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Navier-Stokes Prediction of Large-Amplitude Delta-Wing

Roll Oscillations

Neal M. Chaderjian*
NASA Ames Research Center, Moffett Field, California 94035

Vortical flow about a 65-deg sweep delta wing at 15-deg angle of attack is numerically simulated for static
roll and forced roll oscillations using the time-dependent, three-dimensional, Reynolds-averaged, Navier-Stokes
(RANS) equations. This is a first step towards the development of an experimentally validated computational
method for simulating wing rock with the RANS equations. Turbulent computations are presented for static
roll angles up through 42 deg. The effects of roll angle on the vortex aerodynamics are discussed, and solution
accuracy is evaluated by comparison with experimental data. The effects of grid refinement and zonal boundary
condition treatment are assessed at zero roll angle. Computational results for a large-amplitude (®,,,, = 40
deg), high-rate (f = 7 Hz) forced roll motion is also presented. Computed static and dynamic surface-pressure
coefficients, rolling-moment coefficients, normal-force coefficients, and streamwise c.p. locations compare very
well with experimental data. The static rolling-moment coefficients indicate the wing is statically stable under
the present flow conditions. Moreover, the dynamic rolling-moment coefficients indicate that the fluid extracts
energy from the wing motion, i.e., the wing is positively damped. The computed and experimental damping

energy agree within 3%.

Introduction

HERE is considerable interest to fly modern tactical

fighters at high angles of attack. This “‘high-alpha” flight
regime is rich in complex fluid phenomena, e.g., streamwise
and crossflow separation, vortex asymmetry, and vortex
breakdown, which are inherently nonlinear and often time-
dependent. Strong vortical flow structures exist that provide
additional nonlinear lift, and can be exploited to provide im-
proved aircraft maneuverability and agility. Although certain
performance gains can be realized in the high-alpha regime,
the vortices themselves can produce some adverse side affects.
For example, vortex asymmetries interacting with an aircraft’s
motion can lead to wing rock,' a sustained periodic motion
in roll and yaw. This dynamic condition can result in departure
from controlled flight.

Experimental investigations aimed at understanding the wing
rock phenomenon have been carried out on simplified delta-
wing geometries with a single degree of freedom (DOF) in
roll. This avoids the complexity of complete aircraft geome-
tries while focusing on the relevant flow physics. Experimen-
tal data typically consist of flow visualization and time-depen-
dent forces and moments.”~® More recently, experimental
investigations have included time-dependent surface-pressure
data.” '

Computational fluid dynamics (CFD) has just begun to be
utilized to investigate and predict wing rock motions. These
computations provide greater flowfield detail than is other-
wise available or possible with experiment alone, and there-
fore compliment the experimental data. The numerical pre-
diction of wing rock, however, can require large amounts of
computer time. In order to offset the computational cost, Lee
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and Batina'? and Kandil and Salman'® have simplified their
computations by using the inviscid Euler equations, together
with the conical flow assumption. More recently, Kandil and
Salman'* used the three-dimensional Euler equations.

The inviscid and conical flow approximations do improve
the computational efficiency, but cannot model some of the
physical mechanisms associated with wing rock. For example,
the conical approximation reduces the three-dimensional
physical flow into a two-dimensional computation using sim-
ilarity principles. This prevents vortex breakdown, which often
accompanies wing rock. Moreover, the inviscid approxima-
tion cannot account for vortices that are known to form on
smooth surfaces, e.g., an aircraft’s forebody, secondary, and
tertiary vortices. The strength of an inviscid vortex may also
be incorrect. This could affect the position of vortex break-
down, as well as the resulting forces and moments that drive
wing rock motions. Methods based on these approximations
will have limited utility in realistic aircraft applications.

The approach adopted here is to utilize the three-dimen-
sional, time-dependent, Reynolds-averaged, Navier-Stokes
(RANS) equations. The RANS approach requires more com-
puter time, but contains all of the relevant flow physics. The
Navier-Stokes Simulation (NSS) code is used to simulate vor-
tical flow about a 65-deg sweep delta wing at 15-deg angle of
attack. Static (fixed) roll angles and a large-amplitude, high-
rate roll oscillation are presented. These computations are a
first step towards the development of an experimentally val-
idated computational method for the eventual prediction and
analysis of wing rock using the RANS equations.

