature, K
u = main � ow velocity, m/s
V = porous media volume, m3

v = mean velocity of air injected through the porous wall, m/s
x = spatial coordinate, m
e = emissivity
k = thermal conductivity,W/(m K)
l = dynamic viscosity, kg/(m s)
q = density, kg/m3

r = Stefan–Boltzmann constant, W/(m2 K4 )
s = transmissivity
U = exchanged heat, W
} = porosity

Subscripts

conv = convective
e = potential main � ow
f = � uid
inj = injected or secondary � ow
int = internal
rad = radiometer
s = solid phase
sf = solid-� uid
w = upper surface of the porous wall
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wn = porous wall normal direction
1 = longitudinal direction
2 = vertical direction

Introduction

B LOWING is used to protect a solid wall from the detrimen-
tal effect of a hot � ow (main � ow). The wall is made of a

porous material, and a coolant (secondary � ow) is injected through
the wall from the opposite side of the main � ow. Thermal protection
is caused by both internal cooling and an increase of the boundary-
layer thickness, created by the secondary � ow on the main � ow
side. Blowing has met wide acceptance in several applications, es-
pecially for rocket engines and turbojets, in drying processes and
in the aerodynamics (boundary-layer control). The advantages of
this cooling process compared with others such as � lm cooling are
greater ef� ciency and reduced weight thanks to the use of porous
materials.

Blowing has generallybeen treated by consideringeither the heat
transfer within the porous materials1 ¡ 4 or the transfer in bound-
ary layers with blowing.5 ¡ 9 To our knowledge, few studies have
treated both aspects together: Eckert and Cho10 and Campolina
França et al.11 on one hand and Kubota12 and Ishii and Kubota13

on the other hand.
Eckert and Cho10 link a low-Reynolds-number k– e model to a

thermal balance within the porous plate; however, the assumption
of thermal equilibriumbetween the gaseousphase and the solid one
is required, and radiation toward the plate is neglected. Campolina
França et al.11 study the coupling of a turbulentboundary layer sub-
mitted to blowingwith a mediumequivalentto the porouswall. Both
of the earlier approximations,regardingthe thermal equilibriumand
the radiation, are also made.

Kubota12 and Ishii and Kubota13 examine the thermalbehaviorof
a porous matrix, entering the Saturnian atmosphere and cooled by
CO2 blowing.Theyconsiderthe radiativeexchangebetween thema-
terial and its surroundingsand the thermal internal nonequilibrium
between the gas and the solid. On the other hand, the main � ow is
not studied, and the convective incident heat transfer is determined
by using an attenuation factor caused by blowing. This factor is
either constant, whatever the injection rate is, or calculated by us-
ing an analytical � lm model, which corresponds to a � rst approxi-
mation.14

It seems worthwhile to link our study of transfer in boundary
layers15,16 to the one of internal transferwithin the porous matrix in
order to determine the in� uence of blowing on the solid phase tem-
perature.The porousmatrix temperaturewill be measured in several
con� gurations,using a wind tunnel. The geometry is bidimensional
and planar. The wall temperaturesof the plate can be calculatedus-
ing on one hand a model of heat transferwithin the porous plate and
on the other hand a model of transfer within boundary layers15,16
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adding the incident radiation toward the plate. The internal heat
transfer coef� cients are estimated by matching the measured and
the calculated temperatures.

Experimental Apparatus
A comprehensivedescription of the heated wind tunnel is avail-

able in Rodet et al.17. Its main componentsare schematicallyshown
in Fig. 1: a 120-kW electrical heater, a 3-m3/s centrifugal fan, a
screen box to reduce the mainstream velocity � uctuations, and a
nozzle that delivers air to a test section 0.2 m high, 0.5 m wide, and
2 m long. The test section consists of � xed Pyrex side walls and
modular duralumin roof and � oor.

A 500 £ 200 £ 3 mm3 porous plate is embedded in the � oor at
0.865 m from the upstream � oor start; the plate is made of sintered
stainless steel. Three plates of different types have been used. The
type is de� ned by the internal geometric features, which are the
metallic particle mean diameter, the pore mean diameter, and the
speci� c exchange surface.Table 1 summarizes all of these features.

