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I. Introduction

T O ACHIEVE revolutionary aircraft performance, advanced
technologies should be pursued to drastically reduce the weight

of aircraft and fuel consumption and significantly increase aircraft
mission payload and maneuverability. Both the military and
commercial aircraft will benefit from the same technology. Flow
control is a promising technology to break through the limits of the
conventional aerodynamic concepts.

Recently, a novel active airfoil flow control concept with zero-net
mass flux, the coflow jet (CFJ) airfoil, has been developed by Zha
et al. [1–5]. The CFJ airfoil achieves three effects simultaneously in a
dramatic fashion: lift augmentation, stall margin increase, and drag
reduction. The energy expenditure of the CFJ airfoil is low [1], and
the CFJ airfoil concept is straightforward to implement. The CFJ
airfoil may create a new concept of an “engineless” airplane, which
uses the CFJ to generate both lift and thrust without conventional
propulsion systems of propellers or jet engines [6].

A CFJ airfoil [1–5] uses an injection slot near the leading edge
(LE) and a suction slot near the trailing edge (TE) on the airfoil
suction surface. Similar to tangential blowing, the LE jet is in the
same direction of the main flow, but the same amount of mass flow
that is injected is removed via suction near the TE, resulting in zero-

net mass-flux flow control. A proposed fundamental mechanism [2]
is that the severe adverse pressure gradient on the suction surface
strongly augments turbulent mixing between the main flow and the
jet [7]. The mixing then creates the lateral transport of energy from
the jet to the main flow and enables the main flow to overcome the
large adverse pressure gradient and remain attached at high angle of
attack (AOA). The stall margin is hence significantly increased. At
the same time, the high-momentum jet drastically increases the
circulation, which significantly augments lift, reduces drag, or even
generates thrust (negative drag). The objective of this paper is to
demonstrate the high performance of the CFJ airfoil with the wind-
tunnel test results.

II. CFJ Airfoil Geometry

Figure 1 shows the baseline airfoil, NACA0025, and the CFJ
airfoil, namely, CFJ0025-065-196 airfoil, which has the injection
slot height of 0.65% of the chord and the suction slot height of 1.96%
of the chord. The injection and suction slots are located at 7.11 and
83.18% of the chord from the leading edge. The slot faces are normal
to the suction surface to make the jet tangential to the main flow.
More detailed airfoil geometric data and naming convention of the
CFJ airfoil are given in [3,4].

III. Results and Discussion

The chord length of the airfoil is 0.1527 m and the freestream
Mach number is about 0.11. This gives the Reynolds number about
3:8 � 105, which is in the laminar/transitional region. To make the
boundary layer fully turbulent so as to mimic the realistic flight
conditions, the airfoil leading edge is tripped to trigger the
turbulence. The detailed setup of wind-tunnel experiments and data
uncertainty are given in [3,4].

A. CFJ Airfoil Performance

Figure 2 is the comparison of the measured lift coefficient for the
baseline NACA0025 airfoil and the CFJ0025-065-196 airfoil with
the injection total pressure coefficients given in the legend. During a
test, the injection total pressure is held as constant while the AOA
varies. A higher injection total pressure will yield a higher injection
momentum coefficient, and hence a higher lift coefficient and stall
margin. The bottom two curves with circle and cross symbols are for
the baseline NACA0025 airfoil with and without LE trip. It shows
that the one with trip delays stall by about 4 deg of AOA. This is
because the fully turbulent boundary layer with the trip is more
resistant to flow separation. The very bottom curve is the CFJ airfoil
without the jet on. It has less stall AOA than the baseline airfoil
because the injection and suction slot steps weaken the boundary
layer and make the separation occur at a smaller AOA.

