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Pitch Rate and Pitch-Axis Location Effects on Vortex
Breakdown Onset
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Computational results are presented for the onset of vortex breakdown above a 75-deg sweep delta wing
subject to a ramp-type pitch maneuver to high angle of attack. The flows are simulated by solving the full three-
dimensional unsteady Navier- Stokes equations on a moving grid using the implicit Beam-Warming algorithm.
An assessment of the effects of numerical resolution, and comparison with experiment are employed to validate
the computational approach. The effects of pitch rate and pitch-axis location are examined. For a range of these
parameters, it is found that either increasing pitch rate or moving the axis downstream results in a larger
angular delay of vortex bursting. These effects are correlated with the motion-induced effective incidence along
the wing. For fixed pitch rate, the change in pivot location is equivalent to a shift in time without significant
alteration of the flow structure.

Nomenclature
C — wing chord
Cp = pressure coefficient, 2(p -
Mx = freestream Mach number
t — time
t+ = nondimensional time, tUJC
U, V, W = velocity components in wing frame of

reference
U^ = freestream velocity
u, v, w = velocity components in inertial frame of

reference
X, Y, Z = coordinate system attached to the wing
Xh = chordwise location of vortex breakdown
X(} = pitch axis location
;c, y, z = inertial frame of reference
a = geometric angle of attack
f, 17, £ = transformed coordinates
fl = pitch rate, rad/s
H(J" = nondimensional pitch rate, fl^C/U^,

Introduction

S TUDY of the unsteady aerodynamics of maneuvering delta
wings is motivated by continued interest in the expansion

of the operational envelope of current and future combat
aircraft.1 In recent years, both experimental2"5 and computa-
tional6"8 studies of pitching delta wings have been conducted
in an effort to elucidate the complex fluid physics encountered
in the high-angle-of-attack regime. The reviews by Ashley et
al.9 and Rockwell10 may be consulted for an extensive com-
pilation of related work.

Experiments show that at high incidence, the vortical flow-
field about a delta wing may exhibit a variety of challenging
fluid dynamic phenomena not yet fully understood. These
include vortex breakdown, flow asymmetry, vortex/shock in-
teractions, three-dimensional separation, and stall. For the
case of rapid maneuvering, interrelated effects due to type
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and rate of wing motion, pitch-axis location, and range of
angle of attack must be considered, in addition to the effects
of compressibility and wing geometry, already present in the
static situation.

Of particular interest in the present investigation is the
onset of vortex breakdown above a delta wing performing a
ramp-type pitch maneuver from an initial moderate incidence,
for which breakdown is absent, to a high angle of attack at
which breakdown would have occurred in the static case. This
article focuses on the specific effects of pitch rate and pivot
location on the initiation and propagation of vortex bursting
above the wing.

The effects of pitch rate have been previously investigated
experimentally,2'5 with emphasis on the lag of vortex break-
down and on the overshoot in the wing aerodynamic loads as
compared to the static situation. In order to explain the ob-
served lag in the onset of bursting, further quantitative in-
formation is required on the vortex core development at var-
ious instants during the pitch motion. This can help elucidate,
for instance, the role of the axial pressure gradient imposed
on the vortex by the wing motion.

The effect of pitch-axis location has not been investigated
previously for a delta wing in a ramp-type maneuver. This
effect was considered in Ref. 11, however, for a delta wing
undergoing sinusoidal oscillations. Pivot location is of im-
portance when correlating experiments performed with dif-
ferent pitch-axis locations ranging from the wing apex12 to the
trailing edge.13 In addition, this parameter would be expected
to be important when considering canard/wing configurations
or double-delta wings maneuvering at sufficiently high pitch
rates.

