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(This abstract is UNCLASSIFIED.)

ABSTRACT

An experimental investigation has been conducted in the
12-in. Supersonic Tunnel and the 50-in. Mach 8 Tunnel of the

von Karman Gas Dynamics Facility to determine the aero-
dynamic characteristics of a delta wing at high angles of attack.

The configuration tested was a flat, blunt leading edge, delta
wing with 75-deg sweepback. The tests were conducted at
angles of attack from 30 to 105 deg and Mach numbers of 2, 3,
5, and 8. Longitudinal stability and drag characteristics, sur-
"face pressure distributions, and shock wave shapes are pre-

sented with theoretical estimates based on the Newtonian theory.
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NOMENCLATURE

b' Local model semi-span

CA Forebody axial-force coefficient, forebody axial force/q.S

CD Drag coefficient, drag/q®S

CL -Lift coefficient, lift/q®S

Cm Pitching-moment coefficient referenced to 0. 61, pitching

moment/q.SZ or fn Cma d (x/1)

Crn Local pitching-moment coefficient, --- (0.6 - x/l ) CN
1c Io

CN Normal-force coefficient, normal force/q.S or f CN d(x/i)
0

CN Local normal-force coefficient,

2 1 b' f (Cplower surface - Cp upper surface) d(y/b')

S 0

Cp P Pressure coefficient, (p - p.)/Ia

a Mean aerodynamic chord

L/D Lift-to-drag ratio

2 Model length (root chord)

MWD Free-stream Mach number

p Surface pressure

p0 Free-stream static pressure

qcD Free-stream dynamic pressure

Re Free-stream Reynolds number based on model length

S Wing planform area

To Free-stream stagnation temperature

x Longitudinal distance measured from model nose

Xcp/j Longitudinal distance from model nose to center of pressure,

(Cm/CN) (Z /,f) + 0.6

y Lateral distance measured from model centerline

a Angle of attack

vii
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Ip Pitch-up angle of attack (The angle of attack at which the
pitching moment derivative, dCm/da, is essentially dis-
continuous. )

Angle between free-stream velocity and unit vector normal to
model surface

Note: Model geometry parameters, b', 8, 1, S, x, and y are
defined in Fig. 2.
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1.0 INTRODUCTION

Winged vehicles which can produce lift during re-entry have certain
advantages over a vehicle which follows a ballistic trajectory. These
advantages include increased ranga •,eP_-eentrth peak

deceleratipon----a-ndimroved landing characteristics. The maximum
heating rate and t.ta•h-a• t l ad fw su6.a e± ± , ...
be designed can be significantly reduced by having the vehicle enter the
earth's atmosphere at a large angle of attack, thereby providing a high
drag, low L/D re-entry. This type of maneuver requires the glider to
flhpear maximum lift over a large portion of the re-entry trajectory.
ýAs a result of this requirement there has been considerable interest in
the aerodynamic characteristics of delta wings at high angles of attack'.

~4 f4 a

Vhe aerdg 3 P

The purpose of the present investigation was to determine the
effects of Mach number and high angles of attack on the longitudinal sta-
bility of a delta wing and to study in detail the pitch-up tendency at
angles of attack near maximum lift. Static force measurements were
used to obtain the drag and stability characteristics of the wing, and
pressure measurements were utilized to determine the local load dis-
tribution. Theoretical estimates of the characteristics, based on the
Newtonian theory, are presented with the data.

The tests were conducted in the von Ka'rma'n Gas Dynamics Facility
of the Arnold Engineering Development Center (VKF-AEDC), Air Force
Systems Command (AFSC). Measurements were made in the 12-in.
Supersonic Tunnel and the 50-in. Mach 8 Tunnel at nominal Mach num-
bers of 2, 3, 5, and 8, free-stream Reynolds numbers of 0. 31 to
1. 57 x 106 based on model length, and angles of attack from 30 to 105 deg.

2.0 APPARATUS AND TEST PROCEDURE

2.1 WIND TUNNELS

The 12-in. Supersonic Tunnel (Fig. la) is an intermittent, variable-
density wind tunnel with a manually adjusted, flexible-plate-type nozzle.

