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Abstract

The Synthetic Jet (SJ) control on the propulsion behavior of a foil in plunge-pitch motion is examined in this work by numerical
simulations. An elliptic foil with ratio of 8 performs the plunge and pitch motions synchronously. A pair of SJs with the same frequency
and strength is integrated into the upper and lower surfaces of the foil. As a result, the local flow field around the foil could be obviously
modified by the SJs. At the Reynolds number of 200, the effects of the inclined angle between the jet direction and the chord line, the phase
angle between the SJs and the flapping motion as well as the location of SJ on the propulsion performance are systematically investigated.
Compared with the pure plunging and pitching foil, it is indicated that the enhancement of mean thrust and propulsive efficiency can be
obtained by the SJs with suitable working parameters. Based on the numerical analysis, it is found that the jet flow on the foil surfaces,
which changes the local pressure distribution to increase the pressure difference between upper and lower surfaces, can benefit the pro-

pulsion behavior of the flapping foil.
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1 Introduction

Inspired by aquatic animals and birds/insects,
flapping foils have been designed to work as propellers

due to significant advantages as compared with

man-made fixed-wing vehicles!' .

During the past
several decades, the investigations on the flapping foils,
via both experiments and numerical simulations, have

been extensively conducted® '

, and some important
conclusions have been drawn. For example, the high lift
generation is attributed to the intense Leading Edge
Vortex (LEV) around the foil, a thrust wake is most
likely an inverted Karman wake but an inverted Karman
wake is not necessarily a thrust wake. In addition, some
simple but efficient theories have also been proposed to
quickly predict the propulsion performance[13 1]
However, due to the complex fluid-structure interactions,
there still are many attempts should be made to explore
the mechanisms in flapping foils.

Until now, various efforts have been made to

*Corresponding author: Jie Wu
E-mail: wuj@nuaa.edu.cn

improve the propulsion behaviors of flapping foils.
Among them, the structural flexibility, including active
control and passive deformation, has been frequently
considered"* ', In the meanwhile, some attentions have
also been paid to the ground effect®® . On the other
hand, it is known that three types of motion modes are
generally used in flapping foil-based propellers, i.e.,
pure plunge motion, pure pitch motion and combined
plunge-pitch motion. But recently, other different mo-
tion trajectories have also been utilized™ !, which
include the ellipse shape and the figure-of-eight shape.
In these techniques mentioned, some belong to the realm
of flow control.

According to whether needing external energy or
not, the flow control can be categorized into two types:
passive control and active control. Compared with the
passive one, the active control is more flexible and effi-
cient. Among them, the representative is to use the
Synthetic Jet Actuator (SJA)®, which can produce
zero-net-mass flux jets. Due to its simple construction
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and rapid response, SJA has been widely employed for
various purposes during the past decade!”. Particularly,
attributed to the quasi-two-dimensional flow profile,
slot-type Synthetic Jet (SJ) is commonly used for airfoil
flow control™ " In these studies, the airfoil is usually
stationary with a post-stall angle, and the SJ is mainly ap-
plied for the suppression of flow separation or static stall.
For the moving airfoil case, on the other hand, SJ is
chosen to control the dynamic stall of a pitching airfoil.
Through numerical simulations of a pitching
NACAO0015 airfoil, Rehman and Kontis®®* indicated that
a single SJ with high frequency was suitable for lift
enhancement whereas drag reduction could be achieved

133 experimentally

with large amplitude. Yen and Ahmen
analyzed the interaction between SJ and dynamic stall
flow field. They reported that low amplitude SJ actua-
tion would be more effective in improving the overall
aerodynamic efficiency of a pitching NACA0020 airfoil
compared with the high amplitude actuation. An expe-
rimental study of dynamic stall process on a finite span
S809 airfoil and its control via SJs was conducted by
Tayler and Amitay™. It is shown that the injection of
small amount of momentum near the leading edge could
completely interrupt the formation of the leading edge
recirculation region. Recently, Tadjfar and Asgaril™
numerically investigated the role of excitation frequency
of a tangential SJA in a pitching NACAO0012 airfoil.
When the excitation frequency of SJ exactly matched the
pitching frequency, it was found that the performance
could be far more superior to the other controlled cases
in enhancing lift and reducing drag.

