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Summary: This paper is concerned with the wind tunnel test results of Winged Space Vehicle
executed in 1984 and 1985 at National Aerospace Laboratory (NAL) in Tokyo. The test was
conducted and supported by Working Group for Development of a Winged Space Vehicle at the
Institute of Space and Astronautical Science (ISAS) to obtain the aerodynamic characteristics of the
vehicle recently studied in a preliminary aerodynamic design phase. In the present study, attention
has been paid to both longitudinal and lateral/directional stability and controllability at high angles of
attack in high speeds that will be encountered by the vehicle at its reentry flight. Test results are
summarized in terms of aerodynamic coefficients and their derivatives. Detailed discussions are made
to reveal the relations between vehicle configuration and aerodynamic characteristics of the vehicle.
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1. INTRODUCTION

Recently, several kinds of development plan of winged space vehicle such as tne US
Space Shuttle, for example, or much more advanced concepts have been proposed in
the United States, Europe and J apan. Most of these plans and concepts seem to have
an intention to accomplish a reentry flight from low earth orbit or an intercontinental
flight. At present the US Space Shuttle is an only vehicle which realizes not only a
reentry flight but achieves a partly reusable space transportation system as a launch
vehicle. However, the vehicles in the next generation are expected to realize a fully
reusable or an aircraft-type operation.

In the aerodynamic and flight dynamic design of such vehicles, their configurations
must be optimized to have such a sufficient performance so as to accomplish reentry
flight from low earth orbit and safety landing to a conventional run way. Therefore,
general features of these vehicles may be summarized as follows;

1. reentry flight at high angle of attack that enables to realize moderate deceleration
and to avoid excessive aerodynamic heating in hypersonic flight regime,
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2. unpowered horizontal landing with minimum lifting surfaces as possible,

3. sufficient stability and controllability throughout the entire ranges of Mach
number and angle of attack that these vehicles experience during reentry to final
landing.

Furthermore, emphasis is laid on the importance that the vehicles must meet a
requirement on weight as a fully reusable rocket vehicle, which is extremely severer
than that for conventional airplanes. For instance, the center of gravity position is at
about 60% of total length of the vehicle or at more aft-ward position because of the
weight-saved tank structure for propellants and rocket engines located at its rear-end
[1]. Therefore, it must be remarked that the requirements on flight characteristics of
the winged space vehicles may be different from those for conventional airplanes [ 2,
3], and in this sense, flight control strategy must be an unremovable design issue in the
design of aerodynamic and flight dynamic performances of the space flight vehicles [4,
5, 6].

In order to satisfy such requirements, investigations must be performed extensively
within wide ranges of Mach number and angle of attack. As for the US Space Shuttle,
an enormous amount of wind tunnel testing have been conducted /7] and those results
are partly available /8, 9/. In the preliminary design phase of the winged space
vehicles, various possibilities in configuration must be studied in order to obtain better
understanding of general features of the vehicles’ aerodynamic characteristics or the
aerodynamically optimum design. It is the purpose of the present study to clarify
experimentally the longitudinal and lateral/directional stability and controllability at
high angles of attack in high speed flight condition. The relation between the high
speed characteristics and low speed performances that is required for a horizontal
landing is also investigated.

2. VEHICLE MODEL AND WIND TUNNEL TEST CONDITION

The model used in the present series of experiment has a configuration of a winged
vehicle designed for HIMES (Highly Maneuverable Experimental Space) Vehicle
[10], whose concept is proposed as a technology test bed for the development of the
future space transportation system. This vehicle is designed as a fully reusable, rocket
powered winged vehicle and is expected to satisfy the aerodynamic requirements that
the fully reusable reentry vehicle should commonly possess, as mentioned in the
previous chapter. The required performances for achieving the reentry flight and the
horizontal landing are also very close to those of such future vehicles.

Fig. 1-a shows the basic vehicle configuration proposed for HIMES vehicle at a
preliminary stage of the aerodynamic design, which is coded C-2. Dimensions of the
vehicle’s wind tunnel test model are presented in Table 1. The center of gravity of the
vehicle is assumed to be located at 66% of the total length. In the present study,
attention is concentrated on the flight dynamic characteristics at high angles of attack.
Two types of tail configuration are prepared for the investigation of lateral/directional
stability and controllability. Vehicle’s control surfaces are conventional elevon, and
rudder. Elevon acts as both elevator and aileron. The base line double-tailed
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|
Fig. 1-a. Baseline Vehicle configuration: C-2.

