
Super-Lift and Thrusting Airfoil of Coflow Jet

Actuated by Micro-Compressors

Gecheng Zha, ∗ Yunchao Yang, † Yan Ren, ‡ Brendan McBreen §

Dept. of Mechanical and Aerospace Engineering

University of Miami, Coral Gables, Florida 33124

E-mail: gzha@miami.edu

Abstract

This paper presents the wind tunnel experimental study of coflow jet (CFJ) active flow control airfoils
actuated by micro-compressors embedded inside the airfoils. This is the first time that a CFJ airfoil is successfully
controlled by the self-contained zero-net mass-flux (ZNMF) system. It is a crucial step to bringing the CFJ airfoil
to practical aerospace applications. Furthermore, this study proves for the first time in experiment that a CFJ
airfoil can achieve a Super-Lift Coefficient (SLC), which exceeds the theoretical limit of potential flow theory
defined by CLmax = 2π(1 + t/c). The CFJ airfoils studied in this research were modified from the NACA
6421 airfoil geometry with a size of 0.72 m × 2.1 m (chord × span). Two airfoils were tested, one with larger
injection slot size for high cruise efficiency and low CFJ power consumption, the other with smaller injection
size to achieve high CLmax for takeoff/landing. The freestream velocity varies from about 4.8m/s to 16.2m/s
while the Reynolds number varies from 208,000 to 691,000. The CLmax of 8.6 is achieved by the high lift
takeoff/landing configuration at the low freestream speed of 4.8m/s. The CFJ airfoil also generates very high
thrust with the thrust coefficient up to about 1.0. The thrust is maintained up to the airfoil stall at 40◦ AoA
with a drag of CD = −0.5. Since the micro-compressors and the CFJ airfoil were designed separately, they do
not work optimally together in the experiment. The micro-compressor operating line is substantially lower the
the designed operating line with a severe penalty to the compressor efficiency. Future micro-compressor design
needs to be tightly incorporated with the CFJ airfoil operating conditions to make use of the high compressor
efficiency.
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LE Leading Edge
TE Trailing Edge
RANS Reynolds-Averaged Navier-Stokes
ZNMF Zero-Net Mass Flux

P CFJ pumping power, P =
ṁCpTt2

η (Γ
γ−1

γ − 1)

η CFJ pumping system efficiency, propeller efficiency

Pc Power coefficient, Pc =
P

1

2
ρ∞V 3

∞S

PR Total pressure ratio, Γ
CL Lift coefficient
CD Drag coefficient
CM Moment coefficient

Cµ Jet momentum coefficient, Cµ =
ṁVj

1

2
ρ∞V∞

2S

CLmax Maximum lift coefficient

(L/D)c Aerodynamic efficiency corrected for CFJ airfoil, L
D+P/V∞

CRW Aircraft Productivity parameter
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)

R Aircraft range

W Aircraft averaged weight during cruise
Re Reynolds number
M Mach number
Mis Isentropic Mach number
Cp Pressure coefficient
cp Constant pressure specific heat
γ Air specific heats ratio
S Planform area of the wing
ρ∞ Freestream density
V∞ Freestream velocity
Tt Total temperature
Pt Total pressure
Ht Total enthalpy
α Angle of attack
ṁ Mass flow
C Chord length

j Subscript, stands for jet

c Subscript, stands for corrected
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1 Introduction

An airfoil, typically shaped as a round blunt leading edge and a sharp trailing edge, is the fundamental element
of man made fluid machinery such as aircraft, wind turbines, turbomachinery, propellers, etc. For example, an
aircraft wing or wind turbine blade is usually formed by stacking a series of airfoils along a span. A conventional
airfoil’s major function is to generate lift. It also unavoidably comes with drag generated from surface friction
and pressure distribution. For a man made system, the drag is typically overcome by a separate system such as
the engines on an airplane. In nature, birds obtain both lift and thrust from their flapping wings, attributed to
the very low pressure of the super-suction effect at leading edge at powered downstroke. Because of its profound
impact on industrial applications, study of airfoil high lifting and thrusting behavior is an important subject of
aerodynamics.

Maximum lift coefficient, CLmax, is very important to determine an airplane’s takeoff/landing distance and noise
level. The higher the CLmax, the shorter the takeoff/landing distance, and the lower the airframe noise due to
smaller stall velocity. Achieving high CLmax is hence critical to increase future airport capacity and reduce airport
community noise.