The blowing system delivers air through a 150-mm-high plenum
� tted under the porous plate and designed to provideuniform blow-
ing (Fig. 2). The injection rate F varies from 0 to 10%. The rel-
ative accuracy of the injection rate measurement depends on two
parameters: the coolant � ow rate and the class of the plate. This
uncertainty is essentially caused by � uctuation of pressure in the

Table 1 Porous plates features

Mean diameter, l m Speci� c surface,
Type Metallic particles Pores m2/m3

Class 5 50 18 2375 § 375
Class 10 100 30 1250 § 250
Class 20 200 75 750 § 150

Fig. 1 Heated wind-tunnel setup.

Fig. 2 Measurement con� guration within the test section.

injection plenum (around 20 Pa). So, a large coolant mass � ow rate
will induce an accuratemeasurement for F . Moreover, the pressure
inside the plenum is much lower for class 20 porous plate than for
class 10 or 5 plates. Finally, the relative inaccuracy of the injection
rate varies between 6.5% (for the lowest F ) and 2% (for F reach-
ing 10%) in the case of class 5 and 10 porous plate. In the case of
the class 20 plate, the accuracy is less satisfying, and relative errors
can reach 9.5% for low injection rates and 3% for the largest F .
Consequently, most of the study is performed with class 5 and 10
porous plate. Nevertheless, the class 20 plate is tested, and results
concerning this plate should be carefully interpreted, especially for
lowest injection rates (less than 1%).

The aerodynamic and thermal features of the bidimensional tur-
bulent boundary layer that is developed on the � oor of the test sec-
tion, in isothermal and nonisothermal conditions,with and without
injection and for a given main air� ow velocity (10 m/s), have been
determined in a previous study.17 The same con� guration will be
used in the present paper.

Threewindowsfor infrared(IR)measurementsof theporousplate
upper surface temperature are � tted within the test section roof. An
IR radiometer, moveable from one window to another, can record
thermal images of porous plate parts.

Wall Temperature Measurement Methods
A nonintrusive method based on IR thermography was devel-

oped to measure the porous plate wall temperature � eld. It prevents
some blocking of the secondary � ow in the porous plate and any
disturbance to the main � ow.

Measurement with an IR Radiometer

Considering1) the walls within the test section are opaque(Pyrex
for the lateral walls, which is opaque in the IR wavelength range,
aluminum for the roof and the � oor, and sintered stainless steel
for the porous plate), 2) the transparency of air for IR radiation,
3) the diffuse and gray behavior of the surfaces, 4) the uniformity
of the surface temperatures, so that they can be characterized by
a uniform radiosity Ji , the net radiative heat qi for the surface Si

is

qi = Si[e i / (1 ¡ e i )] r T 4
i ¡ Ji (1)

with

Ji = e i r T 4
i + (1 ¡ e i )

n

j = 1

J j Fi j

The radiative heat receivedby the radiometer, located above the test
section (Fig. 2), from the porous plate is
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U rad = Sw e wn r T 4
w +

j

(1 ¡ e wn)Fwj J j s (1bis)

where s is the transmissivityof the IR window (s ¼ 1) and Fwj is the
form factor between the porous plate and the wall j in the test sec-
tion. The porous plate re� ects this radiation toward the radiometer
with a re� ectivity equal to 1 ¡ e wn because its transmissivityequals
0. The normal emissivity e wn has been determined by Lopes et al.18

and is equal to 0.85 in the radiometer wavelength range 2.5–5 l m
with the temperature range 20–220±C for the class 10 plate. The
� rst term within the brackets represents the radiation of the porous
plate, and the second term represents the different test section wall
radiation re� ected by the porous plate.

After introducing the emissivity e wn, the temperature measured
by the radiometer will be T 0

w such that

U rad / Sw = e wn r [T 0
w ]4 (2)

The unknown temperature Tw and the measured temperature T 0
w can

be linked by the factor f de� ned as

e wn r [T 0
w ]4 = f e wn r T 4

w (3)

then

f =
T 0

w

Tw

4

= 1 + j (1 ¡ e wn)Fwj J j

e wn r T 4
w

with s = 1 (4)

When blowing occurs through a porous plate whose emissivity
is different from 1 (as with our porous plates), f strongly depends
on the temperature difference Ti ¡ Tw . The temperature difference
varies with the injection rate F and is variable along the porous
plate. Unless the porous plate is a black body ( f equals 1), it is
very dif� cult to estimate the local factor f . Its in� uence grows as
e wn is smaller. Moreover, some aspect variationsof the porous plate
surface can change the value of e wn over rather large ranges. There-
fore, this method was given up for the determination of the actual
temperature� eld. Only qualitativeresultshavebeen obtained.Ther-
mal images of the porous plate, recorded for several blowing and
main � ow temperature conditions, show that the temperature � eld
is monodimensional, with only streamwise variablility. Moreover,
measurementsmade with the radiometer and linked with other mea-
surements of the porous plate temperature will permit validationof
the heat transfer calculation.

