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Aerodynamic Characteristics of the HL-20

George M. Ware* and Christopher I. Cruz
NASA Langley Research Center, Hampton, Virginia 23681

Wind-tunnel tests were made from subsonic to hypersonic speeds to define the aecrodynamic characteristics of
the HL-20 lifting-body conﬁguratlon The data have been assembled into an aerodynamic database for flight
analys1s of this proposed vehicle. The wind- tunnel data indicated that the model was longitudinally and laterally
stable (about a center—of-grawty Tocation of 0.54 body Tength) over the test range from Mach 20't0'0.3. At hyper-
sonic speeds, the HL-20 model trimmed at a lift/drag (L/D) ratio of 1.4. This value gives the vehicle a crossrange
capability similar to that of the Space Shuttle. At subsomc speeds, the HL-20 has a trlmmed L/D ratio of about
3.6. Replacmg the. flat- -plate outboard fins w1th ﬁns havmg an alrfoll shape mcreased the maximum subsonic

trlmmed L/Dto 4.2.

Nomenclature

HE longitudinal data are referred to the stability-axis system

and the lateral-directional data to the body-axis system (Fig.
l) All coefficients are based on the dimensions of the basic body
without fins. The data are normalized by the planform area, length,
and span of the body. The moment reference center was located at
the vehicle center of grav1ty that is at 54% of the body length from
the nose for all models. =~
b =body span, ft

cg = center of gravity

Cp  =drag coefficient, drag/gqS .

C,  =lift coefficient, lift/gS,.;

C,  =rolling-moment coefficient, rolling moment/gS, b
Cjg  =rolling-moment coefficient curve slope per degree of

_ sideslip
c, = pltchmg-moment coefficient, pltchmg moment/qS, ¢
c, = yawmg -moment coefficient, yawing moment/gS, b
Cp = yawing- moment coefﬁc1ent curve slope per degree of
sideslip

Cy  =side-force coefficient, side-force/qS,.¢
Cy = = side-force coefficient curve slope per degree of sideslip
[ =body length, ft

M =Mach number

q = freestream dynamic pressure, lb/ft2

Ry  =Reynolds number

Sis = basic body planform area (excluding tip fins), ft?

AC, =rolling-moment coefficient increment per degree of

elevon, body flap, or rudder deflection
AC, =yawing-moment coefficient increment per degree of
elevon, body flap, or rudder defiection

ACy =side-force coefficient increment per-degree of elevon,
body flap, or rudder deflection

o =angle of attack, deg

B = angle of sideslip, deg

da = aileron (d1fferent1a1 pitch) control deflection angle
(8,.L—8,.R)/2 or (8pr L—85p.R) /2 '

Sz =body- ﬂap deflection angle, (posmve when deﬂected

downward) deg
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S, =elevon deflection angle, (posmve when deflected down-
ward), deg
S, =vertical-fin deflection angle, (pos1t1ve when deflected
’ w1th the tralhng edge to the left), deg
Subscripts
max =maximum value
L =left
R  =right
trim

= trimmed condition (zero moment)

Introduction

Early tests at the Langley Research Center indicated that the
HL-20 lifting-body configuration had characteristics that made it
attractive for use as a manned $pacecraft.! Because of its favorable
aerodynam1c characteristic§ and other considerations, the HL-20
was selected for study as the orbiter conﬁguranon for the person-
nel launch system (PLS). Consequently, a series of wind-tunnel
tests was conducted to fuily define the aerodynamics of the HL-20
from hypersonic to subsonic speeds.” The data were assembled
into an aerodynamic database suitable as input to batch and real-
time flight simulation and analysis programs. Some of the results
of these analyses, which inciude vehicle entry trajectory,® landmg/
subsomc handlIng, and abort,'° are glven in the other arucles in
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Fig.1 Sketch of axes system used in investigation.
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this special issue. The present article will describe the basic static
aerodynamic characteristics of the HL-20 as determined from
wind-tunnel tests.