It needs to be pointed out that, when the AOA ismore than 30 deg,
the 0.1524m chord airfoil creates a large blockage to the 0:3048 m �
0:3048 m wind tunnel. The airfoil suction surface experiences a
more severe adverse pressure gradient than in the freestream
conditions due to the forced diffusion caused by the wind-tunnel
wall. The numerical simulation indicates that the CFJ airfoil in the
freestream conditions has higher stall margin and maximum lift than
in the wind tunnel [8]. In other words, the measured stall margin and
maximum lift in the wind-tunnel tests are on the conservative side.
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Table 1 lists the aerodynamic parameters of the tripped baseline
NACA0025 airfoil and the tripped CFJ0025-065-196 airfoil with
injection total pressure coefficient of 1.27. Table 1 indicates that the
CLmax of theCFJ0025-065-196 airfoil is 3.2 times that of the baseline
airfoil, which is a 220% increase. The AOA stall margin is defined as
the interval of the zero lift AOA to stall (maximum lift) AOA. The
AOA stall margin of CFJ0025-065-196 airfoil is 2.53 times that of
the baseline airfoil stall margin, an increase of 153%.

Figure 3 is the particle imaging velocimetry (PIV) measured
velocity contours and streamlines of the attached flow of CFJ0025-
065-196 airfoil at AOA of 43 deg, front part and rear part of the
airfoil. The AOA of 43 deg is right before the stall AOA of 44 deg.
They clearly show that the flow is very well attached at AOA of
43 degwith very high peak suction acceleration in the LE region. The
flow merges to the mainflow in the TE region. The momentum
coefficient at AOA of 43 deg is C� � 0:3. The velocity contours in
Fig. 3 also show the strong adverse pressure gradient of the main
airfoil flow along the suction surface.

Because the PIV seeding is only done for the main flow, the PIV
visualization shows little injection jet because the jet is not seeded.
The detailed flow entraining or vortex structure in the mixing layer
between the jet and main flow is not captured. In addition, the laser
reflection on the aluminum airfoil surface also created a blur thin

layer on the airfoil surface, where no PIV data are acquired. The PIV
images in this paper hence show primarily the qualitative feature of
the flowfield such as attached or separated flow. The suction jet is
able to be visualized to some extent because the mixing transports
some seeding particles into the suction slot.

Figure 4 is the measured injection momentum coefficient of the
CFJ0025-065-196 airfoil at three different injection total pressures.
The momentum coefficient is defined as

C� �
_mjVj

0:5�1U
2
1S

(1)

The injection mass flow rate and velocity are determined by the
injection total pressure and the main flow static pressure at the
injection location. The injection total pressure is held constant while
the AOA varies. When the AOA is increased, the LE suction is
stronger and hence the local static pressure at the injection location
decreases. The injection velocity therefore increases, and so do the

-

-

Fig. 1 Airfoil section of the baseline airfoil of NACA0025, CFJ airfoil

CFJ0025-065-196, and CFJ airfoil CFJ0025-131-196.
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Fig. 2 Comparison of the measured lift coefficient for baseline
NACA0025 and CFJ0025-065-196 airfoil.

Table 1 Comparison of aerodynamic parameters between the tripped baseline airfoil and CFJ

airfoil

Airfoil AOACL
� 0 C�CL � 0 AOACLmax

CLmax C�CLmax
CDmin

�AOA� 0 deg�

Baseline NACA0025 0 deg 0.0 19 deg 1.57 0.0 0.128
CFJ0025-065-196 �4 deg 0.187 44 deg 5.04 0.28 �0:036

Fig. 3 PIVmeasured velocity contours and streamlines of the attached

flow of CFJ0025-065-196 airfoil at AOA of 43 deg, top: front portion;
bottom: rear portion.

2088 AIAA JOURNAL, VOL. 45, NO. 8: TECHNICAL NOTES



mass flow rate and the momentum coefficient as shown in Fig. 4. For
the highest injection total pressure coefficient of 1.27, themomentum
coefficient varies from 0.184 to 0.3. The lowest injection total
pressure coefficient of 1.04 has the momentum coefficient varying
from 0.05 to 0.1, which increases theCLmax by 113% and AOA stall
margin by 100%. These results indicate that even the small
momentum coefficient is very effective to enhance the lift and stall
margin.

It needs to be pointed out that a jet kinetic energy coefficient is
introduced in [3,4], which correlates the CFJ airfoil performance
with different geometric parameters better than the momentum
coefficient.

