Aerospace Science and Technology 58 (2016) 103-115

Aerospace

Contents lists available at ScienceDirect

Aerospace Science and Technology

www.elsevier.com/locate/aescte

Parameters effect of pulsed-blowing over control surface @ CrostMak
Yankui Wang®?!, Ping Zhou®"-*2, Jiaji Yang?:>->

@ Ministry-of-Education Key Laboratory of Fluid Mechanic, Beihang University, Beijing 100191, China

b The School of Aeronautic and Engineering, Beihang University, Beijing 100191, China

ARTICLE INFO ABSTRACT

ATfiC{E history: Control surface, which is often located in the trailing edge of wings, is important in the attitude control of
Received 23 March 2016 an aircraft. However, the efficiency of the control surface declines severely under the high deflect angle of
Received in revised form 9 August 2016 the control surface because of the flow separation. To improve the efficiency of control surface, this study

Accepted 11 August 2016

Available online 16 August 2016 discusses a novel flow control technique aimed at suppressing the flow separation by pulsed blowing at

the leading edge of the control surface. Results indicated that flow separation over the control surface can
be suppressed by pulsed blowing, and the maximum average pitching moment coefficient of the control
surface can be increased by nearly 90% when average blowing momentum coefficient is 0.03 relative to
that of without blowing. Moreover, the lift coefficient of the control surface can be 95% times higher than
that of without blowing, and the drag coefficient of the control surface can be reduced by 43% compared
with that of without blowing. Finally, this study shows that the average blowing momentum coefficient
and non-dimensional frequency of pulsed blowing are two of the key parameters of the pulsed blowing
control technique. Both experimental and numerical simulations are used in this study. The experiment
is completed in D-4 wind tunnel of Beihang University under conditions of Re 0.8 x 10°.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction devices. For the co-flow jet control technique, a large amount of
gas is necessary to suppress the flow separation. Thus, a powerful
device is required to supply a high mass flow rate of jet. Recently,
Wang et al. [13] developed a micro-blowing flow control technique
to suppress the flow separation and improve the aerodynamic effi-
ciency of the control surface.

Wang et al. set a blowing airfoil (see Fig. 2) based on NACA0025
to demonstrate the micro-blowing flow control technique. A blow-
ing slot that is normal to the boundary of flap was set near the
leading edge of the flap. A high energy jet parallel to the upper
surface of flap is injected to the main flow. The study shows that
the flow separation can be suppressed by blowing at the leading
edge of the flap. Moreover, the study shows that the maximum
increment of lift coefficient of the flap can be 150%, while AOA (an-
gle of attack) of the main wing is 0°, the deflection angle of flap is
20° and the Reynolds number is 0.8 x 106. Wang et al. considered
pulsed blowing to reduce the considerable gas requirement. Even
though several researchers have also made improvements in devel-
opment of the pulse jet technique to control the flow separation
over the control surface [14,15], such technique is considerably
more difficult to adopt in engineering because of lack of profound
understanding of the fundamental mechanism and parameter sim-
ilarity.

This study introduces an innovative flow control technique by
pulsed blowing near the leading edge of the control surface to

Control surface, which is often located in the trailing edge of
wings, is important in the attitude control of an aircraft. However,
the efficiency of the control surface declines severely under the
high deflect angle of the control surface because of the flow sep-
aration (see Fig. 1). This condition leads to the penalty of attitude
control and limited aerodynamic performance of an aircraft. There-
fore, suppressing the flow separation is considered in this study.

Flow control [1] is the most available approach to achieve the
goal of suppressing flow separation. In the past decades, scien-
tists have exerted considerable effort to develop flow control tech-
niques. Moreover, various flow control techniques have been used
to suppress flow separation such as moving surface control tech-
nique [2-4], plasma flow control technique [5-8] and co-flow jet
control technique [9-12]. Although flow separation on the control
surface can be suppressed substantially by moving surface con-
trol technique or plasma flow control technique, the application of
these techniques in engineering is limited because of complicated
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Fig. 1. Flow separation over the control surface (o« =0°, Voo =20 m/s, 8, = 35°).
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Fig. 2. Sketch of the blowing slot.

blowing on the suppression of the flow separation over the flap is
mentioned briefly. Thereafter, the effect of pulsed blowing on the
aerodynamic performance of the flap is investigated thoroughly.
Furthermore, the mechanism of lift enhancement by pulsed blow-
ing is discussed. All the results of this study are completed based
on the following conditions: the AOA of the main wing is 0° and
the deflect angle of the flap is 20°.