Smith[1] pioneered the research of high lift fluid mechanics and gave a CLmax limit below based on potential
flow:

CLmax = 2π(1 +
t

c
) (1)

A necessary condition to achieve this solution is that the airfoil must satisfy the Kutta condition at the sharp
trailing edge, which allows the potential flow to have a unique solution. The Kutta condition also enforces the
trailing edge as a stagnation point location. The potential flow theory achieves the CLmax limit at the angle of
attack (AoA) of 90◦ since a potential flow will not be stalled. For the CFJ-NACA-6421 airfoil studied in this
paper, the theoretical CLmax is 7.6.

If a cylinder potential flow is forced to satisfy the Kutta condition (e.g. by adding a tiny sharp tail at the
bottom), Eq. (1) also applies and it gives the CLmax of 4π [1] with the stagnation point located at the very
bottom of the cylinder. In Prandtl’s pioneering rotating cylinder experiment, Prandtl considered 4π as the CL

limit[2]. For a cylinder potential flow with no sharp trailing edge, the Kutta condition is not a necessary condition
and the lift coefficient can be greater than 4π with the stagnation point detached from the cylinder surface. The lift
coefficient exceeding 4π was proved in 1993 by Tokumaru and Dimotakis [3] in their rotating cylinder experiment,
which obtained a lift coefficient of nearly 16. In principle, there is no lift coefficient limit for a cylinder if the
circulation added to the flow can be continuously increased. However, in Tokumaru and Dimotakis’s experiment
[3], the lift coefficient tends to be plateaued when the rotating cylinder angular velocity continues to be increased.
This is because when the angular velocity is too large, the viscosity at a very high Reynolds number is not sufficient
to transfer the vorticity and the flow on the cylinder surface becomes “slippery”. In that case, the flow is not able
to continue absorbing the mechanical energy from the rotating cylinder to increase circulation.

A cylinder is a good lift generating device with a high lift coefficient, but it comes with large pressure drag due
to the blunt shape with no sharp trailing edge. It is hence rarely used as a complete lifting device that requires
the drag to be minimal. For slender airfoils with sharp trailing edges, the CLmax limit of Smith’s theory [1] had
been perceived as unsurpassable. Smith demonstrated that a 7-element flap system could achieve a CLmax close
to 4. Zha and his team [4, 5, 6, 7] have achieved a CLmax of about 5 using CFJ flow control. These CLmax values
are still far from the limit and until recently, Smith’s lift coefficient limit[1] has remained unchallenged.

In 2017, Yang and Zha [8] numerically obtained airfoil lift coefficients exceeding the theoretical limit using CFJ
active flow control based on Reynolds Averaged Navier-Stokes (RANS) equations. A lift coefficient greater than
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the theoretical limit is termed a Super-Lift Coefficient (SLC) [8].

The CFJ airfoil is an airfoil active flow control concept recently developed by Zha and his team [4, 5, 6, 7, 8, 9,
10, 11, 12, 13, 14]. As sketched in Fig. 1, a CFJ airfoil draws a small amount of mass flow into the airfoil near
the trailing edge, pressurizes and energizes it using a micro-compressor actuator embedded inside the airfoil, then
tangentially injects the same mass flow near the leading edge in the main flow direction. The CFJ airfoil does not
add any mass flow to the airfoil system and thus is a zero-net-mass-flux (ZNMF) system.

Figure 1: Sketch of a CFJ Airfoil.

The fundamental mechanism of the CFJ airfoil is that the turbulent mixing via large vortex structures between
the jet and main flow energizes the wall boundary-layer, which allows the flow to overcome an extremely severe
adverse pressure gradient and remain attached at a very large angle of attack with an extraordinarily high lift
coefficient [15]. The CFJ airfoil has very low energy expenditure, because the jet is injected at the leading edge
peak suction location, where the main flow pressure is near the lowest and it hence requires a low power to eject
the flow, and it is sucked at the trailing edge, where the main flow pressure is near the highest and it hence requires
a low power for the flow to be sucked into the airfoil. The low energy expenditure is the key factor enabling the
CFJ airfoil not just to achieve ultra-high lift coefficient at high AoA, but also to possess a unique capability to
improve aerodynamic efficiency at cruise when the flow is benign at low AoA from subsonic to transonic [7, 13, 14].