The main objective of the present computations is to in-
vestigate the effects of pitch rate and pitch-axis location on
the onset of vortex breakdown above a delta wing pitching
to high angle of attack. To achieve this objective, calculations
are performed for a 75-deg sweep flat-plate delta wing that
is pitched at a constant rate from an initial angle of attack of
25 deg to a final angle of 50 deg. Two different pitch rates
and pitch axis locations are employed in order to study the
effects of these parameters on the breakdown onset for lam-
inar conditions. The flows are simulated by solving the un-
steady three-dimensional compressible Navier-Stokes equa-
tions on a moving grid using a time-accurate implicit solver.
An assessment of numerical resolution adequacy, as well as
comparison with experiment are performed in order to vali-
date the computational approach.
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Methodology
Governing Equations and Numerical Procedure

The governing equations are the full unsteady, three-di-
mensional compressible Navier-Stokes equations written in
strong conservation law form.14 Closure of this system of
equations is provided by the perfect gas law, Sutherland's
viscosity formula and the assumption of a constant Prandtl
number (Pr = 0.72). In order to deal with the case of external
flow past a body in general motion, a time-dependent coor-
dinate transformation is incorporated.

The governing equations are numerically solved employ-
ing the implicit approximate-factorization Beam-Warming
algorithm.15 The scheme is formulated using Euler implicit
time-differencing and second-order finite difference approxi-
mations for all spatial derivatives. Fourth-order nonlinear dis-
sipation is added to control spurious numerical oscillations.16

Newton subiterations17-18 are also incorporated in order to
reduce linearization and factorization errors, thereby im-
proving the temporal accuracy and stability properties of the
algorithm. A fully vectorized, time-accurate, three-dimen-
sional Navier-Stokes solver has been developed using this
scheme. The code has been validated for a variety of both
steady and unsteady flowfields.7-18"22

Grid Structure and Boundary Conditions
The computational grid topology for the flat-plate delta

wing is of the H-H type18 and is obtained using simple alge-
braic techniques. Following the numerical resolution study of
Refs. 7 and 23, a grid with 141 x 115 x 118 points in the £,
77, and £ directions, respectively, was selected for the laminar
computations. The £, 77, and £ directions correspond to the
streamwise, spanwise, and normal directions relative to the
delta wing (see Fig. 1). The minimum spacing normal to the
wing is AZ/C = 0.0001, the spacing along the wing leading
edge varies from AF/C = 5 x 10 ~5 at the apex to A7/C =
5 x 10"4 at the trailing edge, and the streamwise spacing on
the wing is AA7C = 0.01. The far-field boundaries are located
two chord lengths away from the delta wing. The effect of
far-field boundary placement was investigated20 for an 80-deg
sweep delta wing at 30-deg angle of attack, and found to be
insignificant when the distance from the far-field boundary to
the wing was increased from 1.5 to 3.0 chord lengths.

The boundary conditions are implemented as described in
Ref. 18. On the lower, upper, lateral, and upstream bound-
aries, characteristic conditions are specified. On the down-
stream boundary, flow variables are extrapolated from the
interior. Symmetry conditions are imposed along the mid-
plane of the wing. On the wing surface, the following con-
ditions are applied:

u = uh

T = Tn

dp

where n denotes the surface normal, Ta is the adiabatic wall
temperature, and ub and ah are the velocity and acceleration
at the surface of the pitching wing given by (see Fig. 1)

vertical plane througfi
vortex care ^

vortex axis

uh = U x (rh - r0)

[fl x (rb - r0)]

in terms of the instantaneous pitch rate ft = H; and the pitch
axis location r(). In the present study, a ramp-type, pitch-and-
hold maneuver is considered in which the wing pitch rate
accelerates from zero to a constant value fL, and then de-

Fig. 1 Pitching delta wing configuration.
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Fig. 2 Variation of angle of attack and angular velocity for fif =

0.3 and t$ = 0.2.

celerates as it reaches its final incidence. In order to avoid an
infinite angular acceleration, a smooth variation of the pitch
rate is prescribed at the beginning and end of the maneuver.
During the acceleration phase, the pitch rate £l(t + ) varies as
follows:

0 < t+ < (la)

where /<+ denotes the nondimensional time required by the
wing to attain its final constant pitch rate O0. A similar var-
iation is employed during deceleration. Namely,

- 2

[ / f + __ f + _ f + \iif in i \1 - 3 ( —7i——\ *o /

where r/ = t£ + (af

(Ib)

denotes the time at which
the wing comes to a full stop, and a, and af are the initial and
final angle of attack, respectively. An example of the temporal
variation of a and 11 is shown in Fig. 2.