A description of the experiment used to validate the com-
putations is given in the next section. This is followed by a
discussion of the governing equations, turbulence model, nu-
merical algorithm, computational grids, and boundary con-
ditions. Computational results are then presented and com-
pared with detailed experimental data. Finally, concluding
remarks are presented.

Summary of Wind-Tunnel Experiment

Extensive wind-tunnel investigations for a 65-deg leading-
edge sweep delta wing were carried out by Hanff et al.7'*
at the Institute for Aerospace Research (IAR) in Ottawa,
Canada, and the Air Force Wright Aeronautical Laboratory
(AFWAL). A three-view drawing of the delta wing is shown
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Fig. 1 Three-view drawing of the delta-wing model.

in Fig. 1. The delta wing is symmetric from top to bottom
and from side to side. Bevels run parallel along the leading
and trailing edges of the model. The delta wing is mounted
on a fuselage/sting that contains instrumentation and allows
for a single DOF in roll. The fuselage has a tangent-ogive
cylinder shape and the sting has a reduced diameter aft of the
wing trailing edge. Bevels join the fuselage to the flat wing
surface for additional stiffness. The model is constructed of
a multilayer carbon-composite skin and foam core, resulting
in a stiff, lightweight model having a low rolling moment of
inertia. Dynamic pressure transducers are located across the
span of the wing on the upper surface at 75% of the root
chord.

Very high-quality experimental data was obtained in the
form of static and dynamic surface pressures, forces, and mo-
ments. A laser light sheet technique was used to visualize the
off-body vortices, and an oil flow technique was used to vis-
ualize surface-flow patterns. The experiment was conducted
by Hanff et al.”~? in the IAR 6- X 9-ft low-speed wind tunnel
and the 7- X 10-ft AFWAL Subsonic Aerodynamic Research
Laboratory (SARL) tunnel.’” The SARL data was used
throughout this article. Additional details about the experi-
ment, including an extensive test matrix, can be found in the
cited references.

Numerical Approach

Governing Equations

The time-dependent RANS equations are transformed from
Cartesian coordinates (x, y, z, t) to body-fitted curvilinear
coordinates (£, 7, {, 7) to simplify the implementation of
boundary conditions. The thin-layer approximation is also
used, where it is assumed that viscous terms are most signif-
icant in the body-normal {-coordinate direction. This is con-
sistent with the high Reynolds number flows investigated be-
low. The RANS equations can therefore be expressed in the
following strong conservation-law form:

3.0 + o +3,F + 9,G = Re 19,8 1)

where Q is the vector of conserved dependent variables, E,
F, and G are the inviscid flux vectors in the &, %, and ¢
directions, respectively, and $ is the thin-layer viscous flux
vector. These equations have been nondimensionalized by the
wing root chord C, and the freestream speed of sound a..
Any body movement or grid deformation is accommodated
through coordinate transformation metrics that are included
in the flux vectors. The perfect gas law, Sutherland’s viscosity
law, and a turbulence model completes the RANS system of
equations. Further details of Eq. (1) can be found in Ref. 15.

Turbulence Model

The Baldwin-Lomax algebraic model'® together with the
Degani-Schiff modification'”'¥ is used in the present com-
putations. This is an efficient isotropic eddy viscosity model
that properly accounts for crossflow separation in the presence
of strong vortices above the wing. The original unmodified
Baldwin-Lomax model often chooses a length scale associated
with a vortical flow structure that lies outside the viscous
boundary layer. This results in an eddy viscosity that can be
one or two orders of magnitude too large, and effectively
suppresses all but the most dominant vortex structure. The
modified model of Degani and Schiff restricts the choice of
length scale to the boundary-layer region in a rational manner
and, therefore, gives appropriate values for the eddy viscosity.

