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Numerical Simulation of Transonic Separated
Flows over Low-Aspect-Ratio Wings
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Transonic flowfields about a low-aspect-ratio advanced technology wing have been computed using a
viscous/inviscid zonal approach. The flowfield near the wing where viscous effects are important was solved us-
ing the ‘“‘Reynolds-averaged Navier-Stokes equations’’ in ‘“thin-layer’’ form. The Euler equations were used to
determine the flowfield in regions away from the wing where viscous effects are insignificant. A zonal grid using
an H-H topology was generated around the wing by first solving a set of Poisson’s equations for the global grid.
This grid was then subdivided into separate zones of viscous or inviscid flow as suggested by the flow physics.
A series of flow cases were computed and compared with corresponding sets of experimental data. All cases
showed good agreement with experiment in terms of the pressure field. Also, an encouraging correlation be-
tween computed separated surface flow and experimental oil flow was obtained.

Introduction

IFTING surfaces such as wings, canards, strakes, etc.,

play an important role in the design process. Accounting
for separated flows around these surfaces is one of the most
crucial tasks of aerodynamic design. There are primarily two
motivations for understanding separated flows': 1) since un-
controlled separation causes stall, controlling and minimizing
its effects are desirable, and 2) separation can also be used to
improve aerodynamic performance. For instance, the rolled-
up vortex sheet from the sharp leading edge of a delta wing
or strake creates so-called ‘“nonlinear lift,”> which can be in-
telligently exploited by fighter aircraft designers.

Our present understanding of three-dimensional flows in-
volving separation on wings comes mainly from flow
visualization experiments with surface-oil techniques in wind
tunnels, smoke tunnels, and dye flow in water tunnels.
However, there have also been some attempts to compute
separated flows on wings in recent years. Numerical calcula-
tions of the leading-edge vortex associated with a delta wing
have been made using potential flow procedures®? or Euler
equation methods.*” Also, mildly separated flows were com-
puted using viscous-inviscid interaction methods, but they
are yet to mature.?

On the other hand, the Navier-Stokes equations seem to be
needed for accurately computing massively separated flows.!
Although this approach as it is applied to three-dimensional
flow over wings is new, a number of publications are now
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appearing on the subject. The computation of the supersonic
flow over a blunt delta wing by Vigneron et al.,® the leading-
edge separation vortex over a delta wing at high angle of at-
tack by Fuijii and Kutler,!© the simulation of a tip vortex off
a low-aspect-ratio wing at a transonic speed by Mansour,!!
and the transonic wing solutions of Agarwal and Deese,!?
Vadyak,!® Obayashi and Fujii,'¥ and Holst et al.!5 are a few
examples of calculations of viscous three-dimensional flows.

In the present study, a computer program called transonic
Navier-Stokes (TNS), which was developed by Holst et al.,!’
is used to compute the viscous flowfield around a low-aspect-
ratio wing. The TNS program was chosen because of its speed,
accuracy, and efficiency. Its convergence characteristics were
given by Flores,!¢ and its data management scheme was
described by Holst et al.!’

The particular geometry of interest is the so-called
WING C, which is a generic advanced technology wing. It
has an aspect ratio of 2.6, a twist angle of 8.17 deg, a taper
ratio of 0.3, and a leading-edge sweep of 45 deg. A series of
WING C flow cases are solved in the Mach number range of
0.70-0.90 at an angle of attack of 5 deg, with the Reynolds
number based on the mean aerodynamic chord of 6.8 x 108.

Numerical Method
Zonal Approach

Most of the Navier-Stokes solutions mentioned in the
previous section generally utilized relatively coarse grids and
required large amounts of computer time even on the latest
supercomputers. One method that could improve the situa-
tion is the use of zonal grids, which is the methodology
followed in the TNS program. In this approach, zonal grid
generation starts with the generation of a global single-zone
grid that includes the entire flowfield. This grid contains no
fine-mesh regions to capture viscous effects and has an H-
mesh topology in both the spanwise and chordwise direc-
tions. In this study, the global grid was generated by the
elliptic solver approach of Sorenson and Steger.'?
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Fig.1 Perspective view of embedded grid
with upper symmetry plane (y=0, z=0)
and wing surface highlighted.

