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Two coflow jet airfoils with injection slot size differin;
of injection slot size. At the same angle of attack, the larger i

g by a factor of 2 are tested in a wind tunnel to study the effect
njection slot size airfoil passes about twice the jet mass

flow rate of the smaller injection slot size airfoil. The smaller injection slot size airfoil is more effective in increasing

the stall margin and maximum lift, whereas the larger slot coflow jet airfoil is more effective in reducing drag. To

achieve the same lift, the smaller injection slot size airfoil has much less energy expenditure than the larger injection

slot airfoil. A coefficient of jet kinetic energy is introduced, which appears to correlate well with the maximum lift and

stall margin when coflow jet airfoil geometry varies. Both the jet kinetic energy coefficient and the momentum
J coefficient correlate well with drag reduction. No optimization of the airfoil configuration is pursued in this research,
' and the results indicate that there is a great potential for coflow jet airfoil performance improvement.

Nomenclature

= area
choked area
discharge coefficient
drag coefficient
lift coefficient
momentum coefficient
specific fuel consumption
pipe internal diameter
= orifice diameter
{ = turbulent kinetic energy
M = Mach number
= mass flow rate
number of samples
total pressure
static pressure
mass fow rate
universal constant
wing span area, b x chord
slot area, slot height x slot width
= static temperature
total temperature
= student’s ¢ value for corresponding confidence
level
= velocity
= velocity
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nondimensional length scale for turbulent
boundary layer

= ratio of specific heats

uncertainty

= gas expansion factor

= density

= standard deviation
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I.

T O improve aircraft performance, revolutionary technology
should be pursued to dramatically reduce the weight and fuel
consumption of the aircraft and to significantly increase aircraft
mission payload and stall margin. Both military and commercial
aircraft will benefit from this technology. Flow control is the most
promising route to bring significant performance improvement to
aircraft [1-7]. Recently, Zha and Paxton [8] and Zha et al. [9] have
developed a new promising airfoil flow control technique using a
coflow jet, which significantly increases lift, stall margin, and drag
reduction.

The coflow jet airfoil is designed with an injection slot near the
leading edge and a suction slot near the trailing edge on the airfoil
suction surface. The slots are opened by translating a large portion of
the suction surface downward. A high energy jet is injected
tangentially near the leading edge in the same direction of the main
flow, and the same amount of mass flow is drawn in near the trailing
edge. The turbulent shear layer between the main flow and the jet
causes strong turbulence diffusion and mixing under the severe
adverse pressure gradient, which enhances the lateral transport of
energy from the jet to the mainflow allowing the main flow to
overcome the severe adverse pressure gradient and remain attached
at high angle of attack. The high energy jet induces high circulation
and hence generates high lift. The coflow jet (CFJ) airfoil can
recirculate the jet mass flow and can significantly reduce the penalty
to the propulsion system by avoiding dumping the jet mass flow or
having zero net jet mass flow.

In [8.,9], an overview of different flow control methods is given.
The working mechanism of the CFJ airfoil is different from that of a
circulation control (CC) airfoil [10,11]. ACC airfoil relies on a large
leading edge (LE) or trailing edge (TE) to create the Coanda effect
and enhance circulation. The large TE or LE may generate large drag
during cruise. The CFJ airfoil relies on the wall jet mixing with the
main flow to energize the main flow and overcome the adverse
pressure gradient so that the flow can induce high circulation and
remain attached at high AOA. The CC airfoil dumps away the jet
mass flow, which is a considerable penalty to the propulsion system.
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A CC airfoil without LE injection will reduce stall margin even
though it increases lift [12]. Compared with synthetic jet flow
control, the enhancement of airfoil performance by the CFJ airfoil is
considerably better because the interaction of the synthetic jet with
the main flow is weak [8,9,13]. The synthetic jet airfoil also exhibits
little increase in stall margin [13]. The CFJ airfoil simultaneously
achieves three crucial effects with low energy expenditure: lift
enhancement, stall margin increase, and drag reduction.

