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Abstract

This paper studies the lift enhancement effect of Co-Flow Jet (CFJ) at takeoff condition for three thin airfoils
at free-stream Mach numbers of 0.1, 0.2 and 0.3. Parametric studies are conducted to investigate the effect of the
jet momentum coefficients (Cµ), angles of attack (AoA), flap deflection angles(δ), camber, maximum thickness,
and influence of freestream Mach number to three 2-D CFJ supersonic airfoils. The simulations employ a 2-D
RANS solver with Spalart-Allmaras (S-A) turbulence model, 5th order WENO scheme for the inviscid fluxes
and 2nd order central differencing scheme for the viscous terms.

Numerical simulation shows that, for both unflapped and flapped 2-D CFJ supersonic airfoils, camber plays
much more important role than thickness in lift enhancing. With the same maximum thickness of 4%, a cambered
unflapped CFJ airfoil can increase CL by 89% compared to a symmetric one, while with the same maximum
thickness increases for 33.3% almost no lift increment is observed on a 3% symmetric unflapped CFJ airfoil.
When there is a 20%c plain flap deflected for 45◦, a 4% cambered CFJ airfoil can still increase CL by around
40% compared to a symmetric one with same maximum thickness. Meanwhile, the injection flow near the leading
edge can limit the extra separation around the region caused by a pointed geometric shape, which provides great
potential to combine CFJ application to an optimized modern supersonic wing profile. The study also shows
that, with the maximum thickness of 4%, the turning design of current CFJ ducts are all effective in the Mach
number range of 0.1-0.3 at a low Cµ of 0.08, which adds confidence of its realistic availability during actual
takeoff and landing.

Nomenclature

CFJ Co-flow Jet
SST Supersonic Civil Transport
AoA Angle of Attack
CL Lift Coefficient L/(q∞ S)
CD Drag Coefficient D/(q∞ S)
Cµ Jet Momentum Coefficient ṁj Uj/(q∞ S)
CL/CD,c CFJ Airfoil Corrected Lift-Drag Ratio L/(q∞ S U∞)
LE Leading Edge
M∞ Freestream Mach Number
P Pumping Power
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SST Suction Surface Transportation
Swing Wing Area
STakeoff Takeoff Distance
TE Trailing Edge
U Flow Velocity
V1 Decision Speed, the maximum speed at which a rejected takeoff can be initiated in the event of an emergency; or ”the maximum allowed speed that a supersonic aircraft can taxi on the ground with”.
ṁ Mass Flow
c Chord Length
pt Mass-averaged Static Pressure
q Dynamic Pressure 0.5 ρU2

α Angle of Incidence
δ Flap deflection Angle
γ Specific Heat Ratio
η Pump Efficiency
ρ Air Density
∞ Free Stream Conditions

j Jet Conditions

1 Introduction

1.1 Backgrounds and State of the Art Overview

Supersonic Civil Transports (SST) remain a strong interest in the aviation research community and industry.
High efficiency and low sonic boom are crucial for the SST’s economic viability. The higher the cruise speed, the
more difficult to meet the stringent requirements of low speed, which determines the community noise and runway
length. The challenge for supersonic aircraft at low speed is to achieve a high lift coefficient, which is more difficult
to obtain because the wing is highly swept and is formed by using thin airfoil with a small wing area.

The state-of-the-art SST low-speed performance is not encouraging. The standard landing of Tu-144 requires a
drogue parachute. As shown in Table 1, Concorde normally takes about 12,000 ft to take off, which almost exceeds
the length of the longest runway of the John F. Kennedy International Airport. To reduce the required runway
length of supersonic civil transports, NASA requires in its SST N+2 Program that the design of 30-passenger
supersonic business jets and 100-passenger commercial jets must limit their takeoff runway requirements within
10,000 ft, and expect them to be less than 9,000 fts[1].

Table 1: CLmax, Swing, STakeoff and Takeoff Velocity of Existing SSTs, compared with B767-200ER.