Results
All calculations are performed for a 75-deg sweep flat-plate

delta wing. The angle of attack varies from a, = 25 deg to a
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final angle af = 50 deg. Two different values for the nondi-
mensional pitch rate are considered (ftjC/t/* = 0.1, 0.3).
The parameter l$ in Eqs. (la) and (lb) is set equal to 0.1
and 0.2 for the lower and higher pitch rate, respectively. Two
pitch-axis locations (XJC = 0.0, 1.0) are investigated, which
correspond to the apex and trailing edge of the wing. Laminar
computations are performed for a chord Reynolds number
Rec = 9.2 x 103 and a freestream Mach number M^ — 0.2.
These conditions are selected to facilitate comparison with
the experiments of Magness et al.13 and Lin and Rockwell.24

Validation of Computed Results
Before addressing the parametric effects on the onset of

vortex breakdown, the solution procedure is validated by a
numerical resolution study and by comparison with available
experimental data.

The sensitivity of the computed flowfield to numerical res-
olution was investigated for H^ = 0.3 and X0/C = 1.0 and
is described in detail in Refs. 7 and 23. For the grids and
time-step sizes considered, the effects of spatial and temporal
resolution on the lift, drag, and pitching moment coefficient
histories were found7 to be insignificant during the onset and
initial stages of breakdown. The influence of grid resolution
and time-step size on the instantaneous vortex burst location
(as determined from the stagnation point in the vortex core)
is reproduced here, for convenience, in Fig. 3. Despite the
variations of time step (Ar+) and streamwise grid spacing on
the wing by a factor of 2 and 4, respectively, all computations
agree reasonably well with each other for t+ < 2.5. Further
comparison of the flow structure computed using the different
grids can be found in Refs. 7 and 23. The computed instan-
taneous position of vortex breakdown for this case is also in
good agreement with the experimental results of Lin and
Rockwell,24 shown in Fig. 3. Comparison of the computed
and experimental flow structure in the breakdown region is
provided in Ref. 7, on a vertical plane through the center of
the vortex. Both experiment and computation showed the
formation of a bubble-type breakdown with maximum re-
versed velocity magnitudes within the bubble of the order of
the freestream value.

The effect of grid resolution on the computed instantaneous
vortex breakdown location for two other cases is shown in
Fig. 4. Here again, the onset and propagation speed of burst-
ing displays little sensitivity to the change in grid spacing.

Computations
Af+ Grid

0.001 98x115x102
0.0005 98x115x102

+ 0.001 141x115x118
O 0.0005 167x115x118

Experiment

0.00

From the experimental work of Ref. 13, the crossflow to-
pology at XIC = 0.79 and a = 45 deg is available for ft^ =
0.1 and X0/C = 1.0. A comparison of the computed and
experimental crossflow topologies, provided in Fig. 5, shows
qualitative agreement, with the exception of asymmetric ef-
fects not reproducible in the symmetric calculation. In both
computation and experiment, the crossflow pattern of the
primary vortex is characterized by a repelling focus and by
the lack of entrainment into the core of the sectional stream-
line emanating from the wing leading edge. The presence of
the repelling focus is associated with axial compression along

X0/C Grid
1-0 98x115x102
1.0 141x115x118
0.0 98x115x102
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Fig. 4 Effect of grid resolution on computed breakdown location.
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Fig. 3 Computed and experimental24 instantaneous breakdown lo-
cation for IV = 0.3 and XJC = 1.0.

Fig. 5 Comparison of computed and experimental crossflow topol-
ogies at XIC = 0.79 and a = 45 deg (H0

+ = 0.1, XQ/C = 1.0): a)
computation and b) experiment.13
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the vortex core.13-25 At the instant corresponding to Fig. 5,
the breakdown point is located just upstream of the chordwise
station shown.

The above assessment of numerical resolution effects and
the favorable comparison with the experimental measure-
ments indicate that, at low Reynolds numbers, the compu-
tational approach adequately captures the onset of vortex
breakdown above a pitching delta wing.

Effects of Pitch Rate and Pitch-Axis Location
In this section, the effects of pitch rate and pivot axis lo-

cation are discussed with emphasis on how these parameters
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influence the onset and initial propagation of vortex break-
down above the wing.

