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Abstract

This paper present the improved delayed detached eddy simulation (IDDES) of Co-Flow Jet (CFJ) flow
control airfoil, with super lift coefficient that exceeds theoretical lift coefficient limit[1]. The spatially filtered
Navier-Stokes equations are solved using a fifth-order WENO reconstruction scheme for the inviscid fluxes and
a fourth order central differencing scheme for the viscous fluxes. The IDDES is developed based on the Spalart-
Allmaras (S-A) turbulence model and it incorporates the wall modeled large eddy simulation (WMLES) capacity.
The simulated wing span is 0.1 chord with periodic boundary condition applied in the spanwise direction. The
IDDES simulation of the CFJ wing is carried out at the AoA of 62◦ with three different jet momentum coefficients
Cµ of 0.25, 0.35 and 0.5. The super-lift coefficient of 9.1 is achieved at AoA = 62◦ and Cµ = 0.5. The baseline
NACA6421 wing is also simulated at AoA = 18◦ and the results show excellent agreement with the experiment.
The comparison of the flow field of CFJ-NACA6421 and baseline NACA6421 airfoil shows that the CFJ can
remove the flow separation at a high angle of attack. The high momentum jet provides adequate jet momentum
to active the boundary layer and maintains the flow attached.The qualitative counter-rotating vortex structures
at very high AoA and severe adverse pressure gradient is similar to those observed in 2D RANS simulation.

Nomenclature

ESTOL Extreme Short Take-Off and Landing
AoA Angle of Attack
AFC Active Flow Control
CFJ Co-Flow Jet
FASIP Flow-Acoustics-Structure Interaction Package
LE Leading Edge
TE Trailing Edge
RANS Reynolds-Averaged Navier-Stokes
ZNMF Zero-Net Mass Flux

P CFJ pumping power consumption, P =
ṁCpTt2

η (Γ
γ−1
γ − 1)

η CFJ pumping system efficiency, propeller efficiency

Pc Power coefficient, Pc = P
1
2
ρ∞V 3

∞S

PR Total pressure ratio, Γ
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CL Lift coefficient
CD Drag coefficient
CM Moment coefficient

Cµ Jet momentum coefficient, Cµ =
ṁVj

1
2
ρ∞V∞2S

CLmax Maximum lift coefficient

(L/D)c Aerodynamic efficiency corrected for CFJ airfoil, L
D+P/V∞

C2
L/CD Productivity efficiency coefficient

(C2
L/CD)cProductivity efficiency coefficient corrected for CFJ airfoil, (C2

L/CD)c = C2
L/(CD + Pc)

Re Reynolds number
Ma Mach number
Mis Isentropic Mach number
Cp Pressure coefficient
cp Constant pressure specific heat
γ Air specific heats ratio
S Platform area of the wing
ρ∞ Freestream density
V∞ Freestream velocity
Tt Total temperature
Pt Total pressure
Ht Total specific enthalpy
α Angle of attack
ṁ Mass flow across the pump
C Chord length

j Subscript, stands for jet

c Subscript, stands for corrected

1 Introduction

Wimpress, the Chief of Aerodynamics in Boeing Company, mentioned in 1968, achieving adequate low-speed
aerodynamic characteristics for takeoff and landing of modern, high-performance airplanes is one of the most
challenging goals of subsonic aerodynamic technology [2]. The Co-Flow Jet (CFJ) flow control technique developed
by Zha and his group [3, 4, 5, 6, 7, 8, 9, 10, 11, 12] is one of the most promising technologies to achieve the extremely
short take-off and landing performances (ESTOL). The concept of CFJ flow control airfoil is proposed by Zha
et al. . The CFJ technique is able to achieve a dramatically lift augmentation, drag reduction and stall margin
increase at a low energy consumption. It can not only achieve ESTOL performance with ultra-high lift coefficient
but also significantly enhance cruise efficiency and cruise lift coefficient (wing loading) from subsonic to transonic
conditions [10, 11, 12]. The CFJ airfoil has great potential to radically change the overall aircraft design philosophy
from subsonic to transonic speeds.

The maximum lift coefficient CLmax of an airfoil is critical to determine the aircraft take-off/landing distance.

The super-lift coefficient CLmax > 2π(1 +
t

c
) is demonstrated by CFD simulation by the CFJ-NACA6421 airfoil in

the previous research [1], which makes the CFJ flow control very promising to achieve the two goals of ultra-high
cruise efficiency and extremely short take-off and landing .

The CFJ airfoil has an injection slot near the leading edge (LE) and a suction slot near the trailing edge (TE)
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on the airfoil upper surface as sketched in Fig. 1. A small amount of mass flow is withdrawn into the airfoil near
the TE, pressurized and energized by a pumping system inside the airfoil, and then injected near the LE in the
direction tangent to the main flow. The CFJ flow control is a zero-net mass-flux flow control method since its
whole CFJ system does not require any additional mass flow from other sources.

Figure 1: Baseline airfoil and CFJ airfoil.

Figure 2: Mach number contours and streamlines
at Cµ = 0.35 and AoA =70◦ for the

CFJ6421-SST016-SUC053-INJ009 airfoil.

Fig. 2 is the super-lift coefficient flow structures of the flow field obtained by CFD RANS simulation in [1]. A
very high circulation detaches the stagnation point from the airfoil. The trailing edge vortex creates an extended
virtual body to form a high-pressure region due to the stagnant flow to support the airfoil with a super-lift
coefficient. The turbulent mixing and entrainment between the jet and main flow, energize the wall boundary-
layer. It dramatically increases the circulation, augmenting lift, and reducing the total drag (or generates thrust)
by filling the wake velocity deficit. The CFJ airfoil has a unique low energy expenditure mechanism because the
jet gets injected at the leading edge suction peak location, where the main flow pressure is the lowest and makes
it easy to eject the flow, and it gets sucked at near the trailing edge, where the main flow pressure is the highest
and makes it easy to withdraw the flow.

Though two-dimensional Reynolds-averaged Navier-Strokes (RANS) simulation reveals the steady state large
flow structures, the three-dimensional turbulent vortex flow structures and turbulent mixing process can not be well
resolved by the RANS simulation due to its assumption of universal scale filtering. As an alternative, large eddy
simulation (LES) is a more accurate approach to resolve the large turbulent flow structures and shear layer and
reveal the flow mixing mechanisms. LES directly simulates the large eddies and models the small eddies that are
more isotropic. However, LES requires very expensive computational resources. The hybrid RANS/LES approach
is a promising compromise for engineering applications by taking the advantages of RANS’s high efficiency within
the wall boundary layers and LES’s high accuracy with large flow structures outside of boundary layers [13].
Therefore, the improved delayed detached eddy simulation (IDDES) is employed in this study to investigate the
baseline and super-lift CFJ flows at high angle of attacks.

