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Computation of the Poststall Behavior of a
Circulation Controlled Airfoil

Samuel W. Linton*
Sterling Software at NASA Ames Research Center, Moffett Field, California 94035

This article describes the numerical simulation of stalled and unstalled flows over a circulation controlled
airfoil (CCA) using a fully implicit Navier-Stokes code, and the comparison with experimental results. Mach
numbers of 0.3 and 0.5 and jet total to freestream pressure ratios of 1.4 and 1.8 are investigated. The Baldwin-
Lomax and k-£ turbulence models are used, each medified to include the effect of strong streamline curvature.
The numerical solutions of the poststall CCA show a highly regular unsteady periodic flowfield. This is the
result of an alternation between adverse pressure gradient and shock-induced separation of the boundary layer

on the airfoil trailing edge.

Nomenclature
a, = freestream sound speed
C, = pressure coefficient
¢ = chord length
¢; = sectional lift coefficient
¢, = jet momentum coefficient, (m,;V 7/q..5)
M, = freestream Mach number
m; = jet mass flux
qg. = freestream dynamic pressure
Re,. = freestream Reynolds number
Ri, = turbulent Richardson number
S = wing planform area
T = period of oscillation
T = nondimensional period, (Ta../c)
f = time
t = nondimensional time, (¢a../c)
V7 = characteristic jet velocity
u, = eddy viscosity

Introduction

CONVENTIONAL airfoil has a sharp trailing edge, which

is an efficient mechanism for fixing circulation. However,
the lift generated by such an airfoil cannot be directly con-
trolled, but is a function of angle of attack and freestream
velocity. Also, the maximum lift coefficient that can be ob-
tained is quite limited, because the adverse pressure gradient
on the upper surface that increases with lift causes boundary-
layer separation and stall.

The circulation controlled airfoil'-2! (CCA) overcomes these
drawbacks with a rounded trailing edge—called a Coanda
surface—along which the rearward stagnation point is free
to move, and an upper surface jet near the trailing edge to
energize the boundary layer (Fig. 1). Since the jet blowing
rate is regulated, the separation point is controlled, and thereby
the circulation and lift. An additional benefit for high-lift
applications is that, because of the delayed separation of the
boundary layer near the trailing edge, a very high maximum
lift coefficient can be obtained (greater than 6 is not unusual
at low freestream Mach numbers).

The variation of CCA lift with ¢, is highly nonlinear, and
is strongly affected by other parameters such as angle of at
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tack, Mach number, and trailing-edge geometry.!' However,
a generalization can be made that for low blowing rates, ¢, ~
c,, and for high blowing rates ¢, ~ Vc,."* Eventually, how-
ever, the lift augmentation with ¢, ceases. This phenomena,
which is unique to CCAs, is known as jet stall, defined as the
condition at which dc,/dc,, = 0.

There are two forms of jet stall for a CCA. The first, called
jet detachment stall, is due to the premature separation of
the jet from the Coanda surface. This causes an immediate
loss in the suction over the trailing edge, and a sharp drop in
lift. This form of jet stall can probably be avoided with proper
design of the airfoil, and is not the topic of this article.

The second kind of jet stall, known as C} stall, appears to
be inevitable, and, as originally described by Abramson and
Rogers,? seems to begin soon after the first occurrence of
critical pressure (the pressure at which sonic flow will develop)
on the Coanda surface. This stall is marked by a relatively
gradual loss of suction over the entire upper surface, without
the jet separation or precipitous loss of suction on the Coanda
surface that characterizes jet detachment stall. Consequently,
the drop in lift is relatively gradual. Experimentalists have
also observed that the wake becomes very unsteady in this
form of stall.

Because a primary use for the CCA is as a high-lift device,
understanding its behavior at stall is crucial to its effective
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and safe use. Although Wood!! has described C? stall as the
result of a breakdown in mixing between the jet and outer
flow, the exact mechanism involved has not been previously
identified. The need to understand this provides the impetus
for the present numerical study of a C-stalled CCA.

Governing Equations

The Reynolds-averaged Navier-Stokes equations were used
in the present simulation. The turbulence models used were
the Baldwin-Lomax?? and Jones-Launder?-** k-¢ models, both
modified to include the effects of the strong streamline
curvature®-* that occur, particularly over the Coanda surface.

The Baldwin-Lomax model uses algebraic relations to solve
for p,. The curvature correction used was that suggested by
Baldwin et al.,*” and implemented by Pulliam et al.?® It entails
a direct correction to the eddy viscosity based on the local
radius of curvature of the streamlines. A single constant, C,
is specified. Although Pulliam et al. tuned this constant on a
case by case basis, a single value of 2.0 was used herein.