Measurement with Welded Thermocouples

To prevent the secondary � ow in the porous plate from being
blocked and to limit the in� uence of the test section wall radia-
tion, very thin thermocouples are welded on the upper surface of
the porous plate. They are made of two plaited 0.1-mm-diam wires
(one in chromel, the other in alumel). Type K thermocouples can
withstandtemperatureshigher than 250±C, and the accuracyof mea-
surements is §1 K. Thermal images of the porous plate recorded
by the radiometer revealed a monodimensional and nonlinear wall
temperature � eld when blowing occurs. As a result, we have welded
eight thermocouples along the longitudinal line. Figure 3 presents

Fig. 3 Thermocouples location on the porous plate.

Fig. 4 Thermal image of the porous plate central part with a welded
thermocouple.

the locations of the thermocouplesalong the plate surface. The � rst
and eighth thermocouples are located on the blocked area.

Thermal images of the porous plate recorded for several blowing
and main � ow temperature conditions show that these thermocou-
pleshaveno in� uenceon the temperature� eld.An exampleis shown
in Fig. 4. This thermal image of the porous plate central part, ob-
tained for a main � ow temperature of 200±C and an injection rate of
1%, revealsa quasi-uniformtemperature� eld. Except on the bound-
ary of the circular area (perturbation caused by the IR window) and
along the thermocouple wires located in the main � ow above the
porous plate, the wall temperature gradients are at most 4 K. The
weld spot does not affect the temperature � eld.

Experimental Results
Temperature of the Porous Plate

In the � rst experiment the porous plate class is 10, the velocityof
the main � ow is equal to 10 m/s, and its temperature is 250±C. The
objective is to determine the temperatureof the plate at the different
locations given by Fig. 3 and to analyze the temperature evolution
at different injection rates.

When theplate is not subjectedto blowing,its temperatureis equal
to 224±C. After applying injection, the temperature decreases, as
shown in Fig. 5. The temperature of the plate is plotted for injection
rates varying from 0 to 10%.

The differencein temperaturebetween the � rst thermocouple(not
submitted to blowing) and the mediumthermocouple(the sixth ther-
mocouple) increases with the injection rate until F =2.3%. Then,
at higher injection rates the difference is reduced. At the highest
injection rates (around 10%) the plate temperature drops to 34±C.
The area located between x1 =19 and 38 cm is isothermal for all
injection rates. Thermal protection is very uniform in this part of
the plate.

The difference of temperature, between the � rst thermocouple
and a thermocouplesubmitted to blowing, revealsa maximumvalue
when F varies.This maximum can be correlated to the criticalinjec-
tion rate, that is, the rate producing the boundary-layerblow off.19

Plotting the difference of temperature between the � rst thermocou-
ple and the four following thermocouplesas a functionof F (Fig. 6)
demonstrates that the blowoff starts at the isothermal region of the
plate before propagating along the plate. A small increase of the
injection rate above the critical rate of the isothermal region (from
2.3 to 2.7%) leads to a blowoff of the whole of the blowing area.

Even when F is greaterthan the critical rate, the plate temperature
always decreases with the injection rate. This is because the plate is
only subjected to the radiation of the hot walls of the wind tunnel.
The porous plate is only cooled by internal convection assuming
that there is a thermal solid-�uid desequilibrium inside the porous
medium.

In� uence of the Temperature of the Main Flow

To compare the ef� ciency of the protection process for different
temperaturesof the main � ow, we de� ne the ef� ciency g by

g =
Te ¡ Tw

Te ¡ Tinj

(5)

The main � ow temperature varies from 100 to 250±C, whereas
the injected � uid has a temperature of about 25±C. To calculate the



526 BELLETTRE ET AL.

Fig. 5 Wall temperature � eld for several injection rates (Te = 250±C, class 10).

Fig. 6 Temperature differences between the upstream thermocouple and the four subsequent ones vs injection rate.
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ef� ciency, the temperature of the plate is measured at the middle of
the porous plate (x1 = 25 cm).

