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Nomenclature
A Propeller disk area
AR Wing aspect ratio

AoA Angle of attack
CFJ Co-flow jet

C Profile chord

Cr Lift coefficient L/(goo S)

Cp Drag coefficient D/(qoo S)

Cnm Pitching moment coefficient M, /4/(go0 Sc)
C Jet momentum coef. 7 U;/(¢oo S)

7
(CL/Cp).CFJ airfoil corrected aerodynamic efficiency Cr,/(Cp + P.)
(C%/Cp).CFJ airfoil corrected productivity efficiency C%/(Cp + P.)

D Drag
DS Deflected Slipstream
DL Disk loading, thrust of the actuator disk/actuator disk area
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This paper reports a design and testing research work to demonstrate the performance of a
Deflected Slipstream (DS) airfoil for VT'OL hover, which is enabled by CoFlow Jet (CFJ) active
flow control. A CFJ-NACA-6421 airfoil with a chord of 65 cm is designed and tested. The flap has
66.74%C with 4 Schubeler EDF DS-30-AXTI (69 mm) fans used as CFJ actuators. The aerodynamic
design includes the flapped CFJ airfoil with optimized injection and suction location and size, internal
ducts, and matching the micro-fans as the CFJ actuator. The test was conducted using a frame to
hold the airfoil section in outdoor environment to mimic static hover condition. The testing includes
measuring lift and drag, which are used to calculate the flow deflection angle. Flow visualization
with smoke and tufts were used to observe the slipstream deflection. The airfoil setup has the flap
deflected upward to avoid ground effect. The deflected slipstream enabled by CoFlow Jet is proven
to be very effective by both the force measurement and flow visualization. The slipstream deflection
angle 0 is always greater than the flap deflection angle 5. For as low as a flap deflection angle of
78°, the slipstream can be deflected to 90° - 120°. A deflection angle of more than 90° will generate
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DL, Disk loading coeflicient
FMps  Figure of Merit for the DS system

L Lift

LE Leading Edge

M Mach number

Piot Total power of the DS-CFJ system

P, CFJ power coefficient P/(geo S Voo)

Pp Propeller actuator power coefficient @, / 21;—2
PL Power loading, power/lift

PL, Power loading coefficient

AP Pressure percentage increase across the propeller actuator disk
D Static pressure

q Dynamic pressure 0.5 p U?

R Propeller disk radius

S Wing planform area

T Thrust

TE Trailing Edge

U Flow velocity

Jet conditions

Flap deflection angle, deg

Resultant force angle of the DS-CFJ system about horizontal
Resultant force angle variation range

Air density

Mass flow

Total pressure ratio of the CFJ injection to suction
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1 Introduction

Vertical takeoff and landing aircraft is an important area of aviation for their special features of
independence from runways. The current development of urban air mobility enhances the demands
of advanced VTOL technologies. Electric vertical takeoff/landing (eVTOL) [1] fixed wing aircraft are
playing a critical role in the transformation of urban transportation and eCommerce goods shipment.
The current first generation (1G) eVTOL technology is based on conventional rotorcraft aerodynamic
principles with vertical propellers facing upward for hover, including tiltrotors (e.g. V-280, V-22, Joby),
tiltwings (e.g. Hiller X-18, Airbus Vahanal8), and lift-plus-cruise (e.g. SB-1, Wisk). The 1G eVTOL
does have a significant advantage over conventional rotorcraft by using distributed propulsors of multiple
small propellers, which benefit noise mitigation, increase efficiency, and enable higher cruise speed using
fixed wing configurations.

Conventional rotorcraft technology uses vertical propellers to lift up vehicles by exhausting flow
downward (downwash), which has high hover efficiency. However, if the air vehicle requires a forward
flight mission, a vertical propeller would have the disadvantage of low cruise efficiency. In general,
rotorcraft have the following three limitations: 1) High complexity: A tiltrotor or tiltwing must be used
to rotate the propellers to face forward direction. Such a system needs a complex mechanical system
with high weight penalty. A complex system may be more prone to reliability issues. Transition between
hover and cruise could also pose a challenge as it must ensure sufficient lift and trim when the full cruise
speed is not yet achieved (takeoff) or is aborted (landing). 2) Noise: The noise level at cruise could
be controlled by reduced disk loading and rotor tip speed. However, the broadband noise generated at
hover due to flow separation caused by the rotor downwash-wing interaction and its turbulent wakes
is significant and difficult to avoid. 3) Range: A rotorcraft based VTOL vehicle in general has low
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mission efficiency that affects the range. This is due to their weight and drag penalty associated with
some major components only used for hover instead of the entire flight envelop, such as the lift-plus
propellers/struts and the heavy rotor or wing tilting system.