In the present research, the k-¢ equations were integrated
to the wall, and the curvature correction given by Launder
et al.”” was used. This method involves the multiplication of
the ¢ decay term by a linear function of Ri,.

Numerical Method

The numerical method used was a fully implicit, second-
order accurate in space, finite volume technique. The differ-
encing of the Euler terms was accomplished by using Mac-
Cormack’s modification of Steger-Warming flux-splitting®-33.
The viscous terms were differenced using standard central
differences. The implicit treatment of the source terms in the
k-¢ equations was done in a novel way,* designed to increase
robustness, particularly when the time scales involved were
much shorter than those of the fluid flow.

For steady-state solutions, and during the initial transients
of the time-accurate problems, local time stepping was used
to speed the computations. In addition, a separate time step
was used for the k- equations, which was scaled by the time
scales of the source terms. This, too, was found to increase
the efficiency and robustness of the numerical method.

On the CCA body, simple no-slip boundary conditions were
used. The use of an O-grid about the body necessitated pe-
riodic boundary conditions. Along the jet inflow boundary,
the total pressure, total temperature, and flow direction were
specified, and the remaining quantity was derived from the
appropriate characteristic relation.? Similarly, in the far field,
the appropriate quantities were derived from the interior from
the outflowing characteristic relations, and freestream values
were used for the remaining quantities.

The system of equations for the change in the conservation
variables that resulted at each time step was solved using back-
and-forth line Gauss-Seidel iteration. All unknowns that ex-
ceeded the block-tridiagonal bandwidth, however, were moved
to the “‘right-hand-side” of the equation, so that their latest
available values were used at every iteration. Typically, two
back-and-forth iterations were used at each time step. It was
verified that the unsteady solutions were insensitive to further
sweeps.

Configuration and Parameters

The computations corresponded to the experiments of Keener
et al.* They obtained pressure measurements only on an un-
swept semispan wing of aspect ratio 4 in the NASA Ames
Research Center 6- X 6-ft Transonic Wind Tunnel. Inboard
on the wing, the flowfield was approximately two dimen-
sional, justifying the present two-dimensional computations.

The CCA in the computations was the wing section used
in the experiment. It was based on a 20% thick ellipse, mod-
ified with 4% radius circular leading and trailing edges. The
jet slot was placed at 96.7% chord and had a nominal slot
height of 0.002 chords with a lip thickness of 0.0008 chords.

The computations were performed at Mach numbers of 0.3
and 0.5, with corresponding Reynolds numbers of 1.7 x 10°
and 2.6 X 10°. The jet total to freestream pressure ratios used
were 1.4 and 1.8. Three grids of increasing resolution were
used where appropriate for grid sequencing, and a fourth very
fine grid for a grid refinement study. The k-¢ and Baldwin-
Lomax turbulence model results were compared.

Grid

The construction of a high-quality grid about the CCA is
made difficult by the presence of the jet channel that origi-
nates in an interior plenum. Shrewsbury**-*7 and Willians and
Franke?® solved this problem by treating the jet slot as a grid
boundary. Pulliam et al.?® used an innovative spiral grid to-
pology as well as a multiblock strategy. Viegas et al.* used
a strip of cells of vanishing volume along the body. Finally,
Berman*® used a nonrectangular computational domain.

In the present research a technique similar to that of Viegas
and Berman was used. First, the jet region was “faired” over,
making a closed inner boundary. The outer boundary of the
grid was a circle centered at the airfoil midchord, 25 chord
lengths in radius. An O-grid was constructed between these
two boundaries using an elliptic grid generator. Then, the grid
within the jet channel up to the slot was formed, also with
an elliptic grid generator. Finally, these two portions of the
grid were merged, and a strip of cells of vanishing volume
were added in the cusped region bounded by the jet slot and
lip, the Coanda surface, and the inside of the fairing. Note
that the result is not a rectangular domain in computational
space. However, the present computer codes are able to ac-
commodate such a region without the need for a multiblock
scheme.

The fine grid, which has dimensions of 255 X 210 volumes,
is shown in Fig. 2. The medium grid with dimensions of 127
X 105 and the coarse grid with dimensions of 64 X 53 were
both interpolated from the fine grid, and were used for grid
sequencing. Finally, the very fine grid generated for the grid
refinement study had dimensions of 355 x 293.

