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Unsteady Aerodynamics of Slender Delta Wings
at Large Angles of Attack

L. E. Ericsson* and J. P. Redingt
Lockheed Missiles & Space Company, Inc., Sunnyvale, Calif.

An analysis of the steady and unsteady aerodynamics of sharp-edged slender wings has been performed. The
results show that slender wing theory can be modified to give the potential flow static and dynamic charac-
teristics in incompressible flow. A semiempirical approximation is developed for the vortex-induced loads, and it
is shown that the analytic approximation for sharp-edged slender wings gives good prediction of experimentally
determined steady and unsteady aerodynamics. The results indicate that the effects of delta planform lifting sur-
faces can be included in a simple manner when determining the aeroelastic characteristics of the space shuttle

lift-off configuration.

Nomenclature
= aspectratio, A =5b2/S
inefficient wing area at M =0 (Fig. 1)
wing span
= reference length (usually mean aerodynamic chord,
for a delta wing ¢ =2 ¢,/3)
Cp = root chord
K,,K, = potential flow and vortex lift factors, Eq. (1)
K, = constants, Eqgs. (10) and (11)

I

i»

k; = constant for a-dependence of vortex strength, Eq.
12

L = lift: coefficient C; =L/ {(p U%/2)S

M = Mach number

M, = pitching moment: coefficient C,, =M,/ (p,U%/
2) 8¢

N = normal force: coefficient Cy =N/ (po Us?/2) 8

D = static pressure: coefficient C, = (p—po, )/
(PUcs?/2)

q = pitch rate

Re = Reynolds number based on ¢, and freestream con-

v ditions

S = reference area (= projected wing area)

s = local semispan

t = time

At = timelag

U = horizontal velocity

U = convection velocity

X = axial body-fixed coordinate (Fig. 1)

¥y = spanwise body-fixed coordinate (Fig. 1)

z = vertical body-fixed coordinate octogonal to the x-y
plane :

3 = dimensionless z-coordinate, 3=z/c¢,

o = angle of attack

') = trim angle of attack

€ = vortex contribution to apparent mass, Eq. (8)

T = vortex strength

7 = dimensionless y-coordinate, n=y/s

0 = angular perturbation in pitch

6. = cone half angle
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0k = apex half angle (Fig. 1)

A = leading edge sweep angle, A=w/2-0,¢

£ = dimensionless x-coordinate, £ =x/c,

) = air density

1) = phase angle

A = phase lag

w = rigid body frequency

@ = reduced frequency, @=wcy/ Uy,

Subscripts

a = attached flow

CG = center of gravity

eff = effective

LE = leading edge

max = maximum

1 = normal to leading edge

n = harmonic component

N = separated flow

TE = trailing edge

| 4 = vortex

0o = freestream conditions

Superscripts

(—) = barred quantities denote integrated man values,
e.g., centroid of aerodynamic loads

Differential Symbols

] = 30/0t; 6=32 0/31

Ci, = 3C/3a; Cyy,=9C,,/ 00

Cry = Cpg+ Cpg=0C,,/3(c0U);C,,=8C,/3(¢q/Uy)

Introduction

T was clear very early in the space shuttle develop-

ment that the vehicle design could be critically dependent
upon aeroelastic loads. !> The NASA Marshall Space Flight
Center needed, therefore, to develop analytic methods in time
to be applicable to the final space shuttle design. The main
problem was that the methods would to a great extent be con-
figuration dependent, and the configuration was changing
continually. However, once the large crossrange capability
had been decided upon, one design feature has remained
fixed; that is, the orbiter will have a delta wing planform of
some sort. The NASA MSFC concluded, therefore, that
analytic or other means would be needed for prediction of un-
steady delta wing aerodynamics regardless of future con-
figuration changes.

The complexity of the flowfield prohibits the prediction of

~ unsteady aerodynamic loads by purely theoretical means. It is
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also well known from the Saturn-Apollo design that one can-
not rely solely on dynamic experiments either, as the long lead
time needed for the elastic model design in combination with
the continuing changes of the flight vehicle predestines the test
results to be obsolete when finally obtained. Regardless of the
accuracy of the test data, they are of no help unless they can
be ‘“‘extrapolated analytically’’ to apply to the current flight
vehicle design. Lockheed developed such analytical means for
the Saturn-Apollo launch vehicles® and the predictions agreed
so well with the elastic wind tunnel test results for the Saturn I
booster*® that this technique was used to predict the
aeroelastic characterisitcs of all future Saturn boosters, ¢
eliminating the need for further complicated elastic model
tests.”

