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Nonlinear Aerodynamics of a Delta Wing
in Combined Pitch and Roll

J. Er-El,* D. Seter,t and D. WeihsJ
Technion—Israel Institute of Technology, Haifa, Israel

This paper presents an experimental study on the effects of roll on the loading and rolling moment of a 60 deg
swept delta wing. The parameters studied were the incidence angle (including those in which vortex breakdown
was present), roll angle, and ground proximity. Results indicate that when vortex breakdown is not present, the
effects of roll on the wing loading and rolling moment are in reasonable agreement with predictions. When
vortex breakdown is present, the magnitude of the rolling moment coefficient is reduced considerably and its
sign can even be altered. The changes in the rolling moment characteristics due to vortex breakdown can be
attributed to the roll-induced spanwise displacement of the leading-edge vortices. Effects of ground proximity
on roll characteristics were shown to be small.

Nomenclature
a = parameter in the Joukowsky transformation
CN = normal force coefficient
CN>i = contribution of the leading half-wing to CN
CN>2 = contribution of the lee half-wing to CN
Qv,i = Qv,i/Qv
tr — r> //°V/V.2 — tx/V,2/<^V
CR = rolling moment coefficient
c = wing root chord
cp = pressure coefficient, = (p -p*>)/q
h = height above the ground of the chordwise station

x = 2/3 (see Fig. 8)
h = proximity ratio, = h/s(\)
p — pressure
q = dynamic pressure
s(x) = wing local semispan
Fa, = freestream velocity
W = complex potential, = <p + ty (see Appendix)
x = nondimensional chordwise coordinate, =x/c
JCVB = chordwise position of vortex breakdown
y = nondimensional local spanwise coordinate, =y/s(x)
a = angle of attack for a wing in combined pitch and roll
0 = yaw angle
F = circulation of the concentrated vortex,

(see Appendix)
e = o t f / t g ~ l [ s ( l ) / c ] (see Appendix)
(p = flow potential (see Appendix)
\l/ = stream function (see Appendix)
p = density
f = £ + h (see Fig. Al)
0 = roll angle for a wing in combined pitch and roll
o = y + iz (see Fig. Al)

Subscripts
1 = leading vortex
2 = lee vortex

Superscript
( ) = conditions in the approximate model (see Appendix)
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Introduction

COMBINED pitch and roll (or the equivalent, combined
pitch and yaw) maneuvers, in addition to the classical

application in takeoff and landing situations with side wind,
are of importance to a highly maneuverable aircraft capable of
executing controlled side slipping maneuvers. For delta-
winged aircraft executing such maneuvers, the wing loading,
in both the symmetrical and asymmetrical cases, is strongly
influenced by the leading-edge vortices. These vortices induce
suction peaks on the upper surface of the wing and thus
contribute to its lift.

The contribution of these vortices for delta wings in com-
bined pitch and yaw has been previously studied for wings
having sweep angles of 75 deg1 and 80 deg2 and at angles of
attack in which vortex breakdown was not present in the
symmetrical case. These studies, which were based on surface
pressure measurements and on flow visualizations, indicate
that yaw affects both the vortex positions and the suction they
induce. Due to yaw, the leading vortex is displaced inboard
and downward, while the lee vortex is displaced outward and
upward. The changes in vortex positions are accompanied by
an increase in the vortex-induced suction peak due to the
leading vortex and by a decrease in that due to the lee vortex.
Both studies showed that yaw stimulates vortex breakdown of
the leading vortex. The wings used in these studies were highly
swept; consequently, even small yaw angles caused the lee
vortex to drift outboard, off the wing, considerably reducing
the induced suction.

In this paper, an experimental study of the Effects of roll on
the loading of a 60 deg swept delta wing is presented. For this
wing, which is typical of those used in both present and future
aircraft configurations, the lee vortex is not swept off the wing
even at high roll or yaw angles. The parameters studied are the
incidence angle, which included those in which vortex break-
down was present in the symmetrical case, the roll angle, and
ground proximity. The experimental results will be compared
with predictions obtained from an approximate model of the
phenomenon.

Experimental Installation
The experiments were carried out in the 1 x 1 m closed,

subsonic wind tunnel at the Technion Aeronautical Research
Center. They consisted of detailed surface pressure measure-
ments as well as force and moment measurements. In these
experiments, the freestream speed was 32 m/s, the Reynolds
number 0.6 x 106 (based on the wing root chord), and the
incidence angles were 15 and 25 deg incidence. At each inci-
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GROUND SIMULATION BOARD

Fig. 2 General side view of the wing model and the ground board in
the wind tunnel.

