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Abstract

The previous research indicates a possibility of increasing subsonic 2D airfoil cruise lift coefficient C';, by an
order of magnitude from 0.4 to 4 with a flapped coflow jet airfoil modified from CFJ-NACA-6421 airfoil at a
reasonable aerodynamic efficiency of 48. This paper is to extend the study to 3D wings formed by the same
airfoil at various aspect ratios to understand the performance penalized by induced drag. A high cruise lift
coefficient is important for ultra-high altitude flight on Earth and flight in Martian atmosphere to overcome
the low atmospheric density. The research is based on validated CFD simulation, which employs a 3D RANS
solver with Spalart-Allmaras(SA) turbulence model, a fifth-order WENO scheme for the inviscid fluxes, second-
order central differencing for the viscous terms. As a validation, the numerical simulation achieves a very good
agreement with the experiment for a 3D wing formed by NACA6421 airfoil with an aspect ratio of 6. The study
investigates the 3D CFJ flapped wing at aspect ratio(AR) of 6, 10 and 20 at a freestream Mach number of 0.17
and Reynolds number of 3.48 x 10%. For the one with AR of 20, a C, of 3.76 and a moderate (Cr/Cp). of
10.55 are obtained. This research indicates that cruise flight at an ultra-high lift coefficient with an acceptable
aerodynamic efficiency appears to be feasible.

Nomenclature

CFJ CoFlow jet

FCFJ Flapped CoFlow jet
AoA(a) Angle of attack

AR Aspect Ratio

15} Deflection angle
LE Leading Edge

TE Trailing Edge

Wing Span length
Profile chord

W A —k %
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U Flow velocity

q Dynamic pressure 0.5 p U?

P Static pressure

P Air density

m Mass flow

M Mach number

w Pitching Moment

P Pumping power

o0 Free stream conditions

Cr Lift coefficient L/(¢oo S)

Cp Drag coefficient D /(g S)

Cu Jet momentum coef. 7 U;/(¢oo S)
Pc Power coefficient L/(goo S Vo)
(CL/Cp).  CFJ airfoil corrected efficiency L/(D P/V)
R, Reynolds number

M Mach number

Cp Constant pressure specific heat
v Air specific heats ratio

S Planform area of the wing

Poo Density

Vo Velocity

T; Total temperature

P, Total pressure

H; Total specific enthalpy

m Mass flow across the pump

00 Subscript, stands for free stream
j Subscript, stands for jet

1 Introduction

The most important phase of an aircraft’s flight envelope is typically the cruise flight to achieve high mission
effectiveness, long range, and high transportation capacity (i.e., payload X range). An aircraft at cruise must
fly with a high aerodynamic efficiency Cp/Cp while maintaining a sufficient stall margin. In order to have
high aerodynamic efficiency, a typical subsonic wing adopts a thickness of around 15% and provides a cruise lift
coefficient of 0.4 to 0.6. A 20% or thicker airfoil could have a greater cruise lift coefficient. However, the thick
airfoil is rarely employed since it is prone to flow separation and stall. The takeoff and landing phase of aircraft
requires a high lift coefficient, particularly if a short takeoff and landing distance is desired. With multi-element
flaps, conventional high-lift wings can get a maximum lift coefficient of around 2.5. No aircraft would, however,
cruise at such a high lift coefficient since the aircraft would be near stall and the very large drag coefficient would
make most of the missions unfeasible.

However, there are situations that an ultra-high cruise lift coefficient is desirable provided an acceptable aero-
dynamic efficiency can be achieved. For example, it is very beneficial to have an extraordinarily high cruise lift
coefficient in order to fly on Mars. It is needed to overcome the low density of the Martian atmosphere and
maintain a compact size and light weight of the aircraft. Similar situation exists to fly at ultra-high altitude such
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as at 30,000 m in Earth’s atmosphere. Using active flow control (AFC) makes an ultra-high cruise lift coefficient
possible. However, it is challenging to use AFC for cruise because the advantages may not outweigh the costs of
AFC energy, preventing a net efficiency improvement for the entire aircraft system.

