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This paper conducts Improved Delayed Detached Eddy Simulation (IDDES) to compare applying co-flow
jet (CFJ) active flow control on the flap and on the front main part of an aircraft control surface. Trade
studies with varying CF] momentum coefficients (C,) and flap deflection angles (6) indicate that using
CFJ on the flap is much more effective and efficient than applying CFJ on the front main part of the
control surface. It is attributed to the feature that CFJ is more advantageous to work in severe adverse
pressure gradient (APG). With a small C,, of 0.025, the configuration with CF] on the flap achieves a
46.1% increase of lift coefficient (C;) with an 80.8% lower power consumption compared with the one
using CF] on the front part. Moreover, the control surface with CFJ on the flap can attach the flow very
well at a very high deflection angle of 70° and achieves a C; of 2.5 times larger than that of the baseline

© 2023 Elsevier Masson SAS. All rights reserved.

1. Introduction

Aircraft empennage, including the control surfaces of vertical
tails, horizontal tails, and canards, are required to have high con-
trol authority with rapid response to keep aircraft trimmed. Con-
trol surfaces, thus, have large sizes in general, which brings severe
penalties of weight, drag, and energy consumption. In this regard,
various active flow control (AFC) methods have been studied to
enhance the lift coefficients of control surfaces as the means to
reduce their size and weight.

Xu and Zha [1] gave an overview of AFC studies on control sur-
faces, including the research of Boeing and NASA using synthetic
jet [2-4] and sweeping jet actuators [5-9]. An 18% increase of side
force (lift) was achieved by the synthetic jet [3], and the sweeping
jet was able to increase the side force by 13% to 16% when applied
on the Boeing 757 ecoDemonstrator [9].

However, synthetic jets in general lack high momentum to dra-
matically alter the flows due to their low energy conversion effi-
ciency [10-12], in particular when the main flow has high mass
and momentum. The sweeping jets tend to require high power to
overcome the high energy loss caused by the jet sweeping and
360° turning of the flow with massive flow separation inside the
actuator. Furthermore, the sweeping jet is not a zero-net-mass-
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flux (ZNMF) flow control and uses engine bleed as the mass flow
source. When the engines are idle during landing, they may not be
able to provide sufficient mass flow. The same issues also exist for
aircraft that do not use jet engines, such as electric aircraft, which
are difficult to obtain the air source.

Zhang et al. [13] apply a recently developed ZNMF co-flow jet
(CFJ) AFC on a control surface as shown in Fig. 1. The injection slot
and suction slot are distributed on both sides of the CF] control
surface airfoil. A micro-compressor actuator is embedded inside
to withdraw a small amount of flow from the suction slot, ener-
gize it, and inject the flow tangent to the wall near the leading
edge. When one side of CF] is working to generate lift force, the
other side of CFJ is closed. Xu and Zha [1] extend the 2D control
surface configuration shown in Fig. 1 to a 3D vertical tail, which
demonstrates a substantial lift coefficient enhancement at low en-
ergy expenditure. The advantage of applying CFJ] on the front main
part of a control surface as shown in Fig. 1 is that the inner space
is larger than the space of the flap. The large space facilitates em-
bedding the CF] micro-compressor actuators. This is particularly
true for small general aviation and unmanned aircraft.

In a control surface, severe adverse pressure gradient (APG) oc-
curs on the deflected flap, and flow separation may occur. The
front part of a control surface has smaller or mild APG because
it is more aligned with the free-stream flow. Our recent studies on
the NASA hump [14,15] indicate that applying CFJ in severe APG is
more efficient and effective than in the region of mild APG or fa-
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Table 1
Co-flow Jet Parameters.
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Parameters Expressions Descriptions
. mv .. N . L
Jet momentum coefficient Cp= ‘,a—vjzs m is the injection mass flow, V; is the mass-averaged injection
3P Voo

velocity, ps and V, denote the free stream density and velocity,

and S is the platform area.