Fig. la Pressure measurement wing model.
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Fig. Ib Map of pressure measurement ports.

dence, measurements were taken for 0 = 0,15, and 25 deg and
£ = 0.56 and 1.76.

The pressure measurements were carried out on a 60 deg
swept delta wing model of 246 mm oot chord, 4.6 mm thick-
ness and beveled leading and trailing edges of 30 deg angle
(Fig. la). The wing holder is attached to the lower surface,
leaving the pressure measurement surface free of obstructions
and resulting in a blockage factor of ~ 0.5%. This and other
required corrections were taken from Ref. 3. The wing is
equipped with 130 pressure ports on the starboard side of the
upper surface in an arrangement shown in Fig. Ib.

The pressure measurement system consists of three 48-port
Scanivalve modules, each connected to a pressure transducer.
The system provides the readings of the surface pressures,
freestream dynamic pressure, and a calibration pressure. A
detailed description of the measurement system and its accu-
racy is given in Refs. 4 and 5. The ground was simulated by a
flat board, 1.25 cm thick and 150 cm long, having a sharp
leading edge and spanning the width of the wind tunnel paral-
lel to the wind-tunnel floor, starting approximately 100 cm
upstream of the wing's leading edge (Fig. 2).

The pressure measurement procedure was dictated by the
fact that the pressure ports are concentrated on one-half of the
upper surface. Consequently, a complete surface pressure map
for a given a. arid <j> required four runs. To obtain the pressures
on the upper planform, measurements were taken at the given
a and 0 for the starboard (leading) side and at a and — 0 for
the port (lee) side. To obtain pressures on the lower planform,

Fig. 3 Force and moment measurement model.

measurements were taken at a and 180 + 0 for the starboard
side and at a. and 180-0 for the port side.

The force and moment measurements were carried out using
a six-component sting balance on a model having the same
geometry as the one used for the pressure measurement, ex-
cept for the wing holder (Fig. 3). The force and moment
measurements were carried out under the same conditions as
the surface pressures.

Results and Discussion
Figure 4 illustrates the effects of roll on the surface pres-

sures at the upper planform for a= 15 deg. At this incidence
and for 0 = 0 deg, the wing is only marginally affected by
vortex breakdown (xVB = 0.85).6 Roll affects both the position
and magnitude of the vortex-induced suction peaks. The lee
suction peak is displaced outward, while the leading suction
peak is shifted inboard. The effects of roll on the suction peak
magnitudes are influenced by vortex breakdown. In the apex
region (represented by x=0.38), away from vortex breakdown
effects, the magnitude of the suction induced by the leading



256 ER-EL, SETER, AND WEIHS J. AIRCRAFT

vortex increases, while that induced by the lee vortex de-
creases. In the trailing-edge region (represented by #=0.95),
affected by vortex breakdown, the effects of roll are reversed.
In this region, the roll-related effects of vortex breakdown on
the span wise profile of the suction peaks appear to be weaker
on the lee vortex and stronger on the leading one. This indi-
cates that for positive roll, the position of vortex breakdown
on the leading vortex moves upstream, while that on the lee
vortex moves downstream.

Fig. 4 Effect of roll on the pressures at the upper surface, a = 15 deg.

Figure 5 features the surface pressures at a = 25 deg for
0 = 0 and 15 deg. For 0 = 0 deg, JcVB = 0.25,6 and thus all
spanwise cp profiles shown for this roll angle are affected by
vortex breakdown. In this case, the magnitude of the lee
suction peak increases and its spanwise profile appears to
become less affected by vortex breakdown. Thus, the weaker
effects of vortex breakdown on this vortex, as observed for
this incidence angle and for the trailing-edge region at a = 15
deg (Fig. 4), resulted in increased suction. On the other hand,
the effects of vortex breakdown on the spanwise profile of the
leading vortex become more pronounced with roll and the
magnitude of the suction peak decreases. Examination of the
position of the suction peaks indicates that their spanwise
displacement due to roll has a similar trend to that observed
for a. = 15 deg.

Figure 6 features the effects of a further increase of 0 from
15 to 25 deg at a = 25 deg. The additional rolling angle re-
sulted in a further displacement of the suction peaks in the
same direction as that observed in Fig. 5 and a reduction of the
magnitude of those suction peaks. The reduction in the magni-
tude of the leading suction peak, which appears to be affected
by vortex breakdown for these roll angles, is similar to that
observed for this angle in Fig. 5. The reduction in the magni-
tude of the lee suction peak, which appears to be less affected
by vortex breakdown for these roll angles is similar to that
observed for this vortex at a. = 15 deg in the region unaffected
by vortex breakdown. This indicates that when the vortex is

0.0 0.5 ^ 1.0

Fig. 5 Effect of roll on the pressures at the upper surface, a = 25 deg. Fig. 6 Effect of roll on the pressures at the upper surface, a = 25 deg.

