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Abstract

The study of a turbulent boundary layer submitted to injection through a porous plate is investigated. Using a classical
model of turbulence for the main flow, the physical phenomena linked to the blowing are modeled considering the
porous plate as a discrete succession of pores and solid elements. The main flow can have a temperature different from
that of the injected fluid and both dynamic and thermal aspects have been considered. The results have been compared
with results from the literature and with experimental measurements, showing a good agreement. An important decrease
in the friction factor with the injection rate has been observed. Furthermore, the heat transfer coefficient decrease is very
significant. © 1999 Elsevier Science Ltd. All rights reserved.

Nomenclature x spatial coordinate [m]
A van Driest constant (4 = 26) y* dimensionless coordinate y* = pU*x,/u.
B blowing factor (B = F/St)
B; blowing factor (B; = 2F/C)) Greek symbols
C; friction factor(Cy/2 = 1,/p. U?) A enthalpy thickness
¢, specific heat [J kg™' K] A= [ (U [pUr)(T—T)T—T.) dx, [m]
friction constant (£ = 9.8 for a smooth wall) 0, Kronecker symbol
F injection rate (F =(pU,),/(pU)).) ¢ turbulent kinetic energy dissipation rate [m? s~
H enthalpy (mean value) [J kg~'] 0 momentum thickness
h  convective heat transfer coefficient [W m—2 K '] 0 =[5 (pU,/pUi)[1 —(U,/U,)]ldx; [m]
I’ enthalpy fluctuation x Von Karmann constant (x = 0.44)
I turbulence intensity /4 thermal conductivity [Wm~' K ']
k turbulent kinetic energy [m?s~?] u  dynamic viscosity [kg m~' s7]
P pressure [Pa] v kinematic viscosity [m*s™']
p hole diameter [m] p density [kg m
Pr Prandtl number (Pr = pc,/A) g, turbulent Prandtl number
g convective heat flux [W m™?] T shear stress [Pa].
Re; Reynolds number (Re, = pU,.L/u)
St Stanton number (St = h/pU,.c,) Subscripts
T temperature [K] 0 without blowing
U velocity (mean value) [m s™'] 1 longitudinal direction
u’ velocity fluctuation [m s~'] 2 vertical direction
U* friction velocity (U* = /1,/p) [m s™!] e main flow
V*, dimensionless vertical velocity (V = U,,/U*) i,j i, jdirections
[ms™'] mol molecular
p close to the wall (i.e. at the first node)
t turbulent
* Corresponding author. w on the wall.
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1. Introduction

A turbulent boundary layer submitted to blowing has
been the subject of various studies and remains one of
the most interesting problems in fluid dynamics and heat
transfer. The experimental approaches of Moffat and
Kays [1], Simpson et al. [2], Baker and Launder [3] and
Romanenko and Kharchenko [4] have given important
information and understanding on this topic. Further-
more, the works of Simpson [5], Stevenson [6] or Silva-
Feire [7], have permitted the establishment of the modi-
fied law of the wall or law of the wake for taking the
injection into account. We can also cite the works of
Kays [8] and Landis and Mills [9] for modified mixing-
length models and the modelisation at low Reynolds
numbers with surface heat and mass transfer by So and
Yoo [10] and Campolina Franca [11-14].

The main application of blowing is the protection of
surfaces such as the nozzle of rocket engines, which are
exposed to high temperatures. Other processes have been
studied like film cooling [15] or discrete injection [16] for
which the surface is a perforated solid (one or several
holes) and the coolant fluid flows on the wall surface. We
can also envisage the ablation process with a thermally
degradable solid added on the wall, that is then protected
by the solid sublimation. Nevertheless, problems linked
to an important mass flow of coolant fluid to obtain a
good efficiency or to a need of periodically renewing of
the protector solid, lead to the consideration of blowing
as a simple and efficient way to prevent surfaces being
exposed to high temperatures. Cooling using blowing
does not present these disadvantages and is considered
as the most efficient way. In this case, the wall to be
protected is made of a porous material and a cold fluid
is injected through it.

In this study, we are interested in the numerical aspect
of a turbulent boundary layer linked to fluid transfer
coming from the porous plate. The configuration of the
problem is illustrated in Fig. 1.

