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The compressible Reynolds-averaged Navier–Stokes equations are solved for circulation control (CC) air-
foil flows. Three turbulence models are considered for closure, including the Spalart–Allmaras model
with and without a curvature correction and the shear stress transport model of Menter. Numerical solu-
tions are computed with a structured grid solver. The effect of mesh density on the solutions is examined.
We also address two important issues that have emerged in simulations of CC airfoil flows. One is the
validity of incompressible simulations with the presence of a transonic wall jet. The other issue concerns
the occurrence of nonphysical solutions for CC airfoil flows. In the present work we consider circulation
control flows for a range of jet momentum coefficients. Comparisons are made between computed and
experimental pressure distributions, velocity profiles, Reynolds stress profiles, and streamline patterns.
Including curvature effects yields the closest agreement with the measured data.
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1. Introduction

Flow control offers a multitude of opportunities to improve not
only aerodynamic performance but also safety and environmental
impact of flight vehicles [1]. Circulation control (CC) is one type of
flow control that is currently receiving considerable attention.
Such flow control is usually implemented by tangentially injecting
a jet sheet over a rounded wing trailing edge. The jet sheet remains
attached farther along the curved surface of the wing due to the
Coanda effect (i.e., a balance of the pressure and centrifugal forces).
This results in the effective camber of the wing being increased,
which produces lift augmentation. A CC configuration offers the
possibility of reduced take-off and landing speeds as well as in-
creased maneuverability. Further, the use of pulsed jets with CC
systems, as discussed by Jones and Englar [2], provides the possi-
bility of significantly reducing the mass flow required to achieve
a desired performance, a principal obstacle to the installation of
CC systems on production aircraft.

Computational methods will play a vital role in designing effec-
tive CC configurations. Due to the cost of flow control experiments,
design and parametric studies will strongly depend on accurate
and efficient prediction methods. An effective computational tech-
nique for CC flows must be able to appropriately represent the
characteristics of the jet flow (e.g., jet spreading rate) and the
exchange of momentum between the jet and the outer flow. This
is an especially challenging requirement, since there are multiple
length scales that characterize the physics of the turbulent flow
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over a circular trailing edge (Coanda surface). These length scales
are associated with the boundary layer upstream of the jet slot,
the Coanda surface boundary layer, the wall jet, and the shear layer
between the jet and external flow. To capture the multiscale turbu-
lent flow phenomena, and at the same time restrict the required
computational effort so as to not preclude the possibility of using
the computational method for design, the Reynolds-averaged
Navier–Stokes (RANS) equations are currently being solved for CC
flow problems. The RANS equations require a turbulence model
for closure. Thus, a major difficulty in constructing an effective
method for computing CC flows is finding a turbulence model that
can adquately represent the various salient scales.

At the circulation control workshop [3] held at NASA Langley in
2004, an effort was made to assess the current capability to calcu-
late CC airfoil flows. Although the assessment included a wide
range of applications, the focus was the computation of the flow
over the CC airfoil configuration (NCCR 1510-7067) tested by
Abramson [4]. Various computational methods and a variety of tur-
bulence models, ranging from an algebraic model to a full Reynolds
stress model, were considered. Predicted pressure distributions
were compared with experimental pressure data. The range of
numerical solutions presented underscored the importance of
computational grid and turbulence modeling in predicting such
complex turbulent flows. In addition, different results were fre-
quently obtained with nominally the same turbulence model.
The need to clearly identify the version of a given turbulence mod-
el being used was evident, especially since relatively simple
changes in a model can have a dramatic impact on the flow solu-
tion. Furthermore, specific delineation of the implementation
details (e.g., type of discretization and numerical approximation
of various terms) of the model should also be given, since this
can affect the behavior of the model.
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Nomenclature

a speed of sound
b wing span
CD section drag coefficient, D=ðq1AÞ
Cf surface skin friction coefficient, sw=q1
CL section lift coefficient, L=ðq1AÞ
Cp pressure coefficient, ðp� p1Þ=q1
Cl jet momentum coefficient, ð _mUjÞ=ðq1AÞ
c chord length
cr3 parameter for curvature effects
d distance normal to airfoil surface
hL lip height of jet slot
hP plenum inlet height
hS jet slot height
k turbulent kinetic energy
M Mach number, U=a
_m mass flow rate

p pressure
q dynamic pressure, ðqU2Þ=2
rte radius of circular trailing edge
R gas constant
Re Reynolds number, ðqU1cÞ=l
S wing planform area
T temperature
U velocity
uparallel mean tangential velocity component
us friction velocity,

ffiffiffiffiffiffiffiffiffiffiffiffi
sw=q

p
u0; v 0 fluctuating velocity components (tangential and

normal)