The objective of this paper is two folds: 1) to demonstrate the maximum lift coefficient capability of the CFJ
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airfoil using IDDES. 2) To investigate the vortical flow structures of the CFJ airfoil that sustains extremely severe
adverse pressure gradient at high AoAs to obtain super-lift coefficient.

2 Numerical Methodology

2.1 Governing Equations

The spatially filtered Navier-Stokes governing equations in generalized coordinates are expressed as:

∂Q
∂t + ∂E

∂ξ + ∂F
∂η + ∂G

∂ζ = 1
Re

(
∂Ev
∂ξ + ∂Fv

∂η + ∂Gv
∂ζ + S

)
(1)

where Re is the Reynolds number. The equations are nondimenisonalized based on airfoil chord L∞, freestream
density ρ∞ and velocity U∞.

The conservative variable vector Q, the inviscid flux vectors E, F, G, the viscous flux Ev, Fv, Gv and the
source term vector S are expressed as

Q =
1

J



ρ̄
ρ̄ũ
ρ̄ṽ
ρ̄w̃
ρ̄ẽ
ρ̄ν̃t

 ,E =



ρ̄U
ρ̄ũU + lxp̄
ρ̄ṽU + lyp̄
ρ̄w̃U + lz p̄

(ρ̄ẽ+ p̄)U − ltp̄
ρ̄ν̃U

 ,F =



ρ̄V
ρ̄ũV +mxp̄
ρ̄ṽV +myp̄
ρ̄w̃V +mz p̄

(ρ̄ẽ+ p̄)V −mtp̄
ρ̄ν̃V

 ,G =



ρ̄W
ρ̄ũW + nxp̄
ρ̄ṽW + nyp̄
ρ̄w̃W + nz p̄

(ρ̄ẽ+ p̄)W − ntp̄
ρ̄ν̃W

 (2)

Ev =



0
lkτ̄xk
lkτ̄yk
lkτ̄zk

lk (ũiτ̄ki − q̄k)
ρ̄
σ (ν + ν̃) (l • ∇ν̃)

 ,Fv =



0
mkτ̄uxk
mkτ̄yk
mkτ̄uzk

mk (ũiτ̄ki − q̄k)
ρ̄
σ (ν + ν̃) (m • ∇ν̃)

 ,Gv =



0
nkτ̄xk
nkτ̄yk
nkτ̄zk

nk (ũiτ̄ki − q̄k)
ρ̄
σ (ν + ν̃) (n • ∇ν̃)

 (3)

S =
1

J



0
0
0
0
0
Sν

 (4)

where ρ is the density, p is the static pressure, and e is the total energy per unit mass. The overbar term denotes a
regular filtered variable in the LES region,or a Reynolds-averaged value in the RANS region. And the tilde symbol
is used to denote the Favre filtered variable. ν is kinematic viscosity and ν̃ is the working variable related to eddy
viscosity in S-A and IDDES turbulence one equation model[14]. U , V and W are the contravariant velocities in
ξ, η, ζ directions, and defined as
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U = lt + l •V = lt + lxũ+ lyṽ + lzw̃
V = mt + m •V = mt +mxũ+myṽ +mzw̃
W = nt + n •V = nt + nxũ+ nyṽ + nzw̃

(5)

where J is the Jacobian of the coordinate transformation. lt, mt and nt are the components of the interface
contravariant velocity of the grid in ξ, η and ζ directions respectively. l, m and n denote the normal vectors
located at the centers of ξ, η and ζ interfaces of the control volume with their magnitudes equal to the surface
areas and pointing to the directions of increasing ξ, η and ζ.

l =
∇ξ
J
, m =

∇η
J
, n =

∇ζ
J

(6)

lt =
ξt
J
, mt =

ηt
J
, nt =

ζt
J

(7)

In the generalized coordinates, ∆ξ = ∆η = ∆ζ = 1. Since the DES-family approach is based on S-A model, the
formulations of the original S-A model are give below. The source term Sν from the S-A model in Eq. (4), is given
by

Sν = ρ̄Cb1 (1− ft2) S̃ν̃ + 1
Re

[
−ρ̄
(
Cw1fw − Cb1

κ2
ft2

) (
ν̃
d

)2
+ ρ̄
σCb2 (∇ν̃)2 − 1

σ (ν + ν̃)∇ν̃ • ∇ρ̄
]

+Re
[
ρ̄ft1 (∆q)2

] (8)

where

χ =
ν̃

ν
, fv1 =

χ3

χ3 + c3
v1

, fv2 = 1− χ

1 + χfv1
, ft1 = Ct1gtexp

[
−Ct2

ω2
t

∆U2

(
d2 + g2

t d
2
t

)]
(9)

ft2 = Ct3exp
(
−Ct4χ2

)
, fw = g(

1 + c6
w3

g6 + c6
w3

)1/6, g = r + cw2(r6 − r) (10)

gt = min

(
0.1,

∆q

ωt∆xt

)
, S̃ = S +

ν̃

k2d2Re
fv2, r =

ν̃

S̃k2d2Re
(11)

where, 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, ∆q 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. The values of the coefficients
are: cb1 = 0.1355, cb2 = 0.622, σ = 2

3 , cw1 = cb1
k2

+ (1 + cb2)/σ, cw2 = 0.3, cw3 = 2, k = 0.41, cv1 = 7.1, ct1 = 1.0, ct2 =
2.0, ct3 = 1.1, ct4 = 2.0.

The shear stress τ̄ik and total heat flux q̄k in Cartesian coordinates is given by

τ̄ik = (µ+ µIDDES)

[(
∂ũi
∂xk

+
∂ũk
∂xi

)
− 2

3
δik
∂ũj
∂xj

]
(12)

q̄k = −
(
µ

Pr
+
µIDDES
Prt

)
∂T̃

∂xk
(13)

where µ is from Sutherland’s law. For IDDES approach in general, the eddy viscosity is represented by µIDDES(=
ρ̄ν̃fv1).
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2.2 Improved Delayed Detached Eddy Simulation(IDDES)

The Improved DDES(IDDES) is introduced by extending the DDES with the WMLES capacity. The IDDES
has two branches, DDES and WMLES, including a set of empirical functions of subgrid length-scales designed
to achieve good performance from these branches themselves and their coupling. By switching the activation of
RANS and LES in different flow regions, IDDES significantly expands the scope of application of DDES with
well-balanced and powerful numerical approach to complex turbulent flows at high Reynolds numbers.

The three aspects of IDDES are presented below: the DDES branch , the WMLES branch and hybridization of
DDES and WMLES.