Air flows within a 0.2 m high channel at a steady state.

The floor is first constituted of an impermeable wall (1.30
m), then of a porous plate (30 cm) where the cold air is
injected. The main flow has a longitudinal velocity, U,
equal to 10 m's~' and the longitudinal turbulent intensity,
I, is 1%. The Reynolds number is high enough so that
the boundary layer is turbulent before the porous plate.
Furthermore, the boundary layer of the developing tur-
bulent flow is two-dimensional. We note x, the longi-
tudinal coordinate and x, the vertical one (the origin
being in the bottom left corner of the channel).

The governing equations of the problem and the
numerical method are described. Then, the modeling of
the blowing is proposed. Finally, results for cases at ambi-
ent temperature, with temperature differences (between
the main flow and the injected one) and with different
injection rate are presented and discussed.

2. Governing equations and numerical method
2.1. Equations

The governing equations are the continuity, momen-
tum and energy ones where the Reynolds decomposition
is applied (decomposition into an average and a fluc-
tuating part). The flow is an ideal gas and there is no
gravity effect. Following these procedures, the mean flow
equations are given by equations (1)—(3):

opU;
0x; =0 M
0 (YUU) = oP 0 ou;, ou;
0x; PUL) = 78x,-+8x,‘ # 0x; + 0x;

20U, —

3# ox, _P“iu/> )
0 o (,0T 0, — oP
aTC/_(PU/H) = o, <}67x/>_ 8Tc,-(pu’h)+ U’?vc, 3)

where U, H and P are the mean values of velocity,

INLET § -

U, =10m/s

I=1%

02m . OUTLET

Porous plate

—

Cooling gas inlet

Fig. 1. Studied configuration.
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enthalpy and pressure, u” and /4’ the velocity and enthalpy
fluctuations, p the fluid density, u the dynamic viscosity
and / the thermal conductivity. In these equations, u and
A are temperature dependent and p follows the ideal gas
law (the fluid density varies from 0.95 to 1.2 kg m ).

The aim of this study is not to develop a new model of
turbulence with injection but to use a classical model of
turbulence and to model the injection. In a first time, we
consider two classical models of turbulence: the standard
k—e model and the Renormalisation Group k— model
(RNG k—¢). As the objective is not to describe these
models, only the main part and the useful equations will
be given by the following. More information and details
can be found in [17, 18]. These two models will be tested
by comparing with experimental data, and the most
adapted model for our case will be kept.

2.1.1. Standard k—e model [17]
The turbulent Reynolds stresses appearing in the main
flow equations are modeled using a turbulent viscosity v,:

- ou;, oU; 2 v,
u,’-u}:—m( L+ ’>+ —0,+ kb

ox;  ox; ) 3 ox;
and
— ﬁ@cPT
= a, 0x;

with ¢, = 0.7 (turbulent Prandtl number). v, is deter-
mined by k, the turbulent kinetic energy and e, the dis-
sipation rate of k, according to the relation (4):

kz
v, = C“ 4)
with C, = 0.09.

Furthermore, k and ¢ are obtained from the solution
of their respective transport model (equations (5) and
(6)):
dpUk) 0 <pvl 6k> <0U, 0U>oU
— =5 | — 5 Vy +

ox;  0x;\ oy Ox, ox;  0x; ) Ox

—pe

©)

6(pUj8)_i pvlﬁ € U, oU\dU,
ox;  0x;\ o, 0x; +C€|kpvl ax, | ox; ) ox;

J J

82

e ©

witho,=13,0,=1.0,C, =1.44and C, = 1.92.

2.1.2. Renormalisation Group k—¢ model

The RNG k—¢ model extends the prediction of the
turbulent viscosity. The assumptions and the improve-
ment of this model can be found in Yakhot and Orszag
[18]. Several versions of the RNG k- have been
developed and an overview of the differences between the
RNG k—¢ models can be found in Zhou et al. [19]. In this

work, we used the recent development of Yakhot and
Orszag [19] where the resulting equations are the fol-
lowing:

0(pUik 0 0k oU;, oU\aU;
(li /): |:°‘AP‘Lffa :|+PH< + /> -

0x; 0x; 0x;  0x; ) 0x;
(M
dpUg) 0 O
3x,- - axl o‘x:p»eff ax/
P oU;, oU\OU; &’
+C£]%pvt (ax/ + (3)6,)5‘6 7CI:ZPE7R (8)

with

C, kY v\
Vett = Vol 1+ = = Vol 1+ ‘
Vol \/E Vol

(Vmol being the molecular kinetic viscosity), C, = 0.0845,
C,,=1.42 and C,, = 1.68. o, and «, are the inverse tur-
bulent Prandtl numbers for k£ and ¢. In the high Reynolds
domain o, = o, = 1.39. At last,

31
C.pn (1 4-38>82

1400127 Kk
with n = Sk/e, where S is the modulus of the tensor S,

o 1o au,
) 6x,»+6x,<'

2.2. Boundary conditions

In the k—¢ and RNG k—¢ models, the near wall effect is
taken into account by the Launder and Spalding log-
arithmic-law of the wall, equation (9), used under con-
dition of equilibrium [20]:

U 1

= + +

U Kln(Ey ) forll.2 <y* <100 9)
and where

U* = %" — Cllt,'4kll)s2

7,, 18 the wall shear stress, « is the von-Karman’s constant,
E is an empirical constant set equal to 9.8 (smooth wall)
and

pU*x,  pCltk)x,

1 J '

k,, the near wall value of k (i.e. at the first node of the
grid), is determined by solving, in the wall-adjacent cell,
the transport equation for k (equations (5) or (7)) with
a zero normal gradient assumed at the wall for boundary
condition.

The boundary condition for ¢ (¢,) is given by the equi-
librium assumption (production and dissipation of tur-

+:

¥
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bulent kinetic energy are equal) implying relation (10) at
the first node of the grid:

Cil'k
gy =——7" 10)

KXo,

(x5, being the nearest wall point in vertical coordinate).

For the thermal boundary conditions on the wall, the
Launder and Spalding [20] logarithmic-law of the wall,
equation (11) is used:

pe,ATC,*ky)? gy
q Tk

o, \'"* w4 A\'? [ Pr
+“"<E> sin(n/4)<E> <?,,_1> an

where ¢ is heat transfer at the wall, AT = T,,—T,, Pr the
fluid Prandtl number, ¢, the turbulent Prandtl number
(0.85 near the wall) and 4 the van Driest constant
(A = 26). T, can be either fixed or calculated according
external heat transfer boundary conditions.

In(Ey™)

2.3. Numerical method

The numerical procedure is based on a finite volume
approach with quadrilateral control volumes and struc-
tured meshes. The diffusion terms are discretized accord-
ing to a central difference method and the convective
terms using a power law scheme [21]. Pressure velocity
coupling is calculated with the SIMPLE cell-centered
scheme [21]. The discrete algebraic equations are solved
using a line-by-line tri-diagonal matrix [22].

The grid is cartesian and several resolutions have been
tested. In the longitudinal direction, the grid is linear and
different tests showed that the results are independent of
the cell lengths (between 5 and 50 mm). In the vertical
direction the grid can be either linear or with a geo-
metrical progression. It has been observed that the
numerical results are independent of the grid kind and of
the vertical space step (included between 0.75 and 3 mm)
for a linear grid. It can be noticed that the laws of the
wall, equations (9) and (11), are used only for the first
point over the wall. This point is always fixed in order to
remain in the validity domain of the laws without going
in the laminar sublayer (y* > 11.2).

Furthermore, the convergence of the results are tested
according to two criteria. First, all the normalized
residuals must be less than 10~* knowing that the nor-
malization of the residuals is calculated in function of the
mean value of the considered variable at each iteration
[22]. Secondly, supplementary iterations do not change
the calculation results (the evolution is less than 0.5%).

2.4. Choice of the turbulence model

In order to select the most adapted model to our
geometry and to validate our numerical method, we

tested the k—& and RNG models to simulate the turbulent
flow before the porous plate, in the configuration showed
in Fig. 1. The objective is to see the differences between
these two models in our case without injection even if,
for such a classical flow, the two models results should
be very close. We will use the turbulence model to rep-
resent the turbulent flow and to separately model the
blowing.

