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Abstract

The dynamical and thermal behavior of the flow around a circular cylinder submitted to blowing is experimentally
investigated. The blowing is applied through the whole surface of a porous cylinder submitted to a heated turbulent
main fluid in cross-flow. Velocity, pressure and temperature profiles are determined for different injection rates and
main flow temperatures for Reynolds numbers ranging from 3900 to 14 000. The velocity and temperature profiles are
similarly modified with the blowing, while the injection thickens the boundary layers and modifies their shape. These
evolutions lower the transfer coefficients, both dynamical (shear stress) and thermal (heat transfer), and are dependent
on the location around the cylinder. The blowing impact on the wall temperature is also quantified, exibiting an ex-

cellent effectiveness of the cooling with blowing. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

The bluff body surface temperature reduction is of
primary interest for many applications and allows for
higher main flow temperatures while keeping the wall
thermal stress to a reasonable level. When used in air-
craft engines, the overall output can be significantly
improved with a higher combustion temperature and
crucial mechanical parts lifespan can be lengthened if
better protected (rocket nozzle). Many ways of pro-
tecting wall have been studied in the past. Internal heat
convection is used for low thermally stressed bodies as
can be found in certain turbine stages. When higher
thermal protection is required, other techniques are
employed such as film cooling or discrete injection
through small holes drilled in an impermeable material
[1-4]. The injection angle can be inclined (film cooling)
or normal (discrete injection). Most of the high ther-
mally stressed parts are protected with these techniques.
Blowing consists in injecting a secondary fluid through a
porous surface, which represents the limit case of film
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cooling. In 1953, Eckert and Livingood [5] proposed an
approximate theoretical method, based on a similarity to
wedge flows, for predicting the thermal performance of
the complete blowing through a circular cylinder while
Johnson and Hartnett [6] experimentally studied the
convective heat flux density as a function of the angle
and the blowing for a few Reynolds numbers. Since
then, no major work has been done and more data are
required. In particular, a detailed study of the dynamical
and thermal fields near the cylinder surface, included
beyond the separation point and the recirculation zone,
would be of fundamental interest. It has already been
proved that complete blowing is more efficient, in terms
of coolant mass flow rate required for a same protection,
than discrete blowing [7]. Despite its undoubtful su-
periority, mechanical strength problems and the re-
search effort still required for its achievement have
delayed its use in practical applications such as aircraft
engines for example. Hence, little experimental, as well
as theoretical or numerical data are available up to now
concerning the complete blowing around a bluff body.
Besides the thermal point of interest, blowing from a
surface has also been studied for circulation, lift and
viscous drag control [8-12]. Associated with localized
suction, the blowing can significantly reduce the drag,
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Nomenclature

dx elementary streamwise length
dy elementary transverse length
cylinder outer diameter
blowing rate. (piy;Uiny)/ (o Us)
transverse distance to the wall
Reynolds number, p, U, D/u,,
temperature

fluid velocity magnitude
streamwise coordinate
transverse coordinate

spanwise coordinate

N‘<><Qq§&-qb

Greek symbols

0 dynamical boundary layer thickness

A thermal boundary layer thickness

n thermal effectiveness,
(TOO - T)/(Toc - Tinj)

0 angle referred from the front stagnation
point

I fluid dynamic viscosity

o fluid density

Subscripts
00 upstream properties
inj injected fluid

decreasing the shear stress in the upstream part of the
bluff body, while the suction at the downstream side
delays the boundary layer separation and narrows the
wake.

The aim of the present investigation is to describe
how the complete blowing (i.e., through the whole sur-
face of a cylinder) can modify some basic features of the
flow around a circular cylinder. This blowing impact can
be dynamical (boundary layers) as well as thermal (wall
temperature, thermal stress). After a presentation of the
experimental facilities in Section 2, the drastical influ-
ence of the blowing on the profiles shape and the mod-
ification of the separation conditions is addressed in
Section 3. The surface temperature evolution with
blowing is finally presented in Section 4.