�u0v 0 specific Reynolds stress
x; y cartesian coordinates
yþ normalized coordinate, ðyusÞ=m

Greek
a angle of attack
c specific heat ratio
� dissipation rate of k
f enstrophy
h angle relative to start of airfoil trailing edge (upper sur-

face)
l coefficient of viscosity
m kinematic viscosity
q density
s shear stress
x specific dissipation rate of k, k=mt

Subscript
c based on chord length
exp refers to experiment
j jet condition
ref reference ð1Þ condition
t turbulent flow quantity
w solid surface (wall) condition
0 total condition
1 free-stream quantity
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In a paper [5] presented at the workshop we applied the com-
pressible Navier–Stokes solver CFL3D [6] in computing the flow
over the CC airfoil geometry in the experiment of Abramson and
Rogers [7]. This airfoil geometry very closely approximates that
of the Abramson [4] experiment, as revealed in a direct comparison
of the two geometries shown in Swanson et al. [5]. Calculations
were performed for the two low Mach number ðM ¼ 0:12Þ cases
of the workshop, having angles of attack ða0sÞ equal to 0� and
�8�, as well as for a M ¼ 0:6 case. With the Spalart–Allmaras
(SA) turbulence model [8] that includes curvature effects, which
is designated the SARC model [9], reasonably good agreement
was obtained with the measured pressure data for the two Mach
number cases. However, an unusually large value of the curvature
correction parameter seemed to be necessary for the SARC model.
Calculations were also performed with other turbulence models.
For the low Mach number cases the surface pressures computed
with the shear stress transport (SST) model of Menter [10] com-
pared fairly well with the experimental data. The SST model exhib-
ited sensitivity to changes in the modeling of the turbulence
production term (i.e., use of vorticity or strain rate). In fact when
using vorticity in the production term, the jet failed to separate
on the Coanda surface for the a ¼ 0� case, and it moved onto the
lower (pressure) surface of the airfoil before separating. Whenever,
the jet travels around the entire Coanda surface and begins to tra-
verse the lower surface of the airfoil, we designate this behavior as
‘‘jet wrap-around.” For the M ¼ 0:6 case, the surface pressures
calculated with the SA, SST, and the explicit algebraic Reynolds
stress (EASM) model in 1988 Wilcox k�x form (EASM-ko) [11]
compared poorly with the data. There was a clear need for further
investigation of these turbulence models as well as others.

For the workshop cases Fasel et al. [12] has also obtained fairly
good agreement with the surface pressure data when solving the
RANS equations and using the EASM model in conjunction with
either the 1988 or 1998 versions of the k�x models [13,14]. They
did not indicate steady-state convergence criteria, which can be an
issue with this model. We should point out that in our experience
converged solutions (i.e., residuals reduced at least five orders of
magnitude) are generally difficult to attain with the EASM (with
k�x) model. Fasel et al. also performed calculations with the
1988 k�x and Menter SST models. They observed jet wrap-
around with both models. Details of their implementation of these
models were not given. As indicated previously, Swanson et al. [5]
demonstrated that results with and without jet wrap-around can
be obtained when using the Menter SST model, depending upon
whether vorticity or strain rate is used in the computation of the
turbulence production term. This is a good example of why it is
important to provide at least the salient details of the implementa-
tion of the model.