Wind-Tunnel Models and Facilities

There were three different sized models tested: a 5-ft, a 20-in.,
and several 6-in. long models. Sketches of the 20-in. model are
presented in Fig. 2. The HL-20 configuration consists of a low-
aspect-ratio body with a flat undersurface and blunt base. The
upper aft body was upswept at about 10 deg to give the model a

built-in negative body-flap deflection. Three fins are mounted on’

the upper aft portion of the model. The centerline fin is relatively
small, and the larger outboard fins are set at a dihedral angle of 50
deg, a toe-in angle of 1.2 deg, and an incidence angle at the body
intersection of 6.6 deg. The baseline fins have a thick flat-plate
cross section with a cylindrical leading edge and blunt trailing
edge. Later in the investigation, the outboard fins were replaced
with fins with an airfoil cross section. Control surfaces, referred to
as elevons, make up the trailing edges of the outboard fins. In addi-
tion, the models have four body-flap control surfaces: two on the
upper body and two on the lower body. The body flaps could only
be deflected outward. For positive body-flap deflection, the lower
body flaps move downward, while the upper body flaps remain

Body flap

1634 ={(|e.70

Elevons

C——
Flat plate

— 20.63 I '

X/L=0 1.0 Airfoil

Tip fin cross section

Fig. 2 Sketch of HL-20 model. All linear dimensions are in inches.
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Fig. 3 Longitudinal aerodynamic characteristics at hypersonic
speeds.
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Fig. 4 Directional stability characteristics at hypersonic speeds.
Table 1 Facilities used in the invesfigation
Mach. Number )
Test facility number  of runs Type.of test
Full-Scale Tunnel 0.1 130 Force and moment
Low-Turbulence Pressure 0.2 139 Force and moment
Tunnel
7X10 High-Speed Tunnel  0.3-0.8 184 Force and moment
CALSPAN 8-ft Transonic  0.6-1.2 244 Force and moment
Tunnel Co
Unitary Plan Wind Tunnel  1.6-4.5 412 Force and moment
20-in. M=6. Hypersomc 6 126 Force and moment
Tunnel thermal mapping
visualization
CF, M=6 Hypersonic 6 73 Force and moment
Tunnel thermal mapping
) visualization
31-in. M=10 Hypersonic 10 83 Force and moment
Tunnel . thermal mapping
visualization
22-in. M=20 Hypersonic 20 26 Force and moment
Tunnel . ;
MSFC 14-in.Trisonic 1.545 28 Force and moment
Tunnel

undeflected. For negative body-flap deflection, the upper: body
flaps move upward and the lower body flaps remain undeflected.
Braking action (energy management) during entry is accomplished
by deflecting all four body-flap panels simultaneously.

Tests were made in eight wind tunnels at the Langley Research
Center and one each at the Calspan Corporation and Marshall
Space Flight Center. The facility, Mach number range, number and
types of runs in each facility are given in Table 1. A general
description of these facilities is given in Ref. 11. ‘

Aerodynamic Characteristics

Hypersonic Speeds

In Fig. 3, stable 10ng1tudma1 trim (about a cg at 54% body
length) is shown to occur at about 23- or 24-deg angle of attack at
Mach 10 and 6. The lift/drag (L/D) ratio value at trim was about
1.4, which is near (L/D),,. This L/D value gives the HL-20 a
crossrange capability greater than the 1100 n.mi. of the Shuttle.
(For a discussion of the crossrange characteristics of the HL-20
and impact of returning from the Space Station Freedom, see the
article by Stone in this issue.!)

The lateral data are presented as the variation of the directional
stability parameter C,, and effective dihedral parameter C,,. These
data were obtained by measurmg the slope of the lateraf coeffi-
cients with sideslip at various angles.of attack. In the lateral plane,
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Fig. 5 Longitudinal aerodynamic characteristics at supersonic
speeds.
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Fig. 6 Lateral aerodynamic characteristics at supersonic speeds.

Fig. 4, the model is directionally stable (positive values of C,;)
with positive effective dihedral (negative values of ClB) at these
hypersonic conditions above a.=6 deg.