To the best of our knowledge, however, there is no
work about the SJ control on the propulsion behaviors of
flapping foils yet. Only one related work, in which a pair
of SJs was applied to a plunging foil, has been done

36 Since the plunging fre-

recently by Wang and Tang
quency was low in their study, no thrust force was gen-
erated. Due to its outstanding effectiveness for flow
control, the performance of SJ applied for propulsion of
a flapping foil is numerically investigated in this study.
An elliptic foil with ratio of 8, which is placed in a low
Reynolds number flow field, undergoes the sinusoidal
plunge-pitch motion. Meanwhile, a pair of SJs with the
same frequency and strength is installed on the upper

and lower surfaces of the foil. The exit velocities of SJs

are also sinusoidal. After fixing the flapping amplitude
and frequency, the effects of the inclined angle between
the jet direction and the chord line, the phase angle be-
tween the SJs and the flapping motion as well as the
location of SJ on the propulsion performance are ex-
amined in detail. Based on the numerical results, the
influences of SJs on the thrust force and the propulsive
efficiency of the flapping foil are demonstrated.

2 Problem description and numerical method

2.1 Problem description

In this study, an elliptic airfoil with ratio of 8 is
placed in a uniform flow. As sketched in Fig. 1, the foil
undergoes imposed plunging and pitching motions.

. 24,25
Same as the previous work!***”]

, an imposed sinusoidal
mode is used to drive the foil. So the governing equation

of motions is:

{h(z) = h, cos(2mft) Q)

6(r) =6, sin (2nft)’

where A(f) and &¥) are the instantaneous displacement of
pitching axis and pitching angle at time ¢, respectively,
h,, and 6, are the corresponding amplitudes, and f'is the
frequency of oscillation. In this study, the pitching and
plunging amplitudes are chosen as 6, = 30° and
hu/c = 0.5, respectively, where ¢ is the chord length of
the foil. In addition, the reduced frequency is defined as
k = 2nfc/U,, where U, is the oncoming flow velocity.
Considering the small creatures in nature, the Reynolds
number based on the oncoming velocity and the chord
length can be fixed at Re = 200.

To enhance the propulsion performance of flapping
foil via the flow control, a pair of synthetic jets is inte-
grated into its upper and lower surfaces. As plotted in
Fig. 1, the distance from the center of SJ to the leading
edge of the foil is d. In the present study, two SJs are
assumed to have the same excitation frequency (f),
phase angle (@) between SJ and flapping motion and jet
strength (V,), but opposite velocity directions. The ex-
citation frequency is set to be equal to the flapping fre-
quency, i.e., fi = f. Moreover, the inclined angle between
the jet direction and the chord line is defined as «. Thus,
the time-dependent velocities of SJs can be written as:

V,(t)=V, cos2nf,t + ), (2a)
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u,, =V, [cos(é’ +a),sin(@ + a)], u;, =-ug;,, (2b) Uy
. . . ‘ « i d
Wh.ere ug, (or ug) is the jet velocity vector, the sub- E—__ / Ty 00 = 0, sinn)
scripts “u” and “I” represent the upper and lower sur- — 0(/%5\. e
. . . :h 5 &
faces, respectively. Additionally, the width of each SJ v C’\
_—

slot is fixed at w = 0.1c¢ in this work.

When the flapping foil works as a propeller, the
mean thrust coefficient C, and mean power coefficient
(_?p are two important parameters for the analysis of
propulsion behavior. They are defined as:

— 1 7 — 1 ¢r
C =?j0 C(1)dr, C, = [ ¢, (da, @)

where C; and C, are the thrust coefficient and power
coefficient, respectively. They are calculated by:

dh(t) MdH(t)},

F
d ] ! {Fl +
EIDOOUS)C dr dr

2p@ o0

4
where Fy and Fj are the drag and lift forces acting on the
flapping foil, M is the torque about the pitching axis, and
P 1s the oncoming flow density. Thus, the propulsive
efficiency can be defined as:

n,=C/C,. (5)

It should be pointed out that the energy required for
driving two SJs is ignored in this work.