Based upon this past experience, NASA MSFC asked
Lockheed Missiles & Space Co. to investigate the unsteady
aerodynamics of the delta planform space shuttle, and try to
develop analytic methods simple enough to allow the in-
clusion of large planform lifting surfaces in the computation
of the aeroelastic characteristics of the space shuttle ascent
configuration. The present paper reports on the results ob-
tained for the basic delta wing. 3

Analytic Approach

The same analytic approach that was used to determine the
aeroelastic characteristics of the Apollo-Saturn launch
vehicles3* is used also here in developing analytic means for
computation of the unsteady delta wing aerodynamics. That
is, the attached flow characteristics are determined using a
modified slender wing (or slender body) theory, and the un-
steady aerodynamic characteristics of leeside separated flow
(leading-edge vortices) are superimposed using static ex-
perimental data to define the separation-induced load
distribution.

Analysis

The simple flow concept developed by Polhamus, i.e., the
““turned-around” leading-edge suction, has been remarkably
successful in predicting 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 ex-
perimentally observed Mach number effects. 0 As the vortex
lift is in reality dependent upon upstream flow conditions,
and the leading-edge suction depends only upon local con-
ditions, the flow concept cannot be applied to the unsteady
aerodynamics. However, it is a very useful tool for deter-
mination of the static loads and is used as a starting point in
the present analysis.

Static Characteristics
Polhamus’ expression for the delta wing lift is®

C, =Cp+Cpy
C, p=K sinx cos’a

C, y=Ksin’a cosa ¢))

Kp and K, are constants determining the magnitudes of at-
tached flow and vortex lift components, respectively. K is
for all practical purposes a true constant>'® K , =, whereas
K, is more or less linearly dependent upon aspect ratio (Fig.
1). The deviation between Jones’ slender wing theory!! and
Polhamus’ incompressible flow results are represented as
follows in what is called ‘‘Present First Approximation’’ in
Fig. 1. It is assumed that the area denoted A  in the inset of
the figure carries no load. This accounts in a crude manner for
the delta wing trailing edge condition at M =0, reducing the
slender wing lift by the factor cos? §,;. The following ex-
pression for K, results in

K,=m(A/2)/ [1+(A/4)?] @
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Fig. 2 Pressure distribution on an 4 =1 sharp-edged delta wing at
a=20.5" and M =0.

This is the ““First Approximation’’ shown in Fig. 1. At M =1
it is assumed that the area A 5 is fully effective, i.e., K,==
A/2 in full agreement with Jones’ theory.!' The strip load
normal to the leading edge (see insert in Fig. 1) is}

(1/2)(d Cp,/dE) | = [asin 2« sin?6,z/ (b/2c) 16 (3)

The conical flow assumption inherent in all existing theories
does not seem to be substantiated by experimental results, ' at
least not for thin, sharp-edged delta wings (Fig. 2). Only close
to the apex does the pressure distribution agree reasonably
well with the best available theory.!? Farther aft, the pressure
level drops from the (constant) conical flow value, although
the spanwise distribution remains very similar in shape. The
deviation between theoretical and experimental spanwise load
distributions is mainly due to secondary and tertiary flow
separations that have much more prominent effects in a low
Reynolds number wind-tunnel test than in actual high
Reynolds number flight conditions. '>'# In the flight case, the
boundary layer over the center wing will not be laminar but
turbulent, and the secondary separation and its effects will be
much smaller. The fall-off from the conical flow level of the
aft delta wing pressures (Fig. 2) indicates that far downstream
from the apex the feeding sheet from the leading edge is
changing, and the vortex strength farther aft is no longer
growing linearly with £. The measured load distributions '’ on
a sharp-edged A4 = 1.147 delta wing at «=10°, 20°, and 30°
are shown in Fig. 3. Also shown is the attached flow slender

tNote that C; =Cp cOsoo.
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wing load distribution defined by Eq. (3). The measured load
distribution is fairly well approximated by using a bilinear ap-
proximation to the nonlinear vortex-lift distribution, with the
break occurring at £ =0.4.