2.4.1. Velocity profiles and friction factors

The comparisons are done, for the velocities, with
experimental data from the test channel of our labora-
tory, the velocities being measured by laser Doppler
Anemometry [23]. The boundary conditions at the chan-
nel inlet are uniform U, fixed at 10 m s~', uniform & and
¢ deduced from the turbulence intensity (k = 0.015 m?
s~?and ¢ = 0.03 m* s°). The longitudinal velocity U, as
a function of x,, is represented in Fig. 2 for a Reynolds
number Re,, = 856000, corresponding to x;, = 1.25 m.
We can observe that the RNG calculations and exper-
imental data match very well. The standard k—¢ model
gives rather accurate results but its curve cuts across the
experimental one. According to this first result, the RNG
model seems to be a bit more adapted than the k—¢ one.

Furthermore, we are interested in the friction factor
which is defined by relation (12):
Co_ o (12)

2 pue

For the standard k—¢ and RNG k—¢ models coupled with
the law of the wall, the skin coefficient is determined using
the semi-empirical relation under equilibrium condition
[20].

vr= [ = v =y, [P [So,
w # P ¢ pW 2

In Fig. 3, we plot the friction factor in function of the
Re,,, in a range of variation from 4.5 x 10°-8.5 x 10°. This
friction factor is compared to the Blasius correlation (13)
confirmed by Moffat and Kays [1] and Romanenko and
Kharchenko [4] experiments:

% = aRe;** with a=0.0295 (13)

We can see that the results given by the RNG k—¢
model are very close to the Blasius correlation. As in the
first test, the standard k—¢ model gives close results (about
5% lower). We can suppose that the discrepancy is only
a consequence of a different value of the C, constant and
k, calculation. The RNG k—¢ model seems to be the most
adapted to our study and will be retained in the following.
Nevertheless, we tested this model including heat transfer
phenomena and for results obtained with integral cor-
relations.
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Fig. 2. Experimental and calculated velocities without injection.
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Fig. 3. Friction factor with Re,, between 4.5 x 10° and 8.5 x 10°.
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Fig. 4. Stanton number with Re,, between 4 x 10° and 8 x 10°.

2.4.2. Heat transfer

We tested the RNG k—¢ model for the thermal transfers
between a hot turbulent boundary layer and the imper-
meable wall. The flow has a temperature of 45°C and the
wall temperature is fixed to 35°C. Moffat and Kays [1]
results, in terms of convective heat flux, are correlated by
the relation (14):

q

pecp Ule(Te - Tw)

In Fig. 4, the results, obtained with this correlation
and the simulation using the RNG k—¢ model where the
flux is calculated according the relation (11)—%k, being
computed with equation (7)—are given. We can observe
that the results are in very good agreement and that the
RNG k— model always seems to be adapted.

St = 0.0295Re "2 Pr—"4 (14)

2.4.3. Comparisons model—integral correlations

Furthermore, as we will use integral correlations, we
compared the friction factor and the Stanton number
calculated by RNG k—¢ model and by integral corre-
lations.

For the friction factor, we involve the correlation tak-
ing into account the Reynolds number based on the
momentum thickness. Simpson et al. [2] proposed the

relation (15) and Andersen et al. [24], the relation (16).
The coefficients of these two correlations have been
experimentally determined. Nevertheless, the results of
Simpson et al. [2] seem to be too high according to Squire
[25]:

Co

5 = aRe; **°, witha = 0.013 (15)

with @ = 0.012 (16)

The comparison between these correlations and the
results obtained with the RNG k—¢ model, at ambient
temperature, are shown in Fig. 5. In the RNG k—¢ case,
the friction factor has been determined according to the
relation (12), where the wall shear stress is computed
under condition of equilibrium. In the integral cor-
relations cases, the Reynolds number has been calculated
by integrating the numerical profile of longitudinal vel-
ocity in the boundary layer. We can notice that the results
of Andersen’s correlation are very close to our model.

In the same way, we calculate the convective heat flux
between the hot flow and the wall using the Reynolds
number based on the enthalpy thickness. Whitten et al.
[26] propose the relation (17), obtained for a weak tem-
perature difference between the main flow and the wall:
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Ree
Fig. 5. Friction factor with Re, between 800 and 1600.
Sty =0.0128 Rey 25 pr—0-5 17) supplementary empirical law in order to take into

We can see in Fig. 6 that the results of the RNG k—¢
model (the flux being calculated according the relation
(11)) are in good agreement with the relation (17), where
the enthalpy thickness is calculated by integrating the
velocity and temperature profiles in the boundary layer.