2.2 Numerical method and validation

To simulate the viscous and incompressible flow
over a plunging and pitching foil, the proposed Im-
mersed  Boundary-Lattice = Boltzmann = Method
(IB-LBM)®"! is employed in this work. It has been well
validated and widely applied for the investigations of

25,38,39]

flapping foil problems . In the framework of

IB-LBM, the governing equations are written as:
fi(x+edt,t+dt)= f(x,t)-
L f )= 1o () ]+ Fo,
T

1 e—u e-u
F=ll-—|o| - +——e |- f, 6b
I ( 2Tj l( CXZ c4 1] f ( )

K

(62)

where x is location vector, f;is the distribution function

and f* is its corresponding equilibrium state, 7 is the

—_— h (t) = hy, cos(2nft) Vi (2) = Vi cos(2nfyit+¢)

Fig. 1 Flow over a plunging and pitching foil with a pair of syn-
thetic jets on the upper and lower surfaces.

single relaxation time, e; is the lattice velocity, 6t is the
time step, @; represent coefficients related to the lattice
velocity model used, ¢, is the speed of sound in lattice
Boltzmann method, and fis the fluid force density that is
determined by the boundary force density. By solving Eq.
(6), the flow field involving the flapping foil can be
achieved. More details about IB-LBM can be found in our
previous work"".

In the following simulations, the size of computa-
tional domain is 32 ¢ x 24 c. Initially, the flow is sta-
tionary. Free stream is imposed at the inlet and natural
boundary condition is applied at the upper and lower
sides and the outlet as well. A non-uniform mesh (the
size is 481 ¢ x 421 ¢) is used, which is fine and uniform
around the foil. The mesh spacing of uniform mesh is A.
In the current simulations, twenty flapping periods are
completed for each case. It should be noted that the flow
becomes periodic after the sixth flapping cycle. Same as
the previous work[zs], A= 0.00625 ¢ is used, which is
fine enough to achieve accurate results.

3 Results and discussion

Before taking the SJ effect into account, the other
motion parameters of the foil used in this work should be
determined firstly. It is known that the propulsion per-
formance is sensitive to the position of pitching axis x,

(5] So two pitching axis locations

from the leading edg
are checked, i.e., x,= ¢/4 and ¢/2. In order to ensure the
generation of mean thrust force, the reduced frequency is
chosen as k=2.5. Table 1 lists the calculated mean thrust
coefficient, mean power coefficient and propulsive effi-
ciency at two different pitching axis locations. It is found
that smaller x, can result in higher propulsion performance,
which is the same as the conclusion in Refs. [38, 39].

At the same time, in this work, the factors of in-

terest related to SJs are the inclined angle between the jet
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direction and the chord line (@), the phase angle between
the SJs and the flapping motion (¢) and the distance from
the center of SJ to the leading edge of the foil (d). Al-
though the jet strength could influence the propulsion
behavior, it is fixed at V,, = U, here. For convenience,
the details of parameters used are summarized in
Table 2.

3.1 Effect of jet inclined angle

To study the effect of inclined angle between the jet
direction and the chord line, the phase angle and the SJ
position are fixed at ¢ = 90° and d = ¢/2, respectively.
Thirteen values of « in the range of 0° — 180° are con-
sidered. Fig. 2 gives the variation of C_’t , 5}7 and 77, with
respect to a. Meanwhile, the results of only a flapping
foil without SJs, which are denoted as dashed lines, are
also involved in the figure. From Fig. 2, it can be known
that the variation trends of C,, C , and 77, at x, = ¢/4 and
X, = ¢/2 are identical. With the increase of a, C, first
decreases and then increases again, as shown in Fig. 2a.
A minimum value appears at « = 115° for both x,= c/4
and x, = ¢/2. As compared with the case without SJs, C,
can be improved at 0° < ¢ < 60° and 150° < ¢ < 180°. A
similar pattern can be found for C , in Fig. 2b. A small
difference is that C, slightly increases before « = 30°.
Moreover, it is also noted C, is smaller than that of
uncontrolled case when « > 60°, although the reduction
is not very large. Consequently, the behavior of 7, in
Fig. 2¢ is almost the same as that of C, . The reduction of
7, occurs at 75° < o < 120°, whilst the maximum im-
provement of 77, appears at o= 30°.

Besides the propulsion performance, the flow pat-
terns are affected when the synthetic jets are used. Fig. 3
presents the vorticity contours of cases with and without
SJs at x, = ¢/2 in the first half flapping period. The pa-
rameters of SJ are ¢=90°, d=c¢/2, & =0° and 90°. It is
noted the contours for three different cases have the
same values in each sub-figure.