2. Experimental facilities and data processing
2.1. Wind tunnel and measurement device
The experiment is conducted in the D-4 low-speed wind tun-

nel of Beihang University (see Fig. 3), which has a 1.5 m x 1.5 m
square test section and 2.5 m length. The velocity of the D-4
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Fig. 3. Sketch of the D4 wind tunnel.

low-speed wind tunnel can be changed from 0 to 80 m/s with
a turbulence level of 0.08%.

The DTC initium electronic scanner valve (see Fig. 4) is used to
measure the pressure distribution of the model with an accuracy
of 0.05% and the highest sampling frequency is 650 Hz.

A flow map DPIV system is used to acquire the velocity and
vorticity fields over the flap. This system comprises four parts:
a double-pulsed Nd:YAG laser, a four-megapixel CCD camera,
a synchronization, and frame-grabber cards. The adaptive corre-
lation, which uses iterations to offset the second window for
cross-correlation analysis, is applied to calculate the velocity fields.
The correlations are calculated using fast Fourier transform (FFT).
The size of the interrogation windows is 32 x 32 pixels, and the
overlapping interrogation windows in both directions are 25%. The
corresponding spatial resolution is 3.1 mm. To reduce cyclic noise,
the window function, which acts similar to an input filter to FFT,
is selected as a Gaussian window. The filter used in the frequency
domain prior to the inverse FFT is a low-pass Gaussian filter. The
vorticity is solved using a normal second-order central difference,
and the streamlines are parallel to the velocity vectors.

2.2. Model and blowing system

The airfoil model used in this study is based on NACA0025
(see Fig. 5). The model has 1 aspect ratio and 0.6 m the spanwise
length. This model can be divided into two parts: the main wing
and a control surface (flap) that is as long as 0.206 m. The flap
can be deflected from —40° to 40° with a 5° interval. A spanwise
blowing slot with a 0.5 mm height is located near the leading edge
of the flap which is selected based on the flow separation point on
the upper surface of the flap. Compressed air flows downstream
along the tangential direction of the upper surface of the flap from
the slot. The proposed model is equipped with 44 pressure taps
at the longitudinal symmetric section along the upper and bottom
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Fig. 6. Sketch of the blowing system.

flap. Two fiberglass plates are set on both sides of the model span-
wise to simulate a two-dimensional flow in the test.

The blowing system is shown in Fig. 6. This system comprised
three parts: the source of medium-pressure gas, measurement de-
vice of the mass flow rate, and pulse valve. The pulsed blowing
equipment can theoretically provide sine-like wave with 72% duty
cycle, and the frequency can be adjusted from 0 to 100 Hz. The
typical wave of the pulsed blowing is illustrated in Fig. 7.

The 2D mesh of the model used in numerical simulation is as
shown in Fig. 8. The minimum gap between the main wing and
the flap is 0.5 mm, and the width of blowing slot is also 0.5 mm.
An O-mesh with circle far-field, which is 20 chord length away
from the model, is used in the simulation. In addition, the k-omega
SST turbulence model is used. The boundary condition of the mass
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Fig. 7. Time history of pulsed blowing momentum coefficient in the experiment.
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Fig. 9. Pulsed waveform used in the numerical simulation of the pulsed blowing.

flow rate is used on the blowing slot. The height of the first layer
of the grid is 0.02 mm, and the number of cells is 79757.

The pulsed waveform used in the numerical simulation is sim-
ilar to the waveform used in the experiment. This waveform is a
sine-like wave with a 0.72 duty cycle but reaches its maximum at
t/T = 0.4 (see Fig. 9).

