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Unsteady Vortex Structure over a Delta Wing

Raymond E. Gordnier* and Miguel R. Visbal*
U.S. Air Force Wright Laboratory, Wright-Patterson Air Force Base, Ohio 45433

The structure of the shear layer which emanates from the leading edge of a 76-deg sweep delta wing and
forms the primary vortex is investigated numerically. The flow conditions are M., = 0.2, Re = 50,000 and
angle of attack of 20.5 deg. Computational results are obtained using a Beam-Warming-type algorithm. The
existence of a Kelvin-Helmholtz-type instability of the shear layer which emanates from the leading edge of the
delta wing is demonstrated. A description is provided of the three-dimensional, unsteady behavior of the small-
scale vortices associated with this instability. The numerical results are compared qualitatively with experimental

flow visualizations exhibiting a similar behavior.

Introduction

HE present work has developed out of a series of ex-

perimental and computational investigations of the fol-
lowing background. Gad-el-Hak and Blackwelder! observed
for water tunnel tests of two delta wings that the vortex sheet
which emanates from the leading edge of the delta wing rolls
up into discrete vortices that undergo a pairing process. The
instability appears as alternating dark and light regions in the
dye sheet near the leading edge of the delta wing and ex-
tending along it (Fig. 1). This instability is said to be similar
to the instability and vortex pairing process described by Brown
and Roshko? and Winant and Browand? for two-dimensional
shear layers. Both are related to the classical Kelvin-Helm-
holtz-type instability of two-dimensional shear layers and are
distinct from the von Karman-type shedding observed by Re-
diniotis et al.* for high angles of attack.

In another water tunnel investigation of the leading-edge
vortices on delta wings, Shi et al.’ also observe small-scale
vortices that are periodically shed from the leading edge of
the delta wing. This phenomena is related to that observed
by Gad-el-Hak.! Contrary to the observations of Gad-el-Hak,
Shi et al.> observe no vortex pairing of these small-scale vor-
tices.

Payne et al.® also observed an instability in the shear layer
forming the primary vortex using smoke flow visualization
techniques. They again relate the growth of these secondary
structures to the classical Kelvin-Helmholtz type of instabi-
lity. The authors report that the vortical structures are static,
however, and do not rotate with the vortex. They also relate
these observations’ to those of Gad-el-Hak and Black-
welder.!

Lowson® has carried out low-speed wind-tunnel tests to
investigate the vortex sheet structure formed about delta wings.
In this work he concludes that not one, but two distinct types
of instability exist. The first, shown in Fig. 2, is the quasi-
two-dimensional type of instability of the shear layer leaving
the leading edge observed by Gad-el-Hak.! The second is a
locally streamwise instability of the feeding vortex sheet that
gives rise to steady vortex cell structures within the vortex
core. Lowson suggests that this is the instability observed by
Payne et al.®

All these experimental resuits have been obtained for scaled
models at relatively low Reynolds number. Recent photo-
graphic evidence shows that similar types of secondary vortical
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structures are observed for the LEX vortex flow on an F-18
in flight.® This strongly indicates that the vortex structure
found experimentally at lower Reynolds number occurs in
flight conditions at full-scale Reynolds number.

A similar type of shear-layer instability is observed by the
present authors'® in calculations for a 76-deg sweep delta wing
at 20.5-deg angle of attack and a Reynolds number of 900,000.
An unsteady behavior of the shear layer which emanates from
the leading edge of the delta wing, related to the instability
described by Gad-el-Hak and Blackwelder,’ is found in these
calculations. In the current work, further computations are
performed at a lower Reynolds number, Re = 50,000, and
for enhanced grid resolution. An improved description of the
observed unsteady process will be given. The lower values of
Reynolds number provide the ability to relate the numerical
results to the existing experimental observations just de-
scribed.

Fig. 1 Dye sheet visualization showing small-scale vortices for a 60- ,
deg sweep delta wing, a = 10 deg.!

Fig. 2 Smoke flow visualization of vortex over a 70-deg sweep delta
wing at 20-deg angle of attack.®
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Governing Equations
The governing equations for the present problem are the
unsteady, three-dimensional, full Navier-Stokes equations
written in strong conservation form'! using a general coor-
dinate transformation &, n, ¢, ¢
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Here F, G, and H are the inviscid fluxes and Fi,, Gv, and FII,
are the viscous fluxes in the £, 7, and { directions, respectively.
The system of equations is closed using the perfect gas law,
Sutherland’s formula for viscosity, and the assumption of a
constant Prandtl number, Pr = 0.72. Flow quantities have
been nondimensionalized by their respective freestream val-
ues except for pressure, which is nondimensionalized by twice
the freestream dynamic pressure, and speed of sound which
is nondimensionalized by the freestream velocity. All lengths
have been normalized by the root chord length of the delta
wing.

