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Abstract 
This paper investigates the effects using high lift zero-net mass-flux Co-Flow Jet (CFJ) 

active flow control airfoil for aircraft control surfaces with plain flaps and with no flap. The 
goal is to reduce the size and weight of conventional aircraft control surfaces and save energy 
expenditure. 

Two-dimensional simulation of NACA 0012 airfoil used as a control surface is conducted 
for parametric trade study using a Reynolds-averaged Navier-Stokes (RANS) solver with 
Spalart-Allmaras (SA) model. A 5th order WENO scheme for the inviscid flux and a 4th order 
central differencing for the viscous terms are used to resolve the Navier-Stokes equations.  

The 2D numerical studies indicate that the CFJ airfoil for aircraft control surfaces with a 
plain flap can dramatically increase the lift coefficient and aerodynamic efficiency 
simultaneously compared with the conventional control surface with the same size of flap and 
deflection angle. CFJ airfoil control surface shows great potential to substantially reduce the 
size and weight of conventional aircraft control surfaces with high control authority. 

A series of trade study is done based on NACA0012 airfoil for control surface. The CFJ 
airfoil is modified from the baseline NACA0012 airfoil by translating the upper surface 
downward by 0.1%C. A constant deflection angle of 30° is used.  

The final preferred configuration has the flap length of 35%C, deflection angle of 30°,  
injection location at 2%C from leading edge, injection slot size of 0.5%C, and suction slot right 
upstream of the flap with the size twice larger than the injection size.  

 The final trade study is to investigate the effect of injection jet momentum coefficient Cµ 
at 0.05, 0.15, 0.25. The lower Cµ value of 0.05 is the most energy cost effective to increase the 
lift coefficient. Comparing with the baseline airfoil with the same flap size and deflection angle, 
at sideslip angle of 0°, the case of Cµ=0.05 of the final configuration achieves a lift coefficient 
increase by 106.4% from CL=1.09 to 2.25 at very low power coefficient of 0.0285. At the same 
time, it substantially reduces the drag by 67.17%. All these compound effects result in an 
increase of aerodynamic efficiency(including CFJ power consumption) by 232.2%. In other 
words, while the CFJ control surface substantially increases the lift, it simultaneously reduces 
the net energy cost in a dramatical manner. This even does not count the additional benefit due 
to the reduced control surface size and weight 
    Finally, CFJ airfoil with no flap is also simulated at injection jet momentum coefficient 
Cµ=0.05, 0.10, 0.15, 0.20, 0.25 and 0.30. The result shows that the maximum lift coefficients of 
3.048 (an increase of 114%) is achieved at Cµ=0.30 with a reduced drag. The aerodynamic 
efficiency of the flapless control surface is not studied in this work and will be reported in future. 
The results indicate that flapless control surface may be a feasible option. 
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Nomenclature 
 
AoA Angle of Attack 
AFC Active Flow Control 
C Chord length 
CFJ Co-Flow Jet 
CD Drag coefficient 
CL Lift coefficient 
CLmax  Maximum lift coefficient  
CM  Moment coefficient 
Cp Constant pressure specific heat 

Cµ Jet momentum coefficient, 21

2
/jC m V V S 



   

D Total drag on the airfoil 
FASIP Flow-Acoustics-Structure Interaction Package 
Ht  Total enthalpy 
L Total lift on the airfoil 
LE Leading Edge 

m


 Mass flow 
M Mach number 

P CFJ pumping power, P= m


CpTt2 (Γ (γ−1/γ)−1)/η 

Pc Power coefficient, 31

2
/cP P V S   

PR Total pressure ratio, Γ 
Pt  Total pressure 
R Aircraft range 
RANS Reynolds-Averaged Navier-Stokes 
Re  Reynolds number 
S Planform area of the wing 
TE Trailing Edge 
Tt Total temperature 
V Freestream velocity 
ZNMF Zero-Net Mass Flux 
(CL/CD)c Aerodynamic efficiency corrected for CFJ airfoil, (CL/CD)c =CL/(CD+Pc) 

C2
L/CD Productivity efficiency coefficient 

(C2
L/CD)c Productivity efficiency coefficient corrected for CFJ airfoil, (C2

L/CD)c= C2
L/ 

(CD+Pc) 
c Subscript, stands for corrected 
j Subscript, stands for jet 
α Angle of attack 
β Sideslip angle 
γ Air specific heats ratio 
η CFJ pumping system efficiency, propeller efficiency 
 Freestream density 
δ Deflection angle 
θ1 Angle between the injection slot surface and a line normal to the airfoil chord 
θ2 Angle between the suction slot surface and a line normal to the airfoil chord 
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1 Introduction 

 
Aircraft control surfaces such as vertical tails, horizontal tails, and canards are responsible 

for maintaining the aircraft stability. Control surfaces need to have sufficient sensitivity by 
generating sufficient lift with rapid response time to keep the aircraft trimmed. To achieve such 
performance, the control surfaces usually have substantial sizes, which brings severe penalty 
of weight, drag, and energy consumption. 