The CoFlow Jet (CFJ) flow control airfoil is a promising AFC with the potential to improve cruise efficiency][1,
2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16]. Fig. 1 depicts a regular CFJ airfoil compared with the baseline
airfoil. A small mass flow is sucked into the suction duct, compressed, and energized by a pump before being
injected tangentially into the main flow near the leading edge. The studies of Lefebvre et al [8, 17] and Wang
and Zha [18] indicate that 2D CFJ airfoils could reach a noticeably better cruise lift coefficient and aerodynamic
efficiency, which is defined as

Cr
Cp

Cr

( :CD—I-PC

)e (1)

where Pc is the CFJ required power coefficient. However, for 3D wings with finite aspect ratios, the CFJ
wings can still maintain high cruise C7,, but the aerodynamic efficiency is decreased to the level of its baseline
counterparts [19]. To reflect the transportation productivity of aircraft represented by the range multiplied by the
gross weight, a cruise productivity efficiency is introduced as [12]:

Ci
Cp

i

( (Cp + Pc)

)c = (2)

CFJ wing can have substantially higher cruise C';, and thus greater productivity efficiency as well than conven-
tional wings with no flow control. Taking advantage of the CFJ wing high cruise lift coefficient and thus high
suction effect on wing upper surface, Ren and Zha [20] design a tandem wing aircraft configuration that the front
wing tip vortex is captured by the rear wing to enhance the overall system efficiency. With an aspect ratio of 9,
the numerically simulated tandem air vehicle achieves a cruise C, of 1.6 and (Cf/Cp). of 13. The cruise Cf, of
1.6 is beyond the reach of conventional design, which would be either stalled or suffer very high drag increase and
poor aerodynamic efficiency. This paper is motivated to push even further the cruise lift coeffecient.

CFJ airfoil can achieve very high maximum lift coefficient exceeding the theoretical limit of Cf,,,4, = 27(1+t/c)
up to 13 and beyond [12, 13, 19, 21]. However, for cruise condition, the regular CFJ configuration as shown in
Fig. 1 appears to have rapid energy consumption increase when C7, is greater than 1.6[12, 22]. Even though the
aerodynamic drag coefficient C'p can remain small and the pure aerodynamic lift to drag ratio C/Cp can be still
very high, the corrected aerodynamic efficiency defined in Eq. (1) can decrease quickly with the increasing Cf,
when it is greater than 1.6.

To push cruise lift coefficient higher to the level of 4.0, Jeon et al [23] found the 2D airfoil with coflow jet
applied on the flap is a promising candidate that can potentially maintain an acceptable aerodynamic efficiency
of (CL/Cp).. Such airfoil is named flapped CFJ airfoil that is originated form the deflected slipstream study for
VTOL aircraft [24].
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Figure 1: Sketch of CoFlow Jet airfoil

1.1 Flapped CoFlow Jet(FCFJ) Airfoil

The concept of flapped coflow jet airfoil is adopted from the CFJ airfoil with deflected slipstream for VTOL
aircraft [24]. It is also guided by the CoFlow jet flow separation mechanism study of Xu and Zha [25].

The CFJ is applied inside a long flap that is a part of the flapped CFJ airfoil, as shown in Fig.2 [23], which
has the injection located at the shoulder of the flap. The regular CFJ airfoil applies the injection very close to
the leading edge at a point of around 2-4% Chord location. By deflecting the flap rather than rotating the front
of the airfoil, the FCFJ airfoil has the advantage of allowing the airfoil to change the angle of attack and lift
coefficient without tilting the wings or the aircraft. The goal of this work is to demonstrate numerically that the
3-dimensional FCFJ wing is a strong contender to achieve an ultra-high cruise lift coefficient satisfying a reasonable
aerodynamic efficiency of (C/Cp)e.

Figure 2: Sketch of flapped CFJ airfoil with the CoFlow jet applied on the flap
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2 Methodology

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
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.[2] give the following formulations to
calculate the lift and drag due to the jet reactionary force for a CFJ airfoil. By considering the effects of injection
and suction jets on the CFJ airfoil, the expressions for these reactionary forces are given as :

Fu.py = (13 Vj1 + pjnAji) * cos(0h — ) — (123 Vja + pjadje) * cos(02 + a) (3)
chfj = (mﬂle + pﬂAﬂ) x sin(6h — a) + (ijVjQ + pngjg) * sin(fs + ) (4)

where the subscripts 1 and 2 stand for the injection and suction respectively, and #; and 6, are the angles between
the injection and suction slot’s surface 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,, ()

L=R,—F,,, (6)

where R}, and R], are the surface integral of pressure and shear stress in x (drag) and y (lift) direction excluding
the internal ducts of injection and suction. For CFJ wing simulations, the total lift and drag are calculated by
integrating Eqgs.(5) and (6) in the spanwise direction.

