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Large Eddy Simulation
of Coflow Jet Airfoil at
High Angle of Attack

Large eddy simulation (LES) is conducted to investigate coflow jet (CFJ) airfoil flows at
high angle of attack (AOA). The Smagorinsky model with Van Driest damping is
employed to resolve the subgrid-scale stress. The fifth-order weighted essentially non-os-

cillatory (WENQO) scheme is used for reconstruction of the inviscid flux and the fourth-
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order central differencing for the viscous flux. The LES results at an AOA of 0deg,
12 deg, 25 deg, and 30 deg with momentum coefficients of C,=0.15 and 0.08 are com-
pared with the experiment to understand the flow structure of the jet mixing and flow sep-

aration. The quantitative prediction of lift and drag and qualitative prediction of vortex
structures are in good agreement with experiment. [DOI: 10.1115/1.4025649]

1 Introduction

The coflow jet (CFJ) flow control airfoil [1-4] for lift enhance-
ment and drag reduction is designed with an injection slot near the
leading edge and a suction slot near the trailing edge. The jet hav-
ing high energy is injected tangentially near the leading edge and
the same amount of mass flow is sucked in near the trailing edge
to form a zero-net mass-flux flow control. The transport of energy
from the jet to the main flow allows the main flow to overcome a
severe adverse pressure gradient and remain attached at a high
angle of attack. The high energy jet induces high circulation and,
hence, generates high lift. The energized main flow fills the wake
and, therefore, reduces drag. At low angle of attack, the drag
reduction is often so great that a thrust or negative drag is created.
The CFJ airfoil appears to be a very promising flow control tech-
nique to provide a drastic performance enhancement with low
energy expenditure [5].

One challenge for numerical simulation of CFJ flow control air-
foil using the Reynolds-averaged Navier—Stokes (RANS) model is
that both C; and Cp are significantly underpredicted at high angle
of attack when the jet is not strong enough and the flow is sepa-
rated [6]. Wang and Zha [7] improved the prediction at high angle
of attack by using detached eddy simulation, which is a hybrid tur-
bulence modeling using RANS near walls within boundary layers
and large eddy simulation (LES) away from the walls. However,
the lift and drag are still significantly underpredicted.

LES is an intermediate approach between direct numerical sim-
ulation (DNS) of turbulence and RANS. DNS has largely been
limited to simple geometries at low Reynolds number due to ex-
cessive computing power needed since it requires grid points
~ Re”* and times steps ~ Re/* to resolve all scales of turbu-
lence [8]. In LES, momentum and energy transfer of the large
energy-carrying structures is computed directly and only the effect
of the small scales of turbulence is modeled. A general model for
small-scale structure is more plausible.

LES has been used for airfoil stall flows [9-11]. For example,
Moreau et al. [11] employed LES to simulate trailing edge flow
and noise of NACAO0012 airfoil at near stall. It is pointed out in
Ref. [11] that RANS fails to capture the stall point, while LES
provides a more realistic behavior and qualitatively resolves better
the shear layer and the von Karman instabilities [11].
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Recently, the experiment of the CFJ airfoil was conducted to
investigate the CFJ airfoil mixing process [12]. The flow visual-
ization was achieved by using digital particle image velocimetry
and also the aerodynamic forces including lift and drag were
measured. This is a completely different CFJ airfoil from the pre-
vious studies [1-4,7], which has a 25% thickness. The current air-
foil has a 15% thickness for subsonic and transonic aircraft
application. In this study, LES is utilized to simulate the flows of
the CFJ airfoil experiment at various AOAs and the jet momen-
tum coefficient C, of 0.15 and 0.08.

The purpose of this research is twofold: (1) using LES to fur-
ther improve the prediction of lift and drag of CFJ airfoil at high
angle of attack, and (2) using LES to study the fundamental mix-
ing mechanism of the CFJ airfoil. A low diffusion energy-con-
vection upstream split pressure (E-CUSP) scheme [13] is used
with fifth-order weighted essentially non-oscillatory (WENO)
reconstruction scheme [14] for the inviscid flux and fourth-order
central differencing is used for the viscous flux [15]. The standard
Smagorinsky model with Van Driest damping is adopted to
model the subgrid-scale stress. The parallel computation is imple-
mented with high scalability [16].

