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Abstract

This paper conducts a feasibility study of deflected slipstream (DS) airfoil enabled by coflow
jet (CFJ) active flow control for VTOL hover based on 2D numerical simulation. Such a DS-CFJ
system can potentially provide a fully electric powered Advanced Air Mobility (AAM) platform
with distributed propulsors and CFJ actuators. It would have the advantages to eliminate tilting
wings, tilting rotors, and separate lift-plus-cruise propulsors, and has the potential to improve cruise
efficiency, smooth transition, safety, weight reduction, noise mitigation, reliability, maintainability,
and passenger acceptance.

The in house high order FASIP CFD code is employed with one equation Spalart-Allmaras tur-
bulence model. The baseline DS airfoil is the double slotted configuration designed by Kuhn and
Draper in NACA based on NACA 0015 airfoil. The CFD simulation is validated with the test data
of the baseline DS airfoils with several deflection angles. Good agreement with the experiment is
obtained for the 2D simulation. The DS-CFJ airfoil is created based on the baseline airfoil. For a
single plain flap configuration with a 60% flap chord and 85◦ deflection angle, applying CFJ on the
flap can turn the horizontal slipstream form the propeller vertically downward with fully attached
flow. The best performance is to place the propeller a little upward with the airfoil leading edge
aligned with the lower 1/4 diameter position of the propeller, named as Case D242 in this paper.
The 2D D242 configuration achieves a 90◦ flow turning and about the same hover efficiency as a
vertical rotor facing upward. It obtains 99.3% of the Figure of Merit for DS-CFJ, FMDS . FMDS is
defined to compare the total power required of a DS-CFJ system, which includes the CFJ viscous loss
and energy consumption, with the power of a vertical rotor disk facing upward for the same amount
of total lift. The high efficiency is attributed to the favorable position of the propeller mounted
1/4R upward, the low energy expenditure of CFJ, and the system benefit that absorbs the energy
expenditure of CFJ as the system exergy gain. The total lift of D242 is 5.7% higher than the full
propeller thrust due to the enhanced momentum of the deflected slipstream by the CFJ. The CFJ
power consumption is about 8.7% of the total power. Attributed to the lift contribution of CFJ, the
reduced propeller lift and power required would reduce its disk loading and power loading, resulting
in potentially increased propeller efficiency and reduced noise. A slotted flap has a lower efficiency
than the plain flap. The configuration with the propeller center aligned with the airfoil leading edge,
Case D245, also decreases the efficiency to 92.6%. All the injection Mach number is no greater than
0.27 and can be further reduced with optimization. Thus the jet noise is not expected to be a serious
concern with the jet Mach number below the noise limit of 0.3 - 0.5. Since a DS-CFJ system avoids
the separated flow and large turbulent wakes caused by vertical rotor downwash interaction with the
airframe, the broadband noise is expected to be lower.

This paper shows that a 2D deflected slipstream enabled by coflow jet active flow control appears
to be feasible to achieve a similar hover efficiency to the conventional vertical rotor with the same
size and total lift. The performance penalty due to 3D effect needs to be further studied. This study
lays a foundation for further 3D study and experimental verification in the next step.

Nomenclature

A Propeller disk area

∗ Ph.D., President, AIAA Associate Fellow, Professor, U. of Miami
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AR Wing aspect ratio
AoA Angle of attack
CFJ Co-flow jet
C Profile chord
CL Lift coefficient L/(q∞ S)
CD Drag coefficient D/(q∞ S)
Cm Pitching moment coefficient Mc/4/(q∞ Sc)

Cµ Jet momentum coef. ṁj Uj/(q∞ S)
(CL/CD)cCFJ airfoil corrected aerodynamic efficiency CL/(CD + Pc)
(C2

L/CD)cCFJ airfoil corrected productivity efficiency C2
L/(CD + Pc)

D Drag
DS Deflected Slipstream
DL Disk loading, thrust of the actuator disk/actuator disk area
DLc Disk loading coefficient
FMDS Figure of Merit for the DS system
L Lift
LE Leading Edge
M Mach number
Ptot Total power of the DS-CFJ system
Pc CFJ power coefficient P/(q∞ S V∞)

PP Propeller actuator power coefficient 2

ρV 3
∞
S

√

F 3

2ρA

PL Power loading, power/lift
PLc Power loading coefficient
∆P Pressure percentage increase across the propeller actuator disk
p Static pressure
q Dynamic pressure 0.5 ρU2