The benefit of the high performance CFJ airfoil can be realized by
integrating the airframe with the propulsion system so that the gain
outweighs the cost of pumping and recirculating the coflow jet. To
demonstrate this benefit, a preliminary conservative mission analysis
of the military aircraft F-5E, assuming the CFJ airfoil is used, is
conducted in [14], and a significant performance improvement is
shown. In the mission analysis, the propulsion system costs an extra
of 1.8% of energy expenditure to pump and recirculate the coflow jet.
However, the gain from the airframe outweighs the penalty and
results in a 9% reduction of fuel consumption. The endurance and
range are increased by 38% and 41%, respectively. The V,, is
reduced by 44%, and the take off and landing distance is reduced
by 68%.

An interesting feature of the CFJ airfoil is its supersuction at
the leading edge, which produces such a low pressure at the LE
that a thrust is generated. The contributions of the force in the
streamwise direction due to jet injection and suction momentum are
mostly canceled out by each other because the injection and suction
flow rates are the same. The drag reduction mechanism of the CFJ
airfoil, therefore, is not due to the momentum thrust from the jet. It is
due to the large circulation induced by the coflow jet. A CFJ airfoil
hence achieves a similar feature to that of a bird’s flapping wing,
which relies on the leading edge supersuction to generate thrust and
high circulation to generate lift. The CFJ airfoil generates both lift
and thrust with a fixed wing. This feature gives a new thrust
component in the aircraft, which can rely less on the jet or fan thrust.
The benefit is that it can reduce the jet velocity and therefore the jet
noise that has eighth power dependence on the nozzle jet exhaust
velocity.

] Using both injection and suction in a CFJ airfoil has two
}‘ i advantages: 1) It strengthens the jet attachment to resist the severe

b adverse pressure gradient at high angles of attack to make the main
flow attached. The study in [15] indicates that the airfoil with only the
injection of the same strength and no suction generates lower lift
enhancement and smaller drag reduction. The stall angle of attack is
also less. 2) The suction provides the entrance for the jet recirculation
to achieve zero net jet mass flow rate. The energy state at suction
location is usually higher than that of the freestream. This also makes
recirculating the jet flow more efficient than drawing the jet flow
| from the freestream.

“ The above advantages of the CFJ airfoil may derive the following
superior aircraft performances: 1) extremely short distance for take
off and landing; 2) supersonic aircraft with high subsonic
performance; 3) high maneuverability, high safety, and fast
i acceleration of military aircraft; 4) very economic fuel consumption;
| 5) small wing span for easy storage, light weight, and reduced skin
friction and form drag; and 6) low noise due to no high lift flap system
and low nozzle jet velocity.

I The CFJ airfoil concept is new and many issues of the working
i mechanism are not yet well understood. The turbulent mixing
| between the jet and the main flow that transfers energy from the jet to
the main flow is the fundamental working principle [8]. The CFJ
airfoil performance is more sensitive to the injection process than to
the suction process [14]. The injection slot should be located as close
] to the leading edge as possible but should be located downstream of
i the suction peak. This is to ensure that the adverse pressure gradient
after the suction peak enhances the wall jet mixing with the main
flow [16].
I The objective of this paper is to experimentally study the effect of
injection slot size on the performance of the CFJ airfoil. The results of
this paper show that the CFJ airfoil with different geometries can
exhibit very different performance, which indicates that there are
performance benefits to be gained through geometry optimization.
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II. Coflow Jet Airfoil Geometry
Flgure 1 shows the baseline airfoil, NACA0025 and two ai

baseline airfoil due to its large thickness to facilitate 1mplementa 01
of a coflow jet, internal ducts, and instrumentation. The CFJ ai
concept also works very well for thin airfoils as shown by the CFD
simulation [8,14]. The chord length of the airfoil is 0.1527 m and the
span is 0.3 m. The coflow jet airfoils are defined using the following
convention: CFJ4dig-INJ-SUC, where 4dig is the same as NACA4
digit convention, INJ is replaced by the percentage of the injection
slot size to the chord length, and SUC is replaced by the percentageof
the suction slot size to the chord length. For example, the CFJ0025-
065-196 airfoil has an injection slot height of 0.65% of the chord and"
a suction slot height of 1.96% of the chord. The new suction surface
shape is a downward translation of the portion of the original suction
surface between the injection and suction slot. The CFJ0025-131-
196 is constructed in the same way by recessing the suction surface
by 1.31% of the chord at the injection slot and 1.96% of the chord at
the suction slot. i