Experimental surface-flow patterns'® indicate that the
Reynolds number based on the wing root chord Re,. = 3.67
X- 10¢ is sufficiently high that turbulent transition is confined
to a very small region near the delta wing apex. The com-
putations therefore assume fully turbulent flow beginning at
the apex of the delta wing, i.e., transitional effects are ig-
nored.

Numerical Algorithm

The NSS code integrates Eq. (1) using a diagonal form of
the Beam-Warming algorithm!® due to Pulliam and Chaus-
see.? This implicit, approximately-factored, central-differ-
ence algorithm is second-order-accurate in space and first-
order-accurate in time. A combination of second-fourth-order
artificial dissipation is used to damp high-frequency errors.
The dissipation is automatically reduced within a boundary
layer by scaling the dissipation terms with the square of the
local fluid speed.?! A cutoff switch prevents the dissipation
from getting too small near solid surfaces. The diagonal al-
gorithm is advanced in time using a scalar pentadiagonal
solver. This is computationally more efficient than other
methods that utilize block tridiagonal solvers, e.g., the Beam-
Warming algorithm.

The spatial accuracy of the NSS code, and zonal grid ca-
pability for treating complex geometries has been previously
demonstrated by simulating steady transonic viscous flow about
the complete F-16A fighter aircraft.”> The time-accuracy of
the algorithm has been demonstrated by computing transonic
flow over a wing oscillating in-angle of attack.?* More recently,
the accuracy and efficiency of the NSS code?' was demon-
strated by computing high-incidence vortical flow about a
tangent-ogive cylinder body. Each of these computations
compared well with experimental data.

Computational Grids

A three-dimensional hyperbolic method™ was used to gen-
erate a spherical grid for the delta-wing geometry. A per-
spective view of the wing surface grid and a portion of the
sting is shown in Fig. 2. Surface details are resolved by using
sufficient grid point clustering. The sting extends behind the
wing with a diameter equal to that of the fuselage, i.e., the
reduced diameter of the experimental test rig was not mod-
eled. A portion of the viscous grid clustering is shown in the

Fig. 2 Perspective view of complitational grid.
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figure at the wing trailing edge. The spherical axis extends
upwind from the wing apex. The far-field boundaries (not
shown in the figure) extend two chord lengths upwind and
downwind of the wing body, and five chord lengths in the
body-normal direction. Two grids were generated. A fine grid
consisted of 97 points in the streamwise direction, 248 points
in the circumferential direction, and 59 points in the body-
normal direction, totaling about 1,400,000 grid points. A me-
dium-size grid (shown in Fig. 2) was constructed with 67 points
in the streamwise direction, 208 points in the circumferential
direction, and 49 points in the body-normal direction, totaling
about 700,000 grid points. There are more grid points on the
leeward side of the wing (in the circumferential direction)
than the windward side to resolve the off-surface vortices
while keeping the grid size to a minimum.

A two zone version of the medium-size grid was obtained
by splitting the grid in the streamwise direction at approxi-
mately 84% of the wing root chord. There are two grid cells
of overlap such that both zones share three identical grid
surfaces in the streamwise direction.

Numerical Boundary Conditions

The no-slip condition (zero velocity relative to a solid sur-
face) is imposed on the wing and fuselage/sting surfaces, whereas
density and pressure are found by extrapolation. The total
energy per unit volume is then computed from the perfect
gas law. Uniform flow is imposed at the far field, whereas a
zero-gradient condition is used at the outflow boundary. Flow
variables are averaged across the wake cut that extends from
the wing trailing edge downwind to the outflow boundary.
Boundary conditions are imposed on the spherical axis by
averaging flow variables (one grid point off the axis) in the
circumferential direction.

Zonal boundary conditions for the two-zone medium grid
are updated sequentially with the most recent data available.
Since the grids have coincident surfaces with identical grid
points, data transfer from one grid to another is accomplished
by direct injection. A more complete description of the zonal
interface boundary conditions is given in Ref. 22.