According to all these results without blowing, the
RNG k—¢ model seems to be very well adapted to our
flow configuration. In the framework of our study, we
could test other models for the turbulent flows [27] but
it is not the objective of this work. In the following,
we will use the RNG k—¢ model for the main flow and
investigate the study of the turbulent boundary layer with
blowing.

3. Modeling of the blowing through the porous plate

In order to model the fluid injection through the porous
plate, we analyze the phenomenon, to which the turbulent
boundary layer is submitted, as a succession of wall shear
stress and injected fluid source.

In opposition to other authors [5-7, 11] who take into
account the injection by modifying the modelisation of
the flow (wall law or introduction of constants in a low
Reynolds model), we choose to model the physical
phenomenon that occurs when there is injection through
a porous plate. This method permits the avoidance of a

account the injection.

For this modeling, we represented the porous plate by
a two-dimensional succession of two different kinds of
elements. The first is assimilated to a wall which is gov-
erned by a classical law of the wall, the second is con-
sidered as a source from which a fluid quantity comes.
This fluid is laminar, at a given velocity and temperature,
and follows the classical law of a laminar motion. The
boundary conditions for the hole are fixed temperature
and vertical velocity (U,); k and ¢ are equal to zero. The
acceleration of the fluid, inside the porous plate, has been
taken into account in the calculation of the boundary
condition on the vertical velocity (U, at the pore exit is
determined by considering the fluid mass flow and the
cross section inside the plate).

Consequently, the boundary layer submitted to blow-
ing results in the mixing of two flows (main flow plus
laminar flow injection). The source fluid modifies the
main flow by bringing a given mass and a given heat
quantity, that is transported by convection and conduc-
tion. At the same time, this mixing is submitted to the
shear stress.

Different element succession ratios have been tested.
The first configuration is an alternated succession of the
two elements in a proportion of one third of holes and
two thirds of wall (Fig. 7). These proportions have been
chosen in order to be as close as possible to the porosity
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Fig. 6. Stanton number with Re, between 1000 and 1800.

Main flow

Shear stress
on solid element

Pore
Blowing

Fig. 7. Model of porous plate model.

of the porous plate used in our test channel [23] (around
30% porosity). The following results will be given in
this configuration but the influence of the proportion is
investigated in Section 4.2.4.

The discretisation step (length of a hole) has been fixed
to 2.5 mm. However, we studied the sensibility of the
hole size, knowing that the real porous plate has holes of
30 um of diameter and is three-dimensional. For a range
size varying from 1 to 5 mm, we could observe that the
calculations were not affected. In this range, the effects
due to the wall and to the injection through the pores are
independent of the discretisation step under the condition

of keeping a constant porosity and a constant injected
mass flow.

In order to illustrate the effects of the wall shear stress
and of the holes, we plotted in Fig. 8 the longitudinal
velocity profile obtained, at x, = 1.56 m, with only wall
(no injection, characterizing only the friction) and with
only pores (constant vertical velocity on all the length
and longitudinal velocity equal to zero). These two pro-
files are compared with experimental results obtained
with injection. It clearly appears that the two phenomena
influence the boundary layer and that they both need to
be taken into account in the model.
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Fig. 8. Velocities in near the end of porous plate (x, = 1.56 m).
4. Results U,,
Ve = iR

4.1. Study of the flow with injection at the same tem-
perature

Using the RNG k—¢ model and the model of the injec-
tion through a porous plate, we consider the case of an
injection rate of 1%, the main flow and the injected fluid
being at the same temperature.

We are first interested in the longitudinal velocity and
in the friction factor. The results obtained are compared
with our experimental results [23] and with different
results of the literature. We can observe in Fig. 9 that the
velocity profile, as a function of x., is very affected by the
injection and that the boundary layer thickness increases
by about 50%. We can note that our results are in very
good agreement with the experimental results before the
injection and in the injection region (i.e. at the end of the
porous plate).