Chang et al. [15] solved the steady RANS equations for the CC
airfoil of the 2004 workshop. They considered both circular and
logarithmic spiral trailing edges as well different slot heights,
blowing rates, and angles of attack. Solutions were obtained with
the compressible segregated solver of the finite-volume code
Fluent. This solver uses the SIMPLE pressure–velocity coupling.
To model turbulence Chang et al. applied the SST model of Menter
and the full Reynolds stress (FRS) model of Launder et al. [16]. For
the circular trailing edge CC airfoil the trends of the computed
results compared well with the experimental data, but generally
the circulation was lower than that of the experiment, which
reflected the underprediction of the aft end suction peak and the
upper surface suction levels. Under all flow conditions physically
realistic solutions were obtained. However, this was not the case
with the logarithmic spiral trailing edge, which has a constantly
increasing radius of curvature with the smallest radius at the jet
slot. Even with the FRS model jet wrap-around occurred when
the jet momentum coefficient Cl P 0:08.
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With the purpose of providing data for Navier–Stokes valida-
tion, Novak et al. [17] used two-dimensional laser doppler veloci-
metry to obtain detailed flow-field data for the low speed flow
over a 15.6% thick CC airfoil geometry with a supercritical leading
edge and circular trailing edge. Extensive flow-field surveys,
including velocity and Reynolds stress profiles, were taken on the
aft section of the airfoil for two values of the jet momentum coef-
ficient. To date this data set is the most comprehensive available
for CC flows. Previously, Shrewsbury [18,19] and Viegas et al.
[20] solved the compressible RANS equations and made compari-
sons primarily with experimental pressure data and streamlines.
By varying the angle of attack for the computations until the exper-
imental lift coefficient was matched, Shrewsbury obtained com-
puted pressures that compared well with the measured pressure
data. In these calculations the mixing length of the algebraic eddy
viscosity model of Baldwin and Lomax [21] was modified by an
empirical curvature correction.

Viegas et al. attempted to eliminate some of the uncertainties
associated with wind tunnel wall corrections by including lower
and upper tunnel walls in a two-dimensional simulation of the No-
vak et al. experiment. With this approach they could only account
primarily for blockage effects, since the wing model in the experi-
ment was mounted between the two sidewalls of the tunnel. An
angle of attack correction was not used. Several versions of the
Baldwin–Lomax and the two-equation Jones–Launder models,
with and without curvature corrections, were considered. Since
the important interference effects produced by the tunnel side-
walls (e.g., reduction in effective angle of attack) were not taken
into account, there were significant differences between computed
and experimental pressure distributions on the suction surface of
the airfoil.

More recently (2005) Swanson et al. [22] computed solutions
for the CC airfoil flows of the Novak et al. experiment. They
solved the RANS equations and applied several turbulence mod-
els to determine their effects on the flow field. Results with the
SA, SARC (SA model with rotation and curvature corrections),
and SST models as well as the k-enstrophy ðk� fÞ model of
Robinson and Hassan [23] were compared with the experimental
data. The closest agreement with the data was obtained with the
SARC model. Even with fairly good agreement with surface pres-
sures, jet separation location on the Coanda surface, and gener-
ally for the velocity profiles, there was still an overprediction
of the lift coefficient for low and medium blowing coefficients
ðCl ¼ 0:03; Cl ¼ 0:10Þ of about 12%. The greatest differences be-
tween the predicted and experimental CL occurred at the highest
Cl considered ðCl ¼ 0:226Þ, with the computed value being
nearly 30% higher. Only the SARC model allowed physically cor-
rect solutions for the full range of Cl considered. For example, at
and above Cl ¼ 0:10 there was jet wrap-around in results with
the SST model.

In 2006 some simulations were performed for the CC airfoil of
the Novak experiment using two incompressible flow codes. Baker
and Paterson [24] used the CFDSHIP code [25] and the AcuSolve
code [26] to solve the incompressible RANS equations. The CFD-
SHIP code is based on a finite-difference formulation for overset
grids, and the AcuSolve code is based on a finite-element approach
(see Shakib [27]). To represent the effects of turbulence they used
the SST model with the CFDSHIP code and the SA model modified
for curvature effects with the AcuSolve code. In all simulations
they used the geometric a rather than the effective a. We should
point out that for the Novak experiment there were signficant a
corrections due to wind tunnel effects. Thus, free-air computations
require the effective a. Baker and Paterson compared computed
surface pressures and velocity profiles with the experimental data
for Cl ¼ 0:03 and Cl ¼ 0:10. Over the forward sections of the airfoil
their results actually showed a fairly good agreement with
measured surface pressures. However, in all calculations they ob-
tained significantly lower suction peaks than the experiment on
the aft section of the airfoil. This underprediction of the suction
peak is not surprising in light of the fact that the incompressible
RANS equations were solved. For the two values of Cl the com-
puted jet exit velocity either essentially matches or slightly
exceeds (rather than underpredicting) the experimental one; and
thus, the incompressibility of the equations would explain why
the acceleration of the flow is not being correctly predicted. The re-
duced trailing edge acceleration is accompanied by a reduced
circulation, which compensates for the effect of using the geomet-
ric a and allows fairly good agreement with measured pressure
data on the forward sections of the airfoil.