Results

The time-dependent RANS equations are numerically in-
tegrated using the NSS code to simulate high-incidence vor-
tical flow about a 65-deg sweep delta wing. The computations
presented below include several static (fixed) roll angle cases
and one dynamic (forced periodic) roll oscillation case. The
flow conditions are freestream Mach number M. = 0.27,
angle of attack &« = 15 deg, and Reynolds number based on
the wing root chord Re. = 3.67 X 10°. The results presented
below are compared with experimental wind-tunnel data pro-
vided by Hanff.!®

Static Roll Cases

Static roll computations were obtained by initializing the
flowfield with freestream conditions (impulsive start), and
using a spatially varying time step to accelerate convergence
to a steady state. Once the solution had developed sufficiently,
a constant nondimensional time step, A7 = 0.005, was used
in case the flow was nonsteady.

Figure 3 compares the computed surface-pressure coeffi-
cients C, with experiment for the fine 97 X 248 X 59, and
medium 67 X 208 x 49, grids at zero roll angle, and at the
75% root chord position. A positive semispan coordinate Y
is directed outward from the body center towards the right
wing leading edge (pilots view) (see Fig. 2). The computed
and experimental C, are in very good agreement with each
other for both grids, and are symmetric with respect to the
body centerline. Notice there are primary and secondary vor-
tex suction peaks. The primary suction peak is more inboard
than the secondary one. The fine grid secondary vortex has
a slightly higher suction peak than the medium grid secondary
vortex, and is flattened somewhat because it lies directly over
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Fig. 3 Effects of grid refinement and zonal boundary condition treat-
ment on the pressure coefficients. M., = 0.27, « = 15 deg, Re, =
3.67 X 10°% ¢ = 0 deg.

the leading-edge bevel. The C, distribution for a two-zone
medium grid is also shown in Fig. 3. The medium grid was
split into two streamwise zones at approximately 84% root
chord. This was done to take full advantage of two Cray Y-
MP machines that had different memory configurations. The
single- and two-zone medium grids have virtually identical C,,.
Since the two-zone medium grid gives very good results at
half the computational cost of the single fine grid, it is used
for all of the remaining static and dynamic cases presented
below.

Computations for several different static roll angles, ¢ =
0, —14, —28, and —42 deg, were investigated to assess their
effects on the vortex aerodynamics and solution accuracy. A
positive roll angle (see Fig. 2), corresponds to a clockwise
rotation about the longitudinal axis such that the right wing
moves down and the left wing moves up as viewed from behind
the wing (pilot view).

Figure 4 shows helicity-density contours, which are used to
visualize the leeward-side vortices at the 75% root chord po-
sition. Helicity-density is defined - as the dot product of the
local velocity and vorticity vectors (V- Q). A large number of
closely spaced contours indicates high vorticity, and hence a
strong vortex, whereas a few sparsely spaced contours indicate
a weaker vortex. The sign of helicity density indicates the
sense of vortex rotation. The cross-sectional views shown in
Fig. 4 lie on a plane perpendicular to the body’s longitudinal
axis. The dotted contours correspond to a clockwise vortex
rotation (pilot view), whereas solid line contours correspond
to a counterclockwise rotation. Notice there are primary, sec-
ondary, and tertiary vortices. Computed> and experimental'’
surface-flow patterns also indicates the same vortical flow
structure. Notice also that as the right wing moves up (stat-
ically), the primary vortex on the right wing grows weaker
(fewer contours) and moves outboard, closer to the wing lead-
ing edge. This occurs because the leeward wing has an increase
in its effective sweep due to roll. The converse is true on the
left wing as its wing moves down, i.e., the primary vortex
grows stronger and moves inboard towards the fuselage. How-
ever, beyond ¢ = —28 deg, a second mechanism, namely,
the reduction of the local angle of attack with roll angle, causes
the left primary vortex to weaken somewhat, see ¢ = —42
deg. Vertical movement of the primary vortices are very slight.
All of these trends were observed experimentally!” and con-
firm the qualitative nature of the computations.