Figure 5 is the drag polar of theCFJ0025-065-196 airfoil. The drag
coefficient of CFJ airfoil is significantly reduced and has a small
region of negative drag (thrust). For example, at CL � 1, for
C� � 0:071, the CFJ0025-065-196 airfoil drag reduction is 19%; for
C� � 0:197, the drag reduction is 90%, and this makes the L=D
increased by 10 times. At lower CL value with the total pressure
coefficient of 1.27, the drag reduction is over 100% because the drag
is negative and becomes thrust.

The airfoil drag can be decomposed into two parts: skin friction
and pressure drag. As pointed out in [2], the skin friction drag of a
CFJ airfoil does not varymuchwhen theAOA changes. It is the large
pressure resultant force in the streamwise direction that significantly
decreases the total drag or generates thrust [2]. The low pressure at

LE due to the strong suction makes the primary contribution to the
resultant pressure force pointing forward.

Figure 6 is the injection Mach number determined in the
experiment by the procedure described in [3,4]. At AOA� 43 deg
with the injection total pressure coefficient of 1.27, the injection
Mach number is about 0.4. The velocity contours near the injection
slot given in Fig. 3 show that the main flow velocity is about 3 times
of the incoming freestream velocity. The freestreamMach number is
0.1. Hence the Mach number of the main flow near the injection slot
is about 0.3. The dissimilarity of the velocity may enhance the shear
layer mixing. Because the jet was not seeded for PIV visualization, it
is not clear if there exists a large vortex structure caused by the
velocity dissimilarity [9].

Figure 7 plots the mass flow rate of the injection and suction vs
AOA at different injection total pressures. The CFJ airfoil requires
that the injectionmassflow rate be equal to the suctionmass flow rate
to achieve the zero-net mass-fluxflow control. Figure 7 indicates that
they indeed agree very well with the maximum difference of 3.9%.

B. Jet Instability

In the experiment, it is observed that there is a limit of the jet mass
flow rate to maintain the stability of the flow. Below the limit,
increasing the jet mass flow (momentum coefficient) will make the
flowattached and increase the lift and stallmargin.However, if the jet
mass flow rate exceeds the limit, the whole flowfield breaks down
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Fig. 5 Measured drag polar of CFJ0025-065-196 airfoil.
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and a large separation occurs. The turbulent shear layer due to jet
mixing is complicated and could be dominant by the coherent
structure [10]. The reason of the flowfield breakdown is not clear at
this time and may be speculated as the following two aspects:

1) Themixing shear layer loses stability due to the large difference
of the Mach number, or the so-called convective Mach number,

Mc �
U1 � U2

a1 � a2
(2)

where U1, U2, a1, and a2 are the velocity and speed of sound of the
main flow and the jet. The density and velocity ratio between the
main flow and jet also have an effect on the mixing shear layer
stability [10,11].

2) The high momentum of the injection jet creates a large
centrifugal force, which makes the jet detached and the flowfield
collapse.

Because of the time limitation of this research, the details of the jet
instability phenomenon were not studied. More detailed research of
the jet stability limit from both computational fluid dynamics (CFD)
and experiment will be conducted in the future.

IV. Conclusions

This research has demonstrated the high performance of the
coflow jet airfoil concept in wind-tunnel tests. The CFJ airfoils are
shown to drastically increase lift, stall margin, and drag reduction.
With the momentum coefficient varying from 0.1 to 0.30, the
maximum lift of the smaller size CFJ airfoil is increased by 113 to
220%, and the angle of attack operating range (stall margin) is
increased by 100 and 153%. The minimum drag coefficient is
reduced by 30 to 127%with the momentum coefficient varying from
0.055 to 0.192. A negative drag (thrust) is produced when the
momentum coefficient is high.

In the experiment, it is observed that there is a limit of the jet mass
flow rate in maintaining the stability of the flow. Below the limit,
increasing the jet mass flow (momentum coefficient) will make the
flow attached and increase the lift and stall AOA. However, if the jet
mass flow rate exceeds the limit, the whole flowfield breaks down
and a large separation occurs. It is speculated that the instability may
be attributed to the large dissimilarity of the jet and themainflow, and
the large centrifugal force of the jet when the jet velocity is high. The
exact mechanism is not clear yet and will be studied in future
research.
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