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Summary

The circular body configuration was investigated
as a generic shape applicable to single- or multi-stage
reusable Earth-to-orbit transports. The principal at-
tribute of the configuration is its low structural mass
for a given propellant loading. The low mass results
from the utilization of a sitple cylindrical body hav-
ing a circular cross section. A thick clipped-delta
wing was the major lifting surface. For directional
control, three different vertical fin arrangerments were
investigated: a conventional aft-mounted center fin.
wingtip fins, and a nose-mounted fin, The tests were
conducted in the Langley Unitary Plan Wind Tunnel
at Mach numbers of 1.60, 2.30., 2.96. 3.90. and 4.60.

The results of the investigation indicate that the
configuration is longitudinally stable about the esti-
mated center of gravity at (.72 body length up to
a Mach number of about 3.00. Above Mach 3.00.
the model is longitudinally unstable at low angles of
attack but has a stable secondary trim point at an-
gles of attack around 30°. The model has sufficient
pitch control authority with elevator and body flap
to produce stable tritn over the test range. The aft-
center-fin configuration is directionally stable at low
angles of attack up to a Mach number of 3.90. The
wingtip and nose fins are not intended to produce
directional stability.

The rudder-like surfaces on the tip fins and the
all-movable nose fin were designed as active con-
trols to produce artificial directional stability. These
controls were effective in producing yawing moment.
Yawing moments produced by defleeting the rudder
on the aft center fin were accompanied by adverse
roll.  Differential deflection of the aileron surfaces
on the wing trailing edge was cffective in producing
rolling moment, but was accompanicd by large val-
ues of adverse yawing moment. The test. however.
was conducted only with the nose fin configuration
and the fin was deflected. While an attempt was
made to eliminate the effect of fin deflection. there
Is no assurance that this was successful, and it may
be a contributing factor to the large adverse rolling
morment.

Introduction

NASA is investigating concepts for nse as future
space transportation systems. The studies have in-
cluded single- and multi-stage Earth-to-orbit designs
(refs. 1 to 5). Structural weight is a critical fac-
tor in the performance and cost of these systems,
Therefore, having an efficient lightweight structnre is
an important consideration. A circular cross-section
body was investigated because of its high strength-
to-weight and strength-to-volume ratios. The design

15 a generic configuration that can be used as a single-
stage vehicle or as an orbiter or booster clement. of
a multi-stage system. The structural, subsonic acro-
dynamic, and hypersonic heating characteristics are
presented in references 6 to 8, respectively,

The present investigation was made to determine
the supersonic acrodynamic characteristies of the
circular body vehicle (CBV) during unpowered entry.
The model has a large cireular fusclage and an aft-
mounted clipped-delta wing. The estimated center
of gravity of the vehicle was at 72 percent of the
body length.  (The aft location results from the
heavy rocket motors at the base with empty fuel
tanks in the forward body.) The aft center of gravity
causes control effectiveness problems due to the short
moment arms associated with aft-mounted surfaces.
Three vertical fins were tested for directional control:
a conventional aft-mounted center fin, wingtip fins,
and a nosc-mounted fin.  Pitch and roll control
surfaces were mounted on the wing trailing edge. A
movable body flap extended aft of the fuselage. The
tests were conducted in the Langley Unitary Plan
Wind Tunnel for Mach numbers of 1.60. 2.30. 2.96.
3.90, and 4.60.

Symbols

The longitudinal data are referred to the stability-
axis system and the lateral-directional data are re-
ferred to the body-axis system (fig. 1). The data are
uormalized by the planform area, span, and mean
acrodynamic chord of the wing. excluding the body
flap. The moment reference center was located at {he
proposed vehicle center of gravity, which is at (.72
body length from the nose.

b body span. in.

Cp drag cocflicient, Drag/qS, s

'y lift. coeflicient. Lift /¢S,
y rolling-tnoment coeflicient,
Rolling moment /¢S, b
<, ACY/ASB taken at 3 = 0° and 1°. per deg
Ch pitching-moment cocfficient.
Pitching moment/qS,,.¢
', vawing-mouent coctficient,

Yawing moment /¢S, b
Cy,  AC,/AS, taken at 3 = 0° and 4°, per deg
Cy side-force coeflicient. Side forece/qS,

ACy /A taken at 3 = 0° and 4°, per deg

I

wing mean acrodynamic chord, in.



