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ABSTRACT

A non-isothermal channel flow generated by a porous wall
has been investigated expermmentally. Mean flow proper-
ties and statistics are obtained by analysing instantaneous
measurements of the velocity field (2D Particle Image
Velocimetry) and the temperature field (cold wire ther-
mometer). The choice of a porous matenial which generates
pseudoturbulence has permitted to obtain a turbulent flow.
Experimental data are compared with computational results
mcluding axial mean velocity profiles and turbulent stresses
and a good agreement 1s obtamned for these quantities.

Kevwords: blowing, turbulent channel flow, heat transfer,
Particle Image Velocimetry. cold wire thermometer

INTRODUCTION

Flows induced only by blowing through permeable walls
have been the subject of many 1sothermal studies due to
their importance m various engineenng applications. These
mclude for examples flow filtration process [1] or diffuse
separation of gaseous isotopes [2]. There are many geome-
tries found in the literature which model the combustion in
solid propellant rocket motors with a porous wall through
which fluid 1s normally injected [3.4]. This type of channel
flow presents some charactenstics quite different from that
observed m a pipe or in a boundary layer flow with imper-
meable walls. The parietal injection involves m particular
the curve of the streamlines. It 1s also an accelerated flow
which evolves significantly according to the distance from
the center of the channel [5.6]. Analvtical solutions of the
laminar, steady, mcompressible and two-dimensional chan-
nel flow generated by a parietal injection have been inves-
tigated by several authors [1-3]. These solutions are rather
close to numerical and experimental results before a cniti-
cal turbulence threshold implies a transition process of the
mean axial velocity. The transition behavior of the velocity
field has been numencally investigated by several authors
[3-11].

In this paper, we present experiments realized in an
anisothermal channel with a porous wall. The experimental
set-up permits to investigate the behavior of mean and fluc-

tuating fields of velocity and temperature and to compare
results with computations based on RANS simulations.

EXPERIMENTAL FACILITIES

Test channel

The main components of the experimental apparatus are
schematically shown in figure 1. A more complete descrip-
tion of the experimental set-up is available in [12]. Ambi-
ent air 15 mjected mto the channel through a 495 =« 200 =
3 mm® porous plate, made of sintered-stainless-steel, 30 %
porosity and 30 pm average pore diameter. A 150 mm box
fitted under the porous plate 1s designed to deliver an uni-
form mjection through it. The channel 1s limited on its two
lateral sides by windows in order to permit optical measure-
ments and the roof of the test section consists of an heated
stainless steel foil (50 pm thickness). The channel height e
1s equal to 10 mm gving a lenght to height ratio of 50. The
main control parameter of the dynamic flow 1s a transverse
Reynolds number, Fe;,, based on the injection velocity V7,
and the height e of the channel ; experiments conducted for
94 <0 Re;p, < 220 are presented in this paper. The order of
magnitide of the mean temperature difference between the
upper wall and the injected air is 45 °(C".
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Figure 1
Experimental set-up
Techniques measurements

The instantaneous velocity fields are measured in the (z—y)
plane at different downstream locations and for different
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Respn with a bidimensional Particle Image Velocimetry (Cf
figure 2). The mam characteristics of the system used are:

s The seeding particles are micron-sized o1l dropplets.
e The acquisition rate is equal to 10 Hz.

e 500 mstantaneous fields are used to calculate the
mean velocity profiles and statistics.

s The size of the smallest interrogation area are 32 = 32
prxels which corresponds approximately to 55 pm.
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Figure 2
Prnciple of PIV measurement

The instantaneous temperature 1s measured by a cold pla-
tinmm wire thermometer with a diameter equal to 1 pm.
The probe resistance is about 49 {2 and the current intensity
through the wire 1s near 0.1 m.A. In the range of temper-
ature used. the response of the wire is a linear function of
fluid temperature. Different measurements made near the
head end of the channel have been realized.