2 Spatially Filtered Compressible Navier—Stokes
Equations

The governing equations are the spatially filtered full 3D
Navier—Stokes equations, which eliminates the small-scale high fre-
quency components of the fluid motion, while keeping the unsteadi-
ness associated with the large-scale turbulent motion. For an
arbitrary function u(x;, t), the filtered variable i(x;, r) is defined as

i(x;, 1) = [

JD

G(xi — &, A)u(&;, 0)d¢; (D

where G is the filter function and A is the filter width and is
associated with the mesh size. Similar to the case of RANS, for
compressible flows, it is convenient to introduce the Favre-filtered
variable #(x;, t) as

(@)

LNt(.X,', [) =

~[E

A variable can be, thus, decomposed into its Favre-filtered compo-
nent and fluctuating component as

u(xi, t) = a(x;, 1) +u’ (x;,t) 3)
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Applying these definitions and following the derivation of
Knight et al. [17], the filtered compressible Navier—Stokes(NS)
equations in Cartesian coordinates can be expressed as

o Tox Ty T 0z Re

0Q OE OF 0G 1 (0R 0SS OT
(Eﬂ??*&z) (C))

where Re is the Reynolds number. The conservative variable vec-
tor Q, the inviscid flux vector E, and the viscous flux vector R are
expressed as follows and the rest can be expressed following the
symmetric rule:
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The overbar denotes a regular-filtered variable as given in Eq.
(1), and the tilde is used to denote the Favre-filtered variable
defined in Eq. (2). In the above equations, p is the density, u, v, w
are the Cartesian velocity components in the x, y, z directions, p is
the static pressure, and e is the total energy per unit mass.

The 7 is the molecular viscous stress tensor and is estimated as
2 _ Ol _(Ow;  Ou; ..
3Mm%+%%+m) =123 ®

Tj =

The above equation is in the tensor form, where the subscripts
1, 2, 3 represent the coordinates, x,y,z and the Einstein summa-
tion convention is used. The molecular viscosity = i(T) is
determined by Sutherland law.

The ¢ is the subgrid-scale (SGS) stress tensor due to the filter-

ing process and is expressed as
;j = —p(uit; — d;il;) )

The energy flux Q is expressed as

Qi = (T + 0y) — 4i + ©; (10)
where @ is the subscale heat flux:
®; = —Cpp(u,T — i,T) 1D
The g; is the molecular heat flux:
_ i da*
= 12
@ (y — D)Pr dx; (12)

where a = \/yRT is the speed of sound. The equation of state as a
constitutive equation relating density to pressure and temperature
is defined as

p(i® + 3 4+ W) + pk

13)
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where 7 is the ratio of specific heats, pk is the subscale kinetic
energy per unit volume.

1_,_ 1
pk =5 pluitt; — ijtis) = — > Gii (14)

The closure of Eq. (4) requires a model for the subgrid-scale
stress ¢;; and heat flux ®;. Most subgrid-scale models employ the
eddy viscosity(fi,) approach to avoid solving additional equations.
In this study, the standard Smagorinsky model with Van Driest
damping [18] is used to model the subgrid-scale stress. With the
Smagorinsky model, the eddy viscosity is written as

PR %)

Hy = pCSI ZSi/S,'j (15)
where Cy is the Smagorinsky constant, and / is the model length
scale. In this study, the value 0.2 was used for Cy, and

1= ()7 /(1 —exp(—y" /26)) (16)
where A is the volume of the cell. Sj; is the rate-of-strain tensor.