Figures 6a and 6b show the computed instantaneous posi-
tion of vortex breakdown for all cases in terms of nondimen-
sional time and angle of attack, respectively. The experimen-
tally determined13 breakdown location for static conditions is
also included in Fig. 6b, for reference purposes. Based on
Fig. 6, several observations can be made. Increasing the pitch
rate results in an angular delay of the onset of breakdown
relative to the static situation. This predicted lag is consistent
with the previously cited experimental observations. This ef-
fect is more pronounced when the axis is located at the trail-
ing edge. In particular, for IV =0.3 and X0/C = 1.0, vor-
tex bursting only occurs over the wing after the completion
of the pitching motion at a = 50 deg, in agreement with the
experiment (see Fig. 3). It can also be seen in Fig. 6a that
the initial speed of propagation of the breakdown point,
d(Xb/C)/dt+, increases with H0

+.
For fixed ft<J~, placing the axis further downstream also

causes a delay in vortex breakdown onset. This delay is larger
at the higher pitch rate. It can also be noted in Fig. 6a that
for (lf+ = 0.1 moving the pitch axis from the apex to the
trailing edge does not significantly affect the initial breakdown
propagation speed.

A complete explanation is not currently available for the
observed lag in the onset of vortex breakdown above a rapidly
pitching wing. However, several aspects are discussed that
provide some insight into the pitch rate and pitch axis trends
noted above. The onset of breakdown is controlled in part
by time-lag mechanisms in the vortex core development, as
well as by the potential flow effects due to the wing motion
that produces a change of effective angle of attack and a
motion-induced longitudinal camber.26 These features are in-
terrelated, since lags along the vortex core are expected to
depend on the axial core velocity, which is itself affected by
the wing pitching motion.

The instantaneous effect of pitch rate and axis location on
the effective local angle of attack is described briefly, in ref-
erence to the sketch of Fig. 7a. For a given pitch rate and
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Fig. 6 Effect of tl£ and XJC on vortex breakdown location.
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Fig. 7 Motion-induced effective angle of attack.
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pivot location, the motion-induced effective angle of attack
at a given chord wise station, aeff(X), can be shown to be

- X/Q~
-,v. , ,aeff(X) = tan"1 tan a -effv ' cos a

Figure 7b shows the variation of aeff for the cases considered
at a geometric angle of attack a = 34 deg. It can be seen that
for all cases, the pitch motion induces an apparent positive
longitudinal camber (i.e., the local incidence increases from
the apex to the trailing edge). In addition, for both pitch-axis
locations, increasing fl^ enhances this apparent camber ef-
fect. According to the experiments of Lambourne and Bryer,27

positive camber promotes a delay in vortex breakdown for a
fixed maximum local incidence. Another effect associated with
the pitching motion is the variation of mean effective wing
angle of attack deff, taken here for simplicity as the average
of the minimum and maximum values of aeff. With the pitch
axis at the trailing edge, increasing HJ further reduces aeff,
which tends to delay breakdown. However, for XJC = 0.0,
increasing the pitch rate results in a higher effective wing
incidence, which would promote vortex breakdown. There-
fore, for the trailing-edge pivot location, the apparent camber
and mean incidence effects both tend to delay bursting as the
pitch rate is increased. However, for the apex pivot location,
these two effects have opposite trends with increasing pitch
rate.

The previous motion-induced effects on effective local an-
gle of attack are in accordance with the more pronounced
delay of vortex breakdown observed (Fig. 6b) with increasing
n(| when the pitch axis is at the trailing edge. They also
correlate with the additional lag in vortex breakdown obtained
(for fixed £l£) when the pitch axis is moved from the apex
to the trailing edge (Fig. 6a).

In order to illustrate the effect of pitch rate and pitch axis
placement on the transient flow development, the pressure
along the vortex core is shown in Fig. 8 at a = 34 deg. By
comparison with Fig. 7b, it is clear that higher mean effective
angle of attack results in higher maximum magnitude of suc-
tion and in a more severe overall adverse pressure gradient,
which has been shown28 to promote bursting. The effect of
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Fig. 8 Effect of flf and %JC on tne pressure distribution along the
vortex core at a = 34 deg.

d)
Fig. 9 Effect of IV and XJC on the flow structure (in terms of U
contours) on longitudinal plane through vortex core when XblC =
0.74: a) H0+ = 0-3 and XJC = 1.0, a = 50 deg; b) H0

+ = 0.1 and
XJC = 1.0, a = 43 deg; c) H0

+ = 0.3 and XJC = 0.0, a = 39 deg;
and d) IV = 0.1 and XJC = 0.0, a = 37 deg.

motion-induced apparent camber is also clearly observed for
the case of IV = 0.3 and XJC = 1.0, which displays a
favorable pressure gradient along the vortex core up to XIC
= 0.7.

