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ABSTRACT

In this paper the results of experimental tests on turbulent boundary layer on a
plate with air blowing through permeable porous wall are presented. Tests
were performed in an aerodynamic tunnel varying the blowing rate within the
range of 0 to 2.5% of the air flow velocity in the tunnel, using thermo-
anemometers of constant temperature. It has been determined that the blowing
increases the boundary layer thickness and strongly transforms the boundary
layer inner part and turbulent nucleus, while the outer part remains not
deformed. An increase in blowing causes an abrupt viscous stress decrease,
also decreasing skin friction. Thick boundary layers (up to 120 mm) allowed a
profound analysis of Reynolds' turbulent stresses. It has been found a general
distribution of turbulent stress in the turbulent layer which is independent of
blowing velocity. It has been established for the turbulent characteristics that
the determining coordinate is the relative horizontal velocity, not the distance
from the wall. With a turbulent stress database obtained from turbulent stresses
direct measurements, it has been proposed a flow model for boundary layer on
a permeable porous plate. It has also been demonstrated that in high blowing
conditions the horizontal velocity profile in the boundary layer becomes equal
to the velocity profile in a plane jet.

Keywords: turbulent boundary layer, Reynolds' turbulent stresses, air
blowing.

NOMENCLATURE p porous material
t turbulent
w wall
A coefficient for Eq. (14) o free stream conditions
a, b, c d e coefficients for Eq. (10) 1 perpendicular to the sheet horizontal axis
E thermo-anemometer output (voltage), V /] parallel to the sheet horizontal axis
e Linearized thermo-anemometer floating v viscous
output (voltage), V o T friction dynamic
K alcohql micro-manometer inclination 0 parameter without blowing
coefficient
k., k,,k, (I;ge)at transfer related coefficients, Egs. (5) Superseript
V4 Mixed length, m . . .
Pa — d1me1‘1§1onl.ess average value or relative
4 pressure, velocities with respect to U.,
P porosity, Eq. (1) N vector
R, Correlation coefficient
Re Reynolds number based on plate length
u',v',w' turbulent velocity components, m s~
uv average velocity horizontal and vertical INTRODUCTION
components, ms’
w resulting average velocity in direction z, ms” The injection or suction of a fluid through
X,z cartesian coordinates, m permeable walls aiming to control the boundary layer
development has captured the attention of scientists and
Greek symbols engineers for a fairly long time (e.g. Schlichting, 1960;

Jij linearization coefficient

S boundary layer thickness, m
4 argument for Eq. (15)

7 dynamic viscosity, N s m”
% dynamic viscosity, m’/s

P density, kg m’

T tangential stress, Pa

4

angle between the velocity vector and the wall,’

Subscripts
c stainless steel
max maximum
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Kays, 1972). Due to their high efficiency as boundary
layer control mechanisms, they are still of interest for
applications as well as for the characterization of the
physical mechanisms involved in boundary layer
development (Bushnell and Hefner, 1990; El-Hady, 1991;
Antonia and Zhu, 1995; Vilela-Mendes and Dente, 1997,
Bellettre etal., 1999a; Bataille

Some of the practical problems in which fluid
blowing is used are the thermal protection (“transpiration”
method) of surfaces exposed to high amounts of enthalpy
flows (gas turbine blades, combustion chamber walls and
other rocket engine parts), the superficial friction decrease
of airplanes, ships and wings and the lift increase of
aircraft (e.g. Silva Freire et al., 1995; Bellettre, et. al.,
1997; Rodetetal., 1997.; Bellettre et al., 1999b).
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In case of thermal protection, the establishment of a
transpiration flow through permeable wall allows the wall
temperature control at a specific level to keep it working
safely (e.g., Bellettre et al., 1999b; Bellettre et al., 2000;
Polyakov et al., 2001). Previous studies have shown
significant skin-friction reductions at the permeable wall
(e.g., Hahn and Choi, 2002). The economic performance of
this method depends on the way the transpiration flow is
supplied to the surface. The most economic method seems
to be the one in which the transpiration flow is supplied
through a porous wall.

Even if one considers the simplest conditions
(isothermal boundary layer, no horizontal pressure
gradient, uniform blowing, etc.) the turbulent boundary
layer equations system is not closed due to lack of
knowledge about Reynolds' turbulent stresses. To close the
system of equations several hypotheses are considered that
generally set a correlation between the Reynolds' turbulent
stresses and average horizontal velocity on the boundary
layer. However, among hundreds of hypotheses, it has not
been found a general one that would fit to the whole
boundary layer and this is the reason experimental research
on turbulent boundary layer properties is indispensable.
Measurement methods of Reynolds' turbulent stress in the
boundary layer (laser anemometers and hot wire) have
faced difficulties related to boundary layers low thickness,
high velocity gradients near wall and wall presence
influence.