 
Active Flow control (AFC) as a method to enhance lift has a great potential to reduce the 

size and weight of control surfaces [1-7]. AFC has been used to control the separated flow of 
vertical tails to enhance aerodynamic performance and mitigate flutter [8-17]. The research of 
Boeing and NASA in [8-15] on vertical tails using sweeping jets and synthetic jets AFC 
represents the state of the art. Nicholas et.al conducted wind tunnel experiments on a swept 
back, tapered tail with a 29.6% chord rudder [8]. Using flow control, the side force was 
increased by up to 18% at moderate rudder deflections with actuators operating at 
dimensionless frequency at order of 10s [8] and a momentum coefficient Cμ=0.721%. 
Compared with synthetic jets, sweeping jets have higher Cμ output and corresponding jet 
velocity. Thus sweeping jets were selected over the synthetic jets by Boeing/NASA team for 
the subsequent full-scale AFC wind tunnel tests [9, 10].  

 
The vertical tails with sweeping jet AFC were successfully tested on subscale [11, 12], 

full-scale models [9, 10] and finally in flight [9]. The subscale test was performed at a ~14% 
scale model of Caltech and more than 50% side force enhancement was achieved by sweeping 
jet actuation with the momentum coefficient Cµ  of 1.7%. The full-scale vertical tail model 
equipped with sweeping jet AFC was tested at a nominal speed of 100 knots (M∞ ~ 0.15, Re ~ 
15 million), a maximum speed of 130 knots (M∞ ~ 0.2, Re ~ 20 million), and across the vertical 
tail flight envelop for rudder deflections (0° to 30°) and sideslip angles (0° to -7.5°). A 31-
actuator AFC configuration produces significant flow attachment on the rudder, which results 
in 20% increase in side force for the maximum rudder deflection of 30° at 0° and -7.5° sideslip 
angles. Subsequently, the sweeping jet-enhanced vertical tail was flown on the Boeing 757 
ecoDemonstrator in the spring of 2015. A side force increase of 13% to 16% was estimated at 
30° rudder deflection for critical sideslip range between β = 0° and -7.5° with the activation of 
AFC. Kara[16, 17] analyzed the complex flow inside the sweeping jet for design optimization 
of actuator geometry with minimum pressure loss. However, those studies [8-17] have not 
report sufficient results on energy expenditure of the sweeping jets actuators, which tend to 
suffer large energy loss due to jet sweeping, turning, and flow separation. 

 
This paper explores a new control surfaces active flow control using Co-Flow Jet (CFJ) 

airfoil, which is a zero-net mass flux (ZNMF) flow control that has demonstrated radical lift 
enhancement, drag reduction, and ultra-high stall AoA [2, 5, 18, 19, 20, 21, 22, 23, 24, 25, 26, 
27]. Furthermore, the energy expenditure of the CFJ airfoil is very low [5, 18, 23]. A successful 
wind tunnel testing of CFJ airfoil with embedded micro-compressors is presented in Zha’s work 
[28]. CFJ airfoil is a self-contained system that does not need to draw air from the propulsion 
system. The goal of this study is aimed at providing a very high control authority of aircraft 
control surface with substantially reduced size and weight.  

 
1.1 The Co-Flow Jet Airfoil for Control Surfaces 
 

In a CFJ airfoil, an injection slot near leading edge (LE) and a suction slot near trailing 
edge (TE) on the airfoil suction surface are created as sketched in Fig. 1. A small amount of 
mass flow is withdrawn into the airfoil near the TE, pressurized and energized by a micro-
compressor pumping system inside the airfoil, and then injected near the LE in the direction 
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tangent to the main flow. The whole process does not add any mass flow to the system and 
hence is a ZNMF flow control. In addition, the required CFJ energy expenditure is very low. 
This is because the injection is near the suction peak of the airfoil where the lowest main flow 
pressure is located, and the jet suction is near the trailing edge where the highest main flow 
pressure is located.  

 
A symmetric CFJ airfoil with no flap is used as the first control surface configuration in 

this study as shown in Fig. 2. The injection slot and the suction slot are created on both sides of 
control surface CFJ airfoil. When one side CFJ is working to generate lift, the other side CFJ is 
closed. In this paper, the closed slots are treated as steps, which brings a small penalty to the 
lift and more penalty to the drag. For the control surface airfoil with a plain flap, the flap starts 
immediately downstream of the suction slot. 

 

 
Figure 1: Baseline airfoil and CFJ airfoil. Figure 2: Baseline symmetric airfoil and symmetric 

CFJ airfoil. 
 

1.2 Objective  
 

The purpose of this paper is to investigate the effect using CFJ active flow control for 
aircraft control surfaces with no flaps or with only plain flaps. The focus is to conduct 
parametric trade study to understand the CFJ airfoil configuration effect. The ultimate goal is 
to reduce the size and weight of conventional aircraft control surfaces using CFJ airfoil. 
 
2 CFJ Parameters 
 

This section lists important parameters to evaluate aerodynamic performance of a CFJ 
airfoil. 
 
2.1 Jet Momentum Coefficient 
 

The jet momentum coefficient Cµ is a parameter used to quantify the injection intensity. It 
is defined as: 

21

2

jmV
C

V S






 

                                  (1) 

where m


 is the injection mass flow, Vj is the injection velocity,  and V  denote the free 
stream density and velocity, and S is the platform area. 
 