2.3. Data processing

As the aerodynamic parameters are unsteady during a period
of pulsed blowing, all of the aerodynamic parameters mentioned
in this study are an average value of instantaneous value in one
period. The reference center of the pitching moment coefficient is
0.15 m away from the leading edge of the main wing; this posi-
tion can be approximately treated as the aerodynamic center of
the model. Friction of the surface is not considered in this study
because only pressure measurement test is used. The equations of
the aerodynamic parameters in this study are as follows:

Coym 3 n 21 (s T xPidS) (1)
P 0.5000V2,SeC

=1 Z( LS ($ g —picos6;dS) At) )
T 4 0.5000VZ Se

Cp_p= lz %Zrll(qjs —p;sin6;ds) At 3)
P 0.5000V2,Se

T

where c is the chord length of the flap. p. is the density of
freestream. S, is the reference area of the flap. V is the velocity
of freestream. 7 is the moment vector from the reference center to
the pressure tap. P; is the static pressure of the pressure tap. n is
the number of taps. S is the surface of flap. dS is a vector normal
to the interval between two adjacent taps. 6; is the angle between

the axis y and dS. Cpy—p is the pitching moment coefficient of the
flap generated by pressure. C;_, is the lift force coefficient of the
flap generated by pressure. Cp_p is the drag coefficient of the flap
generated by pressure. T is the time of one pulse period and At is
the interval time of two adjacent pressure measurements.

The average blowing momentum coefficient C, is described as
the parameter representing the strength of blowing jet. C;, can be
derived as follows:

1 m;V;
Cu==Y —1 At (4)
T ; %poovgose

where V; (m/s) is the jet velocity from the blowing slot and m;
is the mass flow rate of the blowing jet, which is measured by a
flowmeter set on the upstream of the gas-supply duct. Jet velocity
is derived as follows:

(5)

where Pg; and P; are the total and static pressure, respectively, of
the blowing slot and p; is the density of the gas jetting from the
blowing slot. Because the Mach number of the jet is lower than 0.3,
the jet compressibility is neglected. So p; can be treated as po.

The total aerodynamic force/moment of flap can be divided into
three components: force/moment provided by pressure, force/mo-
ment provided by friction and the reactive force/moment provided
by blowing. Friction from the surface of flap is unknown because
only the pressure measurement test was taken. Thus, friction influ-
ence is ignored in this study. The reactive force of blowing based
on momentum equation is as follows:

Fb =m;j Vj (6)
where Fj, is the reactive force of the blowing jet.

Thus, the total aerodynamic force/moment can be derived as
follows:

Cm=Cm—p—Cp (7)
CL=Ci—p+Cysing;
Cp :CD,p — CMCOS(sj

where Cy, is the total pitching moment coefficient of the flap. C;
is the total lift force coefficient of the flap. Cp is the total drag
coefficient of the flap and §; is the angle between the blowing jet
and freestream.

The Strouhal number is the parameter that represents pulsed
frequency. The equation of the Strouhal number is as follows:
Str = £ (8)

Voo

where Str is the Strouhal number. f is the pulsed frequency and c
is the chord length of the flap.
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Fig. 12. Continuous blowing effect on the pressure distribution over the flap (o = 0°,
8¢ =20°, Voo =20 m/s, Re =0.8 x 106).

2.4. Validation of the numerical simulation results

The numerical simulation method is used in this study to ob-
tain detailed information on flow field. Therefore, the validation of
the numerical simulation results is necessary. Fig. 10a shows the
evolution of instant blowing momentum coefficient of numerical
and experimental results with a 0.0316 blowing momentum coef-
ficient and a 0.412 Strouhal number. Fig. 10b and Fig. 10c show
out the pressure distributions on the flap when t/T = 0.56 and
t/T = 0.8, respectively, with a 0.0316 blowing momentum coef-
ficient and 0.412 Strouhal number. The solid line with diamond
mark stands for the experimental result, and the solid line with-
out any mark stands for the numerical simulation result. AOA of
the main wing is 0° and the deflect angle of the flap is 20°
with a 0.8 x 10% Reynolds number. Cyut and the pressure distri-
butions of /T = 0.56 and t/T = 0.8 are well coincided; except
for the fore part of the flap, which is covered by the main wing.
There is a gap between the main wing and the flap. In experi-
ment, the width of gap is inaccuracy, and in numerical simula-
tion, the width of gap can be set precisely. The width deviation
of the gap between the main wing and the flap results in the
difference between the numerical and experimental results. Thus,
the numerical result can be considered of appropriate and credi-
ble.