The CFJ0025-131-196 airfoil is designed with an injection slot
size twice as large as that of the CFJ0025-065-196 airfoil to examine
the effect of the injection slot size. The suction slot size is unchanged.
The slot locations are also the same as those of the CFJ0025-065-196
airfoil. Previous studies [8,17] indicate that the suction slot size needs
to be larger than the inlet slot size to ingest the same amount of jet -
mass flow without being choked. The injection and suction slots are
located at 7.11% and 83.18% of the chord from the leading edge,
respectively. The slot faces are normal to the suction surface to make -
the jet tangential to the main flow. )

The internal ducts for both the injection and suction slots are also
illustrated in Fig. 1, labeled as the high pressure and low pressure
cavities. The high pressure flow is injected into the high pressure
cavity and then passes through a block of Duocel aluminum foam.
The Duocel foam acts as a baffle that gives a uniform flow

NACA0025

/’ Injection Slot High Pressure Cavity

A

\Sixction Slot

Support Pin

Duocel Aluminum Foam

CFJ0025-065-196

Low Pressure Cavity

/’ Injection Slot High Pressure Cavity

Qlction Slot

Support Pin

Duocel Aluminum Foam # ‘[ ow Pressure Cavity

CFJ0025-131-196

Fig. 1 The sections of baseline NACA0025, CFJ0025-065-196, and
CFJ0025-131-196 airfoils.
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fibution downstream of the foam and generates a highly uniform
ow jet, which is necessary to achieve two-dimensional flow for
CFJ airfoil testing. Computational fluid dynamics was used as a
ign tool to simulate the CFJ airfoils and their secondary flow ducts
de the wind tunnel. Very good two-dimensionality is achieved
ih the CFD analysis and is verified in the experiment. Both the
otion and suction ducts are designed to have a continually
werging or diverging shape to ensure that the throat is located at
injection and suctions slots. CFD results are used to verify that the
ection and suction slots can pass the required mass flow rate of
kg/s under the experimental conditions.

III. Wind-Tunnel Measurement Setup
Wind Tunnel

The AEROLAB educational wind tunnel located at the University
Florida is used for this research. The test section of this tunnel is
% 12" x 24”. A TSI, Inc., particle image velocimetry system is
ed for flow visualization and creating velocity vector fields on the
dspan location. The lift, drag, and pitching moments are measured
strain gauges located on the sidewall sting tube.

The coflow jet is injected through the sting tube into the high
sssure cavity and is drawn through a suction manifold on the
posite side of the airfoil, illustrated in Fig. 2. The injection system
nsists of a compressor and two large storage tanks that provide a
ntinuous constant choked flow.

e airfoil is fixed on the sidewall sting on the injection side and is
ptilevered on the suction side. Sufficient clearance is made
tween the cantilevered end and the wind-tunnel wall to prevent
em from touching the wind-tunnel wall. A sealed Plexiglass box is
ounted outside of the suction side wind-tunnel wall to prevent air
ﬁkage from the wind tunnel. The light weight and soft latex suction

s minimize force translation and connect the suction system with
airfoil through the transparent Plexiglass box. This allows the
icle image velocimetry camera to visualize and measure the flow
locity vector fields.
The external suction system consists of four 240 gal vacuum tanks,
660 gal tank, one 80 gal tank, and two vacuum pumps. This system
ovides suction for 12-30 s within the required mass flow rate range.

