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Abstract

This paper conducts an Improved Delayed Detached Eddy Simulation (IDDES) as a high fidelity verification
of flows with extreme adverse pressure gradients (EAPG), which are enabled by Co-Flow Jet (CFJ) active flow
control (AFC). We define an EAPG to be an adverse pressure gradient that is at least ten times larger than
the maximum adverse pressure gradient sustainable by the non-controlled flow of a baseline case at the same
conditions. This paper simulates the flow around a CFJ6421-SST150-SUC247-INJ152 airfoil at an angle of attack
(AoA) of 65◦ and a jet momentum coefficient (Cµ) of 2.5, which achieves a super-lift coefficient of CL = 9.58. As
a baseline for comparison, the NACA6421 airfoil is also simulated using IDDES at an AoA of 14◦, at its CLmax

condition just before stall. The simulation is conducted using FASIP, an in-house CFD program. 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 CFJ airfoil demonstrates a
remarkable ability to maintain attached flow at α = 65◦, generating an EAPG around the leading edge of the
airfoil and immediately downstream of the injection slot. The CFJ airfoil achieves maximum streamwise and
centrifugal pressure gradient coefficients 737 and 68 times higher than those of the baseline airfoil, respectively.
This paper reinforces our understanding of the the CFJ’s interaction with EAPGs, investigating the physical
mechanisms underlying EAPG formation, and the CFJ’s capacity to sustain attached flow within such conditions.
Furthermore, it further validates the findings of our prior 2D URANS study, which first introduces the EAPG.
Given its ability to maintain attached flow in the presence of an EAPG, the CFJ airfoil has the potential to be
a promising and highly effective flow control device.

Nomenclature

AoA Angle of Attack, α
AFC Active Flow Control
APG Adverse Pressure Gradient
CFJ Co-Flow Jet
CFWJ Co-Flow Wall Jet
EAPG Extreme Adverse Pressure Gradient
FASIP Flow-Acoustics-Structure Interaction Package
LE Leading Edge
TE Trailing Edge
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ZNMF Zero-Net Mass Flux

PGx Normalized Streamwise Pressure Gradient, C
0.5ρ∞V 2

∞

∂p
∂x

PGr Normalized Radial Pressure Gradient, C
0.5ρ∞V 2

∞

∂p
∂r

PGRx Streamwise Pressure Gradient Ratio, PGx(CFJ)/PGx(Baseline)
PGRr Radial Pressure Gradient Ratio, PGr(CFJ)/PGr(Baseline)

P CFJ pumping power consumption, P =
ṁCpTt2

η (Γ
γ−1
γ − 1)

η CFJ pumping system efficiency

Pc Power coefficient, Pc =
P

1
2
ρ∞V 3

∞S

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

Cµ Jet momentum coefficient, Cµ =
ṁVj

1
2
ρ∞V∞2S

CLmax Maximum lift coefficient

(CL/CD)cAerodynamic efficiency corrected for CFJ airfoil, L
D+P/V∞

Re Reynolds number
Ma Mach number
Cp Pressure coefficient
γ Air specific heat ratio
ρ∞ Freestream density
V∞ Freestream velocity
Tt Total temperature
Pt Total pressure
Ht Total specific enthalpy
ṁ Mass flow rate through the pump
ωz Spanwise Vorticity
C, c Chord length
rc Radius of Curvature
κ Curvature, 1/rc
f̄ Reduced Frequency, fL/U

1 Introduction

Active Flow Control (AFC) may substantially extend the operating limits of a flow system by sustaining a higher
maximum adverse pressure gradient (APG) within the flow. When the maximum adverse pressure gradient exceeds
ten times the maximum APG that its non-controlled counterpart flow can sustain, we refer to it as an Extreme
Adverse Pressure Gradient (EAPG). Two-dimensional simulation of Co-Flow Jet (CFJ) active flow control using
Unsteady Reynolds Averaged Navier-Stokes (URANS) equations has indicated that a CFJ airfoil is able to achieve
and sustain an EAPG [1, 2], reaching extraordinary adverse pressure gradient magnitudes. The maximum lift
coefficient of an airfoil is governed by the maximum adverse pressure gradient that airfoil can sustain before
stalling. That being so, using AFC to increase an airfoil’s APG limit will expand the operating range of those
fluid systems. Many fluid systems rely on airfoils such as aircraft, wind turbines, turbomachinery, etc. Studying
EAPGs’ potential to enhance the capability of airfoils or other similar flow control devices therefore has broad
practical significance. On the theoretical side, this exploration into extreme adverse pressure gradients lays the
groundwork for a research of a flow domain not well documented in fluid dynamics literature.
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1.1 CoFlow Jet and EAPG Flow

The Co-Flow Jet is a zero-net-mass-flux active flow control method that uses fluidic actuators developed by Zha
and his team [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 10, 2, 13, 14, 15, 16]. The CFJ airfoil has a tangential injection slot
near the leading edge of the airfoil’s suction surface and a streamwise suction slot near the trailing edge, shown in
Fig. 1. A small amount of flow is ingested into the airfoil through the suction slot, pressurized and energized by
a micro-compressor inside the airfoil, then injected near the leading edge through the injection slot. The Co-Flow
Jet injection is a wall jet because of its tangential injection vector. Since CFJ jet injection usually destabilizes the
flow, Co-Flow Jet wall jets are categorized as turbulent wall jets [17].

Figure 1: Schematic of components making up CFJ airfoil.