2. Experimental facilities

Experiments are conducted in a heated subsonic wind
tunnel with a test section consisting in a 0.2 m x 0.5 m

Settling chamber

‘Wind channel

rectangular cross-section. Throughout the velocity range
[0;30] m s~! attainable, the residual velocity turbulence
intensity has been measured to be always below 1% in
the mainstream but results cannot be considered as
completely free from turbulence effects. Thermal control
is ensured by heating needles driven by a PID regulator.
The mainflow temperature can vary from ambient to
250°C, thanks to a 120 kW electrical heating power. A
schematic description of the set-up can be seen in Fig. 1
(see Rodet et al. [13] for more details). A 16.2 mm outer
diameter, 2.1 mm thick, 320 mm long, hollow circular
cylinder (pipe) was set horizontally in the centerline
of the test section. Aspect and blockage ratii are 20%
and 8%, respectively. The cylinder, made of sintered-
stainless-steel, 30% porosity and 30 um average pore
diameter, can be fed at the ends by a secondary, vane-
adjusted, flow (coolant). Blowing uniformity is ensured
by the ratio between the pressure loss through the po-
rous material and the front and rear stagnation points
pressure difference. This ratio is always larger than 1000
for all experiments, thus allowing a reliable blowing

Porous cylinder

R
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Fig. 1. Schematic of the experimental wind tunnel.
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uniformity for the whole surface. Pressure variations
along the stream within the pipe are negligible as well, as
can be found using the Bernoulli’s equation. A porous
disk, inserted inside the secondary air pipe, prevents
from spurious upstream high frequency pressure oscil-
lations. Three-dimensional and end effects were studied
through tests conducted using end plates. They are ob-
long shaped, consisting in a rectangle featuring 5 D in
length upstream to the cylinder axis, 15 D downstream
and 10 D in height, D being the outer cylinder diameter.
They can be inclined with respect to the upstream flow in
order to study the shedding angle impact on results. The
velocity was measured with a single hot-wire Dantec
55P11-2 probe. This probe was used because of the very
small size of the boundary layers investigated (see be-
low), which makes measurements impossible with an X-
wire probe. Furthermore, an X-wire probe is much more
intrusive and more likely to distort the flow in the im-
mediate vicinity of the wall. Hence, only the velocity
magnitude measurement is possible. The wire is made of
10% rhodium-platinum, 10 um in diameter, about 1.5
mm in length and has a good frequency response up to,
at least, 3 kHz. For the temperature profiles, a single
5 um in diameter Wollaston (platinum-rhodium core
and silver coating) cold-wire probe was used.

A fourth-order polynomial form was assumed for the
velocity and the wire output voltage (derived from
King’s law [14]) and a quadratic form was applied for
the cold-wire probe. The quadratic form for the cali-
bration evolution with the temperature is derived from
the quasi-linear behavior of the cold-wire resistance.
Small non-linearities are accounted in a second-order
term. The coefficients are determined using a least-
squares method. For the velocity calibration, a polynom
is determined for several mainstream temperatures (five
typically). From these five R polynoms, a regressed R>
polynom, quadratic in temperature, is determined and
finally used for velocity measurements whatever the
temperature. These methods have already been used for
several measurements above a flat porous plate sub-
mitted to blowing, using hot and cold wires, leading to
concluant results [15].

The hot-wire probe is driven by a 90C10 CTA
Dantec module and data are acquired on a PC through
an AT-MIO-16E10 National Instruments A/D card. The
probe body is vertical, in cross-flow, ending with 5 mm
long probe terminals and the wire axis is parallel to the
cylinder axis. The experimental arrangement can be seen
in Fig. 2. Hot-wires probes are calibrated in velocity
with a Pitot tube combined with a high sensitivity Fur-
ness FCO332 differential pressure transmitter. Its accu-
racy is better than 1% of the measured value throughout
its [0-100] Pa range with a 0.1 Pa resolution. The wall
cylinder temperature is measured with K-type thermo-
couples welded onto the surface around the circumfer-
ence. Using an IR camera, they have previously been

Probe

Hot-wire

Main flow

70°

Horizontal axis

Cylinder
\_

Fig. 2. Sketch of the probe arrangement.

proved not to disrupt the temperature field of the porous
surface [16]. The Reynolds number is based on the cyl-
inder diameter D and upstream fluid properties:

DU,
Re = Pt

Hoo
and has an uncertainty varying between 0.7% and 5.5%.
The blowing ratio, or injection rate, F, represents the
amount of coolant injected in comparison to the main
flow rate. It is defined as
Pinj Ulnj

pooUﬁo

I

where p is the density, U the velocity, subscript inj refers
to the injected fluid and co to the main fluid. Its un-
certainty is estimated to be typically of 7% and always
lower than 10% for all experimental conditions.