CF] Power consumption P =m(Hyn — He2)

H¢p and Hy, are the mass-averaged total enthalpy in the CFJ

injection and suction cavities respectively.

i y=t
CFJ] Power in terms of total P= mc']’]ﬁ(l“ v —1)

pressure ratio

I' is the mass-averaged total pressure ratio between injection and
suction cavities, Ty is mass averaged total temperature at

suction, ¢p is the constant pressure specific heat, y is the specific
heat ratio equal to 1.4 for air, n is the micro-compressor
efficiency (For power required, 7 is taken 100%).

CFJ Power coefficient Pc= T, P Vs Non-dimensional CF] power consumption.
7 Po Voo
Conventional aerodynamic C./Cp= g—; Cr and Cp are the lift and drag coefficients.
efficiency
Corrected aerodynamic (CL/Cp)ec = ﬁ Converting CFJ power coefficient P, to equivalent drag in order to
efficiency compare with the conventional configuration.
. tric airfoil ing serpentine duct [27], full aircraft [28-30], and CFJ 2D and 3D
baseline symmetric airfol airfoil simulations [1,16,17,21,28,31-38]. Since the experimental

injection suction

g" micro- —=—=n
\ compressor / !

injection suction
symmetric co-flow jet airfoil

Fig. 1. Schematics of the baseline and the CFJ control surface airfoils.

vorable pressure gradient (FPG). This motivates the present study
to apply the CFJ] on the flap in severe APG. The purpose is to seek
the technique that maximizes the control authority at a lower en-
ergy expenditure for aircraft control surfaces. This is the first effort
to apply CFJ on an aircraft control surface flap.

2. Co-flow jet parameters

Table 1 lists the important parameters used to evaluate the
aerodynamic performance of a CFJ airfoil. The detailed physical
meaning of each parameter is explained by Xu and Zha [1] and
Lefebvre et al. [16]. The algorithms to calculate lift and drag with
jet reactionary forces are described by Zha et al. [17]. The angle of
attack of the control surface is varied with the flap deflection an-
gle. Thus, the flap deflection angle effect on the reactionary forces
is included in the calculation by the angle of attack.

3. Numerical algorithms

The in-house high-order accuracy CFD code Flow-Acoustics-
Structure Interaction Package (FASIP) is used to conduct the nu-
merical simulation. The 3D Improved Delayed Detached Eddy Sim-
ulation (IDDES) [1,18-21] turbulence model is used. A 3rd-order
WENO scheme for the inviscid flux [22-24] and a 2nd-order cen-
tral differencing for the viscous terms are employed to discretize
the Navier-Stokes equations. The low diffusion Roe scheme used as
the approximate Riemann solver is utilized with the WENO scheme
to evaluate the inviscid fluxes. Implicit time marching method with
dual time stepping using Gauss-Seidel line relaxation is used to
achieve a fast convergence rate [25]. Parallel computing is imple-
mented to save wall clock simulation time [26]. The FASIP code is
intensively validated for various steady and unsteady flows, includ-

results reported are time-averaged steady-state results, the numer-
ical results are also presented as the time-averaged results after
the flow and all the aerodynamic forces become statistically sta-
ble.

4. Baseline control surface validation

The baseline control surface model used in the present paper
is adopted from the one tested and simulated in [6-9,39]. The
baseline vertical tail is tapered, swept with 42° and stacked using
NACA0012 airfoil. The aspect ratio based on the mean aerodynamic
chord (MAC) is 1.98. The same baseline model is also used in the
previous study [1]. The free-stream conditions used are the same
as those given by Seele et al. in the experiment [7], which has the
Reynolds number Res,=1.36x108 incoming flow velocity V,,=40
m/s (about Mach 0.12). The front part of the control surface root
is installed on the bottom wall. There is a small clearance between
the flap and the wall for the flap deflection, which is simulated in
this study as well as in the previous one [1].