DDES branch of IDDES

This branch is responsible for the DDES-like functionality of IDDES and should become active only when the
inflow conditions do not have any turbulent content (if a simulation has spatial periodicity, the initial conditions
rather than the inflow conditions set the characteristics of the simulation), in particular when a grid of ”boundary-
layer type” precludes the resolution of the dominant eddies. The DDES formulation can be reformulated as

lDDES = lRANS − fdmax{0, lRANS − lLES) (14)

where the delaying function, fd, is defined the same as

fd = 1− tanh[(8rd)
3] (15)

and the quantity rd borrowed from the S-A RANS turbulence model:

rd =
νt + ν

k2d2
wmax[(Ui,jUi,j)0.5, 10−10]

(16)

is a marker of the wall region, which is equal to 1 in a log layer and 0 in a free shear flow.

In Eq. (16), Ui,j represents the velocity gradient, and k denotes the Karmann constant. Based on the general DES
concept, in order to create a seamless hybrid model, the length-scale IDDES defined by Eq.14 is substituted into
the background RANS model to replace the RANS length-scale, lRANS , which is explicitly or implicitly involved in
any such model. For instance, for the S-A model the length-scale is equal to the distance to the wall lRANS = dw.
In the original DES97, the length-scale depends only on the local grid. In DDES and IDDES, it also depends on
the solution of Eq. (14) and (16).

As far as the LES length-scale, lLES , in Eq. (14) is concerned, it is defined via the subgrid length-scale as

lLES = CDESΦ∆ (17)

where CDES is the fundamental empirical constant of DES, 0.65. Φ is a low-Reynolds number correction intro-
duced in order to compensate the activation of the low-Reynolds number terms of some background RANS model
in LES mode. Both CDES and Φ depend on the background RANS model, and Ψ is equal to 1 if the RANS model
does not include any low-Reynolds number terms.

WMLES branch of IDDES
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This branch is intended to be active only when the inflow conditions used in the simulation are unsteady and
impose some turbulent content with the grid fine enough to resolve boundary-layer dominant eddies. It presents
a new seamless hybrid RANS-LES model, which couples RANS and LES approaches via the introduction of the
following blended RANS-LES length-scale:

lWMLES = fB(1 + fe)lRANS + (1− fB)lLES (18)

The empirical blending-function fB depends upon dw/hmax and is defined as

fB = min{2exp(−9α2), 1.0}, α = 0.25− dw/hmax (19)

It varies from 0 to 1 and provides rapid switching of the model from RANS mode (fB = 1.0) to LES mode (fB
= 0) within the range of wall distance 0.5hmax < dw < hmax

The second empirical function involved in Eq. (18), elevating-function, fe, is aimed at preventing the excessive
reduction of the RANS Reynolds stresses observed in the interaction of the RANS and LES regions in the vicinity
of their interface. It is intended to eliminating the log-layer mismatch(LLM) problem.

fe = max{(fe1 − 1), 0}Φfe2 (20)

where the function fe1 is defined as

fe1(dw/hmax) =

{
2exp(−11.09α2) if α ≥ 0

2exp(−9.0α2) if α < 0
(21)

It provides a grid-dependent ”elevating device for the RANS component of the WMLES length-scale.

The function fe2 is:

fe2 = 1.0−max{ft, fl} (22)

Blending DDES and WMLES branches

The DDES length-scale defined by Eq. (14) and that of the WMLES-branch defined by Eq. (18) do not blend
directly in a way to ensure an automatic choice of the WMLES or DDES mode by the combined model, depending
on the type of the simulation (with or without turbulent content) and the grid used.

However a modified version of equivalent length scale combination, namely,

l̃DDES = f̃dlRANS + (1− f̃d)lLES (23)

where the blending function f̃d is defined by

f̃d = max{(1− fdt), fB} (24)

with fdt = 1− tanh[(8rdt)
3]
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With the use of Eq. (23), the required IDDES length-scale combining the DDES and WMLES length scales
defined by Eq. (23) and (18) is straightforward and can be implemented as

lhyb = f̃d(1 + fe)lRANS + (1− f̃d)lLES (25)

With inflow turbulent content, fdt is close to 1.0, f̃d is equal to fB, so Eq. (25) is reducted to lhyb = lWMLES

in Eq. (18). Otherwise, fe is zero, Eq. (25) is interpreted as lhyb = lDDES in Eq. (23)

2.3 Time Marching Scheme

Following the dual time stepping method suggested by Jameson[15], an implicit pseudo time marching scheme
using line Gauss-Seidel line relaxation is employed to solve the governing equations, as the following:

∂Q

∂t
=

3Qn+1 − 4Qn + Qn−1

2∆t
(26)

where n− 1, n and n+ 1 are three sequential time levels, which have a time interval of ∆t. The first-order Euler
scheme is used to discretize the pseudo temporal term. The semi-discretized equations of the governing equations
are given as the following:

[(
1

∆τ̂ + 1.5
∆t

)
I −

(
∂R
∂Q

)n+1,m
]
δQn+1,m+1

= Rn+1,m − 3Qn+1,m−4Qn+Qn−1

2∆t

(27)

where the ∆τ̂ is the pseudo time step, and R stands for the net flux determined by the spatial high order numerical
scheme, m is the iteration index for the pseudo time.

2.4 The Low Diffusion E-CUSP Scheme

The Low Diffusion E-CUSP(LDE) Scheme[16] is employed to calculate the inviscid fluxes. The key concept of
LDE scheme is to split the inviscid flux into convective Ec and a pressure Ep based on characteristics analysis. In
generalized coordinate system, the flux E can be split as the following:

E′ = Ec + Ep =



ρU
ρuU
ρvU
ρwU
ρeU
ρν̃U

+



0
ξxp
ξyp
ξzp

pU
0

 (28)

where, U is the contravariant velocity as defined in Eq. (5). U is defined as:

U = U − ξt = ξxu+ ξyv + ξzw (29)
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The convective flux, Ec is evaluated by

Ec = ρU



1
u
v
w
e
ν̃

 = ρUf c, f c =



1
u
v
w
e
ν̃

 (30)

Let

C = c
(
ξ2
x + ξ2

y + ξ2
z

) 1
2 (31)

where c =
√
γRT is the speed of sound. Then the convective flux at interface i+ 1

2 is evaluated as:

Ec
i+ 1

2

= C 1
2

[
ρLC

+f cL + ρRC
−f cR

]
(32)

where, the subscripts L and R represent the left and right hand sides of the interface. The Mach number splitting
of Edwards[17] is borrowed to determine C+ and C− as the following:

C 1
2

=
1

2
(CL + CR) (33)

C+ = α+
L (1 + βL)ML − βLM+

L −M
+
1
2

(34)