2.2 CFJ Airfoil Lift and Drag Calculation 
 

For CFD simulation, the full reactionary force produced by the momentum and pressure 
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at the injection and suction slots are included by using control volume analysis. Zha et al. [29] 
give the following formulations to calculate the lift and drag due to the jet reactionary force for 
a CFJ airfoil CFD simulation. By considering the effects of injection and suction jets on the 
CFJ airfoil, the expressions for these reactionary forces are given as: 

 

Fxcfj = ( jm


Vj1 + pj1Aj1) ∗ cos(θ1 − α) − ( jm


Vj2 + pj2Aj2) ∗ cos(θ2 + α)      (2) 

Fycfj = ( jm


Vj1 + pj1Aj1) ∗ sin(θ1 − α) + ( jm


Vj2 + pj2Aj2) ∗ sin(θ2 + α)      (3) 

 
where the subscripts 1 and 2 stand for the injection and suction respectively, and θ1 and θ2 are 
the angles between the injection and suction slot surfaces and a line normal to the airfoil chord. 
α is the angle of attack. 
 
The total lift and drag on the airfoil can then be expressed as: 
 

D = R’
x − Fxcfj                    (4) 

L = R’
y − Fycfj                    (5) 

 
where R’

x and R’
y are the surface integral of pressure and shear stress in x (drag) and y (lift) 

direction excluding the internal ducts of injection and suction. For the CFD simulation, the total 
lift and drag are calculated using Eqs. (4) and (5). 
 

In this paper, for the control surfaces, sideslip angle β is used instead of α. 
 
2.3 Power Coefficient 
 

The CFJ can be implemented by mounting a micro-compressor pumping system inside the 
wing or control surface that withdraws air from the suction slot and blows it into the injection 
slot. The power consumption can be determined by the jet mass flow and total enthalpy change 
as the following: 

 

P = m


 (Ht1 − Ht2)                      (6) 
 
where Ht1 and Ht2 are the total enthalpy in the injection cavity and suction cavity respectively, 
P is the Power required by the CFJ. Introducing the pumping efficiency η and total pressure 
ratio of the pump Γ= Pt1/Pt2, the CFJ consumption can be expressed as: 
 

P = m


CpTt2 (Γ (γ−1/γ)−1)/η                    (7) 
 
The power consumption can be expressed as a power coefficient below: 
 

31

2

c

P
P

V S 

                    (8) 

 
In this research, the pumping efficiency of 100% is used for all the simulations unless indicated 
otherwise. 
 
2.4 Corrected Aerodynamic Efficiency 
 

The conventional airfoil aerodynamic efficiency is defined as CL/CD. However since CFJ 
active flow control consumes energy, the CFJ corrected aerodynamic efficiency is modified to 
take into account the energy consumption of the pump. The formulation of the corrected 
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aerodynamic efficiency for CFJ airfoils is: 
 

L L L

D D cc
D

C C C
PC C PC

V

 
    
           
 

                         (9) 

 
This formulation converts the power consumed by the CFJ into the drag of the airfoil. If the 
pumping power is set to 0, this formulation returns to the aerodynamic efficiency of a 
conventional airfoil. 
 
3 CFD Simulation 
 
3.1 CFD Code  
 

The in-house high accuracy CFD code Flow-Acoustics-Structure Interaction Package 
(FASIP) is used to conduct the numerical simulation. The 2D Reynolds averaged Navier-Stokes 
(RANS) equations with one-equation Spalart-Allmaras (SA) [30] turbulence model is used. A 
5th order WENO scheme for the inviscid flux [31, 32, 33, 34, 35, 36] and a 4th order central 
differencing for the viscous terms [31, 35] are employed to discretize the Navier-Stokes 
equations. The low diffusion E-CUSP scheme used as the approximate Riemann solver 
suggested by Zha et al [32] is utilized with the WENO scheme to evaluate the inviscid fluxes. 
Implicit time marching method using Gauss-Seidel line relaxation is used to achieve a fast 
convergence rate [36]. Parallel computing is implemented to save wall clock simulation time 
[37]. The RANS solver is intensively validated for CFJ airfoil simulations [5, 21, 38, 39].  

 
3.2 Validation and Mesh Refinement Study 
 

The symmetric airfoil NACA0012 is chosen in the paper as the baseline airfoil for 
comparison. The computational parameters are selected based on Ladson’ experiment [40], 
which has the free stream conditions of Re∞=6×106, M∞=0.15, and α=10°. O-type structured 
grids with mesh size 701 × 55, 1401 × 55, 701 × 78, 1401 × 78, 701 × 101 and 1401 × 101 in 
circumferential and radial direction are utilized for mesh dependency study. The far field 
boundary is located 15 times chords away from the airfoil. To resolve the turbulent boundary 
layer, the first grid point is placed at y+ ≈ 1. 
 

Fig. 3 shows that the predicted airfoil surface pressure coefficient Cp distributions, which 
agrees very well with the experiment. As shown in Table 1, the numerical results are very well 
converged based on the mesh size with the variation much less than 1%. The simulation using 
1401 × 78 mesh over-predicts the lift and drag by 1.3% and 5.0%, respectively, which is the 
best one among the six meshes. The mesh of 1401 × 78 is hence used for all the baseline airfoil 
study. 

 
For the mesh refinement study of the control surface CFJ airfoil with no flap, the mesh 

around the airfoil is the same as that of the baseline NACA0012. A total of 1401 points are 
placed around airfoil, 701 points on suction surface, 701 points on the pressure surface and 78 
points normal to the airfoil with an additional 45 points across the jet. The total mesh size is 
68,200 cells, and is partitioned into 11 blocks for parallel computation. The block definition is 
found in Table 2 and the mesh topology is shown in Fig. 4. The mesh size of 1401x78 is adopted. 
The CL, CD and CM results are converged based on mesh size as shown in Table 3. 
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Figure 3: Comparison of pressure coefficient between simulation and experiment at M=0.15, 

α= 10°. 
 