Manuscript released by authors April 1962.
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The tunnel operates at Mach numbers from 1. 5 to 5, at stagnation pres-
sures from about 1 to 60 psla, and at stagnation temperatures up to
about 80 0F.

The 50-in. Mach 8 Tunnel (Fig. ib) is an axisymmetric, continuous-
flow, variable-density wind tunnel. The tunnel operates at stagnation
pressures from 100 to 800 psia and at a maximum stagnation temperature
of 900°F.

A complete description of the tunnels is given in Ref. 6.

2.2 MODELS AND SUPPORTS

The test configuration (Fig. 2) was a flat or slab delta wing with a
75-deg sweepback angle. The cylindrically blunted leading edges inter-
sected to give a sharp-nosed planform. As is shown in Fig. 2, two
model sizes were used. The large model was tested in the 50-in. tun-
nel, and the small model was tested in the 12-in. tunnel. After the
force tests were completed, both models were modified for the pressure
tests by installing pressure orifices on the lower surface of the wing.

Support interference was minimized by mounting the models at an
angle to the balance as shown in the photograph of the small model
(Fig. 3). Because very high angles of attack were obtained in the hyper-
sonic tests, the model used in these tests was mounted at an angle of
90 deg to the balance axis. The tunnel sector angle range of 30 deg was
augmented with various bent stings to provide angles of attack from
30 to 105 deg. For the supersonic tests a model-balance angle of 45 deg
was used with a 15-deg bent sting to give angles of attack from 25 to 65 deg.
The pressure models were supported in a similar manner.

2.3 INSTRUMENTATION AND DATA ACCURACY

Two six-component, internal, strain-gage balances were used to
measure the aerodynamic forces and moments on the models. Surface
pressures were measured with variable reluctance transducers referenced
to a monitored pressure.

Estimated accuracy of the coefficients is given in the following table:

CN Cm CA Cp
±0. 0 ±0. 004 ±0. 002 ±0. 015

Accuracy of the angle of attack is ±0. 2 deg.

2
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2.4 TEST CONDITIONS

The tests were conducted at the following tunnel conditions:

SRe x 10-6 T 0 , OR

2.00 0.31 540
2.99 0.38 540
5.01 0.74 540
8.05 1.57 1280

3.0 RESULTS AND DISCUSSION

The aerodynamic characteristics of the wing were calculated using
Newtonian impact theory, and the results are presented with the experi-
mental data. Newtonian theory gives the pressure coefficient on wind-
ward surfaces as Cp = 2 cos 2 7 where ?? is the angle between the free-
stream velocity vector and a unit vector normal to the surface. The
inclusion of centrifugal corrections is not considered here because only
the leading edges are curved, and they contribute a minor part of the
wing stability. It has been suggested that a modified form of the New-

tonian theory with the coefficient 2 replaced by Cpmax should be used
for surfaces with detached shock waves. However, as will be shown,

the surface pressures on a delta wing with detached shock cannot be pre-
dicted as a function of surface inclination only.

3.1 SHOCK WAVE GEOMETRY

The flow over a highly swept delta wing is essentially conical for
angles of attack between 30 deg and the shock detachment angle (Ref. 7).
Therefore, the angle of attack at which shock detachment occurs on a
delta wing should be closely approximated by the theoretical cone angle
for shock detachment as given in Ref. 8. This hypothesis is substantiated
by Mach 8 shadowgraph pictures such as those shown in Fig. 4. The
shock wave is straight for angles of attack less than 57 deg. When the
angle of attack is increased above 57 deg, the shock develops increasing
curvature near the model nose and trailing edge. This curvature of the
shock wave is considered to be an indication of shock detachment. Thus,
the delta wing shock detachment angle of attack measured at Mach 8
(57 deg) agrees well with the theoretical cone semivertex angle required
for shock detachment (56. 3 deg at M. = 8). It is assumed that this agree-
ment holds for lower Mach numbers, and the conical shock detachment
angle plotted in Fig. 7 will be used as an indication of the delta wing,
shock detachment angle.

3
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A schlieren photograph of the model at Mach 5 and a = 45 deg is
showrm in Fig. 5. For these conditions where the shock is attached,
there is a Prandtl-Meyer expansion flow at the wing trailing edge.