The CFD simulation of Yang and Zha [8] indicates that when a SLC occurs, the circulation is so high that
the stagnation point is detached from the airfoil body similar to a cylinder flow as shown in Fig. 2, which has
a CLmax of 10.6, far greater than the theoretical limit of 7.6. The freestream condition has a Mach number of
0.063 and Reynolds number of 3 million. The flow remains attached at AoA of 70◦ and the wake is filled with
reversed velocity deficit, similar to the owl effect. For Reynolds number greater than 100,000, our past numerical
simulation and wind tunnel testing indicate that the CFJ airfoil performance is not sensitive to variations of
Reynolds number. This is because that the CFJ injection near leading edge always triggers the boundary layer
transit to turbulence. The CFJ airfoil pressure coefficient at the leading edge suction peak is nearly 10 times
higher than the maximum value of the baseline airfoil at AoA of 18◦ before it stalls [8]. In other words, the CFJ
airfoil at SLC condition can keep flow attached despite an adverse pressure gradient nearly one order of magnitude
higher than the conventional airfoil.

The Kutta condition is not satisfied for the flow around the CFJ airfoil trailing edge when the SLC occurs, as
shown in Fig. 2. The potential flow CLmax of an airfoil is a result of enforcing the Kutta condition[1], which
is a purely mathematical condition that includes only a subset of flow field solutions. Therefore, breaking the
Kutta condition does not necessarily violate the laws of physics governed by the Navier-Stokes Equation, rather,
it expands our understanding of fluid mechanics into new territory.

The simulation of Yang and Zha [8] also reveals a complex phenomenon with 4 layers of counter-rotating vortex
layers emanating from leading edge and trailing to the wake of the airfoil as shown in Fig. 3. The wall boundary
layer generates the first layer clock-wise vortex sheet on the airfoil surface. A turbulent mixing shear layer is
formed starting from the lip of the injection duct between the high momentum injection jet and the boundary
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Figure 2: Mach number contours and streamlines at Cµ = 0.35 and AoA =70◦ for the
CFJ6421-SST016-SUC053-INJ009 airfoil.

layer from the upstream of the very leading edge. Between the wall surface clock-wise boundary layer vortex layer
and the shear layer, a counter-clockwise CFJ vortex layer is generated downstream of the CFJ injection slot due
to the high speed of the coflow jet. Outside of the injection jet mixing layer is a clockwise vortex layer, which is
induced by the CFJ via the mixing layer, namely induced vortex layer. The induced vortex layer further induces
a jet turning around the leading edge, namely secondary induced jet, as shown in green color in Fig. 3. The
secondary induced jet creates a counter clockwise vortex layer, namely transitional vortex layer, to transit the
velocity to the slower freestream velocity.

Figure 3: Vorticity contour at Cµ = 0.35 and AoA =70◦ for the CFJ6421-SST016-SUC053-INJ009 airfoil.

Among the 4 vortex layers, the clockwise vortices contribute to lift generation with the enhanced circulation.
The counter clockwise vortices contribute to thrust generation with reversed wake velocity deficit. The CFJ is the
source inducing the multiple vortex layers, which provide the energy to resist the extremely high adverse pressure
gradient and keep the flow attached at very high AoA.
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Yang and Zha [8] conclude based on their CFD simulation that there is no theoretical limit of airfoil lift
coefficient. The actual lift coefficient limit of an airfoil depends how much energy the airfoil flow can absorb from
external energy source to overcome the extremely severe adverse pressure gradient and keep the flow attached. In
other words, the lift coefficient depends on how much and how effective an active flow control can transfer external
energy to the airfoil flow.

The vortex structures and their directions of the SLC CFJ airfoil may be explained by the steady state Navier-
Stokes equations due to energy transfer in the form of[15]:

V ×Ω = ∇Ht − T∇S − Fviscous (2)

where V is the flow velocity vector, Ω is the vorticity vector, Ht is the total enthalpy, S is the entropy, and
Fviscous is the viscous force. However, the detailed analysis of the qualitative flow mechanism is not the focus of
this paper. A more important question before studying the detailed flow mechanism is whether or not such an
ultra-high adverse pressure gradient flow for an airfoil is quantitatively achievable in physics. If not, the SLC will
remain a hypothetical based on steady state RANS simulation.

The purpose of this study is to conduct wind tunnel experiments and prove quantitatively the existence of the
airfoil super-lift coefficient with ultra-high thrust. This is the necessary first step to explore this new area of fluid
mechanics.