3. Results and discussion
3.1. Effects of continuous blowing on the flow separation over the flap

Pulsed blowing aims to suppress the flow separation over the
flap while less consumption of gas is needed. Therefore, the effect
of the continuous blowing on the flow separation can be used as a
benchmark to the effect of pulsed blowing.

Fig. 11 and Fig. 12 show the flow field (by PIV) and pres-
sure distribution, respectively, of the flap under different average
blowing momentum coefficients when AOA of the main wing is
0°, deflection angle of the flap is 20° and Re is 0.8 x 106. The
flow over the flap is completely separated without blowing (see
Fig. 11a). When C, is 0.013, the separated area is evidently re-
duced (see Fig. 11b). With the increase of C,, the flow over the
flap completely reattaches when C,, is only 0.02 (see Fig. 11c).
Fig. 12 shows that a platform area exists on the pressure distri-
bution over the upper surface of flap without blowing (dash line),
thereby representing that the flow over the flap is a separated
flow. With the increase of C,, the platform area of the pressure
distribution disappears, and a suction peak occurs near the up-
stream of the blowing slot. Pressure distribution is divided into
two components: the upstream and downstream of the blowing
slot. The lift coefficient contribution of these two components is
shown in Fig. 13. The lift coefficient of the upstream part is lower
than that of the downstream when C,, is 0. With the increase of
Cy., the lift coefficient of the upstream increases rapidly when the
lift coefficient of the downstream decreases slightly. The upstream
pressure distribution of the blowing slot contributes 72% of the
lift coefficient and, whereas the downstream pressure distribution
contributes only 28% when C,, is 0.02.

3.2. Effect of pulsed blowing on the aerodynamic characteristics of the
flap

Fig. 14 shows the pulsed blowing effect on the pitching mo-
ment coefficient of the flap changing with the Strouhal number
under different averaged blowing momentum coefficient as well
as the comparison with that of the continuous blowing under the
conditions of o = 0°, flap deflection 8, = 20°, Re = 0.8 x 106. It can
be found that:

Under the continuous blowing (with the average blowing mo-
mentum coefficient of 0.011, 0.02 and 0.03; Str = 0), the negative
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Fig. 13. Proportion of the two components of the lift coefficient of the flap (o = 0°,
8¢ =20°, Voo =20 m/s, Re = 0.8 x 10°).

pitching moment coefficient of the flap can be enhanced compared
with that of non-blowing. With the continuous blowing momen-
tum coefficient of 0.03, the increment of the negative pitching mo-
ment coefficient can be 83% compared with that of non-blowing.

When pulsed blowing acts on the upper surface of flap, the
magnitude of pitching moment coefficient is also enhanced. When
C,. is 0.011 (line marked with diamond), the magnitude of pitching
moment coefficient decreases slightly with the initial increase of
Str and increases rapidly thereafter and reach the maximum value
when Str is 0.412 (pulsed frequency of 40 Hz). If Str continuously
increases, then the magnitude of pitching moment coefficient de-
creases slightly. However, the magnitude of the pitching moment
coefficient is always greater for the pulsed blowing relative to con-
tinuous blowing under the same C, if Str is over 0.15 (pulsed
frequency of 15 Hz). The maximum increment of the magnitude of
pitching moment coefficient with pulsed blowing is 26.7% higher
than that of continuous blowing compared with the magnitude of
pitching moment coefficient of non-blowing. When C,, are 0.02
(line marked with square) and 0.03 (line marked with triangle),
the maximum increment of the magnitude of pitching moment co-
efficient with pulsed blowing is 18.5% and 6%, respectively, higher
than that of continuous blowing compared with the magnitude of
pitching moment coefficient of non-blowing. The difference of the
maximum increment of the magnitude of pitching moment coef-
ficient between pulsed and continuous blowing is decreases with
the increase of C,. When C, is sufficiently high, the flow over
the flap is completely reattached, and the moment contributed by
pressure on the flap surface reaches a threshold value. Thus, the
moment contributed by pressure on the flap surface will no longer
increase even if C;, continuously increases after a critical value.