Turbulent stresses exert a major influence on the
average velocity profile in the boundary layer formation.
Measurements data taken in the boundary layer on a
impermeable sheet support the existence of a turbulent
stress maximum near the wall. The decrease of turbulent
stress on the boundary layer outer part was studied by
several authors (e.g., Schwarz et al., 2002), but their
“behavior” towards the wall is yet to be defined (e.g.,
Metzger et al., 2001). However, it is known fluid blowing
in the boundary layer, through permeable wall reduces
abruptly the velocity gradient near the wall and leads to an
enlargement of the low velocity values zone, which allows
the researcher to study profoundly the essence of
formation and development of turbulent stresses in the
vicinities of the wall.

The development of a theory on boundary layer
control using fluid blowing through porous walls, the
elaboration of precise mathematical models, and the
numerical simulation of flows in the turbulent boundary
layer require profound knowledge of energy and mass
turbulent transport phenomena. The present paper main
objective is to study theoretically and experimentally
turbulent boundary layer transformation patterns on
porous planes aiming to develop a general correlation for
turbulent stresses in closed analytical form.

EXPERIMENTAL MODEL, FLOW PARAMETER
AND EQUIPMENTS

The model is a plate 0f2.53 m total length and 0.4 m
width. The plate consisted of a front impermeable segment
of 1 m, a porous permeable segment of 1.03 m and a rear
segment of 0.5 m. The front segment length was designed
to assure a developed turbulent boundary layer in the
beginning of the permeable segment, Re ~6.5x10° , and
the rear segment length was calculated to avoid the
influence of separation of the boundary layer on the porous
segment.
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The porous sheet was manufactured by a hot
forming process in vacuum media using stainless steel
meshes. The porous sheet thickness was 7.75 mm, the
porosity 11.8 %. The porous diameter average value was
15 um. Air blowing was measured by means of a micro
flow rate meter based on a thermo-anemometer. Air
blowing variation was within 10 %. In the middle of the
plate, where measurements were taken, air blowing
variation was within 5 %.

The porosity of the plate material was calculated
by:

P= M (1)
P.

where p_ isthe stainless steel density from which the grid
wires were made, kg/m’, and P, is the porous material
density, kg/m’.

The experimental research was performed in a
subsonic A-10 aerodynamic tunnel, equipped with an
Eiffel chamber at Moscow High Technical School Named
Bauman, MHTS, Russia. The experimental rig is shown
schematically in Fig. 1. The tunnel is made from wood and
the Eiffel chamber from steel. A flow straightener was
placed at the tunnel entrance, consisting of a cells
arrangement (honeycomb) to make the flow as uniform as
possible. The nozzle area reduction was reduced around 15
times. The test chamber consisted of a regular octagon with
distances among walls of 800 mm and length of 1750 mm.
The air flow was created with a 12-blade fan place at the
diffuser outlet. The fan was powered by an alternate
current electric motor. The electromagnetic glove was used
to control the fan speed. To avoid the influence on fan
speed from casual electric voltage and temperature
variation, an electronic control system with a tachometer
and reaction coupling was implemented. During the
experimental runs, with the help of that system, the fan
speed was kept constant, to insure a constant air speed in
the test chamber.

The air flow parameters were as follows: air free
stream velocity U, =10 m/s ( 0.5 %); turbulence rate at
nozzle exit 0.5 %; at diffuser entrance 0.7 %; air
temperature ~20°C; pressure gradient in the test chamber
was. % ~

dx

The insufflated air velocity through the porous wall
had seven discrete values V,=0 (no blowing); 0.05; 0.1;
0.142, 0.18; 0.212 and 0.243 m/s, where: V,, - normal
velocity component, the subscript w indicates a parameter
value at the wall. The experimental conditions were
isothermal, since both the tunnel and the transpiration air
had the same temperature.

The measurements of the boundary layer
parameters were performed using experimental equipment
made in Denmark by the company DISA.

honeycomb Eiffel chamber diffuser motor

| |
oL )

nozze electromagnetic
glove

Figure 1. Experimental rig schematic diagram (model
and wind tunnel).
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The following devices were utilized: 4 thermo-
anemometers 55D01; 2 current linearizers 55D10 (to
obtain a thermo-anemometer linear output); filters 55D25;
DC voltmeters 55D30; AC voltmeters 55D35; 1 analog
correlation coefficient meter 55A06; 1 wind tunnel
55D41/42 for the calibration of the thermo-anemometers
wires; 4 hot wire transducers 55A22, with wire length and
diameter of 1.2 mm and 0.005 mm, respectively (it was
made from tungsten and covered with a platinum layer to
prevent corrosion.), and 2 “X” shaped hot wire transducers
55A38, with length and diameter of 1 mm and 0.005 mm,
respectively. The frequency response of the system is of
400kHz.