The trailing-edge-round-off in the measured load
distribution would be obtained, it appears, if the attached
flow load distribution were represented by a more accurate
potential flow lift distribution, '6'7 shown as a short-dash line
in Fig. 3. Further comparison in this respect is made in Fig. 4,
showing that limiting the attached flow lift growth in Eq. (3)
to (dCn/dE)/Cyn=1.5 gives better agreement with the
distribution given by vortex-lattice methods. '¢-!7 It is obvious
that the aspect ratio should not be much larger than A =2
when applying the present modified slender wing distribution.
Applying this ““ceiling’’ to the lift growth decreases C, by
9%. This is the ‘‘present second approximation’ for K,
shown in Fig. 1, which is in better agreement with Polhamus’
potential flow value. With this modification, Eq. (3)
becomes§

wsin2asin?0, £ :£=07
(¥2) (dCy,/d8) | = Bi2e) LE 0.7 :£>0.7
4

Integration gives
Cng =.0.917rsin 2asin?f, g/ (b/cy) (5a)
Cru= = (/) Cpel€y—Ecq) (5b)
£, = 0.64(1—A% 7¢) (5¢)
AE 7 = 1,500, - (n,=4/3m:elliptic loading) (5d)

There is, of course, every reason to believe that the vortex-
induced load distribution should have a trailing-edge-round-
off effect similar to that for the attached flow loads. As a
matter of fact, flow visualization results show the vortices to
bend away into the freestream (some 10%) before the trailing
edge.'®"” To be consistent, the vortex-induced loads are
assumed to have the same type of ‘‘triangular round-off”’ as
the attached flow loads.

dc 1.72 wgsinfor £<0.4
(1) [w’ﬂ

d¢ I | 6857 sinte; 0.4<E=1.0 )

6.85w sina(l —£):0.9<t<1.0

The integrated total vortex load for a delta wing is that given
by Polhamus,>!® Eq. (1), with K, ==. The capability of
Polhamus’ leading-edge suction analogy to predict the
measured vortex-induced lift has been demonstrated.®!©
Equation (6) only redistributes the lift to fit the ex-
perimentally observed lift distribution. After integration, Eq.
(6) gives the following loads

Chy = msin’a (Ta)
Coy = ~ (7€) Cry(Ey—Ecg) (7b)
£y =0.56(1—Dkyrg) (70)

At yrp = 7ysin?8, ¢ (7, = 0.75) (7d)

Figure 5 shows that although the experimental C,,(«a) —
characteristics are predicted better by Egs. (5) and (7) than by
the strict application of the leading-edge- suction anal-
ogy, %2 the prediction is not as good as one would expect in
view of the fact that experimental data were used to define the

§With the strip still normal to the leading edge, as defined in the in-
setin Fig. 1.
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Fig. 3 ' Lift distribution components on an 4 =1.147 delta wing.
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Fig. 4 Attached flow load distribution.

vortex-induced load distribution. Apparently, Eqgs. (7) over-
predict the difference between separated and attached flow
load distributions, i.e., Egs. (7) give a center of pressure too
far forward. Still, the data in Fig. 3 very definitely indicate
that the linear growth of vortex-induced load ceases at £ <0.4.
As a value, £<0.4 would move the center of pressure of the
vortex loads even farther forward; the deviation between pre-
dicted and measured C,;,; (@) —characteristics (Fig. 5) requires
a different explanation.

It has been shown by Rainbird?'® that free body vortices
on a sharp cone not only generate suction peaks underneath
them (Fig. 6a), but that the vortices also entrain freestream
air, causing higher flow shear on the leeward side than is
measured at « =0 (Fig. 6b). Thus, instead of decreasing the
“body steering effects,”” as for instance flare-induced
separation does on a launch vehicle,*?*% the leading-edge
separation increases the effective apparent mass (Fig. 7).
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Fig. 5 Comparison between predicted and measured static charac-
teristics of a sharp edge 4 =1.147 delta wing.
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Fig. 6 Free body vortex effects on a 12.5° sharp cone.?!