Table 1: Mesh blocks for CFJ-NACA0012 airfoil calculation 
Block ξ-Direction η-Direction Cell number Location 

1-7 201 78 15400 Around the airfoil 
8 201 45 8800 Injection block 
9 401 45 17600 Connection 
10 201 45 8800 Suction block 
11 401 45 17600 Connection 

Total mesh size   68200  
 

Table 2: Mesh refinement study for baseline NACA0012 at α=10° 
Cases CL CD CM 
Experiment 1.078 0.0121 - 
701x55 mesh 1.0592 0.0185 0.0028708 
1401 x 55 mesh 1.033 0.0204 0.0058417 
701 x 78 mesh 1.052 0.0180 0.0045464 
1401 x 78 mesh 1.064 0.0175 0.0024474 
701 x 101 mesh 1.043 0.0200 0.0052847 
1401 x 101 mesh 1.050 0.0198 0.0039537 

 
Table 3: Mesh refinement study for CFJ-NACA0012 at α=10° and Cµ =0.10 

Cases Grid size CL CD CM 
1 1401 x 78 mesh 1.345 -0.0153 -0.0389 
2 1401 x 101 mesh 1.347 -0.0156 -0.0385 
3 2101 x 78 mesh 1.343 -0.0151 -0.0384 

 

 
Figure 4: Computational mesh for CFJ calculation (α= 10°) 
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4. Result and Discussion 
 

The results include two parts: 1) The CFJ airfoil with a plain flap and deflection angle of 
30°. It is to investigate the effect of the flap deflection location and CFJ injection slot parameters, 
including the slot location, slot size and flap location. The geometry parameters in the third part 
will be detailed in the section 4.1. 2) The CFJ airfoil without flap at different Cµ to demonstrate 
the effect of the lift coefficient enhancement of the control airfoil. The geometry parameter for 
the CFJ airfoil with no flap is given in Table 4.  

 
The control surface CFJ airfoil (CFJ-NACA0012) (geometry and mesh shown in Fig.4, 

Fig. 5 and Fig.6) configurations are created from the baseline NACA0012 airfoil by translating 
the suction surface downward, which is defined as the suction surface translation (SST). As 
described in Section 1.1, both sides of the symmetric airfoil has the same slot configuration. 
However, the co-flow jet is only applied on one side to create lift for the control surface. Fig. 5 
and 6 show the CFJ airfoil for the control surfaces with a plain flap.  

 

 
Figure 5: CFJ-NACA0012 airfoil with flaps geometries. 

 
 

 
Figure 6: Computational mesh for CFJ-NACA0012 airfoil with flap deflection angle 30°. 

 
Table 4 gives the detailed parameters of the CFJ-NACA0012 without flaps, which includes 

the SST, injection slot location and size, and suction slot location. Slot size is normalized by 
chord length (C). The suction slot angle is fairly normal to the airfoil upper surface, which can 
minimize the ram drag and improve the aerodynamic efficiency [26]. 
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Table 4: CFJ-NACA0012 airfoil geometry parameters 

SST  
(C%) 

Injection slot  
location (C%) 

Injection slot 
size (C%) 

Suction slot  
location (C%) 

Suction slot 
size (C%) 

0.1 3 0.5 75 1.5 
 

The freestream conditions are the same as those in the Boeing/NASA full scale testing [10] 
at a nominal speed of 100 knots (Re∞~15×106, M∞~0.15).  
 
4.1 Simulation for CFJ Airfoil with Flap at 30° Deflection 
 

Parametric studies about flap location, injection slot size and injection slot location are 
carried out in this section to achieve the optimum configuration of maximum lift coefficient CL 
and maximum corrected aerodynamic efficiency (CL/CD)c. In general, for CLmax of a CFJ airfoil, 
it is more effective to set a smaller injection size to get higher injection velocity, which will 
give higher injection jet momentum and lower mass flow rate if the Cµ is fixed. However, the 
power coefficient of the CFJ airfoil is also high with smaller injection size because the jet 
suffers high energy loss going through small holes. At a t high Cµ, it is possible to choke at 
injection slot when the injection slot size is small. Thus, the injection slot location and its size 
are important parameters for a CFJ airfoil.  
 

 
4.1.1 CFJ Airfoil with Flap Location of 20%, 25%, 35% and 40% C 
 

The control surface of CFJ airfoil with a plain flap and flap locations of 20%, 25%, 35% 
and 40% C (from trailing edge) are studied to understand its effect. The basic configuration is 
shown in Fig. 5 as the one with deflection angle of 30deg and has the injection slot size of 
0.5%C, and suction slot size of 1.5% C. The results are shown in Fig. 7, Fig.8, Fig.9 for the 
aerodynamic coefficients against sideslip angles at Cµ=0.05, 0.10 and 0.15. The results include 
lift, drag and pitching moment coefficient, corrected aerodynamic efficiency, productivity 
efficiency, and power coefficient. 