Yang and Zha [2] first observed in their 2D RANS simulation study that a CFJ-NACA6421 airfoil can sustain
lifting flow at AoA up to 70◦ without stall, generating lift coefficients far exceeding the maximum lift coefficient
limit derived by Smith [18]. Smith postulated that an airfoil’s maximum theoretical lift would occur at an AoA
of 90◦, with magnitude CLmax = 2π(1 + t/c). This premise is based on potential flow theory. Yang and Zha
further observed that the high circulation generated by the CFJ causes the rear stagnation point to detach from
the airfoil’s solid body. The CFJ airfoil Yang and Zha studied employs a very thin injection slot, which effectively
generates a very high lift coefficient, but also requires very high power to actuate the CFJ. Wang and Zha [19, 20]
modified the CFJ airfoil by enlarging the injection and suction slot sizes. Their airfoil design maintains the
capability of achieving very high lift coefficients but substantially reduces the CFJ required power. According to
their simulation, Wang and Zha’s airfoil is able to attach flow up to AoA 80◦ [19]. According to Smith’s maximum
lift theory, the 21% thickness CFJ-NACA6421 airfoil should have a CLmax of 7.6, but Wang and Zha’s 2D RANS
study showed lift coefficients as high as 16.5, more than doubling the CLmax limit. A lift coefficient exceeding
Smith’s CLmax is termed a “Super-Lift Coefficient” (SLC) [2]. The CFJ6421 airfoil has been shown to generate
a SLC by wind tunnel testing, with a lift coefficient of 8.6 [13]. For the present study, the injection slot is 30%
larger than Wang and Zha’s design [19, 20] and the injection duct curvature is reduced to accommodate subsonic
injection flow at high Cµ and very high angles of attack [1].
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The pressure gradient coefficient in the streamwise and centrifugal directions are defined in [1] as:

PGx =
C

0.5ρ∞V 2
∞

∂p

∂x
, PGr =

C

0.5ρ∞V 2
∞

∂p

∂r
≈ C

0.5ρ∞V 2
∞

ρV 2
t

R
(1)

where the subscript x denotes the streamwise direction, r denotes the direction normal to the wall and transverse
to the flow, C is the airfoil chord, Vt is the tangential velocity, and R is the local radius of curvature.

McBreen et al. [1] examined the maximum streamwise adverse pressure gradient and centrifugal pressure
gradient coefficients of the 2D CFJ-NACA6421 airfoil at super-lift conditions using URANS. They found that
the CFJ augments the adverse and centrifugal pressure gradients by 3 and 2 orders of magnitude respectively
compared to the non-controlled baseline NACA6421 airfoil. Thus the 2D URANS results achieve EAPG [1]. Xu
et al. [17] simulated the widely studied NASA hump using 2D URANS, implementing a “Co-Flow Wall Jet”
(CFWJ) to attach the flow in the hump’s adverse pressure gradient. Xu et al. dissected the physical mechanisms
responsible for offsetting the APG to maintain flow attachment, concluding that the injection jet mass flux,
streamwise vorticity, and turbulent diffusion are the three factors responsible for offsetting the APG. In particular,
turbulent diffusion plays a dominant role among the three factors. However, the NASA hump does not generate
an EAPG when the flow is attached by the CFWJ. It is not certain if the mechanism observed in the 2D RANS
simulation with mild APG can be fully applied to flows with an EAPG.

Study of the EAGP phenomenon so far has led to many questions. Is the EAPG an artifact of the Spalart-
Allmaras (SA) one-equation turbulence model [21] in a 2D URANS simulation? The SA-RANS turbulence model
is known to have limited accuracy because of its treatment of eddies as isotropic structures with universal scale
filtering. The questions to be asked are as follows: 1) Is the EAPG obtained by 2D URANS qualitatively correct?
2) Since the RANS model is not designed to sustain EAPG [21], is the turbulent diffusion and transport predicted
by RANS simulations reasonable? 3) Is the EAPG only a 2D phenomenon or is it also observed with 3D flow
structures? 4) What is the physical mechanism enabling CFJ flow to sustain extreme adverse pressure gradients?
5) Does the trailing edge detached stagnation point exist in the 3D viscous flow field? Thoroughly answering
these questions requires considerable effort, including more sophisticated Large Eddy Simulation (LES), Direct
Numerical Simulation (DNS), and experimental studies.

The purpose of this paper is to take one step beyond the 2D URANS study by using 3D Improved Delayed De-
tached Eddy Simulation (IDDES) to further verify the CFJ’s EAPG phenomenon. IDDES is a hybrid RANS/LES
model evolved from the Detached Eddy Simulation (DES) model under a series of developments by Spalart et al.
[22, 23, 24]. IDDES resolves the non-isotropic large eddies outside of boundary layer by using LES, but adopts the
RANS model within the wall boundary layer. It is thus still limited to the Boussinesq eddy viscosity assumption
within the boundary layer. The turbulence behavior very near the wall may not be adequately resolved. However,
3D IDDES provides considerably more insight into the flow physics of CFJ EAPG flows than 2D UARNS. Previous
studies indicate that the IDDES and DES predicts the massive separated flow with significantly improved accuracy
over URANS quantitatively and qualitatively [25, 26, 27, 28, 29, 11]. Numerical results for the CFJ airfoil with
EAPG at AoA of 65◦ are compared to the 3D baseline NACA6421 airfoil at 14◦ AoA, its CLmax condition.
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2 Numerical Algorithms

The IDDES solver implemented and validated by Yang and Zha [25, 30] is adopted in this study.