The computational domain is meshed using an O-type grid with
a mesh size of 6.14 million cells (480 x 80 x 160). The results are
stable after a characteristic time of 20 when the standard devia-
tion (SD) of C; and Cp for the last 200 time-step is in the order of
1072 to 1073, and are virtually machine zero compared with the
C; and Cp in the order of 1. Details of the mesh topology, bound-
ary condition set-up, and convergence history are given by Xu and
Zha [1]. With the present mesh size, the predicted results of the
baseline control surface achieve a good agreement with the exper-
imental data with the C; deviation of 3.8% and Cp deviation of
3.6% considering the massively separated flow due to the 30° de-
flected flap. More detailed validation of the baseline control surface
pressure coefficient distributions (C) can be seen in Ref. [1]. Mesh
refinement study is conducted by doubling the number of cells in
i, j, k direction respectively as 960 x 80 x 160, 480 x 160 x 160
and 480 x 80 x 320. It is demonstrated by Xu and Zha [1] that
the numerical results of the baseline control surface are converged
based on the mesh size used.

5. 3D CFJ control surface

A 3D CFJ control surface is created based on the baseline config-
uration by adding an injection slot and a suction slot. The previous
study [1] has the CF] applied on the front main part of the control
surface as shown in Fig. 2 (a), which has the injection slot located
at 4%C from the leading edge and the suction (blue) slot located at
63%C upstream of the flap. This configuration is named Front CFJ.
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b) Flap CFJ

Injection duct

Suction duct

Fig. 2. Geometry of the 3D CFJ control surfaces. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Table 2

Mesh refinement studies of the Flap CFJ control surface with C;,=0.025, =0°, and §=30°.
Cases Mesh size of CFJ CL ACy Cp ACp (CL/Cp)c A(CL/Cp)c
Baseline mesh 125 x 40 x 60 1096 - 0114 - 9.243 -
Doubled in i-direction 250 x 40 x 60 1.093 0.28% 0114 0.40% 9.034 2.20%
Doubled in j-direction 125 x 80 x 60 1.093 0.26% 0113  1.83% 9382 1.50%
Doubled in k-direction 125 x 40 x 120 1101 0.55% 0115 130%  9.227 0.17%

The new configuration studied in this paper is shown in Fig. 2 (b),
which has the CFJ] applied on the flap with the injection located at
66%C from the leading edge and the suction moved further down-
stream to 85%C. The new configuration is named Flap CFJ]. The
injection slot size for the Flap CF] control surface is 0.45%C, and
the suction slot size is 1%C. This study compares these two CFJ
implementations in order to identify the better configuration with
higher effectiveness and efficiency. The 0.45%C of the Flap CFJ and
0.9%C of the Front CFJ are the results of the optimization to max-
imize C; and minimize P. for the respective configuration. The
measure of merits (MoM) used is the corrected aerodynamic effi-
ciency C;/(Cp + P¢) defined in Table 1. Our trade study indicates
that the injection slot size for the Flap CF] has a very small effect.
In this study, we thus keep the injection size fixed at their optimal
values

The micro-compressor actuator is not simulated but is numer-
ically treated by applying the compressor boundary conditions
(BCs) at the injection duct inlet with total pressure inlet BC and
the suction duct outlet with static pressure outlet BC. A specified
C,, is achieved by iterating the injection total pressure. The same
mass flow rate of injection and suction is achieved via iterations
of the suction outlet static pressure. This CF] compressor BC has
been extensively validated in CFJ serpentine duct [27], CF] airfoils
[16,17,31,32,40], CF] control surfaces [1], and CFJ micro-compressor
with ducts [41,42].

During the cruise, there is no flap deflection. Both the Front and
Flap CFJ control surfaces will have no aerodynamic enhancement.
However, the open slot steps (the non-continuity of the geometry)
will increase drag for both configurations. To avoid the drag cre-
ated by the open slot steps, our previous study [43] proposes two
methods. One method uses small moving plates to cover the open
slots. The second method is to let CF] produce a very light jet to
fill the slots. Both methods work very well for the Front CF] con-
figuration. The same methods are also expected to be applicable to
the Flap CF] cases.