Aircraft Weight, lb CLmax Swing, ft
2 STakeoff , ft Takeoff Velocity, mph

Tu-144LL[2, 3] 455,950 0.612 5,450 9,613 220
Concorde[4] 400,000 0.77 3,856 11,800 250

B767-200ER[5] 395,000 ≃ 2 3,050 8,150 140-190

Table 1 shows the maximum takeoff lift coefficient, wing area and required takeoff runway length of Concorde,
Tu-144LL and B767-200ER(as comparison). It can be indicated that, if the lift coefficient of SST during takeoff
can be drastically ameliorated, the takeoff runway requirement, possibly as well as the wing area and other
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configuration design factors, could be tremendously improved.

Lei et al investigated potentials of CFJ-application on 2-D symmetric thin airfoils[8], achieves a 21.6% CL

increase as well as a 14.6% CL/CD,c increase at AoA=7◦ without flap, and a 42.5% CL increase at α=0◦ with a
lowered plain flap with deflection angle of 45◦. When a pair of canard or horizontal tail is added to fuselage, it’s
possible to apply a plain flap to a supersonic wing[9]. However, due to the momentum balancing issue introduced
by popular tailless-delta-wing configuration, the wings of most supersonic civil transports, such as Concorde, do
not have a lowered flap during takeoff and landing[10]. The CFJ performance on unflapped wings should be further
investigated. Moreover, Modern optimized supersonic wing profiles can be non-symmetric[11, 10]. This leads to
interests in studying of the influence of camber on CFJ-Supersonic-Airfoils.

Realistic supersonic wings usually have a pointed leading edge to reduce shock drag during supersonic cruising.
For example, the wing of Lockheed F-104 Starfighter has a leading edge radius of 0.0016 inch[12]. Whether and
how this characteristics will influence the lift enhancement effect brought by CFJ, where a injection slot is located
near LE, needs to be investigated.

In the previous supersonic airfoil study[8], only one free stream Mach number of 0.1 is investigated. However, the
takeoff speed of Concorde is 250mph or 0.337 Mach, while the decision speed (V1) is 150 knots or 0.232 Mach[4]. For
a CFJ-boosted supersonic wing, it’s crucial to ensure that the CFJ suct system is always theoretically functional
during this speed range, and does not cause sudden lift loss as aircraft accelerates.

1.2 Co-Flow Jet (CFJ) Active Flow Control

The CFJ developed by Zha et al[13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24] is demonstrated to achieve radical lift
augmentation, stall margin increase, drag reduction and moderate nose-down moment for stationary and pitching
airfoils.

In a CFJ airfoil, an injection slot near the leading edge (LE) and a suction slot near the trailing edge (TE)
on the airfoil suction surface are created. As shown in Fig. 1, a small amount of mass flow is drawn into the
suction duct, pressurized and energized by the micro compressor, and then injected near the LE tangentially to
the main flow via an injection duct. The whole process does not add any mass flow to the system and hence is a
zero-net-mass-flux(ZNMF) flow control.

Figure 1: Schematic plot of a typical CFJ airfoil.

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

Cµ =
ṁUj

1
2ρ∞U∞

2S
(1)
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where ṁ is the injection mass flow, Uj is the mass-averaged injection velocity, ρ∞ and U∞ denote the free stream
density and velocity, and S is the planform area.

CFJ is 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 is determined by the jet mass flow and total enthalpy
change as the following:

P = ṁ(Ht1 −Ht2) (2)

where Ht1 and Ht2 are the mass-averaged total enthalpy in the injection cavity and suction cavity respectively,
P is the Power required by the pump and ṁ the jet mass flow rate.