Once the base grid is generated, it is divided into zones
utilizing a ‘‘zoning”’ algorithm. In the present TNS code, an
isolated wing grid is configured with four zones. A perspec-
tive view of a typical grid, which shows different zones in the
vicinity of the wing, is presented in Fig. 1. The first grid
zone (grid 1) is the coarse base grid itself with a small three-
dimensional domain left open. The second grid zone (grid 2)
fills this open domain with a small overlap region in com-
mon with grid 1 and also has another small three-
dimensional domain left open for the third and fourth grids.
Grid 2 contains twice as many grid points in each spatial
direction as the original base grid.

The final two grid zones (grids 3 and 4) occupy the space
that is left open by the block of points removed from grid 2,
again with a small region of overlap included. Grids 3 and 4
contain the same number of points in both the spanwise and
chordwise directions as grid 2. However, they are designed to
capture the viscous effects on the wing and the grid points in
the normal direction are highly clustered. Note that only
grids 1-3 are shown in Fig. 1. The total number of grid
points used in the zonal grid of Fig. 1 is 165,321. The in-
dividual grid point breakdown for each zone is as follows:
grid 1, 63Xx26x25=40,950; grid 2, 69x29x21=42,021;
grid 3, 61 x27 x25=41,175, and grid 4, 61 X 27 x25=41,175,
where the individual numbers in each zone designate the
number of grid points in the streamwise, spanwise, and normal
directions, respectively.

Governing Equations and Numerical Algorithm

The equations solved in this study are the Euler and
Reynolds-averaged Navier-Stokes equations written in strong
conservation form. The Reynolds-averaged equations are
simplified by using the standard thin-layer approximation!®
for the viscous terms and are used to solve the flowfield in
the vicinity of the wing where viscous effects are important.
The Euler equations are solved in regions away from the
wing where viscous forces are not significant. The Pulliam-
Steger ARC3D computer code? is used as the main integra-
tion routine.

Fig. 2 Experimental oil-flow picture (from Ref. 30) and computed
upper surface skin-friction lines for WING C: M_, =0.82, a =5 deg,
Re,, , . =6.8x10%,

The numerical algorithm associated with the ARC3D com-
puter code is an ADI algorithm developed by Pulliam and
Chaussee?! that requires the solution of scalar pentadiagonal
matrices. This scheme uses the standard second-order-
accurate central differencing of the governing equations,
fourth-difference implicit and explicit artificial dissipation
terms on the left- and right-hand sides of the algorithm, and
a variable time step scaled by the Jacobian. The turbulence
model used in the TNS computer program is the Baldwin-
Lomax algebraic model'® for high Reynolds number tur-
bulent flows. Additional details of the present work can be
found in Kaynak et al.?

Overview of Separated Flows
The character of a flow near a surface, to a large extent,
can be inferred from the surface pattern or ‘‘skin-friction
lines,”” which are the lines everywhere parallel to the wall
shear stress vectors. As Lighthill has stated,?® the pattern of
skin-friction lines can often be approximately determined by
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the experimental oil flow technique. Although the definition
of separation and reattachment is well established in two-
dimensional flows by the existence of a reverse flow, a
straightforward extrapolation of two-dimensional concepts
to three-dimensional flows is not possible. In three dimen-
sions, the meaning of the term ‘‘reverse’’ becomes am-
biguous. Our present understanding of three-dimensional
separation stems essentially from flow visualization ex-
periments. If, for instance, a surface oil flow technique is
used, Tobak and Peake?* state that the convergence of oil
streaks onto a particular line is a necessary condition for
three-dimensional separation. But whether this is also a suf-
Sficient condition is a topic of current debate.

Skin-friction lines are defined as the integral curves of the
wall shear stress vector exerted by the fluid on the wall.
There is only one skin-friction line through each point on a
surface, except for a point of separation or reattachment,
where the wall shear stress vanishes. These points are the
singular points of the differential equations governing the
topography of the skin-friction lines. Such singular points
are classified as nodes, saddles, and foci, depending on the
mathematical properties of the governing differential equa-
tions.?’ The total number of singular points for a possible
pattern on a smooth surface is subject to a topological law.
Mathematicians have shown that the number of nodal points
must exceed the number of saddle points by two.?* Also, it
has been shown that a combination of two saddle points in
which a streamline emanating from one point yields to
another is not allowed because of stability considerations.2
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Computation of WING C Flowfields
WING C Design and Testing