Even with incompressibility effects on the solutions and the use
of the uncorrected a, Baker and Paterson actually obtained for
Cl ¼ 0:03 reasonably good agreement between some of the calcu-
lated (with AcuSolve code) and measured mean tangential velocity
profiles on the Coanda surface. The velocity comparisons were not
nearly as good for Cl ¼ 0:10, especially since the computed jet flow
separation occurred much sooner than that of the experiment.
Based on these CC airfoil results and others with similar geometry
and flow conditions Baker and Paterson concluded that RANS
methods have sufficient accuracy and reliability that they can be
used as a design tool for CC airfoils. As we will demonstrate in this
paper, such a conclusion based upon incompressible simulations
with the presence of transonic jets is not appropriate. Furthermore,
such a conclusion does not reflect the current capability for accu-
rate and efficient computation of CC solutions for a wide range of
flow conditions and geometries.

Pfingsten et al. [28] computed the Cl ¼ 0:03 and Cl ¼ 0:10
cases of the Novak experiment to validate their CC airfoil predic-
tion capability. They used the hybrid unstructured, compressible
RANS flow solver of the TAU code [29]. For all calculations they
used a mesh of about 1� 105 points with quadrilaterals in the vis-
cous region and triangles elsewhere. Solutions were computed
with the effective a. The SA model and two variations to account
for curvature effects were considered for modeling turbulence.
Pfingsten et al. compared computed surface pressure distributions
and velocity profiles on the Coanda surface with the Novak data.
They obtained good predictions of the jet separation location for
both Cl values. Also, the velocity profiles presented, which were
calculated with the SARC model, compared well with the data
and the results of Swanson et al. [22].

In the current work we make detailed comparisons of numerical
solutions with the extensive flow-field measurements of the Novak
et al. experiment. The purpose of the work is not only to assess the
numerical prediction capability of a representative RANS solver for
CC airfoil flows but also to further investigate the effects of turbu-
lence modeling on the flow field. The SA, SARC, and SST transport-
type equation models are considered. We examine the effect of
grid density on the solutions. In addition, several issues that have
emerged in simulations of CC airfoil flows are addressed. For exam-
ple, the validity of an incompressible simulation with the presence
of a transonic wall jet is examined. We demonstrate that a reason-
ably good prediction of the surface pressure distribution can be
obtained (except for the trailing edge suction peak) when solving
the incorrect problem. Another issue is the occurrence of a physi-
cally unrealistic result such as jet wrap-around at higher blowing
coefficients. The nature of such behavior is examined. Sometimes
jet wrap-around results can be prevented by increasing the tan-
gential resolution on the Coanda surface, and this will be discussed.
In the present work comparisons are also made between computed
and experimental pressures, velocity and Reynolds stress profiles,
and streamline patterns. The effect of streamline curvature is dem-
onstrated by comparing results computed with the SA and SARC
models.



Table 1
Angle of attack correction.

Cl acor(deg)

0.030 �2.46
0.100 �5.86
0.226 �8.94
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The initial sections of the paper concern the CC airfoil geometry
and flow conditions, description of grids, numerical method, and
boundary conditions. This is followed by a section on turbulence
modeling, where emphasis is given to the implementation details
of the models that can significantly affect their performance. In
the final two sections the numerical results are presented and
discussed, and concluding remarks are given.

2. Geometry and flow conditions

The circulation control wing (CCW) model in the Novak et al.
experiment has a chord of 38.18 cm and a span of 60.96 cm, result-
ing in an aspect ratio of 1.6. The CC airfoil section (see Fig. 1) has a
supercritical leading edge, symmetric middle section, and a
5.08 cm diameter Coanda CC aft section. It has a thickness ratio
of 15.6%. The jet slot height to chord ratio is 0.002, which corre-
sponds to hS ¼ 0:762 mm, and the hS=rte ¼ 0:03. The height of the
jet slot lip is 0.61 mm. At the inlet of the plenum the height is
2.06 cm.

For the tests conducted by Novak et al. the free-stream Mach
number is 0.12, and the Reynolds number based on chord is
0:986� 106. The geometric angle of attack is 0�. The values of the
jet momentum coefficient, which is the ratio of the jet momentum
to the free-stream momentum, for which two-dimensional laser
velocimeter (LV) data were taken on the Coanda surface are 0.03
and 0.10. The ratios of the jet exit velocity to the free-stream veloc-
ity corresponding to Cl ¼ 0:03 and Cl ¼ 0:10 are 3.44 and 5.69,
respectively.