L/D lift-drag ratio
M Mach number at free-stream conditions
q free-stream dynamic pressure, 1h/ in?

Sref wing planform area (projected to body

centerline including body flap), in?
X longitudinal body axis
Y lateral body axis
Z vertical body axis
¥ angle of attack, deg
3 angle of sideslip, deg
ba aileron control deflection angle

(60.[, - (S(L,R)/Q’ deg

Sy body flap deflection angle (positive when
deflected downward), deg

be clevator deflection angle (positive when
deflected downward), deg

bn nose-fin deflection angle (positive when
deflected with trailing edge to right), deg

oy rudder deflection angle (positive when
deflected with trailing edge to left), deg

bsp speed brake deflection angle, deg

674 tip-fin controller deflection angle (posi-
tive when deflected with trailing edge to
left). deg

Subscripts:

max  maximum
L left

R right

Description of Model

Figure 2(a) is a photograph of the circular body
orbiter model in the Langley Unitary Plan Wind
Tunnel, and figure 2(b) is a sketch of the CBV show-
ing the three fin arrangements tested. Dimensional
information is given in figure 3 and table 1. The con-
figuration consists of a spherically blunted ogive nose
blending into a large circular body with a clipped-
delta wing mounted on the far aft underside. A mov-
able body flap extends aft from the lower body. The
wing is equipped with clevator surfaces on the in-
board portion of the trailing edge and small aileron
surfaces on the outboard portion. Three vertical con-
trol surfaces were investigated for directional control:
(1) a large conventional center fin on the upper aft
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fuselage, (2) a vertical fin near the fuselage nose,
and (3) small fins on cach wingtip.

The pitch control study consisted of elevator de-
flections of +£10° and body flap deflection up to 25°.
Roll control resulted from differential deflection of
the ailerons. Yaw control was accomplished by de-
fHection of surfaces on the aft center fin and wingtip
fins. The control surfaces were simulated by wedges
of 10°, 20°, and 30° attached to the fins. The wingtip
control surfaces, referred to as tip-fin controllers, are
designed to be deflected in an outward direction only.
Yawing moment from the nose fin was generated by
pivoting the fin about its 0.25-chord station. In ad-
dition to pitch, roll, and yaw control, various speed
brake controls were investigated. Braking action for
the model with the aft center fin was accomplished by
flaring the split rudder. For the model with tip fins,
braking consisted of simultancous outward deflection
of both tip-fin controllers. For the nose-fin configu-
ration, aft side-body-mounted pancls were deflected.

(See figs. 2(b) and 3(d).)

Apparatus, Tests, and Corrections

Tests were conducted in the Langley Unitary Plan
Wind Tunnel. The tunnel is a supersounic closed-
circuit design with two test sections. The flow in the
low-speed section can be varied from a Mach num-
ber of 1.50 to 2.80. The high-speed section produces
Mach numbers from 2.30 to 4.60. Reference 9 con-
tains additional information concerning this facility.
The current investigation was conducted in the low-
speed scction at a Mach number of 1.60 and in the
high-speed section at Mach numbers of 2.30. 2.96,
3.90, and 4.60. All tests were made at a constant
Reynolds number of 2.0 x 10% per foot. The model
was sting mounted through its base, and forces and
momnients were measured with an internally mounted
strain-gauge balance.

Model angles of attack and sideslip were cor-
rected for the sting and balance deflection under
load. Customary tunnel corrections for flow angu-
larity were applied to the data. In an attempt to
produce turbulent flow over the model, transition
grit was applied according to the method of refer-
ence 10. Two gritting techniques were used. In the
low-speed section, No. 50 sand grains were thinly
sprinkled in 1/16-in. bands located 1.2 in. aft of the
nose and 0.3 in. perpendicular to the leading cdge
of the wing. The grit was located in the same posi-
tions for tests in the high-speed section: however, in-
dividual grains of No. 35 grit were applied at regular
spacing of 4 grain diameters.