Assuming that a fraction e of the vortex-induced loading is
caused by this increase of the attached flow-type loading, Eq.
(7) is modified as

Cyy=mwsin’a (8a)
Coy=—1(co/¢)eCny (£, —Ecc)
~(co/¢) (I—€)Chp(Ey—Ecg) (8b)

J. AIRCRAFT

Fig. 7 Entrainment effect of leading-edge vortex.
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Fig. 8 Attached flow dynamic stability derivatives at «=0 and
M=0.

where £, and £, are defined as before, Eqs. (5) and (7).

If a value e=0.3 is assumed, Egs. (5) and (8) do predict the
experimental C,, (a)-characteristics (Fig. 5). The static
characteristics determined in this manner will be used in the
analysis to be performed later to determine unsteady delta
wing aerodynamics. It may seem presumptuous to use ex-
perimental data for one aspect ratio, 4 =1.147, and expect
the vortex load distribution to be the same for other aspect
ratios. However, it is shown in Ref. 8 that Eqs. (6) and (8) are
valid also for other aspect ratios. That is, experimental data
indicate that not only is the vortex-induced total lift in-
sensitive to aspect ratio (K, =) but also the vortex-induced
load distribution, both longitudinally and laterally, is in-
dependent of leading-edge sweep. Thus, using the A =1.147
data gives good prediction also for other aspect ratios in the
rangeof 0.65<=A4<1.5.

Unsteady Aerodynamics

The unsteady aerodynamic characteristics of slender delta
wings at high angles of attack are determined using the
method of local linearization, i.e., by considering small per-
turbations from a mean static angle of attack (o). The total
unsteady aerodynamic derivatives are then obtained by super-
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—~-—VORTEX AXIS
+ VORTEX CENTER

Fig. 9 Leading-edge vortex formation during
plunge from zero topositive angle of attack.3?

SCHEMATIC REPRESENTATION OF FLOW
DURING PLUNGE FROM ZERO TO POSITIVE

INCIDENCE

position of attached flow and separated flow load com-
ponents.

The attached flow unsteady aerodynamic characteristics are
obtained using first-order momentum theory,?® modified to
agree with Eqgs. (5) in regard to static characteristics. The
following equations result.®

C"’Ba = (CO/C) (CNa ) eff

X cos?ag [ (¥3) (Cepe/Co) — Ecg ] (9a)
Cprgp = = (€0/€)*(Cx_) et

X cosoy [ (Cer/Co) —Ecg? (9b)
(Cx)err = (TA/2) (buyi/b)? (%)

bete/b=ce/cg
=0.955c080, [ 2—cos 2ay] " (9d)

Figure 8 shows that Egs. (9) predict the measured dynamic
derivatives?”? at a =0, M =0, with satisfactory accuracy up
to aspect ratio A =1.5. At aspect ratios above A =2, the
deviations probably become unacceptable and a more
sophisticated approach®® has to be used.

The separated flow unsteady aerodynamic characteristics
are determined using static experimental data in an unsteady
analysis, which is in large part based upon results obtained in
special dynamic experiments. The transient leading-edge
separation characteristics on sharp-edged delta wings have
been investigated extensively by the British. Most noteworthy
are the contributions made by Lambourne and his col-
leagues,®* using a combined experimental-analytical ap-
proach. The results obtained in a water tunnel for a plunging
delta wing established a very simple picture of the unsteady
leading-edge separation and the formation of the leading-edge
vortex (Fig. 9). The steady-state vortex position is established
after a time increment Ar=c¢,£/U,,. That is the vortex is con-
vected downstream from apex with freestream speed. In the
time interval before the steady-state position is reached, the
transient vortex is parallel to the leading edge, as the local
shedding takes place at the same rate along the leading edge.
The vortex apparently reaches its steady-state height position
somewhat before the time Af=c,£/U,, when the steady-state
spanwise position is reached.