Of particular concern in performing numerical computations is
having the boundary conditions that are actually present in the
experiment. The parameter Cl is an important quantity in circula-
tion control experiments since it is used to determine the plenum
inflow boundary conditions needed to give the correct jet exit
conditions. Usually, the Cl is calculated in one of the following
two ways:

Cl ¼
_mjUj

q1S
; Cl ¼

qjU
2
j hSb

1
2 q1U2

1cb
;

where _mj is the measured mass flux. The jet velocity Uj is deter-
mined by isentropically expanding the plenum flow to the free-
stream static pressure. Thus, Uj can be calculated from

Uj ¼ 2
cRT0

c� 1
1� p1

p0

� �c�1
c

 !" #1
2

: ð2:1Þ
Fig. 1. Geometry of Novak et al. experiment based on meas
In the Novak experiment the first method is used for calculating Cl

because it is more accurate, as it does not depend directly on the
slot height hS. The Uj computed in this manner is expected to be
somewhat lower than the actual value since the jet exit pressure
is usually less than the free-stream pressure. It should be pointed
out that the airfoil trailing edge radius to chord ratio of 0.067 is
large and not representative of practical flight systems. This value
was used to enable larger physical slot heights, allowing improved
spatial resolution for the LV measurements in the trailing edge
region. Moreover, with this choice the jet exit velocity could be
measured with a higher degree of accuracy. Having this measure-
ment is quite important for verifying that the plenum inflow condi-
tions are indeed producing the required Uj and establishing the jet
flow in the computations correctly.

Although the experiment was designed to be two-dimensional,
there are three-dimensional effects due to the presence of the side-
walls in the wind tunnel. Interference effects are imposed on the
flow field by separation and roll-up of the sidewall boundary
layers. The separation of the boundary layers in the wing/sidewall
juncture regions is a consequence of one or more strong adverse
pressure gradients on the upper surface of the wing. These circum-
stances are further complicated by the high circulation around the
CC wing that must decrease as the sidewalls are approached, gen-
erating vortex shedding (like that of a finite wing). These vortical
structures induce a downwash along the span of the wing, reduc-
ing the effective angle of attack. For the Cl values being considered
in this paper the angle of attack corrections suggested by the
experimenters are given in Table 1. These corrections were esti-
mated (see Novak and Cornelius [30]) with the procedure of Wood
and Rogers [31], which is based on the assumption that the pitch-
ing moment as a function of lift is a constant in free air. Since
the a corrections, due to downwash caused by sidewall vortical
structures, are relatively large and difficult to determine experi-
mentally with high confidence, an effort was made in this study
to assess the influence of the correction on the pressure distribu-
tion. Unless otherwise noted, all two-dimensional computational
ured coordinates. (a) CC airfoil and (b) jet slot and lip.
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[10,34,35]. All of these models are linear eddy-viscosity models
that make use of the Boussinesq eddy-viscosity hypothesis. The
equations describing these three models can be found in their
respective references. However, there are certain details concern-
ing the implementation of the SARC and SST models that are given
here in order to precisely identify what form of the model is being
applied.

The SA model can be written in general form as

D~m
Dt
¼ P þDdiff þDdiss ð6:1Þ

where ~m � mt , and P, Ddiff , and Ddiss are the contributions associated
with turbulence due to production, diffusion, and dissipation,
respectively. The production term is given by

P ¼ cb1½1� ft2�X~m; ð6:2Þ

with X being the magnitude of the vorticity. In the SARC model P is
replaced by

P0 ¼ cb1½fr1 � ft2�X~m; ð6:3Þ

fr1 ¼ ð1þ cr1Þ
2r�

ð1þ r�Þ 1� cr3 tan�1ðcr2~rÞ
� �

� cr1; ð6:4Þ

where the function r� is the ratio of scalar measure of strain rate to
the scalar measure of rotation, the function ~r depends on the
Lagrangian derivative of the strain-rate tensor principal axes angle
(see [33] for details), and cr1 ¼ 1, cr2 ¼ 12, and cr3 ¼ 0:6� 1:0. As
cr3 is increased, the turbulence production will decrease near
convex surfaces. In the results for this paper we use cr3 ¼ 1:0.

