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Rapid Prediction of High-Alpha Unsteady Aerodynamics of
Slender-Wing Aircraft

L. E. Ericsson* and H. H. C. Kingt
Lockheed Missiles & Space Company, Inc., Sunny vale, California 94088

Most aerospace vehicles, although designed for hypersonic cruise at low angles of attack, often have to
perform rapid maneuvers at high angles of attack from low supersonic down to low subsonic speeds. There is,
therefore, a need for rapid prediction of the nonlinear high-alpha vehicle dynamics of slender-wing aircraft in
that speed range. The present paper describes such a prediction method, which can account for the nonlinear
dynamic effects of leading-edge vortices at angles of attack, yaw, and roll. A comparison with existing exper-
imental results shows that the accuracy of the prediction is satisfactory for preliminary design as long as
breakdown of the leading-edge vortices does not occur.

Nomenclature
A = aspect ratio, b2/S
A(x) = apparent cross-sectional area
b = wing span
c = reference length, 2 c0/3 for a delta wing
c0 = slender-wing root chord
k = reduced roll frequency, a)b!2Ux
L = lift; coefficient CL = L/(POOU2J2)S
I = rolling moment; coefficient C, = //(
M = Mach number
M = pitching moment; coefficient Cm =

Mp/(pxU2J2)Sc
N = normal force; coefficient CN = NI(p^U2J2)S
P = static pressure; coefficient Cp =

(P - P»)/(p»UJ2)
p = roll rate
q = pitch rate
5 = reference area (= projected wing area)
s = local semispan
t = time
U — horizontal velocity
0 = mean convection velocity
X = horizontal inertial space coordinate
x — axial body-fixed coordinate
y = spanwise body-fixed coordinate
Z — vertical inertial space coordinate
z = vertical body-fixed coordinate
a = angle of attack
a0 = trim angle of attack
j8 = sideslip angle
Ar = timelag
£ = dimensionless z coordinate, z/c0
77 = dimensionless y coordinate, y/s
0 - pitch perturbation
0le = apex half angle
0te = trailing-edge sweep angle
A = leading-edge sweep angle, 77/2 - 0le
f = dimensionless x coordinate, (XA - x)lc0

p = air density
</> = roll angle
o>, a) = angular frequency, o> = a)cJUx

Subscripts
A = apex
a = attached flow
eg = center of gravity
le = leading edge
s = separated flow
te = trailing edge
v = vortex
oo = freestream conditions

Superscript
= integrated mean values, e.g., centroid of

aerodynamic loads

Differential Symbols
0 = 30/df; $ = d2(f>/dt2\ Cme = SCJdO
Cme = Cmq + Cwd

dCJd(dq/U»)
Cl =

: Cmq =

Introduction

T HE complexity of the flowfield on aircraft and aircraft-
like configurations at high angles of attack prohibits the

use of numerical computational methods for preliminary de-
sign. Because of the continual changes in the early design, a
purely experimental method cannot be used either. One needs
rapid computational methods to guide the early stages of pre-
liminary design until a firmer design has evolved on which
experimental and numerical methods can be applied.

A fast prediction method, developed earlier for the non-
linear unsteady longitudinal aerodynamics of sharp-edged delta
wings,1 has been extended to include the roll degree of free-
dom. The predicted high-alpha aerodynamics are compared
with existing experimental results for slender wings and wing-
body configurations.
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Analysis
The simple flow concept by Polhamus,2 i.e., the leading-

edge suction analogy, has been remarkably successful in pre-
dicting the nonlinear lift generated by the leading-edge vortex
on slender wings at high angles of attack. This is true not only
for simple delta wings, but also for so-called double deltas,
and the method also predicts experimentally observed Mach
number effects. Because the vortex lift is, in reality, depend-



86 L. E. ERICSSON AND H. H. C. KING J. AIRCRAFT

ent on upstream flow conditions, and the leading-edge suction
depends only on local conditions, the flow concept cannot be
applied to the unsteady aerodynamics. However, it is a very
useful tool for determination of the static loads and was used
as a starting point in the earlier analysis of slender-wing pitch
damping.1 The present analysis extends this earlier analysis
to include the roll degree of freedom. Because of space lim-
itations, the reader is referred to Ref. 3 for the full details of
the present analysis. Only the part of the analysis addressing
the extension to include the roll degree of freedom will be
given in full here.