C− = α−R (1 + βR)MR − βRM−R +M−1
2

(35)

ML =
UL
C 1

2

, MR =
UR
C 1

2

(36)

αL,R =
1

2
[1± sign (ML,R)] (37)

βL,R = −max [0, 1− int (|ML,R|)] (38)

M+
1
2

= M 1
2

CR + CLΦ

CR + CL
(39)

M−1
2

= M 1
2

CL + CRΦ−1

CR + CL
(40)

Φ =

(
ρC2

)
R

(ρC2)L
(41)

M 1
2

= βLδ
+M−L − βRδ

−M+
R (42)

M±L,R = ±1

4
(ML,R ± 1)2 (43)

δ± =
1

2

{
1± sign

[
1

2
(ML +MR)

]}
(44)
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The pressure flux, Ep is evaluated as the following

Ep
i+ 1

2

=



0
P+p ξx
P+p ξy
P+p ξz

1
2p
[
U + C 1

2

]
0


L

+



0
P−p ξx
P−p ξy
P−p ξz

1
2p
[
U − C 1

2

]
0


R

(45)

The contravariant speed of sound C in the pressure vector is consistent with U . It is computed based on C as the
following,

C = C − ξt (46)

The use of U and C instead of U and C in the pressure vector is to take into account of the grid speed so that
the flux will transit from subsonic to supersonic smoothly. When the grid is stationary, ξt = 0, C = C, U = U .
The pressure splitting coefficient is:

P±L,R =
1

4
(ML,R ± 1)2 (2∓ML) (47)

The LDE scheme can capture crisp shock profile and exact contact surface discontinuities as accurately as the Roe
scheme[16].

2.5 The 5th Order WENO Scheme

For reconstruction of the interface flux, Ei+ 1
2

= E(QL, QR), the conservative variables QL and QR are evaluated

by using the 5th order WENO scheme[18, 19]. For example,

(QL)i+ 1
2

= ω0q0 + ω1q1 + ω2q2 (48)

where

q0 =
1

3
Qi−2 −

7

6
Qi−1 +

11

6
Qi (49)

q1 = −1

6
Qi−1 +

5

6
Qi +

1

3
Qi+1 (50)

q2 =
1

3
Qi +

5

6
Qi+1 −

1

6
Qi+2 (51)

ωk =
αk

α0 + . . .+ αr−1
(52)

αk =
Ck

ε+ ISk
, k = 0, . . . , r − 1 (53)

C0 = 0.1, C1 = 0.6, C2 = 0.3 (54)

IS0 =
13

12
(Qi−2 − 2Qi−1 +Qi)

2 +
1

4
(Qi−2 − 4Qi−1 + 3Qi)

2 (55)

IS1 =
13

12
(Qi−1 − 2Qi +Qi+1)2 +

1

4
(Qi−1 −Qi+1)2 (56)
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IS2 =
13

12
(Qi − 2Qi+1 +Qi+2)2 +

1

4
(3Qi − 4Qi+1 +Qi+2)2 (57)

ε is originally introduced to avoid the denominator becoming zero and is supposed to be a very small number. In
[19], it is observed that ISk will oscillate if ε is too small and also shift the weights away from the optimal values
in the smooth region. The higher the ε values, the closer the weights approach the optimal values, Ck, which will
give the symmetric evaluation of the interface flux with minimum numerical dissipation. When there are shocks
in the flow field, ε can not be too large to maintain the sensitivity to shocks. In [19], ε = 10−2 is recommended for
the transonic flow with shock waves. In the current work since there is no shock in the flow, the ε = 0.3 is used.

The viscous terms are discretized by a fully conservative fourth-order accurate finite central differencing scheme
suggested by Shen et al. [20, 21].

2.6 Boundary Conditions

Steady state freestream conditions including total pressure, total temperature, and two flow angles are specified
for the upstream portion of the far field boundary. For far field downstream boundary, the static pressure is
specified as freestream value to match the intended freestream Mach number. The streamwise gradients of other
variables are forced to vanish. The periodic boundary condition is used in spanwise direction. The wall treatment
suggested in [19] to achieve flux conservation by shifting half interval of the mesh on the wall is employed. If the
wall surface normal direction is in η-direction, the no slip condition is enforced on the surface by computing the
wall inviscid flux F1/2 in the following manner:

Fw =


ρV
ρuV + pηx
ρvV + pηy
ρwV + pηz
(ρe+ p)V


w

=


0
pηx
pηy
pηz
0


w

(58)

3 CFJ Parameters

This section gives the important parameters to evaluate a 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. [3] give the following formulations to
calculate the lift and drag due to the jet reactionary force for a CFD simulation. By considering the effects of
injection and suction jets on the CFJ airfoil, the expressions for these reactionary forces are given as :

Fxcfj = (ṁjVj1 + pj1Aj1) ∗ cos(θ1 − α)− (ṁjVj2 + pj2Aj2) ∗ cos(θ2 + α) (59)

Fycfj = (ṁj1Vj1 + pj1Aj1) ∗ sin(θ1 − α) + (ṁj2Vj2 + pj2Aj2) ∗ sin(θ2 + α) (60)
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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 surfaces 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 (61)

L = R′y − Fycfj (62)

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 the CFD simulation, the total lift and drag are calculated using
Eqs. (61) and (62).

3.2 Jet Momentum Coefficient

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

Cµ =
ṁVj

1
2ρ∞V∞

2S
(63)

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

3.2.1 Cµ Iteration:

To achieve zero net mass flux with the CFJ flow control, the mass flow exiting the injection slot must be
equal to the mass flow entering the suction slot, i.e. ṁinj = ṁsuc. The prescribed jet momentum coefficient Cµ
is achieved by adjusting the injection cavity total pressure. Total temperature is assumed constant during this
process. The injection and suction mass flow rates are matched by adjusting the suction cavity static pressure.
The iterative process is conducted throughout the simulation until the specified momentum coefficient is reached
and the injection and suction mass flow match within the acceptable tolerance, which is 0.2% for the present study.

3.3 Power Coefficient

The CFJ can be 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 can be determined by the jet mass flow
and total enthalpy change as the following :

P = ṁ(Ht1 −Ht2) (64)

where Ht1 and Ht2 are the 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 the pumping efficiency η and total pressure ratio
of the pump Γ = Pt1

Pt2
, the power consumption can be expressed as :

P =
ṁCpTt2

η
(Γ

γ−1
γ − 1) (65)
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The power consumption can be expressed as a power coefficient below:

Pc =
P

1
2ρ∞V

3
∞S

(66)

In this research, the pumping efficiency of 100% is used for all the simulations unless indicated otherwise.