In generalized coordinates(&, 7, {), the governing Eq. (4) can be
expressed as the following conservative form:
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The conservative variable vector Q, the inviscid flux vectors
E,F,G, and the viscous fluxes R, S, T are expressed as

(18)
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where U, V, and W are the contravariant velocities in &, #, { direc-
tions and are defined as follows:

U=Il+1eV=[+lLu+lyv+Lw (25)
V=m+meV =m +mdii+ my+ mw (26)
W=n+neV =n+ni+nyv+nw 27)

where /;, m;, and n, are the components of the interface contra-
variant velocity of the control volume in ¢, #, and { directions,
respectively. 1, m, and n denote the normal vectors located at
the centers of &, #, and ( interfaces of the control volume with
their magnitudes equal to the surface areas and pointing to the
directions of ¢, n, and ( gradient. J is the Jacobian of the
transformation.

3 Implicit Time Integration

The time dependent governing equation (17) is solved using the
dual time stepping method suggested by Jameson [19]. A pseudo
temporal term 0Q/Jt is added to the governing Eq. (17). This
term vanishes at the end of each physical time step and has no
influence on the accuracy of the solution. An implicit pseudo time
marching scheme using line Gauss—Seidel relaxation is employed
to achieve high convergence rate instead of using the explicit
scheme as given by Jameson [19]. The physical temporal term is
discretized implicitly using a three point second-order accuracy,
backward differencing as the following:

8_Q B 3Qn+1_4Qn+Qn_l

ot 2At 28

where n — 1, n, and n + 1 are three sequential time levels, which
have a time interval of At. The first-order Euler scheme is used to
discretize the pseudo temporal term. The semidiscretized equa-
tions of the governing equations are finally given as the

following:
115 R\
— - (=
At At 0Q

3Qn+1Am 74Qn +Qn71
2At

5Qn+1,m+1

(29

_ Rn+l,m _

where At is the pseudo time step, and R is the net flux discretized
in space. The low diffusion E-CUSP (LDE) scheme [13,20] is
used to evaluate the inviscid flux with the fifth-order WENO
scheme [14] and the fourth-order central differencing is used for
the viscous flux [15].

4 Boundary Conditions

The Reynolds number based on freestream velocity and
chord length is 1.19179 x 10°. The freestream Mach number
tested in the experiment is 0.03, but the Mach number used in
the computation is 0.05. The reason is to avoid the conver-
gence stiffness. The experiment indicates that all the nondi-
mensional performance coefficients including lift and drag are
insensitive to the Mach number in the tested low Mach number
range. Steady-state freestream conditions are used for the
upstream portion of the farfield boundary. For the downstream
farfield boundary, the static pressure was specified as free-
stream value, and the streamwise gradients of other variables
were forced to vanish. The periodic boundary condition is used
in a spanwise direction. The wall treatment suggested in Refs.
[14,15] to achieve the flux conservation by shifting a half inter-
val of the mesh on the wall is employed. The no slip condition
is employed on the airfoil surface. For computing the flux F,
on the wall, there is
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pV 0
puV + pn, Py
Gy=| pV+pn, | =] pn (30)
pwV + pi., .
(pe+p)V /., \O /J,

and a third-order accuracy wall boundary formula is used to eval-
uate p|,:

pw == (11p; —Tps + 2p3) 31)

AN =

At the injection cavity, total pressure and total temperature are
specified and the flow angle is normal to the inlet surface, whereas
the static pressure is given at the suction cavity. To achieve zero
net mass flux with the CFJ flow control, the mass flow that exits the
injection slot must be equal to the mass flow entering the suction
slot. This is achieved by adjusting the total pressure in the injection
cavity and the static pressure in the suction cavity. The process is
iterated throughout the simulation until the difference between the
injection and suction mass flow rates is within the desired value.
ﬁ1j1 — }’hjz

<e (32)

mjl

where 71;; represents the injection mass flow, n1, denotes the
injection mass flow, and ¢ is 0.02 in this LES simulation as the
mass flow convergence criterion.

5 LES Mesh

The CFJ airfoil modified from the NACA6415 airfoil and tested
by Dano et al. [12] is shown in Fig. 1. The chord length (C) of the air-
foil is 0.3048 m and the design span is 0.5906. The computation
mesh is constructed using the O-mesh topology in order to improve
the mesh quality around airfoil. Figures 2 and 3 show the LES mesh
for CFJ at a 30deg AOA. The farfield boundary locates 75 times
chord from the CFJ center chord. The spanwise length used is 15%C.