Figure 7 presents the evolution of the ef� ciency as a function of
the injection rate for the different temperatures. All of the curves
reach the same level of ef� ciency (97%) for high injection rates.
However, the injection rate to reach this level is larger for higher
main � ow temperature.

The blowoff of the thermal boundary layer appears for a higher
injection rate when the main � ow is warmer. This phenomenon can
be seen in Fig. 8, where the difference of temperatures, between
the � rst thermocouple and the middle thermocouple (x1 =25 cm),
is plotted as a function of the injection rate for different main � ow
temperatures.This fact agrees with the results obtained by blowing
with different species8; the denser the injected gas is (compared
to main � ow density), the less ef� cient the blowing effect is. The
rates corresponding to the blow off (1.8 to 2.3%) are smaller than
the rates corresponding to the ef� ciency stabilization (3 to 5%).
Consequently, the differences observed in Fig. 7 cannot only be
explained by the evolution of the critical rate with the temperature.
These differences are also caused by the radiation on the plate. For
a warmer � ow the radiation of the hot walls is more important. To

Fig. 7 Cooling ef� ciency vs injection rate for several main � ow temperatures.

Fig. 8 Temperature difference between the upstream thermocouple and the middle one vs injection rate for several main � ow temperatures.

reach the same ef� ciency, a greater cooling of the plate by internal
convection is needed.

In� uence of the Porous Media Class

Three different porous media classes are studied for a main � ow
temperature of 250±C. This temperature corresponds to the case
where the exchanged heat � uxes are the largest. The observation
has been made that the critical rate is not signi� cantly affected by
the class of the porous media at the middle of the plate. In the three
cases it remains equal around 2.3% (Ref. 19). Figure 9 shows that
the cooling of the porous plate is improved when the size of the
pores is small. Furthermore, the differenceof temperaturesbetween
classes 5 and 10 is larger than that between classes 10 and 20. This
must be caused by the evolutionof the internal exchange area of the
medium, in functionof the class. In fact a larger area helps the cool-
ing by internal convection.The differenceof speci� c areas between
the classes 5 and 10 is about twice as big as the difference between
classes10and20.This trendcorrespondsto thedifferenceof temper-
atures that we observed experimentally, although the measurement
of class 20 must be analyzed with care because of the important
uncertaintyfor the lowest injection rate. For high injection rates the
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Fig. 9 Temperature at the middle of the porous plate vs injection rate for three different classes.

three curves of temperatures reach the same plateau, corresponding
to an ef� ciency of 97 § 1%.

The presentexperimentaldeterminationof wall temperaturespro-
tected by effusion showed that, for different levels of temperature
and for different classes of media, a high ef� ciency (around 97%)
has been obtained. The process of blowing permits excellent pro-
tection of the porous walls. Nevertheless, a large injection rate is
necessary to get optimal cooling. To quantify the heat transfer be-
tween the porous media and its environment, a numerical study is
now performed.

Numerical Study of Heat Transfer
Heat transfer inside a porous plate is calculated with the use of

two models. The � rst one is a model of turbulent boundary layers
subjected to injection. This � rst model can predict the convective
heat transfer coef� cient between the main � ow and the porous plate
as a function of the injection rate. The main � ow is simulated with
the � nite volumemethod. The chosen turbulencemodel is the renor-
malization group (k– e ) model. Blowing through the porous plate is
modeled with a discrete succession of pores and solid particles.
Details of this � rst model can be found in Belletre et al.15,16 The nu-
merical results of the convectiveheat transfer on the upper side of a
porous plate are used in the second model, which calculatesthe heat
transferwithin the porousmedia. Moreover, the radiationtoward the
surface of the porous wall is taken into account, using the boundary
conditionsof this secondmodel. This new model is herebydescribed
in detail and is used to calculate the porous plates temperatures.

Modeling Assumptions

In the modeling of the internal heat transfer, the solid and � uid
phases are separated (Fig. 10). Each phase has its own boundary
conditions on both sides of the porous wall and the heat exchange
between the two phases occurs convectively. The model considers
the isothermal region of the porous plate (see experimental data) so
that the model domain can be reduced to a simple coupled pore-
solid element (Fig. 10). The nodal method is used for the present
numerical modeling, and details concerning this numerical method
can be found in Bellettre et al.20

In the solid elementheat transfer is conductive.A thermal contact
resistanceis introducedbetween nodes to obtain the equivalentther-

Fig. 10 Heat transfer modeling near and inside the porous wall.

mal conductivity of the solid matrix (given by Koh and Fortini21 ).
Conduction inside the solid particle, in the x1 direction, is calcu-
lated by taking into account the size of the solid element (between
50 and 200 l m). In the � uid phase heat exchange is conductiveand
convective. The heat � ux carried by the � uid movement is calcu-
latedwith a linear interpolationof the temperature� eld between two
nodes.