R Propeller disk radius
S Wing planform area
T Thrust
TE Trailing Edge
U Flow velocity

j Jet conditions
δ Flap deflection angle, deg
β Resultant force angle of the DS-CFJ system about horizontal
dβ Resultant force angle variation range
ρ Air density
ṁ Mass flow
Γ Total pressure ratio of the CFJ injection to suction
∞ Free stream conditions

1 Introduction

Vertical takeoff and landing aircraft is an important area of aviation for their special features of runway
independence. 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 Vahana18), 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
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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
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 seek an effective deflected slipstream technology that has the poten-

tial 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 VDS and flow angle
β about the horizontal. Applying fluid mechanics momentum equation on the control volume with a
simply connected domain surrounding the airfoil will give,

F =

∫∫

s
(ρV · dS)V = −ṁVDS (1)

where F is the resultant force acting on the airfoil, ρ and V are the flow density and velocity on
the control volume boundaries respectively, and ṁ 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 VDS. If β 6= 90◦, the airfoil has a lift and thrust (or drag) component. If β
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 β = 90◦, but a range such as β = 90◦ ± dβ with dβ < 10◦ may also function with
typical surrounding environment. For cruise, the propeller generates thrust with β = 0◦. The variation
between lift and thrust for a DS system is controlled by varying the deflection angle of the flaps.
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
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.
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Figure 1: VTOL based on a deflected slip-
stream system [3].

Figure 2: Control volume analysis of a de-
flected slipstream system.

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. This paper is to focus on
addressing the feasibility of the first and second 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.
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 CLmax of 8.6 is achieved as shown in the drag polar
in Fig. 5, which is far greater than the theoretical limit of CLmax=7.6 for this airfoil. Fig. 5 also shows
that the CFJ airfoil generates very high thrust up to CD = −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
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

4

D
ow

nl
oa

de
d 

by
 G

ec
he

ng
 Z

ha
 o

n 
Ju

ne
 1

3,
 2

02
3 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
02

3-
42

79
 



Figure 3: CFJ airfoil con-

cept and micro-compressor em-

bedded.

Figure 4: Photo of the wind

tunnel tested airfoil with 5 com-

pressors embedded.

Figure 5: Measured drag polar
of the CFJ and baseline airfoil
[25].

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.

2 CFJ and Hover Parameters

The following are the parameters to define the performance of the CFJ airfoil and the deflected
slipstream system. The hover simulation is at static condition with freestream velocity of 0, which
can not be used to normalize some aerodynamic parameters described below. An arbitrarily chosen
reference condition with Mach 0.04 and standard atmospheric condition is used in this study.

2.1 Lift and Drag Calculation

The momentum and pressure at the injection and suction slots produce a reactionary force that needs
to be included in CFD simulation. Zha et al. [11] give the following formulations to calculate the lift
and drag for a CFJ airfoil based on a control volume analysis.

Fxcfj
= (ṁjVj1 + pj1Aj1) ∗ cos(θ1 − α)− (ṁjVj2 + pj2Aj2) ∗ cos(θ2 + α) (2)

Fycfj = (ṁj1Vj1 + pj1Aj1) ∗ sin(θ1 − α) + (ṁj2Vj2 + pj2Aj2) ∗ sin(θ2 + α) (3)

where the subscripts 1 and 2 stand for the injection and suction respectively, and θ1 and θ2 are the
angles between the injection and suction slot’s surface and a line normal to the airfoil chord. α is the
angle of attack.
The total lift and drag on the airfoil can then be expressed as:

D = R′

x − Fxcfj
(4)

L = R′

y − Fycfj (5)

where R′

x and R′

y 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.
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2.2 Jet Momentum Coefficient

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

Cµ =
ṁVj

1
2
ρ∞V∞

2S
(6)

where ṁ is the injection mass flow, Vj is the mass-averaged injection velocity, ρ∞ and V∞ denote the
free stream reference density and velocity, and S is the planform area.