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

)
(2)

where Re is the Reynolds number. The equations are normalized 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

 (3)

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)

 (4)

S =
1

J



0
0
0
0
0
Sν

 (5)

where ρ is the density, p is the static pressure, and e is the total energy per unit mass. The overbar denotes a
regular filtered variable in the LES region, or a Reynolds-averaged value in the RANS region. The tilde symbol
is used to denote Favre filtered variables. ν is kinematic viscosity and ν̃ is the working variable related to eddy
viscosity in the S-A and IDDES turbulence one equation model [21]. U , V and W are the contravariant velocities
in ξ, η, ζ directions, and defined as

U = lt + l •V = lt + lxũ+ lyṽ + lzw̃
V = mt +m •V = mt +mxũ+myṽ +mzw̃
W = nt + n •V = nt + nxũ+ nyṽ + nzw̃

(6)
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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
(7)

lt =
ξt
J
, mt =

ηt
J
, nt =

ζt
J

(8)

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. 5, 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

] (9)

where

χ =
ν̃

ν
, fv1 =

χ3

χ3 + c3v1
, fv2 = 1− χ

1 + χfv1
, ft1 = Ct1gtexp

[
−Ct2

ω2
t

∆U2

(
d2 + g2t d

2
t

)]
(10)

ft2 = Ct3exp
(
−Ct4χ

2
)
, fw = g(

1 + c6w3

g6 + c6w3

)1/6, g = r + cw2(r
6 − r) (11)

gt = min

(
0.1,

∆q

ωt∆xt

)
, S̃ = S +

ν̃

k2d2Re
fv2, r =

ν̃

S̃k2d2Re

(12)

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

]
(13)

q̄k = −
(

µ

Pr
+

µIDDES

Prt

)
∂T̃

∂xk
(14)

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.

2.2.1 DDES branch of IDDES

The DDES 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) (15)

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

fd = 1− tanh[(8rd)
3] (16)

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

rd =
νt + ν

k2d2wmax[(Ui,jUi,j)0.5, 10−10]
(17)

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. 17, 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.15 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. 15 and 17.

The LES length-scale, lLES , is defined via the subgrid length-scale for Eq. 15 as

lLES = CDESΦ∆ (18)

where CDES is the fundamental empirical constant of DES, 0.65. Φ is a low-Reynolds number correction
introduced 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.
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2.2.2 WMLES branch of IDDES

The WMLES 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 (19)

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

fB = min{2exp(−9α2), 1.0}, α = 0.25− dw/hmax (20)

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. 19, 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 (21)

where the function fe1 is defined as

fe1(dw/hmax) =

{
2exp(−11.09α2) if α ≥ 0

2exp(−9.0α2) if α < 0
(22)

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} (23)

2.2.3 Blending DDES and WMLES branches

The DDES length-scale defined by Eq. 15 and that of the WMLES-branch defined by Eq. 19 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 (24)

where the blending function f̃d is defined by

f̃d = max{(1− fdt), fB} (25)

with fdt = 1− tanh[(8rdt)
3]
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With the use of Eq. 24, the required IDDES length-scale combining the DDES and WMLES length scales
defined by Eqns. 24 and 19 is straightforward and can be implemented as

lhyb = f̃d(1 + fe)lRANS + (1− f̃d)lLES (26)

With inflow turbulent content, fdt is close to 1.0, f̃d is equal to fB, so Eq. 26 is reduced to lhyb = lWMLES in
Eq. 19. Otherwise, fe is zero, Eq. 26 is interpreted as lhyb = lDDES in Eq. 24.

2.3 Time Marching Scheme

Following the dual time stepping method suggested by Jameson [31], 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
(27)

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

(28)

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 Navier-Stokes Solver

The in-house high order accuracy CFD code Flow-Acoustics-Structure Interaction Package (FASIP) is used to
conduct the numerical simulation. The 3D Navier-Stokes equations given Section 2.1 are solved by a 5th order
WENO scheme for the inviscid flux [32, 33, 34] and a 4th order central differencing for the viscous terms [33].
The low diffusion E-CUSP scheme used as the approximate Riemann solver suggested by Zha et al [35] based on
the Zha-Bilgen flux-vector-splitting scheme [36] is utilized with the WENO scheme to evaluate the inviscid fluxes.
Implicit time marching method using Gauss-Seidel line relaxation is used to achieve a fast convergence rate [37].
Parallel computing is implemented to save simulation time [38]. The FASIP code is intensively validated for CFJ
flow control simulations [15, 10, 11, 12, 14, 7, 3, 16, 39].
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2.5 CoFlow Jet Parameters

2.5.1 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
(29)

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 planform area.

2.5.2 Pumping Power

The CFJ is implemented via a pumping system inside the wing that draws air from the suction slot and blows
it out of the injection slot. As a Zero-Net-Mass-Flux (ZNMF) flow control mechanism with a closed flow path,
the CFJ power required can be defined by the thermodynamic relationship based on the mass flow rate and total
enthalpy variation as the following:

P = ṁ(Ht1 −Ht2) (30)

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) (31)

The power consumption can be expressed as a power coefficient below:

Pc =
P

1
2ρ∞V 3

∞S
(32)

In this research, the CFJ pumping efficiency is set to 100% to calculate the power required. This choice is discussed
further in Section 4. Eq. 31 indicates that the power required by the CFJ is determined linearly by the mass
flow rate and exponentially by the total pressure ratio. Large injection slots reduce the power required because
the total pressure loss in the injection duct is substantially reduced. It follows that the most efficient way to
implement the CFJ is to employ a large mass flow rate and low total pressure ratio.