The effect of pitch rate and pitch-axis location on the swirl
level in the vortex core was also examined at a = 34 deg.
An approximate measure of the swirl level was obtained by
computing the swirl ratio V = \w\lu along lines in the span-
wise direction passing through the center of the vortex. The
maximum value of the swirl ratio W at a given streamwise
station (not shown) was found to increase, as expected, with
effective angle of attack. For instance, for IV =0.3 and XJ
C = 1.0, the value of ¥max = 0.37 is found, while for H0

+ =
0.1 and XJC = 1.0, ¥max = 0.65. This decrease in swirl ratio
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Fig. 10 Effect of flf and X0/C on the pressure distribution along the
vortex core when XbIC = 0.74.

with increasing pitch rate is also consistent with the observed
angular delay of breakdown.29-30

The flow structure was also examined at the instant when
vortex breakdown has progressed in each case to XbIC =
0.74. Figure 9 shows contours of the U component of velocity
on a longitudinal plane normal to the wing and passing through
the vortex center (see Fig. 1). In addition, the corresponding
pressure along the vortex core is given in Fig. 10. For the high
pitch rate (Figs. 9a and 9c), the reversed-flow region is less
blunt and more axisymmetric as compared to the lower pitch
rate cases (Figs. 9b and 9d) since less time has elapsed fol-
lowing the onset of breakdown. For the lower pitch rate cases,
the formation of a bubble-type structure is already becoming
apparent.

The flow structures in Figs. 9b and 9d are in remarkable
agreement, and the core pressure distributions (Fig. 10) are
essentially identical and appear as a single curve in the graph.
This similarity is consistent with the equivalence in initial
vortex breakdown propagation speeds previously noted for
these cases in reference to Fig. 6a. The differences in time
and angle of attack between Figs. 9b and 9d are approximately
one convective time and 6.0 deg, respectively. This shift in
angle of attack is very close to the difference in motion-in-
duced effective incidence of 5.0 deg observed between these
two cases in Fig. 7b. It is therefore seen that, for H0

+ =0.1,
the change in pitch-axis location simply amounts to a shift in
time or a without significant modification of the flow struc-
ture. Based on this observation, experiments performed at
the same pitch rate, but with different pivot location, can be
correlated by a suitable shift in angle of attack. The higher
pitch rate cases (H(+ =0.3) cannot be presently matched by
a simple shift in time. For this to be possible, the maneuver
with nj" = 0.3 and X0/C =1.0 would have to be continued
beyond a = 50 deg, given the large angular shift seen in Fig.
7b for the fl0+ - 0.3 cases.

Concluding Remarks
The effects of pitch rate and pitch-axis location on the onset

and initial propagation of vortex breakdown above a pitching
delta wing have been investigated numerically. Calculations
were performed for a 75-deg sweep delta wing undergoing a

ramp-type maneuver from a = 25 to 50 deg. An assessment
of numerical resolution adequacy, as well as comparison with
experimental data were provided for validation purposes. For
the range of the above parameters considered, the following
conclusions were reached:

1) Increasing the pitch rate produced a further angular delay
in the onset of breakdown, in agreement with previous ex-
perimental observations. This effect was more pronounced
with the pitch-axis located at the trailing edge.

2) For a fixed pitch rate, moving the axis from the wing
apex to the trailing edge resulted in an additional delay of
breakdown characterized by a shift in angle of attack, but
without significant alteration of the flow structure. This would
permit the correlation of experimental data obtained with
different axis locations.

3) At the relatively high pitch rates considered, trends 1
and 2 may be partially explained in terms of the effective local
angle of attack along the wing induced by the imposed pitching
motion.
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