- Measurement Calibration
‘The airfoil lift and drag components are calibrated using a known
cight at the center span of the airfoil in its test configuration with the
X tubes attached. This calibration showed a highly linear trend for
lift and drag with R? values of 0.9994 and 0.9995 [18],
pectively. Using the student’s # distribution, the uncertainty of lift
id drag is given by [18]:

v to
% A=—
; Jn

@)

" Fig. 2 The tested CFJ airfoils showing the injection side.

For a 95% confidence level and n = 50 samples, t = 2.0105.

The standard deviation ranges from 1 N at lower AOA to 5 N at
higher AOA for both lift and drag. This corresponds to standard
deviation in terms of C; and Cp, of 0.031-0.153. The uncertainty in
C,; and Cp would thus be 0.008814 at lower AOA and 0.043 at
higher AOA. Strain gauge measurements are taken at approximately
2/3 Hz. These single measurements are actually an average of five
integrations of a digital signal with a two power line cycle integration
time. The sampling rate is 300 Hz. Two power line cycles are equal to
33.3 ms. This comes to 10 samples for each integration.

To calculate the wind-tunnel velocity, a differential pressure
transducer is used to measure dynamic pressure. The transducer
measures the difference between the static pressure upstream of the
test section and the stagnation pressure in the room. Pressure
readings are taken at 1 Hz. A correction factor is multiplied by the
stagnation pressure to account for losses that occur in the tunnel inlet.
Mass flow rates are measured using fixed orifice plates placed inside
of the injection and suction supply ducts. Mass flow rates are
calculated based on Eq. (2) [19]:

_ CEend®\/2p,Ap

dm 4

where E = 1/+/1 — B*, the pipe internal diameter 8 = d/D, p, is
the upstream density, and A p is the differential pressure. All values
are constant except density and differential pressure. The density is
found by measuring the upstream temperature and pressure.
Temperature readings are taken at 1 Hz.

To calculate the total uncertainty of the mass flow rate, the square
root of the sum of the squares is used as in the following equation for
the mass flow rate [18]:

8 N2 8€\? DBf NG (SN2

B {06 YC (f0SNA, of S0 A0
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Data in Table 1 give an uncertainty for the injection mass flow
rate 8¢,,/qn, =0.164% and for the suction mass flow rate
0o G —0.179%.

A Kiel probe was placed in the injection duct just downstream of
the Duocel foam. This total pressure was then used to find the
velocity of the injection jet. To determine the injection velocity, first

the critical area ratio of a one-dimensional duct A/Ax is obtained by
Eq. (4) [20]:

(€))

A KPyAjy
4 dm~ TO

The A/A* can also be determined by [20]

i | 2 Vel b=
Rt I U SN T
Gl o

where K = 0.040416, P, is the total pressure in the injection slot, Ay

“

Table 1 Uncertainties for the injection mass flow rate and for the
suction mass flow rate

Injection mass Suction mass

Coefficient uncertainty uncertainty
e 0.06 0.06
p 0.144 0.144
EORC% ~0 ~0
Ga0%D? ~0 ~0
e 0.100 0.176

(37} Y 8 2 6T 1\2
B (ay P 0.018 0.001
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is the injection slot area, 7, is the measured total temperature at the
injection slot, y has the value of 1.4. The injection jet Mach number is
found by linearly interpolating the table of A/A* and the Mach
number determined by Eq. (5). The injection velocity is then
calculated by the following relation:

V = M./yRT (6)

Static pressure is measured in the exit of the suction duct at the
plane where the suction duct and suction manifold meet. This value is
used to find the density, velocity, and total pressure in the suction
duct.

The pitching moment measurement is not considered as reliable
because the effect of the latex tubes is too difficult to calibrate for
varying angles of attack. The pitching moment results, hence, are not
presented in this paper and will be reported in the future research.