The maximum increment of the magnitude of pitching mo-
ment coefficient of the pulsed blowing (compared with that of
non-blowing) is 72% when C,, =0.011 (see Fig. 14), and the incre-
ment of the magnitude of pitching moment coefficient of contin-
uous blowing (compared with that of non-blowing) is 61% when
C,. = 0.02. Thus, by pulsed blowing, gas consumption is nearly
only 50% compared with continuous blowing. Accordingly another
11% increment of the magnitude of pitching moment coefficient is
acquired. Therefore, pulsed blowing is an advanced control tech-
nique that can improve the control efficiency of a control surface,
such as a flap, elevator, or aileron.

The preceding analysis indicates that pulsed blowing can in-
crease the pitching moment of the flap, thereby improving its con-
trol efficiency. Conversely, pulsed blowing can act as a technique
to improve the lift of flap and decrease the drag of flap.

Fig. 15 shows the pulsed blowing effect on the lift coefficient
of the flap changing with the Strouhal number under different av-
erage blowing momentum coefficient compared with that of con-
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Fig. 14. Pulsed-blowing effect on the pitching moment coefficient of the flap com-
pared with the continuous blowing effect (a = 0°, 8, = 20°, Re = 0.8 x 10°).
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Fig. 15. Pulsed blowing effect on the lift coefficient of the flap compared with the
continuous blowing effect (o = 0°, 8, = 20°, Re = 0.8 x 106).

tinuous blowing. All of the tests have the following conditions:
o = 0°, flap deflection 8, = 20°, Vo, =20 m/s, and Re = 0.8 x 106.
It can be found that:

Under continuous blowing (with average blowing momentum
coefficient of 0.011, 0.02, and 0.03; Str = 0), the lift coefficient
of the flap can be enhanced compared with that of non-blowing.
With the continuous blowing momentum coefficient of 0.03, the
increment of lift coefficient can be 81% compared with that of non-
blowing.

When pulsed blowing acts on the upper surface of flap, the lift
coefficient is evidently enhanced. When C,, is 0.011 (line marked
with diamond), the lift coefficient decreases under low Str, and in-
creases rapidly thereafter and reach the maximum value when Str
is 0.4 (pulsed frequency of 40 Hz). If Str continuously increases,
then the lift coefficient decreases slightly. However, the lift coef-
ficient of pulsed blowing is constantly higher than that of con-
tinuous blowing under the same C, if Str is over 0.15 (pulsed
frequency of 15 Hz). The maximum increment of the lift coefficient
with pulsed blowing is 26.7% higher than that of continuous blow-
ing compared with the lift coefficient of non-blowing. When C,
are 0.02 (line marked with square) and 0.03 (line marked with tri-
angle), the maximum increment of the lift coefficient with pulsed
blowing are 17.4% and 13.6%, respectively, higher than that of con-
tinuous blowing compared with the lift coefficient of non-blowing.
The maximum increment of the lift coefficient between pulsed and
continuous blowing decreases with the increase of C,,. When C,
is sufficiently high, the flow over the flap is completely reattached,
and the lift contributed by pressure on the surface of flap reaches
a threshold value. Thus, the lift contributed by pressure on the sur-
face of flap will no longer increase even if C;, constantly increases
after a critical value.
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Fig. 16 shows the pulsed blowing effect on the drag coefficient
of the flap changing with the Strouhal number under different av-
erage blowing momentum coefficient compared with that of con-
tinuous blowing. All of the tests have the following conditions:
o = 0°, flap deflection 8, = 20°, Vo, =20 m/s, and Re = 0.8 x 108.
It can be found that:

Under continuous blowing (with average blowing momentum
coefficient of 0.011, 0.02, and 0.03; Str = 0), the drag coefficient
of the flap can be reduced compared with that of non-blowing.
With the continuous blowing momentum coefficient of 0.03, the
decrement of the drag coefficient can be 25% compared with that
of non-blowing.