Introducing Pt1 and Pt2 the mass-averaged total pressure in the injection and suction cavity respectively, the
pump efficiency η, and the total pressure ratio of the pump Γ = Pt1

Pt2
, the power consumption is expressed as:

P =
ṁCpTt2

η
(Γ

γ−1
γ − 1) (3)

where γ is the specific heat ratio equal to 1.4 for air, the power coefficient is expressed as:

Pc =
P

1
2ρ∞U3

∞S
(4)

for a CFJ wing that has a corrected aerodynamic efficiency of

(
L

D
)c =

CL

CD + Pc.
(5)

The current studies on CFJ are mainly focuses on thick wings and airfoils. Lei et al discussed theoretical possi-
bility of applying CFJ to thin airfoil to improve the takeoff / landing performance of supersonic civil transports[8]
and numerically applied it to a particular delta wing[25]. This paper will further study 2-D thin CFJ-airfoils with
varied shapes and under more complicated flow conditions.

2 Numerical Simulations Overview

2.1 CFD Code

An in-house CFD code FASIP (Flow-Acoustics-Structure Interaction Package) is used to conduct all the numer-
ical simulations. The 2-D Reynolds-Averaged Navier-Stokes (RANS) equation is used with one-equation Spalart-
Allmaras turbulence model. A 5th order WENO scheme for the inviscid flux and a 2nd order central differencing
for the viscous terms 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[26] 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 [27]. Parallel computing is implemented to save wall-clock simulation time. The RANS solver is
validated for CFJ static airfoil simulation[28].
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2.2 Baseline Models and Meshes

Three baseline airfoils are used in this study. To further imitate the characteristics of a typical supersonic wing
profile, two other thin symmetric airfoils based on ONERA Wing D-Section profile, referred as M64P(maximum
thickness 4.0%), and M63P(maximum thickness 3.0%), are generated and studied. The methodology of generating
M64P and M63P are described as airfoil OD3P in [8]. Meanwhile, a thin airfoil from HS-1 family[29] designed
for high-speed propeller, HAM-STD-1-404, which has a maximum thickness of 4.0% at 18% chord length and
maximum camber 3.1% at 46% chord length, is also used as a baseline to simulate supersonic wing profiles. The
shapes of all three baseline geometries are shown in Fig. 2.

Figure 2: Baseline geometry.

The CFD meshes are constructed using the O-mesh topology in order to achieve high quality around the airfoil.
Each total baseline mesh has a size of 42,000 cells with 560 points around the airfoil and 75 points normal to the
airfoil. The O-mesh is split into 14 blocks for the parallel computing. To resolve the turbulent flow near wall
boundary, the boundary layer spacing is defined to have y+ = 0.5 at M∞=0.1, and y+ = 1.0 at M∞=0.2. When
M∞ is increased to 0.3, y+ will become 1.5.
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Figure 3: Two baseline meshes.

To conduct a mesh-dependence analysis, two refined meshes for each geometry are generated with the cell
amount shown in Table 2, where the first one is refined with 100% more cells in radial direction and y+ = 0.25,
while another is refined with 100% more cells in streamwise direction along the airfoil. The converged lift and drag
coefficient results at at M∞=0.1, Re=2.85×106 and AoA=4◦ are shown in Table 2. It can be concluded that, the
560 × 75 mesh is capable enough for baseline study of all three airfoils at the major-focused M∞ of 0.1.

Table 2: Lift and Drag Comparison of Three Airfoils at M=0.1, Re=2.85×106. AoA=4◦.

Data CL CD

HAM-Baseline, Mesh Size of 560 × 75 0.5430 0.0108
HAM-Baseline, Mesh Size of 560 × 150 0.5461 0.0105
HAM-Baseline, Mesh Size of 1120 × 75 0.5448 0.0107

M64P-Baseline, Mesh Size of 560 × 75 0.2996 0.0073
M64P-Baseline, Mesh Size of 560 × 150 0.2998 0.0071
M64P-Baseline, Mesh Size of 1120 × 75 0.2994 0.0071

M63P-Baseline, Mesh Size of 150 × 60 0.4156 0.0102
M63P-Baseline, Mesh Size of 560 × 75 0.2977 0.0073
M63P-Baseline, Mesh Size of 560 × 150 0.2984 0.0072
M63P-Baseline, Mesh Size of 1120 × 75 0.2983 0.0071

The coefficient of lift and drag versus varied AoA are shown in Figure 4. Considering the good acceptance, the
baseline meshes with cell amount of 560 × 75 are adopted for all following studies in this paper.
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Figure 4: CL, CD Mesh-independence validation results.

