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Abstract

This paper studies the enhancement of maximum lift coefficient and cruise efficiency using Co-Flow Jet (CFJ)
active flow control airfoils. For potential flows, the maximum lift coefficient limit is derived as Cf, 4, = 27(1+¢/c)
for any airfoil with thickness of ¢/c. The present study indicates that the CFJ active flow control airfoil is able
to achieve the maximum lift coefficient that far exceeds the theoretical limit. It is named super-lift coefficient.
The research is based on validated CFD simulation, which employs 2D RANS solver with Spalart-Allmaras(S-A)
turbulence model, 5th order WENO scheme for the inviscid fluxes, and 4th order central differencing for the
viscous terms. The momentum coefficient C'p studied is from 0.02 to 0.60 and the angle of attack (AoA) is from
0° to 74°.

Two CFJ airfoil configurations are created from the baseline NACA 6421 airfoil by translating the suction
surface downward and adjusting the injection and suction slot sizes. One CFJ airfoil with smaller injection size
is to achieve high Cp ,, ., for takeoff and landing. The other CFJ airfoil with larger injection size is to achieve
high cruise efficiency. The maximum lift coefficient of 12.6 is achieved at AoA=70°, M=0.063 and C'p = 0.60.
It is 66% higher than the theoretical limit of 7.6 for a 21% thickness airfoil with attached flow. The circulation
achieved around the CFJ airfoil is so large that the stagnation point is detached from the airfoil solid body and
the Kutta condition does not apply anymore.

The CL e appears to have no limit. It depends on how much energy can be added to the flow, which varies
with the active flow control method. This study indicates that the Cp,,,, increase is very sensitive to energy
addition when the Cp ., is at low level. There is almost a linear relationship between the Cp,, ., increase and
the CFJ power consumed at low Cf,,,,,. level. The Cp,,.. eventually becomes plateaued even with continuously
increased consumption of CFJ power. The Cp,, .. correlates very well with the CFJ power coefficient.

For the super-lift condition at AoA of 70°, the vortex structures in the CFJ injection region appear to
include 4 vortex layers one next to each other from the airfoil wall surface to the far field freestream : 1)
clockwise boundary layer vortex sheet on the airfoil suction surface; 2) counter clockwise CFJ vortex layer due
to the high momentum jet and the shear layer shed from the upstream leading edge boundary layer; 3) clockwise
induced vortex layer induced by the high momentum co-flow jet via the mixing shear layer; and 4) the last
vortex layer is a counter clockwise vortex layer, through which the secondary induced jet transits to the slower
freestream velocity.

A new parameter named productivity efficiency defined as C% /Cp is introduced to measure the cruise trans-
portation capability of aircraft to carry a gross weight for maximum distance. For the second CFJ airfoil designed
for cruise conditions with an assumed CFJ pumping efficiency of 80%, the peak aerodynamic efficiency (L/D),
that includes the CFJ power consumption is about 53% higher than that of the baseline airfoil. The productivity
efficiency C% /Cp of the CFJ airfoil is 109% higher.

The CFJ airfoil is demonstrated to be able to achieve super-lift coefficient for takeoff/landing at very high
angle of attack and ultra-high efficiency for cruise at low angel of attack.
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Nomenclature

EBF External Blown Flaps

IBF Internal Blown Flap

CESTOLC Cruise-Efficient Short Takeoff and Landing
ESTOL Extreme Short Take-Off and Landing

AoA Angle of Attack

AFC Active Flow Control

CFJ Co-Flow Jet

FASIP Flow-Acoustics-Structure Interaction Package
LE Leading Edge

TE Trailing Edge

RANS  Reynolds-Averaged Navier-Stokes

ZNMF Zero-Net Mass Flux

. —1
P CFJ pumping power, P = @(F% -1)

n CFJ pumping system efficiency, propeller efficiency
Pc Power Coefﬁcient, PC = W

PR Total pressure ratio, I'

Cr, Lift coefficient

Ch Drag coefficient

Cuy Moment coefficient

Cu Jet momentum coefficient, C), = %,;:7\‘/1%@

ClLmaz  Maximum lift coefficient

(L/D). Aerodynamic efficiency corrected for CFJ airfoil, W
Crw Aircraft Productivity parameter

C’% /Cp  Productivity efficiency coefficient

(C%/Cp).Productivity efficiency coefficient corrected for CFJ airfoil, (C% /Cp). = C%/(Cp + P:)
R Aircraft range

w Aircraft averaged weight during cruise

R, Reynolds number

M Mach number

M;s Isentropic Mach number

Cp Pressure coeflicient

Cp Constant pressure specific heat

~ Air specific heats ratio

S Planform area of the wing

Poo Freestream density
Freestream velocity

Total temperature

Total pressure

Total enthalpy

Angle of attack

Mass flow

Chord length

Subscript, stands for jet
Subscript, stands for corrected

o . Qggglpﬁ;



Downloaded by Gecheng Zha on March 3, 2017 | http://arc.aiaa.org | DOI: 10.2514/6.2017-1693

1 Introduction

Maximum lift coefficient, Cf,,,,4, Of an airfoil is a very important issue in aerodynamics theory and in engineering
practice. In aerodynamics theory, Smith’s[1] pioneering research in 1975 gives a limit below:

t
CLmax = 27T(1 + E) (1)

which is based on inviscid potential flow model at an angle of attack(AoA) of 90°. Since it is potential flow
with no boundary layer, the flow is treated that it will never get stalled. For a cylinder, since t is equal to ¢, the
theoretical Cf,,p,q, limit will be 47=12.57. For the NACA 6421 airfoil studied in this paper, the theoretical limit
CrLmaz Will be 7.6. The derivation of the maximum lift coefficient for potential flow is provided in Appendix I.

In practice, CL,,q, is extremely important to determine the takeoff/landing distance and noise. The higher
the Cp sz, the shorter the takeoff/landing distance, and the lower the airframe noise. Achieving high C7,,4s
is hence critical to increase future airport capacity and reduce airport community noise. This is particular true
with the world economic growth that enables more people travel by air. According to FAA(2007), there are 22
major US airports that are predicted to suffer from capacity shortage for the next two decades. The extremely
short takeoff/landing(ESTOL)[2, 3] and the Cruise-Efficient Short Takeoff and Landing (CESTOL) concepts[4] are
strongly advocated to be introduced for future U.S. National Airspace System (NAS) civil aviation environment.

Smith’s theory [1] provides the theoretical foundation for the multi-element flap high lift system. The more
airfoil elements are used, the more the lifting surface meanline can approach a half circle. By observing the trend
of the CL 4, growing from 2 in 1935 to 3 in 1965, Smith[1] asked then “By 1995 will we have advanced to 47”.
He did show a T-element flap system that achieves a Cp,,.. close to 4. However, flap high lift system is very
complicated and expensive to make [5]. The airliner manufacturers are moving toward simpler high lift systems
with less airfoil elements instead of the other way around [5]. Hence the answer to Smith’s question is that today’s
high lift system and C',,,,4. level is not much different from those 5 decades ago in 1965.

Aircraft design needs to consider the whole flight envelop including takeoff/landing and cruise. The Cfr,,40
matters for takeoff/landing, efficiency matters for the cruise to maximize range, pay load, and fuel consumption
reduction. The ratio of lift to drag, or Cf,/Cp, is usually used to represent the aircraft aerodynamic efficiency.
In this paper, we introduce a productivity efficiency, C% /Cp, to represent the aircraft cruise capability to move a
gross weight by its maximum distance.

1.1 What is the C},,,, Limit?

The numerical simulation conducted in this research achieves airfoil Cp,,,, far greater than that defined by Eq.
(1) using active flow control. We were puzzled by the results and were not fully sure if it is physically sound.