Details of the Computation

In the computations it was found that the jet mass flow
obtained at a given pressure ratio was uniformly lower than
that obtained in the experiment. It is possible that the jet slot
height varied from its nominal value in the experiments, due
either to being set inexactly, or due to expansion from the
high plenum pressures within the jet channel. This same effect
has been noted by other researchers (e.g., Pulliam et al.?¥).
Thus in the computations, a jet slot height about 15% higher
than the nominal value was used in order to match the jet
momentum coefficient more closely.
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Fig. 2 Detail of the trailing edge of the fine grid (255 x 210).
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One complication in choosing the conditions for the two-
dimensional computations is that the experiment was per-
formed on a finite three-dimensional wing. A two-dimen-
sional computation is an acceptable model of such a flow if,
as was the case for the steady flows in this research, the
sectional lift coefficient on the wing varies slowly over the
wing, so that the flow is very nearly two dimensional. How-
ever, the finite wing induces downwash along the span. This
downwash is not known a priori, and cannot be accurately
computed from the experimental sectional lift coefficients
provided at only five stations. Thus, the angle of attack was
varied in the two-dimensional computation until the pressure
coefficient matched that of the experiment as closely as pos-
sible.

There are two problems with this technique. First, the error
in the lift coefficient at the correct induced angle of attack
cannot be determined. Secondly, the need to compute mul-
tiple angles of attack greatly increases the cost of the com-
putation at a single desired lift coefficient, particularly since
the lift curve slope of a CCA is nonlinear. Thus, a single
solution represents multiple trial computations at various an-
gles of attack. In order to minimize the considerable com-
putational expense of this process, these trials were performed
on the coarse grid with the Baldwin-Lomax model. Once the
angle of attack had been optimized on the coarse grid, the
same angle was used for all other computations of that case.
It was found that the flowfields computed on the coarse,
medium, and fine grids were all qualitatively the same, with
a difference in lift of less than 20%.

In order to estimate the actual error in lift predictions without
having to specify an angle of attack, some three-dimensional
computations were performed as well.*! These computations
were also useful in verifying the local two-dimensionality of the
flowfield inboard of the wingtip. However, these computations,
which were performed on a three-dimensional version of the
coarsest grid with the modified Baldwin-Lomax model only,
should be considered preliminary.

The use of boundary-layer control to fix the location of the
rearward stagnation point on a CCA makes it a uniquely
challenging computation. The reason for this is the notorious
weakness of turbulence models applied to flowfields near sep-
aration and under the influence of streamline curvature. The
resulting error in predicting the separation location has a dra-
matic effect not only on the flow over the Coanda surface,
but, since it determines the lift, on the global flowfield as
well. This implies that it is more difficult to obtain the very
good agreement between computation and experiment that
is possible for unstalled conventional airfoils, for which the
boundary-layer effects are of a higher order only.

Unstalled Results

The first group of computations were those for which the
CCA was unstalled, and the resulting flowfields were steady.
The pressure coefficient distribution for the CCA at a Mach
number of 0.3 and a pressure ratio of 1.4 is shown in Fig. 3.
This result is from a Baldwin-Lomax computation on the fine
grid. The computed jet momentum coefficient was 0.023, and
the lift coefficient was 1.27, in comparison with the experi-
mental values of 0.024 and 1.48, respectively. The pressure
distribution computed at an angle of attack of —4.5 deg matches
that of the experiment well, except near the leading edge,
where the suction peak is underpredicted. This is at least
partially due to the difference in lift predicted by the coarse
and fine grid solutions. This pressure distribution, which is
quite typical of a CCA, has a very flat pressure distribution
over the majority of the upper surface due to its elliptic shape.
Similarly, the lower surface pressure is quite flat. The dis-
continuity in the derivative of the slope of the surface between
the circular leading edge and the elliptic portion of the airfoil
results in a small disturbance in the pressure. The most unique
feature of the pressure coefficient distribution is the very se-
vere suction peak on the upper surface near the trailing edge
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Fig. 3 Pressure distribution at M., = 0.3, pressure ratio = 1.4,
predicted by the Baldwin-Lomax model on the fine and very fine grids.
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Fig. 4 Mach number contours predicted by the Baldwin-Lomax model
at M. = 0.3, pressure ratio = 1.4.

M=0.3
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Fig. 5 Detail of the Mach number contours over the Coanda surface
predicted by the Baldwin-Lomax model at M, = 0.3, pressure ratio
= 1.4,

due to the jet exhausting onto the Coanda surface. Notice
that the pressure on the upper surface begins to drop ahead
of the jet slot, indicating that the exterior flow is accelerated
upstream.

The Mach number contours over the airfoil corresponding
to this case are displayed in Fig. 4. The plot shows a stagnation
point below the centerline on the leading edge consistent with
a lifting airfoil. The upper surface contours show once again
that the jet begins to accelerate the flow well forward of the
jet slot. Aft of the airfoil the velocity profile of the jet is
evident.