2.5.3 Corrected Aerodynamic Efficiency

The conventional airfoil aerodynamic efficiency is defined as CL/CD. 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 :(

CL

CD

)
c

=
L

D + P
V∞

=
CL

CD + PC
(33)

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 effectively converts the power consumed by the CFJ into drag for the airfoil.
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2.5.4 Lift and Drag Calculation

The momentum and pressure at the injection and suction slots produce a reactionary force not included in the
surface integral used to calculate lift and drag on the airfoil surface. Using control volume analysis (Fig. 2), 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) (34)

Fycfj = (ṁj1Vj1 + pj1Aj1) ∗ sin(θ1 − α) + (ṁj2Vj2 + pj2Aj2) ∗ sin(θ2 + α) (35)

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

(36)

L = R′
y − Fycfj (37)

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
Eqns. 36 and 37. The above terms are sketched in Figure 2.

Figure 2: Control-volume diagram of CFJ airfoil.
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2.6 Computational Mesh and Flow Conditions

Figure 3: Computational mesh for CFJ airfoil far field with additional cells to resolve the wake.

Figure 4: CFJ airfoil surface mesh.

The 3D multiblock structured meshes for the baseline and CFJ airfoils are constructed using an O-mesh topology
in order to achieve high mesh quality near airfoil wall surfaces. The simulated CFJ wing span is 10% the chord
length, with periodic boundary conditions applied on the spanwise domain faces. For the CFJ airfoil mesh, 2001
grid points are distributed circumferentially around the airfoil, with 601 points on the lower surface and 1401 points
on the upper surface, 301 points distributed radially from the airfoil, and 51 points in the spanwise direction. For
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the CFJ slots and suction surface translation region, there are 61 points distributed across the jet. The total mesh
size is 14,600,000 cells and is partitioned into 308 blocks for parallel computation. The far-field boundary is 200
chords away from the airfoil radially. To resolve the turbulent boundary layer, the first grid point is placed at or
below y+ ≈ 1. The flow parameters and mesh dimensions are given in the table below. The cross section mesh
showing the far field and local region around the airfoil is shown in Fig. 3. The mesh is refined in the wake region
to better resolve the turbulent wake flow. The surface mesh for the CFJ airfoil is shown in Fig. 4. Table 1 lists
the mesh size and the freestream conditions.

Table 1: Mesh and freestream flow parameters

Case Mach Reynolds Mesh Nξ ×Nη ×Nζ

Baseline 0.063 5.62× 105 1600× 175× 50

CFJ 0.063 5.62× 105 2000× 300× 50*

* The grid points around the airfoil exclude the CFJ injection
and suction blocks.

For the IDDES simulation, a normalized physical time step of 3.0 × 10−4 is used, and a CFL number of 10 is
applied for the pseudo time iteration. The freestream Mach number is 0.063 and freestream Reynolds number is
5.62× 105. The jet momentum coefficient Cµ= 2.5 is used to attach flow and generate a super-lift coefficient. The
angle of attack is 65◦ for the CFJ airfoil, and 14◦ for the baseline airfoil.

2.7 Boundary Conditions

Freestream total pressure, total temperature, and flow angle are specified along the upstream portion of the
far field boundary. The freestream static pressure is specified along the downstream far field boundary to create
the intended freestream Mach number. A periodic boundary condition is applied in the spanwise direction. The
adiabatic non-slip wall treatment suggested in [32] is used to achieve flux conservation by shifting a half interval
of the mesh on the wall. 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. Third-order interpolation is used at
the wall.

Fw =

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


w

=


0
pηx
pηy
pηz
0


w

(38)

2.7.1 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 iteratively adjusting the injection cavity total pressure. The injection and suction mass flow rates are matched
by then adjusting the suction cavity static pressure. The total temperature increment is assumed constant in this
study. This iterative process is conducted throughout the simulation until the specified momentum coefficient
is reached and the injection and suction mass flow match the setpoint within an acceptable tolerance, which is
ϵ = 0.5% for the present study.
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3 Results and Discussion

3.1 Aerodynamic Performance

Fig. 5 shows the mid-plane instantaneous Mach contours (left) and time averaged Mach contours (right) of
the CFJ6421 airfoil at α = 65◦. The flow is well attached. The time-averaged flow field structure of the 3D
IDDES CFJ airfoil is similar to that of the 2D URANS airfoil at similar conditions, showing a super-suction region
above the leading edge, a stagnation region below the trailing edge, and attached flow along the entire surface [1].
Like the 2D flow field, the 3D flow field shows that the leading edge stagnation point is positioned on the airfoil
pressure surface very near the trailing edge. The 2D study of this airfoil showed that once CL exceeds 13.7, a
new detached stagnation point forms in the region below the airfoil, forming a high pressure circulating region
[1]. Consistent with the 2D study, the circulation of the flow around this 3D airfoil is not sufficient to form the
detached stagnation point below the airfoil. The CFJ airfoil has a significant influence on the flow field. As the
far field flow approaches the airfoil, a large volume is deflected upwards and around the airfoil. The near field
flow first approaches the tail of the airfoil, then travels up the pressure surface, accelerating around the leading
edge and mixing with the injection jet flow before travelling down the suction surface, eventually returning to the
main flow. At the leading edge of the CFJ airfoil, the peak Mach number reaches 0.615, 9.8 times higher than
the freestream Mach number. This accelerated flow generates a “super-suction” effect at the leading edge that
contributes to the super-lift coefficient and thrust generation. This Co-Flow Jet simulation shows a reversed wake
velocity deficit, consistent with other CFJ studies [40, 10].

Figure 5: Instantaneous (left) and time averaged (right) flow fields around the CFJ airfoil.