Table 1 Predicted effects of roll on the leading-edge vortices

Lee vortex

15 f1 5

1 25

25 f1 5

(.25

7(0)

7(0 = 0)

1.006
1.012
1.018
1.033

*(0)

*(0 = 0)

1.008
0.975
1.032
1.018

1X0)
r(0 = o)

0,916
0.827
0.896
0.790

cp, min(0)
cpf min(0 = 0)

0.845
0.749
0.779
0.637

Leading vortex
7(0)

7(0 = 0)

0.998
0.999
0.989
0.987

z(0)
£(0 = 0)

0.927
0.848
0.910
0.824

T(0)
r(0 = o)

0.999
0.952
1.017
0.976

cpt min(0)
cAmin(0 = 0)

1.143
1.231
1.225
1.367

Table 2 Effects of roll and ground proximity on CN and CR

Ground effect
CW(0 = 0)

a

15

25

0

f15

C25

f"125

Measured
0.96
0.89
0.94
0.83

Predicted
0.97
0.89
0.96
0.91

Measured
- 0.044
-0.91

0.010
0.002

•R

Predicted
-0.031
-0.047
-0.091
-0.137

CN,2

0.47
0.45
0.47
0.45

CNtl

0.53
0.55
0.53
0.55

CN(h
CN(h

= 0.56)
= 1.76)

1.06
1
1
1

.06

.07

.12

CR(h =
CR(h =

1.07
1.28
2.46
3.11

0.56)
1.76)
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unaffected by vortex breakdown, an increase in the roll angle
results in a decrease in the suction peak induced by it.

Some of the above features are also evident in predictions
obtained from an approximate model developed for a delta
wing in pitch and yaw (see Appendix), based on the model by
Brown and Michael.7 Although this model neglects vortex
breakdown, it provides an indication and an explanation for
some of the effects of roll on the aerodynamics of the wing.
Table 1 presents the predicted effects of roll on the vortices'
positions, circulations, and the suction they induce on the
wing for the conditions at which the measurements were taken
(the coordinate transformation from the pitch and yaw condi-
tions of the approximate model to the pitch and roll condi-
tions of the experimental data is given in the Appendix). The
predictions show that due to roll, the leading vortex is dis-
placed downward and marginally inboard, its circulation re-
mains approximately unchanged, and the suction it induces on
the wing increases. On the other hand, the lee vortex is only
marginally displaced (in both the span wise and vertical direc-
tions), while the circulation as well as the induced suction
decreases. Thus, the increased suction of the leading vortex
can be attributed to its increased proximity to the wing surface
(since its circulation is unchanged), while the decreased suc-
tion of the lee vortex is a consequence of the decreased circu-
lation (since its vertical position is virtually unchanged). Com-
parison of the predicted effects of roll on the suction peaks
with the measured results (Figs. 4-6) shows a qualitative agree-
ment only when the vortices are free of vortex breakdown
effects. This is evident in Fig. 4 for the upstream region of the
wing (represented by x = 0.38) and in Fig. 6 for the lee vortex.
However, the predicted results may also indicate that the
enhancement of vortex breakdown effects due to increased
roll observed experimentally on the leading vortex in Figs.
4-6, are caused by the decrease in its height due to roll.

The rolling angle effects on the lower surface are marginal.
This is highlighted in Fig. 7, which shows both that the magni-
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Fig. 7 Effect of roll on the pressure at the lower surface, a = 28 deg.

UOD

Fig. 8 Effect of ground proximity on the pressure at the upper
surface (a = 25 deg, 0 = 15 deg).

tudes of cp on this surface are small and that the variations due
to roll are miniscule.

The effects of ground proximity on the pressures at the
suction surface of the banked wing are presented in Fig. 8. The
ground-free case is represented by h = 1.76 (at this height,
ground proximity effects have been shown5 to be negligible for
the wing used) and the ground-affected case is represented by
h = 0.56. Results indicate that ground proximity increases the
suction induced by the leading-edge vortices in a manner
similar to that observed in Ref. 5 for a wing in pure pitch
(0 = 0 deg).