Supersonic Speeds

In the supersonic flight regime, there is no particular need in the
PLS mission for the spacecraft to have high L/D performance
because crossranging has been accomplished at higher speeds. The
philosophy then is to traverse this speed range with a degree of sta-
bility and have enough control authority to navigate to the desired
landing site.

The supersonic characteristics were determined from tests at
Mach numbers from 4.5 to 1.6 at increments of 0.5. Sample data
are presented for Mach 4.5, 3.5, 2.5, and 1.6. The variation of lift,
drag, and pitching-moment coefficients with angle of attack for the
model with controls undeflected is presented in Fig. 5. The lift data
show an increase in slope and linearity with decreasing Mach
number. The pitching-moment curves also become more linear.
The model is stable at trimmed conditions. The stability level

increases and the trim angle of attack decreases with decreasing
Mach number. At Mach numbers of approximately 3.0 through
1.6, the configuration is trimmed at o=0 deg or slightly negative
angles of attack that produce negative lift and L/D. Therefore,
pitch-control input will be required to trim the vehicle to positive
lift in this Mach range. The untrimmed (L/D),,, values vary from
1.5 to 1.7 for the Mach range from 4.5 to 1.6.

The lateral stability characteristics are presented in Fig. 6. The
HL-20 is directionally stable at angles of attack above 8 deg over
the supersonic test range. At Mach numbers from 4.5 to 2.5, direc- '
tional stability drops to zero or becomes negative at the lower
angles of attack. The effective dihedral parameter follows the same
trend showing positive effectiveness (—C IB) about a.=4 or 8 deg.
Therefore, the HL-20 with controls undeflected has neutral direc-
tional stability and low values of effective dihedral at trim condi-
tions from Mach 2.0 to 3.0. At Mach 1.6, the HL-20 has regained
directional stability at low angles of attack.

Pitch-control effectiveness is presented in Fig. 7 using elevons
or body flaps alone as pitch control. Data were taken for control
deflections up to +30 deg. Elevons are effective in trimming the
model to =20 deg at Mach 4.5. At Mach 1.6, however, where the
HL-20 has a high level of longitudinal stability, the elevons are
effective in trimming the model only up to a.=4 deg.

Body flaps were about as effective as the elevons. The trim
range at Mach 4.5 is from o=2 to 17 deg and about a=—2 to 3
deg at Mach 1.6. Unlike elevons, body flaps are more effective
when deflected downward (positive direction). In general then,
there is little difference in pitch effectiveness between the elevons.
or body flaps in the supersonic speed range.

Roll control is accomplished through differentially defiecting
the elevons on the outboard fins, Fig. 8a, or the body flaps on the
upper aft body, Fig. 8b. Because the longitudinal data suggested a
need to trim the configuration to more positive angles of attack (at
least at the low-supersonic Mach numbers), only negative control
deflections are shown. The effectiveness values are for a case with
the left upper elevon or left body flap set at —10 deg, while the
right control remained at 0 deg. These deflections represent —5
deg aileron deflection about a —5 deg elevon setting.

The elevons, with their larger transverse moment arm, were
much more effective than the body flaps. The effectiveness of both
sets of controls is small and decreased with increasing Mach num-
ber. The effectiveness of the upper body flaps became zero at
Mach 3.0. The simultaneous deflection of elevons and body flaps
was not tested.

Differential deflection of the elevons produced as much adverse
yawing moment —AC, as rolling moment. This is because of the
rolled-out fin configuration. Differential deflection of the elevons
acted as much like a rudder as ailerons. The yawing moment asso-
ciated with body-flap defiection, on the other hand, is near zero (at
Mach numbers where the body flap had any effectiveness). There-
fore, if the elevons are used for roll control, a control device, such
as a rudder, may be needed to offset the yawing moments pro-
duced.
~ Yaw control is accomplished by pivoting the small center fin
about its midchord. Yaw effectiveness data are given in Fig. 9.
These data are for a fin deflection of 5 deg. Yaw AC, is essentially -
constant over the angle-of-attack range at each Mach number. Cen-
ter-fin effectiveness increased with -decreasing Mach number.
Unlike differential elevon deflection, the center fin produced
almost no crosscoupled moment, that is, no rolling moment. The
effectiveness of the center fin as a yaw control, however, is low at
these test Mach numbers.