Numerical Procedure

The governing equations are solved numerically using the
implicit approximately factored algorithm of Beam-Warm-
ing.' The equations are differenced using Euler implicit time-
differencing and second-order accurate central differences for
all spatial derivatives. A blend of second- and fourth-order
nonlinear dissipation, as suggested by Jameson, '’ is used to
stabilize the central difference scheme. The current work, in
which subsonic flows are investigated, requires only fourth-
order dissipation. A subiteration procedure'* is also included
to improve the stability characteristics of the scheme when
necessary by reducing factorization errors in the three-fac-
tored scheme.

A fully vectorized, time-accurate solver has been developed
to implement the aforementioned scheme.!® The computa-
tional requirements of the scheme are approximately 38 words/
grid point and 4.4 x 107> CPU s/grid point/iteration on a
Cray 2. This code has been validated for a number of unsteady
laminar flows.>~!8 These results provide a good validation
base for the code. Most importantly, the results of Ref. 15
demonstrate the ability to correctly simulate naturally occur-
ring instabilities in the flowfield and the transition of the flow
from steady to unsteady behavior.
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Fig. 3 Delta wing grid.

The computational grid (Fig. 3) for the delta wing was
obtained using simple algebraic grid generation techniques.
The grid structure is of H-H type with planar grids being
stacked in the axial direction. The H-H structure provides for
good resolution of the sharp leading edge with no rounding.
All far-field boundaries are located 1.5-2 chord lengths away
from the delta wing.

The boundary conditions are implemented in the following
manner. On the wing surface, the no-slip condition for the
velocities, adiabatic wall temperature condition, and zero nor-
mal pressure gradient condition are used. At the downstream
boundary, flow variables are extrapolated from the interior.
Symmetry conditions are imposed along the midplane of the
wing. Characteristic boundary conditions!® are used at the
upper, lower, side, and upstream boundaries.

Results

High Reynolds Number Case

All results presented are calculated for a 76-deg sweep,
aspect ratio 1 delta wing. This configuration has been inves-
tigated experimentally by Hummel.?° The first calculations
for this configuration® are made at Reynolds number 900,000,
angle-of-attack of 20.5 deg, and a freestream Mach number
0.2. A grid system consisting of 66 X 151 x 100 grid points
is used with 37 points in the axial direction and 80 points in
the spanwise direction located on the wing. The minimum
spacing at the surface is Az = 0.00001 and a uniform spacing
along the leading edge, Ay = 0.00011, is specified.

The numerical calculations for this case were found to be
unsteady unless a coarse grid is employed. The unsteadiness
in the calculations is attributed to a Kelvin-Helmholtz-type
instability of the shear layer which emanates from the leading
edge of the delta wing and forms the primary vortex. This
unsteady flowfield is characterized by the formation and shed-
ding of small-scale shear-layer vortical structures from the
leading edge of the delta wing. This behavior is similar to that
observed by Gad-el-Hak and Blackwelder in their water tun-
nel experiments.'

A comparison of the average surface pressure at several
axial locations along the wing with the experimental data of
Hummel® is given in Fig. 4. The calculated results compare
well with the experimental data showing only a slightly greater
expansion in the region below the core of the primary vortex.
The overprediction of the pressure at x = 0.9 is consistent
with the calculations of Thomas?’ and is due in part to the
onset of transition near the trailing edge in the experiment.
Further details of these computations, including a discussion
of the effects of grid resolution, time step, damping, and thin-
layer vs full Navier-Stokes equations, may be found in Ref.
10. It should also be noted that computations carried out by
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Fig. 4 Comparison of time-averaged surface pressure with experi-
ment?: @ = 20.5 deg, Re = 900,000.