Figures 6 and 7 illustrate the vortex structures created by the CFJ airfoil using a Q-criterion isosurface at
Q=1.0, which highlights regions of the flow field dominated by vorticity. The isosurface is colored by vorticity
magnitude. The flow on the pressure surface, around the leading edge, and in the region around the injection jet
is stable. The greatest EAPG occurs immediately after the injection duct, but the flow remains well attached.
This is due to the injection jet energizing the boundary layer, primarily through turbulent eddy viscosity diffusion
[1, 41]. A strong shear layer forms between the fast moving wall jet and the comparatively slower moving outer
flow. Downstream of the injection jet, around 50% of the airfoil chord, this shear layer devolves into a shear layer
instability, forming conjugate pairs of spanwise vortices. This shear layer instability is shown by the spanwise
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Figure 6: CFJ airfoil vortex shedding. Figure 7: CFJ airfoil vortices over suction duct.

Figure 8: CFJ suction region spanwise and streamwise
vortex magnitude comparison.

Figure 9: CFJ suction region spanwise and normal vortex
magnitude comparison.

vortex tubes “rolling” down the aft of the airfoil. The low pressure vortex cores move along the airfoil surface,
causing local pressures to rise and fall periodically. Fig. 12 is a Fourier transform a nodal pressure signal. A
single point was selected on the z-midplane of the domain, 2%C vertically above the suction inlet lip. The core
of the spanwise vortex tubes pass through this point. The static pressure was recorded in each time step. The
dominant reduced frequency of this pressure oscillation in the shear layer is found to be f̄ = 37.44 ± 0.41. The
lower energy peaks are harmonics of the dominant frequency. These harmonics are most likely numerical artifacts
from the FFT algorithm, but could be related to other unsteady interactions or aeroacoustic noise from pressure
waves reflecting from the airfoil surfaces.
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The sharp lip of the suction duct inlet appears to split the clockwise and anticlockwise regions of the spanwise
vorticity field, diverting the inner clockwise layer into the suction duct, and allowing the outer anticlockwise layer
to pass the suction lip. Without its conjugate, the anticlockwise-spanwise vorticity layer rapidly decomposes into
streamwise and transverse vortex elements. Figures 8 and 9 clearly show that upstream of the suction lip, the flow
has essentially no streamwise or transverse vorticity components, but downstream of the suction inlet lip these two
vorticity components become much more significant. While the vorticity downstream of the suction slot is remains
spanwise-vortex dominant, the other components grow to a similar order of magnitude. The mechanism driving
this transformation of the vortices after the suction lip is uncertain, and merits further study. While the vorticity
is significantly more isotropic after the suction inlet lip, it is important to note that the flow in this region is still
characterized by coherent vortex structures. The unsteady wake flows smoothly down the tail surface in organized
structures, undulating in a wave-like progression. Figures 10 and 11 show a snapshot of these structures. Figure
10 shows instantaneous mid-plane flow fields of the density and Mach number, while Fig. 11 shows iso-surfaces of
the density, colored by velocity. The flow actually moves much more rapidly in a narrow band close to the surface
of the airfoil. An animation of this effect is available at (https://youtu.be/Ysne9vUZFSU). The streamwise and
transverse vortex structures may be beneficial, enhancing the wake mixing near the airfoil’s trailing edge and
generating a shallower wake profile than conventional airfoils.

Figure 10: Mach and density contours after CFJ suction. Figure 11: Density isosurfaces after CFJ suction.

Table 2: Performance of CFJ and Baseline Airfoils

Case Cµ CL CD PC CL/CD CL/CDc Γ PGx max PGr max

Baseline N/A 1.514 0.105 N/A 14.433 14.433 N/A 3.19 9.27
CFJ 2.50 9.583 0.028 3.539 343.305 2.687 1.076 4715 5571

Figures 13a and 13b show the total lift and drag forces oscillating in time with a reduced frequency f̄ = 37.04.
This corresponds to the instability frequency of the jet shear layer, from Fig. 12. The lift coefficient oscillates by
about ±1% of its mean value. While the pressure in the injection jet is very steady, the pressure in the suction
jet rises and falls as the shear layer vortices interact with the suction slot. Thus the pressure ratio between the
injection and suction ducts varies, resulting in an oscillating power required, shown in Figs. 13c and 13d.
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https://youtu.be/Ysne9vUZFSU


Figure 12: Fourier transform of nodal pressure at a
position 2%C vertically above suction inlet lip.

Figure 13: CFJ airfoil aerodynamic coefficients for lift,
drag, pressure ratio, and power required in time.

The accelerated flow around the LE and suction surface of the CFJ airfoil in conjunction with the high pressure
stagnation region below the airfoil produces a strong net lifting force. The substantial lift created by the CFJ
airfoil is not attributed to the jet reaction force. Referring to Eqns. 34–37, the pressure and momentum terms
of the jet are actually a detriment to the total lift, due to the nearly horizontal injection jet direction and near
vertical suction jet direction. The pressure on the airfoil’s surface periodically oscillates due to the unsteady nature
of the flow. The surface force R′

y oscillates as 15.12± 0.105, while the jet force Fycfj oscillates as −5.54± 0.089.
Although the injection and suction jets seem to produce negative lift, they provide the means to establish the
attached flow field that generates super-circulation and the super-lift coefficient. The injection jet does produce a
positive horizontal force, at times overcoming the drag on the airfoil to produce a net thrust. Table 2 shows the
computed time-averaged aerodynamic coefficients for the 3D IDDES CFJ6421 airfoil.