2.2 Jet Momentum Coefficient

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

c -
g %poovoozs

(7)

where 717 is the injection mass flow, V; is the mass-averaged injection velocity, po and V, denote the free stream
density and velocity, and S is the planform area.

2.3 Micro-compressor Power Coefficient

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:
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P =1m(Hy — Hyo) (8)

where H;; and Hyo are the mass-averaged 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 P;; and P;s the mass-averaged
total pressure in the injection and suction cavity respectively, the compressor efficiency 7, and the total pressure

ratio of the pump I' = %, the power consumption is expressed as:
p= TR0 (9)
Ui

where v is the specific heat ratio equal to 1.4 for air. The power coefficient is expressed as:

P

P=-— 10
TN 10)
2.4 Aerodynamic Efficiency
The conventional wing aerodynamic efficiency is defined as:
CL
— 11
o (1)

For the CFJ wing, the ratio above still represents the pure aerodynamic relationship between lift coefficient and
drag coefficient. However since CFJ active flow control consumes energy, the ratio above is modified to take into
account the energy consumption of the micro-compressor. The formulation of the corrected aerodynamic efficiency
for CFJ wings is the one defined in Eq.(1). If the micro-compressor power coefficient is set to 0, this formulation
returns to the aerodynamic efficiency of a conventional airfoil.

2.5 CFD Simulation Setup

The FASIP(Flow-Acoustics-Structure Interaction Package) CFD code is used to conduct the numerical sim-
ulation. The 3D Reynolds Averaged Navier-Stokes (RANS) equations with one-equation Spalart-Allmaras(SA)
turbulence model is used. A 5th order WENO scheme for the inviscid flux [26, 27, 28, 29, 30, 31] and a 2nd order
central differencing for the viscous terms [26, 30] 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 [27] 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 [32]. Parallel computing is implemented to save wall clock simulation
time [33].
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Figure 3: Computational mesh used in the current work.

2.6 Boundary Conditions

In order to achieve the flux conservation on the wall, the wall treatment provided in [34] imposes the 3rd-order
accuracy no-slip condition on the solid surface. The far-field boundary is located at 55 chord with a O-mesh
topology. The computational mesh is shown in Fig. 3 with a total mesh size of 2.5M for the baseline wing and
7.9M for the CFJ wing. Total pressure, total temperature and flow angles are specified at the upstream portion
of the far field. Constant static pressure is applied at the downstream portion of the far field. The first grid point
on the wing surface is placed at y™ ~ 1.

3 Airfoil Geometry Parameters

Table 1 presents the detailed parameters of airfoils based on the NACA6421 standard, where injection and
suction slot sizes are normalized by the airfoil chord length (C). The flapped CFJ6421-SST150-SUC133 (FCFJ)
airfoil is developed based on the NACA 6421 airfoil, sharing the same suction surface translation (SST) of 1.50%C
and suction slot size of 1.33%C as the regular CFJ. In the 2D FCFJ study[23], the optimal deflection(5) is 35° to
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40° with an injection slot size of 0.4%C for a cruise condition, while keeping the suction slot size fixed at 1.33%C.
To compare with the baseline experimental values, a validation analysis is performed at an aspect ratio of 6. In
the case of FCFJ wings, studies are conducted at aspect ratios of 6, 10, and 20.

Table 1: Airfoil geometry parameters

Airfoil Deflection Angle (8) SST(%C) INJ(%C) SUC(%C) AR
NACAG6421 Baseline N/A N/A N/A N/A 6
Flapped CFJ(FCFJ) 35°, 40° 15 0.4 133 6,10, 20

4 Results and Discussion

4.1 Baseline Validation

To validate the experimental result of the NACA6421 airfoil[35] with the FASIP CFD code, the coefficient of
lift, drag, and aerodynamic efficiency Cr,/Cp, according to the angle of attack(AoA) was examined. To match
the experimental conditions, calculations were performed in the range of AoA -8° to 30° under the conditions of
aspect ratio of 6, Re is 3.0 x 10%, and Mach number of 0.065. Comparing the results, it is confirmed that the
lift coefficient C7,, drag coefficient Cp, and C1,/Cp are all in good agreement with the experimental results under
the stall AoA of 16 ° as shown in Fig 4 and 5. In AoA after Stall, the C, shows a slightly higher value of 5-8%
compared to the experimental value, but the Cp and Cr/Cp are predicted very well. Overall, this validation
shows that the CFD solver, mesh and boundary conditions setup can perform this study well.