When pulsed blowing acts on the upper surface of flap, the
drag coefficient is also evidently enhanced. When C,, is 0.03 (line
marked with triangle), the drag coefficient decreases when Str <
0.05, and increases to the maximum value (even higher than that
with continuous blowing) thereafter. If Str continuously increases,
the drag coefficient will decrease. However, the maximum decre-
ment of the drag coefficient with pulsed blowing is 18.7% higher
than that of continuous blowing compared with the drag coeffi-
cient of non-blowing.

3.3. Mechanism of the pulsed blowing control technique

The preceeding discussion emphasized that both continuous
and pulsed blowings can improve the aerodynamic performance of
the flap. Wu Peng et al. determined that the mechanism of improv-
ing aerodynamic performance by continuous blowing is injecting
energy into the boundary layer. However, the flow field over the
flap is unsteady for the pulsed blowing technique. The mechanism
of the pulsed blowing may not be the same as that of continuous
blowing.

The numerical simulation results are used in this part. Five sec-
tions over flap are selected to study the velocity profile along the
flap. A coordinate system of flap is built with the origin set in the
leading edge of the flap (see Fig. 17a). Section 1 (x/c = 0.23) is
set to the upstream near blowing slot (x/c = 0.24), and Section 2
(x/c =0.26) is in the downstream near the blowing slot. Section 3
(x/c =0.44), Section 4 (x/c =0.72) and Section 5 (x/c =0.97) are
also shown. All of the sections are normal to the surface of the
flap.

Fig. 18 shows the evolution of the instant blowing momentum
coefficient and instant lift coefficient of the flap during one cy-
cle with C;, =0.02 and Str =0.05 as well as under the following
conditions: 8, = 20°, Vo =20 m/s, and Re = 0.8 x 106. Cpe con-
tinuously increases from t/T =0 to t/T = 0.4 and the Cj; also in-
creases. From t/T = 0.4 to t/T = 0.65, C,; continuously decreases,
but Cy; continuously increases. From t/T = 0.65 to t/T =0.75, Cy
becomes 0, whereas Cy; increase rapidly. After t/T =0.75, Cy; be-
gins to decrease.

Fig. 19 shows the flow structure evolution during one cycle
when C,, =0.02 and Str = 0.05 under the following conditions:
Se =20°, Voo =20 m/s, and Re = 0.8 x 108. C;; represents the in-
stant lift coefficient of the flap. At the beginning of the blowing
period (t/T = 0), the flow over the flap is completely separated
(see Fig. 19a). When t/T = 0.4 (see Fig. 19b), the instant blowing
momentum coefficient reaches the maximum value. The flow over
the flap is reattached, and a suction peak occurs at x/c = 0.23.
The velocity profile of x/c =0.23 to x/c = 0.44 has a high normal
gradient, and the velocity magnitude is decreased from x/c =0.26
to x/c = 0.72. The flow in x/c = 0.23 reattaches because of the

secl sec3
sec2 sec4 secS

y
a) X b)

Fig. 17. Velocity profile sections over the flap for a) coordinate system of the flap and b) section location.
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Fig. 18. Evolution of parameter during one cycle for a) instant blowing momentum coefficient and b) instant lift coefficient of the flap (8, = 20°, V4 =20 m/s, Re = 0.8 x 105,

C, =0.02, Str=0.05).
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Fig. 19. Flow structure evolution during one cycle with Str = 0.05 (8, = 20°, Vo, =20 m/s, Re = 0.8 x 106, Cu =0.02).
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Fig. 20. Evolution of parameter during one cycle for a) instant blowing momentum coefficient and b) instant lift coefficient of the flap (8, = 20°, Vo =20 m/s, Re = 0.8 x 10,

€y =0.02, Str=0.515).