Roll Damping Analysis
The momentum theory applied to the pitch oscillations in

Ref. 1 will now be applied to the roll degree of freedom <f>.
Again, the delta wing is considered to be at a = 0 in the
freestream velocity U* cos a0. Thus, there are no loads in-
duced by the roll deflection <£, only by the roll rate <j> = p.

In the present case, Fig. 1 is applied to a strip of 17 =
constant with A(X) substituted by &A(X), as is indicated by
the sketch in Fig. 2. &A(X) is expressed as the portion of the
full cross section, i.e., the contribution from the opposite wing
half is included

= 2s2 (1)

Fig. 1 Vehicle coordinate system.

Applying the pitch-plane analysis in Ref. 1 (Fig. 1) gives
the strip load in Fig. 2. Noticing that z = zcg + rjs<j) gives
the following:

cos2 a0 dx o cos a0 dt

0 cos a0J fa

~SUl cos2 a0

5 U«, cos «0

(2)

The corresponding rolling moment is

AC/ [XA dAC;v ris
—;— = ~ ~~l—T (
cos2 a0 J*te dx b

Combining Eqs. (2) and (3) gives

AC, _

(3)

cos2 Sb

L Sb Ul cos2 a0

cos a0

dx (4)

Noticing that <j> = p, S(XA) = 0, s(Xe) = ^/2, and S = (ft/
^ A " ^ - ^ and ^4^ combine to sive
Noticing that <£ =.p, S(XA = 0, sxte) =

2)2 cot 0le, Eqs. (1) and (4) combine to give

= -(2 C°S

(5)

That is,

fi
CIP = -2 cos a0

 tan ^ie I ''y2

= --cos «0 tan ^le (6)

KM° = 1 + Ap/4 + VI + (A/3/4)2

Equation (6) is valid only for M^ = 1, where the slender-
wing value CNa0 is valid. For other Mach numbers, the mod-
ified derivative4 CNea = KMaCNaQ has to be used, and Eq. (6)
takes the following form:

(7a)

(7b)

(7c)

Separated Flow Contribution
During roll oscillations, the leading edge experiences a local

upwash sp, orthogonal to the wing plane. For small reduced
frequencies, (pb!2U^)2 « 1, the corresponding angle of at-
tack is

(8)AAa = —— cos a0

Fig. 2 Apparent mass of rolling delta wing.

The corresponding vortex-induced normal force is

CNv = 7rKMv sin2(a0 + Aaj (9a)
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KMv = VI - (A/3/4)2 0 < < 1
^ vT

___
(A/4)~2

(9b)

When considering the corresponding rolling moment, the
spanwise location of the vortex-induced load components be-
comes important. As the roll rate induces an a/0le distribution
along the leading edge that is very similar tp that for the
pitching rate,5 similarly large effects on the vortex location
are expected (Fig. 3). Although the longitudinal camber does
not seem to have a significant effect on the magnitude of the
vortex-induced suction peak, it does affect its spanwise lo-
cation. The pitch-rate-induced effect on the longitudinal a/0le
distribution is similar to that produced by making the leading-
edge planform more convex, which produces a marked out-
board movement of the leading-edge vortex6 (Fig. 4).

The rolling moment corresponding to the normal force de-
fined by Eq. (9) can be written as follows (noting that y/b =

Clv = -0.5 (10)
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Fig. 3 Spanwise pressure distribution at f = 0.583 for deformed
delta wing at a0 = 5 deg.5
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Fig. 4 Spanwise vortex position at the trailing edge of slender sharp-
edged wings.6

Combining Eqs. (8-10) gives
r

d(pb/2U00)

- CNv(l - ' d(pb/2U00)\
(lla)

d(pb/2U!X)

CNv =

, sin a0 cosz

sn (He)

It remains to determine dr)v/d(pb/2U00). The results in Fig.
3 give a longitudinal camber Aa = 0.052 = 3.0 deg. That is,
for OLO — 5 deg, Aa/tan a « A a/a = 0.6, which together with
AT;V = 0.07 from Fig. 3 gives

di]v
0.12

d(Aa/tan a)

For a pitching delta wing

Aa(tf) = ̂

For a rolling delta wing one obtains

AaQ?) = £- cos a0

(12)

(13)

(14)

Thus,

cos«0

d(pb/2U00) d(Aa/tan a) tan
a0 cot i

(15)
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Fig. 5 Stability derivatives of a 69.6-deg delta wing.
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Fig. 6 Roll damping of a 74-deg delta wing.