IV. Results and Discussion

The freestream Mach number is about 0.1 1. For the airfoil tested,
this gives a Reynolds number of approximately 3.8 x 10° based on
the airfoil chord, which is in the laminar/transitional region. To
mimic the realistic flight conditions, the boundary layer should be
turbulent. To accomplish this, the airfoil leading edge is tripped to
trigger the turbulence.

Figure 3 is the comparison of the measured lift coefficients of the
CFJ0025-065-196 and CFJ0025-131-196 airfoils compared with the
baseline NACA0025 airfoil with different injection total pressure.
For the sake of clarity, the lift coefficients of the two airfoils are
plotted separately. 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 NACAO0025 airfoil with and
without the LE trip. It shows that the tripped airfoil delays stall by
about 4 deg of the AOA. This is because the fully turbulent boundary
layer with the trip is more resistant to flow separation. The very
bottom curve is for the CFJ airfoil without the jet on. It has a smaller
stall AOA than the baseline airfoil because the steps for the injection
and suction slot weaken the boundary layer and make separation
occur at a smaller AOA. Overall, with the similar level of injection
total pressure, the CFJ0025-131-196 airfoil has slightly higher lift
than that of the CFJ0025-065-196 airfoil. The CFJ0025-065-196
airfoil with smaller injection slot size has more stall margin and,
hence, higher maximum lift. Figure 3 indicates that both airfoils
achieve significant lift enhancement and stall margin increments.

Figure 4 is the comparison of the injection momentum coefficient
of the CFJ0025-065-196 and CFJ0025-131-196 airfoils at three
different injection total pressures. The momentum coefficient is

defined as
=—" 7
Sk 0:5pL TS @

Here, 7i1; is the coflow jet mass flow rate, V; is the injection jet
velocity, and p., and U, are the freestream density and velocity,
respectively. Figure 4 indicates that, with similar levels of injection
total pressure, the CFJ0025-131-196 airfoil has approximately twice
as large an injection mass flow rate as that of the CFJ0025-065-196
airfoil.

The power required to pump the jet is determined by the jet mass
flow rate and the total pressure ratio to overcome the total pressure
loss of the jet [8,9,14]. The formulation is the following:

p = M

[(PR)V_;l sl (8)

ofj
ncfj

Figure 5 is the total pressure ratio between injection and suction for
the two airfoils. The figure shows that the total pressure ratio required
by the CFJ0025-131-196 airfoil is significantly higher than the one
required by the CFJ0025-065-196 airfoil, which has an injection slot

size 50% less than that of the CFJ0025-131-196 airfoil.
The fact that The CFJ0025-131-196 airfoil has twice the mass flow
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Fig. 3 Measured lift coefficients of the baseline and CF] airfoils.

rate and greater pump total pressure ratio means that the power
required to pump the jet will be significantly higher than that required
by the CFJ0025-065-196 airfoil. For example, Table 2 gives the
comparison of the power required for the two airfoils to achieve the
same lift coefficient of 4.42. The jet mass flow rate of the CFJ0025-
065-196 airfoil is only half that of the CFJ0025-131-196 airfoil.
Based on Eq. (8) and assuming the same efficiency for the jet
pumping and recirculating system, the power to pump the CFJ0025-
131-196 airfoil is then 3.9 times that needed by the CFJ0025-065-
196 airfoil as shown in the table.

This example indicates that there is a large difference in power
consumption (fuel consumption) by simply using different slot sizes
to achieve the same lift. The airfoil configuration is not optimized in

Table 2 Comparison of power required to achieve C; = 4.42 for the
two CFJ airfoils

m Power required
Airfoil C; kg/s PR AOA unit
CFJ0025-065-196  4.42 0.051254 1.33 34.7 deg 1
CFJ0025-131-196 442 0.11 1.65 30 deg oy
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.4 Measured injection momentum coefficient of the CFJ0025-065-
196 and the CFJ0025-131-196 airfoils.