2.3 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:

PCFJ = ṁ(Ht1 −Ht2) (7)

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:

PCFJ =
ṁCpTt2

η
(Γ

γ−1
γ − 1) (8)

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

Pc =
PCFJ

1
2
ρ∞V 3

∞
S

(9)

In order to compare the efficiency of a CFJ airfoil with that of a conventional airfoil, a corrected
aerodynamic efficiency (L/D)c is introduced, which takes into consideration of the power needed for
the CFJ [18] as the following:

(
CL

CD
)c =

L

D + P
V∞

=
CL

CD + PC
(10)

where V∞ is the free stream velocity, P is the CFJ pumping power, L and D are the lift and drag
generated by the CFJ airfoil, and CL, CD and PC are the coefficient of lift, drag and CFJ pumping
power. The (L/D)c incorporates the CFJ power consumed into the drag of the airfoil.

2.4 Disk Loading and Power Loading

For rotorcraft aerodynamics, the ideal power coefficient for the propeller based actuator disk momen-
tum theory at static condition is:

Pp =
2

ρ∞V 3
∞
S

√

L3

2ρA
(11)

where A is the actuator disk area; L is the total force produced by the propeller actuator normal
to the propeller disk. L would be the lift for a vertical rotor or thrust for a horizontal rotor. The
same reference parameters for the airframe aerodynamic parameters are used to normalize the rotor
parameters to be consistent.
Disk loading and power loading are used to describe rotorcraft VTOL performance. The disk loading

(DL) is defined as

DL = L/A (12)
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The disk loading is closely related to the noise produced by a rotor. A higher disk loading will in
general generate louder noise. The power loading (PL) for a propeller disk at static hovering condition
is defined as

PL = P/L (13)

where P is the propeller power used to generate the lift L. The power loading indicates the power
required per unit lift for rotorcraft. The disk loading and power loading coefficients are defined as
follows:

DLc =
DL

1
2
ρV 2

∞

=
CL

Ac
(14)

where CL = L/(0.5ρV 2S), Ac = A/S, A is the disk area and S is the wing planform area.

PLc =
PL

V∞

=
Pp

CL
(15)

The actuator DL and PL has the following relations in hover static condition:

PL =

√

DL
1

2ρ
(16)

PLc =

√
DLc

2
(17)

2.5 Figure of Merit for DS-CFJ Hover

To compare the efficiency of the DS-CFJ hover system with a vertical rotor with the same total lift
and disk size, we adopt a parameter FMDS similar to the figure of merit (FM) of rotorcraft below:

FMDS =
Pp

PDS−CFJ
=

Pp

Pprop + Pc
(18)

where Pp is the ideal power coefficient required by a vertical rotor disk that generates the same lift
of the DS-CFJ system with the same rotor disk size based on Eq. (11). The total power required by
the DS-CFJ system PDS−CFJ is the summation of the propeller power Pprop and the CFJ power Pc.
To isolate the CFJ effect in the parameter FMDS , the propeller power Pprop of the DS-CFJ system is

also calculated based on the disk theory formulation Eq. (11), which uses the disk loading determined
by the pressure rise imposed on the disk as the boundary condition. The CFJ power required Pc is
determined by Eq. (8) and (9). The power coefficient Pc studied in this paper includes all the viscous
effect of the DS-CFJ system governed by Reynolds averaged Navier-Stokes (RANS) equations, but the
CFJ actuator efficiency in Eq. 8 is set to be 100% to consider only the power required to achieve the
AFC performance. Currently, the efficiency of a micro-compressor with the diameter of 64 mm we
have designed is slightly more than 84% [28]. In an integrated system with a CFJ airfoil and a micro-
compressor actuator, the micro-compressor efficiency is dropped to 76%-80% [29, 30]. Such efficiency
range is similar to the typical figure of merit of vertical rotors. With more design optimization, a higher
micro-compressor efficiency is achievable. If FMDS is 1, it means that the DS-CFJ system has the same
hover efficiency to a vertical rotor with the same total lift and disk size.

3 Numerical Approaches

3.1 Governing Equations

The governing equations for the CFD simulation are the unsteady Reynolds averaged Navier-Stokes
equations (URANS) with one equation Spalart-Allmaras turbulence model [31], which are solved in a
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fully coupled manner using an implicit unfactored Gauss-Seidel line iteration to achieve a high conver-
gence rate. In generalized coordinate system, the conservative form of the equations are given as the
following:

∂Q

∂t
+

∂E

∂ξ
+

∂F

∂η
+

∂G

∂ζ
=

1

Re

(

∂R

∂ξ
+

∂S

∂η
+

∂T

∂ζ
+D

)

, (19)

where,

Q =
1

J

















ρ
ρu
ρv
ρw
ρe
ρν̃

















, (20)