In Fig. 10, the dimensionless velocity is plotted and
compared to the law of the wall with injection of Simpson
[5] (equation (18)):

2 Ul 0.5 1 7+
il + 21 _ +10.5 | _ =
Vx[(l—i—Vw U*> (1+11V) (7

with

(18)

U,, being the vertical velocity at the wall and U* is
deduced from relation (19).

The experimental and RNG curves are closed the one
to the other and Simpson’s law of the wall is respected
for 30 < y* < 100, which corresponds to the validity
domain of this law [5].

Concerning the friction factor, C;, we calculate C;
before injection and in the injection region (i.e. near the
end of the porous plate, x; = 1.56 m) using the Simpson
et al. [2] correlation (19) where Cj, is determined by the
Andersen et al. relation (16).

ol [m(l +B)
Cro Re, B,

with By = 2F/C;and for 0.2 < 14 B; < 65.

The momentum thickness 6 is evaluated by discrete
integration of the experimental or numerical data. The
blowing factor B; in the injection region is 23 i.e. in the
middle of the interval of validity. Table 1 shows all the
friction factor calculations (for both regions, the left
column calculations are done with the experimental vel-
ocities and the right with the calculated ones).

The differences between the friction factors calculated
with experimental or RNG k—¢ data are less than 5% in
both regions. The comparison between friction factors

0.7
} , with injection (19)
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Fig. 9. Longitudinal velocities before (x, = 1.25 m) and in the injection region (x; = 1.56 m).
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—— RNGk-¢
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100 1000
+
Y

Fig. 10. Dimensionless velocity profile in the injection region.

with and without injection confirms the fact that the
friction factor decreases much with injection.

4.2. Study of the flow with injection at different tem-
peratures

In this part, we increase the temperature of the main
flow to 45 and 100°C. The mass flow of cold gas through

the porous plate is equal to that of the ambient case. The
temperatures of the injected gas and of the solid element
of the porous plate are supposed to be equal (hypothesis
of thermal equilibrium between fluid and solid at the exit
of the porous plate). The value of this temperature is
given by experimental measurement [23] and is equal to
31°C for a main flow temperature of 45°C, and to 45°C
for a main flow temperature of 100°C. The temperature
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Table 1
Friction factor (x 1000)

Before injection

In the injection region

(x; = 1.25m) (x; = 1.56 m)

Experimental RNG k—¢ Experimental RNG k—¢

data calculations data calculations
Relation (19) 1.87 1.82 0.42 0.40

of the impermeable plate before the injection region is
calculated taking into account the heat transfer with the
external medium.

4.2.1. Velocity profiles

Longitudinal velocity profiles before injection and in
the injection region are calculated and compared to
experimental data [11, 23]. The results for temperatures
of 45 or 100°C are the same as in the ambient case (Fig.
9).

4.2.2. Temperature profiles

The thermal boundary layers before injection and in
the injection region (at the end of the porous plate) are
plotted in Fig. 11 respectively for main flow temperatures
of 45 and 100°C. The discrepancies between RNG k—¢
calculations and experimental data is weak. As in the

T (K)

dynamic boundary layer, the thermal boundary layer
increases a lot with injection and therefore heat transfer
is reduced and the plate is protected.

4.2.3. Friction factors and Stanton numbers

For both configurations, friction factors and Stanton
numbers are calculated in the injection region. Friction
factors are determined using the Simpson et al. cor-
relation (equation (19)). Stanton numbers are calculated
according to the Whitten et al. [26] correlation (equation
(20)), where St, is defined by relation (17):

_ [ln(l +B)
Re, B

st
St

:| ' (1+B)*2s (20)

with B = F/St.
The enthalpy thickness, A, is evaluated by a discrete

Te=100 °C

A exp. data in the injection region

a exp. data before injection

—RNG k-¢

40 50 60 70 80

X, (mm)

Fig. 11. Thermal boundary layer for 45 and 100°C main flow temperatures.



2916 J. Bellettre et al. | Int. J. Heat Mass Transfer 42 (1999) 2905-2920

Table 2

Friction factors and Stanton numbers in the injection region, x, = 1.56 m (x 1000)

Ambient temperature 45°C 100°C

Experimental RNG Experimental RNG Experimental RNG

data results data results data results
Cf/2 0.42 0.40 0.39 0.38 0.39 0.38
St — — 0.28 0.29 0.29 0.27

integration of experimental or numerical data. We can
note that the case at 45°C corresponds to the exper-
imental conditions of Whitten et al. [26]. At 100°C, it is
possible to use the same relation (20).