By surveying the literature, it is found that one of the earliest study to explore Cf,,,. was done by Prandtl
for his famous experiment to enhance lift by rotating the cylinder in a flow [6]. A spinning cylinder transfers its
mechanical energy to the flow via viscosity with no-slip wall boundary condition. He argued that the maximum
lift generated by a spinning cylinder in a uniform flow is limited to 47 (~12.57), which is consistent with the
CLmae defined by Eq. (1) [7].
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Tokumaru and Dimotakis (1993)[8] studied the mean lift acting on a rotating cylinder in a uniform flow. It is
devised based on an inviscid point-vortex model. Their results for Re = 3.8 x 103 show that Prandtl’s limit on
lift coefficient (Cp,,,, = 4m) can be exceeded, as shown in Fig. 1. They suggested that perhaps it is the unsteady
effects that weaken Prandtl’s hypothesis. And the three dimensional effects are responsible for the increase of the
lift coeflicient compared to a purely two-dimensional flow. Their results indicate that the faster the cylinder spins,
the higher lift coeflicient it can achieve, but the relation is not linear. Initially, the flow responds sensitively to the
spinning speed of the cylinder with the lift coefficient increased about linearly with the spinning speed. However,
when the cylinder spins too fast, the flow is not able to absorb more energy from the rotating cylinder and the lift
increase becomes plateaued (see Fig. 1).

Another experiment on the circular cylinder lifting surface was conducted by Lockwood et al. (1960) [9] in
NASA Langley to provide lift on takeoff and landing by blowing on the circular fuselage of a hypersonic aircraft.
As shown in Fig. 2, the maximum lift coefficient over C'y, ~ 20 is measured at high C,, = 5 for a very low Reynolds
number flow over an end-plated-cylinder with multiple injection slots [9], [10].
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Figure 1: Lift coefficient C, vs W F & 4 B & T & 8
a
cylinder rotating speed in the
rotating cylinder experiment. (Plot Figure 2: Lifting cylinder using tangential blowing from surface slots.
is adopted from [8]) (Plot is adopted from [9])

Above cylinder lift enhancement experiments indicate that the Cp,,,, defined by Eq. (1) has been exceeded by
adding energy to the flow using active flow control, such as rotating cylinder or jet injection. The Cp,,,4, limit
from the potential flow is the result of imposing Kutta condition, which is necessary for potential flow, but not a
true physical condition that realistic flows must satisfy.

Then the next question is “What is the limit?”. The answer appears to be that there is no limit for Cp,,0.. It
depends on how much energy can be added to the flow. Depending on the active flow control method, the flow
will not be able to absorb more energy at certain point, at which the Cp,, 4. Will reach the limit. The present
research supports this statement. So far, the lift coefficient breaking the theoretical limit is only seen for cylinder
flows. No airfoil is shown to have such capability until the present study.

1.2 ESTOL Performance with Flow Control

The only large transport with ESTOL performance is the US military transport C-17 as shown in Fig. 3,
which has a short takeoff/landing distance of 3000ft using the external blown flaps (EBF) flow control technology
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developed in mid-50s by NASA. As displayed in Fig. 3, EBF augments lift coefficient by directing the engine
exhaust jets below the wings to flow through the highly deflected multi-element flap systems.

The aerodynamics principle of EBF is that the engine jets energize the wing suction surface boundary layer
through the slots of the flap system and keep the flow attached with the highly cambered airfoil formed by the
multi-element flaps. The EBF comes with a price of significantly increased drag. In addition, the heavy and costly
titanium alloy must be used for the wing structure to resist the high temperature of the engine jets. For military
transports, the engines hung beneath the wings for EBF also have the disadvantages of large radar cross sections.

The other possible lift enhancement technology using flow control is the internally blown flap (IBF), which
introduces mass flow from the compressor (bleed) of the engine and blow the air on the suction surface leading
edge (LE) and trailing edge (TE) of the wing. IBF augments lift based on the circulation control (CC) airfoil
concept due to Coanda effect, which exists at the airfoil leading edge due to the LE suction and in the vicinity
of a blunt trailing edge based on its low base pressure. Hence, a blunt TE is required to render the CC effective.
However, a thick TE increases drag at cruise condition. To overcome the dependence on a blunt TE, a movable
flap at the airfoil TE must be used [11]. But moving parts impose a weight penalty.

One considerable penalty of CC airfoil blowing is the dumped mass flow induced from the propulsion system
bleed or other pumping systems. The mass flow rate of the engine bleed is directly proportional to the reduction
of the thrust, i.e. the engine will suffer 1-2% thrust reduction for 1% blow rate used for wing flow control, and
suffer 1-3% fuel consumption increase depending on whether the bleed is from the compressor front stage or back
stage. Furthermore, a CC airfoil must include an extra drag, “equivalent” drag [12, 13] in addition to the measured
drag in a wind tunnel. This is because a flow mass withdrawn from freestream is needed to supply the injection
mass (mass conservation law). The withdraw of freestream mass flow will generate a ram drag, which can not be
avoided, but is not measured in wind tunnel testing.

PeTes S eaa
ST
Figure 3: C-17 military transport Figure 4: The Double-Bubble Figure 5: The concept aircraft
with STOL performance. future aircraft concept by MIT SAX-40

Future military and commercial transports are more and more evolved toward highly integrated airframe-
propulsion system such as the “double-bubble”[14] and SAX[15] shown in Fig. 4 and 5. A simple flapless high lift
system without relying on engines is desirable.

The recent concept of co-flow jet (CFJ) flow control airfoil, developed by Zha et al. [12, 16, 17, 18, 19, 20, 21,
22, 23, 24] shows a great potential to fulfill the role of future flapless high lift system. The CFJ airfoil achieves
a dramatically lift augmentation, drag reduction and stall margin increase at low energy expenditure. It can not
only achieve ESTOL performance with ultra-high maximum lift coefficient, but also significantly enhance cruise
efficiency and cruise lift coefficient (wing loading) from subsonic to transonic conditions [22, 23, 24]. The CFJ
airfoil has great potential to radically change the overall aircraft design philosophy from subsonic to transonic
speeds.
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1.3 The Co-Flow Jet Airfoil

The CFJ airfoil has an injection slot near the LE and a suction slot near the TE on the airfoil suction surface
as sketched in Fig. 6. A small amount of mass flow is withdrawn into the airfoil near the TE, pressurized and
energized by a pumping system inside the airfoil, and then injected near the LE in the direction tangent to the
main flow. The whole process does not add any mass flow to the system and hence is a zero-net mass-flux (ZNMF)
flow control. It is a self-contained high lift system with no moving parts.
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Figure 7: Attached flow of CFJ NACA 6415 airfoil
at AoA=25° measured by PIV in experiment, C),
Figure 6: Baseline airfoil and CFJ airfoil. of 0.06, M=0.1 (Plot adopted from [23]).

The fundamental mechanism of the CFJ airfoil is that the turbulent mixing between the jet and main flow
energizes the wall boundary-layer, which dramatically increases the circulation, augmenting lift, and reducing
the total drag(or generates thrust) by filling the wake velocity deficit. The CFJ airfoil has a unique low energy
expenditure mechanism because the jet gets injected at the leading edge suction peak location, where the main
flow pressure is the lowest and makes it easy to eject the flow, and it gets sucked at near the trailing edge, where
the main flow pressure is the highest and makes it easy to withdraw the flow.

Fig. 7 adopted from [23] is the PIV measured velocity field of the CFJ-NACA-6415 airfoil at the AoA of 25°
and C), of 0.06 , which has the flow attached and a higher speed within the wake than in the freestream. In this
case, thrust is generated. The baseline NACA-6415 airfoil has massive flow separation at this AoA. Fig. 8 shows
the wind tunnel test results of several CFJ airfoils at Mach number of 0.1. The CFJ airfoil achieves a C7,,,,4, Of
about 5, more than 3 times higher than the baseline airfoil. It also obtains an enormous thrust coefficient of about
0.8. A CFJ wing is hence can be used as a distributed thrust system.