The model pitch range was a nominal —2° to 22°.
(Tests at M = 1.60 were limited to o = 18° because



Tahle 1. Geonmetric Characteristies of Cireular Body Model

Body:
Length (reference length). in.

. )
Base area. in”

Wing:
Airfoil
Mean aerodvnamic chord (reference length). in.
Span (reference span). in.
Arca to body centerline (reference area). in

. . <o)
Area. exposed outside of body. in?

Aft center fin:
Airfoil
Area. in? .

Tip fins (cach):
Alrfoil

. £)
Area. in*

Nose fin:
Airfoil

. t)

Arvea. in®

Control surfaces (each):
Flevons:
.o
Area, in®
Body fap:
. 2l
Arca, in= .
Aileron:
L)
Area, in® o
Tip-fin controller (speed brake):
. )
Arcacin . . . .
Aft-center-fin rudder (speed brake):
)
Area, in® . .
Body speedbrake:
S
Area. in®

of model unsteadiness.)  The model was tested at
angles of sideslip of 0° and 4° over the angle-of-attack
range.  Data were taken in a pitch-pause manner
as the model was moved from negative to positive
angles. No base pressure corrections were applied to
the data.

Results and Discussion

Longitudinal Characteristics

Baseline characteristics. In figure 1, lift, drag,
and pitching-moment coefficients and lift-drag (L./ D)
ratio are plotted against angle of attack for the model
with cach of the vertical fin arrangements and with
fins off. The data showed that the fin configuration
had little effect on longitudinal aecrodynamics with
the exception of the conventional center fin arrange-
ment.  The large aft center fin (68 percent of the

26.00
16.71

NACA 0010-10
%.00

7.52

ot

8%
-

.67
6.27

~I

Double wedge
25.00

Modified wedge
2.90

Moditied flat plate
1.81

116

G615

2.13

exposed arca of a single wing panel) produced more
drag thau the other fin arrangements. As a result.
L/D values were lower and pitching moments were
more positive beeause the drag of the fin acted above
the model’s center of gravity.

The variation of lift for all configurations was
about the same and was relatively linear over the test
angle-of-attack range. A high degree of longitudinal
stability occurred at A/ = 1.60.  As Mach number
increased. the stability level decreased. At A = 2.96.
the configurations were. in general. neutrally stable
at low angles of attack and tended to be stable above
= 20° At A = 3.90 and above, the confignurations
were unstable at low angles of attack and again,
the pitching-moment curves rotated in the stable
direction above « = 12°. Extrapolating the data,
the configurations would have a stable trim point at
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angles of attack from 26° to 30°. The untrimmed
(L/D)max was about 3.0 at M = 1.60 and decreased
to about 2.0 at M = 4.60 except for the aft-center-
fin configuration. For this configuration, (L/D)max
was 2.5 at the low Mach number and slightly lower
than the others at the high Mach number.

Pitch control characteristics. Elevator effec-
tiveness was studied with the vertical fins off for all
Mach numbers except M = 1.60. At M = 1.60, the
CBV model with the aft center fin was used. For con-
sistency across the Mach range, clevator data have
been simulated at A/ = 1.60 by adding increments
from elevator deflection data from the model with a
center fin to data for the model with no fins. The
tins-off data (fig. 5) are considered applicable for the
nose- and tip-fin configurations. For the aft-center-
fin model. however, the difference in longitudinal
trim discussed previously must be considered.

Elevator deflections  studied  were bo = 0°
and £10°. With 8 = —10° at M = 1.60, the model
was trimmed at a slightly positive angle of attack
with low values of positive 7. At M =2.96 the
model is almost neutrally stable. With pitch con-
trols undeflected, a slightly unstable trim point oc-
curs at o = 13° and a slightly stable trim point (ex-
trapolated) at a = 25 At Mach numbers of 3.90
and 4.60, positive clevator deflection of 10° produced
a stable trim point at « = 20°. Therefore, in the
speed range of this study. elevator control is capable
of trimming the CBV at positive lift with positive
or neutral longitudinal stability. The low lift val-
ues at low Mach numbers may make clevator detlec-
tions greater than —10° undesirable because of the
accompaning loss of lift.