In recent years, there have been significant efforts to com-
pute flowfields around wings in the transonic regime. Con-
sequently, it is important to assess the accuracy of these
computations by comparing them with reliable experimental
data. In particular, an advanced technology wing called
WING C was tested in two different facilities by Hinson and
Burdges?” and Keener?? in a cooperative effort. The WING C
geometry is composed of supercritical airfoils with re-
latively thick sections that produce moderate aft loading,
relatively weak shock waves, and a mild pressure recovery.
The design conditions selected were a Mach number of 0.85
and a lift coefficient of approximately 0.5 at an angle of at-
tack of 5 deg. The mild shock wave was accomplished by
limiting the leading-edge normal Mach numbers in the vicin-
ity of the leading edge to a maximum of 1.2. This value is
commonly accepted as the upper limit for preventing shock-
induced flow separation in the wing design.

A small-scale 0.261 m semispan model of WING C was
tested by Hinson and Burdges.?” The test Reynolds number
based on the mean aerodynamic chord was 10x 108, Surface
pressures were measured both on the wing and on wind tun-
nel walls for comparison with calculations. The small-scale
data of Ref. 27 are compared with several three-dimensional
transonic inviscid potential codes in Refs. 28 and 29. The ex-
perimental facility is a blowdown wind tunnel. The top and
sidewalls of the three-dimensional test section have a variable
porosity capacity of up to 10%. The model blockage ratio is

n=70%

Fig. 3 Comparison of experimental and computed pressure coefficients for WING C: M, =0.85, Re,, , . =6.8x 105,

<0 KEENER DATA, REF. [30],a=5°

AT HINSON-BURDGES DATA,
REF. [27], x=5.9°

—— TNS COMPUTATION, o =5° r
—-=-- TNS COMPUTATION, o = 5.9°

" x/c
n=90%
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Fig. 4 Mach number contours on the upper
surface of WING C: M, =0.85, a=5 deg,
Rep q.c.=6.8X10°.

Fig. 5 Experimental oil flow picture (from Ref. 30) and an ex-
panded view of the counterrotating vortices for WING C:
M, =0.85, @=5 deg, Rey, .. =6.8x105.

12

about 1%. Most of the wind tunnel testing was conducted at
a fixed-wall porosity of 4% for minimum wall interference
effects. The influence of the wind tunnel walls on the test
data was explored and it was found that a Mach number cor-
rection of AM= —0.005 was necessary. An angle-of-attack
correction: of Aa=0.9 deg was also needed in the ex-
periments to match the computations, The method of match-
ing leading-edge pressures was used to select an experimen-
tal angle of attack of 5.9 deg, for which the experimental
and computed (using a potential flow code with a=75 deg)
leading-edge pressures agreed. Transition strips were located
at a fixed distance from the leading edge equal to 5% of the
mean aerodynamic chord on both the upper and lower sur-
faces of the wing.

A series of tests with the WING C was also performed by
Keener®® as a part of the cooperative effort. A large-scale
0.90 m semispan model was tested in a (1.8x 1.8 m) wind
tunnel. Model blockage ratio in the test section was 1.3% at
zero angle of attack. Surface pressure measurements and oil
flow studies were made at the design angle of attack of 5 deg
over a Mach number range of 0.25-0.96 and a Reynolds
number range of 3.4-10x10%. No Reynolds number effect
on the results was reported. The lift interference from the
tunnel walls was reported to be small. This is because the
leading-edge pressures of the experiment and computations
in the correlations happened to agree with each other at the
design angle of attack by 5 deg. Transition sirips were in-
stalled at 4.5% of chord.

Attached Flow Cases

The first set of WING C flow computations using the TNS
program to be discussed will be attached flow cases. These
cases are included to demonstrate the two-dimensional
nature of the flow in the attached flow regime. This two-
dimensional flow aspect was part of the design goal under-
taken by the WING C design project. Attached flow calcula-
tions were obtained for two supercritical cases: M, =0.70
and 0.82 at a=5 deg, and Re=6.8x10°. In all these and
subsequent computations, the Reynolds number is based on
the mean aerodynamic chord (m.a.c.) of the WING C and
the turbulent flow calculations are started at the leading edge
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Fig, 6 *‘Postulated’’ skin-friction lines for the WING C case shown
in Fig. § (M, =0.85).

without any transition model. The general features of these
two cases are similar as far as the pressure and skin-friction
fields are concerned. Therefore, only the latter case with
M. =0.82, =5 deg, and Re=6.8x 10° will be presented.