Fig. 9 from [23] shows the computed power coefficient compared with the experiment. The power coefficient
decreases with the increase of AoA up to 15° and then rises at higher AoA. It is because when the AoA is increased
and the flow still remains attached, the airfoil LE suction effect becomes stronger with lower static pressure in
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Figure 8: Measured drag polars of discrete CFJ  Figure 9: Computed power coefficient compared
airfoils with different obstruction factors at mass with experiment at M=0.03 and C,, = 0.08 (Plot
flow mm = 0.06kg/s (Plot adopted from [23]). adopted from [23]).

the region of the injection jet, and hence less power is needed to generate the jet with the same momentum
coefficient. However, when the AoA is beyond the separation value, the boundary layer is deteriorated with large
energy loss and the suction power is significantly increased. More information on CFJ airfoil can be found in
[12, 16, 17, 18, 19, 20, 21, 23, 22, 24, 25]

1.4 Objective

The objective of this paper is two folds: 1) to explore the maximum lift coefficient capability of the CFJ airfoil.
It is our interest to see if this promising active flow control concept can break the theoretical inviscid limit. It is
also our interest to study the Cp,,,, relationship with the energy expenditure. 2) To demonstrate that the CFJ
airfoil can also achieve high cruise lift coefficient and high efficiency when the flow is benign at low AoA.

2 CFJ Parameters

This section gives the important parameters to evaluate a CFJ airfoil performance.

2.1 Lift and Drag Calculation

The momentum and pressure at the injection and suction slots produce a reactionary force, which is automat-
ically measured by the force balance in wind tunnel testing. However, for CFD simulation, the full reactionary
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force needs to be included. Using control volume analysis, the reactionary force can be calculated using the flow
parameters at the injection and suction slot opening surfaces. Zha et al. [12] give the following formulations to
calculate the lift and drag due to the jet reactionary force for a CFD simulation. By considering the effects of
injection and suction jets on the CFJ airfoil, the expressions for these reactionary forces are given as :

Fu.py = (3 Vj1 + pjaAji) % cos(61 — o) — (i Via + pjaAja) * cos(fa + o) (2)
Fy.,; = (mjVin +pjiA ) xsin(61 — a) + (1j2Vje + pjaAje) * sin(fs + «) (3)
where the subscripts 1 and 2 stand for the injection and suction respectively, and #; and 65 are the angles between

the injection and suction slot surfaces and a line normal to the airfoil chord. « is the angle of attack.

The total lift and drag on the airfoil can then be expressed as:

D=R,-F,, (1)
L=R,-F,,, (5)
where R} and R; are the surface integral of pressure and shear stress in = (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
Egs. (4) and (5).

2.2 Jet Momentum Coefficient

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

v

c, = 6
b L p Vs (6)

where 1 is the injection mass flow, V; the injection velocity, poo and Vi, denote the free stream density and
velocity, and S is the platform area.

2.3 Power Coeflicient

The CFJ can be implemented by mounting a pumping system inside the wing 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(Hy — Hyo) (7)

where Hy; and Hyo are the total enthalpy in the injection cavity and suction cavity respectively, P is the Power
required by the pump and 7 the jet mass flow rate. Introducing the pumping efficiency n and total pressure ratio

of the pump I' = %, the power consumption can be expressed as :
p =" (8)
Ui
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The power consumption can be expressed as a power coefficient below:

P
Pc:lp V39 (9)
2700 P oo

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 %. 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 aerodynamic efficiency for CFJ airfoils is :

L L Cr
(=)e = 5 =
D D+K CD"‘PC

(10)

where V., is the free stream velocity, P is the CFJ pumping power, and L and D are the lift and drag generated
by the CFJ airfoil. 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 Aircraft Productivity

The transportation ability of an airplane is measured by how much total weight the aircraft can move for the
maximum distance. We use a term “productivity” defined as the product of the total weight by the maximum
range to represent the transportation ability of an airplane.

For a jet engine airplane, the total weight of the aircraft decreases during flight. A non-dimensional productivity
parameter is hence defined using the aircraft averaged weight as below:

RW G} W

Crw = 125 =
=oV3S  Cp Wy

(11)

where R is the aircraft range, W is the averaged weight of the aircraft during cruise, ¢; is the engine cruise
thrust specific fuel consumption[fuel weight(N)/(thrust(N) s)], p is the averaged air density during cruise due to
altitude variation, S is the wing platform area, Wy is the aircraft initial gross weight at takeoff, W is the final
weight at landing. This formulation is obtained from the Breguet Range Equation. The productivity parameter
represents the productivity of the aircraft with the fuel consumed per unit time.

For a propeller engine airplane, the productivity parameter is defined as:

_— 12
iﬁVfoS CD Wf (12)

Crw =

where ¢ is the fuel specific consumption of the propeller engine[fuel weight(N)/(BHP(W) s)], n is the propeller
efficiency.
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For a full electric battery powered propeller airplane, the aircraft weight will not change during flight. The
productivity parameter is defined as:

oo BWCEW,
T LV2SE/g T W

where E. is the battery specific energy density (Wh/kg), W} is the total battery weight.

To compare aircraft that have the same ratio of initial weight to final weight with the same engine fuel con-
sumption or battery energy density, the only factor affecting their productivity parameter is C% /Cp. We hence
name C? /Cp as productivity efficiency.

We consider the productivity efficiency C%/Cp = CL(C/Cp) as a more comprehensive parameter than the
conventional aerodynamic efficiency Cp,/Cp to measure the merit of an airplane aerodynamic design for cruise
performance. The former includes not only the information of Cf/Cp, but also the information of the aircraft
weight C'p. For example, for two airplane designs having the same Cfp/Cp with one C twice larger than the
other, if the wing sizes are the same, one airplane will be able to carry twice more weight than the other with
productivity and wing loading increased by 100%. Such a large difference is not reflected by Cr,/Cp, but very well
reflected by C?/Cp.

The definition of C/Cp in general is a suitable measure of merit for conventional aircraft design. This is
because at a certain Mach number regime, the maximum C,/Cp is usually achieved at low angle of attack within
the drag bucket and is more or less the same for different airfoil designs. In other words, for the same optimum
C1,/Cp, the Cf, is about the same. A typical C, for subsonic airfoil is about 0.4 and for transonic airfoil is about
0.7.

For CFJ airfoil, the minimum CFJ pumping power occurs at a fairly high AoA as shown in Fig. 9 [21, 23].
With the augmentation of CFJ, the subsonic cruise lift coefficient of a CFJ airfoil is typically 2 to 3 times higher
than the conventional airfoil with about the same (Cf/Cp). [25]. Such a high lift coefficient is unattainable for
conventional airfoil since they would be either stalled or near stalled with very high drag. Hence for CFJ aircraft
design, the productivity efficiency C% /Cp = C(C/Cp) is more informative to be used to reflect the aerodynamic
performance. The corrected productivity efficiency for CFJ airfoils is (C% /Cp). = C% /(Cp + P.).

4 CFD Simulation Setup

4.1 CFD Code

The in-house FASIP (Flow-Acoustics-Structure Interaction Package) CFD code is used to conduct the numerical
simulation. The 2D Reynolds averaged Navier-Stokes (RANS) equations with one-equation Spalart-Allmaras [26]
turbulence model is used. A 5th order WENO scheme for the inviscid flux [27, 28, 29, 30, 31, 32] and a 4th order
central differencing for the viscous terms [27, 31] 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 [28] 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 [33]. Parallel computing is implemented to save wall clock simulation
time [34]. The RANS solver is validated for CFJ airfoil simulations [19, 23, 24, 25, 35, 36].