Transonic Speeds

Tests in this speed range were conducted in the Calspan 8-ft
Transonic Tunnel. Again, as with flight at supersonic speeds, no
high-performance characteristics are necessary. It is desirable,
however, to fly at low or moderate angles of attack to reduce possi-
ble buffeting and, of course, sufficient control authority is
required.

The longitudinal data for Mach numbers from 1.2 to 0.6 are
given in Fig. 10. The increase in lift curve slope and increase in
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Fig. 7 Pitch-control effects at supersonic speeds.

stability noted in the supersonic tests continue at Mach 1.2. As the
speed reaches Mach 1.0, longitudinal stability decreases but the
vehicle is very stable (static margin of 5% body length) even at
Mach 0.6. The pitching moments exhibit an unstable pitch-up at
angles of attack from 15 to 20 deg, depending on Mach number.
The model becomes longitudinally unstable at the higher angles at
Mach numbers of 0.8 and greater. At all Mach numbers, the desta-
bilizing pitch-up conditions occur at angles of attack above desired
flight angles. The HL-20 trim angle increases from 3 deg at Mach
1.2 to about 12 deg at Mach 0.6.

The directional stability characteristics for Mach 1.2 to 0.6 are
shown in Fig. 11. The model is directionally stable over the test
range at supersonic Mach numbers. From Mach 0.95 to 0.6, there
are regions of directional instability at the higher angles of attack.
Again, instability occurred at angles above those anticipated in
flight (above a=16 deg). The model has large values of positive
effective dihedral (—C 1[5) over the Mach range. :

The transonic longitudinal control effectiveness is presented in
Fig. 12. In this speed range, body flaps are not as effective as

elevons at the lower angles of attack. At the higher angles of

attack, however, flap deflection causes the previously mentioned
destabilizing break in pitching moment to occur at lower angles of
attack than elevon deflection. Thus, at Mach 0.6 and 0.8, negative
body-flap deflection is as effective in trimming the configuration as
the elevons. At these lower Mach numbers, a deflection of —10
deg with either elevons or body flaps trims the model to its highest
subsonic lift before the onset of longitudinal instability.

The effectiveness of the elevons and body flaps as a roll control
is shown in Fig. 13. For these data, the left elevon was deflected
—5 deg and right elevon 5 deg. Because the body flaps had a
shorter lateral moment arm, they were deflected £10 deg. As at
supersonic speeds, both sets of controls are effective in producing
rolling moments. The elevons with their outboard location are
more effective than the body flaps, but only at the lower angles of
attack. The effectiveness of the elevons decreases with increasing
angle of attack, whereas that of the body flaps remains approxi-
mately constant. At the higher angles, the body flaps are as effec-
tive as the elevons. Again, the elevons produce about as much
adverse yawing moment as rolling moment. The yawing moment
associated with body-flap deflection still remained near zero.
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Therefore as at supersonic speeds, if elevons are used for roll con-
trol, a control device is needed to offset the yawing moments pro-
duced.

Yaw-control effectiveness data are given in Fig. 14. The center
fin performs at transonic speeds as it did at supersonic speed. The
effectiveness value per degree of deflection is essentially constant
over the angle-of-attack range and produces almost no crosscou-
pled moment. The center fin is an effective yaw control device at
these transonic speeds.

