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Abstract

In this paper, the aerodynamic performance of 2D tandem propeller-CoFlow Jet (CFJ) active flow control
airfoils in cruise flight is numerically studied. The tandem propeller-CFJ airfoil system is an integrated system
with upstream and downstream CFJ airfoils, each has a propeller mounted above the airfoil suction surface.

The simulations employ 3D RANS solver with Spalart-Allmaras (S-A) turbulence model, 3rd order WENO
scheme for the inviscid fluxes, and 2nd order central differencing for the viscous terms. The aerodynamic
performance, energy expenditure, and flow field are compared between tandem wing systems with different
downstream airfoil locations and angle of attack. The results show that the cruise efficiency is sensitive to the
downstream airfoil angle of attack. Moreover, The wing-wing interaction effect on the aerodynamic performance
is studied by comparing the optimum tandem propeller-CFJ airfoil system to the upstream airfoil and downstream
airfoil only (without interaction) cases. It is observed that the wing-wing interaction increases the cruise efficiency
significantly due to the energized flow of the propellers. The front propeller has a ”pushing” effect accelerating
the flow to the downstream airfoil. The downstream propeller has a ”pulling” effect to accelerate the upstream
flow. The downstream airfoil with higher angle of attack also induces an upwash and a higher circulation to the
upstream airfoil. The optimal tandem airfoil interaction benefit observed in this paper appears to be attributed
the proximity of the two airfoils, which are only one chord away horizontally with the rear airfoil 0.1 chord below
the front one. This study may provide some guidance on the propeller interaction of a tandem wing. However,
it does not include the important effect of the tip vortices and downwash of a 3D tandem wing system.
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CFJ Co-flow jet
AoA Angle of attack
LE Leading Edge
TE Trailing Edge
S Planform area

c Profile chord

U Flow velocity

q Dynamic pressure 0.5 p U?
P Static pressure

P Air density
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m Mass flow
M Mach number

P Pumping power

o0 Free stream conditions
Cr

Lift coefficient L/(goo S)

Cp Drag coefficient D /(g S)

C, Jet momentum coef. 7 U;/(goo S)
P, CFJ power coefficient L/(goo S Vo)
Tc Propeller actuator thrust coefficient
Ppc Propeller actuator power coefficient
Cr Total thrust coefficient of the system

Cr,/Cpw Porpeller-CFJ airfoil corrected aerodynamic efficiency Cr./(Ppc + Pe)
C? /Cpw Porpeller-CFJ airfoil corrected productivity efficiency C% /(Ppc + Pe)

1 Introduction

In nature, tandem wing configuration is widely adopted by insects, such as dragonflies and locusts. It is proven
that such configuration could lead to superior stability and maneuverability, and could benefit the aerodynamic
performance via active wing-wing interaction.

Tandem wing configuration has attracted a lot of interest recently due to the development of electric vertical
takeoff /landing vehicles for urban air mobility[1, 2, 3]. The advantage of tandem wings is that it has high hovering
stability due to two lifting vectors. However, it reduces the aircraft effective aspect ratio and the front wing’s
tip vortex and wake may affect the performance of the rear wing at cruise. How to optimize the tandem wing
configuration to improve cruise efficiency is thus a very important topic, which is the purpose of this paper.

The rear wing of typical tandem wing aircraft usually locates above the front wing to avoid the wake of the
upstream wing and the propeller, which is perceived to be harmful to the aerodynamic performance. However,
with the help of the novel Co-Flow Jet (CFJ) flow control[4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14], the hind wing may
benefit from the the incoming wake to improve the cruise efficiency.

In this work, we take a 2D tandem propeller-CFJ airfoil system as the model to study its performance at cruise
without the downwash effect. The 2D tandem propeller-CFJ airfoil system studied is an integrated system with
upstream and downstream CFJ airfoils, each has a propeller mounted above the wing suction surface as shown
in Fig. 1. Parametric studies are conducted to investigate the effect of downstream airfoil vertical location and
angle of attack with optimum cruise efficiency. The effect of the wing-wing interaction is studied by comparing
the optimum tandem propeller-CFJ airfoil system to the upstream airfoil and downstream airfoil only (without
interaction) cases. The results show that the wing-wing interaction can substantially increase the cruise efficiency.
The conclusion of this work may provide some guidance for future 3D high-efficiency tandem propeller-CFJ aircraft
design.