E =

















ρU
ρuU + lxp
ρvU + lyp
ρwU + lzp

(ρe+ p)U − ltp
ρν̃U

















, F =

















ρV
ρuV +mxp
ρvV +myp
ρwV +mzp

(ρe+ p)V −mtp
ρν̃V

















, (21)

G =

















ρW
ρuW + nxp
ρvW + nyp
ρwW + nzp

(ρe+ p)W − ntp
ρν̃W

















, R =

















0
lkτxk
lkτyk
lkτzk
lkβk

ρ
σ (ν + ν̃) (l • ∇ν̃)

















, (22)

S =

















0
mkτxk
mkτyk
mkτzk
mkβk

ρ
σ (ν + ν̃) (m • ∇ν̃)

















, T =

















0
nkτxk
nkτyk
nkτzk
nkβk

ρ
σ (ν + ν̃) (n • ∇ν̃)

















, (23)

D =
1

J

















0
0
0
0
0
Sν

















, (24)

where

βk = uiτki − qk, (25)

Sν = ρCb1 (1− ft2) S̃ν̃ + 1
Re

[

−ρ
(

Cw1fw − Cb1
κ2 ft2

)

(

ν̃
d

)2

+ ρ
σCb2 (∇ν̃)2 − 1

σ (ν + ν̃)∇ν̃ • ∇ρ
]

+Re
[

ρft1 (∆U)2
]

.
(26)

In the equations above, U , V and W are the contravariant velocities in ξ, η and ζ directions.

U = lt + l •V = lt + lxu+ lyv + lzw,
V = mt +m •V = mt +mxu+myv +mzw,
W = nt + n •V = nt + nxu+ nyv + nzw,

(27)
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where V = (u, v, w) is the velocity vector, l, m, n are the normal vectors on ξ, η, ζ surfaces with their
magnitudes equal to the elemental surface area and pointing to the directions of increasing ξ, η, ζ.

l =
∇ξ

J
dηdζ, m =

∇η

J
dξdζ, n =

∇ζ

J
dξdη. (28)

lt, mt, nt stand for the grid moving velocities and are defined as

lt =
ξt
J
dηdζ, mt =

ηt
J
dξdζ, nt =

ζt
J
dξdη. (29)

When the grid is stationary, lt = mt = zt = 0.
Since ∆ξ = ∆η = ∆ζ = 1 are used in the current discretization, Eqs.(28) and (29) are written as the

following in the solver,

l =
∇ξ

J
, m =

∇η

J
, n =

∇ζ

J
, (30)

lt =
ξt
J
, mt =

ηt
J
, nt =

ζt
J
. (31)

The shear-stress τik and total heat flux qk in Cartesian Coordinate can be expressed as

τik = (µ+ µt)

[(

∂ui
∂xk

+
∂uk
∂xi

)

− 2

3
δik

∂uj
∂xj

]

, (32)

qk = −
(

µ

Pr
+

µt

Prt

)

∂T

∂xk
, (33)

where, Pr is the Prandtl number, Prt is the turbulent Prandtl number, µ is the molecular viscosity
determined by Sutherland law and µt is the turbulent viscosity determined by the S-A model [31]

µt = ρν̃fv1. (34)

The kinematic viscosity ν is defined as

ν =
µ

ρ
. (35)

In Eqs.(22), (23), (25), (32) and (33), the repeated subscripts i or k represent the coordinates x,
y and z following Einstein summation convention. Eqs.(32) and (33) are transformed to generalized
coordinate system in computation.
The sixth equation of the governing equations (19)-(24) is the S-A one equation turbulence model [31].

The functions in the equation are given as

fv1 =
χ3

χ3+C3
ν1
, χ = ν̃

ν ,

S̃ = S + ν̃
Reκ2d2

fv2, fv2 = 1− χ
1+χfv1

,

fw = g
[

1+C6
w3

g6+C6
w3

]
1
6
, g = r + Cw2

(

r6 − r
)

, r = ν̃
ReS̃κ2d2

,

ft1 = Ct1gtexp
[

−Ct2
ω2
t

∆U2

(

d2 + g2t d
2
t

)

]

, gt = min
(

0.1, ∆U
ωt∆xt

)

,

ft2 = Ct3exp
(

−Ct4χ
2
)