3.4 Corrected Aerodynamic Efficiency

The conventional airfoil aerodynamic efficiency is defined as L
D . However since CFJ active flow control consumes

energy, the CFJ corrected aerodynamic efficiency is modified to take into account the energy consumption of the
pump. The formulation of the corrected aerodynamic efficiency for CFJ airfoils is :

(
L

D
)c =

L

D + P
V∞

=
CL

CD + PC
(67)

where V∞ is the free stream velocity, P is the CFJ pumping power, and L and D are the lift and drag generated
by the CFJ airfoil. This formulation converts the power consumed by the CFJ into the drag of the airfoil. If the
pumping power is set to 0, this formulation returns to the aerodynamic efficiency of a conventional airfoil.

4 Aircraft Productivity

The transportation ability of an airplane is measured by how much total weight the aircraft can move for the
maximum distance. We use a term “productivity” defined as the product of the total weight by the maximum
range to represent the transportation ability of an airplane.

For a jet engine airplane, the total weight of the aircraft decreases during flight. A non-dimensional productivity
parameter is hence defined using the aircraft averaged weight as below:

CRW =
RW

1
2ct
ρ̄V 3
∞S

=
C2
L

CD
ln
W0

Wf
(68)

where R is the aircraft range, W is the averaged weight of the aircraft during cruise, ct is the engine cruise
thrust specific fuel consumption[fuel weight(N)/(thrust(N) s)], ρ̄ is the averaged air density during cruise due to
altitude variation, S is the wing platform area, W0 is the aircraft initial gross weight at takeoff, Wf is the final
weight at landing. This formulation is obtained from the Breguet Range Equation. The productivity parameter
represents the productivity of the aircraft with the fuel consumed per unit time.

For a propeller engine airplane, the productivity parameter is defined as:

CRW =
RW

1
2c ρ̄V

2
∞S

= η
C2
L

CD
ln
W0

Wf
(69)

where c is the fuel specific consumption of the propeller engine[fuel weight(N)/(BHP(W) s)], η is the propeller
efficiency.
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For a full electric battery powered propeller airplane, the aircraft weight will not change during flight. The
productivity parameter is defined as:

CRW =
RW

1
2cρV

2
∞SEc/g

= η
C2
L

CD

Wb

W0
(70)

where Ec is the battery specific energy density (Wh/kg), Wb is the total battery weight.

To compare aircraft that have the same ratio of initial weight to final weight with the same engine fuel con-
sumption or battery energy density, the only factor affecting their productivity parameter is C2

L/CD. We hence
name C2

L/CD as productivity efficiency.

We consider the productivity efficiency C2
L/CD = CL(CL/CD) as a more comprehensive parameter than the

conventional aerodynamic efficiency CL/CD to measure the merit of an airplane aerodynamic design for cruise
performance. The former includes not only the information of CL/CD, but also the information of the aircraft
weight CL. For example, for two airplane designs having the same CL/CD with one CL twice larger than the
other, if the wing sizes are the same, one airplane will be able to carry twice more weight than the other with
productivity and wing loading increased by 100%. Such a large difference is not reflected by CL/CD, but very well
reflected by C2

L/CD.

The definition of CL/CD in general is a suitable measure of merit for conventional aircraft design. This is
because at a certain Mach number regime, the maximum CL/CD is usually achieved at low angle of attack within
the drag bucket and is more or less the same for different airfoil designs. In other words, for the same optimum
CL/CD, the CL is about the same. A typical CL for subsonic airfoil is about 0.4 and for transonic airfoil is about
0.7.

For CFJ airfoil, the minimum CFJ pumping power occurs at a fairly high AoA as shown in Fig. ?? [9, 11].
With the augmentation of CFJ, the subsonic cruise lift coefficient of a CFJ airfoil is typically 2 to 3 times higher
than the conventional airfoil with about the same (CL/CD)c [22]. Such a high lift coefficient is unattainable for
conventional airfoil since they would be either stalled or near stalled with very high drag. Hence for CFJ aircraft
design, the productivity efficiency C2

L/CD = CL(CL/CD) is more informative to be used to reflect the aerodynamic
performance. The corrected productivity efficiency for CFJ airfoils is (C2

L/CD)c = C2
L/(CD + Pc).

5 Results and Discussion

5.1 Computational Mesh and Flow Conditions

The 3D multiblock structured meshes are constructed using the O-mesh topology in order to achieve high mesh
quality near airfoil wall surfaces. The total number of 2001 grid points are placed around the airfoil, 601 points on
the lower surface, 1401 points on the upper surface, 181 points normal to the airfoil, and 51 points in the spanwise
direction. For the CFJ flow domain, an additional 41 points across the jet is placed in the CFJ injection and
suction slot. The total mesh size is 20,880,000 cells and is partitioned into 348 blocks for parallel computation.
The far-field boundary is located 15 chords away from the airfoil. The CFJ wing span is 0.1 chord with the
periodic boundary conditions applied in the spanwise direction. To resolve the turbulent boundary layer, the first
grid point is placed at y+ ≈ 1. The mesh block information is available in Table 2 and the mesh topology is shown
in Fig. 3.
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Figure 3: Computational mesh for IDDES calculation

Table 1: Computational parameters for the flat plate validation

cases Mach Reynolds Mesh Nξ ×Nη ×Nζ ∆x ∆y1 ∆z ∆x+ ∆y+
1 ∆z+

baseline 0.028 480,000 2000× 180× 50 0.001 5.0e−6 0.002 33.3 0.17 66.6

CFJ 0.028 480,000 2000× 180× 50* 0.001 5.0e−6 0.002 33.3 0.17 66.6
*The grid points around the airfoil exclude the CFJ injection connection, and suction blocks.

Table 2: Mesh details for CFJ 6421

Block ξ-Direction η-Direction ζ-Direction Cell number location

1-300 20 60 50 60000 around the airfoil
301-304 20 60 50 60000 Injection block
305-344 20 60 50 60000 Connection
345-348 20 60 50 60000 Suction block

Total mesh size 20,880,000

The CFJ airfoil configurations are created from the baseline NACA 6421 airfoil by translating the suction surface
downward, which is defined as the suction surface translation (SST). The CFJ injection and suction slot sizes are
obtained by 2D trade study to achieve high lift coefficient for take-off and landing and high cruise efficiency. Fig.
4 shows the illustration of CFJ airfoil parameters, i.e., SSTs, injection slot sizes and suction slot sizes [1].

Table 3 gives the detailed parameters of the CFJ airfoil designed for takeoff/landing including the injection and
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Table 3: CFJ-NACA6421 airfoil geometry parameters for takeoff/landing and cruise condition

Case CFJ-NACA6421 airfoil
SST
(%C)

INJ slot size
(%C)

SUC slot size
(%C)

Takeoff/Landing SST016-SUC053-INJ009 0.16 0.09 0.53

suction slot size normalized by chord length(C), and the injection jet momentum coefficient used. The 3-digit
number in the naming convention stands for the SST distance, injection slot size, and suction slot size normalized
by the airfoil chord.