2~ ® 04 20
} — —4& — CL_Exp.
A CL_CFD /f) ] - o -
--—@-—- CD_Exp. Va -10.35 15 o N
5L O cocrD 7 ] i I LN
A ] B 1
ﬁr,hi;i~~“ Hos 10F ; \.\\u
| §
X ,‘O ] - * Sm
7 A
L ., # Jo.25 5F | L 1* " 5
2 | ; T
- / B 1
O-‘ | 7 Y 0.2 Un Q_a U 1
| « / ] o 1
05} 7 8 .
| A/ / —-0.15 51 ]
B / ] B 1
| X P 1 I ! - —m — CL_Exp.
- /A/ Vs —0.1 -0 Q4 o CL_CFD
0 ,_9 A /' 1 -
i : - 0.05 -15 [
I /,,.’ ] i
70.1.-..| 1 1 1 1 1 1 ] - 1 1 1 1 1 1 1 1 1
o2 2®P oy [P0] S5 N PR FRNEY FENTE PN NS PN SR
210 5 0 5 10 15 20 25 30 35 40 50 5 10 15 20 25 30
AoA AoA
Figure 4: Lift and Drag coefficient for NACA6421 Figure 5: Aerodynamic efficiency for NACA6421
baseline baseline
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Figure 6: NACA6421 Baseline wing flow field and pressure coefficient at AoA of 24°

Fig.6 shows the flow field and C), distribution at AoA 24°. As shown in Fig.4, a maximum C7, of 1.48 is obtained
at this angle, but the Cp is high due to the separation, resulting in a Cr,/Cp of 5.5. Near the leading edge, —C),
has a maximum value with the highest flow velocity. The —C), value gradually decreases and the —C), value is
very low due to the separation, and the drag increases beyond about 40%/C. Near the tip, the C, distribution is
not typical due to the vortex and the drag is very high.
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4.2 Results for FCFJ Wings

For this study, the Reynolds number Re is 3.48 x 10% and the Mach number is 0.17 to match a potential cruise
mission. The injection jet momentum coefficient C), of 0.06 and 0.11 is used for a trade study. The study begins
with an aspect ratio of 6 that matches the baseline non-controlled wing. An aspect ratio of 20 is simulated after.
The 2D optimal FCFJ airfoil obtained in [23] that is described in Section 3 is adopted to form the 3D finite wing.

The AoA is 23.5 degrees when the 5 is 35. As depicted in Fig. 4 for the baseline, the lift coefficient start
decreasing at this angle while the drag coefficient climbs quickly since the baseline wing flow is largely separated.
The FCFJ wing with AR of 6 does not have flow separation as shown in the flow field of Fig. 7 with a lift
coefficient of 3.1 and C), of 0.1. The C, distribution has a distinct shape from the baseline, with a very high
peak at the shoulder of the flap that the injection is located. The C), value of the FCFJ wing at the leading
edge is abut the same as that of the baseline as shown in Fig. 6, but it continues to rise to the peak at the flap
shoulder, resulting in a substantially increased lift coefficient compared to the baseline. The C1/Cp is 5.63 and
the corrected aerodynamic efficiency is 4.87, not very high due to the low AR of 6 and the strong tip vortex effect
that generates a high induced drag. The Mach contours near the tip of the FCFJ wing shows a strong tip vortex.
Fig.8 shows the results for AR of 20 and shows a similar C), distribution to AR of 6. Similarly, the tip vortex
effect occurs, but with a higher aspect ratio, the C, is increased by about 21% compared to AR of 6 to 3.76, the
Cp is halved to 0.27, and (C,/Cp)c of 10.55 is obtained at C), of 0.1. In this study, the CFJ is applied along the
full span from the root to the tip. According to the 3D wing study of Lei et al [36], applying CFJ within 10%
span near the tip has little benefit other than consuming the energy for CFJ. Future study will investigate the tip
region effectiveness using CFJ.