2.3 CFJ Models and Boundary Conditions

A theoretical methodology of applying CFJ sets to a lowered plain flap are numerically simulated in [8] referred
as CFJ-2, where a good performance is achieved. However, the aft regions of flaps are too thin to contain a
turned duct that can recycle flow collected by the suction slot. In this study, only the more-realistic CFJ-1 style
configurations are further investigated, where CFJ injection slot is located near leading edge and suction slot is
located before the supposed flap hinge.

An optimal CFJ location study is conducted, and three optimized CFJ designs on each baseline airfoil are
selected and sketched in Fig. 5. In CFJ-HAM geometry, the injection slot is located at 0.9% chord length and has
a width of 0.35%c, while the suction slot is located at 74.6%c with a width of 1.05%c. In both M6-series geometries,
the injection slots are located at 0.74%c with a width of 9% of maximum thickness(0.27%c for M63P and 0.36%c
for M64P), while the suction slot is located at 76.2%c and has a width of 33% of maximum thickness(0.99%c for
M63P and 1.32%c for M64P). The suction slot width and orientation are designed based on the conclusion of
best performing configuration of Liu et al[30]. For CFJ wings and airfoils, a Suction Surface Translation (SST)
is defined by translating suction surface (upper surface) slightly downward to make the tangential injection jet
more smooth. However, in this thin-airfoil study, a meaningful SST significantly reduces thickness, which can be
critical in producing lift. Thus, an SST of zero is adopted in all CFJ airfoils.
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Figure 5: Schematics of basic CFJ airfoils, without lowered flaps nor pointed leading edges.

In the CFJ numerical simulation, the wall treatment suggested in [31] to achieve the 3rd order accuracy is
employed. Total pressure, total temperature and flow angle are specified as the inlet boundary conditions for the
upstream side of the far-field boundary and inside the injection cavity. Constant static pressure is used downstream
at the far-field boundary and in the suction cavity.

To achieve zero-net mass-flux with the CFJ flow control, the injection mass flow must be equal to the mass flow
entering the suction slot. Additionally, the jet strength must be controlled in order to reach the prescribed Cµ.
This is achieved by iterating the jet total pressure until the Cµ value is within 1% of the prescribed value. At the
suction, the suction mass flow is matched to the injection mass flow by iterating the static pressure at the suction
cavity. The process is iterated throughout the simulation until the specified momentum coefficient is achieved and
the injection and suction mass flow match.

3 Results and Discussion

3.1 General Characteristics: Influence of Camber and Thickness

Numerical simulation is performed on Baseline- and CFJ-airfoil of all three types mentioned above at M∞ = 0.1,
Re = 2,852,740. Flow field and pressure distribution of CFJ-HAM airfoil with Cµ=0.08 at AoA=0◦ are depicted
in Fig. 6.
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Figure 6: Flow field contoured by Mach number and pressure distribution around CFJ-HAM airfoil at M∞ =
0.1, Re = 2,852,740, Cµ=0.08.

The flow fields around symmetric Baseline- and CFJ-M63P airfoil with a fixed Cµ of 0.5 at AoA=6◦ are shown
in Fig. 7(d) and (e). It can be seen that, at large AoAs, the high-speed jet over the suction surface fully removed
the flow separation. Fig. 7 (a), (b) and (c) compares the Mach contours of the baseline airfoil at AoA=6◦, CFJ
airfoil at AoA=12◦ and CFJ airfoil at AoA=15◦. It can be clearly seen that the baseline is already massively
separated at AoA=6◦, whereas the CFJ airfoil remain well attached at AoA of 15◦, or CFJ significantly delayed
the stall of this airfoil.