From Eq. (1), it is known that the foil has left its
highest position of plunging motion at #/7= 1/8. For the
uncontrolled case (Fig. 3a), two recirculation regions
along the upper and lower surfaces are formed around
the leading edge of the foil. For the case with SJs at
a= 0" (Fig. 3b), the tangential jets clearly destroy two

Table 1 Propulsion performance without SJs

5 c C, 7, (%)
cl4 0.262 2.002 13.10
c/2 0.179 1.559 11.47

Table 2 All parameters of SJ examined in this work

Inclined angle (@) Phase angle (¢) SJ position (d)
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Fig. 2 Comparison of (a) mean thrust coefficient, (b) mean power

coefficient and (c) propulsive efficiency for flow over a plunging
and pitching foil with SJs at ¢=90° and d= ¢/2.
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recirculation regions. But for the case of a = 90°, the
recirculation regions are weakly hampered by the ver-
tical jets (Fig. 3¢). When the foil comes to the medium
position of plunging motion at #/7= 1/4, the recirculation
regions are enlarged. Meanwhile, the effect of SJs is also
strengthened. As the foil further moves downwards, the
phenomenon of vortex shedding happens. Since the
strength of SJs is weakened, the vorticity around the foil
is also less influenced.

Based on the results above, it is noticed that the jet
inclined angle can clearly modify the performance of the
flapping foil with SJs. During a specific range of in-
clined angle, the mean thrust coefficient and propulsive
efficiency can be enhanced as compared with the un-
controlled case.

Vort:

3.2 Effect of jet phase angle

To check the effect of phase angle between the SJs
and the flapping motion, twelve values of ¢ are chosen
from 0° to 330° with the interval of 30°. Again, the SJ
position is fixed at d= ¢/2. Two typical inclined angles
are selected, i.e., «= 0" and o= 90°, which respectively
corresponds to propulsion enhancement and reduction.
Fig. 4 illustratesC,, C ,and 7, varying with ¢. Again,
the results without SJs are involved in the figure. Same
as Fig. 2, the behaviors of C_‘, , (_?p and 77, at two pitching
axis positions are very close to each other for both o= 0"
and & = 90°. As can be seen from Fig. 4a, C, first in-
creases and then decreases with ¢ for the case of @ =0°.
Moreover, C is always larger than that of uncontrolled

5 10 20 30

t/T=1/8 HT=1/4

(a) No SJs

tHT=1/2

t/T=3/8

tT=1/8 tT=1/4

(b) With SJs, a = 0°

tT=3/8 tHT=1/2

tT=1/8 t/T=1/4

(c) With SJs, o = 90°

t/T=3/8 HT=1/2

Fig. 3 Vorticity contours in the first half flapping period at x,= ¢/2. (a) No SJs; (b) with SJs at & = 0°; (c) with SJs at & = 90°. Other

parameters of SJ are ¢=90° and d= c/2.
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case. While for the case of o = 90°, the variation of
Et with respect to ¢ is a little more complex, which is
always smaller than the case without SJs. Thus, it seems
that ¢ cannot greatly modify C, . From Fig. 4b, however,
some reduction of 5}7 can be found for o = 0°, whilst
there is no clear change of C , for @=90". So the same
asC,, C, is also not sensitive to ¢. As a result, the var-
iation trend of 77,, as shown in Fig. 4c, is nearly the same
as that of C,. In particular, the maximum values of 7,
for x,= ¢/4 and x,= ¢/2 appear at ¢ = 150" and ¢ = 90°,
respectively.

Similar to the inclined angle effect, the flow pat-
terns are also influenced by using different jet phase
angle. Fig. 5 provides the pressure coefficient contours
of cases with and without SJs at x,= ¢/4 in the first half
flapping period. The parameters of SJare a=0°,d =c¢/2,
¢ =0° and 90°. Again, the contours for three different
cases have the same values in each sub-figure. At
t/T=1/8 (Fig. 5a), a wide negative pressure region covers
the upper surface of the foil, while a small positive
pressure region is located around the leading edge of
lower surface. When the SJs are used, the pressure fields
around the jet slots are changed more or less. At #/7= 1/4
(Fig. 5b), the sizes of both negative and positive pressure
regions are increased. For the cases with SJs, the nega-
tive pressure region on the foil upper surface is further
spread, but the positive pressure region is shrunk slightly.
In addition, a very small positive pressure region is
formed around the jet slot of lower surface for ¢ = 90°.
At t/T= 3/8, the positive pressure region has occupied
about half part of lower surface, while no clear change of
negative pressure region happens. When the SJs work,
this positive pressure region is broken, and the small
positive pressure region grows up. At #/7= 1/2, there is
no obvious positive pressure region around the foil, and
the use of SJs only changes the local pressure field to
some extent.

