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ABSTRACT
An experimental flow control technique is given in this paper to study the jet effect on the coflow jet’s airfoil with injection and suction and
compared with the jet-off condition. The airfoil is CFJ0025-065-196, and the Reynolds number based on the airfoil’s chord length is 105. To
measure the turbulence components of flow, a hot wire anemometry apparatus in a wind tunnel has been used. In this paper, the effect of the
average velocity and boundary layer thickness on the coflow jet’s airfoil is analyzed. The test is done for two different coflow velocities and for
different angles of attack. It is also shown that, by increasing the velocity difference between the jet and the main flow, separation is delayed,
and this delay can be preserved by raising coflow velocity at higher angles of attack. So, this flow control method has a good efficiency, and it
is possible to reach higher numbers of lift and lower numbers of drag coefficients.
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NOMENCLATURE

x, y chord and normal directions, with respect to the airfoil
(mm)

c chord length (mm)
AOA angle of attack
CFJ coflow jet
u mean velocity in the chord direction (m/s)
δw boundary layer thickness (mm)

I. INTRODUCTION

Flow control plays an important role in engineering and indus-
trial applications, such as enhancing the efficiency of aircraft aero-
dynamics and addressing the energy consumption issues.1–10 By
reviewing studies that have been done on the new flow control in
the past few decades,11–19 the necessity of studying this phenomenon
by considering the turbulent flow has been felt strongly because the
turbulent flow has high importance in the momentum mixing.20 In
most cases, in order to control the flow on the airfoils, the wall jet

is used for more mixing of fluid momentum between the jet and
the main flow. Zha et al.14,21–25 developed a new flow control on
this basis that results in an increase in the lift coefficient and stall
margin and a decrease in the drag coefficient on the airfoil and
delay time of stall by raising the diffusion factors in compressor
blades.

The coflow jet’s airfoil has an injection slot near the lead-
ing edge and a suction slot near the trailing edge on the air-
foil suction surface. The turbulent shear layer between the main
flow and the jet one causes turbulence diffusion and strong mix-
ing under adverse pressure gradient, which enhances latent trans-
port of energy from the jet to the main flow and allows the
main flow to overcome adverse pressure gradient and remain
attached at a high angle of attack (AOA).26 Also, by increasing
the velocity of jet flow, the created delay in the flow separation is
raised.

In this paper, the flow rate of injection is higher than that
of suction because the effect of injection on the performance of
this type of flow controlling is more than that of suction.16,27 In
addition, instead of velocity, the pressure has been kept constant
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FIG. 1. Schematic of the wind tunnel (dimensions are in millimeters).

in the injection slot and at various angles of attack. In the sim-
plest case, the high pressure flow blown from the compressor
outlet is injected on the airfoil by a constant working pressure with-
out the use of any control valve to maintain the mass flow rate
constant.

II. EXPERIMENTAL SETUP AND MEASUREMENT
TECHNIQUES

All airflow and aerodynamic variables were acquired from
Hakim Sabzevari University’s 7 kW wind tunnel equipped with a
one-dimensional hot wire anemometry apparatus. Figure 1 shows an

FIG. 2. Section of the CFJ0025-065-196 airfoil.

overview of this wind tunnel dimension and the CFJ airfoil, while the
turbulent intensity of this device is less than 1%. A compressor sup-
plies the injection flow, and the injection and suction flow conditions
were independently controlled.

The airfoil used in this test is CFJ0025-065-196 airfoil, as men-
tioned in the literature.23,28 To ensure a uniform injection and suc-
tion in the whole slot, a new internal design has been used. A
schematic of a CFJ airfoil concept is shown in Fig. 2. In this airfoil,
there is a porous pipe with many holes in airfoil’s length. So that in
injection pipe inside the airfoil, the sum of open surfaces of holes
increases as it takes distance from air entrance and opposite takes
place for the suction tube.

FIG. 3. Average velocity profile for AOA = 0○.
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FIG. 4. Average velocity profile for AOA = 5○.

A 250 l/min compressor has been used to generate injection and
suction, which is single-phased and has two cylinders. The injection
for this compressor is provided from the airfoil suction slot, and the
mass flow rate of this suction is constant. But the injection air is

blown in two different modes; for the first mode, the partial pres-
sure is 598 Pa and the jet velocity is 19.7 m/s, while for the second
mode, the partial pressure is 1596 Pa and the jet velocity is 32.2 m/s.
Also, the partial pressure for suction is 1596 Pa. The data are

FIG. 5. Average velocity profile for AOA = 12○.
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TABLE I. Thickness of the boundary layer for different values of attack angle.

δW in situations (mm)

Attack angle Mode 2 3 4 5

Off mode 2 2 5
On mode 1 2

5
Off mode 3 4 13
On mode 1 2 5 3
On mode 2 3

12
Off mode 7 15 22
On mode 1 2 2 5
On mode 2 2

20
Off mode 23
On mode 1 2 3 5 17
On mode 2 2 5

25 On mode 1 2 5 20 48
On mode 2 3 3 10 24

30 On mode 1 5 14 25 43
On mode 2 4 3 25 38

acquired in five stations that are placed at x/c = 0.14, x/c = 0.27,
x/c = 0.47, x/c = 0.61, and x/c = 0.89, where the cord length is
15 cm and x is the distance from the injection slot in line with the
chord.