LES is very central processing unit intensive, in particular for
CFJ airfoil, which needs to iterate the suction slot static pressure
to match the injection mass flow. We, hence, designed the mesh
based on the previous successful experience of other researchers
and our own LES cases. Mary and Sagaut [21] simulated the flows
over an airfoil near stall at a chord Reynolds number of 2.1 x 10°
using several mesh sizes. Their coarse mesh has the surface mesh
resolution of Ax™ ~ 800, Ay* ~ 2, Az" ~ 200. Their finest mesh
with the size of roughly 7 x 10° cells has the surface resolution of
Axt =~ 100, Ayt ~ 2, Az" ~ 20. Their computed mean and fluc-
tuating velocity profiles compare reasonably well with experimen-
tal measurements. The wing span chosen by most LES studies
[21-24] are less than 5%C length. Mary and Sagaut [21] studied
three different span lengths of 0.5%C, 1.2%C, and 3%C and found
little effect on the flow properties near/post stall.

The mesh resolution we adopted for this research is similar to
the fine mesh of Mary and Sagaut [21] and is approximately within
the guideline of LES mesh requirement suggested by Chapman
[25]. The mesh points of 451 are placed around airfoil with 301

Injection

Suction

HDF High Pressure
Cavity

Fig.1 CFJ airfoil concept
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Fig. 2 LES mesh for the CFJ airfoil at 30deg AOA, total
mesh =7,913,835, h(span) = 0.15 C(chord)
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Fig. 3 LES mesh around the CFJ airfoil at 30 deg AOA

points on the suction surface and 151 points on the pressure sur-
face. A total of 211 points is used normal to the airfoil surface and
61 points are distributed in the spanwise direction. The total mesh
size is 7.913835 x 10° and is partitioned to 135 blocks for the par-
allel computation. With the Reynolds number of 1.19179 x 10°,
the mesh has the y™ about unity for the first grid point normal to
the wall, and Ax™ and Az" are about 40 on the CFJ airfoil surface
with almost equal size over the CFJ airfoil, as presented in Fig. 4.
The same mesh resolution is studied with mesh refinement in the
previous LES computation of our group by Shen and Zha [26] and
yields good results. The mesh size utilized in this study is, thus,
considered as adequate for the LES of CFJ airfoil.

6 Jet Momentum Coefficient C,

For CFJ airfoil, C,, is used as an important parameter for jet mass
flow control. The jet momentum coefficient, a dimensionless pa-
rameter that includes mass flow rate and jet velocity, is defined as

021101-4 / Vol. 136, FEBRUARY 2014

Fig.4 LES mesh on the suction surface of the CFJ airfoil
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1 1 L 1 L 1
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Dimensionless time

Fig. 5 Mass flow rate at injection and suction slot of the CFJ
airfoil predicted by LES at AOA of 25deg for C,=0.15,
R, =1.19179%10%, M = 0.05

m;V;
= 33
I VS &9

where #1; is CFJ injection mass flow rate, V; represents the injec-
tion jet velocity, the subscript o, denotes freestream of the CFJ
airfoil, and § is the airfoil planform area. In this paper two differ-
ent momentum coefficients, C, = 0.008 and C, = 0.15, are stud-
ied. It usually needs a few iterations to adjust the mass flow
difference between injection and suction to be less than 2%. Fig-
ure 5 shows the time history of the mass flow at injection and
suction at an AOA of 25deg for C, = 0.15 predicted by the
LES. The mass flow at suction shows a larger fluctuation than
the injection since the flow near the suction slot is highly unsta-
ble due to the mixing of the attached coflow jet with freestream
shear flow.
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Fig. 8 Instantaneous entropy (AS/R=7/1 —yInTt/Tt, — InPt/Pt.) of the CFJ airfoil for C, =0.15 at AOA of 0deg, 12deg,
25deg, 30 deg; R. = 1.19179%x10°, M = 0.05
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7 Lift and Drag Calculation