The right wing consistently has a simple primary, second-
ary, and tertiary vortex system, whereas the left side develops
a double primary/secondary system with a tertiary vortex as
the roll angle increases negatively. The latter vortex structure
has been observed experimentally**” and computationally?'-*
on slender axisymmetric bodies. A more detailed explanation
of the topological and physical significance of this vortical
structure can be found in Ref. 21. No vortex breakdown was
observed computationally or experimentally'® under the pres-
ent flow conditions.
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Fig. 4 Helicity-density contours at 75% root chord for different static
roll angles. M, = 0.27, @ = 15 deg, Re, = 3.67 X 10°. ¢ = a) 0,
b) —14, ¢) —28, and d) —42 deg.

A comparison of computed and experimental C, is shown
in Fig. 5 for the static roll cases. Overall, the quantitative
agreement is very good. There is a slight bend in the computed
C, curves in the wing/body juncture region due to grid coarse-
ness. As the roll angle is increased negatively, there is a re-
duction of the right wing primary suction peaks, and the vor-
tices move closer to the wing leading edge. Conversely, the
left wing has increased primary suction peaks (up through
¢ = —28 deg) and inboard vortex movement. This is con-
sistent with the previous helicity-density discussion. Notice
also the small secondary suction peaks. These suction peaks
correspond precisely with the spanwise location of the sec-
ondary vortex cores (cf. Figs. 4 and 5). Although the exper-
imental data'® is too sparse to definitively indicate this detail,
other experimental investigations® ~3! report multiple suction
peaks due to primary and secondary vortices on delta wings
in the 10-20-deg angle-of-attack range.

The static rolling-moment coefficient C, is shown as a func-
tion of roll angle in Fig. 6. The computational values for
positive roll angles were obtained by assuming symmetry with
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Fig.5 Comparison of computational and experimental pressure coef-
ficients for different static roll angles. M, = 0.27, &« = 15 deg,
Re, = 3.67 X 10°. ¢ = a) 0, b) —14, ¢) —28, and d) —42 deg.
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Fig. 6 Comparison of computational and experimental rolling-mo-
ment coefficients for different static roll angles. M., = 0.27, & = 15
deg, Re, = 3.67 X 10°.
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Fig. 7 Comparison of computational and experimental normal-force
coefficients for different static roll angles. M, = 0.27, « = 15 deg,
Re, = 3.67 x 10¢.
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Fig. 8 Comparison of computational and experimental streamwise
¢.p. locations for different static roll angles. M. = 0.27, @ = 15 deg,
Re. = 3.67 x 10°.

the negative roll angle results. Experimental values for both
positive and negative roll angles are also shown. Agreement
between computed and experimental C, for all roll angles is
excellent. The negative slope of the C, curve indicates a stat-
ically stable delta wing with a trim point at zero roll under
the present flow conditions. The variation of static normal-
force coefficient C, with roll angle is shown in Fig. 7. Once
again the agreement between computation and experiment is
excellent throughout the roll angle range, indicating the proper
lift is captured. The variation of streamwise c.p. X,/C with
roll angle is approximately constant and is shown in Fig. 8.
The agreement between computation and experiment is very
good, indicating the proper pitching moment is captured.
Overall, there was very good agreement, qualitatively and
quantitatively, between computation and experiment over a
large range of static roll angles spanning —42 < ¢ < 42 deg.
All of the anticipated trends were predicted. The NSS code
required 17 u-s/grid point/time step on a Cray Y-MP. A static
solution using the medium-size grid typically required about
8000 steps to converge from an impulsive start. This corre-
sponds to about 26 h of Cray Y-MP time per static case.

Dynamic Roll Oscillation

The NSS code was used to compute the flowfield about the
65-deg sweep delta wing that was forced to roll about its
longitudinal axis according to

() = =P, cos(wr) @)

where the amplitude of motion is ®,,,, = 40 deg, the circular
frequency w = 44 rad/s (f = 7 Hz), and ¢ is the time variable
in seconds. The reduced frequency is given by

k = (wb/2V.,) = 0.14 3)
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Fig. 9 Dynamic helicity-density contours at 75% root chord and four
sequential roll angle positions. M, = 0.27, « = 15 deg, Re, = 3.67
X 106, @ .. = 40 deg, k = 0.14. ¢ = a) — 40, b) 0, ¢) 40, and &)
0 deg.

where b is the span of the delta wing, and V.. is the freestream
speed. The freestream conditions are the same as the static
roll cases, i.e., M, = 0.27, a = 15 deg, and Re. = 3.67 X
10¢°. The direction of positive roll is indicated in Fig. 2.