Subsonic Speeds

The subsonic data presented are from the 7X10-ft High Speed
Tunnel (except for Reynolds number effects from the Low-Turbu-
lence Pressure Tunnel). Fig. 15 shows the effect of increasing the
Reynolds number from 3.5X 106 to 22X 10° (based on body length)
on the aerodynamic characteristics of the model. There is little
change in lift or pitching moment due to increasing Reynolds num-
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Fig. 20 Summary of trimmed aerodynamic characteristics over
Mach range. )

ber, but a sufficient change in drag occurs to increase the L/D from
3.2 to 3.6. A full-scale-flight Reynolds number based on a 28-ft-
long vehicle is approximately 60X10° at a landing speed of 200
knots. Note that above a test Reynolds number of 7X 10, the lon-
gltudmal parameters remain relatively constant, suggesting that
data taken at the higher Reynolds numbers of the test reflect full-
scale vehicle performance. The model is longitudinally stable and
trimmed with controls undeflected at about an angle of attack of 11
deg. This trim angle produces an L/D of 3.6, which is approxi-
mately (L]D)max Longitudinal control with deflections of +30 deg
(Fig. 16) is sufficient with either elevons or body flaps in trimming
the model from slightly negative angles of attack to at least =20
deg. The model is also directionally stable (Fig. 17) to angles of
attack above =20 deg, which is above projected subsonic flight
angles.

The lateral control characteristics of the elevons, body flaps, and
rudder at Mach 0.3 are not presented but are about the same val-
ues as those at Mach 0.6 and discussed in the previous section.
That is, both elevons and body flaps represent effective roll control
(with elevons producing about as much rolling moment as yawing
moment) and rudder deflection an effective yaw control.

During the flight simulation investigation in both fixed- and
moving-base cockpits, the subsonic control characteristics were
found to be satisfactory.® Subsonic performance, however, with an
(L/D)yy,, of 3.2 or 3.6 was insufficient to meet a Cooper-Harper
level 1 handling qualities rating in the pilot-in-the-loop approach
and landing simulations. As a result, the tip fins were changed
from a ﬂat-plate airfoil shape to a cambered airfoil with a flat
undersurface. (See Fig. 2.) The effect of this fin change is shown in
Fig. 18. The model lift is increased and drag reduced, resulting in
an increase of (L/D),x to 4.3. Because the increase in lift occurred
aft of the model cg, longitudinal trim is shifted from 11 to 7 deg.
The characteristics of the HL-20 with airfoil tip fins trimmed with
body-flap deflection, Fig. 19, indicate an (L/D)y,, of approxi-
mately 4.2. This represents a significant improvement of 0.6 in.
(L/D)y;ry, over that of the model with flat-plate fins. When the
improved aerodynamic performance values of the HL-20 with
modified fins were installed in the simulator, the resulting “flights”

were improved enough to upgrade handlmg qualities to level 1
(Ref. 9).

Summary Aerodynamics

The aerodynamics of the HL-20 are summarized as the variation
of the trimmed values of lift coefficient, directional stability
parameter Cpg, and L/D ratio plotted against Mach number in Fig.
20. Data are shown for the HL-20 with controls undeflected and
with elevons and body flaps deflected —30 deg over the supersonic
speed range. With controls neutral; the HL-20 trims at hypersonic
and 'subsonic conditions with an (L/D),,,, of 1.4 and 3.6, respec-
tively. (With airfoil fins, subsonic (L/D),=4.2.) Except for the
speed tange from about Mach 3.5 to 1.5, pitch-control input is
unnecessary for stable trim with positive lift. The model has posi-
tive directional stability at all speeds except around Mach 2.0.
With —30-deg pitch control with either elevons or body flaps, the
vehicle is trimmed with positive lift and /D over the Mach range,
but in the Mach range around 2.0, the values remain low.

Concluding Remarks

The aerodynamic characteristics of the HL-20 lifting-body con-
ﬁguration have been investigated in wind-tunnel tests from hyper-
sonic to subsonic speeds. The data show that the HL.-20 is longitu-
dinally and laterally stable over the complete test Mach range. At
hypersonic speeds, the trimmed L/D ratio is 1.4. This value gives
the vehicle a crossrange capability slightly greater than that of the
Space Shuttle. At subsonic speeds, the HL-20 has a trimmed L/D
ratio of about 3.6. Replacing the flat-plate outboard fins with fins
having an airfoil shape increased the maximum trimmed subsonic
L/Dto4.2.
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