Figure 6 shows the cffects of body fap deflec-
tion as an additional pitch control.  (The data at
M = 1.60 were derived in a similar manner as for the
clevator deflection data.) These data are again for
the model with no vertical fins. The body flaps were
deflected only in the positive direction (nose down
piteh). Positive deflection drove the model trim to
lower angles of attack. This effect was detrimental
at the lower Mach numbers where stable trim was
already at low angles of attack. However, at Mach
numbers of 3.90 and 4.60 where the secondary trim
point is of interest. positive body flap deflection pro-
duced stable trim at angles of attack that are more
typical of lifting entry (@ = 157 to 30°). Pitch con-
trol for the CBV by clevator and body flap deflection
thus appears satisfactory in producing stable trim at
positive lift across the test range.

Speed brake effects. The cffects of the three
different speed brake systems tested on the CBV
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model are given in figures 7 to 9. Speed brakes
are used by a gliding unpowered spacecraft as an
energy management device to adjust cross range and
target the landing site. In figure 7 (the aft-center-
fin arrangement), the brake was located on the split
rudder of the fin. Data are presented with the brake
open 7.5° on cither side from the closed position. The
brake was cffective in increasing drag. However, the
effectiveness of the brake decreased with increasing
angle of attack and Mach number as the vertical fin
became shiclded by the wing and body. A large nose-
up pitching moment resnlted because of the increased
drag above the model center of gravity. If speed
brakes were used on the CBV in this fashion, a
large compensating clevator deflection would have to
accompany brake deflection.

Figure 8 shows the effect of tip-fin-mounted speed
brakes. Because the surfaces were relatively small,
deflections of 20° and 60° were tested.  Since the
brakes were extended out from the wingtips and were
not blanketed by the wing, only a slight loss in ef-
fectiveness oceurred with changes in angle of attack.
The line of action for the drag increment of the tip-fin
speed brakes was close cnough to the estimated cen-
ter of gravity that little change in pitching moment
resulted.

The speed brakes for the nose-fin model were
mounted on the sides of the body over the wing. No
data for this configuration was taken at M = 1.60.
As shown in figure 9, deflecting the side-body speed
brakes increased drag only slightly. In fact, lift was
decreased about as much as drag was increased. Ap-
parently, the speed brakes decreased the negative
pressure over the upper surface of the wing and a
Joss in lift resulted. There was a slight reduction in
L/D values. The largest cffect, however, was an in-
troduction of a nose-up pitching-moment increment.
In general, the body-mounted speed brakes were not
effective.

Lateral Characteristics

Lateral-directional stability.  The lateral-
directional characteristics of the CBV are presented
in figure 10 in the form of the stability parame-
ters Cy,. Ch . and plotted against angle of at-
tack. Data arc shown for the model with all fin con-
figurations. The large aft center fin was the only
fin configuration designed to give the CBV dirce-
tional stability (positive Cy ;). The small wingtip fins
housed rudder-like surfaces (tip-fin controllers) that
could be continually deflected to add artificial direc-
tional stability. See reference 11 for a description
of tip-fin controllers and their use. The all-movable
nosc-mounted fin was designed to act in a similar



manuer. Sensors would detect deviation from the de-
sired flight path and signal the nose fin to deflect 1o
drive the CBV back on conrse or prevent the vehiele
from diverging.

Directional stability of the aft-center-fin configu-
ration decreased with increasing Mach mumber and
angle of attack. For this configuration. the CBV was
directionally stable at A = 1.60 up to an angle of
attack of 14°. At A7 = 3.90. the model was neutrally
stable at o = 4° and unstable over the remainder of
the angle-of-attack range. The model was unstable at
M = 4.60. As expected. the tip-fin and nose-fin con-
figurations were unstable over the Mach and angle-of-
attack ranges. Little difference in effective dihedral
parameter. - oceurred between the fins-off, tip-
fins. and nose-fin configurations. The nose fin and
tip fins produced +C7, values at low angles of at-
tack and negative values at the higher angles. The
aft-center-fin model had negative values of C, at all

Mach numbers and angles of attack.