There were 15,000 time steps per cycle, which corresponds
to a nondimensional time step of A7 = 0.005. According to
Eq. (2), the roll oscillation at ¢ = —40 deg has zero angular
velocity. Consequently, a static case with ¢ = —40 deg was
first computed and used as the initial condition for the dy-
namic case. This “smooth” start minimizes the initial tran-
sients and achieves a periodic state as rapidly as possible. The
numerical and experimental results presented below have
reached their periodic states.

Figure 9 shows instantaneous helicity-density contours at
75% root chord and four sequential roll orientations, i.e.,
¢ = —40 deg (¢ = 0), ¢ = 0 deg (¢ > 0), ¢ = 40 deg
(¢ = 0), and ¢ = 0 deg (¢ < 0). When ¢ > 0, the body
is rotating in a clockwise direction as viewed from behind the
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Fig. 10 Comparison of computational and experimental time-depen-
dent pressure coefficients at 75% root chord. M., = 0.27, &« = 15

deg, Re, = 3.67 x 10°, &, = 40 deg, k = 0.14. Y/(b/2) = a) 0.52,
b) 0.68, and c) 0.84.

04 "] -- Static exp, ref. 1? 10
4 — Dynamic exp, ref.
i o Static comp, NSS
.02 1 . -~ Dynamic comp, NSS
] \ N
-.02 e
o \) N
~-.04 T T T T T T T T 1
-40 -20 o] 20 40
¢ (deg)

Fig. 11 Comparison of computational and experimental rolling-mo-
ment coefficients for dynamic and static cases. M., = 0.27, @ = 15
deg, Re, = 3.67 x 10°, & .. = 40 deg, k = 0.14.
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Fig. 12 Comparison of computational and experimental normal-force
coefficients for dynamic and static cases. M, = 0.27, « = 15 deg,
Re, = 3.67 x 10°, @, .. = 40 deg, k = 0.14.
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Fig. 13 Comparison of computational and experimental streamwise
c.p. locations for dynamic and static cases. M, = 0.27, @ = 15 deg,
Re, = 3.67 x 10°%, @, = 40 deg, k = 0.14.

wing (pilot view). The solid contours again indicate a coun-
terclockwise rotation, and the dotted contours indicate a
clockwise rotation. The dynamic vortex structures and strengths
for ¢ = x40 deg are very similar to the static case when
¢ = —42 deg (cf. Figs. 9a and 9¢ with Fig. 4d). However,
the static and dynamic cases are quite different at zero roll
angle. Figure 9b (¢ = 0 deg, clockwise rotation) and Fig. 9d
(¢ = 0 deg, counterclockwise rotation) indicate vortex asym-
metries. The static case, when ¢ = 0 deg, is of course sym-
metric. When the body is rotating clockwise, the right wing
primary vortex is stronger and higher than on the left wing.
This is consistent with the increased local angle of attack on
the right wing, and the decreased local angle of attack on the
left wing. The converse is true when the body is rotating
counterclockwise. There was no vortex breakdown along the
wing in either the computations or experiment.

Time histories of computed and experimental pressure coef-
ficients are shown in Fig. 10. These comparisons correspond
to a 75% root chord position and three semispan locations
on the right wing, i.e., Y/(b/2) = 0.52, 0.68, and 0.84. The
computed and experimental C, compare well with each other,
even at Y/(b/2) = 0.68, where changes in the primary vortex
position and strength cause a pressure coefficient change of
1.5.