3. Impact on the boundary layers
3.1. Dynamical profiles

We are interested in determining the influence of the
blowing on the temperature and velocity profiles. Two
different Reynolds numbers are investigated (3900 and
7000). The study of the blowing influence on the velocity
profiles is carried out in an isothermal configuration, i.e.,
the temperature of the injected and main flow remains at
20°C. For the investigation of the temperature profiles,
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the main flow temperature is varied from ambient tem-
perature to 250°C. Nevertheless, for weak injection
rates, the coolant is heated while flowing through the
porous matrix, and the blown air temperature can be
significantly higher than 20°C. The injection rate is
varied from 0% to 10%. The velocity and temperature
profiles are determined at three different positions
around the cylinder. The first one is located at an angle 0
of 70°, originated from the front stagnation point, which
corresponds to a location upstream to the separation
point. The second one is at 90°, and the third one is at
110°, far beyond the separation point.

Fig. 3 shows the velocity profiles for an angle of 70°
and a Reynolds number of 3900 for three different in-
jection rates. Spatial variables are x, y and z for the
streamwise, transverse and spanwise coordinates, re-
spectively, the origin being the midspan point on the
cylinder axis. For the sake of experimental convenience,
the profiles are plotted along the vertical direction for all
angles. It thus represents a profile along the normal di-
rection when 6 =90° only. The height variable, 4, is
referred from the surface and is non-dimensionalized
with the cylinder diameter D. Even in the case of strong
injection, the velocity profile clearly indicates that the
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Fig. 3. Velocity magnitude profile along the vertical direction.
Re =3900, 0 = 70°. o, F = 0%; u,F = 2%; &, F = 5%.
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Fig. 4. Velocity magnitude profile along the vertical direction.

Re = 7000, 0 = 70°. o, F = 0%; u,F = 2%; &, F = 5%.

boundary layer remains attached due to the finite
velocity magnitude normal gradient at the surface.
When blowing occurs, it can be observed that its
thickness is increased. For a constant //D position, the
velocity magnitude is reduced all the more that the in-
jection rate increases and, simultaneously, the profile
tends to become linear in the boundary layer. Similar
trends were observed above a porous flat plate [17].
Consequently, boundary layers with negative pressure
gradients upstream to the separation point seem to be-
have similarly to flat plate boundary layers when injec-
tion occurs. Similar conclusions can be drawn from Fig.
4 where the same velocity profiles are plotted for a
Reynolds number of 7000. Here again, the friction stress
decreases, due to a lower normal velocity gradient at the
surface, and the boundary layer thickness dramatically
increases with blowing.

Because of interference risks due to the presence of
the hot wire, measurements were intentionally limited to
a finite distance from the wall. For a Reynolds number
of 7000, the boundary layer thickness is about 600 pum at
an angle of 70°. Considering at least 10 measurement
points, equally spaced within the boundary layer, leads
to a first point 60 pm above the wall, while the wire
diameter is 10 um. This could result in spurious values
in addition to difficulties in handling the probe. Hence,
the velocity profiles are truncated below a certain dis-
tance from the surface. Furthermore, for very low ve-
locities, the differential pressure transmitter resolution
does not allow for reliable velocity calibration and leads
to spurious values in the velocity profiles. Hereagain, the
velocity profiles are thus to be truncated to a minimum
velocity. In particular, the dead fluid region cannot be
explicitly plotted as the velocity signal delivered by the
probe conditioner is below the reliable calibration range.

The velocity profiles for 0 = 90° at Re = 7000 are
shown in Fig. 5. In the vicinity of the wall, the profile
shape is rather different from that at 70° due to the
adverse pressure gradient. When blowing occurs, it tends
to an S-shaped-like profile exhibiting the promotion of
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Fig. 5. Velocity magnitude profile along the vertical direction.
Re =7000, 0 =90°. o, F = 0%; u, F = 2%; a,F = 4%.
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the separation. This tendency is reinforced at higher
injection rates. In the literature, the value of the sepa-
ration angle reported is around 88° for a smooth im-
permeable cylinder in this range of Reynolds number
[18]. In the no-blowing case, we found a slightly higher
value as the cylinder surface has a 50 pm high rough-
ness, which delays the separation. With blowing, the
separation of the boundary layer is considerably pro-
moted as can be observed from the dead region size
(where the velocity profile is flat and very low), which
becomes larger. In particular, in Fig. 5, the dead region
height is doubled for a 2% injection rate and almost
multiplied by a factor of 3 for a 5% injection rate. Ap-
plying blowing thus tends to push away the main flow
and, for high injection rates, the cylinder becomes
completely isolated from the primary flow.

In Table 1, the boundary layer thickness J, defined as
the height where the flow velocity is 99% of the maxi-
mum velocity to account for the potential velocity dis-
tribution, is reported as a function of the injection rate
for an angle of 70° and a Reynolds number of 3900 and
7000. These results illustrate the strong influence of the
blowing on the boundary layer and the near wall flow
behavior. For 2% of injection, the thickness is increased
by 70%, whereas for 4% it rises up to 170%.