GORDNIER AND VISBAL: UNSTEADY VORTEX STRUCTURE 245

the present authors for a delta wing using an O-H grid to-
pology have also shown this unsteady shear layer behavior.
An investigation of the effect of time resolution on the
unsteady behavior of the high Reynolds number case is carried
out. Two values of At are considered: 1) At = 0.001 and 2)
At = 0.00025. Three subiterations are used for each step at
At = 0.001. The pressure is monitored at points traversed by
the small scale vortices shed from the leading edge. Results
for both time steps at an axial location x = 0.3 are given in
Fig. 5. This location provided the highest computed frequency
and should therefore be the most sensitive to time step res-
olution. The nondimensional frequency for the smaller time
step, St = 24 (St = fL/U.., where L is the root chord length
and f the frequency) is higher than the frequency for the larger
time step, St =~ 20. The basic nature of the flow remains the
same, however. A time step of At = 0.000125 is chosen for
subsequent calculations. This time step provides adequate
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Fig. 5 Comparison of the time histories of pressure for two time
steps.

temporal resolution, with approximately 300 time steps per
cycle at the highest frequency. No subiterations are necessary
for this small time step.

Low Reynolds Number Case

Calculations are also made for a low Reynolds number, Re
= 50,000. This provides several distinct advantages. First, the
calculations are in the Reynolds number range of the exper-
iments of Gad-el-Hak! and Lowson.® Therefore, a better com-
parison of the computed results with experiment is possible.
Secondly, questions involving transition and turbulence that
arise at the higher Reynolds number are reduced in impor-
tance. Finally, the lower Reynolds numbers results in im-
proved simulations for a given grid size.

The delta wing geometry itself is modeled as a flat plate.
This is done to simplify the grid structure in the leading-edge
region of the delta wing. It is felt that the underside geometry
has no significant effect on the flow physics being investigated.

Calculations for the lower value of Reynolds number are
carried out on a 96 X 151 x 171 grid. This grid contains 54
points in the axial direction and 80 points in the spanwise
direction on the delta wing with 133 points in the normal
direction above the delta wing. The minimum spacing at the
wall is Az = 0.0001 and the spacing along the leading edge
of the delta wing varies from Ay = 0.0005 at the trailing edge
to Ay = 3.165 X 10~ at the apex. The spacing in the axial
direction at the apex is Ax = 0.01 and at the trailing edge,
Ax = 0.003. For the predominant portion of the wing there
is a constant axial spacing of Ax = 0.025. This grid provides
enhanced spatial resolution in all three coordinate directions
with significant improvements in the resolution of the dom-
inant flow features.

The unsteadiness observed at high values of Reynolds num-
ber remains at Re = 50,000. The unsteady behavior of the
flowfield for this case is represented in Figs. 6 and 7. Each
figure covers a time period corresponding to approximately
one cycle of the unsteady behavior based on the frequency
at the axial location, x = 0.7.

In Fig. 6, contours of the axial component of vorticity are
shown for time ¢ = 0.4375 to ¢ = 0.4875 on crossplanes located
from 0.3 to 0.85. Positive values of vorticity are represented

Fig. 6 Three-dimensional unsteady vortex structure x = 0.3-0.85, contours of axial component of vorticity.
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t = 0.4625

Fig. 7 Unsteady vortex structure, x = 0.7, contours of axial com-
ponent of vorticity: blue > 0, red < 0.

by the colors yellow, red, and magenta, with magenta rep-
resenting the largest values. Negative values of vorticity are
represented by the colors blue, cyan, and green with blue
representing the smallest values. The change in sign of vor-
ticity occurs between the green and yellow contours. Clearly
visible in the picture are the primary and secondary vortex
structures over the delta wing. Also visible are a series of
distinct small-scale vortical structures in the shear layer which
emanates from the leading edge of the delta wing. These
three-dimensional, vortical structures are first evident in the
flow at an axial location x =~ 0.3. The small-scale vortices
consist of a coherent structure that forms first nearer the apex
of the delta wing. The structure does not extend initially as
a single vortex over the whole length of the leading edge of
the delta wing. As the vortex sheds nearer the apex of the
delta wing, new parts of the vortical structure are forming
further downstream. When the vortex sheds, it is convected
around the primary vortex and its strength is dissipated. This
process proceeds much more rapidly nearer the apex of the
delta wing where the scale of the primary vortex is smaller.
As the previous vortex is shed a new vortex is formed to take
its place. The temporal evolution of this process is seen in
Fig. 6. These small-scale vortices are believed to be the source
of the striations observed by Gad-el-Hak (Fig. 1) and also
observed by Lowson® in his smoke flow visualizations.