2 The CFJ Airfoils

The CFJ airfoils studied in this research were modified from the NACA 6421 airfoil geometry with a size of
0.72 m × 2.1 m (chord × span). Two CFJ airfoil configurations are tested in this study, one for takeoff/landing
to maximize the lift coefficient, one for cruise to maximize the aerodynamic and productivity efficiency. Both
airfoils are numerically studied by Yang and Zha in[8]. The CFJ airfoil is modified from the NACA 6421 airfoil
by making a suction surface translation(SST) downward. Fig. 4 shows several CFJ airfoil geometries with various
SST, injection slot sizes and suction slot sizes in the trade study conducted in [8].

Figure 4: CFJ6421 airfoil geometry

In general, to have high CLmax, it is more effective to have smaller injection size with 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

6

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
61

 

https://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-3061&iName=master.img-004.jpg&w=269&h=171


through small holes. At cruise a high efficiency is more important, so a larger injection slot size with lower jet
velocity and thus lower loss is more desirable.

Table 1 gives the detailed parameters of the two CFJ airfoils designed for takeoff/landing and cruise condition,
including the injection and suction slot size normalized by chord length(C), and the injection jet momentum
coefficient used. The 3-digit number in the naming convention stands for the SST distance, injection slot size, and
suction slot size normalized by the airfoil chord.

Table 1: CFJ6421 airfoil geometry parameters for takeoff/landing and cruise condition

Case CFJ6421 airfoil
SST
(%C)

SUC slot size
(%C)

INJ slot size
(%C)

Takeoff/Landing SST016-SUC053-INJ009 0.16 0.53 0.09
Cruise SST143-SUC133-INJ065 1.43 1.33 0.63

2.1 Subsonic Wind Tunnel

The Texas A&M Oran W. Nicks Low Speed Wind Tunnel (LSWT) is used for the wind tunnel testing of this
research. The LSWT is a large-scale, closed-circuit wind tunnel located at Easterwood Airport in College Station,
Texas. A schematic of the facility is given in Fig. 11.

57.4
69.9

Fan and motor

Auxiliary Compressor Building

Main Building

Upper Level

Machine Shop

Compressed Air Tank

30 ft diameter

12.5 ft diameter

All dimensions given in feet

except where otherwise noted

Turbulence Screen

Test Section
151 sq. ft. (68 sq. ft
cross section)

149 sq. ft.

413 sq. ft.

353 sq. ft.

206 sq. ft.268 sq. ft.
136
sq. ft.

148
sq. ft.

Figure 5: Schematic view of the LSWT at TAMU.

The rectangular test section is 7 feet tall, 10 feet wide, and 12 feet in length. The test section contains one-foot
chamfers in all four corners that reduce the overall cross sectional area to 68 square feet. The walls diverge two
inches in the horizontal direction over the length of the test section to account for boundary layer growth and
minimize stream-wise buoyancy. Two vertical vent slots allow the tunnel to maintain a static pressure in the test
section near ambient. A 46-foot-long diffuser, located downstream of the test section, changes the cross sectional
shape from rectangular, back to circular at the fan.
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The test section can be outfitted with a three axis traversing mechanism. The tunnel is controlled using the
calculated dynamic pressure of the airflow at the center of the test section. Two static pressure rings, consisting
of four ports each, are used to measure the average static pressure in the tunnel at the end of the settling chamber
and five feet in front of the test section. The difference of these static pressure measurements is a pseudo dynamic
pressure called qset. The measurement of qset is used to calibrate the actual dynamic pressure in the center of the
empty test section, qact, with the use of a Pitot tube. A calibration curve is created and used to calculate qact from
set when the Pitot tube is not installed in the test section. While the tunnel is in operation, qset is constantly
measured and used to calculate qact.

The temperature inside the tunnel is measured with a thermocouple that is located on the wall at the beginning
of the test section. The barometric pressure is recorded in the balance room, beneath the test section. These
measurements allow the velocity in the test section, based on tunnel conditions, to be calculated in real-time. The
total and static pressure in the tunnel are also measured during a test, with use with a Pitot tube located on the
far wall.