The Coanda surface flow, which causes the suction peak,
is shown in Fig. 5. This plot shows the acceleration of the jet
from near stagnation conditions within the airfoil plenum up
to a maximum Mach number of about 0.93. This high-velocity
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fluid travels along the Coanda surface until it separates on its
lower section. The jet also accelerates the external flow through
entrainment. This entrainment at the slot and downstream of
it creates a favorable pressure gradient that provides for the
additional acceleration of the upstream external flow.

For the second two-dimensional run, the pressure in the
jet plenum was raised to 1.8 times the freestream pressure.
This resulted in a jet momentum coefficient of ¢, = 0.042
and a lift coefficient of 2.21, compared to the experimental
values of 0.046 and 2.21, respectively. Figure 6 shows the
pressure coefficient for this case computed on a fine grid with
the Baldwin-Lomax model. The angle of attack that optimized
the fit on the coarse grid was —5.0 deg. The fit to the data
is excellent, including the leading-edge suction peak, as well
as the jet suction values. Qualitatively, the results are similar
to those obtained at pressure ratio of 1.4, although the higher
jet velocity creates a much greater suction peak at the slot.

Figure 7 is the Coanda surface Mach contour plot for this
case. [t is similar to Fig. 5, except that the jet leaves the airfoil
at a steeper downward angle, as is consistent with the in-
creased lift. Also, the jet accelerates to a higher Mach number
of about 1.35 on the Coanda surface, and remains attached
farther along it.

Both of the above cases were computed using the Baldwin-
Lomax model with the streamline curvature correction term.
In order to compare the performance of the two turbulence
models and their respective curvature corrections, these two
cases were also run on the fine grid with the modified k-&
model. To enable a direct comparison, the same angles of
attack were used as in the corresponding Baldwin-Lomax model
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Fig. 6 Pressure distribution at M, = 0.3, pressure ratio = 1.8,
predicted by the Baldwin-Lomax model on the fine grid.
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Fig. 7 Detail of the Mach number contours over the Coanda surface
predicted by the Baldwin-Lomax model at M., = 0.3, pressure ratio
= 1.8.

computations. The resuits for the 1.4 pressure ratio case was
a lift coefficient about 50% higher than that of the Baldwin-
Lomax model. The same pattern was seen in the comparison
of the 1.8 pressure ratio k-¢ computation with the correspond-
ing Baldwin-Lomax computation.

It should be noted that since the angle of attack for each
run was chosen to optimize the fit of the Baldwin-Lomax
coarse grid solution to the experiment, the two-dimensional
results alone cannot be used to determine which of the tur-
bulence models is the most accurate. However, preliminary
coarse grid three-dimensional computations*' indicate that the
Baldwin-Lomax model with the corresponding streamline cur-
vature correction overpredicts the lift on the CCA (by about
17%). Thus, insofar as the current modified k-¢ model uni-
formly predicts higher lift than the Baldwin-Lomax model,
the author would speculate that for these cases, the Baldwin-
Lomax model gives more accurate values for lift. However,
since the curvature corrections are highly dependent on the
specific parameters of the flowfield, it is incorrect to infer
that the Baldwin-Lomax model will always give more accurate
answers. Furthermore, a more accurate lift prediction implies
a better separation point location, but not necessarily a better
prediction of the details of the turbulent boundary layers.
Regardless, the current accuracy estimates should be verified
by higher resolution three-dimensional computations.

To estimate the grid dependency of the two-dimensional
solutions, the computation at a Mach number of 0.3 and a
pressure ratio of 1.4 was repeated on the very fine grid. The
lift coefficient was found to agree to within 0.8%. The re-
sulting pressure profile is compared with that of the fine grid
in Fig. 3.

Stalled Results

Previously, a time-accurate computation about a CCA has
been performed by Shrewsbury and Sankar,*” who computed
the flow over a pitching airfoil. However, the present research
is the first known time-accurate computation and explanation
of the unforced C; stall mechanism of CCAs.

Figure 8 is a plot of the computed mean lift coefficient of
the airfoil at a Mach number of 0.5 and angle of attack of
—5.4 deg, as a function of jet momentum coefficient. At a
value of about 0.013, corresponding to a pressure ratio of 1.8,
the airfoil is stalled. Beyond stall, computations of the CCA
flowfield revealed a self-sustained unsteady flowfield. Thus,
the minimum and maximum values of the lift are also plotted
as well.