3.2 LONGITUDINAL STABILITY AND DRAG CHARACTERISTICS

•The longitudinal stability and drag characteristics of the model are
prese nted in Fig. 6. Forebody axial force and center-of-pressure loca-
tion a re given only for Mach 8 because of inaccuracies which were intro-
duced- during the supersonic tests in resolving the balance forces through
the m-odel-balance angle. The conical shock detachment angle is indicated
on the curves of Fig. 6 by vertical arrows. At angles of attack less than
the amgle for shock detachment the characteristics are similar for all
test Adach numbers and show the usual decrease in magnitude as the Mach
number is increased. However, as the shock detachment angle is
reach-ed at each Mach number there is a forward movement of the center
of pressure (as shown in Fig. 6c for Mach 8), resulting in an abrupt,
almos~t discontinuous, change in the pitching-moment derivative, dCm/da.

A-t Mach 2 there is a sudden decrease in normal force at a = 45 deg
which is about five degrees above the predicted detachment angle (Fig. 6b).
A detailed discussion of this discontinuous behavior is given in section 3. 3,
Press ure Distribution.

T'he wind axis coefficients show similar trends. Since the axial force
of the wring is small, the lift and drag are essentially vector components
of the normal force. This is apparent in the lift-to-drag ratio (Fig. 6g),
which is the same for all Mach numbers at angles of attack above 35 deg
and is well represented by L/D = cot a.

Wlith the exception of axial force, the theoretical estimates are in
fair agreement with the Mach 8 measurements up to an angle of attack of
about 55 deg. Above the shock detachment angle of attack, the simple
theory"cannot predict the aerodynamic characteristics.

T~he angle of attack at which the pitching-moment derivative, dCm/da,
changes abruptly is denoted as the "pitch-up angle of attack", and the
effect of Mach number on this angle is shown in Fig. 7. As was mentioned
in the Introduction, this behavior was observed in the data of Refs. 2
through 5 for configurations similar to that of the present test, and these
data azre included in Fig. 7. Correlation of the pitch-up angle of attack with
shock detachment angle of attack is indicated in the figure by the agreement
with a theoretical curve (Ref. 8) of cone semivertex angle required for

4
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shock detachment. Data presented in Refs. 3 and 5 for delta wings with
trailing edge control surfaces indicate that the pitch-up angle of attack
is not strongly influenced by flap deflections of ±20 deg.

3.3 PRESSURE DISTRIBUTION

Pressure distribution studies were made at Mach numbers of 2 and
8 to define the local aerodynamic conditions on the delta wing at high
angles of attack.

The longitudinal pressure distribution on the model centerline at
Mach 8 is presented in Fig. 8. The lee side pressure coefficient varied
from 0 to 0. 01 over the angle of attack range of 30 to 105 deg. At angles
of attack less than the shock detachment angle, the flow outside of the
boundary layer on the windward side is supersonic, and there is a
Prandtl-Meyer expansion at the trailing edge. Thus, if there were no
boundary layer, the flow on the windward surface could expand to the
low pressure of the lee side without producing a pressure gradient along
the surface. The data at a = 45 deg (attached shock) show that the dis-
tribution along the centerline is essentially flat except for a small
gradient near the trailing edge. This gradient is caused by the combined
effects of a reduction in boundary layer thickness which changes the
"11effective" body shape and a flow of high pressure air through the sub-
sonic portion of the boundary layer to the lee side. As the angle of
attack is increased above the shock detachment angle, the flow behind
the shock wave becomes subsonic. Then, the flow on the windward sur-
face of the wing resembles the potential flow over a cone in a uniform
subsonic stream with free-stream velocity similar to the velocity behind
the shock. The flow accelerates towards the trailing edge with an accom-
panying negative pressure gradient as shown for a = 60 and 75 deg in Fig. 8.
A sonic line occurs at the trailing edge and is followed by a Prandtl-Meyer
expansion. At a = 90 deg the flow over the wing is essentially radial from
a stagnation point on the centerline and is similar to the flow over a cir-
cular disk normal to the free stream (Ref. 7). At angles of attack above
90 deg the flow resembles the subsonic potential flow over a wedge with
the wing trailing edge acting as a leading edge for the wedge.