Yaw control effects. Figure 11 shows the lat-
eral control characteristics of the aft-center-fin con-
figuration.  Although a decrease in effectiveness oc-
curred. deflection of the rudder produced vawing
momerds across the test Mach number and angle-of-
attack ranges. The retention of effectiveness at high
angles of attack is probably due to the large size of
the aft center fin that placed the rudder high above
the blanketing effect of the fuselage and wing. The
high placement also caused relatively large adverse
rolling moments with rudder deflection. The value
of the rolling moment was about two-thirds that of
the yawing moments at A = 1.60 and almost cqual
to the yawing moments at A7 = 1.60.

Figure 12 shows the effeet of deflecting tip-fin
controllers.  The data indicate that the controllers
were effective. Effectiveness decreased as Mach nun-
ber increased. but vawing-moment values wore al-
most constant over the angle-of-attack range at cach
Mach unmber. Ounly small adverse rolling moments
resulted from controller deflection.

The nose fin was placed forward to take advantage
of the long moment arm created by the 0.72-body-
length center of gravity. The nose fin was offective
over the Mach range (fig. 13).  As with the other
yaw control devices, effectiveness deereased as Mach
number and angle of attack increased exeept for
M = 1.60. At this Mach nuniber, yvaw effectiveness
increased with angle of attack. Yawing moments
were accompanied by small proverse rolling moments.

Roll control effects. Roll coutrol tests wore
made only with the nose-fin model.  Control was

produced by differentially deflecting the dedicated
aileron control surfaces on the outer wing trailing
edge.  The effectiveness values are for cases with
the control surfaces set at 10° and 20° on the left
and —10° or —20° on the right. In addition. the
nose fin was set at 10°. Since the data presented
are increments derived with the aileron deflected and
undeflected. yaw control input should not be a factor.
The data of figure 14, however. indicate that while
the ailerons were relatively effective as a roll control,
vawing monients of equal magnitude were produced.
The question arises as to whether the source of the
yvawing moment was caused entirely by the aileron
deflection or influenced by the nose-fin deflection. To
answer this question. additional tests are reguired.

Concluding Remarks

Tests of a circular body spacecraft model have
been conducted in the Langley Unitary Plan Wind
Tunnel at Mach numbers from 1.60 to 4.60. The de-
Sign is an option considered for single- or multi-stage
Earth-to-orbit vehicles.  The model had a circular
body with a clipped-delta wing. Three vertical fin
arrangements were investigated: a conventional aft-
mounted center fin. wingtip fins, and a nose-mounted
fin.

The results of the investigation indicate that the
configuration is longitudinally stable about the esti-
mated center of gravity at 0.72 body length up to
a Mach number of about 3.0. Above Mach 3.0 the
model is longitudinally unstable at low angles of at-
tack but has a stable sccondary trim point at an-
gles of attack around 30°. The model has sufficient
pitch control authority with elevator and body flap
to produce stable trim over the test range. The aft-
center-fin configuration is directionally stable at low
angles of attack up to a Mach number of 3.90. The
wingtip and nose fins are not intended to produce
directional stability. The rudder-like surfaces on Lhe
tip fins and the all-movable nose fin were designed as
active controls to produce artificial directional stabil-
ity. These controls were effective in producing vaw-
ing moment. Yawing moment produced by deflect-
ing the rudder on the aft center fin produced vawing
moments accompanied by adverse roll.

Differential deflection of the aileron surfaces on
the wing trailing edge were effective in producing
rolling moment but were accompanicd by large values
of adverse yawing moment. The test. however, was
conducted only with the nose-fin configuration and
the fin was deflected. While an attempt was made
to climinate the effect of fin deflection. there s
no - assurance this was successful. and it may be

5



a contributing factor to the large adverse rolling
moment.

NASA Langley Rescarch Center
Hampton, VA 23681-0001
November 10, 1993
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Figure 1. System of axis used in investigation, with positive directions of forces and moments.
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(a) Photograph of model in the Langley Unitary Plan Wind Tunnel.

Figure 2. Circular body Farth-to-orbit vehicle model.
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(b) Sketch of model showing three fin arrangements investigated.

Figure 2. Concluded.
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(b} Tip fin.

Figure 3. Continued.
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Figure 4. Longitudinal characteristics of circular body model with various fin arrangements.
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Figure 9. Effect of speed brake deflection on longitudinal characteristics of circular body model with nose fin.
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