In order to explain the mechanism of stall, the resuits of
the computation for the pressure ratio of 1.8 will be described.
Figure 9 shows roughly one cycle of the lift coefficient vs 1.
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Fig. 8 Lift coefficient as a function of jet momentum coefficient,
computed with the Baldwin-Lomax model on the coarse grid, M, =
0.5.
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Fig. 11 Phase plane diagram, with points labeled with nondimen-
sional time.

The unsteadiness was found to be periodic and remarkably
regular. In physical units, the frequency corresponding to a 7'
of 1.0 was about 1 kHz for the experiment of Keener et al.*
Since the lift coefficient is intimately connected with the sep-
aration point location on the Coanda surface, the distance of
the first such point from the jet slot, normalized by chord, is
plotted in Fig. 10. It has the anticipated periodic nature, but

has an unexpected discontinuity as well. Another way to plot
the two variables is against each other, rather than as functions
of time, so that a phase plane diagram results (Fig. 11). In
this figure, various points are labeled with the nondimensional
time corresponding to Figs. 9 and 10. The paths followed by
multiple cycles plotted in this way overlap each other, indi-
cating that the oscillation is indeed highly regular, and that
initial transients have died away.

This unsteadiness results from the alternation of jet bound-
ary-layer separation on the Coanda surface between two dis-
tinct mechanisms. The usual cause of separation is the adverse
pressure gradient due to the rearward stagnation point on the
trailing edge. In addition, however, when the jet and en-
trained external flow are accelerated to a sufficiently high
supersonic velocity, a shock forms. The adverse pressure gra-
dient across this shock causes massive separation. The un-
steadiness is a result of the alternation of the mechanism of
jet separation between these two types, and the phase lag
between the change in the flow over the Coanda surface, and
the establishment of the resulting pressure field over the full
airfoil.

Figures 12a—12f, which show the Coanda surface Mach
contours at selected instants in the cycle, illustrate this pro-
cess. From ¢t = 0 (Fig. 12a) to 0.18, the wall jet Mach number
increases, and the separation point moves down along the
Coanda surface. As expected, the lift increases as well. From
t = 0.27 to 0.34, the separation point has stopped its down-
ward motion, and has actually begun to recede slightly, prob-
ably due to the increasingly adverse pressure gradient at the
higher lift. However, because the development of the lift lags
the separation point movement, the lift continues to increase.
This lag occurs because the change in the pressure of the
external flow triggered by jet entrainment takes a finite length
of time to travel upstream.

Figures 10 and 11 show that a sudden change occurs in the
location of the first separation point between ¢ = 0.32-0.324.
This is the result not of movement of the separation point,
but of the formation of a new one closer to the jet slot due
to the increasingly adverse pressure gradient. Even so, the
lift continues to increase.

At t = 0.41 (Fig. 12b), the low pressure on the Coanda
surface at the high lift continues to accelerate the jet, and,
due to its entrainment, a small pocket of the external flow
becomes supersonic. The lift continues to grow.

At t = 0.50 (Fig. 12c), a weak shock forms in the high-
velocity region of the jet, and extends a small distance into
the external flowfield. ’

The continued acceleration of the jet between ¢ = 0.50
(Fig. 12¢) and 0.59 (Fig. 12d) due to the sustained growth of
the lift causes the shock to strengthen and move forward on
the Coanda surface, so that the separation point location also
moves forward. The shock then causes a large separation
bubble to form (Fig. 12d), with reattachment farther down
on the Coanda surface. At this instant, the lift reaches its
maximum value, and, lagging the separation point movement,
subsequently begins to decrease. Att = 0.68 (Fig. 12¢), the
separation bubble bursts, shedding vortices into the wake.
This causes the shock to dissipate, but a pressure pulse is
formed that travels upstream. At this point, the jet separation
point is at its farthest upstream.

Between 1 = 0.705-0.708, the jet rapidly reattaches, caus-
ing another sudden change in the separation location. The
shed vortices are convected downstream, and the separation
point resumes its movement down the Coanda surface (Fig.
12f). In addition, there seems to be another high-pressure
wave sent upstream due to the transient obstruction posed by
the bursting separation bubble. Once the lagging lift bottoms
out, the flowfield returns to its original state, and the process
repeats.

This computation was also performed using the k-g tur-
bulence model. The result had the same characteristics as the
Baldwin-Lomax model solution, despite the significantly higher
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c)
Fig. 12 a) Stalled flowfield Mach contours, ¢

= 0.00, the separation point moves down the Coanda surface; by f =

Separation
Bubble
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e)

f)

0.41, supersonic flow

develops; ¢) { = 0.50, a shock forms on the Coanda surface; d) £ = 0.59, the strengthening shock causes the jet to form a separation bubble;
e) £ = 0.68, the separation bubble bursts, and vorticity is released into the freestream; and f) { = 0.86, the jet rapidly reattaches, and the

separation point moves down the Coanda surface.
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Fig. 13 Comparison of the phase plane plot at two different time
steps.

mean lift coefficient and longer period (by about 25%) it
predicted. This verifies that the stall mechanism is not due to
a peculiarity of the Baldwin-Lomax model.