The motivation of this paper is to demonstrate an effective deflected slipstream technology enabled
by CoFlow Jet active flow control, which has the potential to improve VTOL aircraft mission efficiency
and mitigate hover noise by avoiding using conventional vertical rotor lifting principle.

1.1 Deflected Slipstream VTOL

The Deflected Slipstream (DS) concept pioneered by Kuhn and Draper in NACA in the late 1950’s
[2-4] generates hover lift by deflecting the slipstream from the propeller downward using a deflected
flap. Once airborne, the flap is retracted for high-speed cruise. Fig. 1 illustrates the concept of Kuhn
and Draper [3]. An effective DS wing system would not need to use tiltwings, tiltrotors or lift-plus
configurations to simplify the system.

The deflected slipstream concept can be explained by a control volume analysis based on the sketch
in Fig. 2, which illustrates a running propeller and a flapped airfoil immersed in a static field enclosed
by a rectangle control volume with two horizontal boundaries and two vertical boundaries. The far
field boundaries are far enough that the velocity is zero except at the lower boundary, which has a
slipstream deflected by the flap exciting the boundary at an averaged velocity Vpg and flow angle
B about the horizontal. Applying fluid mechanics momentum equation on the control volume with a
simply connected domain surrounding the airfoil will give,

P //S(pV LdS)V = —iVps (1)

where F is the resultant force acting on the airfoil, p and V are the flow density and velocity on
the control volume boundaries respectively, and 7 is the mass flow of the slipstream crossing the lower
boundary. Eq. (1) means that the resultant force acting on the airfoil is in the opposite direction of the
deflected slipstream velocity Vpg. If 8 # 90°, the airfoil has a lift and thrust (or drag) component. If 3
is 90°, the resultant force F becomes all lift. This is how the DS system generates the lift without tilting
the rotor, but by deflecting the flap. Eq. (1) indicates that increasing the deflected slipstream mass
flow and velocity will increase the resultant force. For vertical takeoff and landing hover maneuver, it
is desirable to have § = 90°, but a range such as 8 = 90° + df with df < 10° may also function with
typical surrounding environment. For cruise, the propeller generates thrust with § = 0°. The variation
between lift and thrust for a DS system is controlled by varying the deflection angle of the flaps.

V=0 m/s
P=Poa
P=P= 1\ B
V=Vos
Figure 1: VTOL based on a deflected slip- Figure 2: Control volume analysis of a de-
stream system [3]. flected slipstream system.

The deflected slipstream principle seems simple and clear, but turning the horizontal slipstream from
the propeller vertically downward is very challenging because flow suffers severe separation when the flap
angle is large. A double-plain flap system tested by Kuhn and Draper [2] was able to deflect the flow by
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45°. A double-slotted flap [3] increased the deflection to 63°. Such a flow deflection is not sufficient for
hover, in particular with the ground effect. The efforts using DS for VTOL were abandoned in 1960’s.
Antcliff et al at NASA [1] recently revisited the DS concept and suggested using CoFlow Jet (CFJ) active
flow control (AFC) to enhance the flow turning. They envision that it “could provide benefits in cruise
efficiency, weight, noise, reliability, and maintainability, and offer safer transition characteristics” [1].

It is appealing if the CoFlow Jet AFC can achieve the following three features: 1) turn the slipstream
90° with fully attached flow; 2) have low energy expenditure that a DS-CFJ achieves a similar hover
efficiency to a vertical rotor; 3) increase the cruise efficiency. The third feature is addressed in [5-10] for
regular CFJ airfoils with the injection slot closer to the airfoil leading edge. The second feature needs
more accurate measurement with a well designed system. It will be left as a future work. Zha studied
it conceptually in a 2D simulation and shows it is promising. This paper is to focus on addressing the
feasibility of the first feature. Such a DS VTOL system would have all the major components used in
entire flight envelop including hover, climb, cruise, and extreme maneuver, instead of being only used
at one point of the flight envelop. It would reduce weight and enable a high mission efficiency. It would
also avoid the hover downwash interaction with the aircraft wings and fuselage to mitigate the broad
band noise caused by flow separation and large turbulent wakes. The transition between hover and
cruise can be made smoother and simplified since the major propulsors are fixed in the forward flight
direction. Retracting flaps is a mature technology that is already widely used in aircraft, in particular
if the flaps can adopt a simple configuration such as single plain flaps.