The momentum and pressure at the injection and suction slots
produce a reactionary force, which is automatically measured by
the force balance in wind tunnel testing. However, for CFD simu-
lation, the full reactionary force is difficult to obtain unless the
complete internal ducts of injection and suction are simulated.
Using control volume analysis, the reactionary force can be calcu-
lated using the flow parameters at the injection and suction slot
opening surfaces [2]. Zha et al. [2] give the following formula-
tions 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 reaction-
ary forces are given as [2]

Fyy = (i Vir + pjnAjp) * sin(6) — o)

. . 34)
+ (Vi + ppAp) * sin(0r + o)

Fyy = (mVir + pjnAjp) * sin(60) — o) 35)
+7(2Vin + ppAp) * sin(6; + 2)

where the subscripts 1 and 2 stand for the injection and suction,

respectively, and 0, and 0, are the angles between the injection

and suction slot’s surface and a line normal to the airfoil chord. o

is the angle of attack. y denotes the suction coefficient; if no suc-

tion, y equals 0.

The total lift and drag on the airfoil can then be expressed as

D=R.-F

Xefi

(36)

L=R,—F), (37
where R’ and R; are the surface integral of pressure and shear
stress in x (drag) and y (lift) direction, excluding the internal ducts
of injection and suction. For the CFD simulation, the total lift and
drag are calculated using Eqgs. (36) and (37).

8 Results and Discussion

In this study, LES of the CFJ is first conducted at various angles
of attack including Odeg, 12deg, 25deg, and 30deg for
C, = 0.15 in order to compare with the measured lumped parame-
ters such as the coefficients of lift and drag obtained in Ref. [12].
Under these conditions, the flows are massively separated at an
AOA of 30deg. The mass flow between the injection and the suc-
tion cavity is balanced within 2%. For the unsteady LES

Fig. 9
experiment; AOA=30deg, C,=0.15 (bottom), R.=1.19179
x10°%, M = 0.05

021101-6 / Vol. 136, FEBRUARY 2014

Instantaneous smoke visualization of the CFJ airfoil by
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Fig. 10 Instantaneous axial velocity (U) at axial plane AB of
the CFJ airfoil for C, = 0.15, R, = 1.19179x10%, M = 0.05

(b)

Fig. 11 Instantaneous CFJ stalled flows contoured by axial
velocity (U) for C,=0.15, R, = 1.19179x10°%, M =0.05; AOA
=25deg (top), AOA = 30 deg (bottom)
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simulation, a nondimensional time step of about 0.025 is used.
The unsteady simulations start from the initial flow field using a
few thousand steps of steady-state calculation. The residual is typ-
ically reduced by three orders of magnitude in each physical time
step. All the LES results presented in this paper are plotted at the
center span plane (0.075 h).

The time averaged lift and drag coefficient predicted by the LES
is plotted with the experimental results from Ref. [12] in Figs. 6
and 7 for C, = 0.15. The LES underpredicts the lift and drag coef-
ficient at an AOA of 30deg by 7.8% and 1.7%, respectively. This
is a remarkable improvement compared to the detached eddy simu-
lation (DES) prediction of a separated CFJ airfoil flow with lift and
drag underpredicted by 22% and 64% at the high angle of attack
[7], e.g., unsteady Reynolds averaged Navier-Stokes (URANS)/
DES simulations [7] are conducted using a typical O-mesh of total
mesh size of 817,152 cells and using the same numerical schemes
employed in this LES simulation. The lift and drag measurement
uncertainty is about 1% [6]. The overall lift and drag agree reason-
ably well with the experiment as shown in Figs. 6 and 7, with the
lift slightly overpredicted and the drag underpredicted when the
AOA is less than 30 deg. An advantage of CFJ flow control airfoil
is the increased stall margin. Both the LES and experiment indicate
that the CFJ for C, = 0.15 stalls around an AOA of 25deg,
whereas the stall angle of the baseline CFJ airfoil without the
coflow jet is around an AOA of 23 deg [5,6,27].