Table 1. Dimensions of vehicle model

Total Length.........coooooooiiiiiiiiiiiiii 176.0 mm

Wing Span..........coocoiiiiinn 133.3 mm

Body Max. Width................................. 57.3 mm

Body Base Area..................ccooviiiiiiinii 1870 mm?

Wing Area (reference area)............................... 6151 mm?

(eXPOSEd) ...evvviviiiiiiiii 2407 mm?

Sweep Back (leading edge) ......................... 45.0 deg.

RootChord.............ooiiii 50.67 mm

TipChord........ccooooiiiiii 12.67 mm
Aspect Ratio (total) .................co.coevi. 2.89
(exposed).............oooiiiienin.. .. 2.44

Airfoil......oooooo NACA-0012

Mean Aerodynamic Chord ........................ 54.10 mm

Dihedral..........ccooooooiiiin 3.0 deg.

Elevon Area ...........cccciiiii L 711 mm?

Chord........ouiiiiiiii 9.33mm

Double Tail Area.............ccooooeeeeiiiiiiiiiiiie 960 mm?

Chord (ROOU)......coveeiiiii i, 24.0 mm

(Tip) .o, 16.0 mm

Rudder Area.........cccooouvvviiiiiiiiii, 384 mm?

Chord (Root) ..........ccooeiiiiinniiiinnnn, 9.6 mm

(415 I 6.4 mm

Single Tail Area...........ccooveeeiiiiiiiiiiiiiinnn e 1920 mm?

Chord (ROOU).....cooovviiiiiiiiisi 33.9mm

(TiP) v 22.6 mm

Rudder Area........................oo . 768 mm?

Chord (RoOt)........cooeiiiiiinni 13.6 mm

(Tip) e, 9.0 mm

Center of Gravity ............c.oocovviiiieiiiiiiiiiniiin ., 116.2 mm

(66% from nose)
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Fig. 1-b. Modification of tail and wing planform.

Table 2. Test condition of wind tunnels

Dynamic pressure

Tunnels Mach number (kg/em?) Reynolds number*
Transonic 0.7-1.3 0.2 to 0.34 4.5-5.3%x10°
Supersonic 1.6-2.5 0.8 4.7-5.9x10°
Hypersonic 5.0-7.0 0.35 1.2x10°

* Reynolds number is based on body total length of vehicle.

configuration has a split type of rudder that is equipped on the outer sides of tail, and
conventional rudder is installed for single-tailed configuration. Wing planform is
changeable from single delta wing to double delta wing in order to find out the effects
on pitching moment and longitudinal stability. These variations are also presented in
Fig. 1-b.

Wind tunnels used for the study are transonic (M=0.7 to 1.3), supersonic M=1.6
and 2.5) and hypersonic (M=5 and 7) tunnels [11, 12, 13] of National Aerospace
Laboratory (NAL). The test conditions are summarized in Table 2 and the coverage
of the test in terms of Mach number and angle of attack is presented in Fig. 2.

In the present study, all of the aerodynamic coefficients and their derivatives are
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Table 3. Definition of aerodynamic coefficients
and their derivatives

C,=F,/QS, C,=F,/QS, C.=F,/QS
C,=M,/QSb, C,,=M,/QS¢, C,=M_,/QSb
C_ =LIFT/QS, Cp=DRAG/QS
( )a=3lo0a( ) (1/deg)
( Yp=2alaB( ) (1/deg)
( )oe=0/00e( ) (1/deg)
( )sa=0/00a( ) (1/deg)
( Jar=0/00r( ) (1/deg)
( Doss=2/20SB( ) (1/deg)
Q dynamic pressure
S . reference area
¢ mean aerodynamic chord
b wing span
de . elevator deflection angle
oa . aileron deflection angle
or . rudder deflection angle

(=(3r(L)-6r(R))72)

8SB : speed brake deflection angle
(=6r(L)+0r(R))/2)

or(L) : left side rudder deflection angle

St(R) : right side rudder deflection angle for
double tall configuration

obtained in relation to Mach number and angle of attack. Derivatives related to side
slip angle are obtained by use of a sting-support deflected by 5 degrees to the direction
of side slip. All the aerodynamic coefficients and their derivatives are expressed
according to the conventional aircraft-definitions as shown in Table 3. The deflection
angles of control surfaces such as elevon and rudder are defined as shown in Fig. 3.
Definition of coordinate system (body fixed axis and wind axis), angle of attack and
angle of side slip are also shown in the figure.