10
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4.2 Boundary Conditions

The 3rd order accuracy no slip condition is enforced on the solid surface with the wall treatment suggested in
[37] to achieve the flux conservation on the wall. Total pressure, total temperature and flow angles are specified
as the inlet boundary conditions for the upstream portion of the farfield boundary and inside the injection cavity.
Constant static pressure is used for the downstream farfield boundary and inside the suction cavity.

4.3 C, Iteration:

To achieve zero net mass flux with the CFJ flow control, the mass flow exiting the injection slot must be
equal to the mass flow entering the suction slot, i.e. 1M;,; = mMgy.. The prescribed jet momentum coefficient C),
is achieved by adjusting the injection cavity total pressure. Total temperature is assumed constant during this
process. The injection and suction mass flow rates are matched by adjusting the suction cavity static pressure.
The iterative process is conducted throughout the simulation until the specified momentum coefficient is reached
and the injection and suction mass flow match within the acceptable tolerance, which is 0.2% for the present
study..

4.4 Mesh
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Figure 10: Computational mesh for CFJ calculation (AoA = 5°)

The 2D structured meshes are constructed using the O-mesh topology in order to achieve high mesh quality
within the airfoil boundary. A total of 1201 points are placed around airfoil, 601 points on suction surface, 601
points on the pressure surface and 151 points normal to the airfoil with an additional 41 points across the jet. The
total mesh size is 205,600 cells, and is partitioned into 8 blocks for parallel computation. The farfield boundary is
located 15 chords away from the airfoil. To resolve the turbulent boundary layer, the first grid point is placed at
yT =~ 1. The block definition is found in Table 1 and the mesh topology is shown in Fig. 10.

A mesh refinement study was performed for the baseline NACA6421 and CFJ6421 airfoil at M=0.063 and
Re=3,030,000 by adjusting the mesh size in the chord-wise and wall-normal direction, as shown in Table 2 and 3.
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Table 1: Mesh for CFJ 6421 airfoil calculation

Block &-Direction n-Direction  Cell number location
1-5 241 151 36000 around the airfoil
6 201 41 8000 Injection block
7 241 41 9600 Connection
8 201 41 8000 Suction block
Total mesh size 205600

The mesh size of 601x151 is used for the baseline airfoil study. For the CFJ airfoil, the mesh size of 1201x151 is
adopted. The Cr,Cp, Cas results are converged based on mesh size as shown in Table 2 and 3.

Table 2: Mesh independence study for the baseline NACA6421 airfoil at AoA=>5°

Case AoA  Grid size Cy, Cp Cy
1 5 601 x 151 1.011 0.020 -0.102
2 5} 601 x 301 1.006 0.020 -0.100
3 5) 1201 x 151 1.006 0.021 -0.103

Table 3: Mesh independence study for the CFJ6421 SST016-SUC053-INJ009 airfoil at AoA=70° and C,, = 0.25

Case AoA  Grid size o)) Cp Cym
1 5 601 x 151 8.873 0.065 -0.547
2 5 1201 x 151 8.275 0.314 -0.510
3 5 1201 x 301 8.222 0.324 -0.508
4 5 2401 x 151 8.249 0.327 -0.512

5 Results and Discussion

The CFJ airfoil configurations are created from the baseline NACA 6421 airfoil by translating the suction surface
downward, which is defined as the suction surface translation (SST). The CFJ injection and suction slot sizes are
iterated with trade study to obtain high lift coefficient for take-off and landing, and high aerodynamic efficiency
for cruise condition. Fig. 11 shows several CFJ airfoil geometries with various SST, injection slot sizes and suction
slot sizes in the trade study.

The CFJ airfoils are designed differently to achieve the max lift coefficient for takeoff/landing and to achieve
maximum efficiency at cruise. In general, to have high Cp,, .., 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 C),
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. Thus for the cruise condition that a high efficiency is more
important, a larger injection slot size with lower jet velocity and loss is more desirable. The results below are
therefore presented in two separated sections, one for maximum lift coefficient at takeoff/landing with very high
AoA and the other one for high efficiency at cruise condition with low AoA.

12
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Figure 11: CFJ6421 airfoil geometry

Table 4: CFJ6421 airfoil geometry parameters for takeoff/landing and cruise condition

SST INJ slot size SUC slot size

FJ6421 airfoil
Case CFJ6 airfoi (%C) (%C) (%C)
Takeoff /Landing SST016-SUC053-INJ009  0.16 0.09 0.53
Cruise SST143-SUC133-INJ065  1.43 0.65 1.33

Table 4 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.

5.1 Maximum Lift Coefficient

This section is to investigate the maximum lift coefficient for the CFJ airfoil CFJ6421-SST016-SUC053-INJ009,
which has a thin injection slot size of 0.09%C, suction slot size of 0.53%C, and the suction surface translation
(SST) of 1.6%C. A comprehensive parametric study was conducted to obtain this CFJ airfoil geometry, which will
be presented in another paper.

5.1.1 Airfoil Characteristics

For the low speed takeoff/landing simulation, the Mach number of 0.063 and Reynolds number of 3.03 million
are used. The jet momentum coefficients C'u = 0.04,0.15, and 0.25 are simulated for the initial simulation to

13
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obtain the whole characteristics. The simulated AoAs vary from 0° to 74° with an increment of 4°. As the lift
and drag coefficient shown in Fig. 12 and 13, the CFJ airfoil flow remains attached at AoA of 70°. To explore the
maximum lift coefficient, higher momentum coefficient of 0.35, 0.4, 0.5 and 0.6 are simulated only at AoA of 70°
as presented in the results.

Table 5: Takeoff/Landing simulation parameters

CFJ6421 airfoil Mach number Reynolds number  AoA Cu
0.04,0.15,0.25,
0.35,0.40,0.50,0.60

SST016-SUC053-INJ009 0.063 3,030,000 2°-74°

= Baseline . == Baseline
= CFJ-C =0.04 = =0= = CFJ-C ,=0.04
CFJ-C =0.15 4 | =i=o=.= CFJ-C,=0.15
= CFJ-C,=0.25 i ) CFJ-C,=0.25
CFJ-C =0.35 CFJ-C =0.35
CFJ-C =0.40 . CFJ-C =0.40

[
W

1
[

; CFJ-C, =0.50
CFJ-C,=0.60 i CFJ-C, =0.60

Figure 12: Lift and Drag coefficient vs AoA for the baseline and CFJ6421-SST016-SUC053-INJ009 airfoil.

Fig. 12 shows the computed lift and drag coefficients at different momentum coefficients. The baseline
NACAG6421 airfoil is stalled at AoA=18° with the maximum lift coefficient of 1.42. The maximum lift coef-
ficients for the CFJ airfoils are increased dramatically to 8.3 at €}, = 0.25 and the stall AoA is increased to
AoA=70°. At AoA of 70°, the maximum lift coefficient continues to rise with increasing C), and reaches a value of
12.60 at C,,=0.60. This value is far greater than the Cp,q, of 7.6 defined for this airfoil based on Eq. (1). It also
exceeds the maximum lift coefficient of 47 for all lifting devices based on the potential flow theory as indicated by
Eq. (1). The lift coefficient greater than the maximum lift coefficient limit defined by potential flow is named as
“Super-Lift Coefficient”.

The drag coefficients of the CFJ airfoil are all reduced compared with that of the baseline NACA6421 airfoil.
The negative drag coefficient is the thrust created by the CFJ. As the AoA increases, the drag coefficient is
increased slowly until the flow is stalled when a massive flow separation occurs. At high momentum coefficient of
C, > 0.25 at high angle of attack such at AoA=70°, the ultra high lift also generates very high pressure drag as
shown in Fig. 12.