1.2 CoFlow Jet (CFJ) Active Flow Control

CFJ is a zero-net-mass-flux (ZNMF') active flow control technique recently developed by Zha and his
team [6,7,11-24]. As illustrated in Fig. 3, a small amount of mass flow is drawn into the airfoil near
the trailing edge, pressurized and energized by a micro-compressor system inside the airfoil, and then
injected near the leading edge in the direction tangent to the main flow. CFJ achieves ultra-high lift
coefficient exceeding the theoretical limit [6], thrust generation, and very high stall angle of attack (e.g.,
70°) with low energy expenditure.

injection i
suction

-,

. 0.3-0.5Q Super Lift Runs 41-47 120-145 kRPM

—8— 145 kRPM 0.5Q

—a&~ 120 kRPM 0.3Q
=+%:+:120 kRPM 0.3Q
—e— 120 kRPM 0.3Q
—+— 145 kRPM 0.5Q
=& Baseline

Baseline

4 \ %D 0.5 1
Figure 3: CFJ airfoil con- Figure 4: Photo of the wind Figure 5: Measured drag polar
cept and micro-compressor em- tunnel tested airfoil with 5 com- of the CFJ and baseline airfoil
bedded. pressors embedded. [25].

Fig. 4 is the photo of the CFJ-NACA6421 airfoil recently tested in wind tunnel with 5 compressors
embedded inside the airfoil along the span [25]. The Cf,,.. of 8.6 is achieved as shown in the drag polar
in Fig. 5, which is far greater than the theoretical limit of Cp,,,,=7.6 for this airfoil. Fig. 5 also shows
that the CFJ airfoil generates very high thrust up to Cp = —1.0. The operating range of CFJ airfoil
without stall is dramatically increased. The CFJ airfoil has very low energy expenditure, which is the
unique feature enabling CFJ wing to enhance productivity efficiency at cruise even when the flow is at
its most favorable condition at low angle of attack [5,8-10].

Xu et al [23,26] analyze the mechanism of coflow wall jet and indicate that it is most efficient and
effective to apply CFJ in adverse pressure gradient (APG) region, which would have the injection placed
at the location of separation onset and the entire CFJ immersed in the APG area. Xu and Zha [24] apply
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CFJ on an aircraft control surface flap and find that it is much more efficient and effective than applying
the CFJ in the front part due to being immersed in the APG region. McBreen et al. [27] demonstrate
numerically that the CFJ is able to overcome an adverse pressure gradient 3 orders of magnitude higher
than the baseline configuration that has no flow control. Xu and Zha [24] conduct exergy analysis, which
shows that the energy consumed by CFJ active flow control (AFC) is fully absorbed by the controlled
flow as system exergy gain due to the ZNMF. The CFJ AFC is able to benefit the system efficiency
attributed to the exergy benefit and improved flow performance (e.g. flow separation removal).

The purpose of this paper is to numerically demonstrate that the CoFlow Jet is feasible to deflect
the slipstream of a propeller by an airfoil with a simple plain flap at low energy expenditure. This will
lay a foundation for further development of the DS-CFJ technology.

1.3 Navier-Stokes Equations Solver

The in-house high order CFD code Flow-Acoustics-Structure Interaction Package (FASIP) is used
to solve the 2D unsteady-Reynolds averaged Navier-Stokes equations. A 3rd order WENO scheme
for the inviscid flux [28-31] and a 4th order central differencing for the viscous terms [29, 30] are
employed to discretize the Navier-Stokes equations. The low diffusion E-CUSP scheme suggested by
Zha et al. [31] based on the Zha-Bilgen flux vector splitting [28] is utilized with the WENO scheme to
evaluate the inviscid fluxes. All the simulations in this study are conducted as unsteady time accurate
simulations. The second order time-accurate implicit time marching method with pseudo time and
Gauss-Seidel line relaxation is used to achieve a fast convergence rate [32,33]|. Parallel computing is
implemented to save wall clock simulation time [34]. The FASIP code is intensively validated for CFJ
simulations [6,11,13,14,18,20, 22,23, 34, 35|, including the deflected slipstream with CoFlow Jet [36].