LSWT is equipped with a six component, pyramidal electromechanical, external balance system located beneath
the test section. The external balance measures three force components and three moments in a wind-oriented
coordinate system. The origin of the coordinate system is the geometric center of the test section, 42 inches above
the floor. The measurements are sent to the data acquisition system using optical encoders. Lift force can be
measured from -1000 lbf to +3000 lbf, while drag and side force can be measured from ±1000 lbf. Pitching and
rolling moments can be measured to ±2000 ft-lbf, while yaw can be measured to ±1000 ft-lbf. Force and moments
are accurate to 0.1% of the applied load or moment, with a minimum accuracy of 0.1 lbf or ft-lbf, respectively. The
external balance is isolated from the upper turntable. The turntable can rotate to any yaw angle (ψ) orientation
within -120◦ to +190◦. LSWT can also be equipped with an internal balance system for other tests.

3 Results and Discussion

Table 2 is the wind tunnel testing conditions with the dynamic pressure varied from 0.3Q to 3Q. The Q has
the dynamic pressure equal to 1psf. The velocity is varied from 4.84m/s to 16.26m/s and the Reynolds number is
from 208588 to 691126. The CFJ airfoil has 5 micro-compressors embedded inside along the span as shown in 6.

Table 2: Wind Tunnel Testing Conditions

Case Velocity(m/s) Reynolds number

0.3Q 4.84 208,588

0.5Q 6.25 269,078

1Q 9.39 399,022

2Q 13.27 564,217

3Q 16.26 691,126

The mixed centrifugal and axial compressor design micro-compressor has a outer diameter of 84mm and length
of 124mm. The mass flow rate ranges from about 10g/s to 80g/s with the pressure ratio varying from 1.03 to
1.4. The maximum power of the compressor is 2kW. The micro-compressor is customer designed based on our
CFD design and simulation of the CFJ airfoil matching the wind tunnel conditions. The aerodynamic design of
the micro-compressor was conducted by PCA Limited in England[16]. The mechanical design and manufacturing
of the micro-compressors are done by Celeroton in Switzerland[17]. Manufacturing such a small and high power
compressor is very challenging. Fig. 8 is the compressor characteristics map showing the performance of the range
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Figure 6: Photo of the tested CFJ-NACA-6421 airfoil
with 5 micro-compressors embedded.

Figure 7: Sketch of the CFJ airfoil with the
micro-compressor and the suction and injection duct.

of mass flow, pressure ratio and efficiency of the compressor at different corrected RPM (n/
√
T0).

The CFJ airfoil takeoff/landing condition has smaller slot sizes than the cruise condition configuration. The
injection slot size is largely varied. The micro-compressors hence experience the throttling effect similar to jet
engines. Since CFJ airfoil generates very high thrust, the CFJ wing with embedded micro-compressors is a tightly
integrated distributed propulsion system. The power consumed by CFJ enhances the lift and generates thrust
simultaneously. This is different from a conventional propulsion system with the sole function to generate thrust.

Each compressor unit covers a span length of 0.42m as shown in Fig. 9. The ratio of the span width to the
compressor inner diameter is 6.46. The duct has a shape of rectangle at the CFJ airfoil injection and suction
slots, and then transits to a circular shape to match the compressor inlet and outlet interface. This brings a lot of
challenges to design the injection and suction ducts with no flow separation. There are separated papers to report
the duct simulation and design work[18, 19].

To save airfoil manufacturing cost, the two CFJ airfoil configurations for cruise and takeoff/landing share many
common parts. Between the two configurations, the upper surface of the airfoil is translated by different amount
to match the injection and suction slot size optimized by CFD. To match the injection duct contours, two leading
edge parts are designed and manufactured respectively for the cruise and takeoff airfoils. There are a lot of detailed
mechanical design and manufacturing to integrate the micro-compressors with the CFJ airfoil.

At the wind tunnel testing, each micro-compressor has a total pressure and static pressure probes at the
compressor inlet and outlet. Three of the five compressors also have the temperature sensors at the inlet and out
let. The intent is to help to determine the mass flow rate and pressure ratio of the compressor. However, since
the flow has high swirl at the outlet, the total pressure measurement has large uncertainty and is not very useful.
The static pressure measurement is then used to have some approximate idea of the pressure ratio. Accurate

9

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
61

 

https://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-3061&iName=master.img-005.jpg&w=264&h=271
https://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-3061&iName=master.img-006.jpg&w=264&h=160


Figure 8: The characteristic map of the micro-compressor used as actuators for the CFJ airfoil.

measurement of the pressure ratio requires multiple pressure probes distributed circumferentially. So is for the
temperature measurement. In the wind tunnel testing, the micro-compressors are controlled by different RPM
to obtain different mass flow rate and pressure ratio. But accurate measurement of moment coefficient Cµ is not
available. This will be left as future work.