In order to perform the measurements and to
produce velocity turbulent components oscillograms, the
following devices were utilized: a summer and subtraction
block, a 20-channel electromagnetic recorder with
frequency modulation, manufactured by URAN, for the
continuous recording and data treatment of measured
parameters, a 2-channel cathodic oscilloscope C1-19B
with a photo camera, and alcohol micro-manometers with
an inclination coefficientk=0.05.

To move the transducers in the boundary layer a
special coordinating mechanism with remote control was
used. The mechanism had two degrees of freedom for
vertical translation (along the vertical axis y and around it).
The linear and angular bias limits were 0.01 mm and 0.1°,
respectively. The transducer distance from the wall to the
plate was measured with an optic cathetometer with a bias
limit 0f 0.001 mm and focal distance of 650 mm.

METHODOLOGY
Average velocity components determination

In the boundary layer on the porous permeable plate, with
blowing, an accentuated curvature in the streamlines is
observed. Right on the wall, the velocity vector W, is
driven by the wall surface normal vector and its magnitude
is numerically equal to the blowing velocity V, because at
the wall W, = V_. As the distance from the wall increases
the streamlines bend and the angle between the velocity
vector and the wall, ¢ , diminishes. At the external edge of
the boundary layer, the velocity vertical component is null,
V.=0 and the velocity becomes equal to the free stream
velocity, W = U, (the infinity subscript is used to indicate a
parameter outside the boundary layer). To calculate the
velocity horizontal and vertical components U(y) and V(y)
is therefore necessary to know W(y).

To decompose the velocity vector into components
U and V a special methodology was devised (Vlassov,
1975, 2002). The phenomenon of heat transfer variation
between the thermo-anemometer wire and the air as a
function of the wire position with respect to the velocity
vector W was used. The thermo-anemometer wire was
calibrated in a special air tunnel as a function of the
velocity variation and the angle . Based on the calibration
results, a graph was drawn, E = f(W,p) , where: E - thermo-
anemometer output (voltage), in Volts.

During the test, the sensor was mounted at a point in
the boundary layer at two positions, as shown in Fig. 2:
position a) perpendicular to the sheet horizontal axis x;
position b) parallel to the same axis. Two values from the
thermo-anemometer were recorded E and E . The values
of W and ¢ were determined using the calibration chart.
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The velocity vector components were calculated as
U=WcospandV=Wssing.

Turbulent stresses determination

The total tangential stress (shear) in the boundary
layer consists of viscous and turbulent stresses

T=T7,+T,=Uu——puy (2)
dy

where T is the total tangential stress; t, the viscous
tangential stress; t, the turbulent tangential stress; p the

dynamic viscosity; p density, and u'v' mean value of the
instantaneous product of the horizontal and vertical
turbulent components (corresponding to) of velocity.

Figure 2. Thermo anemometers positions: a)
perpendicular to the sheet horizontal axis x; b) parallel to
the same axis.

The viscous stresses 1, are determined from the
average horizontal velocity profile U in the boundary
layer and the turbulent stresses T, are a result of the inertial
interaction and non-linear velocity pulsations.

A well established method and tested in practice, of
turbulent stresses determination is based on the following
formula (Hinze, 1975)

T = pu'v'= pRu.v.\/u%\/v% 3)

where /2 is the intensity (dispersion) of the turbulent
horizontal component; /‘7 the intensity (dispersion) of

the turbulent vertical component,and R, acorrelation

coefficient.

A well known method of velocity turbulent
components measurement is based on the use of two
thermo-anemometers and one thermo-anemometric
transducer in cross, as shown in Fig. 3, which was
proposed by Hinze (1975). During the measurement of
velocity turbulent components urand vy it is generally
considered that the wires should be on a vertical plane x0y
and the transducer axis in cross should coincide with the
horizontal velocity component. In this case, the linearized
thermo-anemometer floating outputs are the following:

ev1 — % (u'+v') and 6'2 = % (u'—v') 4
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where €| and e are the linearized thermo-anemometer
floating outputs (voltage), in Volts, and 3 the linearization
coefficients.

The sum of e + e,is proportional to u, and the
difference is proportional to vf The values of \/u7 and
\/VT of Eq. (3). In the boundary layer, the correlation were
determined after separation of the components.