Figs. 6 and 7 show the velocity magnitude profile at a
Reynolds number of 3900 and 7000, respectively, for
0 = 110°. Profiles are limited to the separated boundary
layer itself, hereafter considered as a shear layer, without

Table 1
Dynamical boundary layer thickness evolution with blowing
(Re = 3900 and 7000, 6 = 70°)

F (%) )
Re = 3900 Re = 7000
0 0.04 0.02
2 0.05 0.04
5 0.08 0.07
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Fig. 6. Velocity magnitude profile along the vertical direction.
Re =3900, 0 = 110°. o, F = 0%; w, F = 2%; o, F = 5%.
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Fig. 7. Velocity magnitude profile along the vertical direction.
Re =7000, 0 =110°. o, F = 0%; u, F = 2%; o, F = 5%.

exploring further. The blowing impact remains the same
on a shear layer as on an attached boundary layer, i.e.,
an increase in its thickness due to lower gradients and a
larger dead fluid height. A similar dynamical evolution
with blowing is obtained for the two values of Reynolds
number (Figs. 6 and 7) and the two curves collapse if
normalized with the boundary layer thickness (not
shown here for sake of brevity). It demonstrates that the
Reynolds number does not act in this range where the
profiles are similar from a mathematical point of view.

Furthermore, the study of the main flow temperature
influence on the velocity profiles has been conducted.
The main flow temperature was varied from ambient to
200°C, while keeping F constant. No appreciable dif-
ference on the velocity profiles can be noted, confirming
the fact that F is the correct control parameter to ac-
count for the blowing impact.

A current way of studying the near wake flow is to
plot the pressure coefficient along the cylinder surface.
This would have been interesting but it is rather im-
possible in our configuration. A pressure probe drilled in
the wall would have blocked some porous area and
would strongly affect the outer dynamics, leading to
spurious results. An external pressure probe would not
be convenient neither due to its size and intrusion within
the boundary layer. Nevertheless, some static pressure
profiles measured in the near wake illustrate the strong
impact of the blowing on the dynamics and are pre-
sented in part II.

3.2. Thermal profiles

The thermal behavior is found very similar to the
dynamical one. The temperature profiles for a Reynolds
number of 6000 are plotted in Figs. 8 and 9 for angles of
90° and 110° at 200°C and 100°C main flow tempera-
tures, respectively. It can be observed that, with blowing,
the thermal boundary layer thickens at all angles. When
the angle is higher than the separation angle, an im-
portant quantity of cold fluid is present in the vicinity of
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Fig. 8. Temperature profile at the top of the cylinder.
Re = 6000, 0=90°, T, =200°C. e, F=1%; wuF =23%;
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Fig. 9. Temperature profile along the vertical direction.
Re = 6000, 0 = 110°, T, = 100°C. o, F = 1%; u, F = 5%.

Table 2
Thermal boundary layer thickness evolution with blowing
(Re = 6000, 6 = 70°)

F (%) 0.0 1.3 33 9.7
4/D 0.00 0.04 0.05 0.08

the cylinder wall, thus allowing an efficient thermal
protection. For example, at § = 90° with a 3% injection
rate, the temperature remains below 75°C up to a po-
sition of #/D = 0.03, which corresponds to an important
decrease and an effective protection of the surface in
terms of convective heat flux.

We investigated the influence of the Reynolds num-
ber on the thermal profiles and the boundary layer.
Same conclusions can be drawn as for the dynamical
study where the Reynolds number is not an acting pa-
rameter (at least in the studied range).

Table 2 shows the thermal boundary layer thickness
A for different injection rates at 6 = 70° for a Reynolds
number of 6000. Between 0% and 1.5%, it varies from 0
to 0.04 D, while it increases to 0.05 D for 3% and 0.08 D
for 10%. When blowing occurs, a thermal boundary

layer is developed, due to the mixing of two flows at
different temperature (main and injected flow). More-
over, the wall temperature decreases, cooled by internal
as well as external convections with the coolant.