Fig. 9 displays the effect of varying C, on the lift and drag coefficients for the FCFJ wing at AR of 20, while Fig.
10 presents the power coefficient and corrected aerodynamic efficiency. Fig. 9 shows that as C), increases the lift
coefficient increases as well as the, the energy required by CFJ. However, it is important to note that the behavior
of the drag coefficient with increasing C), differs between 2D and 3D configurations. In 2D, the drag coefficient
tends to decrease with increasing C,, due to reduced pressure drag. While in 3D, the opposite occurs because the
induced drag grows with the lift coefficient, resulting in a stronger pressure drag force. Therefore, as C), increases,
both the lift and drag coefficients tend to increase, with the pressure drag coefficient being higher when S is 40°.
It should be noted that the increase in C), is directly proportional to the power consumption required for CFJ.
Moreover, at 3 of 35°, variation of (Cr/Cp)c with C from 0.06 to 0.1 is less than 10%, indicating that the impact
of varying C,, on the wing’s overall efficiency is relatively small in this range. For the FCFJ configuration studied
in this paper, the deflection angle of 35° provides the optimal overall performance that includes the high cruise
CL and (CL/CD)c-

10
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Figure 7: FCFJ flow field and pressure coefficient at flap deflection angle of 35° with ARG
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Figure 8: FCFJ flow field and pressure coefficient at flap deflection

12

angle of 35° with AR20
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Figure 9: Lift and Drag coefficient for 3D FCFJ with Figure 10: Aerodynamic efficiency for 3D FCFJ with
AR20 AR20

Table 2 summarizes the results of the 3D analysis shown in Fig. 9 and Fig. 10 . At the high AR of 20, increased
the Cr, and (CL/Cp). obtained close to the target high cruise C7 and acceptable (Cf/Cp). are 3.76 and 10.55,
respectively with the deflection angle of 35° and the C), of 0.1. At 3 of 40°, the FCFJ wing with AR of 20 and C,,
of 0.1 has a slightly higher C, and a more than 10% higher Cp, which results in a lower (Cf/Cp). of 9.87. Same
as the 2D study [23], the deflection angle of 35° provides the optimal overall performance.

Table 2: Aerodynamic performance for 3D FCFJ airfoils

AR B AoA C, C, Cp C./Cpb Cu P (CL/Ch).
6 35 235 0.1 3098 0550 5.63 0272 0.086  4.87
10 35 235 0.1 3438 0421 816 -0.260 0.083  6.82
20 35 235 0.06 2991 0235 1270 -0.185 0.034  11.10
20 35 235 0.07 3241 0243 13.33 -0.199 0.042  11.39
20 35 235 0.08 3.466 0255 1359 -0.217 0.052  11.28
20 35 235 0.1 3764 0274 1374 -0.250 0.083  10.55
20 40 27 0.08 3.480 0285 1220 -0.187 0.054  10.25
20 40 27 0.1 3.922 0.318 12.32 -0.221 0.079 9.87
20 40 27 011 4110 0325 12.65 -0.233 0.094  9.81

5 Conclusions

This paper studies 3D wings formed by Coflow jet flapped airfoil in order to achieve a cruise lift coefficient
about one order of magnitude greater than that of conventional wing with a reasonable aerodynamic efficiency.

13
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A high cruise lift coefficient is important for ultra-high altitude flight on Earth and flight in Martian atmosphere
to overcome the low atmospheric density. The research employs a 3D RANS solver with Spalart-Allmaras(SA)
turbulence model, a fifth-order WENO scheme for the inviscid fluxes, second-order central differencing for the
viscous terms. As a validation, the numerical simulation achieves a very good agreement with the experiment for
a 3D wing formed by NACAG6421 airfoil with an aspect ratio of 6. The study investigates the 3D CFJ flapped
wing at aspect ratio(AR) of 6, 10 and 20 at a freestream Mach number of 0.17 and Reynolds number of 3.48 x 10°.
For the one with AR of 20, a C, of 3.76 and a moderate (Cr,/Cp). of 10.55 are obtained. This research indicates
that cruise flight at an ultra-high lift coefficient with an acceptable aerodynamic efficiency appears to be feasible.
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