 
For Cµ=0.05, plateaued CL occurs at sideslip angle 0° to 10° for flap locations of 35% and 

40%C (Fig.7a) and disappears (Figs.8a and 9a) with the Cµ increased to 0.1 and 0.15. The entire 
lift coefficient curves are lifted up by CFJ with the CLmax increased from 2.398 at Cµ=0.05 to 
3.721 at Cµ=0.15. Fig.10 shows Mach number contours at Cµ=0.05, 0.10 and 0.15, and sideslip 
angle 0° and 5° for flap locations of 35% and 40%C. As shown in Fig. 10, at sideslip angle 0°, 
the flow is attached for both the flaps located at 35%C and 40%C (See Fig. 10 a and e). With 
an increase of sideslip angle (5°), the flow separates for the flap location at 35%C and 40%C at 
Cµ=0.5 due to larger diffusion effect, but is attached for flap location at 20%C and 25%C. With 
Cµ increased to 0.1 and 0.15, the flow is nicely attached for all the flap locations. 

 
Considering high lift coefficient, low drag coefficient, and high corrected aerodynamic 

efficiency and productivity efficiency, for the four CFJ airfoil with flaps, flap locations of 35%C 
is selected for the injection location trade study. 
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   (a) Lift coefficient CL                 (b) Drag coefficient CD 

 

 
 (c) Pitching moment coefficient CM       (d) Corrected aerodynamic efficiency (CL/CD)c 

 

 
(e) Aerodynamic efficiency CL/CD             (f) Power coefficients for CFJ airfoils 
Figure 7: Aerodynamic coefficients of baseline, CFJ airfoil and CFJ airfoils with flaps 

variation with locations for Cµ=0.05. 
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   (a) Lift coefficient CL                 (b) Drag coefficient CD 

 

 
 (c) Pitching moment coefficient CM       (d) Corrected aerodynamic efficiency (CL/CD)c   

 

 
(e) Aerodynamic efficiency CL/CD             (f) Power coefficients for CFJ airfoils 
Figure 8: Aerodynamic coefficients of baseline, CFJ airfoil and CFJ airfoils with flaps 

variation with locations for Cµ=0.10. 
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   (a) Lift coefficient CL                 (b) Drag coefficient CD 

 

 
 (c) Pitching moment coefficient CM        (d) Corrected aerodynamic efficiency (CL/CD)c   
 

 
(e) Aerodynamic efficiency CL/CD             (f) Power coefficients for CFJ airfoils 
Figure 9: Aerodynamic coefficients of baseline, CFJ airfoil and CFJ airfoils with flaps 

variation with locations s for Cµ=0.15. 

D
ow

nl
oa

de
d 

by
 G

ec
he

ng
 Z

ha
 o

n 
Ju

ly
 9

, 2
01

8 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

01
8-

30
67

 

https://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-3067&iName=master.img-056.jpg&w=372&h=165
https://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-3067&iName=master.img-056.jpg&w=372&h=165
https://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-3067&iName=master.img-058.jpg&w=372&h=165
https://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-3067&iName=master.img-058.jpg&w=372&h=165
https://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-3067&iName=master.img-060.jpg&w=372&h=165
https://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-3067&iName=master.img-060.jpg&w=372&h=165
https://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-3067&iName=master.img-056.jpg&w=372&h=165
https://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-3067&iName=master.img-056.jpg&w=372&h=165
https://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-3067&iName=master.img-058.jpg&w=372&h=165
https://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-3067&iName=master.img-058.jpg&w=372&h=165
https://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-3067&iName=master.img-060.jpg&w=372&h=165
https://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-3067&iName=master.img-060.jpg&w=372&h=165
https://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-3067&iName=master.img-060.jpg&w=372&h=165


 
(a) Cµ=0.05, sideslip angle=0°          (b) Cµ=0.05, sideslip angle=5°  

 

 
(c) Cµ=0.10, sideslip angle=5°         (d) Cµ=015, sideslip angle=5°  

CFJ with flap (location 35% C) 
 

 
(e) Cµ=0.05, sideslip angle=0°          (f) Cµ=0.05, sideslip angle=5°  
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  (g) Cµ=0.10, sideslip angle=5°            (h) Cµ=0.15, sideslip angle=5°  

CFJ with flap (location 40% C) 
Figure 10: Mach number contours at sideslip angle=0°, 5° for CFJ with flaps (location 35% 

and 40% C) 
 
4.1.2 CFJ Airfoil with Injection Slot Size of 0.1%, 0.25% and 0.5% C 
 

The control surface of CFJ airfoils with a plain flap and injection slot sizes of 0.1%, 0.25% 
and 0.5%C are studied to understand its effect. The suction slot size is twice larger than the 
injection slot size. The flap location is at 35%C. Figs. 11 and 12 show aerodynamic coefficients 
variation with sideslip angles for Cµ=0.05 and 0.10, respectively, which include lift, drag and 
pitching moment coefficient, corrected aerodynamic efficiency, productivity efficiency, and 
power coefficient.  