Further insight into the unsteady behavior may be obtained
by-looking at the evolution of the vortical structure for a
typical cross plane, x = 0.7, Fig. 7. In this figure, contours
of the axial component of vorticity are plotted with blue con-
tours being positive and red contours being negative. At time
t = 0.425, the cycle begins with a small scale vortex (1) starting
to form. As time progresses from ¢t = 0.4375to t = 0.4625,
this vortex grows in size and strength. Subsequently, for ¢ =
0.4625 to t = 0.4875 the small-scale vortex is shed. The vortex
convects around the primary vortex and is dissipated. At time
t = 0.475 a new shear-layer vortex, vortex 2, starts to form.
During this process of shear-layer roll up and vortex shedding
an interaction can be observed with the secondary region of
vorticity. Vorticity of the opposite sign is shredded from this
region and is dissipated along with the small-scale vortex as
it is convected along the primary vortex. These figures appear
to agree qualitatively with the smoke flow visualizations of
Lowson (Fig. 2).
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Fig. 8 Typical time history of pressure for the axial location x =
0.7.
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Fig. 9 Shedding frequency as a function of axial location.

The pressure at points in the flowfield where the core of
the small-scale, shear-layer vortices pass is monitored at sev-
eral axial locations. A typical pressure-time history for the
axial location x = 0.7 is given in Fig. 8. A dominant frequency
is clearly seen even though the existence of other harmonics
is evident. This dominant frequency is found to correspond
to the shedding of the small-scale vortical structures. While
the time histories are not sufficiently long to allow for an
accurate frequency domain analysis, an average dominant fre-
quency at each location can be found, and the results are
shown in Fig. 9. The average frequencies are seen to scale
almost linearly with axial distance.

The effect of the unsteady behavior on the surface pressure
is shown for axial location x = 0.7 (Fig. 10). The shedding
of the small-scale vortices contributes to only a small temporal
variation of the surface pressure outboard of the core of the
primary vortex. This contrasts with the high Reynolds number
case'® where a marked temporal effect on the surface pressure
outboard of the core of the primary vortex was seen. For the
high Reynolds number the small-scale vortices form and are
shed from the leading edge of the delta wing. In the low
Reynolds number case the small-scale vortices form further
away from the leading edge of the delta wing, therefore, their
interaction with the secondary separation region and with the
surface flow of the wing is reduced. Time histories of the lift
and drag coefficients also show only a slight temporal variation
(Fig. 11). The lift coefficient varies by approximately 2.5%
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Fig. 11 Time history of lift and drag coefficient.

and the drag coefficient varies by approximately 1.8%. This
shows that while the shear layer emanating from the leading
edge is unsteady, the primary vortex over the delta wing re-
mains relatively steady.

Discussion

The current calculations show similarities to the flow vi-
sualizations of both Gad-el-Hak and Blackwelder' and Low-
son.® Direct comparison of the computations with experi-
ments remains difficult, however. The majority of the results
of Lowson, for example, are subject to a 50-Hz wind-tunnel
background excitation which is not modeled in the compu-
tations. Furthermore, comparisons of smoke and dye flow
visualizations with contours of a particular flow variable such
as vorticity must be made with care, since the comparison is
not exact.22 With these cautions noted the following obser-
vations can be made.

Both Gad-el-Hak and Lowson view the instability as a series
of vortices formed and shed from the leading edge of the delta
wing at a single frequency. Gad-el-Hak gives an empirical
relation for this frequency

St = 1625/\/Re )
while Lowson gives the relation
St = 2577/V/Re 3)

This description of the instability is not completely consistent
with what is observed in the calculations, however. Here, the
small-scale vortices do not form at the leading edge, but fur-
ther along the vortex sheet. Furthermore, the vortices do not
roll up as a single unit along the entire length of the leading
edge, but rather form first nearer the apex of the delta wing,
and then subsequently further back along the leading edge of
the wing. In the case of the experiments of Lowson this dif-
ference in character may be attributable to the 50-Hz wind-
tunnel excitation of the flowfield forcing the vortices to form
at the leading edge.

Rather than a single frequency, an almost linear variation
of the frequency of formation of the small-scale vortices is
observed, with higher frequencies nearer the apex of the delta
wing. For Re = 50,000, the empirical formula of Gad-el-Hak
[Eq. (2)] predicts a frequency, St = 7.2, while Lowson’s re-
lation [Eq. (3)] predicts a frequency, St = 11.5. These values
are of the same order as the frequencies computed in the aft
portion of the delta wing. Thus, the computed frequencies
are consistent with the experimentally measured frequency
values.