2 Results

2.1 The Design

The CFJ-NACA-6421 airfoil configuration, as illustrated in Fig. 6, features a chord length of 65 cm
and was designed and tested with a flap length constituting 66.7% of the chord. The flap incorporates
four Schubeler EDF DS-30-AXI (69 mm) fans embedded within it, serving as CFJ actuators. The flap
deflection angle, denoted as (3, is a critical parameter. At the initial hover position, aimed at redirecting
the slipstream by 90°, the flap deflection angle is configured to be 78° based on CFD analysis. In the
cruise configuration with the flap fully retracted, g is 0°. The flap is capable of rotating about its axis
to adjust the deflection angle from 0° to 83° in this experimental setup. The propeller, with a diameter
of 85.9 cm, is positioned 34.9 cm upstream of the airfoil. The black dashed line represents the initial
propeller position, while the blue line indicates an alternative position tested, which is displaced upward
by 1/2 of the propeller radius.

Fig. 7 shows the Mach contours with streamlines in the mid-plane of the 3D CFD simulation of the
final design. The CFD result shows that the slipstream after the propeller is turned by the CFJ flap
90° downward with a flap deflection angle of 78°. Fig. 8 shows the 3D streamlines with swirl from the
fan outlet in the injection duct with a centerbody to guide the flow. The inject duct cross section is
changed from a circular duct to a rectangle duct to merge with the CFJ flap injection.

2.2 The Testing

The testing seeks the proof of the flow turning capability of the deflected slipstream enabled by CFJ.
As shown in Fig. 9 and 10, the testing rig was built by two plexiglass walls on the two sides to form a
channel with some infinite wingspan effect. The lower and upper sides are open to the air. The testing
was done in the outdoor environment to mimic VI'OL. Fig. 10 also shows the inner structure of the
micro-fan and ducts layout.

Fig. 11 shows the hardware system tested outdoor in Hampton, Virginia, to mimic static VT OL hover
condition with no freestream. Since the camera was not able to capture the fast rotating propeller blades,
the propeller is invisible in the photo but is indicated by a red arrow. Fig. 11 has the CFJ turned
off and the flap is deflected by 68°. Without the CFJ, the slipstream from the propeller is not able to
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85.9 cm

Figure 7: Computed mid-plane Mach contours of Figure 8: Computed 3D injection duct with
the 3D DS-CFJ airfoil with CFJ ducts. streamlines.

turn and the flow goes straight downstream as shown by the smoke in Fig. 11. There is a large flow
separation zone behind the flap that is not visible.

Fig. 12 shows the flow visualization with the flap deflected by 78° and the CFJ is turned on in the
flap, which has 4 micro-fan actuator embedded inside. A propeller is illustrated in the front to show its
position. The slipstream from the propeller is fully attached and is deflected 90° upward as shown by
the smoke with red arrows showing flow direction, consistent with the measured lift and drag and the
CFD simulation. Fig. 13 is the flow visualization with tufts for the same conditions of Fig. 12. Again,
it shows that flow is very well attached with the flap deflected by 78°. Fig. 14 shows the tufts dropped
down when the jet is turned off at the same propeller conditions as that in Fig. 11. When there CFJ
is turned off, the 78° deflected flap almost acts like a vertical wall.
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Figure 9: Testing rig for the deflected slipstream Figure 10: Inner structure of the micro-fan and
enabled by CFJ. ducts layout.

Figure 11: Slipstream going straight downstream with Figure 12: Smoke showing deflected 90° by
CFJ off. CFJ flap at 78° during testing.

Figure 13: Tufts showing slipstream deflected 90° Figure 14: Tufts drop down when the jet is turned
by CFJ flap at 78° during testing. off-

Fig. 15 presents the quantitative measurements of lift, thrust, and resultant force angle at a flap
deflection angle of 78°. The first column displays results with the propeller in its original position with
the propeller center aligned with the airfoil leading edge, while the second column shows results with
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the propeller moved up by 1/2 of the propeller radius. The first, second, and third rows correspond
to the measurements of lift, thrust, and resultant force angles, respectively. These measurements were
taken across a range of propeller power settings from 20% to 100%, and CFJ fan actuator power settings
from 0% to 100%. A CFJ fan actuator power setting of 0% indicates that the CFJ system is turned off.
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Figure 15: Quantitative measurements of lift, thrust, and resultant force angle at a flap deflection angle
of 78°, with varying propeller and CFJ fan actuator power settings.