Figure 8 shows instant entropy ((AS/R) = (y/(1—7))
In(Tt/Tty) — In(Pt/Pty,)) of the CFJ airfoil for C, =0.15 at
AOAs of Odeg, 12deg, 25deg, and 30deg, where Pt,, and Tt

(b)

Fig. 12 Instantaneous vorticity near the injection slot of the
CFJ airfoil at AOA =30deg predicted by LES; C, =0.08 (top),
C, = 0.15 (bottom), R. = 1.19179x10°%, M = 0.05

Journal of Fluids Engineering

(b)

Fig. 13 Instantaneous CFJ stalled flows contoured by velocity
magnitude (Vm) for Cp,=0.08 (top), Cmn,=0.15 (bottom);
AOA =30deg, R. =1.19179x10%, M = 0.05

denote normalized freestream total pressure and total temperature.
R is the universal gas constant and y is the specific heat ratio of air
taken the value of 1.4. Note that negative entropy is due to the
added energy by the coflow jet at the injection slot. Entropy can
represent the flow energy loss due to flow separation and trailing
edge wake. For the AOA of Odeg and 12 deg, the significant en-
tropy increase is mostly at the wake region since the attached
boundary layer does not generate as much energy loss as the
wake. For AOAs 25deg and 30deg, the flow is separated near
the CFJ leading edge and the entropy increase occurs at most of
the area behind the airfoil. The LES captures clearly vortex shed-
ding originated from the leading edge separation.

The simulated massive separation flow structure at an AOA of
30deg in Fig. 8 is in good qualitative agreement with the experi-
mental flow visualization as shown in Fig. 9 [12]. The vortex
shedding due to the flow separation from the CFJ airfoil leading
edge is well captured by the present LES.

Figure 10 is the instantaneous velocity profiles in the wake
along plane AB, which is located at 1/4 quarter chord downstream
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Fig. 14 Time average velocity (m/s) field of the CFJ airfoil at
AOA =30deg for C,=0.15 by the experiment; R.=1.19179
x10%, M = 0.05

of the trailing edge and has the length of about 1.1 times of the
chord length. The y-axis represents the distance from point A to
B. The axial velocity has a very shallow deficit due to CFJ ener-
gized main flow near the trailing edge when the flow is attached at
AOA =0deg0 and 12deg. For AOAs of 25deg and 30deg, the
velocity deficit is enormous due to the massive flow separation.
The wake width is about 10% of AB for AOA Odeg, 17% for
AOA 12deg, 25% for AOA 25 deg, and 60% for AOA 30 deg.
The negative velocity takes roughly 35% of AB for AOA
30deg due to the massive recirculation, as illustrated in Fig. 11
(bottom). The CFJ is not able to be maintained as a continuous jet
from injection to suction due to the low momentum of the mas-
sively separated flow induced by the very severe adverse pressure
gradient. For an angle of attack of 25 deg, no negative axial veloc-
ity, or no reversed flow, is generated at that instant since the CFJ
is barely maintained as a continuous jet and is able to transfer
energy to the main flow more effectively than an AOA of 30 deg.

C =0.15
n

saddle
point

Vm
4250
3.600
2.950
2.300
1.650
1.000

is sucked into
the atached coflow jg

For comparison of different jet strength effects on highly sepa-
rated flow, vorticity contours for C,, = 0.08 (top) and C,, = 0.15
(bottom) are displayed in Fig. 12. Figure 12 indicates that the LES
captures many small-scale structures of the separated flow. With
the stronger jet of C;, = 0.15, the wake mixing width is smaller.

Figure 13 shows instantaneous velocity contours of the CFJ.
The recirculation area or wake width near the trailing edge plane
for C,, = 0.08 is larger than that of C,, = 0.15.