For the pure aerodynamic ratio of L/D in Fig. 13, CFJ airfoil has extraordinarily high values because the drag
can be so small or negative. The pure L/D will be used for a CFJ aircraft to decide its weight and propulsion
systems. The negative drag will create negative L/D, which is a feature that the CFJ airfoil can be used as
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Figure 13: Aerodynamics efficiency L/D vs AoA Figure 14: Moment coefficient C'j; vs AoA for the
for the baseline and baseline and CFJ6421-SST016-SUC053-INJ009
CFJ6421-SST016-SUC053-INJ009 airfoil. airfoil.

distributed thrust source. As shown in Fig. 13 for the C, from 0.04 to 0.25, the L/D are negative up to AoA
about 30°. That means the CFJ airfoil will propel itself without a propulsion system. Even when the AoA is near
70° with Cf, about 8, the L/D is at a high level of about 50. This means that the aircraft does not need a large
engine and the system can be more optimized to favor cruise efficiency.

The pitching moment coefficient about the 1/4 chord point is shown in Fig. 14. The nose down moment coeffi-
cient Cyy is significantly increased with the high C,, and very high lift coefficient. For small injection momentum
coefficient €', = 0.04, the nose down moment coefficient is increased moderately. The high nose down moment
may be better compensated by using canard as pitching moment control surface.

The corrected aerodynamic efficiency (L/D). is plotted in Fig. 15. For the baseline airfoil, (L/D). = (L/D)
and the maximum (L/D). of 50 occurs at AoA=6°. The maximum (L/D), of 25 is obtained for this CFJ airfoil
at AoA=22° and C),, = 0.04. Since this CFJ airfoil is designed to achieve high maximum lift coefficient at
takeoff/landing, not for high cruise efficiency, it is expected that the maximum (L/D). is substantially lower than
that of the baseline airfoil.

The productivity efficiency coefficient (C12/Cp). is given in Fig. 16. The baseline maximum (C7%/Cp) is 60
at AoA=10°. For the CFJ airfoil, the maximum (C?/Cp). = 70 is obtained at AoA=26° and C}, = 0.04. Even
though this airfoil is not designed for cruise efficiency, the maximum productivity efficiency is still better than the
baseline airfoil due to its higher lift coefficient.

The power coefficients of the CFJ pumping are calculated based on Eq. (8) and (9) using a constant efficiency
value of 100%. The results are shown in Fig. 17. The power coefficient decreases with the increase of AoA until
the airfoil is stalled. Fig. 18 is the total pressure ratio PR. The pumping power is largely determined by the total
pressure ratio PR between the injection and suction cavity. The total pressure ratio PR has a similar pattern to
the power coefficient, which decreases with the increasing AoA until the airfoil is stalled. This is a typical behavior
of CFJ airfoil [23], because when the AoA is increased, the static pressure of the main flow at the injection region
is decreased. The required injection total pressure is hence decreased accordingly to achieve the same C,. The
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Figure 15: Corrected aerodynamic efficiency

(L/D). vs AoA for the baseline and

CFJ6421-SST016-SUC053-INJ009 airfoil.

Figure 16: Corrected productivity efficiency
(C%/Cp)e vs AoA for the baseline and
CFJ6421-SST016-SUC053-INJ009 airfoil.
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Figure 17: Power coefficient P, for the
CFJ6421-SST016-SUC053-INJ009 airfoil.

Figure 18: Total pressure ratio PR for the
CFJ6421-SST016-SUC053-INJ009 airfoil.

total pressure ratio PR is reduced as well.

Fig. 19 shows the relationship between the lift coefficient and momentum coefficient C), for the same airfoil.
At low C), , the maximum lift coefficient Cp,,,,, linearly increases with the C,. As C), > 0.35 , the maximum lift
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Figure 19: The lift coefficient Cp, at different C), Figure 20: The jet velocity Vy/Vj,s at different C,
for the CFJ6421-SST016-SUC053-INJ009 airfoil. for the CFJ6421-SST016-SUC053-INJ009 airfoil.

coefficient becomes plateaued. The relationship between the lift coefficient and CFJ jet velocity at different C),
is shown on Fig. 20. For the same C, it indicates that the injection jet velocity increases monotonically with
increasing AoA. For C), < 0.25, the maximum lift coefficient linearly grows with the jet velocity and momentum
coefficient. For C,, > 0.35, the jet velocity becomes constant at choked condition in the injection slot.

5.1.2 Cp,4: Relationship with the CFJ Power Coefficient

It is important to understand what parameter can best correlate with the maximum lift coefficient to guide
future engineering design. To achieve such a correlation, the results of all the different CFJ airfoils in the trade
study are used, including the configurations to achieve high Cf,,,. for takeoff/landing and high cruise efficiency
with different SST and injection/suction size as listed in Table 4.

Fig. 21 is the variation of Cf,,, against C},. The linear growth of Cf,,, is observed at lower C,,. The Cr,,4,
reaches a limit as the C), further increases. This observation matches to the variation of Cp,,,, with the C, for a
cylinder as reported by NASA [9]. However, the data are fairly scattered.

The relationship between Cpq: and mass-averaged jet velocity at the injection slot is shown in Fig. 22. At
lower jet velocity, the maximum lift coefficient grows linearly with the jet momentum. When the C), is greater
than 0.35, the flow is choked at the jet injection, and the jet velocity becomes constant at about V;/V,.s ~ 14
(Mach = 0.9). The CLq. continues to increase after the flow is choked. The reason is that the increased injection
total pressure P;,; also increase the jet flow density, hence the momentum coefficient. Similar to the relationship
between Cr,,,,q, and C,,, the data are also fairly scattered.

The relationship between the maximum lift coefficient Cf,,,,. and power coefficient P, for different CFJ airfoils
are shown in Fig. 23. The data collapse very well with the variation of P.. It indicates that at a low power
coefficient, the C,,, 4. grows linearly with the increasing power coefficient P,. The Cp,,.. tends to reach a plateau
of 14.0 as power coefficient P, continues to increase. This is the same phenomenon as that observed by Tokumaru
and Dimotakis [8] for their rotating cylinder result. When C7, is very high, it is beyond the capability of the flow
control to add more energy to the main flow effectively due to very severe adverse pressure gradient. The lift
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Figure 21: Variation of Cf,,,, with Figure 22: Variation of C7y,,,, with Figure 23: Variation of C7,,,,, with
C}, for different CFJ airfoils. Vi /Viny for different CFJ airfoils. P, for different CFJ airfoils.

coefficient increase hence becomes insensitive to the increasing P.. To obtain the same Cp,,,, increment, a much
higher energy expenditure needs to be paid at a higher Cf,,,, value than at a lower Cp,,,,, value. How to make an
AFC to achieve the highest C7,,,., at the lowest energy expenditure is a very interesting and challenging research
topic.

The natural logarithm function is used to fit the computational data.
ClLmaz = C1 ln('r/Pc) + s (14)

where 7 is the CFJ pumping efficiency, C1=2.0323 and C3=7.984 for this airfoil. The correlation of Eq. (14)
may only apply to this airfoil thickness of 21%, freestream Mach number of 0.063 and Reynolds number. In other
words, the airfoil thickness, Mach number, Reynolds number and some other flow properties are expected to be a
part of the parameters for a more general C7,,,,,, correlation.

5.1.3 Flow Field and Vortex Structures

Fig. 24 shows the computed airfoil surface pressure coefficient C), for the baseline and the CFJ profile at their
stall AoA of 18° and 70° at C,, = 0.25 and 0.35. A spike occurs at the injection slots as the C), is measured on
discontinuous wall surfaces. For the CFJ airfoil, a super-suction occurs at the airfoil leading edge with very low
pressure value shown by the high peak value of 80 to 100 for the -C).