,

(36)

where, S =

√

(

∂w
∂y − ∂v

∂z

)2

+
(

∂u
∂z − ∂w

∂x

)2
+
(

∂v
∂x − ∂u

∂y

)2

is the magnitude of vorticity, which is also trans-

formed to generalized coordinate system, ωt is the wall vorticity at the wall boundary layer trip location,
d is the distance to the closest wall. dt is the distance of the field point to the trip location, ∆U is the
difference of the velocities between the field point and the trip location, ∆xt is the grid spacing along
the wall at the trip location.
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3.2 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 [32–35] and a 4th order central differencing for the viscous terms [33, 34] are
employed to discretize the Navier-Stokes equations. The low diffusion E-CUSP scheme suggested by
Zha et al. [35] based on the Zha-Bilgen flux vector splitting [32] 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 [36, 37]. Parallel computing is
implemented to save wall clock simulation time [38]. The FASIP code is intensively validated for CFJ
simulations [6,11,13,14,18,20,22,23,38,39]. The time-averaged results are presented after the flows and
all the aerodynamic forces become dynamically stable.

3.3 Boundary Conditions

The 3rd order accuracy no slip condition is enforced on the solid surface with the wall treatment
suggested in [33] to achieve the flux conservation on the wall. A 2D computational mesh is shown in
Fig. 6. Total pressure, total temperature and flow angles are specified at the injection duct inlet, as well
as the upstream portion of the far field. For the static condition, the static pressure at the downstream
farfield is set to be equal to the total pressure at upstream 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
91,440 for all 2D cases, split into 23 blocks for the parallel computation. The domain size is about 500
chords away from the airfoil to ensure a solid convergence at the static flow conditions. The actuator
disk BC is modeled as a flat surface, across which the static pressure is increased by a percentage ∆P
based on the local static pressure upstream of the disk. Even though the pressure increase percentage
is uniform across the dick, the pressure increase is not due to the non-uniform local static pressure
upstream of the disk. The pressure jump across the disk is handled by the approximate Riemann solver
in the FASIP code similar to a shock wave.
As mentioned in Section 2, to avoid being divided by 0, the freestream reference condition at Mach

number of 0.04 is arbitrarily chosen to be used to normalize the aerodynamic parameters at static
conditions. They include V∞ = 13.65 m/s and ρ∞ = 1.225 kg/m3.

Figure 6: 2D mesh for the deflected slipstream coflow jet airfoil.

4 Results and Discussion

4.1 Validation

Fig. 7 is the double slotted airfoil/wing designed and tested by Kuhn and Draper in 1955 [3] based
on NACA 0015 airfoil. The propeller diameter is 1.32 times of the airfoil chord. Fig. 7 (a) is the
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cruise condition that the airfoil is retracted. Fig. 7 (b) is the double slotted flaps extended to create
the cambering. The deflection angle of each flap element is measured about the chord of the previous
element, except that the first element is measured about the horizontal direction. For example, if the
deflection angles setup is δ = 0◦, 40◦, 30◦, it means the first element has no deflection, the second
element has a deflection angle of 40◦ about the chord of the first element, and the third element has a
deflection angle of 30◦ about the chord of the second element. The total geometry deflection angel is
thus 70◦. The testing was done using a slightly tapered wing with two overlapped propellers with disk
loading about 40kg/m2 [3].

(a) (b)

Figure 7: Baseline slotted airfoil for deflected slipstream with double slotted flaps.

(a) Streamlines (b) Total pressure (c) Farfield Streamlines

Figure 8: Baseline slotted airfoil for deflected slipstream with flap deflection of 0◦, 40◦, and 30◦.

δ1 δ2 δ3 β, measured β, CFD L/T, CFD

0◦ 40◦ 30◦ 48.5◦ 49.33◦ 68.52%

0◦ 50◦ 50◦ 60.5◦ 59.52◦ 73.88%

0◦ 60◦ 0◦ 42◦ 43.27◦ 61.29%

0◦ 70◦ 30◦ 64◦ 42.68◦ 47.99%

Table 1: Comparison of measured and CFD predicted slipstream deflection for the baseline configuration.