The mesh refinement study is also conducted for the control
surface of Flap CF]. The cases for the mesh refinement study have
C,=0.025, B=0°, and §=30°, where B is the side-slip angle and
8 is the flap deflection angle. The number of cells in i, j, k di-

rections are doubled respectively for the mesh refinement study.
As presented in Table 2, the maximum variations of C;, Cp and
(CL/Cp)¢ (defined in Table 1) are 0.55%, 1.83% and 2.2%, respec-
tively. Fig. 3 compares the C, distributions at the three spanwise
locations where pressure tap rows are embedded in the experi-
ments [39]. The C, distributions calculated by the initial and re-
fined mesh are virtually overlapped. These results indicate that the
CFD simulation achieves mesh-independent solutions.

5.1. Jet momentum coefficient (C,, ) variation

Trade study with the jet momentum coefficients C, of 0.025,
0.05, 0.1, 0.2, and 0.26 is conducted to compare the aerodynamic
performance of the Front CF] and Flap CFJ control surfaces. The
baseline control surface without CF] is also presented as a refer-
ence. The side-slip angle () is fixed at 0°, and the flap deflection
angle (§) is fixed at 30°. Table 3 compares the aerodynamic per-
formance of the baseline, Front CFJ at C;,=0.025, and Flap CF] cases

at various C,,. M; and h are the injection Mach number and mass
flow rate, respectively. Compared with the baseline control surface,
both the Front and Flap CF] cases largely increase the lift coef-
ficient C; by 28.1% and 46.1% respectively at C;, of 0.025. Clearly,
the Flap CF] is much more effective in increasing the lift coefficient.
Furthermore, the power coefficient of the Flap CF] is 80.8% smaller
than the Front CF] case. Compared with that of the baseline and
Front CFJ configuration, this results in an increase of (Cy/Cp)¢ by
32.8% and 30.3%, respectively.

Fig. 4 compares the aerodynamic performance between the
Front and Flap CFJ at various C,, with the data of Front CF] adopted
from our previous work [1]. The baseline case is shown in the blue
line as a reference. As shown in Fig. 4 (a), at the small C, re-
gion below 0.05, the lift coefficient of the Flap CFJ control surface
is higher than that of the Front CFJ. This is because applying CFJ
at the flap with a high adverse pressure gradient (APG) is more
efficient and effective to remove flow separation [14,15]. In fact,
at the small C,, of 0.025 and 0.05, the Flap CFJ achieves a higher
improvement of lift (AC;) and corrected aerodynamic efficiency
A(CL/Cp)c simultaneously compared with the Front CF]. Fig. 4 (b)
shows that both CF] configurations have Cp reduced with the in-
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a) Three spanwise locations [39]
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Fig. 3. Cp distributions of the mesh refinement study at inboard, middle, and outboard for the Flap CF] control surface with C;,=0.025, $=0°, and §=30°.

Table 3

Aerodynamic performance of the control surface with different Cy,.
Cases CH C)_ ACL,% CD PC CL/CD (CL/CD)C Mj E r
Baseline EXP [39] - 0.78 - 0.112 - 6.96 6.96 - - -
Baseline CFD - 0.75 - 0.108 - 6.93 6.93 - - -
Front CFJ 0.025 0.96 28.1 0.109 0.026 8.84 7.09 0.12 0.011 1.02
Flap CFJ 0.025 1.095 46.1 0.113 0.005 9.65 9.24 0.17 0.009 1.006
Flap CFJ 0.05 1.166 55.5 0.115 0.017 10.16 8.85 024 0.012 1.013
Flap CFJ 0.1 1.234 64.5 0.104 0.054 11.89 7.79 034 0.017 1.030
Flap CF] 0.2 1323 76.4 0.076 0.217 1735 4.51 0.47 0.025 1.083
Flap CFJ 0.26 1.365 82.0 0.056 0.461 24.36 2.64 0.52 0.029 1154