Based on the above results, it is shown that the jet
phase angle also influences the behavior of the flapping
foil with SJs. The mean thrust coefficient is increased at
some phase angles, while the mean power coefficient is
decreased at other phase angles. The possible reason is
that the pressure field along the foil surface is redistri-
buted by the SJs.
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030 | LA AT s - ==
T e
A TA s A
No SJs, x, = c/4
0.25 | A& A A
AL A
I A, AT A
i A Al
020 fy-—Y M S
L S
No SJs, x, = ¢/2 g
S - v = V.
F ) ~. v A4
IREN S g @
0 60 120 180 240 300
#()
@
— A== x,=c/4,a=0"
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— =A== x,=c/4,a=90"
= v—= x,=c/2,a=90"
20 b mea A e NOSIS R T
A A
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P S U s
5 1.8
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I :r.-:!:'-‘.'.?-?ﬂ_.‘-_---_I\I_O.S_J.S’_x."_-_/%_-
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——b—— x,=c/4,a=90"
o A A AT T X, =0/2,0=90°
,/"-, "“'A
P e
14
P A - No SJs, x, = c/4
9 + IR S Ak S rigz--o- P e
= A A X=X
= A p DT Bopp b
12
No Sls, x, = c/2
/'F‘ V.. N
v V. @ v
10 v V-
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Fig. 4 Comparison of (a) mean thrust coefficient, (b) mean power
coefficient and (c) propulsive efficiency for flow over a plunging
and pitching foil with SJs at d= ¢/2.
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7T=103" 7T=378 7T=172
(a) No SJs
t/T=3/8 HT=1/2

IT=178 __-

(b) With SJs, @ =0°

=18,

(¢) With SIs, & = 90°

t/T=13/8 tT=1/2

Fig. 5 Pressure coefficient contours in the first half flapping period at x, = c/4. (a) No SJs; (b) with SJs at ¢ = 0°; (c) with SJs at ¢=90".

Other parameters of SJ are @ = 0" and d= ¢/2.

3.3 Effect of SJ position

Besides the inclined angle and the phase angle, the
location where the SJs work plays an important role in
the propulsion performance. To check this effect, the
phase angle is fixed at ¢ =90°. In addition, & = 0° and
a = 90° are still selected. Five SJ positions are consi-
dered, i.e., d = c/4, c/3, ¢/2, 2¢/3 and 3c¢/4. Similar to
Figs. 2 and 4, ét ,C , and 77, changing with d are plotted
in Fig. 6. The results without SJs are still involved in the
figure. From Fig. 6a, it can be found that the variation
trend of 5[ at o= 0" is significantly different from that at
a = 90°. Specifically, Et at @ = 0° can monotonically
increase with d, but it decreases with d monotonically at
a=0". For a given x,, therefore, C_’, at a=90° is larger
than that at &« = 0° when d < ¢/3, and the situation
reverses when d > ¢/2. From Fig. 6b, on the other hand, it
is known that the change of C , with d is relatively small.
Concretely, C, at &= 0" just shows slight modification
and no reduction is observed as compared with the case
without SJs. But C ,at @ = 90° can increase with d

smoothly and it is smaller than that of no SJs when
d < ¢/2. Taken together, a high 77, can be produced for the
case of a=90° when d < ¢/3, which is even larger than
that of o = 0° at d = 3¢/4. The maximum values of 7,
here are 18.76% and 18.10% for x, = ¢/4 and c/2, re-
spectively (The corresponding enhancement of 7, can
reach 43.21% and 57.81%, respectively). Based on the
results shown in Fig. 6, it is indicated that the propulsion
behavior is greatly dependent to the SJ position.

3.4 Mechanism of propulsion modification

To dig into the mechanism of propulsion modifi-
cation due to the synthetic jet control, the behaviors of
thrust force, lift force and torque should be analyzed in
detail. To this end, the cases at & = 90° and ¢ = 90°
considered. Two sets of SJ positions together with
pitching axis locations are selected, i.e., d = c/4 with
X, = c/4 that corresponds to the efficiency improvement
situation and d = 3¢/4 with x, = ¢/2 that corresponds to
the efficiency reduction status. As a reference, the cases
without SJs at x, = ¢/4 and ¢/2 are also taken into account.
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From Eq. (4), it is known that the power coefficient has
two components. One is caused by plunge C,, which is
determined by the lift coefficient C; and the heaving
velocity (dA/df)/U,. The other is due to pitch C,4, which
is determined by the torque coefficient C,, and the
pitching velocity (dé/df)c/U,. Fig. 7 then provides the
time evolution of C, —C, (dW/dt)/Us,, C,, —C,,
(d@df)c/U and C,g over a flapping period.