The production term Pk in the turbulent kinetic energy equa-
tion of the Menter SST model can be written as

Pk ¼ sij
@ui

@xj
; ð6:5Þ

where the stress tensor sij is defined as

sij ¼ lt
@ui

@xj
þ @uj

@xi
� 2

3
@uk

@xk
dij

� �
� 2

3
qkdij; ð6:6Þ

and the partial derivatives are strain rates. The production term Px

in the x equation of the SST model is proportional to Pk. Generally,
in the computations with the SST model, the incompressible
assumption is imposed, and the turbulent kinetic energy contribu-
tion in Eq. 6.6 is neglected. Thus,

Pk � lt
@ui

@xj
þ @uj

@xi

� �
@ui

@xj
¼ 2ltSijSij; ð6:7Þ

where the strain-rate tensor Sij is given by

Sij ¼
1
2

@ui

@xj
þ @uj

@xi

� �
; ð6:8Þ

and SijSij means the scalar (or double dot) product of two tensors.
Note that it is also common as a further approximation to employ
the vorticity rather than the strain-rate tensor (see Menter [34]).
In the present work we use Eq. 6.7 for Pk.

The eddy viscosity determined with the SST model is defined as

mt ¼
a1k

maxða1x; XF2Þ
; ð6:9Þ

where a1 is a constant, x is equal to the ratio of the turbulent dis-
sipation rate to the turbulent kinetic energy, X ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2WijWij

p
with

Wij denoting the rotation tensor, and F2 is a blending function.
7. Numerical results

The computational methods described in previous sections
were applied to three CC airfoil flow cases from the Novak et al.
experiment. As indicated previously the Mach number for all cases
is 0.12, and the Reynolds number is 0:986� 106. The jet momen-
tum coefficients for these cases are 0.03, 0.10, and 0.226, and the
corresponding effective angles of attack are given in Table 1. For
the first two cases there are detailed measured data on the Coanda
surface, and comparisons with the velocity and shear stress
profiles are made. In all cases the computed and experimental
pressures are compared.

7.1. Low jet momentum coefficient ðCl ¼ 0:03Þ

In the first part of this section we examine several different
effects on the solution for the flow over a CC airfoil. The effects
include the following: grid density on the magnitude of the suction
peak on the Coanda surface, angle of attack correction, and reduc-
tion of Cl when a is not corrected. By considering the latter effect
we indicate how apparent good comparisons with experimental
surface pressures can be obtained even when solving the wrong
problem. This result has direct implications regarding the simula-
tion of CC airfoil flows with transonic jets using the incompressible
RANS equations.

A series of computations with Cl ¼ 0:03 were performed on the
set of three grids generated with grid 5. As indicated previously the
mesh spacing of the coarse grid (grid 5c) is a factor of four smaller
in each coordinate direction than that of the fine grid (grid 5f). In
Fig. 3(a) we see that there are relatively small differences between
the computed pressure distributions on the three grids. Further-
more, there is essentially no difference in the suction peak on the
aft section (Coanda surface) of the airfoil. The computed surface
pressure distribution exhibits fairly good agreement with the
experimental data, although the suction peak prediction on the
airfoil aft section is somewhat high.

Fig. 3(b) compares the surface pressures calculated with the
nominal a of 0� and the corrected (or effective) a of �2.46�. This
figure shows the expected higher suction peak at the leading edge
of the airfoil when using the uncorrected a. In addition, we see that
there is essentially no change in the suction peak on the Coanda
surface. Such behavior is characteristic of airfoil calculations with
modest variations in a.

In Fig. 3(c) the effect of varying the Cl on the pressure distribu-
tion is displayed. For these calculations the nominal a was used,
and the Cl was decreased by 40% (which corresponds to a magni-
tude change in the plenum inflow velocity of 20%) relative to
Cl ¼ 0:03. The figure shows that as the Cl is decreased we obtain
an overall increase in the upper surface pressures (decrease in
pressure coefficient Cp) and decrease in the lower surface pressures
(increase in Cp), along with accompaning lowering of the trailing
edge suction peak. With the decrease in Cl, the separation location
of the jet from the Coanda surface occurs sooner. Fig. 3(d) displays
the streamlines of the flow around the Coanda surface. There are
two distinct vortices of comparable size formed behind the Coanda
surface. As we will show later there are also two vortices present in
the experiment; however, the upper vortex is much smaller than
the lower one, which reflects the later jet separation than in the
present result.