Fig. 14 shows the computed time-averaged midplane airfoil surface pressure coefficient −Cp for the CFJ airfoil
at 65◦ AoA and Cµ = 2.5 (left) and the baseline airfoil at its peak CL at 14◦ AoA (right). The baseline airfoil has
a suction peak −Cp of almost 2.7, whereas the CFJ-NACA6421 airfoil’s suction peak value is close to 86, about
32 times higher than the baseline. This greater suction peak is of course caused by the accelerated flow around
the leading edge, creating a super suction effect.

Figure 14: Cp plots for CFJ airfoil (left), and baseline airfoil (right).
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3.2 Pressure Gradients

Per the definition of an EAPG, the CFJ airfoil is compared to a baseline NACA6421 airfoil at its CL max

condition. A 2D URANS angle of attack study at Mach = 0.063 and Re = 5.62× 105 determines that CL max =
1.511 for the baseline NACA6421 airfoil occurs at AoA = 14◦. The 3D NACA6421 airfoil is simulated using IDDES
at the same flow conditions and 14◦ angle of attack. Table 3 shows that the time-averaged lift coefficient and
pressure gradients are nearly identical between the 2D URANS and 3D IDDES results. Thus the 2D URANS stall
AoA of 14◦ is adopted as the 3D IDDES stall AoA to save simulation time. This assumption may not be perfect,
but it is believed to be acceptable not just by the quantitative results in Table3, but also by the qualitative results
shown in Figs. 15 and 16, which show very similar flow fields. These instantaneous Mach contours of the 2D
URANS and the 3D IDDES mid-plane denote the location and magnitude of the maximum streamwise and radial
pressure gradients. Both simulations of the baseline NACA6421 airfoil show flow separation starting at about 54%
x/c, on the suction surface. The maximum streamwise pressure gradient is located at the flow separation inception
point. The maximum radial pressure gradient is located near the leading edge. Figures 17 and 18 further show
the flow structures of the 3D IDDES baseline airfoil using Q-criterion isosurfaces colored by the total vorticity.

Figure 15: 2D URANS Mach contour. Figure 16: 3D IDDES midplane Mach contour.

Figure 17: 3D IDDES midplane vorticity
magnitude contour with Q isosurface.

Figure 18: 3D IDDES perspective vorticity
magnitude contour with Q isosurface.
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Table 3: Pressure Gradients of 2D and 3D CFJ Airfoils

Case Cµ CL PGx max PGr max PGRx PGRr

2D Baseline N/A 1.511 6.6 85.6 - -
2D CFJ 1.70 9.662 1502 947 223 11.1

3D Baseline N/A 1.514 6.4 83.6 - -
3D CFJ 2.50 9.583 4714 5663 737 67.7

The 3D CFJ airfoil demonstrates the ability create and sustain an EAPG around the leading edge and down the
length of the suction surface. It accomplishes this via the energy and momentum transfer of the CFJ, effectively
controlling the external flow to overcoming the extreme adverse pressure gradient and maintain attached flow. If
the flow detaches, the APG is relaxed. The CFJ airfoil is able to boost the APG to magnitudes far greater than
the baseline airfoil would be able to sustain.

Figure 19: 3D CFJ airfoil streamwise pressure gradient
distribution.

Figure 20: 3D CFJ airfoil radial pressure gradient
distribution.

Fig. 19 shows that at the very leading edge of the airfoil, the flow experiences a favorable streamwise pressure
gradient, but it quickly rises to an adverse pressure gradient past the leading edge. The PGx reaches 1008, 158
times greater than the baseline, qualifying the APG of the CFJ airfoil an an EAPG. This EAPG declines somewhat
approaching the injection slot. The global maximum streamwise pressure gradient coefficient PGx occurs at the
injection jet, with a value of PGx = 4714, 737 times greater than the baseline, as listed by PGRx in Table 3.
The EAPG decreases rapidly downstream of the injection slot, but maintains an EAPG two or three orders of
magnitude higher than the baseline until the suction slot. Fig. 20 shows that the radial adverse pressure gradient
increases in strength as the flow moves towards the airfoil’s leading edge, peaking at PGx = 903, 10.8 times greater
than the baseline’s PGx = 83.6. It then decreases in strength past the leading edge before rising again at the
injection slot lip. The maximum PGr for the CFJ airfoil is measured at injection slot, with a value of PGr = 5663,
68 times higher than the baseline, as listed by PGRr in Table 3. The time-averaged pressure field and positions
of each maximum pressure gradient coefficient can be seen in Fig. 21.
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Figure 21: CFJ pressure gradient maximums, showing points at leading edge and injection slot.

The PGr close to the wall is heavily influenced by the local radius of curvature of the wall, especially inside the
injection duct. Inside the injection duct the minimum radius of curvature is just 1.8%C, about half the radius
of curvature of the airfoil leading edge, which has a radius of curvature of 3.8%C. The PGr term from Eq. 1
is proportional to the radius of curvature, thus the radial pressure gradients observed inside the injection duct
are higher than those around the LE of the airfoil. The injection duct itself is a necessary construction used to
implement the Cµ control, to turn the flow from the modeled compressor actuator to the injection slot. This paper
does not evaluate the pressure gradients within the injection and suction ducts. Table 4 lists the magnitude of
each APG maximum for the leading edge and for the injection slot.