injection effect, and the flow from x/c = 0.26 to x/c = 0.72 also
reattaches because of the energy offered by the blowing jet. When
t/T = 0.65 (see Fig. 19c), pulsed blowing goes into the attenua-
tion period and flow over the flap begins to separate from the
trailing edge of the flap. However the lift coefficient of the flap
constantly increases. A narrow separation area occurs over the flap.
The suction peak upstream the blowing slot has attenuated. When
t/T =0.75 (see Fig. 19d), a vortex structure covers most of the
space over the flap. The suction peak upstream the blowing slot
has already disappeared. However the velocity profile of x/c = 0.44
has a high normal gradient and high negative velocity magnitude,
thereby representing a strong vortex while the velocity magnitude
of the other sections is low. When t/T = 0.9 (see Fig. 19e), the
flow over the flap is completely separated, and the vortex over flap
has already broken down. C}, ~ x does not have a suction peak and
all velocity profiles of the five sections are nearly maintained at a
low normal gradient and magnitude.

According to Cp ~ x/c in Fig. 19, the lift increment of the flap
is mainly supplied by the negative pressure of the upstream of the
blowing slot in the blowing period. The lift increment of the flap in
the non-blowing period is mainly supplied by the vortex induced
by the switch from blowing to non-blowing. The velocity profile of
x/c =0.23 also shows that a high normal gradient of the velocity
profile exists before t/T = 0.65.

With the increase of Str, the average lift coefficient of the
flap increases. Fig. 20 shows the evolution of the instant blow-
ing momentum coefficient and instant lift coefficient of the flap
during one cycle when C, =0.02 and Str = 0.515 under the fol-
lowing conditions: 8, = 20°, Vo, =20 m/s, and Re = 0.8 x 106.
C,¢ constantly increases from t/T =0 to t/T = 0.4 and the Cy¢
also increases. From t/T = 0.4 to t/T = 0.5, C¢ continuously de-
creases, whereas the Cy; continuously increases. From t/T = 0.5 to
t/T =0.9, Cy constantly decreases and becomes 0, and C;; begins
to decrease.

Fig. 21 shows the flow structure evolution during one cy-
cle when C, =0.02, Str=0.515 under the following conditions:
Se =20°, Vo =20 m/s, and Re = 0.8 x 108. At the beginning of
the blowing period (t/T = 0), a suction peak is present and in-
duced by a vortex near x/c = 0.35 (see Fig. 21a). When t/T = 0.4
(see Fig. 21b), the instant blowing momentum coefficient reaches
the maximum value. The suction peak moves to x/c = 0.65. When
t/T = 0.5 (see Fig. 21c), the suction peak moved to x/c = 0.72.
The velocity profile of x/c = 0.72 has a high normal gradient and a
negative velocity magnitude. Thereafter, the moving vortex breaks
down after t/T = 0.8 (see Fig. 21d and Fig. 21e) and a new suction
peak occurs near the blowing slot. Based on Cp ~ x/c, a suction
peak occurs at the upstream of the blowing slot during an entire
period. Simultaneously, a suction peak reduced by a moving vortex
occurs on the downstream of blowing slot.

When Str constantly increases, the average lift coefficient of the
flap will decrease slightly. Fig. 22 shows the evolution of instant
blowing momentum coefficient and instant lift coefficient of the
flap during one cycle when C, = 0.02, Str = 1.65 under the fol-
lowing conditions: 8, = 20°, Vo =20 m/s, and Re = 0.8 x 106.
Cy¢ variation during the entire period is low.

Fig. 23 shows the flow structure evolution during one cycle
when C,, =0.02 and Str = 1.65 under the following conditions:
8e =20°, Voo =20 m/s, and Re = 0.8 x 10°. The velocity profile of
x/c =0.72 and x/c = 0.97 does not change substantially with time,
and the velocity magnitude is low. Thus, the flow downstream of
x/c =0.72 is separated in the entire period. However, the velocity
profile of x/c =0.23 is satiated even if in the non-blowing period.
The vortex generated by the switch from blowing to non-blowing
does not induce a high suction peak over the flap in the entire pe-
riod. Most of the lift increment is contributed by the leading edge
of the flap.