For the IDDES simulation, the normalized physical time step of 0.02 and the CFL number of 5 is applied for
the pseudo time are used. For the low-speed takeoff/landing simulation, the Mach number is 0.028 and Reynolds
number is 4.8 × 105 based on the freestream velocity of 10 m/s. The jet momentum coefficients Cµ= 0.25, 0.35,
and 0.50 are selected for the study to obtain the flow structures that can sustain the super-lift coefficient. The
simulated angle of attack is set at 62◦. The simulation parameters can be found in table 4.

5.2 CFJ wing at AoA of 62◦

Table 4: Takeoff/Landing simulation parameters

CFJ NACA6421 airfoil Vinf Mach number Reynolds number AoA Cµ
SST016-SUC053-INJ009 10m/s 0.028 480,000 62 0.25
SST016-SUC053-INJ009 10m/s 0.028 480,000 62 0.35
SST016-SUC053-INJ009 10m/s 0.028 480,000 62 0.50

Table 5: Time-avaraged simulation results

CFJ6421 airfoil AoA Cµ CL CD
SST016-SUC053-INJ009 62 0.25 6.72 0.08
SST016-SUC053-INJ009 62 0.35 8.58 0.04
SST016-SUC053-INJ009 62 0.50 9.1 0.21

The lift and drag coefficient history for AoA=62◦ and Cµ= 0.5 is shown in Fig. 5. To obtain the desired Cµ,
an iterative method is used to calculate the total pressure Ptinj at the injection cavity. The static pressure Pssuc
at the suction cavity is computed in the same way to maintain the mass conservation of the CFJ injection and
suction. The lift and drag curve are gradually converged to a stable oscillation around the mean value of CL
and CD after the characteristic time t̄ ≈ 200. The time-averaged lift coefficient is 9.1 and the time-averaged drag
coefficient is 0.21. Similar lift and drag coefficient history with physical time iteration is found for the other Cµ,
the summarized time-averaged result is in table 5.

Fig. 6 is the streamlines for the CFJ airfoil at AoA = 62 ◦ and Cµ = 0.50. The streamlines show that the flow
is well attached to the airfoil, which indicates that the flow goes around the airfoil from the trailing edge towards
the leading edge on the lower surface and turns back toward the trailing edge on the upper surface. Then the
flow direction changes nearly 180◦ at the leading edge with suction peak velocity. The main flow then mixes with
the high momentum CFJ jet and leaves the wing surface near the trailing edge. The predicted 3D flow field is
different from the 2D airfoil flow in that the spanwise vortical flow structures exist. Besides, the IDDES simulation
indicates that flow is mildly separated near the trailing edge on the upper surface. Given the three-dimensional
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turbulent flow features, the exact location of the stagnation point can not be clearly identified as the 2D RANS
simulation.

Figure 4: CFJ6421 airfoil geometry parameters.
Figure 5: Lift and drag coefficient history at AoA

= 62 ◦ and Cµ = 0.5.

Time-averaged streamlines Instantaneous streamlines near trailing edge

Figure 6: The time-averaged and instantaneous streamlines and Mach number contours at AoA = 62 ◦ and Cµ =
0.5.

The time-averaged and instantaneous Mach contours and streamlines of the CFJ wing at AoA = 62◦ and Cµ
= 0.5 are shown in Fig. 6. The time-averaged streamlines indicate that the flow is well attached to the surface
throughout the airfoil surface. Therefore, the CFJ flow control can greatly enhance the maximum achievable lift
by making the flow attached to the wing. The high-speed velocity region is observed near the leading edge with
the peak Mach number up to 0.15. The flow acceleration near the leading edge creates a very pressure region,
which contributes to the high lift enhancement.

Fig. 7 shows the time-averaged Mach number contours of the CFJ wing at AoA = 62◦ and different Cµ of 0.25,
0.35, and 0.5. All the Mach number contours show that the high-speed flow field near the leading edge. This
Mach is much higher than the free stream Mach number of 0.028. The local pressure field is significantly reduced
due to the flow acceleration. The CFJ jet emanated from the injection slot creates the high-speed jet throughout
the upper surface. For Cµ greater than 0.35, the high speed jet due to CFJ is maintained up to the trailing edge,
whereas at Cµ=0.25, the high speed jet is terminated by a small flow separation at trailing edge.
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Cµ = 0.25 Cµ = 0.35 Cµ = 0.5

Figure 7: Comparison of time-averaged Mach number distribution for different jet momentum coefficient Cµ.

Figure 8: Turbulent flow structures of instantaneous flow field using iso-surface of Lambda-2 criterion colored by
Mach number for the CFJ wing with different Cµ.
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The instantaneous turbulent flow structures represented by Lambda-2 vortex criterion at λ = -100 is shown in
Fig. 8. Lambda-2 is a negative second eigenvalue of SikSkj + ΩikΩkj , in which the strain tensor Sij is defined
as 0.5(dui/dxj + duj/dxi) and Ωij is the vorticity tensor defined as 0.5(dui/dxj − duj/dxi), respectively. Sij
represents the symmetric component of the velocity gradient tensor related to the amount of stretching and
folding that derives mixing to occur. Ωij represents the antisymmetric component of the velocity gradient tensor,
which determines the vorticity motion. Lambda-2 is used to reflect various scales and structure of turbulent flow
from a three-dimensional velocity field. This criterion had been employed by researchers for various cases such as
in aerodynamics [23].

The turbulent flow field is obviously very chaotic with a large range of resolved scales of large eddies. The
flow structures display different flow patterns for different Cµ. The comparison in Fig. 8 highlights the fact that
the Lambda-2 vortex criterion clearly depicts the locations where the flow detaches from the surface at the lower
Cµ of 0.25. At higher Cµ of 0.35 and 0.5, the flow is attached to the surfaces and leaves the trailing edge with
shedding vortices. The large shedding vortices are considered the coherent vortical structure, which could provide
the thrust and carry the extra jet energy.