III. RESULTS AND DISCUSSION
A. Average velocity profiles

Figure 3 shows the diagram of average velocity on the CFJ air-
foil in terms of vertical distance. The horizontal axis is for mean
velocity profiles (meters per second), and the vertical axis is for the
distance from the airfoil surface (millimeters). Also, each station is
shown on the top of graphs.

In the entire picture, the bold line is for the jet-off mode, the
dashed line is for the jet 1 “on” mode, and the dotted one indicates
jet 2 “on” mode. By examining Fig. 3, it can be seen that the maxi-
mum velocity of the jet decreases, while the jet wall layer increases; in
other words, the jet gets wider and gives its momentum to the main
flow.20

In the first stations, due to lower thickness of the boundary
layer, only the top layer of the jet is shown in Fig. 3. Barenblatt
introduced three layers for the jet wall: the wall layer, the mix-
ing layer, and the top layer where layers 1 and 3 are separated by
layer 2.29

Figures 4 and 5 demonstrate that, by increasing attack angle, a
considerable difference between the jet off mode velocity and the jet
on mode velocity takes place. This difference reveals the displace-
ment of the stagnation point toward the trailing edge on the airfoil
pressure surface as well as an increase in circulation.

Table I gives the thickness of the boundary layer for the jet off
mode and two jet on modes. As it could be seen in Table I, by taking
distance from injection slot towards trailing edge, the more thickness
of boundary layer and jet appears.

Looking at the thickness of the boundary layer for the jet off
mode and attack angle of 5, it can be found that δW = 4 mm in sta-
tion 4 becomes δW = 13 mm in station 5, and this sudden growth

FIG. 6. Average velocity profile for AOA = 20○.
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FIG. 7. Average velocity profile for AOA = 25○.

could be due to separation of flow. This point could be seen in Fig. 4
showing the average velocity profile by raising the angle of attack.
Table I shows this sudden growth in boundary layer thickness by jet
off mode too, while the flow is attached for the two jet on modes, but

this growth is occurred one station sooner that is between 3 and 4. In
fact by increasing the angle of attack, the flow is unable to dominate
the adverse pressure gradient, while the CFJ flow control method
helps the flow remain attached by giving energy to the flow. So, the

FIG. 8. Average velocity profile for AOA = 30○.

Rev. Sci. Instrum. 90, 125107 (2019); doi: 10.1063/1.5113592 90, 125107-5

Published under license by AIP Publishing

https://scitation.org/journal/rsi


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

lift coefficient will be increased while the drag coefficient decreases.
This could be seen in Fig. 5 where the velocity profile is shown at an
attack angle of 12.

For an attack angle of 20, the thickness of the boundary layer
in Fig. 6 and Table I indicates the high growth in both first and
second stations because of flow separation. When the attack angle
is changed to 25, it is observed that there is no difference between
the velocity of the jet and main flow. Due to massive separation
of flow and stall at an attack angle of 20○ in the jet off mode, no
further data are required. As seen in Table I, a sudden growth of
the boundary layer between stations 3 and 4 occurs in both jet on
modes. This growth in the first jet on mode is faster than that in
the second mode, as it could be seen in Fig. 7, and it is because
of the less energy in mode 1. At an attack angle of 30, the veloc-
ity difference between the jet and the main flow disappears earlier,
and as seen in Fig. 8, the sudden growth of the boundary layer for
mode 1 occurs between stations 1 and 2, while for mode 2, it is
between stations 2 and 3. So, it is understandable that, for avoiding
separation, the coflow jet’s airfoil should have a very good
operation; as for attack angles lower than 20, the first type with a
partial pressure of 598 Pa and a jet velocity of 19.7 m/s is enough.
But for an angle attack of 20○ or more, the second type with a
partial pressure of 1596 Pa and a jet velocity of 32.2 m/s is more
proper.

Yarusevych et al. had studied the flow on the CFJ0025-065-196
airfoil with similar Reynolds number in two experimental papers,
one of those by using a hot wire anemometer and the other by using
the smoke wire technique.30 They observed a slight flow separation
at an attack angle of 5○ that is very close to that in this study. In
fact, the separation took place on airfoil CFJ0025-065-196 at a little
closer point to the leading edge, which is caused by the difference in
the geometry of the two airfoils.

IV. CONCLUSIONS
In this paper, the coflow jet’s airfoil flow control method has

been used to show the effect of an auxiliary flow inside an airfoil
compared with the jet-off condition. The experiment has been done
with a hot wire anemometry apparatus in a wind tunnel on airfoil
CFJ0025-065-196 at the Reynolds number of 105 based on the air-
foil’s chord length. It is shown that the boundary layer’s thickness
has had a good importance because the flow through this airfoil and
mixing process with the main flow change its value and the place
of separation. Furthermore, this test reveals the importance of jet
velocity by showing that the more the difference between jet velocity
and main flow, the more the delay created in the flow separation. So,
the new flow control of CFJ has good efficiency because this delay
is responsible for increasing the lift and decreasing the drag coeffi-
cients. In addition, as seen in this test, up to the attack angle of 30○,
no full stall has occurred.
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