Since the strong, negative, pressure gradient which occurs at angles
of attack above the shock detachment angle is in a region of relatively
large wing area, it produces the center-of-pressure movement which was
observed in the stability characteristics (Fig. 6c). The abruptness of this
change in the longitudinal pressure distribution is shown in Fig. 9 where
the pressure at four wing stations is plotted versus angle of attack.

5
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The simple Newtonian theory provides a fair estimate of the sur-
face pressure until the shock detachment angle is reached (Fig. 9).
At angles of attack near 90 deg the modified form of the Newtonian
theory would give closer agreement with the pressure on the forward
portion of the wing. However, for the presented wing stations the meas-
ured pressure does not reach a maximum at a = 90 deg as predicted by
the theory. Therefore, even though there may be a wing station (prob-
ably near the wing centroid) where the pressure agrees with the theory
in its modified form, no simple relation of pressure to local surface
inclination could predict the pressure distribution at angles of attack
above shock detachment.

The lateral distribution of pressure at Mach 8 is shown in Fig. 10
for wing station x/. = 0. 51 and is typical for all stations. Integration
of these pressures at each station gives the local normal-force and
pitching-moment coefficients as presented in Figs. 11 and 12. For-
ward of body station x/. = 0. 8 at a = 45 and 60 deg the local normal-
force distribution is linear and agrees well with the theory. The effect
of the longitudinal pressure gradient on normal force and pitching
moment is apparent in these figures.

Longitudinal pressure distributions on the centerline of the model
at Mach 2 are presented in Fig. 13. The shock detachment angle of
attack is approximately 40 deg at this Mach number, and the data are
very similar to the Mach 8 data near detachment. The effect of angle
of attack on the surface pressure at Mach 2 is shown in Fig. 14. Again
the trends of the windward side pressures are similar to those at
Mach 8 except that the pressure does not change as abruptly at Mach 2.

As the angle of attack was increased from 45 to 48 deg at Mach 2,
the lee side pressure increased from three-tenths of free-stream pres-
sure to six-tenths as shown in Fig. 14b. This increase in upper surface
pressure reduced the normal force of the wing as was shown in Fig. 6b.
Since the pressure was constant over the upper surface, the pitching
moment was not influenced by the change in pressure level. There was
some hysteresis in the pressures as is shown in Fig. 14b. This hyster-
esis also appeared in the normal-force measurements at these angles of
attack. Schlieren photographs (Fig. 15) show that there is a change in the
wake geometry as the angle of attack is increased above 45 deg, and this is
undoubtedly related to the rise in pressure level. The abrupt change in
lee side pressure was not observed at the other test Mach numbers. A test
at M, = 2.5 and angles of attack from 40 to 60 deg showed that for these
conditions the lee side pressure was constant (0. 3 p.), and there were no
normal force discontinuities. Therefore, with the present test data, it
cannot be determined whether this phenomenon is caused by support inter-
ference or is a valid result of delta wing wake flow at the low supersonic
Mach number.

6
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4.0 CONCLUSIONS

The results of an investigation of the aerodynamic characteristics of
a 75-deg delta wing at high angles of attack and Mach numbers of 2
through 8 indicate the following conclusions:

1. The angle of attack for shock detachment on a highly swept delta
wing is approximately the same as the cone semivertex angle
for shock detachment at the same Mach number.

2. A strong longitudinal pressure gradient develops on the windward
surface of a delta wing as the shock-detachment angle of attack is
approached. This gradient causes a forward movement of the
center of pressure with a resulting reduction of longitudinal sta-
bility. The angle of attack at which this occurs can be predicted
from conical shock theory.

3. Newtonian theory gives fair agreement at hypersonic speeds with
the measured centerline pressure distribution and longitudinal
stability parameters of a delta wing with an attached shock wave.
For angles of attack above shock detachment, the surface pres-
sures cannot be obtained as a simple function of surface inclination.

7 les of
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Fig. 14 Effect of Angle of Attack on Centerline Pressure, M = 2
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F ig. 15 Schlieren Pictures of the Wake Geometry at =, 2
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