Downloaded by Gecheng Zha on December 7, 2020 | http://arc.aiaa.org | DOI: 10.2514/6.2020-2779

e
—_—
i
U ) 4
! g i
e e
S = AP g
< g1
—’ [e—— )
<
i
|H_1url=0|1\ I Suction —
__________ ? al Forewing Injection - Suction
a( Hindwing ~—_/

Figure 1: Schematic plot of a tandem propeller-CFJ airfoil system in the present study.

2 The Co-Flow Jet Airfoil

The CFJ airfoil has an injection slot near the leading edge(LE) and a suction slot near the trailing edge(TE)
on the airfoil suction surface as sketched in Fig. 2. A small amount of mass flow is withdrawn into the airfoil near
the TE, pressurized and energized by a micro-compressor 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 flow control.

The CFJ airfoil low control mechanism achieves a radical lift augmentation, drag reduction and stall margin
increase at a very low energy expenditure. It can not only achieve ultra-high maximum lift coefficient, but also
significantly enhance cruise productivity efficiency and cruise wing loading from subsonic to transonic conditions[15,
16, 17, 18, 19, 20].
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Figure 3: Mach number contours and streamlines at
C,, = 0.35 and AoA =70° for the

Figure 2: Baseline airfoil and CFJ Airfoil. CFJ6421-SST016-SUC053-INJ009 airfoil.
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Yang and Zha [19] discovered in 2017 that a CFJ airfoil can achieve Super-Lift Coefficient(SLC), which is a lift
coefficient that exceeds the theoretical limit of potential flow developed by Smith[21] and is defined below:

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

When a SLC occurs, the circulation is so high that the stagnation point is detached from the airfoil body as
shown in Fig. 3, which has a Cp,,,,,, of 10.6, far greater than the theoretical limit of 7.6. The freestream condition
has a Mach number of 0.063 and Reynolds number of 3 million. The flow remains attached at AoA of 70° and
the wake is filled with reversed velocity deficit, similar to the owl effect that generates very low wake turbulent
noise. The CFJ airfoil pressure coefficient at the leading edge suction peak is nearly 10 times higher than the
maximum value of the baseline airfoil at AoA of 18° before it stalls [19]. In other words, the CFJ airfoil at SLC
condition can keep flow attached despite an adverse pressure gradient nearly one order of magnitude higher than
the conventional airfoil. The simulation of Yang and Zha [19] also reveals a complex phenomenon with 4 layers of
counter-rotating vortex layers emanating from leading edge and trailing to the wake of the airfoil. The detailed
analysis can be seen in [19, 22].

3 CFJ Parameters

The following are the parameters used to define the propeller-CFJ airfoil performance.

3.1 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. [5] 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 = (3 Vj1 + pjiAji) * cos(0y — ) — (1123 Vja + pjadyja) * cos(02 + a) (2)

Fyer; = (mp Vi +pjAjn) * sin(0) — a) + (2 Vi + pjad;j2) * sin(b2 + ) (3)

where the subscripts 1 and 2 stand for the injection and suction respectively, and #; and 05 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,, (4)

L= R?’J = Fy.y; (5)
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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 Eqs.(4) and (5) in the spanwise direction.

3.2 Jet Momentum Coefficient

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

i

c, ="
H Lp Vs

(6)

where 17 is the injection mass flow, V; is the mass-averaged injection velocity, po and Vi, denote the free stream
density and velocity, and S is the planform area.

3.3 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:

Pory =m(Hy — Hyp) (7)

where H;; and Hy are the mass-averaged total enthalpy in the injection cavity and suction cavity respectively,
P is the Power required by the pump and m the jet mass flow rate. Introducing P;; and P;y the mass-averaged
total pressure in the injection and suction cavity respectively, the pump efficiency 7, and the total pressure ratio
of the pump I' = %, the power consumption is expressed as:

-1 (8)

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

Perpy
Pc =7 V35S (9)
§p00 0
The power coefficient for the propeller actuator is:
TV T

Ppe = =Te (10)

 300SVE 3PSV

where T is the propeller thrust force; T is the propeller thrust coefficient.

In order to compare the efficiency of a propeller-CFJ airfoil with that of a conventional airfoil, a corrected
aerodynamic efficiency Cr,/Cpw is introduced, which takes into consideration of the power needed for the CFJ[17]
as well as the power needed for the propeller actuator:
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CL _ Cr (11)
Cpw  Pc+ Ppc
where Cpyy is the total power coefficient of the system, which has two components, the power coefficient of the
CFJ, Pc, and the propeller actuator, Ppc. The Cp/Cpw incorporates the CFJ power consumption and the
propeller power consumption. For a conventional airfoil with no CFJ, Po=0 and Ppc = Cp, where Cp is the
drag coefficient. In that case, CL/Cpw in Eq (11) returns to the conventional aerodynamic efficiency of C1,/Cp.