creasing of C,,. The power coefficient increases significantly with
the increasing C, as shown in Fig. 4 (d). This is because P is ex-
ponentially determined by the total pressure ratio (I, Fig. 4 (f)) of
the CFJ micro-compressor actuator. Once the flow is attached at C;,
of 0.025, further increasing C,, without increasing the airfoil cam-
ber (i.e., the deflection angle) has a limited benefit on increasing
the lift coefficient. But the higher C,, significantly increases the in-
jection jet velocity (see Table 3), which creates more energy loss
for the CFJ system reflected by the increased total pressure ratio I'.

Since the Flap CFJ achieves both high effectiveness and effi-
ciency at C;,=0.025, its flow field is compared with the baseline
and Front CFJ illustrated by Mach-number-colored streamlines in
Fig. 5. Severe flow separation is observed at the flap region of
the baseline control surface as shown in Fig. 5 (a). With CFJ ap-
plied in the front part as shown in Fig. 5 (b), flow separation at
the flap region is largely suppressed, but spanwise flow migration
can still be clearly seen. The Flap CF] has streamlines well aligned
in the streamwise direction with very small spanwise flow migra-

tion, which also mitigates the tip vortex. This is because applying
CFJ] near the separation onset location at the flap deflection loca-
tion is most effective in suppressing flow separation [14,15]. Such
high control effectiveness is also evidenced by C, distributions in
Fig. 6. At inboard, middle, and outboard span locations, the Flap
CFJ achieves a much lower pressure on the suction surface in the
flap region (X/C = 0.63 - 1.0).

5.2. Deflection angle (8) variation

This section presents the results of the trade study for the flap
deflection angle (8) variation of the Flap CFJ control surface. Re-
sults are presented with two C,, of 0.05 and 0.2 representing the
low and high jet intensity, respectively. Four deflection angles of
30°, 40°, 50°, and 70° are studied for the Flap CFJ control surface,
the Front CF] configuration only has the results presented for the
deflection angle of 30°, 40°, and 50°, which are adopted from the
previous study [1] for comparison.



K. Xuand G

1
1
1

2

J 0.
0.
0.
0.

0.
0.
0.
0.
0.
0.
0.
0.
0.

6F
4r

2F

5=30.0°
C,=075 C,=0.108

Mach: T T

. Zha

1-
8_
6F
4r
——— Flap CFJ
2F ——om =-—~ Front CFJ
—————— Baseline
0-|\-\\lwwwwlwwwwl\\\\|\\\l\\\l\\\l
0 004 008 0.12 0.16 02 024 028
C
"

a) ¢,

| ——— Flap CFJ
8 - =——— Front CFJ

7F 7/
2t

0 1 1 1 1 1 1 1 J
0 0.04 0.08 0.12 0.16 02 0.24 0.28
C

r

d) P

c

———— Flap CFJ
————— =—-—-- Front CFJ
Baseline

0-|l\llll\l\ll\llll\llll\llll\lll‘\lll
0 004 008 0.12 0.16 02 024 028
C

u

b) Cp
10
8 -
~ 6
a
Q
-
S
2F ———— FlapCFJ = -
----- === Front CFJ
—————— Baseline
04

1 L 1 1 1 1 J
0 004 0.08 0.12 0.16 02 024 028
C

n

e) (CL/Cp),

Aerospace Science and Technology 133 (2023) 108145

30

Flap CFJ r
_____ »—-—-— Front CFJ 3
25k==---- Baseline ; 4
220F
©
o—l
15F
101
B}

g | 1 1 L 1 1 1 J
0 004 008 0.12 0.16 02 0.24 0.28
C
"
c) C./Cp

13-
———— Flap CFJ

————— =——— Front CFJ

| o e S SN TN SN S S
0 0.04 0.08 0.12 0.16 0.2 0.24 0.28
n

)T

Fig. 4. Comparison of aerodynamic performance between Flap and Front CFJ control surface with various C,, =0°, and §=30°.