RESULTS

Instantaneous velocity field

Charactenistic mstantaneous velocity field captured in the
(z — y) plane is presented in figure 3. A large turbulence
level 1s observed and this phenomenon can be explained by
the porous matenial characteristics. A microscopic obser-
vation of a sintered staimnless steel matenial reveals highly
random pore configuration which produces spatial veloc-
ity vanations (called pseudoturbulence). Previous studies
[13, 14] showed that the flow through this type of porous
medivm seemed to coalesce into large scale jets which af-

fect the flow behavior.

Figure 3
Instantaneous velocity field for Re;,, = 189

Velocity profiles

Figure 4 and 5 show mean streamwise velocity profile and
BMS velocity normalized by the bulk velocity at /e = 41
and for He;, = 94. A comparison with simulations based
on a Reynolds Stress Model is presented. Details about the
numerical approach and the model of turbulence used are
presented in the following reference [11]. In most cases, 1t
1s difficult to sumulate the geometric details of the porous
material surface. Therefore, the porous wall 1s often re-
placed by an equivalent material through which the fiow 1s
imjected with uniform properties (velocity, temperature,...).
For the numerical results presented in this paper, the mjec-
tion 1s modelled by using additional sources at the porous
wall in the resolved equations. A constant source of normal
velocity fluctuations characterized by a dimensionless co-
1'-;'.r:

mal velocity fluctuations at the exit of the porous surface 1s
added.

In this section of the channel, we observe that the velocity
profile tends to a symetrical profile which 1s more character-
1stic of a developed channel flow bounded by impermeable
walls. The results obtained for various Revnolds numbers
(not presented in this paper) confirm these results and show
that the maximum velocity still approaches the higher wall
when the Reynolds number of mjection increases.
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Figure 4

Mean velocity profiles for Re;, = 9d and x/e = 41
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The development of turbulence (figure 5) occurs at two lo-
cations, near the impermeable and the porous walls. The
turbulent profile obtained with numerical simulation 1s very
near the experimental one. The general shape and the level
of the RMS profiles are especially well reproduced with nu-
merical model.
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Figure 5
RMS velocity profiles for He;,, = 94 and z /e = 41

Temperature profiles

Figure 6 and 7 present mean and RMS temperature profiles
at r /e = 41 for different Reynolds number between 94 and
220. In order to compare the varous cases, 1t 15 necessary
to present results normalized by the temperature difference
mmposed between the two walls. The evaluation of the in-
jected temperature was carried out by extrapolation of the
temperature profiles. As the temperature variation is almost
null close to the porous wall, this estimate seems correct.
Moreover the confrontation of this value with that obtained
thanks to a thermocouple positioned m the injected box 1s
conclusive. The same method was applied for the temper-
ature of the higher wall. In this case, one probably slightly
underestimates the temperature vanation and thus the wall
temperature.
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In all cases. the lower part of the channel (including be-
tween y/e = 0 and y/e = 0.5) is characterized by an uni-
form mean temperature, very near to the temperature of the
arr imjected. When the Reynolds number of mjection in-
creases, this zone extends; 1n other words, the thickness of
thermal boundary layer decreases with the increase of Fe;,,.
We noticed a peak of fluctuations near the higher wall
Apart from this peak, the levels of temperature fluctuations
are very low and represent the noise levels of measurement.
All the curves present a peak of fluctuations of sinular inten-
sity. Only the width of the peak decreases with the increase
in the Revnolds number of injection.
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Figure 6

Mean temperature profiles at x /e = 41 for different e,
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Figure 7

RMS temperature profiles at x /e = 41 for different Fe,,

In order to complete these results, we present on figure 8
and 9 an assessment of the spectral densities of tempera-
ture at /e = 41 for two different Re;,. Three positions
defined by y/e = 0.8, 0.9 and 0.965. being in the ther-
mal boundary laver, were represented. Spectral densities
were normalized by the variance of the temperature fluctu-
attons in order to be able to compare the various senes of
measurements characterized by different varations mn tem-
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perature from one wall with the other. The spectral densi-
ties traced in the thermal boundarv laver are rather similar:
we observe a plate in the very low frequencies and a cut-off
frequency which decreases with the Reynolds number of m-
jection. The behavior of the spectral densities when the fre-
quency increases shows a rather fast decrease of the spectral
densities, on which are superimposed amplified frequency
bands.
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Figure 8
Spectral densities of temperature for Re;,, = 94
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Figure 9