Fig. 15 (e) and (f) indicate that when the CFJ is deactivated, the flow turning is minimal, with
the slipstream deflection angle ranging between 10° and 30°. This limited deflection is due to massive
flow separation behind the flap, causing the slipstream to move predominantly straight downstream,
as depicted in Fig. 11. When the CFJ fan power is activated at 20%, the flow deflection increases
significantly, reaching up to 120° at a propeller power of 20%. As the CFJ power is further increased
to 100%, the slipstream deflection angle fluctuates between 90° and 120°. At a propeller power of 40%,
the flow turns 90° when the CFJ power is at 80% or higher. The use of off-the-shelf micro-fans results
in a power mismatch with the propeller, whereby the micro-fans’ power is insufficient to match and turn
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the flow when the propeller power is too high. Nevertheless, at lower propeller power settings, the tests
demonstrate that the flapped CFJ airfoil is capable of achieving flow deflection angles of 90° or greater.
When the deflection angle exceeds 90°, the airfoil experiences a backward force. This experimental
investigation confirms the high effectiveness of the deflected slipstream technique enabled by CFJ in
controlling the flow.

For the case with the propeller moved up by 1/2 of the propeller radius (Fig. 15 (b), (d), (f)),
the force angles exhibit similar behavior when the propeller strength is at 20%. However, at higher
propeller strengths, the CFJ strength becomes more sensitive compared to the original position case.
This heightened sensitivity results in a more pronounced distinction between separated and attached
flow regimes, thereby enhancing the effectiveness of flow control.
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Figure 16: Quantitative measurements of lift, thrust, and resultant force angle at a flap deflection angle
of 58°, with varying propeller and CFJ fan actuator power settings.

Fig. 16 presents the quantitative measurements of lift, thrust, and resultant force angle at a flap
deflection angle of 58°. For this case, the case with the propeller moved up (Fig. 16 (b), (d), (f)) show
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much greater turning angle (force) compared to the original position with the propeller centered to the
airfoil. When the flow is nicely attached, the results indicate larger lift, smaller thrust, and larger force
angles compared to the original propeller position case. Moving the propeller up can enhance the wake
turning and improve the efficiency of the DS-CFJ system by facilitating better flow attachment and
increasing the effectiveness of flow control.

2.3 Future Improvement

The testing seeks the initial proof of the concept for deflected slipstream enabled by CoFLow Jet.
However, the CFJ is not not effectively implemented and it is difficult to have accurate assessment of
the CFJ performance efficiency for several reasons: 1) Due to the limitation of a low budget, the 3D
printed CFJ airfoil and its ducts had a leak of the CFJ air in the testing; 2) The CFJ fans selected
are off-the-shelf products and the pressure ratio is about 1.04, which is too low to match the high
strength of the slipstream when the propeller is at full power considering the pressure loss in the suction
and injection ducts. The leak of the CFJ airfoil further weakens the CFJ effectiveness. 3) Since the
characteristics of the fan and geometry are unknown, we can not design the duct to match the fan flow
profile. In the testing, it is observed that the flow at the CFJ injection is quite non-uniform with the
injection jet much stronger on the two side walls of the slot outlet and weak in the middle of the slot.
It can be due to the swirl effect of the fan outlet flow and also can be caused by the 3D printed ducts
deformation.

However, even though these effects weakened the CFJ effectiveness, the testing still demonstrates the
effectiveness of the turning of the DS enabled by CFJ. These weaknesses actually provide a lot of room
for future improvement.

3  Summary

This study presents the design and testing of a Deflected Slipstream (DS) airfoil, enabled by CoFlow
Jet (CFJ) active flow control. The focus is on VTOL hover applications. Through numerical simu-
lations and experimental tests, we demonstrated the ability of the CFJ-NACA-6421 airfoil to achieve
significant flow deflection and improved aerodynamic performance. The results showed that the use
of CFJ actuators effectively enhances the flow attachment and increases the deflection angles beyond
the flap deflection angles, thereby proving the high effectiveness of the DS-CFJ system. The analysis
covered various configurations, including different propeller positions and flap angles, highlighting the
impact on lift, thrust, and resultant force angles. The findings indicate that adjusting the propeller
position can enhance wake turning and overall system efficiency. These insights provide a foundation
for further optimization and potential application of the DS-CFJ technology in future VTOL aircraft
designs.
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