 
As shown in Figs. 11 and 12, the injection slot size can largely affects the lift coefficient CL, 

corrected aerodynamic efficiency (CL/CD)c and especially the power coefficient. The corrected 
aerodynamic efficiency (CL/CD)c of the CFJ airfoil with an injection slot size of 0.5%C are 
much higher than that of the baseline control surface airfoil and the CFJ airfoils with injection 
slot sizes of 0.1% because its power coefficients is the lowest (Fig. 11d-f and Fig. 12d-f). For a 
CFJ airfoil with an injection slot size of 0.1%C, when Cµ=0.10, the injection jet is chocked at 
the slot and suffers a large loss with high power coefficient (Fig. 13). For the slot size of 0.25% 
C, when Cµ=0.15, the injection jet is also chocked at the slot. Thus, the slot size of 0.5%C is 
chosen to do the slot location trade study. 
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   (a) Lift coefficient CL                 (b) Drag coefficient CD 

 

 
(c) Pitching moment coefficient CM       (d) Corrected aerodynamic efficiency (CL/CD)c  

 

 
(e) Aerodynamic efficiency CL/CD             (f) Power coefficients for CFJ airfoils 

Figure 11: Aerodynamic coefficients of baseline, CFJ airfoil and CFJ airfoils with slot size 
variation for Cµ=0.05. 
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   (a) Lift coefficient CL                 (b) Drag coefficient CD 

 

 
 (c) Pitching moment coefficient CM        (d) Corrected aerodynamic efficiency (CL/CD)c 

 

 
(e) Aerodynamic efficiency CL/CD              (f) Power coefficients for CFJ airfoils 

Figure 12: Aerodynamic coefficients of baseline, CFJ airfoil and CFJ airfoils with slot size 
variation for Cµ=0.10. 
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Figure 13: Mach number contours at sideslip angle=0°for CFJ with a plain flap and injection 

slot size of 0.1% C 
 
4.1.3 CFJ Airfoil with Injection Slot Location 2%, 3% and 4% C 
 

The control surface of CFJ airfoils with a plain flap at 35%C, deflection angle of 30deg 
and injection slot location 2%, 3% and 4%C are studied to determine the optimum location. 
The suction slot size is twice larger than the injection slot size of 0.5%C. Figs. 14-16 show 
aerodynamic coefficients variation with sideslip angles for Cµ=0.05, 0.15 and 0.25.  
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(a) Lift coefficient CL                (b) Drag coefficient CD 

 
(c) Pitching moment coefficient CM       (d) Corrected aerodynamic efficiency (CL/CD)c 

 
(e) Aerodynamic efficiency CL/CD              (f) Power coefficients for CFJ airfoils 
Figure 14: Aerodynamic coefficients of baseline, CFJ airfoil and CFJ airfoils with flaps 

variation with sideslip angles for Cµ=0.05. 
 

    Fig. 14 provides very encouraging results. For CFJ airfoil with injection slot at 2%C, the 
Cµ=0.05 case is able to increase the lift coefficient 106.4% at β=0° at very low power coefficient 
of 0.0285. At the same time, it substantially reduces the drag by 67.17%. All the compound 
effect results in an increase of aerodynamic efficiency by 232.2%. In other words, while the 
CFJ control surface substantially increases the lift, it simultaneously reduces the energy 
expenditure in a dramatical manner.    
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   (a) Lift coefficient CL                 (b) Drag coefficient CD 

 

 
(c) Pitching moment coefficient CM       (d) Corrected aerodynamic efficiency (CL/CD)c   

 

 
(e) Aerodynamic efficiency CL/CD              (f) Power coefficients for CFJ airfoils 
Figure 15: Aerodynamic coefficients of baseline, CFJ airfoil and CFJ airfoils with flaps 

variation with sideslip angles for Cµ=0.15. 
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   (a) Lift coefficient CL                   (b) Drag coefficient CD 

 

 
 (c) Pitching moment coefficient CM        (d) Corrected aerodynamic efficiency (CL/CD)c   
 

 
(e) Aerodynamic efficiency CL/CD              (f) Power coefficients for CFJ airfoils 
Figure 16: Aerodynamic coefficients of baseline, CFJ airfoil and CFJ airfoils with flaps 

variation with sideslip angles for Cµ=0.25. 
 

    Table 5 shows the aerodynamic coefficients for CFJ control surface airfoils at sideslip 
angle of 0° with slot location at 2%C and 4%C. During operation, rudder works at 0° of sideslip 
angle in most of time. Therefore, having high CL in such working condition is of great 
importance. It is shown in Table 5 that the CL of CFJ airfoils with both configuration (injection 
slot location at 2%C and 4%C) is much higher than baseline airfoil.   
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Table 5: Aerodynamics performance of the baseline airfoil and CFJ airfoils with slot location 
at 2%C and 4%C in β=0°. 

 2%C 4%C 
Cu CL CD Pc (CL/CD)c CL CD Pc (CL/CD)c 

Baseline 1.09 0.0978 - 11.20 1.09 0.0978 - 11.20 
0.05 2.25 0.0321 0.0285 37.21 2.366 0.035 0.047 28.865 
0.15 2.700 -0.0212 0.221 12.35 2.849 -0.012 0.311 9.510 
0.25 2.965 -0.047 0.54 6.014 3.170 -0.077 0.810 4.324 

 
As shown in Table 5 for the case of 2%C, when the Cu is increased from 0.05 to 0.25, the 

lift coefficient is further enlarged by 32% , but the power coefficient is increased by 17.95%. 
Obviously, a low Cu is much more efficient. Comparing the injection location at 2%C and 4%C 
in Table 5, the 4%C always has a little higher CL, but the power coefficient is substantially 
higher.  