Figure 9: Multiple leading edge vortex layers at Cµ = 0.5 and AoA = 62◦

The vortex layer near the injection is illustrated in Fig. 9, which is similar to the vortex structures observed
in the 2D RANS simulation [1]. The near-wall surface region bounded by the non-slip wall boundary generates a
clock-wise boundary layer vortex sheet in blue. The high momentum CFJ forms a counter-clockwise vortex layer
is generated downstream the CFJ injection slot. Next to the injection jet mixing layer is a clockwise vortex layer
(in red), which is induced by the CFJ via the mixing layer, named induced vortex layer. The induced vortex layer
further induces a high-speed jet turning around the leading edge, named as secondary induced jet. The high-
speed secondary induced jet creates a counter-clockwise vortex layer to transit the velocity radially to the slower
freestream velocity. The last vortex layer is hence named the transitional vortex layer. In general, the clockwise
vortex layer contributes to lift generation, and the counter clockwise vortex layer contributes thrust generation.
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Figure 10: Lift and drag coefficient history for the baseline NACA6421 wing at AoA = 18◦

5.3 CFJ-NACA6421 and baseline NACA6421 flows at AoA of 18◦

As a comparison for reference, the flow of the baseline NACA6421 and CFJ-NACA6421 airfoil is also simulated
by IDDES at the AoA = 18◦. The lift and drag coefficient history with non-dimensional time is shown in Fig.
10. The time-averaged CL of IDDES simulation is 1.416 and CD is 0.149. The simulation results show excellent
agreement with the experimental result of CL = 1.411 and CD = 0.162 [24]. The discrepancy of CL is 0.3%. The
IDDES simulation demonstrates its high accuracy against experimental results.

Table 6: Time-averaged simulation results of NACA6421 airfoil

airfoil AoA Cµ CL CD
NACA6421 Exp.* 17.5 - 1.411 0.149
NACA6421 Sim. 18 - 1.416 0.162
CFJ6421 Sim. 18 0.25 3.8 -0.12

* The experimental data is from NACA TECHNICAL NOTE NO. 392 [24].

Fig. 11 shows the instantaneous Mach number contours and streamlines for the turbulent flow of NACA6421
airfoil at AoA = 18◦. It is seen that the boundary layer is at its inception of separation, resulting in a very
weak recirculation region. Fig. 11 depicts the instantaneous turbulent flow structures using the Lambda-2 vortex
identification criterion. Large vortical flow structure is created by the mildly separated flow from the upper surface.
The boundary layer flow detachment takes place where both the pressure and velocity are relatively low.

To compare the CFJ airfoil flow at the same AoA with the same baseline airfoil, The flow structures of for
CFJ-NACA6421 wing at AoA = 18◦ and Cµ = 0.25 are shown in Fig. 13 using the instantaneous Mach number
contour and streamlines. The airfoil with CFJ flow control has the flow very well attached with various scale
structures near the trailing edge.

6 Conclusion

The CFJ flow control airfoil is studied by using IDDES. The three-dimensional flow structures and vortices at
high AoAs are investigated. Three different jet momentum coefficient from Cµ = 0.25 to Cµ = 0.5 simulated at
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Figure 11: Instantaneous Mach number contour with streamlines and vorticity visualized by the Q=5 criterion
for the baseline NACA6421 wing at AoA = 18◦

Figure 12: Instantaneous turbulent flow structures represented by Lambda-2 criterion λ2=-100 colored by the
Mach number
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Figure 13: Mach number contour and streamlines for CFJ6421 wing at AoA = 18◦ and Cµ=0.25

the Mach number of 0.028 and the Reynolds number of 4.8 × 105. The present numerical study indicates that
CFJ active flow control airfoil is able to achieve the super-lift coefficient exceeding the theoretical limit at a very
high AoAs with attached flow. The super-lift coefficient is achieved by the three-dimensional IDDES study. The
qualitative counter-rotating vortex structures at very high AoA and severe adverse pressure gradient is similar to
those observed in 2D RANS simulation.
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manager Jean-Charles Ledé under Cooperative Agreement No.: HR0011-16-2-0052. The content of the information
does not necessarily reflect the position or the policy of the Government, and no official endorsement should be
inferred. The simulations are conducted on Pegasus supercomputing system at the Center for Computational
Sciences at the University of Miami.

22

D
ow

nl
oa

de
d 

by
 G

ec
he

ng
 Z

ha
 o

n 
Ja

nu
ar

y 
26

, 2
01

8 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

01
8-

03
14

 

http://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-0314&iName=master.img-026.jpg&w=489&h=140
http://arc.aiaa.org/action/showImage?doi=10.2514/6.2018-0314&iName=master.img-026.jpg&w=489&h=140


References

[1] Yunchao Yang and Gecheng Zha, “Super-Lift Coefficient of Active Flow Control Airfoil: What is the Limit?.”
AIAA Paper 2017-1693, AIAA SCITECH2017, 55th AIAA Aerospace Science Meeting, Grapevine, January
9-13 2017.

[2] J. Wimpress, “Aerodynamic technology applied to takeoff and landing,” Annals of the New York Academy of
Sciences, vol. 154, no. 1, pp. 962–981, 1968.

[3] G.-C. Zha, W. Gao, and C. Paxton, “Jet Effects on Co-Flow Jet Airfoil Performance,” AIAA Journal, No.
6,, vol. 45, pp. 1222–1231, 2007.

[4] G.-C. Zha and D. C. Paxton, “A Novel Flow Control Method for Airfoil Performance Enhancement Using
Co-Flow Jet.” Applications of Circulation Control Technologies, Chapter 10, p. 293-314, Vol. 214, Progress in
Astronautics and Aeronautics, AIAA Book Series, Editors: Joslin, R. D. and Jones, G.S., 2006.

[5] G.-C. Zha, C. Paxton, A. Conley, A. Wells, and B. Carroll, “Effect of Injection Slot Size on High Performance
Co-Flow Jet Airfoil,” AIAA Journal of Aircraft, vol. 43, 2006.

[6] G.-C. Zha, B. Carroll, C. Paxton, A. Conley, and A. Wells, “High Performance Airfoil with Co-Flow Jet Flow
Control,” AIAA Journal, vol. 45, 2007.

[7] Wang, B.-Y. and Haddoukessouni, B. and Levy, J. and Zha, G.-C., “Numerical Investigations of Injection Slot
Size Effect on the Performance of Co-Flow Jet Airfoil ,” AIAA Journal of Aircraft, vol. 45, pp. 2084–2091,
2008.

[8] B. P. E. Dano, D. Kirk, and G.-C. Zha, “Experimental Investigation of Jet Mixing Mechanism of Co- Flow
Jet Airfoil.” AIAA-2010-4421, 5th AIAA Flow Control Conference, Chicago, IL, 28 Jun - 1 Jul 2010.

[9] B. P. E. Dano, G.-C. Zha, and M. Castillo, “Experimental Study of Co-Flow Jet Airfoil Performance Enhance-
ment Using Micro Discreet Jets.” AIAA Paper 2011-0941, 49th AIAA Aerospace Sciences Meeting, Orlando,
FL, 4-7 January 2011.