0 0.04 0.08 0.12 0.16 0.2 0.24

5=30.0° =
C,=0.025 C,=096 C,=0.109

Mach: _ -

0 0.04 0.08 0.12 0.16 0.2 0.24

C,=0.025 C,=1.095 C,=0.113

mach: IETEET T

0 0.04 0.08 0.12 0.16 0.2 0.24

a) Baseline
-7f———— Baseline
] S Front CFJ *
- - -~ FlapCFJ i
5F
!
4F
U3
2F
_1_
0_
14 T

INEE] FEEEY FRRRE FRREY FEREE FRAEE SRR FNAE i 1 Ll
-0.1 0 0.102030405060.70809 1 1.1

a) inboard, z/b = 40%

b) Front CFJ

Fig. 5. Streamlines of the baseline and CFJ control surfaces.

TF——— Baseline h
—

6k Front CFJ
Flap CFJ |

S

1 i’ 1 1 1 1 1 1 1 1 1 1 1 J
-0.1 0 0.1020.30405060.70809 1 1.1

b) middle, z/b = 70%

c) Flap CFJ
-7F————— Baseline
P S Front CFJ
|- —-=-- Flap CFJ
5k
4F
U3
2F
1k
0 -

1_| 1 i 1 Ll 1 1 1 1 1 1 J
-0.1 0 0.1020.30405060.70809 1 1.1

c) outboard, z/b = 89%

Fig. 6. Cp distribution comparisons of Front and Flap CFJ control surface at inboard, middle, and outboard with C,,=0.025, =0°, and §=30°.



K. Xu and G. Zha

3f——=—— Flap CFJ C, =0.2
——— Flap CFJ C =0.05
----- o--—= Front CFJ C =0.2
—-=-—&——= Front CFJ C =0.05
Baseline

2.5F

0.5 1 L 1 )
30 40 50 60 70
5 (deg)
a) Cp

0.8 ——=—— Flap CFJ C, =0.2

o7k —o—— Flap CFJ C =0.05
- o—-—= Front CFJ C =0.2

0.6F = a--—-— Front CFJ C, =0.05

0.5 === -
n-“0.4;
03f
0.2p

Aerospace Science and Technology 133 (2023) 108145

08F——=—— Flap CFJ C, =0.2
ok Flap CFJ C_ =0.05
----- o—-—= Front CFJ C =0.2
0.6~ 4--=-= Front CFJ C =0.05
Baseline

0.5
J 04
0.3
02F AT
0.1F
0 1 1 1 1 J
30 40 50 60 70
O (deg)
b) C,
9

Flap CFJ C_ =0.2
——— Flap CFJ C =0.05
————— o-—= Front CFJ C =0.2
————— &-== Front CFJ C,=0.05
——=—— Baseline

(C,/C)).,

1
30 40 50 60 70
3 (deg)

d) (CL/CD)C

Fig. 7. Comparison of aerodynamic performance between Flap and Front CFJ control surface with various 8, and C;, of 0.05 and 0.2.

Fig. 7 plots the Cy, Cp, P, and (C;/Cp). with the varying § an-
gles for the Flap CF] (solid line) and Front CF] (dashed line) with
C,, of 0.05 (hollow symbols) and 0.2 (solid symbols). The perfor-
mance of the baseline control surface is plotted by the blue lines.
With a small C;,=0.05 as shown in Fig. 7 (a), Flap CF] achieves a
higher C; than the Front CF] in all § angles due to the effective
control of the flow separation at the flap region. The control ef-
fectiveness of the Front CF] at the small C, is weakened with an
increasing & because the CF] applied upstream is not very effective
to overcome the high APG downstream. With a high C,, of 0.2, the
Front CFJ has a C; slightly higher at the § of 30° and 40°, but is
outperformed by the Flap CF] at a higher § angle, which is again
due to the strong adverse pressure gradient downstream on the
flap. For the drag coefficient shown in Fig. 7 (b), both configura-
tions behave similarly with an increasing drag when § is increased.
This is because pressure drag is enlarged as the flap deflects more.
With the flap deflection angle increased and the flow remaining
attached due to the CF], the resultant force, which is mainly from
the pressure difference between the suction and pressure surfaces,
is also increased and tilted more downstream because of the low
pressure on the flap suction surface. Compared with the baseline
control surface, the more tilting upstream resultant force of Flap
CFJ] at a low deflection angle of 30° results in a significantly in-
creased lift and reduced drag as shown in Fig. 7 (a) and (b). At high
deflection angles, the large resultant force tilting more downstream
generates a substantially higher lift and drag than the baseline
case.