In order to verify that the correct time-dependent behavior
was captured, the computations were repeated with reduced
time steps. For the coarsest grid, the time step was halved
three times for three additional computations, with essentially
identical results. This of course was impractical on the fine
grid. (Each cycle of the computation takes about an hour at
the typical time step, and as many as 10 cycles were required
for the transients to die out.) However, Fig. 13 shows the
phase diagram obtained on the fine grid with the typical non-
dimensional time step, 0.0010, as well as that obtained with
a time step of 0.0005. The comparison is quite good, and
implies that the time step of 0.001 is adequately small to
achieve temporal accuracy.

The present computations of stall cannot be compared di-
rectly to the experiments of Keener and Spaid for several
reasons. First of all, whereas a steady two-dimensional com-
putation can model the flow over a wing at a fixed spanwise
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station if the induced angle of attack is selected correctly, this
is not true for an unsteady flow. The reason for this is that
the upwash induced along a three-dimensional wing with time-
varying lift is unsteady. There is really no way to simulate
this effect without quite detailed information about the three-
dimensional experimental flowfield. Secondly, the instru-
mentation used in the experiment was incapable of measuring
the flow unsteadiness predicted computationally, since its time-
response was significantly slower than that needed to resolve
oscillations on the order of a kilohertz. .

There is evidence that supports the present explanation of
C; jet-stall, however. First of all, as demonstrated by Fig.
10, the mechanism discovered here occurs when dc,/dc,, = 0,
which is the definition of jet stall. It explains why subsequent
increases in the pressure ratio fail to increase the lift: the
higher total pressure of the jet increases its Mach number on
the Coanda surface, thus resulting in progressively stronger
shocks. These shocks cause massive separation that destroys
the ability of the jet to establish circulation and lift.

The present mechanism explains why the appearance of the
critical pressure on the Coanda surface precedes stall,? since
a shock is necessary to cause the separation near the jet slot.
It also explains why, as observed experimentally, stall occurs
at lower blowing rates for higher Mach numbers: an equiv-
alent jet to freestream velocity ratio at a higher freestream
Mach number implies a higher jet Mach number.

Finally, numerous CCA researchers have noticed a corre-
lation between stall and unsteady flow.

Concluding Remarks

The present research is the first numerical investigation of
the CCA Cj stall. The two-dimensional computations uncov-
ered a highly regular periodic oscillation due to the alternation
between adverse pressure gradient separation and shock-in-
duced separation of the jet boundary layer on the Coanda
surface. Although there is substantial evidence that this is the
actual mechanism of stall, experimental verification is needed.
In addition, high resolution three-dimensional computations
are needed to allow more direct comparison to experiment.

Although both turbulence models used gave qualitatively
the same results both for stalled and unstalled airfoils, the
quantitative results showed extreme sensitivity to the turbu-
lence model and the corresponding streamline curvature cor-
rection. Because of the role of the models in determining the
separation point location on the trailing edge, this resulted in
large discrepancies in the computed lift. Clearly, further re-
search is required into the modeling of turbulence in flows
with severe streamline curvature, particularly near separation.

Acknowledgment

The present work was supported by the NASA Ames Uni-
versity Consortium Office Interchange for Joint Research,
Moffett Field, California, Contract NCA-2-259,

References

'Abramson, J., “Two Dimensional Subsonic Wind Tunnel Eval-
uation of a 20 percent Thick Circulation Control Airfoil,” David
Taylor Naval Ship Research and Development Center, DTNSRDC
Rept. ASED 311, Bethesda, MD, 1975.

“Abramson, J., and Rogers, E. O., “High-Speed Characteris-
tics of Circulation Control Airfoils,” AIAA Paper 83-0265, Jan.
1983.

*Englar, R. J., “Circulation Control for High Lift and Drag Gen-
eration on STOL Aircraft,” Journal of Aircraft, Vol. 12, No. 5, 1975,
pp. 457-463.

“Englar, R. J., and Applegate, C.A., “Circulation Control—An
Updated Bibliography of DTNSRDC Research and Selected Outside
References,” David Taylor Naval Ship Research and Development
Center, DTNSRDC Rept. 84-052, Bethesda, MD, 1984.