[10] Lefebvre, A. and Zha, G.-C. , “Design of High Wing Loading Compact Electric Airplane Utilizing Co-Flow Jet
Flow Control.” AIAA Paper 2015-0772, AIAA SciTech2015: 53nd Aerospace Sciences Meeting, Kissimmee,
FL, 5-9 Jan 2015.

[11] Lefebvre, A. and Dano, B. and Bartow, W. and Di Franzo, M. and Zha, G.-C., “Performance Enhancement
and Energy Expenditure of Co-Flow Jet Airfoil with Variation of Mach Number.” AIAA Paper 2013-0490,
AIAA Journal of Aircraft, DOI: 10.2514/1.C033113, 2016.

[12] Liu, Z.-X. and Zha, G.-C., “Transonic Airfoil Performance Enhancement Using Co-Flow Jet Active Flow
Control.” AIAA Paper 2016-3066, AIAA Aviation, June 13-17 2016.

[13] Y. Yang and G. Zha, “Simulation of airfoil stall flows using iddes with high order schemes,” in 46th AIAA
Fluid Dynamics Conference, p. 3185, 2016.

[14] P. R. Spalart and S. R. Allmaras, “A one-equation turbulence model for aerodynamic flows,” in 30th Aerospace
Sciences Meeting and Exhibit, Aerospace Sciences Meetings, Reno, NV, USA, AIAA Paper 92-0439, 1992.

[15] Jameson, A., “Time Dependent Calculations Using Multigrid with Applications to Unsteady Flows Past
Airfoils and Wings.” AIAA Paper 91-1596, 1991.

23

D
ow

nl
oa

de
d 

by
 G

ec
he

ng
 Z

ha
 o

n 
Ja

nu
ar

y 
26

, 2
01

8 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

01
8-

03
14

 

https://arc.aiaa.org/action/showLinks?doi=10.2514%2F6.2018-0314&system=10.2514%2F1.37441&citationId=p_7
https://arc.aiaa.org/action/showLinks?doi=10.2514%2F6.2018-0314&crossref=10.2514%2F1.C033113%2C&citationId=p_11
https://arc.aiaa.org/action/showLinks?doi=10.2514%2F6.2018-0314&crossref=10.1111%2Fj.1749-6632.1968.tb15239.x&citationId=p_2
https://arc.aiaa.org/action/showLinks?doi=10.2514%2F6.2018-0314&system=10.2514%2F6.2016-3185&citationId=p_13
https://arc.aiaa.org/action/showLinks?doi=10.2514%2F6.2018-0314&system=10.2514%2F1.20926&citationId=p_6
https://arc.aiaa.org/action/showLinks?doi=10.2514%2F6.2018-0314&system=10.2514%2F6.2015-0772&citationId=p_10
https://arc.aiaa.org/action/showLinks?doi=10.2514%2F6.2018-0314&system=10.2514%2F6.2010-4421&citationId=p_8
https://arc.aiaa.org/action/showLinks?doi=10.2514%2F6.2018-0314&system=10.2514%2F6.2016-3472&citationId=p_12
https://arc.aiaa.org/action/showLinks?doi=10.2514%2F6.2018-0314&system-d=10.2514%2F1.23995&citationId=p_3
https://arc.aiaa.org/action/showLinks?doi=10.2514%2F6.2018-0314&system=10.2514%2F6.1992-439&citationId=p_14
https://arc.aiaa.org/action/showLinks?doi=10.2514%2F6.2018-0314&system=10.2514%2F1.16999&citationId=p_5


[16] Zha, G.C., Shen, Y.Q. and Wang, B.Y., “An improved low diffusion E-CUSP upwind scheme ,” Journal of
Computer and Fluids, vol. 48, pp. 214–220, Sep. 2011.

[17] Edwards, J.R., “A Low-Diffusion Flux-Splitting Scheme for Navier-Stokes Calculations,” Computer & Fluids,
vol. 6, pp. 635–659,doi:10.1016/S0045–7930(97)00014–5, 1997.

[18] Shen, Y.Q., and Zha, G.C., “Improvement of the WENO Scheme Smoothness Estimator,” International
Journal for Numerical Methods in Fluids, vol. 64,, pp. 653–675, DOI:10.1002/fld.2186, 2009.

[19] Shen, Y.Q., Zha, G.C., and Wang, B.Y., “Improvement of Stability and Accuracy of Implicit WENO Scheme,”
AIAA Journal, vol. 47, pp. 331–334, DOI:10.2514/1.37697, 2009.

[20] Shen, Y.Q., and Zha, G.C., “Large Eddy Simulation Using a New Set of Sixth Order Schemes for Compressible
Viscous Terms,” Journal of Computational Physics, vol. 229, pp. 8296–8312, doi:10.1016/j.jcp.2010.07.017,
2010.

[21] Shen, Y.Q., Zha, G.C., and Chen, X., “High Order Conservative Differencing for Viscous Terms and the
Application to Vortex-Induced Vibration Flows,” Journal of Computational Physics, vol. 228(2), pp. 8283–
8300, doi:10.1016/j.jcp.2009.08.004, 2009.

[22] Lefebvre, A. and Zha, G.-C., “Trade Study of 3D Co-Flow Jet Wing for Cruise Performance.” AIAA Paper
2016-0570, AIAA SCITECH2016, AIAA Aerospace Science Meeting, San Diego, CA, 4-8 January 2016.

[23] J. Jeong and F. Hussain, “On the identification of a vortex,” Journal of fluid mechanics, vol. 285, pp. 69–94,
1995.

[24] E. N. Jacobs and R. M. Pinkerton, “Tests of naca airfoils in the variable-density wind tunnel series 44 and
64,” 1931.

24

D
ow

nl
oa

de
d 

by
 G

ec
he

ng
 Z

ha
 o

n 
Ja

nu
ar

y 
26

, 2
01

8 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

01
8-

03
14

 

https://arc.aiaa.org/action/showLinks?doi=10.2514%2F6.2018-0314&crossref=10.1002%2Ffld.2186%2C&citationId=p_18
https://arc.aiaa.org/action/showLinks?doi=10.2514%2F6.2018-0314&crossref=10.1017%2FS0022112095000462&citationId=p_23
https://arc.aiaa.org/action/showLinks?doi=10.2514%2F6.2018-0314&crossref=10.1016%2Fj.jcp.2010.07.017&citationId=p_20
https://arc.aiaa.org/action/showLinks?doi=10.2514%2F6.2018-0314&system=10.2514%2F1.37697%2C&citationId=p_19
https://arc.aiaa.org/action/showLinks?doi=10.2514%2F6.2018-0314&crossref=10.1016%2Fj.compfluid.2011.03.012&citationId=p_16