The preceding discussion emphasized that the mechanism of
improving the lift of the flap by pulsed blowing can be described
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Fig. 21. Flow structure evolution during one cycle with Str = 0.515 (8, = 20°, Vo, = 20 m/s, Re = 0.8 x 106, C, =0.02).
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as follows: blowing jet can be treated as an injector. The flow
upstream of the blowing slot is injected by the blowing jet and
induces a suction peak of pressure, which is the same mecha-
nism as continuous blowing. Conversely, the vortex generated by
the switch of blowing and non-blowing over the blowing slot in-
duces a suction peak of pressure. Lift increment is generated by
these two components of suction peak. Both the inject effect and
the vortex need sufficient time to develop. When Str is low, the
lift increment supplied by the inject effect can reach its maxi-
mum value and stability. The lift increment supplied by the vortex
reaches the maximum value and decreases thereafter. Thus, Str has
a critical value that balances the both components of lift increment
and leads their sum into maximum value. When Str is higher than
the critical value, the vortex generated by the switch from blowing
and non-blowing cannot obtain sufficient time to develop, thereby
leading to a lift increment penalty. Moreover, the blowing jet can-
not induce a high speed-up in the upstream of the blowing slot,
thereby leading to a lift increment penalty.

4. Conclusions

Several conclusions are drawn based on the preceding analyses.

This study introduces an innovative flow control technique,
namely, pulse blowing technique. Evidently, flow separation can be
suppressed by pulsed blowing and the control efficiency of the flap
can be enhanced.

With the increasing Str of pulsed blowing, the increment of lift
and the magnitude of pitching moment increases gradually and a
critical Str exist in which the increment of the lift and the magni-
tude of pitching moment coefficient reaches the maximum value.
The critical Str is decided by the velocity of freestream and the
geometry of model.

The pulsed blowing effect is larger than that of continuous
blowing when Str is larger than the critical Str. In the experimental
test, the largest increment of the magnitude of pitching moment

coefficient is obtained when Str is approximately 0.4 ( f =40 Hz).
This result shows that the increment of the magnitude of pitching
moment coefficient with pulsed blowing is 26.7% larger than that
of continuous blowing under the same blowing momentum, that
is, C, =0.011 and V4, =20 m/s. The maximum increment of the
magnitude of pitching moment coefficient of pulsed blowing with
C,, =0.011 is 72%, and the increment of the magnitude of pitch-
ing moment coefficient of continuous blowing with C,, =0.02 is
61%. Thus, by pulsed blowing, gas consumption is only 50% com-
pared with continuous blowing, and another 11% increment of the
magnitude of pitching moment coefficient is acquired. Therefore,
pulsed blowing is an advanced control technique that can be used
to improve the control efficiency of the flap.

The mechanism of improving the lift of the flap by pulsed blow-
ing can be divided into two components. First, blowing jet can be
treated as an injector. The flow upstream of the blowing slot is in-
jected by the blowing jet and induces a suction peak, which is the
same mechanism as continuous blowing. Second, the vortex gener-
ated by the switch of blowing and non-blowing over the blowing
slot induces a suction peak. Lift increment is generated by these
two components of suction peak. Both the inject effect and vortex
need sufficient time to develop. When Str is low, the lift incre-
ment supplied by the inject effect can reach its maximum value
and stability. The lift increment supplied by the vortex reaches the
maximum value and decreases thereafter. A critical value of Str
balances the both components of the lift increment and leads their
sum into maximum value. When Str is higher than the critical
value, the vortex generated by the switch from blowing and non-
blowing cannot obtain sufficient time to develop, thereby leading
to a lift increment penalty in the non-blowing period. By contrast,
the blowing jet cannot induce a high speed-up in the upstream
of blowing slot, thereby leading to a lift increment penalty in the
blowing period. Therefore, the most important parameters of the
pulsed blowing control technique are C,, and Str. C;, masters the
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Fig. 23. Flow structure evolution during one cycle with Str = 1.65 (8§, = 20°, V4, =20 m/s, Re = 0.8 x 106, C, =0.02).
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Fig. 23. (continued)

suction peak upstream the blowing slot and Str masters the suc-
tion peak downstream the blowing slot.
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