The turbulent stresses were then determined by
coefficient varied within the range —0.42 < R, <(00On
the wall, the velocity pulsations are null and the correlation
coefficient equals to zero, R, , = 0, while moving farther
from the wall, the correlation coefficient decreases to the
minimum value —0.42.

At the boundary layer external edge, it is equal to
zero. The negative sign of the correlation coefficient
indicates that the horizontal and vertical instantaneous
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mean values of the turbulent components vary contrarily.
The correlation coefficient measurements showed that it

. . . . =_U
varies only as a function of the relative velocity U = U

A blowing parameter is also defined as Vv = Uf . The
blowing intensity had a small influence on the correlation
coefficient. The turbulent boundary layer flow is
characterized by the average velocity vector W located
under a @ angle with respect to the transducer axis (the “X”
shaped thermo-anemometer 55A38 transducer axis is
parallel to the plane wall). The velocities field is
characterized by the average velocities U and V, and
turbulent components u , v and w corresponding to the
axesx,yandz, respectively, as it is shown in Fig. 3.

If the wires characteristics are linearized and their
sensibilities are equal, the cooling effective wire velocities
are determined by:

Figure 3. Positioning of two thermo-anemometers and one thermo-anemometric transducer 55A38 in cross (Hinze, 1975).

|- \/kf(U+u'+V+v')z +BE2U +u—V V) +kiw? (5)
|=
2

U] \/kf(U+u‘—V—v‘)2 +I U +u+V +v') +liw? (6)
=
2

In Equations (5) and (6), k, k, and k, are
coefficients that take into account the fluid flow and heat
transfer conditions close to the wire in directions x, y and z.
The numerical values of those coefficients depend on
several factors. Particularly, they depend on the wire
length-diameter relation, the velocity, dimensions and
needles shapes and wire supports. To determine the
numerical values of those coefficients, supplementary
wire calibrations were performed for different angles with
respect to the flow direction. Considering k,=1, for the
probe 55A38 and for flow velocities from 0 to 10 m/s, the
coefficients numerical values are approximately
determinedas k, ~ 0.25 and k, ~1.22.

Transforming Eqgs. (5) and (6) and taking the
pulsations sum and difference, »' and V', itis obtained:

u'+v':%(e{—k§e; V1+k§tg(%—@j (7)

u'-v'= %(eg —kje| Vl+k§ctg(%—(pj ®

Equations (7) and (8) transform into Eqgs. (4) when the
angle between the average velocity horizontal and vertical
components is zero, ¢ = 0 and k, << 1. Note that for
k=0.25, when e ~ e, and ¢ =0, the first Eq. (4) is correct
with an error of 1.62 %, and the second Eq. (4) has na error
0f4.46 %. Equations (7) and (8) allow for the evaluation of
the influence of the angle ¢ on the accuracy of the
measurement of the components ' and V', using Egs. (4).
As ¢ increases the accuracy of the first Eq. (4) decreases
and when ¢ =35° theerror increasesup to 5 %.

The accuracy of the second Eq. (4) behaves in an opposite
way, as ¢ increases, the accuracy increases, and when ¢ =
35° the error approaches 0 %. As the accuracy of one
decreases and of the other increases, the total accuracy
becomes almost constant, =5 %, and within the range
0 <@ <35°oes not depend on the angle ¢ . In the present
work, during the measurements of the boundary layer
turbulent characteristics in a section, the axis of the probe
55A38 was always in parallel to the wall, changing its
position in the axis y, and to determine the velocities
turbulent components, Eqs. (4) were used. The starting
distance from the probe 55A38 to the wall was measured
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using a cathetometer, as the distance from the wires
crossing to the wall. It is obvious that on the error in the
turbulent components measurements, the velocity gradient

”;_U still influences. The distance between needles

y
(supports) of a wire of the probe 55A38 is approximately
0.7 mm. In the present work, in the case of a boundary layer
without transpiration, in the interval 0<y <0.7 mm from the
wall, the relative velocity U varies from 0 at the wall up to
the value U= 0.6. Table 1 shows the measured values of U
in the section x = 700 mm from the start of the porous part
of the plate, at a distance y = 0.7 mm from the wall. The
data presented in Table 1 reveal that even at that small
distance from the wall, the velocity gradient abruptly
decreases as the blowing parameter increases. That fact
eliminates the influence of the velocity gradient “;_U on the
ly

turbulent components and increases the accuracy of their
measurements.