Figure 7: Mach number contours around the baseline and CFJ airfoils at M∞ = 0.1, Re = 2,852,740, with varied
AoAs and Cµs.
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When AoA further increases, the suction flow separation can be still suppressed by providing a larger Cµ,
especially for symmetric airfoils. However, due to the limited space for injection and suction ducts, a Cµ that is
too large may easily lead to a choked injection slot as well as suction slot, as shown in Fig. 8.

Figure 8: Injection region flow field evolution when Cµ increases from 0.08 (a) to 0.4 (c).

To investigate the influence of this phenomenon, the Mach contours of CFJ-HAM airfoil at a critical AoA of 15◦

with increased Cµs are shown in Fig. 9(a) with a Cµ of 0.4, where the injection flow is about to reach supersonic.
When Cµ approaches 0.5 and 0.6 as Fig. 9(b) and (c) displays, the injection is fully choked, while the suction slot
still functions well, and the overall flow is well attached.

Figure 9: Evolution of LE separation bubble when Cµ is increased. M∞ = 0.1, Re = 2,852,740, AoA=15◦.

To study the influence of thickness and camber to CFJ-airfoil performance, the lift coefficient of CFJ-HAM,
CFJ-M64P and CFJ-M63P versus baseline at AoA = 4◦ are compared in Table 3.

During takeoff and landing, which is a time-transient process, the most important aerodynamic performance is
lift instead of (corrected) lift / drag ratio. The lift coefficient of CFJ-HAM, CFJ-M64P and CFJ-M63P with two
Cµs versus AoA are compared in Fig. 10.
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Table 3: CFJ CL Comparison, AoA = 4◦, M∞ = 0.1, Re = 2,852,740, no-flap.

Cµ Type CL ∆CL from
Baseline

∆CL from
CFJ-M64P

Pc

0.08 HAM 0.709 29.3% 89.1% 0.120
0.08 M63P 0.361 21.0% -3.7% 0.127
0.08 M64P 0.375 25.7% - 0.112

0.5 HAM 1.066 93.8% 88.7% 2.401
0.5 M63P 0.519 73.2% -8.1% 2.615
0.5 M64P 0.565 88.4% - 2.551

Figure 10: Lift and power coefficient with varied cambers and thicknesses, δ=0◦.

The result indicates that, without the advantage of a plain flap, a properly designed camber provides much
better CFJ performance when the airfoil thickness is fixed. The lift, drag, power coefficient, aerodynamic lift
/ drag ratio CL/CD and corrected lift / drag ratio CL/CD of the cambered CFJ-HAM airfoil versus AoA are
plotted in Fig. 11. It can be inferred theoretically that, the lift / drag ratio will be declined significantly due to
the introduced power coefficient. However, when Cµ is reasonably given to 0.08, the actual lift / drag ratio will
become even higher than baseline when AoA is above 8◦, which suggests that during this takeoff / landing process
the CFJ-airfoil can still be more energy efficient than baseline.
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Figure 11: Coefficient of lift, CFJ power and (L/D)c vs AoA.

3.2 Leading Edge Shape Study

Note that in Fig. 7 (b) and (c), there are small separation bubbles near the leading edge(LE) of the CFJ
airfoil due to its sharp turning. As mentioned in Introduction, actual optimized supersonic wing profiles usually
has a more sharpened leading edge, which may deteriorate this separation. To investigate whether and how this
characteristics will influence the lift enhancement effect brought by CFJ, an alternative pointed leading edge is
designed for Baseline- and CFJ-HAM airfoil, as shown in Fig. 12.