To measure aircraft transportation productivity defined by Range x Gross Weight, a parameter C]% /Cp is
introduced as the productivity efficiency[19]. The productivity efficiency is considered as a more comprehensive
parameter than the conventional aerodynamic efficiency C1,/Cp to measure the merit of an airplane aerodynamic
design for cruise performance. The former includes not only the information of C7/Cp, but also the information
of the aircraft weight represented by C7..

For CFJ-propeller airfoil, the productivity efficiency should also include the CFJ power consumption and the
propeller power consumption, and it is defined as below:

i __¢i (12)
Cpw  Pc+ Ppc

3.4 CFD Simulation Setup

The in house FASIP (Flow-Acoustics-Structure Interaction Package) CFD code is used to conduct the numerical
simulation. The simulations employ 3D RANS solver with Spalart-Allmaras (S-A) turbulence model. A 3rd order
WENO scheme for the inviscid flux [23, 24, 25, 26, 27, 28] and a 2nd order central differencing for the viscous
terms [23, 27| 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 [24] 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 [29]. Parallel computing is implemented to save wall clock simulation time [30].

3.5 Boundary Conditions

The 3rd order accuracy no slip condition is enforced on the solid surface with the wall treatment suggested in
[31] to achieve the flux conservation on the wall. The computational mesh is shown in Fig. 4. Total pressure, total
temperature and flow angles are specified at the injection duct inlet, as well as the upstream portion of the far
field. Constant static pressure is applied at the suction duct outlet as well as the downstream portion of the far
field. The total mesh size is 73,600 for all 2D cases, split into 48 blocks for the parallel computation. The domain
boundary is about 300 chords away from the airfoil to ensure an accurate simulation. The first grid point on the
wing surface is placed at y™ ~ 1. The propeller is simulated using an actuator disk boundary condition with a
pressure jump (AP) imposed. The pressure jump is given as a percentage of the pressure upstream of the actuator,
typically is fairly small and rarely greater than 2%. The pressure jump condition can be very well handled by
the Riemann solver employed in the FASIP CFD code. In this study, the AP for each propeller actuator disk is
iterated to make the system resultant force in the flight direction to be zero for the cruise condition.
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Figure 4: Computational mesh used in the current work.

4 Results and Discussion

The aerodynamic performance of tandem CFJ-propeller airfoils are investigated and presented in this section.
The planform area S = 1c¢ for all 2D cases, which is convenient to compare the tandem airfoil system with the
single airfoil cases. The momentum coefficient C, = 0.03 is used for all the cases discussed here. The propeller
strength is quantified by AP, which is iterated during the simulation to achieve an assumed total system thrust
Cr = 0.16 for all tandem wing cases. The total system thrust is used to balance the hypothetical induced drag
and the fuselage drag of the aircraft, which are not considered in these 2D simulations. Single wing cases are
also disused in the present study. In order to perform a fair comparison between the tandem CFJ-propeller airfoil
system and the single wing CFJ-propeller system, the Cr is configured as 0.08 (50% of the Cp used in tandem
airfoil cases) for single wing cases.

The free stream Mach number for all cases are 0.15 and the propeller actuator disks are normal to the free
stream. The propeller actuator is located near the airfoil leading edge, downstream of the injection slot and above
the suction surface. This propeller position is optimized to interact with the CFJ airfoil to maximize the power
efficiency for both VTOL hovering and cruise. All airfoils used in the current study are the CFJ-NACA-6421
optimized by Wang and Zha[32, 33, 34].

4.1 Effect of Downstream Airfoil Vertical Location and Angle of Attack

In this section, the aerodynamic effect of downstream airfoil vertical locations and angle of attack is discussed.
As shown in Table 1, the upstream airfoil is held at angle of attack a; = 5°, and the downstream airfoil has
the AoA varying with as = 5°,7.5°,10°,12.5°, and 15°. The downstream airfoil horizontal location is fixed as
X = lc. The downstream airfoil vertical locations are 0.0¢, —0.1¢, and 0.1c for cases A1-A5, B1-B5, and C1-C5,
respectively.
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Table 1: Simulation parameters used in the current work.