Figure 2 shows an experimental oil flow photograph on
the left and the computed skin-friction lines on the right. In
the oil flow picture, only a weak design shock wave is
observed, indicated by a slight S-shape in the oil streak lines
that lie in the outboard section of the wing between approx-
imately 15 and 25% of chord. This shock wave is not strong
enough to separate the boundary layer, contrary to the
earlier computations by Mansour.!' The flow is almost two-
dimensional, with flow deflection angles less than 10 deg,
except near the leading edge. The agreement between computa-
tion and experiment is good for this case. Also, the correla-
tion between the experimental and the computational sec-
tional pressure coefficients is quite encouraging. It is not
given here because of space limitations, but the interested
reader is referred to Ref. 22.

Separated Flow Cases

In this section, a series of transonic separated flow com-
putations will be presented. The methodology of studying
these flows will be from three points of view: 1) the actual
phenomena, i.e., the experimental flow pictures; 2) the
‘‘conceptualization’ or the ‘‘postulation’ of these pictures
in light of topological laws and rules; and 3) the computa-
tions. In any kind of interpretation, these three topics must
support each other to provide a plausible explanation. The
surface phenomenon is very important because the three-
dimensional flowfield above the surface depends on the sur-
face flow. For instance, three-dimensional stream surfaces
emerge from the separation lines, whereas rolled-up vortex
sheets emanate from spiral separation nodes, i.e., the foci.
However, the three-dimensional separation phenomenon is
very complex and a given surface pattern can produce many
three-dimensional flow patterns depending upon interpreta-
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Fig. 7 Computed skin-friction lines for WING C upper surface:
M, =0.85, =59 deg, Re,, . =6.8x105, C

tion. Dallman3! explains with examples that there is no
unique relationship between the pattern of wall streamlines
and the flowfield above the wall. He adds that topologically
different flowfields may exhibit the same oil flow picture.

The first separated flow case consists of the WING C
design conditions M, =0.85, a=35 deg, and Re=6.8x10°,
These conditions were intended to result in- attached flow
with a mild shock wave and a mild pressure recovery. But,
for reasons discussed in Ref. 30, these conditions produced a
““local” (as called by its author) flow separation. In this
work, the adjectives such as ‘“local”’ vs ‘“‘global”’ or ‘‘open”
vs ““closed”” will be avoided because of the current debate on
the definition of different types of three-dimensional separa-
tions. However, the interested reader may refer to Ref. 24
for particulars. ’

The calculated pressure coefficient distributions are com-
pared with experimental data in Fig. 3. Note that in this
figure the angle of attack for the Keener data®® is 5 deg,
whereas for the Hinson and Burdges data,? it is 5.9 deg in
accordance with their accounting for wall effects. Conse-
quently, computations were obtained for these two angles of
attack (e=35 and 5.9 deg) at M, =0.85 and Re=6.8x10°.
The computation with a=35 deg agrees with the two ex-
periments better in terms of matching leading-edge pressures.
On the other hand, the results with «=15.9 deg seem to agree
better with experiments in terms of shock position and lower
surface pressures. Particularly, at the 70 and 90% spanwise
stations, there is a marked improvement in the shock loca-
tion, which is the key to obtaining a separated flow. This
point will be clarified later in conjunction with Fig. 7. Note
that the differences between the two computations and the
two experiments are generally of the same order of
magnitude. The experimental differences may be explained
by considering the uncertainties in the measurements of the
Mach number and the angle of attack and the assessment of
the wall interference effects associated with the experiments.
Possible distortions in the wing geometries caused by
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Fig. 8 Comparison of experimental and computed pressure coefficients for WING C: M, =0.90, a=5 deg, Re,, , . =6.8x 105,

aerodynamic forces and moments during the experiments
might also have affected the measurements. On the other
hand, the numerical simulation has its own difficulties
primarily associated with the coarse grid near the tip and the
inadequate turbulence model. However, the overall com-
parison is encouraging, considering the above-mentioned
uncertainties. Figure 4 shows the wing planform Mach
number contours plotted at a location above the upper wing
surface, which display the well-known transonic lambda
shock wave pattern.