Figure 12: Schematics of pointed leading edge for both Baseline- and CFJ-airfoil.
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The flow fields around original and LE-sharpened CFJ-HAM airfoils contoured by Mach number are shown in
Fig. 13. It can be seen from Fig. 13(a) and (b) that, under the identical flow condition and co-flow jet intensity,
the airfoil with sharp LE produces a separation near leading edge, but the scale of separation is limited by the
jet flow. When the jet Cµ is increased from 0.08 to 0.5, as shown in Fig. 13(c), the leading edge separation is
obviously reduced. This phenomenon is amplified at a more critical flow condition. At AoA of 14◦ shown in Fig.
14, while CFJ on the original airfoil is still capable to keep flow over suction surface attached, separation can be
observed over the whole suction surface of LE-sharpened airfoil due to the enhanced vortices from leading edge.
However, increasing Cµ can resolve this problem and attach flow over suction surface to wall boundary again,
which suggests that the lift enhancement effect of CFJ will remain under this condition.

Figure 13: Mach number contours around CFJ-HAM airfoils with varied LE shapes and Cµs, M∞ = 0.1, Re =
2,852,740, AoA=6◦.

Figure 14: Mach number contours around CFJ-HAM airfoils with varied LE shapes and Cµs, M∞ = 0.1, Re =
2,852,740, AoA=14◦.

The lift coefficient, drag coefficient, power coefficient, lift / drag ratio (CL/CD) and corrected lift / drag ratio
(CL/CD,c) of CFJ-HAM, CFJ-M64P and CFJ-M63P with two Cµs versus AoA are plotted in Fig. 15. The
diagrams indicate that, with a small-medium Cµ such as 0.08, CFJ has almost identical aerodynamic performance
on both airfoil geometries when AoA is small. As AoA increases, both lift enhancement and drag reduction effect
of CFJ on the LE-sharpened airfoil are significantly weakened, and CL/CD drops as well as CL/CD,c. However,
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when Cµ is largely increased, this difference between two geometries is reduced due to the limitation of leading
edge separation caused by strong injected jet flow.

Figure 15: CL, CD, PC , CL/CD and CL/CD,c of CFJ-HAM, CFJ-M64P and CFJ-M63P with two Cµs versus
AoA.

3.3 Study of Flap Influence

Flapped baseline and CFJ-mounted HAM, M63P and M64P airfoils are defined as shown in Fig. 16. Based on
the initial study of [8], the optimal flap deflection angle of M63P can be equal to or larger than 45◦. To further
study the CFJ lift enhancement margin with a lowered flap, three large flap deflection angles δ=45◦, δ=60◦ and
δ=75◦ are numerically investigated.

The CFJ-HAM aerodynamic performances with varied δs with angle of incidence α = 6◦, Cµ=0.08 are compared
in Table 4. With a flap deflection angle δ=45◦, compared with baseline, CFJ-HAM achieves a CL increase of
74.05%, and reduced drag by 74.36%. This leads to a 577.8% increase of CL/CD and a 187.8% increase of
CL/CD,c, which tremendously improves the low-L/D problem of supersonic civil transports during takeoff and
landing. Flow fields contoured by Mach number around baseline and CFJ airfoils listed in Table 4 are shown in
Fig. 18. It can be inferred that, when CFJ only exists between leading edge and flap, the best flap deflection
angle is 45◦ rather than larger.
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Figure 16: Schematics of flapped Baseline- and CFJ-airfoil geometries.

Table 4: Aerodynamic Performances Comparison, α = 6◦, M∞ = 0.1, Re = 2,852,740, Cµ=0.08.

CFJ δ CL ∆CL from δ=45◦

Baseline
CD CL/CD CL/CD,c

45◦ 1.759 74.05% 0.049 36.070 15.179
60◦ 1.624 60.69% 0.079 20.500 10.835
75◦ 1.581 56.43% 0.122 13.017 8.275

Figure 17: CL, CD, PC , CL/CD and CL/CD,c of CFJ-HAM with three varied flap deflection angles versus α.
M∞ = 0.1, Re = 2,852,740, and Cµ=0.08.
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Figure 18: Mach number contour of Baseline-HAM(a) and CFJ-HAM, α=6◦, CFJ Cµ=0.5, δ=45◦(b), 45◦(c),
and 75◦(d).