There are two primary comments concerning the effect of vary-
ing Cl. First, a reasonably good prediction can be obtained over
most of the airfoil for the surface pressures; and yet, the wrong
problem is being solved because of the incorrect flow acceleration
on the Coanda surface (i.e., emulating the effect of an incompress-
ible simulation) and the neglect of the a correction. Second, since
the flow acceleration on the Coanda surface is lower than it should
be (i.e., when Cl ¼ 0:03), then we are emulating what occurs for
incompressible flow simulations. The reduced acceleration causes
lower circulation, which explains partially the incompressible
results of Baker and Paterson [24]. Moreover, using the Prandtl–



Glauert factor to account for compressibility effects and estimating
the influence of the boundary layer, one can approximately ac-
count for the difference between the computed and experimental
suction peak at the trailing edge in their surface pressure distribu-
tions. Furthermore, the reduced trailing edge acceleration compen-
sates for the effect of using the geometric a, allowing good
agreement with measured pressure data on the forward sections
of the airfoil, including the leading edge suction peak. Clearly, since
the compressible RANS equations were solved, we cannot expect to
reproduce the velocity field of the incompressible computation due
to the underprediction of the jet exit velocity and the variable den-
sity. Nevertheless, the streamline contours of Fig. 3(d) have a close
resemblance to that presented by Baker and Paterson.

For all remaining computational results the corrected a is
used. In Fig. 4(a) a comparison of the surface pressure distribu-
tions for Cl ¼ 0:03 computed with the SA, SARC, and SST models
is shown. Calculations were performed on the fine grid (grid 5f).
The surface pressures computed with the SA and SST models are
nearly the same, and they are lower on the suction surface than
the experimental pressures. As a result the predicted lift coeffi-
cient ðCLÞ exceeds the experimental one by about 20%. Also,
with these models somewhat higher pressures occur in the sep-
arated region on the Coanda surface. The surface pressures
calculated with the SARC model agree reasonably well with
the measured pressures. Since the predicted suction peak on
the rounded trailing edge is somewhat higher than the experi-
mental one, the computed CL is about 11% higher than that of
the experiment.
As evident in Fig. 4(a) there is an oscillation in the computed
pressures on the upper part of the Coanda surface. This oscillatory
behavior can also be seen in the surface skin-friction distributions
obtained with the three turbulence models, which are depicted in
Fig. 4(b). Such behavior is a consequence of using measured coor-
dinates for the definition of the airfoil geometry, since smoothness
of the geometric slope and curvature are not guaranteed.

The streamlines on the aft section of the airfoil for the Cl ¼ 0:03
experiment and for the grid 5f computation with the SARC model
are displayed in Fig. 5. These streamline patterns are quite similar.
However, instead of the two distinct vortices that appear in the
experiment at the lower part of the Coanda surface, there is one
closed vortex and one hairpin vortex in the computed solution.
These differences occur even though the flow separates slightly
sooner in the computation than it does in the experiment. That
is, with earlier separation the formation of two vortices is more
likely to occur. For the experiment the jet detaches at 85� around
the Coanda surface, and for the calculation the jet departure takes
place at approximately 83�. Here, and in subsequent discussion,
the angle ðhÞ is being referenced to the beginning of the circular
trailing edge on the upper surface of the airfoil. In Fig. 6 the
streamline patterns corresponding to the SA and SST models are
shown. They are similar, with differences due to the slightly earlier
jet departure from the Coanda surface in the solution with the SA
model.

In Figs. 7 and 8 computed boundary-layer and specific Reynolds
stress profiles on the upper and lower surfaces of the airfoil at
x=c ¼ 0:875 are compared with the experimental data. Profiles