Fig. 8 is the CFD simulated flow field for the baseline configuration of δ = 0◦-40◦-30◦ with the same
disk loading of the experiment. The dark line on the left is the propeller that pulls the slipstream flow
to the right. Fig. 8 (a) shows that the slipstream is well attached and turned by the airfoil, which has a
resultant force angle measured as 48.5◦ in the experiment, significantly less than the geometry deflection
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angle of 70◦. The CFD predicted angle is 49.33◦, a very good agreement with the measurement as shown
in Table 1. Fig. 8 (b) shows the total pressure increase due to the work done on the flow by the propeller.
Fig. 8 (c) is the streamlines in the static farfield. Since there is no freestream flow, the airfoil force
is generated by the propeller that induces two very large counter rotating vortices. The vortex above
the suction surface is counter-clockwise and the vortex below the pressure surface is clockwise. These
vortices form the circulation around the airfoil that generates the lift. The streamlines in the middle of
the two merged vortices is in the opposite direction of the resultant force about 49◦ as shown in Fig. 8
(a), which is governed by the momentum equation.

(a) δ = 0◦-50◦-50◦ (b) δ = 0◦-60◦-0◦ (c) δ = 0◦-70◦-30◦

Figure 9: Baseline slotted airfoil for deflected slipstream at different deflection angles.

Fig. 9 shows the streamlines in the deflection angles of 0◦-50◦-50◦, 0◦-60◦-0◦, and 0◦-70◦-30◦. Fig. 9
(a) has the deflection angle of 100◦, but the 3rd element has a flow separation and the whole system has
the flow turned by about 60◦ as shown in Table 1. The configuration of 0◦-60◦-0◦ in Fig. 9 (b) has 60◦

total geometry turning, but only turns the flow by 42◦ since the flow is largely separated without having
a slot between the second and third flap element. The CFD predicts the turning angles of the deflected
slipstreams very well for all these cases as shown in Table 9 except the one with δ of 0◦-70◦-30◦ in Fig.
9 (c), for which the CFD under-predicts the flow turning with a massive flow separation. The severe
flow separation could create a large 3D effect that increases the discrepancy between the experiment
and CFD. Overall, as long as there is no massive separation, the CFD predicts the deflected slipstream
flow turnings quite well.

4.2 2D Deflected Slipstream Enabled by CoFlow Jet Flap

The good agreement validated with the experiment for the baseline deflected slipstream configurations
shown above lays a foundation for further exploration of the deflected slipstream airfoil enabled by coflow
jet. At the beginning of the project, we had little experience in applying CFJ on deflected slipstream
configurations. The design was thus started with trails and errors based on the same baseline airfoil
configuration of Kuhn and Draper [3]. We began with the double slotted baseline airfoil described in
the last section and conducted numerous numerical simulations. The flow does not turn with a large
separation if the CFJ is applied on the first airfoil element even with very strong jet. It is very effective
to apply CFJ on the flaps where a high adverse pressure gradient exists [24]. After a large number of
iterations, the final configuration turns out to be very desirable with CFJ applied on a single plain flap,
which has the flap chord length of 60% of the total airfoil chord based on NACA 0015 airfoil. Single
plain flap is also called simple hinged flap, which has the simplest geometry among flaps.
Fig. 10 shows the Mach numbers contours and streamlines of the three 2D configurations of the DS-

CFJ airfoil D242, D244, and D245. All the three flows are nicely attached with injection jet momentum
coefficient Cµ of 0.3. It means that the DS-CFJ system can achieve the desired flow turning by a CFJ
flap. Table 2 provides some important trends of the configurations and flow performance based on an
airfoil planform area of S=1 m2, δ is the flap deflection angle, β is the resultant force angle about the
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(a) D242: Prop +1/2R (b) D244: Prop +1/2R, slotted (c) D245: Prop in middle

Figure 10: 2D Deflected slipstream airfoil with single plain and slotted flap enabled by coflow jet.

horizontal, and Mj is the injection jet Mach number at the injection slot.

Case Flap δ Prop. β L/T L(N) D(N) Ptot(kw) Pcfj(kw) DL(kg/m2) FMDS Mj Γ

D242 plain 85◦ +1/2R 90.02◦ 105.7% 514.53 0.15 6.53 0.57 37.72 99.3% 0.27 1.017
D244 slotted 82◦ +1/2R 85.6◦ 98.3% 496.71 -38.19 6.97 0.65 39.17 88.3% 0.26 1.020
D245 plain 85◦ middle 82.48◦ 101.19% 490.68 -64.80 6.53 0.59 37.60 92.6% 0.27 1.018

Table 2: Computed DS-CFJ airfoil performance with planform area S=1 m2, Cµ = 0.3.