The power coefficient (P.) varying with different § is shown in
Fig. 7 (c). The Flap CFJ has a much lower P, at low § angle con-
ditions, about 1/3 of the Front CFJ with C;=0.05 and §=30°. For
the same C, at 6=40°, the Flap CF] has the P; 43.1% lower and
the lift coefficient 16.0% higher than the Front CFJ. At § of 50°, the
Front CFJ control surface at C, of 0.05 is stalled. The Flap CF] has

a slight flow separation (not shown) with a lift coefficient 44.8%
higher than the front CFJ], and the power coefficients are about the
same. Such a superior performance of the Flap CFJ results in a sub-
stantially higher (C;/Cp). than those of the baseline and the Front
CFJ for the whole range of the § angles from 30°to 70°. Overall,
the trade study of the deflection angle indicates that the Flap CFJ
is much more effective and efficient to increase the control author-
ity of the control surface at a small C,, with the power coefficient
remaining low.

To further demonstrate the CF] control effectiveness at high Cy,
Fig. 8 shows the streamlines (colored by Mach number) of the Flap
CFJ control surfaces at four deflection angles with C,,=0.2. The flow
in all cases is well attached along the major span except in the tip
and root gap vortex regions. Flow accelerates at the locations that
the flap deflects, and the acceleration is enhanced with the in-
creasing & angle due to the attached flows with a higher turning.
The observed root vortex is caused by the gap between the de-
flected flap and the wall, which is intensified as the gap increases
at high deflection angles. The tip vortex becomes very strong at
8 angle of 70° due to the enhanced pressure difference between
the pressure and suction sides of the flap. However, the flow is
still very well attached and aligned with the streamwise direction
for the majority of the span. The lift coefficient (C;) at this con-
dition is 2.46, a 125% increase compared with the baseline control
surface (baseline C;=1.09, §=70°). In principle, a CFJ control sur-
face with 44% size of the baseline control surface can achieve the
same lift force, which would bring a substantial weight and drag
reduction to the whole aircraft system.

6. Conclusion

A validated numerical study using IDDES is conducted to com-
pare applying CFJ active flow control on the front part of a control
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Fig. 8. Streamlines of Flap CFJ cases with various é and C, of 0.2.

surface and on the flap. With a small momentum coefficient (C,,)
of 0.025, the control surface using CFJ on the flap with severe ad-
verse pressure gradient (APG) significantly outperforms the control
surface using CFJ in the front main part in both control effec-
tiveness and energy efficiency. The control surface with CF] flap
achieves a 46.1% higher lift coefficient and an 80.8% lower CFJ
required power coefficient than those of the Front CFJ configu-
ration. The improvement of the corrected aerodynamic efficiency
A(CL/Cp)c is increased by 30.3%. The CFJ flap control surface also
outperforms the Front CFJ at the high deflection angle (§) of 50°
with C; increased by 44.8% and (C;/Cp). increased by 6.87%. It
can also attach the flow very well at § of 70° and achieves a lift
coefficient about 2.5 times larger than the baseline. Overall, the CFJ
flap control surface is much more effective and efficient than the
Front CF] control surface to overcome adverse pressure gradients
with attached flow using a small C,.
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