To investigate the influence of airfoil camber and thickness when the airfoil has an optimal deflected flap, three
airfoil geometries mentioned above in Fig. 2 and Fig. 5 with the fixed flap deflection angle δ=45◦ are numerically
simulated under the flow condition of M∞ = 0.1, Re = 2,852,740. The performance results of two Cµs, namely
0.08 and 0.5, are plotted in Fig. 19(a) and (b)respectively. It can be seen that, with δ=45◦ at a small Cµ of 0.08,
cambered airfoil still has great advantage over symmetric airfoils, while maximum thickness only makes limited
difference.

Figure 19: Lift coefficient comparison of CFJ-HAM, CFJ-M63P and CFJ-M64P with flap deflection angle δ=45◦

at Cµ=0.08 and Cµ=0.5, M∞ = 0.1, Re = 2,852,740.
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Figure 20: Mach number contours of CFJ-M64P(a) and CFJ-M63P(b), α=14◦, δ=45◦, CFJ Cµ=0.5.

As shown in Fig. 20(b), at a large Cµ of 0.5, maximum thickness of airfoil becomes more important when CFJ is
applied. The Mach contours of two CFJ airfoils with 25% maximum thickness difference and the same deflection
angle of 45◦ are compared in Fig. 20. The flow near the injection slot of CFJ-M64P(a) is separated but in a small
scale. However, in M63P, the separation is deteriorated and leads to a stable region of vortex between injected jet
flow and free-stream. This weakens both lift enhancement and drag reduction performance.

3.4 Freestream Mach Number Compatibility Study

According to the definition of Cµ:

Cµ =
ṁUj

1
2ρ∞U∞

2S
(6)

When M∞ or U∞ increases, to have Cµ maintained, jet flow velocity Uj must be increase as well, which can lead
to CFJ duct choke due to the limited geometric size and therefore prevent actual Cµ from being increased enough
to enhance airfoil lift coefficient, which is related to Three sets of free-stream takeoff accelerating conditions,
namely M∞ = 0.1, Re = 2,852,740; M∞=0.2, Re = 5,705,480, and M∞ = 0.3, Re = 7,242,910, are investigated
to simulate this phenomenon.

Fig. 21 shows the flow field around the CFJ-HAM airfoil and near the injection as well as suction duct when
the freestream Mach number increases from 0.1 to 0.3. The airfoil has an AoA of 10◦, and CFJ Cµ=0.08. It
can be seen that, At freestream Mach number M∞ = 0.1, both injection and suction slot work normally. When
M∞ increases to 0.2, which reflects a typical determine speed (V 1) of aircraft, the flow in injection slot is about
to choke, while the flow near and inside suction slot remains normal. When M∞ increases to 0.3, which reflects
a typical takeoff speed of classic supersonic civil transports, the injection flow outside of slot is choked, and the
jet flow inside suction slot is smooth but about to choke as well. This suggests that Cµ of 0.08 is the maximum
possible Cµ that can be achieved and maintained by CFJ device within this speed range.
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Figure 21: Mach number contours of unflapped CFJ-HAM at CFJ Cµ=0.08, α=10◦, with varied freestream
Mach number.

Figure 22: Mach number contours of unflapped CFJ-HAM with maximum possible CFJ Cµ, α=10◦, with varied
freestream Mach numbers.