his study with only two slot sizes studied. This suggests that there is
m for significant CFJ airfoil performance improvement it an
jptimum configuration study is done.
Figure 6 is the drag polar of the CFJ0025-065-196 and CFJ0025-
31-196 airfoils compared with the baseline airfoil. Both the airfoils
educe the minimum drag significantly. However, the airfoil with the
arger injection slot size reduces drag much more than that of the
BRJ0025-065-196 airfoil as shown in Fig. 6. The negative drag
thrust) area of the CFJ0025-131-196 airfoil is substantially larger.
this is the benefit associated with the airfoil with larger injection
t s1z¢.
The results summarized above indicate that, if the design purpose
to achieve high lift and high stall margin, a small injection slot
should be used; if the purpose is to reduce drag, a large slot size may
be preferred. There should be an optimum slot size that would be the
most energy efficient, and this issue should be studied further.
It would be very useful to have a parameter that relates the
iection jet geometry and the CEJ airfoil performance. Figure 7 is the
o of the maximum lift of the two CFJ airfoils to the maximum lift
of the baseline airfoil plotted against the momentum coefficient C,,.
jgure 8 is the ratio of the AOA stall margin of the two CFJ airfoils to
that of the baseline airfoil again plotted against the momentum
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Fig. 5 Measured total pressure ratios of the two CFJ airfoils.

coefficient C,,. The maximum lift and stall margin of both the airfoils
correlate well with the momentum coefficient for the fixed geometry.
That is, when the geometry (slot size) does not change, increasing the
momentum coefficient will increase the stall margin and maximum
lift coefficient. However, if all the results are viewed with different
geometry (open and solid symbols), when the injection slot size
varies, the test data are scattered and do not correlate well with the jet
momentum coefficient. This is shown in Figs. 7 and 8.

In seeking a parameter to correlate airfoil performance that is
independent of the geometry, it is found that the coefficient of jet
kinetic energy per unit area appears to be suitable for C; ,,.x and AOA
stall margin. The coefficient of jet kinetic energy is defined as

piVi

Cip = —ides
EOSALTE,

)

Figure 9 is the ratio of the maximum CF]J lift of the two CFJ airfoils
to the maximum lift of the baseline airfoil against C,x. Figure 10 is
the ratio of the AOA stall margin of the two CEJ airfoils to that of the
baseline airfoil against C, . Compared with Figs. 7 and 8, the data of
Figs. 9 and 10 coalesce much better and give a nearly linear trend. In
general, when Ck increases, the maximum lift and stall margin
increase. Figures 9 and 10 indicate that, when the kinetic energy
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Fig. 7 Measured C, ,,, vs jet momentum coefficient for the two CFJ
airfoils.

Py injection/ Po freestream = 1.04. Figure 13 is the lift comparison for the
two airfoils. The injection total pressure coefficient is labeled in the *
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' Fig. 11 Measured reduction of the minimum drag vs jet kinetic energy
' coefficient for the two CFJ airfoils.

plot (the last number in the legend, normalized by freestream total
pressure). It shows that the lift coefficient of the CFJ0025-131-196

' airfoil is somewhat higher than that of the CFJ0025-065-196 airfoil
before the airfoil stalls. However, the CFJ0025-131-196 airfoil stalls
at an AOA = 30 deg, whereas the CFJ0025-065-196 airfoil with a
50% smaller injection slot size stalls atan AOA = 36 deg, yieldinga
higher maximum lift coefficient.

Figure 14 is the comparison of injection jet Mach number with the
same injection total pressure, which shows that the larger injection
slot size airfoil has a slightly higher jet Mach number at the same
AOA before the airfoil stalls. Figure 15 is the comparison of the
injection densities of the two airfoils. They are about the same and
equal to the ambient density as expected in the incompressible flow
regime. Figure 16 shows that the injection jet mass flow rate of the
CFJ0025-131-196 airfoil is about twice as large as that of the
CFJ0025-065-196 airfoil due to the larger injection slot area.