Combining Eqs. (11) and (15), with e = 0.3, gives

Q/>v = ~7r^A*vlv[lv(0-3'r)fl + 0.7i)v)

+ 0.042] sin a0 cos2 a0

20

(16)

The effects considered so far, Eqs. (7) and (16), are those
generated by the roll-rate-induced change of the local, in-
stantaneous flow conditions. There is, in addition, the time-
dependent effect of a change of the apex flow conditions,
similar to that for the damping in pitch.1 The roll angle c/>
produces the following modifications of the effective angles
of attack and sideslip:

a = arctan(tan a0 cos <

j8 = ± arcsin(sin a0 sin

(17a)

(17b)
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Fig. 7 Roll damping of an 80-deg delta wing.

For small roll deflections, \4>\ < 10 deg, Eqs. (17) simplify

a « a0

~ ±4> sin

(18a)

(18b)

Thus, the roll-induced sideslip at apex induces the following
rolling moment

A'C/V(£) = C//3v sin a0 <f>(t - Af) (19a)
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Fig. 8 Effect of trailing-edge sweep on roll damping of wings with 74-deg leading-edge sweep.

16 20

55 60 65 70 75 80 85
LEADING EDGE SWEEP (deg)

Fig. 9 Angle-of-attack/leading-edge-sweep boundary for delta wing
vortex breakdown.2

where

A' - lc,

Thus, Eqs. (19) can be written as

A<C/V(0 = Clftv sin a0[c/> - ^c

[ - bd> 1= C//3v sin a0 U - £, —— cot 0le

(19b)

(20)

where Uv is the average convection velocity of the vortex
reaction to the change of flow conditions at apex. For the
lateral aerodynamics, Uv ~ UM according to experiments,7
whereas Uv ~ UJQ.75 for the longitudinal aerodynamics.1

For moderate roll rates, (b<f>l2U^)2 « 1, $(t - Af) can be

expressed by a Taylor expansion, and Eq. (20) can be written
as

= — CIQV£V sin aQ cot (21)

With Clfiv as defined in Ref. 8, Eq. (21) gives the following
expression for AZC/^V

277^ tan sin2 a0

0.7
2f?v - 1 4

^ A
(22)

Effect of Trailing-Edge Sweep
The effective delta-wing treatment applied in Ref. 8 will

work also in the case of the roll damping, with one exception.
The Clp derivative in Eqs. (6) and (7) is valid only for a true
delta wing. As the slender-wing (or body) theory only pro-
duces lift for increasing cross-sectional area, i.e., increasing
semispan s(x) in the present case, the only correction needed
to Eqs. (6) and (7) is to substitute the use of S = (b/2)2 cot
0le with (b/2)2 (cot 0le - tan 0te). Thus, Eq. (7a) becomes

- ^*~ " 32 ̂
CQS

I - tan 0te tan 0le
(23)

with KMa defined in Eqs. (7b) and (7c)

Discussion of Results
The longitudinal stability characteristics for a 69.6-deg delta

wing (A = 1.484) shown in Fig. 5 demonstrate the opposite
vortex-induced effects on static and dynamic stability caused
by convective time lag effects.1 Considering the problem of
support interference,9 the agreement between prediction and
experiment10'11 is completely satisfactory.

As expected, the vortex-induced loads also have a pro-
nounced influence on the stability characteristics in roll, as is
illustrated in Fig. 6 for the roll damping of a 74-deg delta
wing.12 The effect of the local, roll-induced velocity at the
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leading edge more than doubles the attached flow damping
at a > 10 deg. However, when adding the effect of the time
lag, which occurs before the vortex has reacted to the roll-
induced change of the flow conditions at the apex> an effect
neglected in the theory of Ref. 12, the total roll damping is
reduced substantially. The remaining deviation between the
present prediction and experiment12 is the likely result of
interference from the bulky support system (see insert in Fig.
6). This may also be the reason for the deviation between
prediction and experiment13 for the roll damping of an 80-
deg delta wing at low angles of attack (Fig. 7). However, the
deviation at a > 35 deg is caused by vortex burst, the effect