Table 4: Maximum Pressure Gradients of Studied Airfoils

Case Cµ CL LE PGx max LE PGr max INJ PGx max INJ PGr max

2D Baseline N/A 1.511 6.6 85.6 N/A N/A
3D Baseline N/A 1.514 6.4 83.6 N/A N/A
3D CFJ 2.50 9.583 1008 903 4714 5663
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3.3 Flow Attachment Evaluated Using Turbulent Wall Jet Momentum Equation

3.3.1 Wall Jet Momentum Equation and Attachment Criteria

The turbulent wall jet momentum equation is used to evaluate the flow attachment on the surface. This method
is previously used to evaluate the flow of the 2D CFJ airfoil [41]. This method is adopted to more thoroughly
understand the EAPG flow simulated by 3D IDDES. We use the wall jet momentum equation in its 2D form,
assuming that we have plane flows in the regions we evaluate. While this wall jet momentum equation is derived for
low curvature geometry [?], analysis with high curvature in [41] shows the dominant terms of the wall jet equation
are the same. We use this approach to estimate the contribution of each term to maintaining flow attachment. In
the below equations, x refers to the local streamwise direction tangent to the wall surface, and y is the direction
normal to the wall surface. The viscosity µ is composed of the molecular viscosity and turbulent eddy viscosity.
The turbulent wall jet momentum equation in x direction can be written in non-dimensional, partial difference
form as the following [17]:

ρu
∂u

∂x
+ ρv

∂u

∂y
− 1

Re

∂µ

∂y

∂u

∂y
+

∂p

∂x
=

1

Re
µ
∂2u

∂y2
(39)

A more general criterion for separation control is suggested by Xu et al. [17]. This separation criteria is valid
for laminar and turbulent flows. They state that is is more energy efficient to seek “attached elevated flows”
with adverse pressure gradients instead of attached flows with favorable pressure gradients. The attached velocity
profiles will have τw > 0 (∂u/∂y > 0, ωz < 0) with [∂2u/∂y2]w ≥ 0. The [∂2u/∂y2]w = 0 case includes zero
pressure gradient situations. If ∂u/∂y < 0, the flow is separated [17].

An APG can be overcome along a wall by the flow’s momentum convection and turbulence diffusion. The
first two terms on the LHS of Eq. 39 are the convective terms, which are responsible for transferring the wall
jet momentum in the streamwise and transverse flow directions. In the wall jet, these two terms are similar in
magnitude due to the high velocity gradient imposed by the CFJ injection [17]. The third term is the momentum
diffusion due to the turbulent eddy viscosity gradient. This term is negligible for laminar flow since the viscosity
is fairly constant, but is dominant for the turbulent mixing due to the tremendous growth rate of turbulent
eddy viscosity near the wall for the CFJ [41]. This turbulent diffusion is of particular importance to maintaining
attached flow in an EAPG. All of the first three terms on the LHS of Eq. 39 are responsible for offsetting the
APG, however the diffusion term plays the most significant role in transferring momentum inward to energize the
boundary layer, and outward to entrain the main flow.

The velocity gradient at the wall can be expressed in terms of spanwise vorticity, with the substitution:

ωz =
∂v

∂x
− ∂u

∂y
≈ −∂u

∂y
(40)

An injection wall jet tangent to the wall surface has ∂v
∂x << ∂u

∂y except in the region close to the suction slot
entrance. The wall jet momentum Eq. 39 may then be rewritten as:

ρu
∂u

∂x
− ρvωz +

ωz

Re

∂µ

∂y
+

∂p

∂x
=

µ

Re

∂2u

∂y2
(41)

The strong spanwise vorticity flux along the CFJ’s injection duct surfaces play a crucial role in attaching the
wall jet flow in the presence of an EAPG.
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3.3.2 Evaluation of Turbulent Wall Jet Momentum Equation Terms

Four positions of interest are selected in the mid-plane to visualize the flow attachment term distributions,
shown in Figs. 22–23. Position A is the leading edge of the airfoil. Position B is located 1%C upstream of the
injection slot. Position C is 1%C downstream of injection jet. Position D is 20%C downstream of the injection jet.

Figure 22: Positions for evaluating flow attachment. Figure 23: Positions for evaluating flow attachment.

Figures 24–27 plot the turbulent wall jet momentum equation terms for each point. The vertical axis is y+, the
dimensionless wall distance. y+ values up to about 5 are in the viscous sublayer. y+ values of about 5–30 are the
buffer layer. y+ values of about 30–1000 correspond to the inertial boundary layer. These plots have a maximum
y+ of 100, so they focus on a region very close to the wall, about 1/10th the thickness of the boundary layer.

At position A, the leading edge of the airfoil, the flow is in a favorable pressure gradient. The sum of the LHS
of Eq. 39 is negative everywhere, and the flow is attached.

At position B, 1%C upstream of the injection jet, the adverse pressure gradient (cyan line) comes into play,
working against the other terms. The LHS sum of Eq. 39 is positive on the wall (black line). The turbulence
diffusion term (yellow line) grows rapidly above the viscous sublayer. Joined by the much smaller streamwise
inertial force term, ρu · ∂u/∂x (blue line), they overwhelm the EAPG within the boundary layer, moving the sum
of the LHS to be negative off the wall. The turbulent eddy viscosity diffusion, 1

Re
∂µ
∂y

∂u
∂y , plays a major role in the

flow attachment around the LE of the airfoil.

At position C, 1%C downstream of the injection jet, the EAPG (cyan) is substantially greater than the APG of
position B. The spanwise vorticity ωz is also highest here due to the strong vorticity flux on the inner duct walls
of the injection jet. The turbulent eddy viscosity diffusion is exceptionally large, reaching a magnitude five times
greater than the turbulence diffusion at position B. The turbulent eddy viscosity diffusion term greatly exceeds
the EAPG and maintains a negative LHS sum off of the wall.

At position D, 20%C downstream of the injection jet, the turbulent eddy viscosity diffusion term tapers in
strength by about half compared to position C, but remains high. The adverse pressure gradient also reduces in
strength about 90%. The turbulence diffusion term again overcomes the APG and maintains flow attachment.
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Figure 24: Position A. Figure 25: Position B.