Table 1 Measured values of U atx =700 mm and y =

0.7 mm.
I7W 0 10.005] 0.01| 0.0142| 0.018 | 0.0212
U (m/s) 0.6 0.33 | 0.19] 0.06 0.02 0.01

Another measurement method of turbulent stresses
is to obtain directly the electric sign proportional to u X v=
1 1 . . .
g' and in the determination of the average value of .
u' Vv
For that, Eqgs. (4) were raised to the square power
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2
and the difference ¢ —e; =B74u'v' [or

9, 1

u'v'= 612 _ ef)] was determined. The instantaneous
2B°

product average value was then determined from the

readings of a DC voltmeter.

2 2
iy =a"< ©9)
2B

In the present study, both turbulent stresses
determination methods were used. The determination of T,
was accomplished through Egs. (3) and (4). The second
method determined t, = —pu'v' directly with Eq. (9). Both
methods showed similar results. The second one is
preferential because it does not require a coordinating
mechanism to evaluate the correlation coefficient.

RESULTS AND DISCUSSION

Average velocity profiles

Velocities profiles on a porous plate were measured
in 5 sections along the plate length: 100, 300, 500, 700 and
900 mm from the start of the permeable porous sector. In all
sections, it was detected a strong deformation of the
average velocities profiles caused by transpiration. In
Figure 4, the dimensionless average velocity horizontal
component profiles, U = f (y) ,are shown at a distance of

100 !
90 /

y [mm]
80 o
70 = —— 0= 17”,
. H//K‘ //A ' —h—0.005

"’ —e— 0.01
50 o X/«@//e/*/\( o014
" g | X '
o ¥ —o—0.018
40 7 ¥ /Q’
30 =2 V;;// T — // i g:g;lé
20 H/Xi;/)%//‘ X . j 7
10 B/z/ Z/S/X - p—4 j‘: 4 /
o EFTe X e LAy pam

0 0,1 0,2 0,3 0,4 0,5

0,6 0,7 0,8 0,9 1

Figure 4. Average horizontal velocity component profiles at x = 700 mm.
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0,14
0,12 |
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Figure 5. Horizontal velocity turbulent component intensity distribution with respect to
boundary layer thickness, for several values of the blowing parameter at x = 700 mm.

700 mm from the start of the porous sector of the plate. The
transpiration causes a rapid growth of the thickness of the
boundary layer, which by the end of the porous sector (x =
1030 mm) reached a thickness & = 130 mm (7, =0.0243).
The thickness of the boundary layer was determined
through the usual criterion & = y|7:O .

High boundary layer thicknesses induced by
blowing allowed for deeper instrumental investigations of
their properties. Note that the transpiration influence on the
thickness of the boundary layer exists not only on the
porous plate, but also in the leading and trailing edges of
the model.

As the transpiration increases, in the entire
boundary layer zone the deformation increases. As the
blowing velocity increases, the velocity gradient at the
wall, dU |

dy

abruptly decreases. In the internal boundary layer zone,
velocity profiles are formed with sections of constant
velocity gradients. It is observed that, in the external part of
the boundary layer, the velocity variation U = f (y) does
not depend on the blowing velocity. The thickness of the
boundary layer internal zone increases as x increases. The
influence of the blowing has an integral character as x
increases.

The measurements of the velocity profiles, U=1f(y),
close to the porous plate surface, showed that as the
blowing parameter, ¥, , increases, the viscous sub-layer
increases rapidly. At the viscous sub-layer, linear profiles
of the horizontal velocity component, U =f(y), continue to
exist. Under large values of the blowing parameter, the
thickness of the viscous sub-layer reached values of
several milimeters. The existence of a linear profile of the

velocity U at the wall allowed the determination of the

) dU - .
viscous stress, T, = L —— , and local frictionco efficients.
'y

Forseveral sections of the porous plate, and for all

investigated values of the blowing parameter, it was
determined that, at the viscous sub-layer, the linear
behavior of the profile of the horizontal velocity
component continues up to the value of the dimensionless

yU.

coordinate, y*==—2~5 where U, is the friction

dynamic velocity U, = v au
viscosity. dy

Velocity turbulent components

, and is the kinematic

In Figures 5 and 6, measurement results of the
velocity turbulent components are shown, horizontal

2

J and vertical e , respectively, as functions
U

o

of the boundary layer dimensionless thickness for different
values of the blowing parameter. In the impermeable plate
case, the measured results are in good agreement with
previous reported measurements (Klebanoff, 1968). It is
important to note that the horizontal pulsations have a
sharp maximum very close to the wall, while the vertical
component maximum is smoother and located a little
farther from the wall. From those observations it is
concluded that, in the turbulence generation zone, the
vortices shape is more elongated in the horizontal
direction. Moving away from the wall the velocity
components intensity becomes less anisotropic. The
transpiration greatly affects the turbulence distribution in
the boundary layer. The curves maxima of the pulsations
intensities become smoother and located even farther from
the wall. With large blowing values, the pulsations maxima

and —— are practically at the same distance from
U

U
the wall.