The airfoil surface isentropic Mach number distributions for the baseline and CFJ6421-SST016-SUC053-INJ009
airfoil at C,, = 0.25 and 0.35 are plotted in Fig. 25. The baseline airfoil accelerates the flow from freestream Mach
number of 0.063 to the suction peak Mach number of 0.15, whereas the CFJ airfoil reaches the peak Mach number
of near 0.8.

The static pressure contour is plotted in Fig. 26. The super-suction effect is displayed on the leading edge of
the airfoil with a very low static pressure.

For the maximum lift of 8.2 and 10.6 at C}, = 0.25 and 0.35 respectively at AoA=70°, the Mach contours and
streamlines are shown in Fig. 27. The upstream flow follows airfoil surface, turns around the LE for nearly 180°,
and is nicely attached to the suction surface due to the strong induction effect from the high momentum co-flow
jet.
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Figure 24: Surface pressure coefficient C), distribution for the baseline airfoil at AocA=18° (left) and
CFJ6421-SST016-SUC053-INJ009 airfoil at AocA=70°, C,, = 0.25 and 0.35 (right).
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Figure 25: Surface isentropic Mach number M; distribution for the baseline(left) and
CFJ6421-SST016-SUCO053-INJ009 airfoil(right).

The circulation generating the super-lift coefficient is so high that the stagnation point is detached from the
airfoil as shown in Fig. 28 with C,=0.35. The very high velocity core occurs near the leading edge within the
super suction region. The injection jet is choked at the slot, becomes supersonic within a small region immediately
downstream of the injection slot, and turns to subsonic across a normal shock wave, as can be seen in the zoomed
plot on the left upper plot in Fig. 28. The flow outside of the jet remains subsonic. This high momentum jet
plays the major induction role to make the flow attached.

At the trailing edge, a large clock-wise vortex detaches the stagnation point from the airfoil surface as shown
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airfoil.

C = 0.25 Cy = 0.35

Figure 27: Mach number contours and streamlines at the momentum coefficient C,, = 0.25 (left) and 0.35 (right)
and AoA=70° for the CFJ6421-SST016-SUC053-INJ009 airfoil.

in the lower left plot of Fig. 28. The trailing edge vortex creates an extended virtual solid body to form a high
pressure region due to the stagnant flow to support the airfoil with super-lift coefficient.

The vorticity contours at C}, = 0.35 , C'r, = 10.6, and AoA =70° is plotted in Fig. 29, which shows that there are
four vortex layers starting from the airfoil leading edge. Fig. 30 gives a sketch to more clearly explain the vortex
structures. The near-wall surface region bounded by the non-slip wall boundary generates a clock-wise boundary
layer vortex sheet. There is a mixing shear layer shed at the lip of the injection duct from the upstream leading
edge boundary layer. Between the high momentum CFJ and the shear layer, a counter-clockwise CFJ vortex layer
is generated downstream the CFJ injection slot. Next to the injection jet mixing layer is a clockwise vortex layer,
which is induced by the CFJ via the mixing layer, named induced vortex layer. The induced vortex layer further
induces a high speed jet turning around the leading edge, named as secondary induced jet, which can be clearly
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Figure 28: Mach number contours and streamlines at C}, = 0.35 and AoA =70° for the
CFJ6421-SST016-SUC053-INJ009 airfoil.

seen in Fig. 29 shown by the jet in green color next to the induced vortex layer. The high speed secondary induced
jet creates a counter clockwise vortex layer to transit the velocity radially to the slower freestream velocity. The
last vortex layer is hence named transitional vortex layer. These complex vortex structures appear to be very
similar to the attached leading edge vortex structures of bird wing at powered downstroke, which also has very
high angle of attack due to the relative flow direction and generates super-suction effect to provide lift and thrust
for bird flight.

The Cr,me appears to have no limit. The Cf,,,, limit from the potential flow is the result of imposing Kutta
condition, which is necessary for potential flow, but not a true physical condition that realistic flows must satisfy
as shown in Fig. 28. In reality, Cp,,q. depends on how much energy can be added to the flow, which varies with
the active flow control method.
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Figure 29: Vorticity contour at C, = 0.35 and AoA =70° for the CFJ6421-SST016-SUC053-INJ009 airfoil.
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Figure 30: Sketch of the vortex distribution near the leading edge of CFJ airfoil at Cy = 0.35 and AoA =70°.
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5.2 Cruise Efficiency

For transport aircraft, cruise efficiency is crucial. It is desirable to use the same set of airfoil with minimal
geometry variation. This section is to present how the geometry variation can benefit the airfoil for high efficiency
cruise condition. In general, at cruise condition, the injection slot size is larger and the C), is at low level such as 0.02
to 0.06, which minimizes the CFJ power consumption and maximizes the aerodynamic efficiency and productivity
efficiency. For the cruise condition, the Mach number of 0.15 and Reynolds number of 2.6 million are used as the
freestream conditions. A redesigned CFJ6421-SST143-SUC133-INJ065 airfoil based on NACA6421 airfoil with
leading edge modification is used for the cruise configuration [38]. Compared with the previous airfoil CFJ6421-
SST016-SUC053-INJ009 for maximum lift coefficient, this cruise airfoil has the SST increased from 0.16%C to
1.43%C, injection slot size increased form 0.09%C to 0.65%C, and suction slot size increased from 0.53%C to
1.33%C. The leading edge radius is slightly reduced to adjust the injection slot location where the lowest static
pressure occurs to minimize the CFJ power consumption. All the simulation parameters are summarized in Table
6.

Table 6: Cruise simulation parameters

CFJ6421 airfoil Mach number Reynolds number  AoA Cu
SST143-SUC133-INJ065 0.15 2,600,000 2°-26°  0.02, 0.04, 0.06
i Baseline . 0.45
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Figure 31: Lift and drag coefficient vs AoA at different C), for the baseline and
CFJ6421-SST143-SUC133-INJ065 airfoil.

The computed lift and drag coefficient is displayed in Fig. 31. Comparing to the previous design, for the same
Cy, the stall AoAs and maximum lift coefficient are lower because the larger injection slot size generates smaller
jet velocity. For a very low C), such as 0.02, the stall AoA is smaller than the baseline NACA6421 airfoil. The
drag coefficient of CFJ airfoil is also reduced. For a high C), of 0.06 at low AoA, negative Cp (thrust generation)
is obtained. The drag polar of Cf, and Cp is plotted in Fig. 32. It shows that the CFJ airfoil can cruise at Cp, >
1.5 with a near zero drag or a thrust. With such a lift coefficient, the baseline airfoil is already stalled.

The moment coefficient is displayed in Fig. 33. The CFJ airfoil nose-down moment coefficient is higher than the
baseline airfoil for all the C},, but is substantially reduced when the AoA is increased to near the AoA of Cr4y-
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Figure 34: Aerodynamic efficiency
(L/D) vs AoA at different C), for
the baseline and
CFJ6421-SST143-SUC133-INJ065
airfoil.
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Figure 35: Corrected aerodynamic efficiency
(L/D). vs AoA at different C), for the baseline
and CFJ6421-SST143-SUC133-INJ065 airfoil.

Figure 36: Corrected productivity efficiency
(CL%/Cp). vs AoA at different C,, for the baseline
and CFJ6421-SST143-SUC133-INJ065 airfoil.