In their most recent investigation of unsteady leading-edge
vortices, Lambourne et al. studied the effect of oscillatory
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bending deformation of the forward half of a sharp-edged
delta wing by measuring the pressure fluctuations over the
rigid aft half. Distributed roughness was used over the for-
ward 14% chord to ensure turbulent flow over the whole up-
per, inner surface. In the thorough ‘‘calibration’’ of the test
setup, it was discovered that the pressure transducer housing,
protruding slightly from the bottom surface, could cause a
severe disturbance of the leeside vortex flow if placed near the
leading edge. The result is similar to that obtained on delta
wings by placement of miniscule flow fences or, rather, vortex
generators on the underside of the leading edge, which cause
the large continuous leading-edge vortex to break down into
smaller ones. The practical consequence for Lambourne et al.
was that they had to remove the outer transducer at the for-
ward station when making measurements at the downstream,
aft section. The practical consequence for the space shuttle
designer could be much more far reaching.

0.8 . . : .
- -0.0262
0.7h % i
~
0.6 =0 \/‘ -
F. = +0.0262
0.5 N
6.4F 4
-c
P
0.3 4
0.2 i
UPPER SURFACE

ol j
i = "~ 'POSITIONS OF
! ATTACHMENT

o x X ; | - LINES
3
Xy ! =2.6 x 10
LOWER SURFACE Ty R = 26x10)
i —X
I | i l
-0.1 L 1 1 ) IR 1

) 0.2 0.4 0.6 0.8 1.0

n

STATION 51, R, =5.11lx 108

Fig. 10 Spanwise pressure distribution for steady deformation.*?
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Fig. 11 Spanwise distributions of harmonic components for guasi-
steady variation.3

The steady-state spanwise pressure distributions at
maximum upward and downward deflections are compared
with the undeflected wing data in Fig. 10. As expected the
windward side pressures are unaffected by the wing defor-
mation. On the leeward side the inboard pressure change
caused by the deformation is explained by regular attached
flow camber effects and is roughly predicted by lifting-surface
theory. The outboard vortex-induced loads are affected by the
deformation in a manner that is somewhat more intricate. The
spanwise position of the suction peak is affected by the wing
deformation in a manner consistent with the higher («/6,)-
values for the forward delta wing in the case of upward deflec-
tion,?® causing an inboard movement of the vortex (and con-
versely an outboard movement for the downward deflection).
Less obvious are the reasons for the changes of the suction
peak magnitude in Fig. 10. Lambourne et al. suggest that the
vortex movement up and away from the surface dominates
over -the effect of increased vortex strength for the bent-up
wing, causing a loss in aft wing suction peak magnitude. An
alternative or possibly complementary explanation is
provided in the present analysis, i.e., the shedding sheet from
the leading edge weakens earlier for the upward deflection.
The reason is that «/8,; decreases along the chord, thus
decelerating the vortex shedding process, whereas -the op-
posite is true for the downward deflection. Thus, the break-
down of the vortex growth rate is reacting to longitudinal
camber in the samy way as Lambourne et al. have shown vor-
tex burst to be affected.?* A similar o/, c-effect is obtained
by changing 6, along the chord. Thus, a Gothic wing
corresponds to the positive camber (bent down apex) and
should produce similar vortex-growth trends, which it indeed
does?’ as discussed in detail in Ref. 8.

Figure 11 shows the effect of this quasi-steady deflection on
the spanwise lift distribution. Apparently, the vortex load is
not only moving in spanwise direction but is also undergoing
some spanwise redistribution (or deformation). The first har-
monic would be very important for a structural deformation
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such as wing bending (more or less parallel to the leading
edge). Even the higher harmonics have some potential in this
respect. This force-couple-type harmonic can make the higher
wing deformation modes (with nodal lines parallel, almost,
with the leading edge) critical from the standpoint of wing
buffet, as is pointed out by Lambourne et al. 3

In the oscillatory case, the distributions are very similar to
those shown in Fig. 11 for the quasi-steady deformation.
Lambourne et al.3? show that the pressure variations across
the span are in phase with one another, and that the phase
angles increase proportionately to the order of the harmonic,
ie.,

A¢=K,n, where K, =constant (10)

They also found that the phase angle is proportional to £,
which has also been observed on a delta wing describing
plunging oscillations3¢ and is, of course, in agreement with
expectations based on the earlier work by Lambourne
et al.3'3%; i.e., the phase lag is determined by a constant
timelag Az.