Cases | X Y a1 s My | C, | Cr
Al 5°
A2 7.5°
A3 lc | 0.0c | 5° | 10° | 0.15 | 0.03 | 0.16
A4 12.5°
A5 15°
B1 5°
B2 7.5°
B3 lc | -0.1c | 5° | 10° | 0.15 | 0.03 | 0.16
B4 12.5°
B5 15°
C1 5°
C2 7.5°
C3 lc | 0.1c | 5° | 10° | 0.15 | 0.03 | 0.16
C4 12.5°
C5 15°
(a) (b)
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Figure 5: Aerodynamic performance of the tandem propeller-CFJ airfoils in cruise; (a) total Cr, (b) total Cp,
(C) CL/pr, and (d) C%/CPW


https://arc.aiaa.org/action/showImage?doi=10.2514/6.2020-2779&iName=master.img-005.jpg&w=431&h=411

Downloaded by Gecheng Zha on December 7, 2020 | http://arc.aiaa.org | DOI: 10.2514/6.2020-2779

Fig. 5 shows the total Cr, Cp, Cr/Cpw, and C]% /Cpw for all cases. We can see that the aerodynamic
performance is more sensitive to the downstream airfoil angle of attack as than the vertical location Y. However, a
lower position of the downstream airfoil shows a better efficiency because its suction surface receives more energized
flow from the upstream propeller wake. Case B4 has the highest lift coefficient and productivity efficiency. Case B3
has the best aerodynamic efficiency and relatively high lift production. Compared with Case A1, the aerodynamic
efficiency of case B3 is increased about 18.7%, and the productivity efficiency of case B4 is increased about 49.7%.

Figure 6: Mach contours and streamlines of (a) case A3, (b) case B3, and (c) case C3.
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Fig. 6 shows the Mach contours and streamlines of case A3, B3, and C3. All three cases have fairly high
aerodynamic efficiency. A very small separation can be seen at the trailing edge of the upstream airfoil for all
cases. The upstream airfoil propeller wake approaches the leading edge of the downstream airfoil and is turned
by the CFJ airfoil. The flow turning at the downstream airfoil of case C3 is larger than the front airfoil due to its
position above the front airfoil, but the flow separation at the trailing edge is smaller and is benefited from the
energized propeller wake flow.
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Figure 7: Cp contours of (a) case A3, (b) case B3, and (c) case C3.
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Fig. 7 shows the Cp contours of the three cases. The propeller actuator disk creates a static pressure disconti-
nuity that can be observed in Fig. 7. The Cp contours looks similar for all cases. The downstream airfoil of case
C3 shows a larger low pressure region above the suction surface due to a larger flow turning.

(a)

(b)

4r A3, upstream airfoil -4 A3, downstream airfoil

B3, upstream airfoil B3, downstream airfoil
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Figure 8: Cp distributions on the airfoil surface; (a) upstream airfoil of case A3, B3, and C3, (b) downstream
airfoil of case A3, B3, and C3.

Fig. 8 shows the pressure coeflicient distributions on the upstream airfoil and downstream airfoil of the tandem
propeller-CFJ system. The discontinuity of the curves are due to the injection and suction slots of the CFJ airfoils.
From Fig. 8, we can see that the C), distribution on the pressure surfaces are almost the same for all cases. The
case B3 has lower (), distribution on the upstream airfoil suction surface. For the hind wing suction surface, case
C3 shows a clearly lower C), distribution on the suction surface, which leads to a higher lift and drag production
for the downstream airfoil.

In summary, the downstream airfoil angle of attack ao has a large effect on the tandem wing system aerodynamic
performance. The optimum «s is 10° for the aerodynamic efficiency and is 12.5° for the productivity efficiency.
The optimum downstream airfoil vertical location Y is -0.1c for both aerodynamic and productivity efficiencies.

4.2 Effect of Wing-Wing Interaction

In this section, the effect of wing-wing interaction is investigated by comparing the optimum aerodynamic
efficiency case B3 to two single wing cases S1 and S2. The case parameters and results are listed in Table 2. The
airfoil in case S1 has the same angle of attack as the upstream airfoil of case B3, and the airfoil in case S2 has
the same angle of attack as the downstream airfoil of case B3. The flow conditions and CFJ configuartions of the
single wing cases are the same as case B3.

As shown in Table 2, the lift production of both wings of case B3 show much greater C', comparing to the single
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wing cases. The lift augmentation is 23.6% for the upstream airfoil and is 10.24% for the downstream airfoil. The
total 2D profile drag of case B3 decreases 94.5% comparing to that of the single wing cases, which leads to the
propeller power coefficient Ppc reduces by 17.35%. In addition, the CFJ power coefficient Po also decreases for
both upstream and downstream airfoils by 18.08% and 65.61%, respectively. The aerodynamic efficiency of case

B3 is increased by 59.8% and the productivity efficiency is almost doubled (96.9%).