Fig. 22 shows the flow field around the CFJ-HAM airfoil and near the injection as well as suction duct when
the freestream Mach number increases from 0.1 to 0.3, but at maximum possible CFJ Cµ in every given M∞. The
airfoil still has a fixed AoA of 10◦. It can be seen that, At freestream Mach number M∞ = 0.1, the maximum
possible Cµ is 0.5, where the injection slot is already fully choked. When M∞ increases to 0.2, due to the choke
at both injection and suction slot, the velocity of jet are capped, which leads to a reduced maximum possible Cµ

of 0.41. When M∞ increases to 0.3, the capped mass flow and velocity of jet makes the maximum possible Cµ

quickly reduce to 0.16.

The influence of this duct-choke phenomenon on CFJ aerodynamic performance as M∞ increases are numerically
investigated. Comparison of baseline- and CFJ-HAM lift coefficient at three freestream Mach numbers are plotted
in Fig. 23. At a fixed AoA, Non-dimensionized lift coefficient of a fixed airfoil will theoretically remain same as
freestream speed increases, thus only baseline data of M∞=0.1 is plotted. It can be seen from Fig. 23(a) that, at a
fixed Cµ of 0.08 during the acceleration, CFJ lift enhancement effect increases at first (M∞=0.2) and then slightly
dropped (M∞=0.3). However, since the injection slot is almost choked at M∞=0.3, then power coefficient required
by CFJ becomes 31.5% higher than that of M∞=0.1 and 0.2 at AoA=0◦, and becomes even higher when AoA
increases, as seen in Fig. 23(b). This suggests that, as freestream speed increases, if the desired Cµ is relatively
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small, current CFJ-HAM design can have lift enhancement effect remained but at a much higher energy cost.

Another study is conducted to find out the maximum possible lift enhancement effect at every freestream Mach
number conditions. With this strategy, the Cµ is always set to make the injection or suction slot fully choked.
The lift coefficient result versus AoA is plotted in Fig. 23(c), where the maximum Cµ can be achieved at M∞=0.1
remains 0.5, while at M∞=0.2, it reduces to 0.41, and at M∞=0.3 it further reduces to 0.16. However, despite
this loss of extra lift enhancement potential, actual lift coefficient increase at M∞=0.3 is still the same as that
at M∞=0.1, which means that there can be no sudden lift drop during takeoff and landing process. The current
supersonic CFJ-airfoil design is safe for realistic application.

Figure 23: Comparison of CL, CD, Pc and (CL/CD)c of Baseline-HAM and CFJ-HAM airfoils at varied M∞ and
Res.

4 Conclusions

The lift enhancement effect of Co-Flow Jet (CFJ) at takeoff condition for three thin airfoils at free-stream Mach
numbers of 0.1, 0.2 and 0.3 are studied. Parametric studies are conducted to investigate the effect of the jet
momentum coefficients (Cµ), angles of attack (AoA), flap deflection angles(δ), camber, maximum thickness, and
influence of freestream Mach number to three 2-D CFJ supersonic airfoils.

The numerical results indicate that, for both unflapped and flapped 2-D CFJ supersonic airfoils, camber plays
much more important role than thickness in lift enhancing. With the same maximum thickness of 4%, a cambered
unflapped CFJ airfoil can increase CL by 89% compared to a symmetric one, while with the same maximum
thickness increases for 33.3% almost no lift increment is observed on a 3% symmetric unflapped CFJ airfoil.
When there is a 20%c plain flap deflected for 45◦, a 4% cambered CFJ airfoil can still increase CL by around
40% compared to a symmetric one with same maximum thickness. This conclusion suggests a great potential of
improving the low speed lift performance without applying a plain flap to the wing, which is efficient but introduces
control difficulties in aircraft conceptual design due to the special characteristics of the Concorde-style SSTs.

Meanwhile, the injection flow near the leading edge can limit the extra separation around the region caused by
a pointed geometric shape, which provides the possibility to combine CFJ application to an optimized modern
supersonic wing profile.

The study also theoretically proves that, with the maximum thickness of 4%, the turning design of the current
CFJ ducts are all effective in the Mach number range of 0.1-0.3 at a low Cµ of 0.08, which adds confidence of its
realistic availability during actual takeoff and landing.
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