As shown by the Mach contours in Fig. 10, all the three configurations have the suction peak at the
shoulder of the flap where the flow sharply turns downward from horizontal direction. The velocity is
the highest and the pressure is the lowest in that region. The CFJ injection is located at the suction
peak region so that a low total pressure would be sufficient to eject the flow at low required power. The
flow experiences a severe diffusion with very large adverse pressure gradient after passing the shoulder.
At the suction location, the main flow pressure already rises substantially. Placing the suction at a high
pressure region near trailing edge also makes the suction only need a low power. Such a CFJ placement
in the adverse pressure gradient region creates a low energy expenditure mechanism.
As shown in Eq. (8) and pointed out by Wang and Zha [8, 9], the CFJ power consumption is

exponentially proportional to the total pressure ratio and linearly proportional to the mass flow rate.
The design guideline for CFJ AFC thus tends to use large injection and suction slot size in order to
decrease the total pressure loss and total pressure ratio. Consequently, the mass flow will be increased
due to the large injection slot size, but the energy expenditure will be reduced. The mass flow is not an
issue for CFJ since it is a ZNMF flow control and all the mass flow is generated locally. In this study,
the injection slot size is 0.39%C. The total pressure ratios Γ for all the three cases are no greater than
1.02 as shown in Table 2, which indicates that D242 has the lowest CFJ total pressure ratio as well as
the lowest CFJ power required Pcfj . Table 2 also indicates that the injection Mach numbers for the 3
configurations are in the range of 0.26-0.27, which are lower than 0.3 and would not be a concern for
the jet noise. The low injection Mach number is also benefited form the large injection slot size.
The design D242 shown in Fig. 10 (a) has the airfoil leading edge aligned with the propeller’s lower

1/4 diameter position. Such a propeller position pulls more flow to the suction surface of the airfoil and
less to the pressure surface. The flap is a single plain flap with a deflection angle of 85◦. The coflow
jet injection jet strength is Cµ = 0.3. This configuration achieves a 90◦ flow turning, L/T of 105.7%,
and FMDS of 99.3%. The total lift of the D242 configuration is 5.7% greater than the thrust of the
propeller. This is because the CFJ enhances the deflected slipstream momentum that contributes to
additional lift. The CFJ power is 8.7% of the total hover power. In other words, the propeller disk
power of the D242 DS-CFJ system and disk loading are smaller than those of a vertical rotor disk with
the same size and the same total lift. The D242’s FMDS of 99.3% means that a DS-CFJ system can
achieve hover efficiency about the same as a vertical rotor with the same size and same total lift.
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The D244 configuration shown in Fig. 10 (b) has the same propeller position and Cµ as those of D242,
but uses a slotted single flap that has CFJ applied. The overall performance is significantly deteriorated
compared with that of the D242 due to the slot. The flap angle δ is 82◦. If δ of 85◦ is used like D242,
the flow will have a small separation at the trailing edge unless a higher Cµ is used. In other words,
the D244 configuration is the optimal slotted configuration with Cµ of 0.3. The disk loading and total
power are 3.8% and 0.6% higher than those of D242, but the total lift of the DS-CFJ system is 3.5%
lower. A flow turning of 85.6◦ is obtained, 4.4◦ smaller than that of D242, but is still a very effective
angle for VTOL hover. But the overall efficiency FMDS is decreased by 11% compared with D242.
This is because the slot creates a flow separation in the gap between the front element and the flap. It
also mitigates the pressure load between the pressure and suction surfaces. A slot is advantageous to be
used as a passive flow control when the baseline airfoil has high lift loading with flow separation. If we
take D242 with single plain flap as the baseline that has no flow separation, the slotted configuration is
expected to provide less efficient performance.
To study the effect of propeller position, the D245 configuration has the propeller mounted with

its center aligned with the airfoil leading edge as shown in Fig. 10 (c). All other geometry and flow
conditions are the same as D242. The performance is also decreased compared with the D242. The
resultant force has a vector angle of β = 82.48◦, about 7.5◦ lower. The total power is the same as that
of D242, but the resultant force magnitude (F=