The experimental oil flow picture for the same case is
presented in Fig. 5. Figure 6 shows the postulated skin-
friction field. A separation line caused by the swept shock
wave emanates from a saddle point with two counter-
rotating vortices on either side. The postulated skin-friction
map also features two other saddle points and one nodal
point of attachment. In three-dimensional separation, it is
not possible to define a closed separation or ‘‘bubble’’ as in
two dimensions. Here the separation zone is largely fed by
the vortical flow on the inboard side of the saddle point of
separation. The tip flow is highly curved inboard toward the
separation zone, but does not enter the zone. Also, some
streamlines are entrapped by the inboard vortex, whereas
others pass by the separation region without being trapped.
The flow is almost two-dimensional outside the separation
zone.

The computed skin-friction lines for this case are
presented in Fig. 7. First of all, the calculation with «=5 deg
did not display a separated flow, because, as will be
remembered from Fig. 3, the shock wave strength and location
at the 70 and 90% span stations were not well predicted, so that
the shock was not adequate to separate the flow. Therefore,
o =5.9 deg was used instead of 5 deg in Fig. 7. It was this
angle-of-attack correction that moved the shock wave
downstream in better agreement with the experiment and

MACH NUMBER CONTOURS

]

4 5 6 7 8 9 10 11 1.2 13 14

Fig. 9 Cross-sectional Mach number contours for WING C at
2y/b=0.77: M,, =0.90, «=5 deg, Re,, , . =6.8x10°,

caused the flow to separate. As a result, the global features
of the experiment are predicted well. The location and size
of the separation line, the streamlines being trapped by the
vortex-like formation inboard of the separation line, the cur-
vature of the tip streamlines, and the almost two-
dimensional flow outside the separation zone are all ac-
curately predicted. However, the critical points of the skin-
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Fig. 10 Experimental oil-flow picture (from Ref. 30) and
‘‘postulated”’ skin-friction lines for WING C: M_, =0.90, a=35 deg,
Rey, .. =6.8x105.

w
]

friction map were not well reproduced, but a nodal point N,
along the line of separation and near the tip is predicted.
Overall, the simulation is encouraging. Although not done
explicitly for WING C, it has been shown?* for a similar case
that a computational critical point map similar to the ex-
perimental one can be produced. By refining the grid and us-
ing a better turbulence model, the weak vortical flow in-
board of the line of separation in the present computation
could be modified to produce a vortex similar to the one in
Fig. 5. Since there is already a nodal point on the other side
of the line of separation, the emergence of a saddle point
between them is inevitable as dictated by topological laws.?
This is exactly the main feature of the experimental
photograph in Fig. 5 as interpreted in Fig. 6; a line of
separation emanating from a saddle point with two counter-
rotating vortices on each side.

The second separated case associated with WING C con-
sists of a flow at off-design conditions: M, =0.90, a =5 deg,
and Re=6.8 X 105, The computed and experimental pressure
coefficient distributions are compared in Fig. 8. The leading
edge and aft shock waves are stronger than those of the
previous case and the aft shock wave is further downstream.
This is a consequence of the increased freestream Mach
number. Despite the discrepancy in shock location at the tip,
the overall agreement between experiment and computation
for this difficult case is encouraging. The disagreement at the
tip is probably caused by coarse grid effects and the other
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Fig. 11 Computed skin-friction lines for WING C upper surface:
M, =0.90, & =5.0 deg, Rey, , . =6.8x10°.

reasons already discussed in the previous case (M, =0.85).
The Mach number contours in the streamwise cross-sectional
plane at n=0.77% of semispan is shown in Fig. 9. The zonal
boundaries are also shown in this plot. Note the smoothness
with which the shock wave crosses the zonal interface bound-
ary. This indicates that the communication between the
zones is implemented in a conservative manner. In addition,
most of the other contours cross the zonal interface bound-
aries in a smooth and continuous fashion. Downstream in
the wake, where the fine grid used to capture viscous effects
interfaces with a relatively coarse grid (see Fig. 1), the wake
abruptly stops. This aspect of the solution exists because the
coarse inviscid grid cannot retain the sharp wake velocity
gradient.