Table 2 gives friction factors and Stanton numbers for
the different main flow temperatures at the end of the
porous plate. Calculations are performed using exper-
imental data (left column) or RNG results (right
column). The differences between friction factors or Stan-
ton numbers calculated with experimental or RNG data
are less than 5%.

4.2.4. Effect of the porosity

In this part, we study the influence of the proportion
between holes and walls. In all previous results, we took
two third of wall and one third of holes in order to
respect the value of the porous plate porosity (30%).
Nevertheless, it was important to check out if the results
are influenced by the chosen proportion.

We tested different ratios of wall equal to 1/4, 1/2, 2/3
(keeping a constant injected flow) and we compared the
cases both for the velocity and for the temperature
profiles. We can see in Figs 12 and 13 that the dynamic
boundary layer is not modified for the values varying
from 1/4 to 1/2 (even if the chosen value of 1/3 for our
complete study seems to be well adapted to the exper-
imental study [11, 23]). However, the value of 2/3 weakly
modifies the velocity profile. Concerning the temperature
profile (main flow temperature at 100°C), the same tend-
ency is observed: weak discrepancy for ratio comprised
between 1/4 and 1/2 but a difference is noted for a ratio
equal to 2/3. Consequently, we can conclude that the
proportion between holes and walls does not need to be
very precisely determined but has an influence if it is very
different from the porous plate actual porosity. If the
ratio between blowing and shear stress varies in a large
scale, the boundary layers will be affected (cf. Fig. 8 for
the limits of 0 and 100% porosity).

4.2.5. Effect of the injection rate

In this part, we evaluate the effect of the injection rate,
F. This study is done for the ambient case, and for main
flow temperatures equal to 45 and 100°C.

The evolution of the friction factor (calculated accord-
ing the relation (19)) as a function of the injection rate is
shown in Fig. 14. A classical decrease in the friction factor
with the injection rate is found and we can note that
these results are close to experimental data [3, 24, 28].
Comparisons are made for equivalent boundary layer
configurations, i.e. experimental Reynolds numbers
based on momentum thickness are equal to those of our
simulations.

For the 45°C case, calculated Stanton numbers, for
different injection rates, are close to the experimental data
of Whitten et al. [26] for equivalent enthalpy thickness
Reynolds numbers (Fig. 15). Consequently, these results
allow to conclude that our blowing model, for different
injection rates, is always valid. The deduced convective
heat transfer coefficients between the porous plate and
the main flow show that, for an injection rate of 1%, the
coefficient is reduced by more that 80%, showing the
good efficiency of this kind of protection.

In the 100°C case, dimensionless velocity profiles are
given in Fig. 16. For the heat transfer aspect, comparable
conclusions are made: the thermal protection is very
efficient for an injection rate of 1% (for this value, the
decrease in the heat transfer coefficient reaches 85% of
the value without blowing—Fig. 17). Nevertheless, it is
interesting to notice that the blow off of the thermal
boundary layer, corresponding to a Stanton number
equal to zero, will appear for a slightly higher injection
rate.

5. Conclusions

Starting from a classical model of turbulence (RNG
k—e) and modeling the physical phenomena linked to
blowing numerical simulations of turbulent fluid flowing
on a porous plate submitted to blowing have been suc-
cessfully carried out. The main flow can have a tem-
perature different to that of the injected fluid and both
dynamic and thermal aspects have been considered. The
obtained results have been compared with the literature
and experimental measurements, showing a good agree-
ment. An important increase in the turbulent boundary
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Fig. 12. Effect of porosity on the dynamic boundary layer in the injection region.
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Fig. 13. Effect of porosity on the thermal boundary layer in the injection region.
layer, and an important decrease in the friction factor This model of turbulent boundary layer submitted to
have been observed. Furthermore, a reduction of the blowing will be linked to a model of heat transfer inside
temperature near the wall has been pointed out and the the porous plate [29] in order to study all the phenomena

decrease in the heat transfer coefficient is very significant. existing in the blowing cooling.
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Fig. 17. Convective heat transfer coefficient for different injection rates (main flow temperature 100°C).
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