Further insight into the shear-layer instability is obtained
by considering an inviscid, linear stability analysis for a two-
dimensional shear layer between coflowing streams. Mon-
kewitz and Huerre?® considered analytically the case where
the mean velocity profile is described by

U(y) = 1 + A tanh(y/2) 4

where A = (AU20) is a measure of the velocity difference
across the layer with U the average velocity of the two streams
and y = 4y*/5,,, where y* is the dimensional length and 6, is
the vorticity thickness. For A = 1 the maximum amplified
frequency from the linear spatial stability analysis was found
to be w = 0.21 where

o = (8,/0)[(2mf)U0] %)

This value does not depend strongly on A.

In an individual crossplane at a given time, the flow which
emanates from the leading edge of a delta wing may be viewed
as a skewed shear layer. This shear layer may be separated
into two components, an axial component and a shear or
crossflow component. To a first approximation the stability
of the shear component is assumed to be the dominant factor
in the stability of the shear layer. If the shedding frequencies
at the crossplanes previously considered are nondimension-
alized as in Eq. (5), values of w are obtained in the range w
= (.13-0.32 with the specific value of @ dependent on the
shear-layer properties at the location chosen for nondimen-
sionalization. These values of w are of the same order as the
maximum amplified frequency w = 0.21 found in the spatial
stability analysis. Furthermore, a value of @ = 0.21 always
occurs at the approximate location where the small scale vor-
tices are forming in the shear layer. This simplified analysis
indicates that the computed flowfield unsteadiness results from
a shear-layer instability. The computed frequencies are con-
sistent with the maximum amplified frequency obtained from
a two-dimensional, spatial, linear stability analysis for shear-
layer flows.

Pairing of the small-scale vortical structures has been ob-
served in both the experiments of Gad-el-Hak' and Lowson.®
Gad-el-Hak suggests that the primary vortex over the delta
wing originates as a series of pairings of the smaller scale
vortices shed from the leading edge of the delta wing. How-
ever, vortex pairing has not been observed in the experiments
of Shi et al.’ Pairing of the small vortices is also not observed
in the computations. The shear layer which emanates from
the wing leading edge is expected to be highly susceptible to
modification due to external excitation, intentional or unin-
tentional. This excitation of the shear layer could promote
the pairing process and is currently not modeled in the com-
putations. In order to obtain a rigorous comparison of com-
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putations with experiment, a known forcing frequency might
be required in both experiment and computation.

It should also be noted that both experiments?* and com-
putations® for flow over slender bodies of revolution at large
incidence exhibit a similar type of shear-layer instability. Small
scale, three-dimensional vortices are observed to move along
the primary surface of crossflow separation emanating from
the body. The high-frequency phenomena observed is distinct
from the von Karman-type shedding that occurs at very high
incidence for slender bodies of revolution. The experiments®
and computations®® compare only qualitatively, but the nu-
merical calculations capture the physical instability.

Finally, computations for the same delta wing and flow
properties have been performed by others using several dif-
ferent numerical techniques.?-?-?” No unsteady flow behavior
similar to the instability previously discussed is reported in
these references, however. Murman?® has observed an un-
steady flow behavior that results in a lack of convergence of
the residual to steady state for Euler calculations over delta
wings. The source of the lack of convergence is traced to the
existance of unsteady, small-scale vortices in the shear layer
from the wing leading edge. Since his computations are not
fully time accurate, these observations were only qualitative.
Shear-layer, vortical structures have also been observed by
Darmofal and Haimes® in the computational solutions of
Becker® for the NASA National Transonic Facility wing. The
resolution of these conflicting observations for the compu-
tation of delta wing flows requires further study.

Summary

A numerical investigation of the unsteady vortex structure
over a 76-deg sweep delta wing at 20.5-deg angle of attack
has been carried out. Calculations are performed for a Mach
number 0.2 and Reynolds numbers of 50,000 and 900,000.
The numerical calculations show that the shear layer which
emanates from the leading edge of the delta wing is subject
to a Kelvin-Helmholtz-type instability. Small-scale, three-di-
mensional vortical structures are observed in the shear layer.
The small-scale vortices consist of a coherent structure that
forms first nearer the apex of the delta wing and subsequently
further aft along the leading edge. These vortices are shed
and convected around the primary vortex with their strength
being dissipated. The frequency of shedding of these small-
scale structures is seen to vary nearly linearly with axial lo-
cation. The observed frequencies are consistent with the max-
imum amplified frequency found from an inviscid, linear,
spatial stability analysis for a two-dimensional, crossflow shear
layer. The small-scale vortical structures have been shown to
be related to results of several experimental investigations'->¢#
though some differences in the specific character of the com-
puted and experimental structures are noted.
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