Table 2: Case parameters and aerodynamic performance of case B3 and single wing cases S1 and S2.
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Case Airfoils a | Mg |C, | Cr Cr, Cp P. Ppc | CL/Cpw | C7/Cpw
Upstream 5° 1.73 | -0.102 | 0.00852
B3 Downstream | 10° 0.15 | 0.03 0.16 1.56 0.104 0.00932 0.162 18.25 60.02
S1 Single wing | 5° ’ ’ 0.08 | 1.40 | -0.00458 | 0.0104 0.196 11.49 30.48
S2 | Single wing | 10° 0.08 | 1.27 | 0.0407 | 0.0271 | = ‘ ‘

Mach : =

0 005l 5-0.2. 10.25

Mach l : - :
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Figure 9: Mach contours and streamlines of (a) upstream airfoil of case B3, (b) upstream single airfoil only case
S1, (c) downstream airfoil of case B3, and (d) downstream single airfoil only case S2.

Fig. 9 shows the Mach contours and streamlines of case B3 and the two single wing cases. As shown in Fig. 9
(a) and (b), the high velocity region above the suction surface of the upstream airfoil of case B3 is larger than the
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single upstream airfoil only case. This effect appears to be benefited from the ”pulling” effect of the downstream
propeller, which accelerates the flow of the upstream airfoil. Due to a higher lift loading, the upstream airfoil
shows a slightly larger low momentum region at the trailing edge than the single airfoil since they both have the
same CFJ momentum coefficient of 0.03 and AoA. For the downstream airfoil, large separation can be observed
near the trailing edge of the downstream single airfoil only case (Fig. 9 d) since the airfoil is at a high AoA of 10°.
However, the flow is nicely attached to the downstream airfoil surface of the tandem wing system case B3. This
appears to be benefited by the ”pushing” effect of the upstream propeller that accelerates and energizes the flow
to the downstream airfoil. In other words, the propellers may help each other in a tandem wing system if they
are positioned properly. For the Case B3, the two wings are only one chord apart in the streamwise direction and
0.1 Chord apart vertically. This may have similar effect of dragonfly’s tandem wing, but is overall a very close
distance for an aircraft tandem wing system. Its feasibility for aircraft needs to be further studied, in particular
for 3D wing with tip vortices effect.
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Figure 10: Cp contours of (a) upstream airfoil of case B3, (b) upstream single airfoil only case S1, (c)
downstream airfoil of case B3, and (d) downstream single airfoil only case S2.

Fig. 10 shows the Cp contours of the case B3 and single wing cases. Both the upstream and downstream
airfoil of case B3 show a larger low pressure region above the suction surfaces comparing to the upstream and
downstream single airfoil only cases.
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The pressure coefficient distributions on the propeller-CFJ airfoil surfaces for case B3 and single wing cases are
shown in Fig. 11. For the front airfoil, the suction surface Cp is lower for both upstream and downstream airfoils
of case B3, while the pressure surface Cp is larger. It leads to a greater surface pressure difference for the tandem
propeller-CFJ system with a higher lift coefficient. The Cp distribution of the front wing in Fig. 11 indicates
that the airfoil experiences a higher actual AoA than the single airfoil case even though they both are positioned
with the same angle of attack of 5°. It thus has more circulation and higher lift. This effect can be attributed to
the downstream airfoil positioned at a high AoA of 10° that generates some upwash effect to the airfoil one chord
upstream.
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Figure 11: Cp distributions on the airfoil surface of case B3 and single wing cases S1 and S2.

5 Conclusion

The aerodynamic performance of a tandem propeller-CFJ airfoil system is numerically studied in cruise con-
diction. The results show that the downstream airfoil angle of attack as has significant effect on the system
aerodynamic performance. The optimal tandem airfoil interaction benefit observed in this paper appears to be
attributed the proximity of the two airfoils, which are only one chord away horizontally with the rear airfoil 0.1
chord below the front one. The optimum «s is 10° for aerodynamic efficiency and is 12.5° for productivity effi-
ciency. Compared with the single airfoil, the wing-wing interaction shows a benefit in the tandem propeller-CFJ
airfoil system due to the energized flow by the propellers. The front propeller has a “pushing” effect accelerating
the flow to the downstream airfoil. The downstream propeller has a “pulling” effect to accelerate the upstream
flow. The downstream airfoil with higher angle of attack also induces an upwash and a higher circulation to the
upstream airfoil. This study may provide some guidance on the propeller interaction of a tandem wing system.
However, it does not include the important effect of the tip vortices and downwash of a 3D tandem wing system.
The interaction effect with a farther distance between the two wings also need to be studied.
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