Fig. 9 is the CFJ airfoil vertically mounted in the wind tunnel. The injection and suction slots are visible.
Fig. 10 is the baseline airfoil tested for comparison. Since the injection slot is very small with the size less than
0.1% of the chord, the baseline airfoil is restored by simply sealing the injection slot with an aluminum tape. The
suction slot has a larger size. A contoured wedge is 3D printed, inserted to the suction slot, and is merged with
the suction surface. To ensure smoothness, the wedge is also taped as shown in Fig. 10. The treatment of the
baseline airfoil is to save cost. Thus the baseline airfoil does not represent the exact NACA 6421 airfoil, but is
very close with small deviation. It is sufficient to be used as a reference as uncontrolled baseline airfoil.

Fig. 12 to 15 are the coefficient of lift, drag and pitching moment, and drag polar plots of the cruise CFJ airfoil
at 1Q condition compared with the baseline airfoil. The RPM is varied from 75k to 145k. The baseline airfoil
has the maximum lift coefficient of 1.3 with fairly prolonged stall angle of attack. At the lowest RPM of 75k, the
CFJ airfoil reaches the CLmax of 2, a 54% increase. At the RPM of 145k, the CLmax is 3.8, a 292% increase. Fig.
13 indicates that the CFJ airfoil achieves thrust for all the RPM at low AoA. The maximum thrust coefficient is
about 0.18. For the high RPM of 145k, the thrust is maintained up to AoA of 28◦. Fig. 15 shows that the nose
down pitching moment is greater than that of the baseline airfoil. However, with the increase AoA and lift, the
nose down pitching moment is decreased and approaches that of the baseline airfoil.

Fig. 16 to 19 are the coefficient of lift, drag and pitching moment, and drag polar ploats of the high lift
configuration of the CFJ airfoil for takeoff/landing at 1Q freestream condition. The maximum lift coefficient is
increased to 5, a 385% improvement over the baseline airfoil. The thrust coefficient is also increased to 0.32.

Fig. 20 to 23 are the coefficient of lift, drag and pitching moment, and drag polar plots of the high lift CFJ
airfoil under the condition that the super-lift coefficient is achieved. The CFJ airfoil configuration is the same as
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Figure 9: Photo of the CFJ-NACA-6421 airfoil tested. Figure 10: Photo of the baseline NACA 6421 airfoil.

the one for takeoff/landing. The purpose of this test is to prove that the lift coefficient can indeed exceed the
theoretical limit of 7.6 as predicted by CFD[8]. Since the micro-compressors do not deliver enough mass flow to
achieve sufficient injection momentum coefficient at 1Q freestream condition due to the off-design operating point,
the freestream condition is reduced to 0.5Q and 0.3Q, which correspond to the freestream velocity of 6.25m/s
and 4.84m/s. In the morning when the tunnel air is cooler, the CLmax reaches 9 at AoA of 30deg and freestream
of 0.3Q. In the afternoon when the tunnel is hot, the compressors deliver less mass flow and the repeated tests
obtained the CLmax of 8.6. They are all substantially higher than the limit of 7.6. This is the first time that an
airfoil achieves the lift coefficient exceeding the theoretical limit. It is almost certain that the CLmax can go even
higher with micro-compressors designed to deliver higher mass flow at the operating conditions. The maximum
thrust coefficient is very large up to 1.0 at low AoA as shown in Fig.21. The thrust is maintained up to AoA of
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40◦ with a value of CD = −0.5. The pitching moment behaves similarly to the previous cases with nose down
moment increased.

The compressor operating line in the experiment is estimated based on the limited measurement and the compres-
sor map delivered by the manufacturer Celeroton. Fig. 8 shows that the compressor operating line is substantially
lower than an operating line going through the design point that has the peak efficiency of slightly over 80%. The
reason is that the compressor’s design point does not match the CFJ airfoil operating conditions because they are
designed separately. The compressor was designed with the given conditions of total pressure ratio of 1.2 and an
efficiency of 82% at the design point with a required mass flow rate of 50 g/s. These conditions are estimated
based on the CFD simulation of the CFJ airfoil. By examining the 3D CFD results after the wind tunnel testing,
it is observed that the total pressure ratio of the compressors is substantially higher than the CFJ airfoil’s total
pressure loss. More importantly, the exit static pressure of the micro-compressor is much lower than that at the
design point. The compressor is directly connected to the airfoil leading edge injection slot located at the suction
peak point by a duct with fairly uniform area. The airfoil leading edge suction peak low pressure drives the
compressor toward the choked condition at each constant RPM line, which positions the operating line far below
the optimum efficiency region for which the compressor is designed.