*Englar, R. J., “Development of Circulation Control Technology
for Powered-Lift STOL Aircraft,” Proceedings of the Circulation
Control Workshop, 1986, pp. 491-538 (NASA CP-2432).

SFranke, M. E., and Harvell, J. K., “Wind Tunnel Studies of
Circulation Control Elliptical Airfoils,”” Proceedings of the Circulation
Control Workshop, 1986, pp. 267-288 (NASA CP-2432).

"Jones, D. G., “The Performance of Circulation Controlled Air-
foils,” Ph.D. Dissertation, Cambridge Univ., Cambridge, England,
UK, 1970.

sStevenson, T. A., Franke, M. E., Rhynard, W. E., Jr., and
Snyder, J. R., “Wind Tunnel Study of a Circulation-Controlled
Elliptical Airfoil,” Journal of Aircraft, Vol. 14, No. 9, 1977, pp. 881—
886.

“Wood, N. J., “The Aerodynamics of Circulation Control Aero-
foils,” Joint Inst. for Aeronautics and Acoustics TR-41, 1981.

Wood, N. J., and Conlon, J. A., “The Performance of a Cir-
culation Control Airfoil at Transonic Speeds,” ATAA Paper 83-0083,
Jan. 1983.

HWood, N. J., “Circulation Control Airfoils: Past, Present Fu-
ture,” AIAA Paper 85-0204, Jan. 1985.

*Wood, N. J., “The Further Development of Circulation Control
Airfoils,” Proceedings of the Circulation Control Workshop, 1986,
pp. 183-198 (NASA CP-2432).

BLoth, J. L., “Circulation Control STOL Aircraft Design As-
pects,” Proceedings of the Ciruculation Control Workshop, 1986, pp.
569-590 (NASA CP-2432).

“Nichols, J. H., and Harris, M. J., “Fixed Wing CCW Aerody-
namics with and Without Supplementary Thrust Deflection,” Pro-
ceedings of the Circulation Control Workshop, 1986, pp. 479-490
(NASA CP-2432).

YSNielsen, J. N., and Biggers, J. C., “Recent Progress in Circulation
Control Aerodynamics,” AIAA Paper 87-0001, Jan. 1987.

“Novak, C. J., and Cornelius, K. C., “Investigations of a Circu-
lation Control Airfoil Flowfield Using an Advanced Laser Velocim-
eter,” Proceedings of the Circulation Control Workshop, 1986, pp.
71-98 (NASA CP-2432).

"Novak, C. J., Cornelius, K. C., and Roads, R. K., “Experimental
Investigations of the Circular Wall Jet on a Circulation Control Air-
foil,” AIAA Paper 87-0155, Jan. 1987.

BRodman, L. C., and Wood, N. J., “Verification of Performance
Results for a Low-Speed 15% Elliptical Circulation Control Airfoil,”
JIAA TR-56, 1986.

“Spaid, F. W., and Keener, E. R., “Boundary-Layer and Wake
Measurements on a Swept Circulation-Control Wing,” Proceedings
of the Circulation Control Workshop, 1986, pp. 239-266 (NASA CP-
2432, Feb. 1986.

“Keener, E. R., Sanderfer, D. T., and Wood, N. J., “Pressure
Distributions and Oil-Flow Pattcrns for a Swept Circulation-Control
Wing,” Proceedings of the Circulation Control Workshop, 1986, pp.
209-238 (NASA CP-2432).

2IKind, R. J., *“A Proposed Method of Circulation Control,” Ph.D.
Dissertation, Cambridge Univ., Cambridge, England, UK, 1967.

*Baldwin, B. S., and Lomax, H., “Thin Layer Approximation and
Algebraic Model for Separated Turbulent Flows,” AIAA Paper 78-
257, Jan. 1978.

**Launder, B. E., and Spaulding, D. B., “The Numerical Com-
putation of Turbulent Flows,”” Computer Methods in Applied Me-
chanics and Engineering, Vol. 3, 1974, pp. 269-289.

>Jones, W. P., and Launder, B. E., “The Prediction of L.aminar-
ization with a Two-Equation Model of Turbulence,” International
Developments in Heat Transfer, Vol. 15, 1972, pp. 303-314.

>Bradshaw, P., “Effects of Streamline Curvature on Turbulent
Flow,” AGARDograph 169, 1973.

*Bradshaw, P., ‘““The Analogy Between Streamline Curvature and
Buoyancy in Turbulent Shear Flow,” Journal of Fluid Mechanics,
Vol." 36, Pt. 1, 1969, pp. 177-191.