√
L2 +D2) is 4% lower. The lift to thrust ratio L/T is

101.19%, indicating the total lift is still higher than the total thrust of the propeller due to the enhanced
momentum by the CFJ. The FMDS is 92.6%, better than that of D244, but is 6.7% lower than that
of the D242. Overall, a flow turning of 90◦ for D245 can be achieved by increasing the flap deflection
and jet strength of Cµ. It is just not as efficient as D242 with the propeller shifted slightly upward.
Comparing Fig. 10 (a) and (c), it is seen that D242 has more mass flow pulled by the propeller on the
upper surface that is energized by CFJ. It results in a larger accelerated flow region at the shoulder
of of the airfoil when the flow turns. The more energized mass flow on the upper surface with higher
momentum pushes the smaller amount of the mass flow from the lower surface and creates a greater
flow turning. In fact, the propeller shifted upward by a full radius to be located above the airfoil leading
edge provide even larger efficiency and lift gain. However, in reality, placing the propellers on upper
surface of the wing may spoil the flow on the suction surface due to the propeller struts. For specific
designs, compromise and optimization need to be implemented.

(a) D242: Prop +1/2R (b) D244: Prop +1/2R, slotted (c) D245: Prop in middle

Figure 11: Surface pressure coefficient distributions for the three configurations.

Fig. 11 is the surface pressure coefficient distributions along the airfoil chord x/c. For D242, the flow
is rapidly accelerated at the flap hinge position located 40% chord. Consistent with the Mach contours
shown in Fig. 10, D242 has substantially higher suction peak than the other two configurations. There
is a severe adverse pressure gradient on the flap suction surface with the Cp value varying from about
-46 at the flap shoulder to 0 at the trailing edge. From momentum conservation point of view based
on the control volume given in Fig. 2, as long as the flow is turned 90◦, the resultant force will be all
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lift. From the force distribution point of view, the low pressure on the flap suction surface and the high
pressure on the flap pressure surface result in a large drag that balances the thrust from the propeller
to have the total drag about zero so that β can be 90◦.

5 Conclusions

This paper demonstrates numerically that the deflected slipstream enabled by coflow jet active flow
control for VTOL hover is feasible based on validated CFD RANS simulation. DS-CFJ airfoil D242 is
designed with a single plain flap, 60% flap chord, and deflection angle of 85◦. It deflects the slipstream
90◦ at static condition with a propeller that has a diameter of 1.3 chord and its center positioned with
1/4 diameter above the airfoil leading edge. The deflected slipstream angle is controllable by the flap
deflection angle and the jet strength. Two other configurations are presented to show some trends of
the DS-CFJ system. They are: 1) D244 with slotted flap and the same propeller position of D242; 2)
D245 modified from D242 with the propeller center aligned with the airfoil leading edge. The propeller
position of D242 has more flow pulled and energized on the suction surface of the DS-CFJ airfoil by
the CFJ. It turns the flow more effectively than positioning the propeller center aligned with the airfoil
leading edge. It achieves the best efficiency with FMDS of 99.3%, which basically generates the same
lift and consumes the same amount of energy as a conventional vertical rotor with the same size. The
total lift generated by D242 is 5.7% greater than the total thrust of the propeller due to the deflected
slipstream with enhanced momentum by CFJ. The CFJ power consumption of D242 is about 8.7%
of the total power. It means that the propeller of the DS-CFJ system would have 8.7% lower power
required than a vertical rotor facing upward to generate the same amount of total lift due to the CFJ
contribution. The reduced propeller lift and power required would reduce the disk loading and power
loading of the rotor disk, resulting in potentially increased propeller efficiency and reduced noise. The
D244 with a slotted flap substantially decreases the efficiency due to the gap that generates a small
separation inside and decreases the loading of the airfoil. The D245 with the propeller center aligned
with the airfoil leading edge also decreases the efficiency to FMDS of 92.6% because it has more flow
on the pressure surface that tends to decrease the turning of the flow from the suction surface. All the
injection Mach number is no greater than 0.27 and can be further reduced with optimization. Thus the
jet noise is not expected to be a serious concern with the jet Mach number below the noise limit of 0.3
- 0.5. Since a DS-CFJ system avoids the separated flow and large turbulent wakes caused by vertical
rotor downwash interaction with the airframe, the broadband noise is expected to be lower.
The DS-CFJ system studied can potentially provide a fully electric powered AAM platform with

distributed propulsors and CFJ actuators. It would have the advantages to eliminate tilting wings,
tilting rotors, and separate lift-plus-cruise propulsors, and has the potential to improve cruise efficiency,
smooth transition, safety, weight reduction, noise mitigation, reliability, maintainability, and passenger
acceptance. The feasibility study of this paper enhances our understanding of the DS-CFJ concept,
which lays an important foundation for the next step of 3D study and experimental verification.
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