 
Based on Figs. 14-16, if considring the high lift coefficient CL only, the CFJ airfoil with a 

plain flap located at 35%C, injection slot size of 0.5%C and injection slot location 4%C is the 
optimum. Table 6 shows its aerodynamics coefficients for Cµ=0.05, 0.15 and 0.25, along with 
the baseline airfoil with plain flap airfoil at the maximum lift coefficient. The CLmax is 4.490 at 
Cµ=0.25, 163% higher than the baseline. And if corrected aerodynamic efficiency (CL/CD)c is 
of the interest, the CFJ airfoil with a plain flap, injection slot location 2%C and injection slot 
size 0.5%C is the optimum as shown in Table 7, which gives a CL of 2.263 and a maximum 
(CL/CD)c of 48.232 at Cµ=0.05, a 54% increase for the CL and 291% increase for the 
aerodynamic efficiency compared with that of the baseline control surface airfoil with the same 
size of flap, deflection location and angle.  

 
Table 6: Aerodynamics coefficients comparison among CFJ airfoil with flap (slot location 

4%), its baseline and NACA0012 airfoil at maximum lift coefficient CL 
Cu β (°) CLmax CD CM (CL/CD)c Pc 

Baseline (flap 35% C) 10 1.710 0.1633 -0.128 10.473 - 
0.05 7.5 2.674 0.0921 -0.257 21.50 0.032 

0.15 12.5 3.912 0.0581 -0.351 13.165 0.239 

0.25 12.5 4.490 0.0079 -0.450 6.112 0.727 
 
Table 7: Aerodynamics coefficients comparison among CFJ airfoil (slot location 2%)with flap, 
its baseline and NACA0012 airfoil at maximum productivity efficiency coefficient (CL/CD)c 

 
Cu β (°) CL CD CM (CL/CD)c Pc 

Baseline (flap 35% C) 5 1.466 0.118 -0.144 12.33  - 

0.05 5 2.263 0.0279 -0.204 48.232 0.019 

0.15 15 3.498 0.041 -0.206 19.933 0.134 

0.25 17.5 4.311 0.069 -0.291 9.786 0.371 

 
     Fig.17 shows the CL vs (CL/CD)c plots for injection location 2%C and 4%C at different 
Cµ compared with the baseline. Cµ for 0.05, 0.15, 0.25 and baseline are included in the plots. 
As shown again in Fig. 17, for the injection location of 2%C, the lift enhancement is a little 
smaller than the location at 4%C, but the aerodynamic efficiency of (CL/CD)c is substantially 
higher. This is because when the injection slot is more upstream, the main flow pressure is 
lower due to the leading suction effect, the power required to eject the CFJ is hence also lower. 
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a) Maximum CL configuration, inj. at 4%C.  b) Maximum (CL/CD)c configuration inj. at 2%C. 

Figure 17: CL vs (CL/CD)c plots for maximum CL and maximum (CL/CD)c configurations.  
 

Fig. 18 (a) is the Mach contours of the 2% injection location at β=12.5°, which shows the 
typical flow filed well attached.  Fig. 18 (b) is the pressure coefficient distribution compared 
with that of the baseline airfoil. For the CFJ airfoil at location 2%C and 4%C, the suck peak 
pressure is much lower than the baseline airfoil, which is the super-suction effect of CFJ airfoil 
that contributes significantly to both lift increase and drag reduction. The 4%C injection 
location airfoil has lower peak Cp value than the 2%C location airfoil since its power coefficient 
is higher.   

 

  
(a) CFJ-NACA0012 airfoil at sideslip angle 12.5°(b) Negative Cp plots for CFJ at Cµ =0.15  
and baseline airfoil 

Figure 18: Mach contour for CFJ-NACA0012 airfoil at Cµ =0.15 and negative Cp plots for 
CFJ and baseline NACA0012 airfoils. 

 
Figs. 19 and 20 show the Mach contour for CFJ-NACA0012 airfoil and baseline with flap 

at the maximum lift, CLmax and maximum (CL/CD)c conditions. It is observed that for both 
conditions, the CFJ-NACA0012 airfoil has no or minor flow separation. However, baseline 
NACA0012 with flap has massive separation as shown in Fig.19(b) and Fig.20 (b).  
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(a) CFJ-NACA0012 airfoil at sideslip angle 12.5°  (b) NACA0012 at sideslip angle 10° 

Figure 19: Mach contour for CFJ-NACA0012 airfoil and baseline NACA0012 airfoil at CLmax  
  
 

 
(a) CFJ-NACA0012 airfoil at sideslip angle 5°  (b) NACA0012 at sideslip angle 5° 

Figure 20: Mach contour for CFJ-NACA0012 airfoil and baseline NACA0012 airfoil at 
maximum (CL/CD)c. 
 
4.2 CFJ Control Surface without Flap at Cµ= 0.05 - 0.30 
 

This section compares the baseline NACA0012 and CFJ-NACA0012 airfoil with no flap 
and the CFJ airfoil configuration is shown in Fig. 2 and the mesh is shown in Fig. 4. The 
geometry has the injection located at 3%C with a size of 0.5%C. The suction slot is located at 
75%C with a size of 1.5%C. The jet momentum coefficients Cµ=0.05, 0.10, 0.15, 0.20, 0.25 
and 0.30 are simulated for the initial simulation to obtain the whole characteristics. Fig.21 
shows the aerodynamic coefficients variation with sideslip angles and Cµ varying from 0.05 to 
0.30 for baseline NACA0012 airfoil and CFJ-NACA0012 airfoil. 