Integral Characteristics
Both the experimental and predicted results pertaining to

the roll-induced effects on the wing loading are shown in
Table 2. These results indicate that roll reduces the normal
force acting on the wing. For a =15 deg, the measured reduc-
tion is similar to the predicted one, whereas at a = 25 deg,
where vortex breakdown effects are significant, the measured
reduction is larger than predicted.

The asymmetric, roll-induced loading is evident in the dif-
ference in the normal force contributions CNti and CNt2 of the
two wing halves. These contributions were computed by nu-
merical integration of the measured surface pressures in a
manner described in Refs. 4 and 5. In the present study, CN,\
is consistently larger than CN,2 for positive roll angles, even
though roll enhances the vortex breakdown effects on the
leading half and attenuated them on the lee half.

Examination of the rolling moment indicates that, at a = 15
deg, both the experimental and predicted coefficients are neg-
ative and decrease with increasing roll angle. At a = 25 deg,
the predicted coefficients are also negative and show the same
trends as those at a. = 15 deg, while the measured values are
positive. The deviation of the measured CR at a — 25 deg from
that measured at a =15 deg and from the predictions can be
analyzed in view of the fact that the wing rolling moment is a
balance between the positive sign contribution of the leading
half-wing and the negative one of the lee half. The contribu-
tion of each half is the product of the normal force acting on
it and the distance from its center of pressure to the rolling
axis. Roll has two counteracting effects on the rolling moment
of each wing half. On the leading half, roll increases the
proportional share of the normal'force, but reduces the dis-
tance from its center of pressure to the roiling axis by displac-
ing the vortex induced suction peak inboard. On the lee side,
the roll effects are opposite. Since the roll-induced effects on
CAT.I and C/v,2 are similar at both a =15 and 25 deg, it can be
deduced that the source of the wide variations in the measured
CR is the roll-induced displacement of the centers of pressure
of these two halves. At <x = 15 deg, the negative CR is consis-
tent with a small displacement, whereas at a = 25 deg, the
positive CR indicates increased displacement, sufficient to al-
ter the direction of the rolling moment. The increased dis-
placement at a. = 25 deg is probably a consequence of vortex
breakdown, which affects the leading-edge vortices at this
angle.

Summary
The present study illustrates the influence of vortex break-

down on the rolling moment characteristics. For the 60 deg
swept delta wing, from which the leading-edge vortices are not
swept off even at high roll angles, the presence of vortex
breakdown reduces the magnitude of dCR/d<t> considerably
and even alters its sign. This result should be taken into
account when considering limits of maneuverability for air-
craft with such wings.

Appendix
The approximate model used in the present study utilizes the

approach proposed by Brown and Michael.7 In this approach,
it is assumed that the wing is slender and the flow about it is



258 ER-EL, SETER, AND WEIHS J. AIRCRAFT

£ -PLANE

LEADING
VORTEX ( °

The Kutta condition gives the following relation:

'
a -

/r,/ i 1 'iT2 1 1
M* + fc .,+£*,/ **\<+f* a_£

(A2a)

LEADING
VORTEX

-2 a

V d '

V

-- PLANE

LEE

VORTEX

2a

Fig. Al Crossflow plane.

conical. The cross flow is governed by the two-dimensional
Laplace equation in the y-z planes. The two leading-edge
vortices are represented as two concentrated vortices, each
connected to the leading edge by a feeding vortex sheet. The
positions and the circulation of the vortices are determined
from the requirements that the flow velocity at the leading
edge is finite (Kutta condition) and that the force acting on
each vortex/feeding sheet system is zero.

In the present model, the flow in the cross plane is a flow
with uniform sideslip about a plate and two vortices. The
complex potential W(a) describing this flow is obtained by a
Joukowsky transformation of the flow about a cylinder and
two vortices (Fig. Al), as

/rM 2 »2^ y <7 + v?
v 2

ia + *Jl?~-

-4a2

^~4a*

a2

ti
/

2a2

(Al)

- i -Fa ' -2 = 0

while from the zero force condition, we get

where

(A2b)

(A3a)

(A3b)

(A4a)

(A4b)

Equations (A2-A4) determine the position and circulation of
both leading-edge vortices.

The pressure distribution is determined from

(A5)

(A6)

the normal force is obtained from

L= -pFReal(V(r)gdf

and the rolling moment is given by

piMR = V

(A7)

where c is a contour enclosing the plate and two vortices.
Although this model was developed for a wing in pitch and

yaw (with no roll), it can also be utilized for a wing in equiva-
lent pitch and roll (with no yaw) after transformation of the
coordinate system using the following relations:

V & = -cosa

a' = tga • cos$

(3' = -tgcfsin<t> (A8)
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