The ratio of lift to drag is shown in Fig. 34. The CFJ airfoil has extremely high L/D because the CFJ airfoil
generates thrust. The corrected aerodynamic efficiency coefficient (L/D). is plotted in Fig. 35. For the baseline
airfoil, the maximum L/D is 53 at AoA=6°. For the CFJ airfoil at all the C},, the maximum (L/D). is higher
and up to 83 with an increase from 28% at C,, = 0.06 to 62% at C,, = 0.02. Compared with Fig. 15 for the
takeoff /landing airfoil configuration with smaller injection size, the maximum (L/D). is more than tripled.

The corrected productivity efficiency (C12/Cp). for the CFJ and baseline airfoil is plotted in Fig. 36. Due to
the high lift enhancement of CFJ, the productivity coefficient is much higher than that of the baseline airfoil, with
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Figure 37: Power coefficient P, vs AoA at different Figure 38: Total pressure ratio PR vs AoA at
C, for the CFJ6421-SST143-SUC133-INJ065 different C), for the
airfoil. CFJ6421-SST143-SUC133-INJ065 airfoil.

an increase of 98% at C,, = 0.02 to 141% at C,, = 0.06. The substantially increased aerodynamic efficiency and
productivity efficiency are all attributed to that the CFJ airfoil is able to achieve significant lift increase and drag
reduction at low AoA with very low energy expenditure as shown in Fig. 37 and 38. This provides the CFJ airfoil
a unique feature that it can be used for both high efficiency cruise and high lift takeoff/landing.

Table 7: Comparison of parameters for baseline and CFJ airfoils at the best aerodynamic efficiency point

(L/D)e¢ypyy- (CFJ pumping efficiency n =100%)
Airfoil AoA C1L P (L/D) (L/D>Cmaz (C%/CD)Cmax CM
Baseline 6 1.098 - 52.496 52.496 57.672 -0.107
CFJ, C,=0.02 6 1.331 0.002 96.134 82.954 110.420 -0.149
CFrJ, C,=0.04 10 1.835 0.009 112.057 71.744 131.629 -0.168
CFJ, C,=0.06 10 1.993 0.019 193.553 67.109 133.743 -0.195

Table 7 summarizes the comparison of aerodynamic efficiency performance obtained for the baseline and CFJ
airfoils at different C), with the CFJ pumping efficiency assumed to be 100%. For the baseline airfoil, the most
efficient point with the maximum (L/ D)4, of 52.496 is obtained at AoA=6°. At this condition, the lift coefficient
is 1.098 and the moment coefficient is -0.107. For the CFJ airfoil at C, = 0.02, the maximum (L/D),,,, ratio
of 82.954 is obtained at AoA=6°. The pure aerodynamic efficiency is enhanced to 96.134. The CFJ airfoil also
achieves higher (', of 1.331 and higher nose-down moment coefficient of Cjs of -0.149. At higher C, of 0.04 and
0.06, the AoA of maximum (L/D).,, . ratio is shifted to 10°. The (L/D),,,,., drops with the increase of C,,. With
the higher AoA and C,,, the lift coefficient is increased. As a result of higher Cf, the maximum (C?/Cp)
increases to 133.743. The moment coefficient C'y; are higher at the higher C,.

Smazx

To consider the realistic CFJ pumping energy loss, a CFJ pumping efficiency of 80% is used and the comparison of
aerodynamic performance is given in Table 8. Based on Eq. (7), the required CFJ power consumption is higher for
lower pumping efficiency. Even with the 80% CFJ pumping efficiency, the aerodynamic efficiency (L/D) nd

cmazx &
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Table 8: Comparison of parameters for CFJ airfoils at the best aerodynamic efficiency point (L/D)
pumping efficiency n =80%)

(CFJ

Cmax*

Airfoil AoA CL Pc (L/D) (L/D)Cmax (C%/CD)Cmaw CM

Baseline 6 1.098 - 52.496 52.496 D7.672 -0.107
CFJ, C,=0.02 6 1.331 0.0028 96.134 80.204 106.761 -0.149
CFJ, C,=0.04 10 1.835 0.0115 112.057 65.824 120.767 -0.168
CFJ, C,=0.06 10 1.993 0.0243 193.553 57.688 114.967 -0.195

productivity efficiency (C% /CD)e,pay are still substantially higher than those of the baseline airfoil. The maximum
aerodynamic efficiency (L/D)ec,,,, is 80.204 at C,=0.02 , a 53% increase. More importantly, the productivity
efficiency (C%/ CD)eppas 18 120.767 at C,=0.04, an increase of 109%. It means that the transportation capability

of the CFJ airfoil is doubled with the same energy consumption.

Sma.

4F ' Injection = Cu =0.04, A0A=6" E - ———— Cu=0.04, AcA=6"
[ g Cu=0.04, AoA=10°| | g35f , 'Mection — ____. Cpu = 0.04, AoA=10°
'/ - Baseline AoA=6° F 1 / s Baseline AoA=6°
. ==mimie Baseline AoA=10° 03k —imnmimee Baseline AoA=10°
LIS — Suction
gl
Suction
oo, e, PSRN
........ =y
''''''''''''''' 1 [ e
1 L 1 L L L L L L 1
. : 5 0.4 0.6 0.8 1
x/c x/c

Figure 39: Surface pressure coefficient C), (left) and isentropic Mach number M;s (right) distribution for the
baseline and CFJ6421-SST143-SUC133-INJ065 airfoil at C',=0.04 and AoA = 6°, 10°.

Fig. 39 shows the computed surface pressure coefficient C}, and the isentropic Mach number M;, for the baseline
and the CFJ airfoil at C,, = 0.04 and AoA at 6° and 10°. The surface loading of the CFJ airfoil is significantly
higher than the baseline airfoil, resulting a substantially higher lift coefficient.

Fig. 40 is the Mach number contours at AoA=10° for the baseline airfoil and CFJ airfoil at C,,=0.04 and AoA
= 6° and 10°. The trailing edge of the baseline airfoil has a small separation due to the high thickness of the
airfoil. All the separation is removed by using the CFJ airfoil. And on the suction surface, the high velocity area
and velocity magnitude are increased by the CFJ airfoil.

The pressure contours for the baseline and CFJ airfoil at C},=0.04, AocA=6°, 10° are shown in Fig. 41. Because
of the higher acceleration on the suction surface of the CFJ airfoil, the low pressure area is larger.
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Figure 40:
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Mach number contours at AoA = 6°, 10° for baseline(bottom) and CFJ6421-SST143-SUC133-INJ065
airfoil(top).
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Figure 41: Static pressure contours at AoA = 6°, 10° for baseline(bottom) and
CFJ6421-SST143-SUC133-INJ065 airfoil(top).
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6 Conclusion

The present numerical study indicates that CFJ active flow control airfoil is able to achieve the maximum lift
coefficient far exceeding the theoretical limit at a very high AoA up to 70°. At the same time, CFJ airfoil is also
able to substantially increase the cruise aerodynamic efficiency and productivity efficiency at low AoA due to its
increased lift, reduced drag, and very low energy expenditure.

Two CFJ airfoil configurations are created from the baseline NACA 6421 airfoil by translating the suction
surface downward and adjusting the injection and suction slot sizes. One CFJ airfoil with smaller injection size is
to achieve high Cp,,,,.. for takeoff and landing. The other CFJ airfoil with larger injection size is to achieve high
cruise efficiency. The first CFJ airfoil (CFJ6421-SST016-SUCO053-INJ009) has the suction surface translation of
0.16% C, injection slot size of 0.09% C, and suction slot size of 0.53% C. The maximum lift coefficient of 12.6
is achieved at AoA=70°, M=0.063 and Cu = 0.60. It is 66% higher than the theoretical limit of 7.6 for a 21%
thickness airfoil. The circulation achieved around the CFJ airfoil is so high that the stagnation point is detached
from the airfoil solid body and the Kutta condition does not apply anymore. For the super-lift condition at AoA
of 70°, the vortex structures in the CFJ injection region appear to include 4 vortex layers next to each other from
the airfoil wall surface to the far field freestream : 1) clockwise boundary layer vortex sheet on the airfoil suction
surface downstream of the injection slot; 2) counter clockwise CFJ vortex layer due to the high momentum jet and
the shear layer shed from the upstream leading edge boundary layer; 3) clockwise induced vortex layer induced by
the high momentum co-flow jet via the mixing shear layer. Next to the induced vortex layer is a high momentum
secondary induced jet; 4) the last vortex layer is a counter clockwise vortex layer, through which the secondary
induced jet transits to the slower freestream velocity.