for
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Figures 7a and 7b show the oscillograms of the
horizontal and vertical components, u and v, as functions
of time. In the viscous sub-layer there is an intermittence
character, since the turbulent flow alternates with the
laminar flow. The intermittence zone increases as the
blowing velocity increases. The growth of the thickness of
the viscous sub-layer as the blowing velocity increases
causes the pulsations to have thecharacteristic frequency
of low pulsations, with large anisotropy

Vlassov, Vargas, Ordonez and Martins et al. Turbulent Stress Distribution ...

(Fig. 7a, y = 6.5 mm). It is possible to observe the same
effect in Fig. 7b, where oscillograms of the velocity
components are recorded at the same distance from the
porous wall, y = 1.5 mm, with respect to the variation of the
blowing velocity.

In the oscillograms, it is possible to observe that
near the wall, the air blowing in the boundary layer reduces
the amplitude and frequency of the pulsations.

=
.
Al

0.08

v 0.06
U,

0.04

0.02

0

_—

0 01 02 03 04 05 06 07 08 09 1 1.1 'y

Figure 6. Vertical velocity turbulent component intensity distribution with respect to boundary layer thickness, for several
values of the blowing parameter at x = 700 mm (same legend as in Fig. 5).

The anisotropy of the velocity turbulent
components is a direct result of the average velocity
gradient near the wall. The square-averaged values of the
velocity pulsations components \/u7 and /v could be
treated as square-average dispersions of the random
functions. Because of that, the ratio between the square-
averaged values of the velocity components pulsations

[ [ . .
Nu" and VV could be treated as an anisotropic

0.01s

v —p
u —p

y=71.5mm

y=21.5 mm

y=96.5 mm

u|2

coefficient, k= .The calculation of the anisotropic

vv2

coefficient showed that it varies from 2.2 near the wall,
down to 1 in the external part of the boundary layer.

Qualitatively, the anisotropy of the velocity
turbulent components, u' and V', is observed in Fig. 7a.
Near the wall, the amplitude of u' is always larger than of v'.

Moving to the external part of the boundary layer,
the velocity turbulent components become equal, and the
turbulence becomes isotropic.

y=111.5mm
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¥. =0, y=l5mm

u"”
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Figure 7. (a) Oscillograms of the horizontal

boundary layer thickness (x =700 mm, VW =0.0243,6 =98 mm); (b) Oscillograms of the horizontal

12

V. =001 v= 1.5 mm

and vertical

V, =0.0243, y=15mm

velocity turbulent components with respect to
U, _
12
u
and

o0

vertical velocity turbulent components for different values of the blowing parameter (x =700mm, y=1.5 mm)
0.5
04 Al A mA ’ﬂ =
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uv .
0.3 % ébA a
3@
o e
9 X X
0.2 X
:
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U

Figure 8. Correlation coefficient variation with respect to dimensionless average horizontal velocity at x = 700 mm
(same legend as in Fig. 5).

Turbulent stresses

The turbulent stresses were determined through Eq.
(3). The measurements of the correlation coefficient
showed that, in the boundary layer, independently of the
blowing parameter, V, , the variation was approximately
intherange —0.42 < R, <0. Itis assumed that, at the wall,
the velocity pulsations are null, and for the correlation
coefficient it was assigned the value zero, R, =0.Asthe
distance from the wall increases, the correlation
coefficient decreases from zero down to the minimum
value —0.42. In the external part of the boundary layer, the
correlation coefficient becomes zero again. The negative
sign of the correlation coefficient indicates that the
instantaneous values of the horizontal and vertical velocity
turbulent components almost always vary in anti-phase.

sign of the correlation coefficient indicates that the
instantaneous values of the horizontal and vertical velocity
turbulent components almost always vary in anti-phase.

Inall oscillograms shown in Figs 7a and 7b, it could
be seen that the components u' and v' are in anti-phase,
causing the negative sign of the correlation coefficient,
therefore the negative sign of the instantaneous product of
those components in the turbulent stresses. In the no
blowing case, the variation of the correlation coefficient is
in good agreement with the measurements of Klebanoff
(1968). As the blowing parameter increases, the curve
R, = f(y) narrows, keeping its minimum value
R, =-0.42 constant.

u
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Figure 9. Turbulent stresses distribution in the boundary layer at x = 700 mm (same legend as in Fig. 5).
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Figure 10. Oscillograms of the velocity turbulent components instantaneous product for different values of the blowing
parameter at x = 700 mm.