YBaldwin, B. S., Chigier, N. A., and Sheaffer, Y. S., “Decay of
Far-Flowfield in Trailing Vortices,” AIAA Journal, Vol. 11, No. 12,
1973, pp. 1601, 1602.

*Pulliam, T. H., Jespersen, D. C., and Barth, T. J., “Navier-
Stokes Computations for Circulation Controlled Airfoils,” AIAA
Paper 85-1587, Jan. 1985.

»Launder, B. E., Priddin, C. H., and Sharma, B. 1., “The Cal-
culation of Turbulent Boundary Layers on Spinning and Curved Sur-
faces,” Journal of Fluids Engineering, Vol. 99, 1977, p. 231.

%Steger, J. L., and Warming, R. F., *“Flux Vector Splitting of the
Inviscid Gasdynamic Equations with Application to Finite Difference
Methods,”” NASA TM-78605, July 1979.

3MacCormack, R. W., “‘Current Status of Numerical Solutions of
the Navier-Stokes Equations,” AIAA Paper 85-0032, Jan. 1985.

*MacCormack, R. W., “Solution of the Navier-Stokes Equations
in Three Dimensions,” AIAA Paper 90-1520, Jan. 1990.

3Candler, G. V., and MacCormack, R. W., “Hypersonic Flow



1280 LINTON: CIRCULATION CONTROLLED AIRFOIL

Past 3-D Configurations,” AIAA Paper 87-0480, Jan. 1987.
HChakravarthy, S., “Euler Equations—Implicit Schemes and
Boundary Conditions,” AIAA Paper 82-0228, Jan. 1982.
Shrewsbury, G. D., “Evaluation of Research Circulation Control
Airfoil Using Navier-Stokes Methods,” Proceedings of the Circulation
Control Workshop, 1986, pp. 115-134 (NASA CP-2432).
*Shrewsbury, G. D., “Numerical Study of a Research Circulation
Control Airfoil Using Navier-Stokes Methods,” Journal of Aircraft,
Vol. 26, No. 1, 1989, pp. 29-34.
*Shrewsbury, G. D., and Sankar, L., *“Dynamic Stall of Circu-
lation Control Airfoils,” AIAA Paper 90-0573, Jan. 1990.

Williams, S. L., and Franke, M. E., “Navier-Stokes Methods to
Predict Circulation Control Airfoil Performance,” Journal of Air-
craft, Vol. 29, No. 2, 1992, pp. 243-249.

*Viegas, J. R., Rubesin, M. W., and MacCormack, R. W., “On
the Validation of a Code and a Turbulence Model Appropriate to
Circulation Control Airfoils,” NASA TM-100090, April 1988.

“Berman, J. A., ‘A Navier-Stokes Investigation of a Circulation
Control Airfoil,” AIAA Paper 85-0300, Jan. 1985.

*ILinton, S. W., “The Numerical Simulation of Circulation Con-
trolled Airfoil Flowfields,” Ph.D. Dissertation, Dept. of Aeronautics
and Astronautics, Stanford Univ., Stanford, CA, 1992.

Concerned about the “software cri-
sis?” Overwhelmed by missed software
schedules and cost overruns? Confused
by the latest software jargon? This book
is a definitive presentation of aerospace
software engineering from the experts

Place your order today! Call 1-800/682-A1AA

GAIAA.

American Institute of A ics and Astr

FAX 301/843-0159 Phone 1-800/682-2422 9 a.m. - 5 p.m. Eastern

Recommended Reading from Progress in Astronautics and Aeronautics

Aerospace Software Engineering

Christine Anderson and Merlin Dorfman, editors

and an essential guide for the aerospace program ogies; and Aerospace Software Engineering in

manager and a valuable update for the practicing  France, the United Kingdom, Sweden, and Japan.

1991, 630 pp, illus, Hardback
ISBN 1-56347-005-5
AlAA Members $59.95
Nonmembers $79.95
Order No. V-136 (830)

Publications Customer Service, 9 Jay Gould Ct., P.O. Box 753, Waldorf, MD 20604

software engineer. Topics include: Life
Cycle Models; Development Method-
ologies; Tools and Environments; Soft-
ware Engineering Management; Quality
Assurance; Programming Languages;
Reuse; Legal Issues; Emerging Technol-

Sales Tax: CA residentts, 8.25%; DC, 6%. For shipping and handling add $4.75 for 1-4 books (call
for rates for higher quantities). Orders under $100.00 must be prepaid. Foreign orders must be
prepaid and include a $20.00 postal surcharge. Please allow 4 weeks for delivery. Prices are subject
to change without notice. Returns will be accepted within 30 days. Non-U.S. residents are
responsible for payment of any taxes required by their government,