calculated on grid 5f with the SA, SARC, and SST models are
displayed. The effect of grid refinement on the profiles obtained
with the SARC model is also shown. Note that the local coordinate
system, which is based on the tangential and normal directions, is
applied in a clockwise manner, and that is why the uparallel is nega-
tive on the lower surface. This is consistent with how the experi-
mental data is given. On the upper and lower surfaces, the
predicted velocity profiles with the three models are fairly close
to each other, but they underpredict the data. The computed values
are in the range of just 3–5% lower than the measured values on
the upper surface, but they are roughly between 10% and 20% low-
er in absolute magnitude at the knee of the boundary-layer profile
on the lower surface, where the magnitude of the velocities is half
that on the upper surface. Such an underprediction, especially on
the suction surface, is not expected, since this implies that the
computational airfoil circulation is low, which would not be con-
sistent with the somewhat low computed pressure level at
x=c ¼ 0:875. A possible explanation for this underprediction is that
there were some spanwise variations in the jet conditions. As seen
in Figs. 7(b) and 8(b) the calculated specific Reynolds stress
profiles exhibit fairly good agreement with the data, with the
greatest differences occurring in the vicinity of the peak value near
the surface. On the upper surface the peak �u0v 0 occurs somewhat
closer to the wall in the computations than it does in the
experiment.

We now consider the flow over the Coanda surface. In Figs. 9(a–
f) and 10(a–f), the velocity and shear stress profiles computed with
the three models are compared with the corresponding measured
data at six circumferential locations. Clearly, the SARC model pro-
vides the best agreement with the data. Generally, for the velocity
profiles the agreement with the data is quite good. There is some
disagreement with the measurements in the region of interaction
between the jet flow and the outer shear layer at the h ¼ 50� and
h ¼ 80� locations. At the h ¼ 90� location there is a significant dis-
crepancy between the predictions and data due to differences in
the separated flow behavior. For the Reynolds stress profiles there
is only fair agreement with the measured data, with the largest dif-
ferences occurring in the vicinity of jet detachment.

7.2. Medium jet momentum coefficient ðCl ¼ 0:10Þ

In Fig. 11(a) computed surface pressure variations for Cl ¼ 0:10,
corresponding to the three turbulence models, are compared with
experimental data. The corrected a of �5.86� was used. The rela-
tive agreement with the data and the trends discussed for the
Cl ¼ 0:03 case are similar here. Moreover, the pressures computed
with the SARC model are the closest to the experiment, again con-
firming the importance of representing the curvature effects. The
pressure distributions with the SA and SST models nearly coincide,
and they overpredict the suction levels on the upper surface.
Fig. 11(b) shows the influence of mesh density on the surface pres-
sures obtained using the SARC model. We see that there is little dif-
ference between the medium and fine grid results. In Fig. 12 the
streamlines from the fine grid calculation with the SARC model



are compared with those for the experiment. In the experiment the
flow separates at the angular location h � 115�. For the computed
flow separation occurs at h of about 112�. There is good agreement
with the experimental streamlines. Although not perceptible in the
figure, there is an extremely thin separation region on the lower
surface of the airfoil near the trailing edge. Such a recirculation
zone would not have been detectable in the experiment. With
the SA model there is a conspicuous separation bubble near the
trailing edge, as shown in Fig. 13. Since this separation region does
not appear in the experiment, it seems to be a consequence of the
delayed jet departure on the Coanda surface (separation at approx-
imately h ¼ 124�).



At the medium Cl condition we have observed a higher sen-
sitivity of the results to mesh density on the Coanda surface
with the SST model than with the either the SA or SARC models.
For example, with approximately a factor of three coarser mesh
density in the tangential direction on the Coanda surface (desig-
nated grid 2, medium level; see Ref. [36]) than grid 5m, but
having the same mesh density on the forward portion of the air-
foil, we obtained a result with a highly nonphysical behavior of
the jet flow. As seen in Fig. 14(a), the jet does not separate on
the Coanda surface, but it moves onto the lower airfoil surface
and travels foward to near the x=c ¼ 0:25 location before it
turns and forms a large vortex beneath the airfoil. Steady-state
convergence was not attained for this calculation, and the lift
coefficient ðCLÞ oscillated between 4.0 and 4.6. Thus, the stream-
lines in Fig. 14(a) only approximately characterize the solution
during the oscillation. The SST model did not include curvature
effects; however, modifications do exist for the SST model that
attempt to account for curvature effects (see, e.g., SSTRC in Mani



et al. [37]). Since the focus of the current study is on a wide
variety of numerical issues rather than curvature corrections,
and since the SST model has been the focus of many previous
studies, the particular SSTRC correction was not attempted.
Based on the fact that SARC model yields improved results com-
pared to the SA model, it is likely that incorporating curvature
effects in the SST model would similarly improve its results
for CC flows. However, as we now show, resolution on the Coan-
da surface is also quite important. In Fig. 14(b) the streamlines
for the so