The Cp,pee appears to have no limit. The Cp,,,4, limit from the potential flow is the result of imposing Kutta
condition, which is necessary for potential flow, but not a true physical condition that realistic flows must satisfy.
In reality, C'r,,,,. depends on how much energy can be added to the flow, which varies with the active flow control
method. This study indicates that the C7,,,. is correlated very well with the CFJ power coefficient. The Cf,,,44
increase is very sensitive to energy addition when the Cf,,,. is at low level. There is almost a linear relationship
between the Cf,,.. increase and the CFJ power consumed at low Cp,,q. level. The Cp,,.. eventually becomes
plateaued even with continuously increased consumption of CFJ power. This is because when the Cp .. is very
high, it is very difficult to add more energy to the flow due to the very severe adverse pressure gradient. How to
make an AFC to achieve the highest Cr,,.. at the lowest energy expenditure is a very interesting research topic.

A new parameter named productivity efficiency defined as C’% /Cp is introduced to measure the cruise trans-
portation capability of aircraft to carry its total weight for maximum distance. The second CFJ airfoil (CFJ6421-
SST143-SUC133-INJ065) is redesigned with slightly modified leading edge radius, and has the SST of 1.43%C, INJ
of 0.65% C, and SUC of 1.33 % C. For the second CFJ airfoil with an assumed CFJ pumping efficiency of 80%,
the peak aerodynamic efficiency (L/D), is about 53% higher than that of the baseline airfoil. The productivity
efficiency (C2/Cp). of the CFJ airfoil is 109% higher. The CFJ airfoil is demonstrated by validated numerical
simulation to be able to achieve super-lift coefficient for ESTOL performance at takeoff/landing at very high angle
of attack and ultra-high efficiency for cruise at low angel of attack.
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8 Appendix: Lift Coefficient Limit in Potential Flow

The theoretical limit of lift coefficient is critical to provide the guidance for engineering design. This section
gives the brief review of the study on the maximum limit coefficient for potential flows.

8.1 Flow Past a Circular Cylinder

Consider the inviscid flow around a circular cylinder where no separation occurs. The flow is synthesized by a
uniform flow, a doublet and a vortex of strength I'.

The velocity stream function for the flow is

R? r
The corresponding flow field is
R? R? . r

The stagnation points can be obtained when V. = 0 and Vy = 0. The resulting stagnation points depend on
the value of I'/4nVoR. For I'/AnV R < 1, both of the two stagnation points are located on the cylinder surface
at (R,0), where 6 is given by 6 = arcsin( — ﬁ). If T'/4nV R = 1, there is only one stagnation point on the
bottom(R, —m/2) on the cylinder surface. Larger circulation (I'/47VR > 1) moves the stagnation points off the
surface [39, 40].

Nonlifting flow Vortex of

; - ifting flow over
over a cylinder strength [ Lifting flo

a cylinder

Figure 42: Superposition of flow over a cylinder.(Plot adopted from [39])

For the potential flow over a lifting circular cylinder, there are a infinite number of possible solutions, depending
on the infinite number of I' values.

8.2 Conformal Mapping

The conformal mapping is able to map any airfoil profile of a physical plane p(z, z) onto a circular cylinder
plane P(X,Z7), as shown in Fig. 43. The inverse transformation will therefore describe the exact solution of the
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flow past the original profile. [40]
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Figure 43: Conformal mapping from cylindrical plane (X, Z) to physical plane (z, z). (Plot is from [40])

2 a2

X2+ 72

a
r=X (1t o) 2= 41

) (17)

where (z,z) represents the physical plane and (X, Z) represents the cylindrical plane. The cylinder of radius
R, where R? = (a + €)? + 62, centered at X = —¢, Z = § and passing through point B(a,0) maps onto a family of
Joukowski airfoils depending on e and §. The profile has a cusp at the trailing edge, point b. [40]

8.3 The Kutta Condition

By the Joukowski transformation, the mapping of a cylinder to an airfoil profile is singular at B(a,0), which
corresponds to the cusp at the trailing edge b of the Joukowski profile. For a realistic airfoil, the fluid particles
is not able to come around the trailing edge, and hence separate from the profile there. This makes the inviscid
flow solution unique by fixing the circulation I'. The Kutta condition states that the flow must leave the airfoil at
the sharp trailing edge smoothly. From the Joukowski transformation, for any flow with an incidence of o and an
arbitrary circulation I' around the cylinder, the rear stagnation point will be located at an arbitrary point. The
velocity at the cusp of trailing edge is infinite. To enforce the Kutta condition, the circulation I' is adapted to
make the rear stagnation point located at the trailing edge. [40]

8.4 Flow Past an Ellipse Airfoil

The conformal mapping from an circle centered at the origin (0,0) and of radius b(> a) in the cylindrical plane
gives an ellipse airfoil.

The velocity potential with flow incidence of «, is

34



Downloaded by Gecheng Zha on March 3, 2017 | http://arc.aiaa.org | DOI: 10.2514/6.2017-1693

b2 r

D=V, — 0—a)— ———— 18
00(T+ r )COS( Oé) 271'((9—0() ( )
The velocity components on the cylindrical plane are,
) r
V, =0, Vo = —2Vsin(d —a) — — (19)
27b
Using the Kutta condition, the circulation is obtained by I' = 4V bsin a. Therefore, the lift coefficient is
2T
Cr = —— 20
L Vool (20)
Substituting the circulation,
Cp=4 " g 2(1+t)' (21)
=4dr———sina =27« —-)sina
L b? + a? c

where c is chord length, ¢ = 2(b% + a?)/b; t is the thickness, t = 2(b*> — a?)/b.

The maximum lift coefficient is achieved when the angle of attack reaches maximum a = 90°, which is Cr, . =
2m(1+ 1),

A.M.O.Smith (1975) [1] states that for any airfoil, the maximum possible lift is 47 for the maximum thickness
is no greater than 1. Maximum circulation and thus lift coefficient is obtained when the two stagnation points
coincide. Also the Kutta condition sets the circulation to such strength that the rear stagnation point is already at
the trailing edge. It is called a natural flow [1]. For the ellipses family with no sharp trailing edge, the circulation
may not be at the trailing edge. Thwaites [1] proposed the airfoil by suction to force the rear stagnation point to
the rear end. Following the thought, greater circulation moves the stagnation point off the body. For instance,
a Flettner Rotor generates such flows that move the stagnation off the body. However, it is considered as not
realistic analog for a natural aerodynamic airfoil without flow control, where both of two stagnation points are on
the surface. [1]

Therefore, it can be generalized that, for a airfoil with certain thickness ¢ and rear stagnation point at the
trailing edge, the maximum possible lift coefficient is obtained for potential flow over ellipse airfoils with Kutta
condition at sina = 1, which is

= or(1+ ) (22)

Cr

max

where % represents the airfoil thickness. The maximum lift coefficient For a cylinder can be recovered from Eq.
(22), which is 47 for an airfoil with t/¢ =1 at o = 90° It is a much higher value than what is typically obtained.
The maximum lift coefficient of a single airfoil used in aircraft wings is typically about 1.5.
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