Figure 26: Position C. Figure 27: Position D.

Looking at Figs. 24–27, it is clear that for the CFJ in an EAPG, the turbulent eddy viscosity diffusion term
is overwhelmingly responsible for energizing the boundary layer to sufficiently overcome the adverse pressure
gradient. This term is also most responsible for transporting momentum and energy from the CFJ injection jet
to the adjacent main flow, influencing attachment upstream of the injection jet as well as downstream.

The turbulent eddy viscosity diffusion term is made up of two factors. The first term is ∂µ/∂y, the turbulent
viscosity gradient. As mentioned previously, the viscosity is made up of the molecular viscosity and the turbulence
eddy viscosity. The molecular viscosity only changes small amounts with variation in temperature. It is the eddy
viscosity that varies significantly in this study. The narrow CFJ injection jet has an incredibly high velocity
gradient near the wall, creating a very sharp turbulent eddy viscosity gradient. Figure 28 compares the molecular
viscosity to the turbulent eddy viscosity at position C, and plots them against their gradient, ∂µ/∂y. The horizontal
axis is the orthogonal distance from the wall (D) normalized by the injection slot height (H), which is 1.52% of
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the airfoil chord length. D/H = 1 is the outer wall of the injection slot. The molecular viscosity varies very little
compared to the other terms. The turbulent eddy viscosity spikes to about 50 times the molecular viscosity in
the inner boundary layer, and 80 times the molecular viscosity in the outer boundary layer. It is nearly zero in
the center of the jet where the velocity profile is fairly uniform. The largest viscosity gradient occurs in the buffer
layer, with a value of about 1.4× 105.

Figure 28: Viscosity components and viscosity gradient
across the CFJ injection jet. Point C.

Figure 29: Velocity and viscosity gradients withing the
inner boundary layer. Point C.

The second component of the turbulent eddy viscosity diffusion term is the velocity gradient, ∂u/∂y. On the
wall, this term approximates the spanwise vorticity. The velocity rapidly grows from zero on the wall to Mach
0.85 in a distance of less than 15% of the injection slot height. The enforcement of a smooth, non-slip, adiabatic
wall boundary condition forces the velocity gradient ∂u/∂y to be very high. Figure 29 shows the non-dimensional
velocity gradient to be about 6 × 104 near the wall. Figure 29 also shows how the velocity gradient is the most
significant factor within the laminar viscous sublayer, but in the inner layers of the boundary layer, the viscosity
gradient is dominant.

This analysis of the CFJ in an EAPG shows that a strong vortex flux on the wall enables the turbulent eddy
viscosity diffusion to transfer energy from the injection jet down to the innermost layers of the boundary layer,
energizing the flow to overcome the extreme adverse pressure gradient. The eddy viscosity gradient facilities the
transfer of energy and momentum from the jet down through the boundary layer, but also out to the surrounding
flow. It is this exceptional momentum and energy transfer which enables to CFJ active flow control system to so
effectively influence the domain around the airfoil.

4 Conclusions

This paper conducts a 3D Improved Delayed Detached Eddy Simulation, verifying the findings of our previous
2D URANS study. The Co-Flow Jet active flow control airfoil is numerically shown to sustain flows with Extreme
Adverse Pressure Gradients. This paper simulates the flow around a CFJ6421-SST150-SUC247-INJ152 airfoil at
an angle of attack of 65◦ and a jet momentum coefficient (Cµ) of 2.5, which achieves a super-lift coefficient of
CL = 9.58. The baseline NACA6421 airfoil is also simulated using IDDES at an AoA of 14◦, at its CLmax condition,
just before stalling.
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The CFJ airfoil demonstrates a remarkable ability to maintain attached flow at α = 65◦, generating an EAPG
around the leading edge of the airfoil and downstream of the injection slot. The CFJ airfoil sustains maximum
streamwise and centrifugal pressure gradient coefficients of 4714 and 5663 respectively, whereas the baseline airfoil
with no flow control achieves the corresponding maximum values of 6.4 and 83.6. The CFJ thus augments the
streamwise and centrifugal pressure gradients by 737 times and 68 times, respectively. The turbulent diffusion is
found to play a dominant role to offset the EAPG and make the flow attached.

In this research, the CFJ pumping efficiency is set to 100% to calculate the nominal power required to drive
the injection jet flow and achieve the desired influence on the greater flow field. The actual power depends on
the pumping efficiency as indicated by Eq. 31. The pumping efficiency would vary for different actuators. The
Co-Flow Jet micro-compressor actuators used in previous studies can achieve a very good efficiency of 80% and
above [42, 13, 43, 44]. A lower power required coefficient is essential for an AFC method to be efficient and
effective. If an AFC method has a high power requirement to be effective, it is unlikely to benefit the system as a
whole. Co-Flow Jet AFC demonstrates both high effectiveness and high efficiency [15]. The power required is also
a parameter that can be accurately measured in a laboratory and via simulation for a ZNMF flow control system.
The companion paper to this study investigates the effect on the CFJ airfoil system when using a 70% efficient
pump. This setup has an injection flow with higher total enthalpy due to entropy losses, and better reflects a real
Co-Flow Jet system with system energy losses and hot injection flow [45].

In conclusion, this research represents a significant step forward in the understanding and application of the
CFJ technology. The insights gained from the use of IDDES in simulating EAPG-CFJ interactions offer a solid
foundation for future explorations in this field. Continued investigation and development are essential to fully
realize the potential of the CFJ technology in promoting aerodynamic performance across various sectors.
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