4. Influence of the blowing on surface temperatures

In order to quantify the thermal impact of the
blowing on the porous wall, we measured the surface
temperature for different injection rates. In Fig. 10, the
evolution of the wall temperature as a function of the
angle for different injection rates and a main flow tem-
perature of 250°C is shown. The highest temperature
point is the front stagnation point (6 = 0°) and the
coldest is the rear stagnation point (6§ = 180°). For 1% of
injection, a 30 K temperature difference between those
points can be noted. Considering the hottest location,
we can observe a 70 K decrease for 1% of injection
compared to the no-blowing case. It should be noted
that these temperature values are smoothed along the
periphery by the internal heat conduction in the cylin-
der, which tends to flatten the evolution of the surface
temperature with the angle. Fig. 11 exhibits the wall
temperature as a function of the injection rate at an
angle of 80° and different Reynolds numbers. The tem-
perature decreases with the injection rate and a reduc-
tion of 160 K is observed for an injection rate of 5%. The
decrease of the temperature is very sharp for weak in-
jection rates and tends to an asymptotic limit corre-
sponding to the temperature of the injected fluid. A
Reynolds number effect can be noted, which is again due
to the internal heat conduction effect. For a same in-
jection rate but a higher Reynolds number, the coolant
mass flow rate increases while the convective heat
transfer coefficient remains low beyond the separation
angle. The increasing coolant flow rate is not compen-
sated by a thinner thermal boundary layer as it is the
case in the upstream part of the cylinder. It results in a
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180+ . <o
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o 140 -
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6o0fF . . . . . v
40 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350
()

Fig. 10. Wall temperature distribution around the cylinder.
Re = 3900, T, =250°C. o, F =0%; u,F =0.5%; a,F=1%;
o F=2%; x,F =3%; +,F =4.5%.
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Fig. 11. Wall temperature evolution with blowing. 0 = 80°,
T, = 200°C. o, Re = 3900; m, Re = 7000; a4, Re = 10 500.

lower rear temperature, which tends, through internal
heat conduction, to lower the upstream surface tem-
perature as well.

In non-dimensional variable, the wall temperature is
expressed as the thermal effectiveness, #, of the blowing
defined as

T.-T
_Toc_Tinj7

where T, T and Ti,j are the upstream, local and injected
fluid temperature, respectively. The effectiveness is
plotted in Fig. 12 for different main flow temperatures at
Re = 3900 where it can be first observed that the thermal
effectiveness increases with the injection rate and that the
main flow temperature does not influence the effective-
ness as the curves perfectly collapse. For a 2% injection,
the effectiveness is close to 75% and rises almost up to
95% for a 5% blowing. The blowing efficiency is good as
soon as the injection rate reaches a few percents and this
illustrates one of the major advantages of the blowing
technique. The efficiency limit reported here for 10% of
injection is not 100% due to radiative heat transfer.
Convective heat flux can be considered to be negligible
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Fig. 12. Thermal protection effectiveness as a function of the
blowing rate. Re =3900. e 7, =100°C; w7, = 150°C;
4, T, =200°C; », T, = 250°C.
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Fig. 13. Wall temperature distribution along the spanwise di-
rection. Re =3900, 6=90°, T,=250°C. e F=0%;
0, F=02%; o, F =0.5%; &, F = 1%; x,F = 1.7%.

for F > 5% while radiative heat transfer increases as the
cylinder surface temperature decreases. Radiations thus
become the predominant heat transfer mode for F' > 5%
while the cylinder is solely cooled by internal convection
within the porous matrix.

Furthermore, the homogeneity of the cooling on the
surface of the porous cylinder along the spanwise di-
rection has been investigated. The temperature along the
cylinder is measured at an angle of 90° for 7., = 250°C,
at Re = 3900 and a blowing rate varying from 0% to
almost 2%. Fig. 13 shows that the wall temperature re-
mains the same and that three-dimensional wake pat-
terns do not affect the spanwise temperature field. In
particular, for this range of Reynolds number, the so-
called three-dimensional near wake instability mode B
occurs [19-21] and one could have questioned whether it
can influence the upstream flow and the temperature
field. Similar results have been obtained for other main
flow temperatures and other Reynolds numbers.

5. Conclusions

The influence of the blowing through a porous cir-
cular cylinder in cross-flow on the main flow kinematics
in the vicinity of the surface has been experimentally
investigated. The blowing has been proved to strongly
affect the boundary layers in terms of thickness and
stability and to considerably promote their separation.
The injection of low velocity fluid into the growing
boundary layer increases its thickness, while lowering
the normal gradients in the immediate vicinity of the
surface. This results in a lower friction stress and a de-
crease in the viscous drag of the cylinder.

Thermal control applications have been studied with
a hot main flow and a cold injected fluid (coolant). The
thermal behavior of the flow is similar to the dynamical
one and same conclusions can be drawn. The heat flux is
found to be drastically reduced with blowing, as well as
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the wall temperature. This thermal protection is effective
for weak injection rates (roughly below 5%), even near
the front stagnation point where the thermal stress is the
highest due to a squashed boundary layer, thus leading
to a strong heat transfer coefficient.
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