Figure 14 shows the measured time average velocity field of the
CF]J airfoil colored by velocity magnitude for C,, = 0.15 at 30 deg
AOA. In the experiment, 1000 instantaneous velocity fields sam-
ples were acquired by using the particle image velocimetry (PIV)
[12]. The white triangle marks the saddle point where the recircu-
lating flow from the trailing edge merges with the recirculating
flow from the leading edge and generates a stream normal to the
airfoil surface.

The computed instantaneous flow field of the CFJ airfoil col-
ored by velocity magnitude for C, = 0.15 is shown in Fig. 15.
The saddle point has about the same location as that measured in
the experiment. The LES reveals that the outer shear layer is
sucked into and mixed with the attached coflow jet near the wall
surface.

Figure 16 compares the instantaneous streamlines in the shear
layer mixing region with the attached coflow jet at the bottom
wall surface. Compared with the case of C,, =0.08, the flow with
C,, =0.15 withdraws more flow into the suction cavity with stron-
ger mixing as expected.

Figure 17 demonstrates the computed streamwise (top), shear
(middle), and lateral (bottom) Reynolds stress at 0.25, and 1 chord
downstream for C,, = 0.15 and C, = 0.08, respectively. At 0.25
chord downstream, the streamwise and shear Reynolds stress are
almost the same for C, = 0.15 and C, = 0.08, but the lateral
Reynolds stress (vv) for C,, = 0.15 is a little larger than at one
chord downstream of the trailing edge; all the Reynolds stresses
are greater than those at upstream 0.25 chord location. It indicates
that the turbulence fluctuation is enhanced up to one chord loca-
tion due to the large vortex shedding. The stronger jet with
C, = 0.15 has greater Reynolds stress terms, indicating a stronger

Fig. 15 Contours of velocity magnitude and streamlines of the CFJ airfoil for
C.,=0.15,R. = 1.19179%10°%, M = 0.05 predicted by LES; AOA = 30 deg, time avera-

ged(top), instantaneous(bottom)
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(b)

Fig. 16 Instantaneous streamlines indicating mixing of the outer shear flow with the attached coflow jet predicted by LES;
AOA = 30deg, Cp, = 0.08 (top), Ciny = 0.15 (bottom), R, = 1.19179x10°%, M = 0.05

Sl PN N T TN N R |
6.0 0.06 003 0 003 006 -0.09 006 005 0 003 006
<uv> <uVv’>

(b)

r - oeneees Cy=0.08
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(©

Fig. 17 Reynolds stress of the CFJ airfoil at 30 deg AOA, R, = 1.19179x10°%, M = 0.05 predicted by LES; streamwise (top), shear
(middle), lateral (bottom)
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mixing effect even though with a narrower wake width, as shown
in Figs. 12 and 13.

9 Conclusions

The LES using high-order schemes achieves a reasonably good
prediction of lift and drag of the CFJ at various angles of attack of
Odeg, 12deg, 25deg, and 30deg. The flow structures under a
large massive flow separation of the CFJ airfoil at 30 deg AOA is
investigated for jet momentum coefficients of C, = 0.15 and
0.08. The LES predicts the large vortex structures in good agree-
ment with the experimental observation. The saddle point that
merges the large recirculating flow from the trailing edge with the
one from the leading edge is well resolved. The stronger jet of
C, = 0.15 has a narrower wake but high Reynolds stresses, indi-
cating a more enhanced mixing effect. The Reynolds stress terms
are also greater at one chord downstream location than at 1/4
chord location, showing that the turbulence intensity is increased
instead of decaying due to the large vortex shedding up to one
chord distance downstream of the airfoil trailing edge. Overall,
the LES significantly improves the quantitative prediction of the
lift and drag compared with the previous URANS and DES for
CFJ flow at high AOA and the vortex structures of separated flows
agree qualitatively with the experiment.
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Nomenclature

C, = jet momentum coefficient, r1;V;/ %pongoS
m; = CFJ injection mass flow rate

M = Mach number

R, = Reynolds number

V; = CFJ injection jet velocity
Vo~ = air velocity at freestream of the CFJ airfoil
P = air density at freestream of the CFJ airfoil
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