Spectral densities of temperature for Re;, = 220

CONCLUSIONS

The experimental set-up of an anisothermal channel flow
generated by a porous injection with high-level of pseudo-
turbulence permits to observe a turbulent flow development.
The effect of the injection Reynolds number on velocity and
temperature profiles has been studied.

The comparison of the aerodynamic and thermal fields ob-
tained with two types of porous materials, being character-
1zed by their porous matrix and by the pore size will permat
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to highlight the impact of the microstructure of porous ma-
terial on the flow development.

References

[1] G.I. Taylor “Fluid Flow in Regions Bounded by Porous
Surfaces, Proceedings of the Roval Society of London™,
Series 234A 1199, pp. 456-475 (1956).

[2] A. Berman “Laminar Flow in Channels with Porous
Walls™, Journal of Applied Physics, 24(9) (1953).

[3] EE.C. Culick “Rotational Axisvmmetric Mean Flow
and Damping of Acoustic Waves in Solid Propellant
Rocket Motors™, ATAA Journal, 4(8), pp. 1462-1464
(1966).

[4] R. Dunlap, P.G. Willoughby and R W. Hermsen “Flow-
field m the Combustion of a Solid Propellant Rocket
Motor”, AIAA Journal, 12(12). pp. 1440-1442 (1974).

[3] RA Beddmi “Imgjection-induced Flows in Porous-
walled Ducts”, ATAA Journal, 24{11). pp. 1766-1773
(1986).

[6] C. Fournier, F. Bataille and M. Michard, “Transition
Characteristics of Flowfield i a non-isothermal Duct
with Wall Injection”, Proceedings of 4t" International
Conference on Computational Heat and Mass Transfer,
R. Bennacer et al , eds_, Tec & Doc, Pans, 2. pp. 899-
904 (2005).

[7] J.C. Traineau, P. Hervat and P. Kuentzmann “Cold-flow
Simulation of a two-dimensional Nozzleless Solid-
rocket Motor”, ATAA Paper 1986-1447 (1986).

[8] TM. Liou, WY Lien and PW. Hwang “Transition
Characteristics of Flowfield m a Simulated Solid-
rocket Motor™, J. Propulsion Power. 14(3). pp. 282-289
(1998).

[9] B. Chaouat “Numerical Predictions of Channel Flows
with Fluid Injection using Reynolds-Stress Model™, I.
Propulsion Power, 18(2), pp. 293-303 (2002).

[10] S. Apte and V. Yang “Large Eddy Sumulation of In-
ternal Flowfield in Porous Chamber with Surface Mass
Injection”, ATAA Paper 2000-0709 (2000).

[11] C. Fournier, M. Michard and F. Bataille “Numerical
Simulations of a Confined Channel Flow driven by non
Isothermal Wall Injection”. Progress in Computational
Fluid Dynamics, vol. 6 (1-3), pp. 129-136 (2006)

[12] C. Fournier “Study of Heat and Mass Transfer in a
Channel Flow Generated by Blowing through a Porous
Wall”, Ph.D. thesis, National Institut of Applied Sci-
ences, France, (2003).

[13] YP. Yeh “Injection-induced Flow from Porous
Medium in cold-flow Simulation of Solid Rocket Mo-
tors” ASME/SAE/ASEE 30" Joint Propulsion Confer-
ence and Exhibit. pp. 1-10 (1994)

[14] N. Ramachandran, J. Heaman and A Smith “An
Experimental Study of the Fluid Mechanics associated
with Porous Walls™ 30" Aerospace Sciences Meeting
and Exhibit (1992)

92