Figure 11 shows a comparison of the computed and exper-
imental dynamic rolling-moment coefficients as a function of
roll angle. The time history of these curves follows a coun-
terclockwise direction (as indicated by the arrows). The com-
puted and experimental C, compare very well with each other
and have essentially the same shape. Static C, are also shown
in the figure. Notice that the static and dynamic C, are very
near each other at the extreme roll angle positions, ¢ = 40
deg, but differ substantially from each other at zero roll angle.
These differences are due to rate-induced time-history effects,
where the body passes through its largest angular velocity.
Therefore, under the present flow conditions, time-history
effects appear to be small at the extreme roll angle positions
and quite significant elsewhere.

Both the first and second computed cycles are shown in
Fig. 11. They are essentially identical, i.e., there were no
significant initial transients. This fortuitous behavior was due
to the smooth start procedure described above. and the fact
that the static and dynamic C, are very close to each other at
the extreme roll angles, ¢ = +40 deg. This will not be the
case in general. For example, vortex breakdown can introduce
time-history lags such that the static and dynamic C, differ
substantially from each other at the maximum roll angle po-
sitions.

The area enclosed by the C, vs ¢ curve represents the non-
dimensional work done by the fluid on the wing per cycle,
and is given by

w=4cas @)
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The computational value W, = —2.26 deg, and the experi-
mental value W, = —2.19 deg agree within 3%. The sign of
the work and counterclockwise time history indicate that the
fluid is extracting energy from the wing motion, i.e., the wing
is positively damped. This wing will not wing rock freely under
the present flow conditions. The computational curve indi-
cates a small amplitude, high-frequency perturbation that be-
gins approximately when the body passes through zero roll
angle and persists for about 20 deg of motion. This corre-
sponds to when the body passes through its maximum angular
rate (¢, = 1760 deg/s), and then begins to slow down. This
small perturbation is believed to be numerical as halving the
time step for one-half of a cycle reduced the amplitude of the
oscillation. Nevertheless, the agreement between the present
computation and experiment is very good.

The computed and experimental dynamic normal-force
coefficients are shown in Fig. 12. The analogous comparison
for the dynamic c.p. locations is shown in Fig. 13. The agree-
ment between computation and experiment is very good for
both quantities. The static values are also shown and lie very
close to the dynamic values, indicating that time-history ef-
fects are small for these quantities.

Overall, there was very good quantitative agreement be-
tween the computed simulation and experimental measure-
ments for this large-amplitude, high-rate roll motion. The NSS
code required 18 u-s/grid point/time step for a dynamic body
motion on a Cray Y-MP. One cycle of motion using 15,000
time steps and the medium grid (700,000 points) required 50
h of computer time.

Conclusions

The time-dependent, three-dimensional, Reynolds-aver-
aged, Navier-Stokes equations were numerically integrated
using the NSS code to simulate turbulent vortical flow about
a 65-deg sweep delta wing at 15-deg angle of attack. Both
static and dynamic roll computations were presented and com-
pared with experimental data.!?

A grid refinement study at zero roll showed that a medium
size grid (about 700,000 points) provided sufficient resolution
of the pertinent flow physics. Splitting the grid into two zones
in the streamwise direction had no observable effects on the
surface pressures.

Computations at several static roll angles, i.e., ¢ = 0, — 14,
—28. and —42 deg, were presented. The computed surface-
pressure coefficients, normal-force coefficients, rolling-mo-
ment coefficients, and streamwise c.p. locations compared
very well with the experimental data for all roll angles. Both
the computations and experiment indicated no vortex break-
down above the wing.

The NSS code was also used to compute a large-amplitude
(P,..« = 40 deg), high-rate (f = 7 Hz) forced roll motion.
The computed and experimental dynamic surface-pressure
coefficients were in good agreement with each other. There
was also very good agreement between computed and ex-
perimental dynamic rolling-moment coefficients, normal-force
coefficients, and streamwise c.p. locations. The computed and
experimental rolling-moment curves indicated the fluid was
extracting energy from the wing motion, i.e., the wing was
positively damped. The computed and experimental damping
energies agreed within 3%. The dynamic rolling-moment
coefficients exhibited significant rate-induced time-history ef-
fects, whereas the time-history effects were small for the nor-
mal-force coefficients and c.p. locations. Both computation
and experiment indicate no vortex breakdown over the wing
for the dynamic case.
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