Finally, the heat exchange between the solid and � uid phases is
calculated according to relation (6), where h int is the average heat
transfer coef� cient per unit of porous media volume:

U conv = hintV D Tsf (6)

Boundary conditions on the upper side of porous plates are the
following:incidentheat � uxes are receivedonly by the solidelement
of the porouswalls.Convectiveheat transfercoef� cient is calculated
with the turbulent boundary-layer model15,16 and the net radiation
� uxes by relation (1). The present radiation calculation permits us
to take into account the multiple re� exions that occur in our test
section. The measured values of hot surface temperatures (lateral
glasses and upper side of the wind tunnel) are included in relation
(1) so that there is only one unknown (the porous plate temperature)
in this relation. On the upper surface of a pore, a convective and
radiative heat � ux equal to zero is imposed.

Under the porous wall air temperature is imposed (equal to the
temperature that is measured 1 mm under the plate). Heat losses
of the solid elements toward the injection plenum are the sum of
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the radiative heat transfer and convectiveheat transferwith cold air.
(The convective coef� cient is calculated with the thermal budget
for the porous plate without injectionand is supposed not to change
with injection.)

Numerical Method

The energy equation is solved for each node in transient state
using explicit method. The node temperature at t + dt is calculated
as a function of the temperature obtained at time t .

Works concerningheat transfer inside porous media submitted to
blowing are numerous.1 ¡ 4 However, because of the complexity of
the porous media geometry, no universal experimental correlation
for the internal heat transfer coef� cient h int exists. The internal heat
transfer coef� cient is then an unknown parameter of this study. Cal-
culated and measured porous plate solid element temperatures are
compared, and the internal coef� cients are deduced by � tting both
temperatures.

Preliminary Results

A possible validation of the radiative heat transfer calculation
consists in comparingthe porousplate temperaturesmeasuredby IR

Fig. 11 Wall temperatures measured by thermocouples, by the IR radiometer, and recalculated temperature.

Fig. 12 Convective and radiative incident heat � uxes on the wall (Te = 250±C, class 20).

thermographyand thecalculatedtemperature.Knowing the realwall
temperature (i.e., measured by the thermocouples), it is possible to
calculate the radiosityof the plate Jw . Furthermore, the temperature
given by the IR radiometer can be estimated by considering that Jw

is only the emitted radiation:

Jw = e wn r T 4
w +

j

(1 ¡ e wn)Fwj J j ´ e wn r T 0 4
w (7)

Comparison between the recalculated temperatures T 0
w and mea-

surements in the middle of the porous wall is shown on Fig. 11
for a main � ow temperature of 200±C. We can see that the gap be-
tween thermocouplesand IR radiometer measurements is correctly
estimated by the present radiation calculation. For high injection
rates (when only radiative heat � uxes occur on the porous plate),
a discrepancy of 20 K is obtained between measurements by IR
radiometer and recalculated temperatures. Otherwise, a 20 K vari-
ation of the actual temperature of the porous plate can generate a
15% variationof the porous media net radiativeheat � ux. This order
of magnitude of the accuracy of the radiativeheat � uxes calculation
is important for the determination of the uncertainty in our � nal
results.
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Results
Incident heat � uxes on the upper surface of the porous plate are

calculated for an injection rate varying from 0 to 10% (Fig. 12).
The convective heat transfer between the main � ow and the porous
wall decreases with the injection rate and reaches a zero value for F
around 2%. This injection rate corresponds to the critical injection
rate, measured for a 250±C main � ow temperature (about 2.3%; see
Fig. 8). The radiation received by the wall increases with the de-
crease of the surface temperature. For low injection rates (F < 1%)
the porous wall temperature is higher than those of the other sides
of the test section so that the incident radiative � ux is negative.

By � tting the calculated and the measured temperatures of the
porous-wall solid elements, we calculate the temperaturegradients,
between both sides of the solid elements, between the inlet and

Fig. 13 Internal temperature gap between solid and � uid phases (Te = 250±C, class 5).