The measured data treatment of the correlation
coefficient showed that its variation, for all investigated
values of the blowing parameter in the present work,
depends only on one parameter, which is the dimensionless
horizontal velocity U. InFigure 8, itis shown the measured
values of the correlation coefficient as a function of the
dimensionless horizontal velocity, U , i.e., R..=fU)-
It is shown that the correlation coefficient varies only as a
function of the dimensionless velocity U, and the blowing
velocity almost caused no influence on the distribution of
the correlation coefficient in the boundary layer.

Traditionally, graphs of the turbulent stresses
distribution in the boundary layer are presented as
functions of the dimensionless vertical coordinate, since

u'v'= f(y), where y= 81 . In such coordinates, at the

wall and outside the boundary layer, the turbulent stresses
are zero.
Once the numerical values of the intensities of the

velocity ~ turbulent components \/;7 =f ()7)

=f ()7) and, and the distribution wa the correlation
U

coefficient in the boundary layer, R, = f(y), are

uv

which is directly proportional to the turbulent stresses. The
results of those calculations are graphically presented in
Fig.9.

, u'v' 2 A2
known, the instantaneous product — = R, YU NV,

In the no blowing conditions, the maximum of the
turbulent stresses is sharp and located near the wall, in the
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turbulent nucleus of the boundary layer. As the blowing
increases, the turbulent stresses maximum increases and
shifts away from the wall. Besides that effect, the turbulent
stresses maximum smoothens. In the present work, at the
highest blowing parameter value V', = 0.0243, the turbulent
stresses values increased more than twice.

In Figure 10, oscillograms of the instantaneous
product of the horizontal and wvertical turbulent
components, u' v', are presented, determined as described
in the paragraph before Eq. (9). The oscillograms were
recorded for all values of the blowing parameter and at the
position of the X-shaped transducer 55A38, closest to the
wall. The oscillograms show that as the blowing velocity
increases, the amplitude of the pulsations product
decreases, and the pulsations characteristic frequency also
decreases. For large values of the blowing parameter

(7, =0.018,0.0212and 0.0243) . it is seen that on the
background of low amplitudes of the pulsations
frequencies, non-stationary abrupt jumps appear in the
pulsations, u' v! Such phenomena are caused by the
turbulence intermittency in the viscous sub-layer, where
u' v max is the turbulent stresses maximum value when
there is blowing, and u'v' max0 the non blowing turbulent
stresses maximum value.

The relative turbulent stress is defined as

T, == .The analysis of the measured data of the
UV max

turbulent characteristics of the boundary layer, particularly
the relative turbulent stresses, showed that the more
appropriate coordinate is the relative velocity U, instead of
y. Figure 5 showsthe T, = f(U) distribution, which has
a general shape for all blowing intensities.

The relative turbulent stresses maximum
corresponds to U =2/3 . In the same figure several other
data are plotted together with the results of this study: Tani
(1969) —permeable porous sheet; Kont Bello (1968)—plane

Vlassov, Vargas, Ordonez and Martins et al. Turbulent Stress Distribution ...

jets.

In this paper, in the non-blowing boundary layer it
was not possible to measure turbulent stresses near the
wall, where U < 0.6. However, under blowing, a possibility
of measuring lower velocities appeared. It is important to
note that with a blowing increase, the turbulent stresses
values measured kept the general trend until horizontal
velocities close to zero. This discovery may be used to
propose new semi-empiric methods of turbulent boundary
layer calculation and also for numerical simulations.

The tendency curve was adjusted from the
experimental data in the form of a 4th order polynomial as
follows

T2 = f(0)=a+bU +cU*+dU° +eU*  (10)

t
u' V’max

To find the coefficients a, b, ¢, d and e for the
tendency curve, the following conditions were used:

for U =0, f(U) =0 and

f'(U) =0
for U =1, f(U) =0

_ _ (11)
for U =2/3, f(U) =1 and
f'(U) =0
Under such conditions, Eq. (10) becomes
& = £(0) =%T7z72(1_z7> (12

Figure 11 demonstrates that the tendency curve
established by Eq. (12) shows excellent agreement with
the measured data.

-
0.9 % AA_A . — Eq.(12)
0.8 . > 5\.+ 0=V,
5 A 0.005
p 0.7 = -\ * 001
E 0.6 2 < ;’ X 0.0142
ff/ N\ m o 0.0182
0.5 Ax. +0.0212
0.4 -0 \ O 0.0243
S & & (Tani, 1969)
0.3 5 27—, _ - ® (Kont Bello, 1968)
{ T, = IU (1—U) (K A (Klebanoff, 1968)
02 3};" ;\E - (Wuldridj, 1966)
0.1 0% i = (Guinevsky, 1969)
0
;

0 0.1 0.2 0.3 0.4 0.5

U

0.6 0.7 0.8 0.9

Figure 11. The relative turbulent stresses in the boundary layer with respect to relative velocity at x = 700 mm.
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Figure 13. Comparison between viscous and turbulent stresses for several values of the blowing velocity at x = 700 mm.