Ap=nwAt; Ar=K,cp¢/Us a1

The results gave K, =1.00+0.01, in excellent agreement
with the earlier sudden-plunge results.?!-*> That the time lag
would be the same for a plunging and a bending wing, i.e., in-
dependent of the chordwise («/8;z)-distribution, was
demonstrated by Lambourne et al. in the following elegant
manner.> The strength T'(£) of the vortex at any position £
can be regarded as the integral result of the vorticity shed
from all positions upstream of £. For conical flow d T'/dx is
constant,§ and for small perturbations can be assumed to vary
linearly with the change of local angle of attack, i.e.,

A(AT/dE) =k, Aw (12)

The perturbation of the vortex strength at any station down-
stream of the deformation is then given by the chordwise in-
tegral taken over the deforming part, i.e.,

dr

F(§) =T(6& T (fag) = | o =k, [ dwar a3

In the case of static deformation §(£) =83/9¢ and Eq. (13)
gives

L&) =~ki3 14

That is, the vortex-strength-perturbation is proportional to
the deflection at the apex independent of the shape of the
deformation. In the unsteady case, the local effective per-
turbation angle is

0(£) =83/85+ (co/ U ) (83/91) (15)

The vortex strength at a point convecting with the flow is
determined by 6(§).

df(£)/dé=k,6(%) (16)

At station £, at time #,, the vortex strength would be the sum
of the vorticity shed from each position £ upstream of £, at
the earlier time 7, —cy(£; ~£) /U, . For a certain deflection
3(0,6—cy8,/Us ) equal to the deflection 3(0) =3, in the static
case, the equivalent deformation shape in the unsteady case
will deviate from the static deformation shape (Fig. 12a).
However, because the final vortex strength I'(£) is in-
dependent of the deformation shape, i.e., it is insensitive to
the manner (dI'/d§) in which the vorticity was added up-

According to the discussion earlier in connection with Fig. 3, this is
strictly valid only for the region close to apex, £ <0.4
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stream of £, to reach the final value, the vortex strength at &,
in the unsteady case is simply

T(£,0) = —k,3(0,1; — ok, / Uss) an

or with
3=130COS WI (18a)
F(&1) = —k 30008 (wt; —wk;) (18b)

Thus, the vortex strength locally is dependent upon the apex
deflection in the manner observed for the fluctuating pressure
in the experiment. Lambourne et al. conclude that although
the pressure variations are very dependent upon the height-
and span-wise movements of the vortex, these movements are
probably themselves dependent upon the changes in vortex
strength, and Eq. (18) would apply also for the pressure
variations. Thus, the pressure variations are in the unsteady
case simply determined by phase lagging the quasi-steady
pressure variations. That is, the pressure amplitude is not
modulated by the frequency. This constant-time-lag, con-
stant-amplitude solution is exactly what the present authors
have used as the low frequency approximation of the Karman-
Sears vortex-wake effects in two-dimensional airfoil flow.37-38

In regard to the cautionary remarks by Lambourne et al.
that their derivation considers only convection of distur-
bances that are upstream of the observation point, (and
neglects pressure changes caused by disturbances downstream
of the observation point), the following observation can be
made. The local vortex strength will determine the local
pressures as long as the reduced frequency is low because then
the “‘neighborhood’ vortex-strength-deviations from this
local value, upstream and downstream from the observation
point, are negligibly small. That is, the derived results for the
pressure variation are valid only for low frequencies. When
the frequency is high, this “‘lumped-timelag’’ approximation
is no longer good.

The sketches in Fig. 12 illustrate why plunging and bending
oscillations have the same timelag. A series of quasi-steady
rigid wings make up the forward vortex-shedding body in the
case of plunging oscillations, but the equivalent deformation
concept still holds, as long as the vortex follows the local wing
flow, which is already implied in the conic-flow-assumption.
For the same reason, the effect of the forward wing defor-
mation on downstream vortex-induced pressures will be the
same, regardiess of whether or not the aft wing is rigid or is
also describing some sort of unsteady deformation.** That is,
the present authors believe the results obtained by Lambourne
et al. to have a wider application than they have assumed.
Mathematically, the vortex-induced load component}t has
the same form as the forced induced by a flow separation
spike (the spike tip corresponding to the apex*).