As the lift and drag coefficient shown in Fig. 21a and 21b, the baseline airfoil is stalled at 
sideslip angle of 16° with the maximum lift coefficient of 1.423 and the CFJ airfoil with Cµ 
from 0.05 to 0.30 remains attached. The CFJ airfoil exhibits higher CL for all sideslip angle and 
the CL augmentation is increased as Cµ increases. The maximum lift coefficient for the CFJ 
airfoil is increased dramatically to 3.048 (an increase of 114%) at Cµ = 0.30 and the stall sideslip 
angle is increased to β=25°. Table 8 shows the comparisons of maximum lift coefficients among 
baseline and CFJ airfoil at Cµ= 0.05, 0.15, 0.30. The lift curves and values show that CFJ airfoil 
could dramatically enhance the lift coefficient and decrease the drag coefficient. The negative 
drag coefficient is the thrust created by the CFJ. As the sideslip angle increases, the drag 
coefficient is increased slowly until a massive flow separation occurs. 
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Table 8: Aerodynamics coefficients comparison between CFJ-NACA0012 airfoil and baseline 

 NACA0012 airfoil. 
Cu β (°) CLmax CD 

Baseline 16 1.423 0.0473 
0.05 15 1.657 0.0295 
0.15 21 2.382 0.0383 
0.30 25 3.048 0.0132 

 
The pitching moment coefficient CM about the 1/4 chord point is shown in Fig. 21c. The 

nose-down pitching moment coefficient CM of CFJ airfoil is higher than that of the baseline 
airfoil and is decreased with the higher Cµ and lift coefficient.  

 
For the aerodynamic efficiency of CL/CD in Fig. 21d, CFJ airfoil has extraordinarily high 

values because the drag can be very small or negative. The thrust of the CFJ airfoil can be used 
as distributed thrust source. The power coefficient is not studied and will be reported in the 
future for the control without a flap. 

 

 
(a) Lift coefficient CL           (b) Drag coefficient CD 

 

 
(c) Pitching moment coefficient Cm           (d) Aerodynamic efficiency CL/CD 

 Figure 21: aerodynamic coefficients of baseline airfoil and CFJ-NACA0012 airfoil variation 
with sideslip angles and Cµ varying from 0.05 to 0.30. 
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5 Conclusion 
 

The 2D numerical study indicates that the Co-Flow Jet active flow control airfoil for 
aircraft control surfaces with a plain flap can dramatically increase the lift coefficient and 
aerodynamic efficiency simultaneously compared with the conventional control surface. CFJ 
airfoil control surface shows great potential to substantially reduce the size and weight of 
conventional aircraft control surfaces. 
 

A series of trade study is done based on NACA0012 airfoil for control surface. The CFJ 
airfoil is modified from the baseline NACA0012 airfoil by translating the upper surface 
downward by 0.1%C. A constant deflection angle of 30° is used.  

 
Trade study is first done for the flap length of 20%C, 25%C, 35%, and 40%C. Both the 

longer flap of 35%C and 40% are more effective to increase the lift coefficient with high 
aerodynamic efficiency because CFJ airfoil is more advantageous to deal with high cambered 
airfoil. The final configuration employs the 35%C flap length.  

 
The second trade study is to investigate the injection slot size at 0.1%C, 0.25%C, and 

0.5%C while keeping the suction slot size always two times larger with the flap length of 35%C.  
The 0.5%C gives the best lift enhancement with the aerodynamic efficiency.  

 
The third trade study is to investigate the injection location at 2%C, 3%C and 4%C while 

keeping the injection slot size at 0.5%C and the flap length of 35%C. The injection location at 
2%C has the lift enhancement slightly lower than the 4%C location, but the CFJ power 
consumption is substantially lower. This is because the more upstream injection location 
benefits better from the low main flow pressure due to the leading suction effect, which makes 
the jet ejection easier with lower power required.   
 

The final preferred configuration has the flap length of 35%C, deflection angle of 30°, 
injection location at 2%C from leading edge, injection slot size of 0.5%C, and suction slot right 
upstream of the flap with the size twice larger than the injection size.   

 
The final trade study is to investigate the effect of injection jet momentum coefficient Cµ 

at 0.05, 0.15, 0.25. The lower Cµ value of 0.05 is the most energy cost effective to increase the 
lift coefficient. Comparing with the baseline airfoil with the same flap size and deflection angle, 
at sideslip angle of 0°, the case of Cµ=0.05 of the final configuration achieves a lift coefficient 
increase by 106.4% from CL=1.09 to 2.25 at very low power coefficient of 0.0285. At the same 
time, it substantially reduces the drag by 67.17%. All these compound effects result in an 
increase of aerodynamic efficiency(including CFJ power consumption) by 232.2%. In other 
words, while the CFJ control surface substantially increases the lift, it simultaneously reduces 
the net energy cost in a dramatical manner. This even does not count the additional benefit due 
to the reduced control surface size and weight.      

     
    Finally, CFJ airfoil with no flap is also simulated at injection jet momentum coefficient 
Cµ=0.05, 0.10, 0.15, 0.20, 0.25 and 0.30. The result shows that the maximum lift coefficients of 
3.048 (an increase of 114%) is achieved at Cµ=0.30 with a reduced drag. The aerodynamic 
efficiency of the flapless control surface is not studied in this work and will be reported in future. 
The results indicate that flapless control surface may be a feasible option. 
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