The surface oil flow photograph and the present postula-
tion of the skin-friction lines for this case are presented in
Fig. 10. When the Mach number is increased from 0.85 to
0.90, the flow separation that existed over the outer 30% of
the wing moves slightly downstream and grows significantly
in size. The counterrotating vortices that emerged in the
previous case grow substantially, and the larger vortex in-
board of the separation line extends as far as the trailing
edge. A line of separation emerges from the saddle point of
separation. There is one focus on the tip side and a node of
separation on the inboard side of this line. Another saddle
point exists near this node of separation. This saddle point
lies between the node and the second, larger focus. There ex-
ists another saddle point near the trailing edge. The inboard
vortex is strong and provides a mechanism to feed fluid into
the separation zone by entrapping the streamlines coming
from the inboard side of the separation zone. The flow be-
tween the separation zone and the symmetry plane is again
almost two-dimensional, except for a streamline deflection
caused by the inboard vortex.

The computed skin-friction lines for the same case
(M, =0.90) are presented in Fig. 11. As observed, the agree-
ment between the computed skin-friction lines and the ex-
periment in Fig. 10 is rather poor, mainly because of the
coarse grid effects and inadequate turbulence modeling. A
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Fig. 12 Computed skin-friction lines for WING C upper surface:

M, =0.88, a=5.0 deg, Re, , . =6.8x10°.

weak swirling motion is exhibited in the comiputation on the
inboard side of the separation zone, yet the smaller vortex
near the tip is nonexistent. Because of the coarseness of the
present grid near the tip, this vortex is probably not
resolvable. The disagreement occurs close to the tip, where
the computation does not capture the shock location well. It
is this poor shock location that moves the separation line too
close to the trailing edge and causes the disagreement be-
tween experiment and computation. In an attempt to better
align the computed line of separation with that of the experi-
ment, this case was recalculated at a slightly lower Mach
number. It was found that when the Mach number was
reduced slightly, to 0.88, significant changes were observed
that were in closer agreement with the M, =0.90 experiment.
The computed skin-friction lines for this slightly lower
Mach number are shown in Fig. 12. This flow pattern is in-
deed more descriptive of the experimental oil flow at
M, =0.90. The line of separation moves forward, in better
agreement with the experiment, and there is substantially
stronger vortical flow in the area of the inboard vortex. The
node of separation in the experiment was captured. The sad-
dle point that lies near the trailing edge of the wing in the ex-
periment was also captured. However, the vortex close to the
tip has not been resolved. Had this vortex been resolved, the
emergence of a saddle point betweén this vortex and the
node would have been automatic, according to the continuity
equation.?* The computation also predicts a reattachment
line at the trailing edge near the tip, although this does not
exist in the experiment. To recapitulate, although quan-
titative details are not accurately reproduced, many
qualitative details are. The location and extent of separation
are in reasonable agreement with experiment, as is the
pressure distribution. The onset of vortex formation evident
in the experiment is also present in the computation. It
should be re-emphasized that experimental uncertainties

J. AIRCRAFT

associated with wind tunnel wall interference, angle-of-attack
measurement, freestream Mach number measurement, etc.,
must be considered in evaluating the computational/ex-
perimental correlations.

Conclusions

Transonic flowfields around the so-called WING C con-
figuration have been simulated using a zonal-type viscous/in-
viscid algorithm. The flowfield around the wing was divided
into four zones and concurrently solved using appropriate
equation sets as the flow physics suggests. Grid points in
zones immediately adjacent to the wing were finely clustered
and the flow here was solved using the Reynolds-averaged
Navier Stokes equations in the standard ‘‘thin-layer’’ form
to simulate viscous effects. Grid zones away from the wing
had less finely clustered points and the flow in these regions
was solved with the Euler equations to capture inviscid-
rotational effects.

A series of WING C flow cases was calculated in the tran-
sonic regime with Mach numbers of 0.70-0.90. These cases
include attached and separated flows. All cases produced
good agreement with experiment in terms of the pressure
field. Also, for the first time, an encouraging correlation be-
tween a computed separated surface flow (M, =0.85) and an
experimental oil flow photograph was obtained. The separa-
tion pattern of another case (M, =0.88) also showed a
qualitative agreement with the experiment.
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