Crnos = Crngss + Crntsz (19a)
Crobs = Cragss + Coiis2 (19b)
Cins1 = — (€o/¢) € Cnay (£, —Ecg) (19¢)
Coutsz = —(€0/¢) (1 =€) Crop &y —Ecg) (19d)
Conis1 = = (/)2 Chroy

xsecay [ (Cor/Co) —Ecgl? (19¢)
Crtsz = — (/) EcG (Uow /U) Corgs (191)

where £, and £, are obtained from Eqgs. (5) and (7), c./Co
from Eqgs. (9), and Cy,) from Egs. (7).

**The £ <0.4 restriction for the conic flow assumption imposes the
same error in both cases. .

T1Exclusive of entrainment effects, i.e., (1 —)Cpy in Eq. (8).

v
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DEFORMING WING
AT TIME tl MINUS

EQUIVALENT QUASI-STEADY DEFORMATION

2) BENDING WING

DEFORMING WING
AT TIME tl MINUS

. EQUIVALENT QUASI-STEADY DEFORMATION

b) PLUNGING WING

Fig. 12 Deformation shapes for vortex build-up in steady and un-
steady case.

In the plunging test performed by Lambourne et al.,?? it
was observed that the leading-edge vortex reached its steady-
state height position before it reached the steady-state span-
wise position (Fig. 9). Thus, it is suggested by the vortex-
height data that a value of U /U =0.75 should be used when
computing the pitch damping. In the case of the vortex-
induced rolling moment, U, /U =1.00 would, of course, be
the representative value. The fact that the pressure oscillations
for the deforming wing3® gave U, /U=1.00 does not con-
tradict the previous conclusion. As the pressure measurements
gave meaningful phase lag results only in the region of the
vortex-induced suction peak (over the center region of the
wing the harmonic response amplitudes were insignificant),
where the pressure changes registered by a fixed pressure
transducer will be very sensitive to the spanwise vortex
movement, the pressure data should give U,/U=1.00.
Finally, the implication U> U, is completely in accord with
measured velocities in the vortex core. 340

Figure 13 shows that the predictions through Eqgs. (9) and
(19), with ¢=0.3 and U, /U=0.75, agree rather well with
dynamic experimental data?’-?® for 4 =0.654 and 4 =1.484
delta wings (Figs. 13a and 13b, respectively). Consequently,
one can with a high degree of confidence apply the present
formulation of unsteady attached flow and vortex-induced
loads to determine the aeroelastic characteristics of the space
shuttle lift-off configuration including the effects of delta
wing leading-edge separation. While other complications exist
in the case of the space shuttle delta wing caused by rounded
leading-edge effects, control-induced flow separations, flow
interference effects from parallel, and main booster tanks
with rocket exhaust plumes,®*' the results obtained for sharp-
edged delta wings are very encouraging and promise that
analysis techniques developed earlier for Apollo-Saturn
launch vehicles***% can be extended to include the effects of
large lifting surfaces such as the orbiter delta wing. How this
could be done is outlined in some detail in Ref. 8.
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Fig. 13 Dynamic stability derivatives for sharp-edged delta wings at
M=0.

Conclusions

A study of steady and unsteady aerodynamics of sharp-
edged slender delta wings has shown the following:
1) Through a simple modification Jones’ slender wing theory
can give the potential flow static loads in incompressible flow.
2) A redistribution of Polhamus’ vortex lift, based upon ex-
perimental data and postulated vortex entrainment effects,
provides accurate prediction of delta wing aerodynamic center
at high angles of attack. 3) The attached flow delta wing, un-
steady aerodynamics are obtained using first-order momen-

J. AIRCRAFT

tum theory applied to an equivalent slender wing defined such
that it gives agreement with potential flow theory in regard to
static loads. Damping derivatives computed in this manner
for incompressible flow at o =0 agree well with experimental
results for aspect ratios up to A=1.5. 4) The effects of
leading-edge vortices on slender wing unsteady aerodynamics
are obtained using vortex-induced loads defined by use of
static experimental data in an unsteady analysis based upon
Lambourne’s simple convective timelag concept. The
dynamic derivatives determined in this manner over a large
angle-of-attack range agree well with available experimental
data.
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