As can be seen from Fig. 7a, for the case of d = ¢/4
with x, = c/4, the use of SJs clearly increases C; in the
time range of 0 < #7<0.2 and 0.6 <#/T<0.8. In contrast,
C; is obviously decreased in the time range of 0 < ¢/T <
0.3and 0.7 <#/T< 1 for the case of d = 3¢/4 with x,, = ¢/2.
This might explain the enhancement or reduction of
C, as compared with the uncontrolled case.

On the other hand, it can be observed from Fig. 7b
that C; and (dh/df)/U, have a good synchronization
when the pitching axis is located at x, = ¢/4. As a result,
C, has two peaks with large values, as shown in Fig. 7c.
Moreover, the SJs decrease the magnitude of C; nearly
during the second half flapping period. When the
pitching axis is shifted to x, = ¢/2, however, the syn-
chronization between C; and (d4/df)/U, is down. Then
the peak values of C,;, drop greatly. In addition, it is
noted that the magnitude of C; can be increased by the
SJs more or less in the time range of 0.6 < #T < 0.9.
Consequently, both the reduction and enhancement of
C ,, can be found in Fig. 7c.

As shown in Fig. 7d, the synchronization between
C, and (dddf)c/U, is not so good. For the case of
x, = c/4, the phase difference between C, and
(d@/df)c/U, is about /2. So C,¢ vibrates around a zero
value line, as plotted in Fig. 7e. Similar to C;, C,, is also
changed by the SJs. Its magnitude is smoothly increased
during some parts of period. For the case of x, = ¢/2, on
the other hand, the phase difference between C,, and
(d@df)c/Uy, is about /4. Then C,4 can change around a
positive value line. When the SJs are used, the magnitude
of C,, is decreased mainly during the first half period.
Therefore, as presented in Fig. 7e, the magnitude of
C ,, s enhanced at d = ¢/4 with x,, = ¢/4 and reduced at
d = 3c/4 with x,, = ¢/2. Nevertheless, the magnitude of
5p0 is small, and then its contribution to (_?p 1S not
obvious, even when the synthetic jet control is em ployed.
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Fig. 6 Comparison of (a) mean thrust coefficient, (b) mean power
coefficient and (c) propulsive efficiency for flow over a plunging
and pitching foil with SJs at ¢ = 90°.

To further investigate the changes of C; and C;
(since C i only slightly modifies C ,» Cnisnot  further
considered), the flow field near the flapping foil could be
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Fig. 7 Time evolution of (a) thrust coefficient, (b) lift coefficient, plunging velocity, (c) power coefficient due to plunge, (d) torque
coefficient, pitching velocity and (e) power coefficient due to pitch over a flapping period for flow over a plunging and pitching foil with

and without SJs.

checked. Figs. 8 and 9 illustrate the pressure coefficient
contours at four different instants (denoted as s;—s4 in
Figs. 7a and 7b), respectively. The contour range is the
same as that in Fig. 5.

At the instant of #/T = 1/16 (i.e. s, in Fig. 7a), the
foil just left its highest position of plunging motion.
Simultaneously, it is rotating in the clockwise direction
with a small angle of attack. For the uncontrolled case of
X, = c¢/4, as shown in Fig. 8a, a negative pressure region
covers the whole upper surface of the foil, and another
negative pressure region is also below the lower surface
of back half of the foil. Meanwhile, a small positive
pressure region is attached to the leading edge. There-
fore, the pressure difference of the foil along the hori-
zontal direction generates a drag force (i.e., negative
thrust force, as can be seen in Fig. 7a). When the SJs
are placed at d = ¢/4, the negative pressure around the
leading edge of upper surface is strengthened. At the
same time, the positive pressure region is significantly
shrunk. As a result, the pressure difference along the
horizontal direction is changed, and a thrust force with
small value appears.

AT = HT=1/16
= cld, d=cl4

HT=1/16
X, = c/4, no Sls

(a)

HT=1/8

HT=1/8 .
Xy =ef2,d=3c/4

Xp=c/2,no 8Js

(&)

Fig. 8 Pressure coefficient contours at two instants in the first half
period. (a) s;: #/T=1/16; (b) s,: t/T=1/8.