Each of the five micro-compressors are dynamically controlled by CelerotonPilot via a CC-230-3500 electrical
power converter. One converter controls one micro-compressor. With a user defined RPM setpoint, the 230 VAC
current from the power supply is turned into a 0-360 Volt Pulse-Amplitude Modulated (PAM) current to match
the RPM.

Converting the fixed frequency grid AC current to a variable frequency motor current comes with its associated
energy losses, and converting the electrical energy to mechanical energy comes with still more. We measured
energy losses at many levels while controlling the micro-compressors. Below is depicted an estimation of energy
losses between the power supply and the electrical converter, the converter and the DC brushless motor, the motor
and the shaft, and the shaft and the fluid flow. Because the micro-compressors were operating far from the peak
efficiency point, the majority of the energy losses were found in transferring the mechanical energy to the fluid.

Figure 11: Estimation of energy losses between stages.

Table 3: System Efficiency Analysis, 115 kRPM

Converter Efficiency 94%

Motor Efficiency 95%

Compressor Efficiency 30%

System Efficiency 28%

Because this is the first experiment incorporating micro-compressors into the CFJ airfoil, it has been a learning
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experience. Perhaps the most significant take away is that it is very necessary to closely couple CFJ airfoil design
with the compressor design so that they both perform optimally at their operating conditions. This is similar to
a jet engine with variable nozzle area to match the different flight conditions of an airplane’s flight envelop.

Figure 12: Cruise CFJ Lift Coefficient vs AoA. Figure 13: Cruise CFJ Drag coefficient vs AoA.

Figure 14: Cruise CFJ Drag Polar Plot. Figure 15: Cruise CFJ Moment coefficient vs AoA.
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Figure 16: Takeoff/landing CFJ Lift Coefficient vs
AoA.

Figure 17: Takeoff/landing CFJ Drag coefficient vs
AoA.

Figure 18: Takeoff/landing CFJ Drag Polar Plot.
Figure 19: Takeoff/landing CFJ Moment coefficient vs

AoA.

14

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
61

 

https://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-3061&iName=master.img-015.jpg&w=258&h=189
https://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-3061&iName=master.img-016.jpg&w=258&h=194
https://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-3061&iName=master.img-017.jpg&w=259&h=194
https://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-3061&iName=master.img-018.jpg&w=258&h=187


Figure 20: Super-Lift CFJ Lift Coefficient vs AoA. Figure 21: Super-Lift CFJ Drag coefficient vs AoA.

Figure 22: Super-Lift CFJ Drag Polar Plot.
Figure 23: Super-Lift CFJ Moment coefficient vs

AoA.
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4 Conclusion

This paper successfully embeds micro-compressors into CFJ airfoil for the first time and demonstrate a radical
lift coefficient enhancement, drag reduction, and increase of stall angle of attack by the self-contained ZNMF
system. It is a crucial step to bring CFJ airfoil to practical aerospace applications. Furthermore, this study
proves for the first time in experiment that a CFJ airfoil can achieve a Super-Lift coefficient(SLC), which exceeds
the theoretical limit of potential flow theory defined by CLmax = 2π(1 + t/c). The CFJ airfoil studied in this
research was modified from NACA 6421 airfoil. Two sets of airfoil were tested, one with larger injection slot size
to have high cruise efficiency and low CFJ power consumption, the other with smaller injection size to achieve
high CLmax for takeoff/landing. The CLmax of 8.6 is achieved by the high lift takeoff/landing configuration at the
low freestream speed of 4.8m/s. The CFJ airfoil also generates very high thrust with the thrust coefficient up to
about 1.0. The thrust is maintained up to the airfoil is stalled at AoA of 40◦ with a value of CD = −0.5. Since
the micro-compressors and the CFJ airfoil are designed separately, they do not match well in the experiment. The
micro-compressor operating line is substantially lower the the designed operating line with a severe penalty of
the compressor efficiency. Future design of the micro-compressors needs to be tightly incorporated with the CFJ
airfoil operating conditions to benefit the CFJ airfoil system from the high efficiency of the compressors.
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