Fig. 14 Effect of the internal heat transfer coef� cient decrease on the wall temperature.

the outlet of a pore, and between the solid and � uid phases. In
this way, the convective heat transfer inside the porous media is
determined.

We can see a very large temperature gap between the solid phase
and the � uid phase in the middle of the porous wall thickness
(Fig. 13). By comparison with the calculated vertical temperature
gradient (respectively about 3 K for the solid phase and about 20 K
for the � uid phase), we can conclude that only a few nodes inside
the plate are required for internal heat transfer calculation. These
� rst results were obtained with only two nodes in each phase. A
study of sensitivitywith the number of nodes (from one to three per
phase) shows that the internal temperature gap is modi� ed by only
1 K (Ref. 19). Consequently, the initial number of nodes is kept
constant for the following calculations.
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Fig. 15 Nusselt number obtained for rate for different porous plate classes and several main � ow temperatures.

Another interesting aspect of this study is the in� uence of the
internal exchange surface of the porous media on the cooling of the
plate. Experimentally, a signi� cant gap (its maximum is 15 K) is
found between the temperature measured at x1 = 25 cm for class 5
and 10 plates (cf. Fig. 9). The class 10 plate has a smaller internal
surface than the one of class 5 (cf. Table 1). Taking into account
the uncertainties in speci� c surfaces, the ratio of the class 5 speci� c
surface over the class 10 one is comprisedbetween 0.36 and 0.75. A
sensitivitystudyis numericallyperformedin order to see theeffectof
a decrease of the internal volumetric heat transfer coef� cient on the
solid element temperaturein the case of the class 5 porousplate.The
obtained variation of the temperature is similar to the experimental
gap as it can be observed in Fig. 14. This result is performed by a
decrease of h int by the same order of magnitude (i.e., 35%) than the
reduction of the speci� c surface between class 5 and 10 plates.

Internal heat transfercoef� cients are determined for the values of
injection rates, main � ow temperatures and internal exchange sur-
faces of porous media, chosen in the experimentalpart of this study.
In Fig. 15 the obtained Nusselt numbers are plotted as a function of
Reynolds numbers. The different curves overlap, showing a good
modelingof the effectsof the main � ow temperatureand the internal
exchange surface of porous media. Using all of the results of the
� tting of the model with the experimentaldata, Nusselt numbers are
correlated as a function of Reynolds numbers. The Prandtl number
does not vary enough in this study to have a signi� cant effect on
Nusselt number. It is integratedas a constant of the correlation.The
following correlation is obtained:

Nu = 0.037Re (8)

The accuracies obtained for the Reynolds number exponent and
for the constant value are estimated taking into account all of the
uncertainties (injection rate measurement or radiation calculation
accuracies). They are respectively 10 and 20%. Our results are
close to those of Kar3 who found a linear variation of the Nusselt
number with the Reynolds number for stainless-steelporous media
but for Reynolds number a little bit higher than ours: Nu/Pr1/ 3 =
0.0056Re1.06 § 0.15 , for Re ¸ 0.8.

Conclusions
Sintered-stainless-steel porousplatecoolingby injectionhasbeen

studied experimentally.The effects of the injection rate, of the main

� ow temperature, and of the porous media speci� c surfaces have
been observed. Wall temperatures have been measured by thermo-
couples. Infrared thermography has been used to estimate the im-
portance of the radiation and of the multiple re� exions within the
test section. The experiments have shown a high ef� ciency of this
coolingprocess (about 97%). Because of the radiativeheat transfer,
a large injection rate (about 5%) is required to reach such an ef� -
ciency. The results of the heat transfer modeling, inside the porous
plate and in its vicinity, have shown that a large temperaturegap oc-
curs between the � uid phase and the solid phase. The � tting of the
model with the experimental data permitted us to obtain numerous
values of internal heat transfer coef� cients. Finally, a correlation
linking Nusselt numbers to Reynolds numbers is obtained.

To improve the thermal protection of walls, different means are
possible.We could increase the internal coolingby choosingporous
media with higher internal exchange surfaces. It is also possible to
use an absorbing gas as coolant (CO2 for example) to reduce the
incident radiative heat � ux. However, a good choice is liquid tran-
spiration because heat quantity absorbed by liquid vaporization is
generally very high.
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