The injection mass flow rate and velocity are determined by the
injection total pressure and the mainflow 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

Drag Reduction

CFJ0025-065-196-no trip-1.19
CFJ0025-065-196-w/trip-1.04
CFJ0025-065-196-w/trip-1.19
CFJ0025-065-196-w/trip-1.27
CFJ0025-131-196-w/trip-1.04
CFJ0025-131-196-w/trip-1.08
CFJ0025-131-196-w/trip-1.24

[ 27 [@lenl

3 IIIIIIALIII]lllllllllllllllllllllllllIIlIIIIIIl.IJJ
0 005 01 015 02 025 03 035 04 045 05
M
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Fig. 13 Measured lift coefficients of the two CFJ airfoils with the same
injection total pressure.

stronger, and the local static pressure at the injection location
decreases. The injection velocity, therefore, will increase, as will the
mass flow rate and the momentum coefficient as shown in Fig. 16.
Figures 13—16 indicate that the slightly higher lift of the CFJ0025-
131-196 airfoil is generated by the slightly higher jet velocity, which
is caused by a two times greater jet mass flow with stronger induction
effect. Obviously, the price paid to gain such a small lift increase is
high. Furthermore, the CFJ0025-131-196 airfoil stalls at lower AOA
than the CFJ0025-065-196 airfoil even with the much larger mass
flow rate. The reason for this is not fully clear at this time. It is
speculated that the large centrifugal force may make the jet detach
from the curved airfoil suction surface. The centrifugal force is
determined by the mass flow rate, flow velocity, and surface
curvature. The airfoil with the larger injection slot passes more mass
flow rate and thus generates greater centrifugal force, which has the
tendency to “throw” the fluid particles away from the surface.
Figure 17 is the drag comparison for the two airfoils with the
same injection total pressure. The minimum drag of the CFJ0025-
131-196 airfoil at AOA = 0 deg is about 50% lower than that of
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Fig. 15 Measured injection jet densities of the two CFJ airfoils with the
same injection total pressure.

the CEJ0025-131-196 airfoil. The drag magnitude is determined
by the airfoil wake velocity profile [8,9]. The reason that the
CFJ0025-131-196 airfoil has less drag is that the jet momentum
coefficient of the CFJ0025-131-196 airfoil is about twice as high due
to the large jet mass flow rate. Consequently, the jetand main flow are
mixed more.

V. Conclusions

Wind-tunnel tests have been conducted to investigate the effect of
injection slot size for the coflow jet airfoil. Two coflow jet airfoils
with injection slot size differing by a factor of 2 were tested and both
demonstrate significant lift enhancement, drag reduction, and stall
margin increase. With the same injection total pressure, the jet mass
flow rate of the airfoil with the larger injection slot is about twice that
of the smaller injection slot airfoil. At the same AOA before stall, the
lift enhancement using the larger injection slot is slightly greater than
the one using the smaller injection. The minimum drag reduction is
more significant than the lift enhancement. The larger injection slot
airfoil with higher jet mass flow rate also yields smaller stall AOA.
The reason is not fully clear at this time and is speculated to be due to
the centrifugal force detaching the jet. To achieve the same lift
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Fig. 16 Measured injection mass flow rates of the two CFJ airfoils with
the same injection total pressure.
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Fig. 17 Measured drag coefficients of the two CF]J airfoils with the
same injection total pressure.

coefficient of 4.42, the power required (fuel consumption) for the =

larger injection slot size airfoil is 3.9 times that of the CFJ airfoil with

smaller injection slot size. It appears that the smaller injection slot -

airfoil is more effective in increasing stall margin and maximum lift,
whereas the larger injection slot airfoil is more effective in reducing
drag. The two airfoils tested in this research are not optimized. The

results indicate that there is a significant potential to improve the CFJ -

airfoil performance when an optimum configuration is found. A
coefficient of jet kinetic energy is introduced, which appears (©
correlate better with the maximum lift and stall margin than the
momentum coefficient when the CFJ airfoil slot size varies. The
minimum drag reduction correlates well with both the jet kinetic
energy coefficient and momentum coefficient, but the momentum
coefficient has less deviation from the linear trend.
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