WITHOUT OBSTACLE

WITH OBSTACLE

TOP VIEW
• OBSTACLE

SIDE VIEW

Fig. 10 Vortex breakdown on a 75-deg delta wing caused by down-
stream obstacle.14

of which is not (yet) included in the present prediction. Figure
8 shows that the prediction of the effect of trailing-edge sweep
by the present theory agrees much better with experiment12

than that by the theory of Ref. 12. It is noteworthy that the
deviation between present prediction and experiment is rather
insensitive to the trailing-edge sweep, in sharp contrast to the
large sensitivity exhibited by the prediction of Ref. 12. Such
insensitivity would be expected if the deviation is caused by
support interference on the leading-edge vortices.

Support interference becomes a serious problem at high
angles of attack, when a bulky support can cause premature
breakdown of leading-edge vortices.9 Figure 9 shows how
vortex burst is delayed to higher and higher angles of attack
as the leading-edge sweep is increased.2 The boundary in Fig.
9 is used to determine at what angle of attack the present
prediction ceases to be valid, indicated by a vertical bar. The
support needed for high-alpha testing is rather bulky and can
cause premature vortex burst with results14 such as those il-
lustrated in Fig. 10. When the leading-edge sweep is more
modest than the 74 and 80 deg of the models in Figs. 6-8, a
sideslip angle of a certain magnitude may be needed, as is
illustrated in Fig. 11. In this case, the roll-induced effective
sideslip on the windward, dipping wing half, Eqs. (17) and
(18), will promote support interference. Thus, when com-
paring the present prediction with experiment, the effective
leading-edge sweep is taken as Aeff = A - /3.

Aerospace Vehicle Results
So far, only results for pure delta wings have been dis-

cussed. However, the current interest is the low-speed aero-
dynamics of hypersonic aerospace vehicles. Figure 12 shows
that the prediction of the low-speed lateral stability charac-
teristics of a hypersonic boost-glide configuration is in satis-
factory agreement with experiment.15 For the 78-deg delta
wing, vortex breakdown does not occur until a = 38 deg,
according to the experimental results2 in Fig. 9. Assuming
that A0 = 10 deg (no information is available in Ref. 15)
gives Aeff « 73 deg, with associated vortex breakdown oc-
curring at a « 35 deg, the value used in the prediction in Fig.
12. The earlier deviation between prediction and experi-
ment,15 at a < 35 deg, is probably caused by support inter-
ference.16

Figure 13 shows that the lateral stability characteristics
measured in low-speed tests of a re-entry configuration with

20 30
a (deg)

Fig. 11 Effect of sideslip on support interference.

0 5 10 15 20 25 30
a (deg)

Fig. 12 Low-speed roll-stability characteristics of a hypersonic boost-
glide configuration.
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Fig. 13 Low-speed roil stability of a re-entry vehicle configuration with a thick 75-deg delta wing.
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Fig. 14 Roll damping of a lifting re-entry vehicle with a 75-deg delta wing.

a thick, flat 75-deg delta wing17 are also well predicted until
vortex burst occurs. The fuselage is seen to influence the effect
of burst but to have little effect on the stability characteristics
at lower angles of attack. The figure illustrates how the effect
of vortex burst is opposite on static and dynamic stability
characteristics, C//3 vs. Clp + C^ sin a. It is the result of the
time lag effect discussed earlier in connection with Fig. 5.
Finally, Fig. 14 shows that the predicted roll damping of a
lifting re-entry vehicle with a 75-deg delta wing is in good
agreement with experiment18 until vortex burst occurs, prob-
ably promoted by support interference. It is also possible that
interaction between the leading-edge vortices and the tip fins
can have promoted an early vortex breakdown. The small tip
fins in Fig. 13 are less likely to have contributed to the early

vortex burst. That is, support interference alone is the likely
cause in that case.

Conclusions
The roll damping results presented here, combined with

the static characteristics discussed in Ref. 19, show that the
developed rapid prediction method produces results that are
of sufficient accuracy for preliminary design of slender delta
wing and wing-body configurations, as long as vortex break-
down does not occur.
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