At the moment of #/T = 1/8 (i.e. s, in Fig. 7a), the
foil keeps moving downwards with the increased angle
of attack. For the case of no SJs and x, = ¢/2, as shown
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#T=3/4 = JT=3/4
x5 =cf2, 10 SJs 7 TN mp=cl2yd=3ci4
\ /

#T=13/16
X,=c/4, no SJs

H#T=13/16
x,=cl4, d=cl4

Fig. 9 Pressure coefficient contours at two instants in the second
half period. (a) s3: #/T=3/4; (b) s4: t/T=13/16.

in Fig. 8b, the positive pressure region around the lead-
ing edge is greatly enlarged as compared with situation
at #/T = 1/16, and it also partially occupies the lower
surface. Thus, a pressure component along the horizon-
tal direction points upstream. Although there is a nega-
tive pressure region around the trailing edge of lower
surface, the pressure difference of the foil along the
horizontal direction still can produce a thrust force
(Fig. 7a). When the SJs are installed at d = 3c/4, the
positive pressure region is obviously shrunk and the
negative pressure on the upper surface is strengthened.
This greatly reduces the horizontal pressure component
or even makes it point downstream. Moreover, the neg-
ative pressure region on the lower surface is expanded
clearly. Therefore, the pressure difference of the foil
along the horizontal direction results in a drag force.

At t/T = 3/4 (s; in Fig. 7b), the foil has finished its
downstroke and just reaches the middle position of
upstroke. As plotted in Fig. 9a, the pressure distribution
for the uncontrolled case of x,, = ¢/2 is nearly opposite to
that at #/T = 1/8. So there exists a negative lift force
(Fig. 7b). For the controlled case of d = 3¢/4, the positive
pressure region on the upper surface is stretched greatly.
Thus, the pressure difference along the vertical direction
of the foil is increased, which then enhances the mag-
nitude of lift force.

At #/T=13/16 (s4 in Fig. 7b), the foil keeps moving
upwards. For the case without SJs at x, = ¢/4, as given in
Fig. 9b, the positive pressure region around the leading
edge is expanded as compared with status at #7 = 3/4.
Meanwhile, the negative pressure on the lower surface is
reinforced. Then a higher negative lift force is generated
(Fig. 7b). For the case with SJs at d = ¢/4, the positive
pressure region on the upper surface is contracted to
some extent, whilst there is no clear change of negative
pressure region on the lower surface. As a consequence,
the magnitude of lift force is reduced.

Based on the results in Figs. 7-9, it is known that
the suitable increase in thrust force and decrease in lift
force, which is caused by the modification of pressure
distribution along the foil surface, are the key issue for
the enhancement of propulsion behavior with the use of
synthetic jet.

4 Conclusion

In this study, a pair of synthetic jets is utilized to
improve the propulsion performance of an oscillating
foil in a low Reynolds number flow. An elliptic foil with
ratio of 8 executes the plunge and pitch motions. The SJs
have the same frequency and strength, which are placed
on the upper and lower surfaces of the foil. At the fixed
Reynolds number (200), the parametric studies about the
inclined angle between the jet direction and the chord
line, the phase angle between the SJs and the flapping
motion as well as the location of SJ are carried out via
numerical simulations.

Based on the results obtained, it is demonstrated
that the use of SJs can affect both the force behavior and
propulsive efficiency. Compared with the flapping foil
without SJs, the propulsive efficiency can be improved
under the condition of appropriate SJ parameters. Par-
ticularly, 7, of foil operating at x, = ¢/4 with k= 2.5 can
be enhanced from 13.1% to 18.76% at & = 90°, ¢ =90°
and d = c/4. According to the numerical analysis, it is
shown that the efficiency enhancement due to the use of
SJs mainly benefits from the increased thrust force and
decreased lift force. The potential mechanism is that the
pressure on the surface of the foil is redistributed attri-
buted to the proper flow control of synthetic jet. On the
other hand, it should be pointed out that other SJ para-
meters such as the jet strength also may modify the

@ Springer



Li et al.: Synthetic Jet Control on the Propulsion Behavior of a Foil in
Plunge-pitch Motion 313

propulsion performance of the plunge-pitch foil. In the
future work, more parametric analyses will be done.
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