CONCLUSION

In this study, a theoretical and experimental
analysis has been carried out to predict turbulent stress
distribution in the turbulent boundary layer on a permeable
porous plate. The review of the literature shows that
severalhypotheses are considered that generally set a
correlation between the Reynolds' turbulent stresses and
average horizontal velocity on the boundary layer, but
among hundreds of hypotheses, it has not been found a
general one that would fit to the whole boundary layer, and
therefore the turbulent stresses' “behavior” towards the
wallis yetto be defined.

Two objectives have been achieved with the present
work: (i) a general analytic correlation between relative
turbulent stresses and relative horizontal velocity was
established, and (ii) Based on this correlation, a flow
model for turbulent boundary layer on permeable porous
plane was introduced and it was demonstrated that under
high blowing intensities, the velocity profile approaches
the velocity profile in plane jet flow.

The chief contribution of the work presented in this
paper is that it focuses attention on the results of analytic
correlations derived from original experimental data for
future scientific and industrial applications. The
dimensionless results obtained for the porous wall
averaged turbulent stresses and velocity profiles could be
applied extensively once the physical and operating
parameters of the specific process under consideration are
known.
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Figure 12 . The dimensionless horizontal velocity in the boundary layer with respect to y and £ at x =700 mm.

Turbulent boundary layer on permeable porous plate
formation patterns

The analysis of the experimental data in the turbulent
layer velocity distribution reveals the fact that the flow outside
the boundary layer does not depend on the observed phenomena
on the wall and develops according to its own rules. It is
interesting to match the external parts of the horizontal velocity
profiles. This is possible to be done by building the velocity
profiles not from the wall, as shown in Fig. 4, but from the
profiles external parts, as shown in Fig. 12.

One can observe that all profiles are coincidentwithin the
horizontal relative velocity range 2/3 < U < 1. This range of the
velocity profile corresponds to the turbulent stresses descending
interval (Fig. 11). Increasing the blowing, the velocity profiles
become more coincident in the highest U variation range. It is
logic to suppose there is an asymptotic profile that corresponds
to the highest value of the blowing parameter. This profile can be
determined under the assumption that as blowing increases the
laminar stresses become negligible in presence of turbulent
stresses.

Such assumption has a solid basis. In Figure 13, it is
shown a comparison between viscous and turbulent stresses for
several blowing parameters.

On the wall surface with no blowing, the viscous

U .
stresses T, = [ rn have a maximum value and the turbulent
'y

stresses maximum valuest, . =—pu'V'max are ata minimum.
For this reason, the corresponding curve V, =0 abruptly goes
up. The viscous stresses were determined from the velocity
profiles directly in the viscous sub-layer with the methodology
presented in section 3. The blowing reduces the horizontal

velocity gradient in the boundary layer and because of that, the

U >2/3 the

. T
ratio —= value also decreases, and for
T
t
viscous stresses are lower than 3 % of the maximum turbulent
stresses. A blowing increase decreases abruptly the viscous
stresses and when the blowing parameter is

V., >0.018 they do not reach, even at the wall, 1 % of the
maximum turbulent stresses. These observations validate
the assumption that as blowing increases the laminar
stresses become negligible in presence of turbulent stresses
throughout the boundary layer.

To find out the velocity profile analytic expression
for high blowing parameter values one may use the
Prandtl's hypothesis for turbulent stresses:

2
- pfz[d—Uj (13)

where / is the mixed length.

Using the turbulent stresses distributions of Eq.
(12), and equalizing the right sides of Egs. (12) and (13), it
is obtained

—\2
({7”} —AT(-T) (14)
'y
2
where A= 28_2Tz,ma; = constant.
4 ¢ pU;

After integration, it follows
U=1-% as)
2

where th is the hyperbolic tangent, and = J4 (1 - )7)the
argument.

The graphic representation of Eq. (15) is also
shown in Fig. 12. Equation (15) is known, in the gas
dynamics science, as the velocity profile for plane jets.

From this analysis it results that under an increase
of the blowing rate in the turbulent boundary layer, the
horizontal velocity profile tends asymptotically to the
plane jet velocity profile.

This result was also confirmed based on
experimental data from turbulent plane jet measurements
by Guinevsky (1969).
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