3. TEesT RESULTS

Test results are presented in terms of longitudinal and lateral/directional aerodyna-
mic coefficients. Basic longitudinal aerodynamic coefficients C,, Cp and C,, are
presented in Fig. 4, where results on the elevator deflection is also presented. The
derivatives of lift, drag and pitching moment coefficients with respect to the elevator
deflection are presented in Fig. 5. Effect of speed brake deflection on those
longitudinal coefflcients at supersonic speed region is presented in Fig. 6. Results of
wing planform modification at transonic and supersonic regions are summarized in
Fig. 7.

Lateral/directional aerodynamic coefficients such as Cy, C,and C, are presented in
terms of derivatives with respect to side slip angle in Fig. 8 and in terms of aileron and
rudder deflection angles in Fig. 9 and Fig. 10 respectively. It must be noted that the
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results of both tail-on and off configurations in the entire Mach number range of the
present experiment are included in Figs. 8-10, and the results of single and double
tailed configurations in the supersonic and hypersonic regions are also presented for
comparison of the tail effectiveness. Since the measured data for lateral/directional
acrodynamic coefficients of the highest Mach number (M=7) are of poor quality
because of the lack of repeatability, some of these results are not presented here.

Data accuracy of the measurement based on the repeatability and compensation of
forces and moments, resulting from various reasons such as misalignment and the
setting error of the model, gauge balance and/or the sting support in cach testing, 1S
estimated as

0.005 for C;, Cp and Cy
0.002 for C,,
and 0.001 for C; and C,

in terms of the magnitude of measured aerodynamic coefficients (not of processed
aerodynamic derivatives). These values are for the worst condition which are at the
lowest speed condition of transonic testing and at the hypersonic testing. Derivatives
of elevon deflection and lateral/directional aerodynamic coefficients presented in the
following results are obtained by the data that are nearly 5 degrees of side slip angle,
10 or 20 degrees of elevator deflection angle, 5 degrees of aileron deflection and 30 or
60 degrees of rudder or speed brake deflection respectively. These values are
indicated in each figure.

4. DiscussioN

4-1. Longitudinal Aerodynamic Characteristics

As shown in Fig. 4, lift and drag characteristics are fairly similar to those of
conventional aircraft from low to high Mach number regions. At the high angle of
attack attitude condition, although the slight nonlinearity in these coefficients is
observed in subsonic and higher Mach number region, no abrupt change in the
longitudinal characteristics which appears in low speed region is observed in these
ranges.

Pitching moment coefficient slope is negative, so that the vehicle is aerodynamically
stable at subsonic to low supersonic range except for the angle of attack greater than
10 degrees in subsonic range. However, it must be remarked that the pitching moment
slope is nearly zero or slightly positive; neutral to unstable at higher Mach number
range. This characteristics is not favorable in terms of flight dynamics and further
improvement on planform geometry must be made to refine the pitching moment
characteristics.

Since the results for Mach number of 5 and 7 show no substantial difference in
pitching moment curve, it can be regarded that these results present. typical
hypersonic characteristics and that the same characteristics will be observed in much
higher Mach number regions.
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The effect of the elevator deflection on the pitching moment coefficient Cm, is
about 0.01 per degree in subsonic region. It becomes smaller as Mach number
increases. In the higher Mach number region, Cm, is about half to one third of that at
subsonic range. Test result shows that it is greater as angle of attack increases in
hypersonic region. This implies that the Newtonian impact analogy may be possible in
predicting elevon deflection coefficient in these and much higher Mach number
regions.

The maximum value of untrimmed lift to drag ratio (L/D) is presented in Fig. 11
where the angle of attack at which the maximum L/D is attained is also presented. As
is seen in the figure, although the longitudinal trim at the angle of attack of about 10
degrees is desirable in subsonic region, it will not be achieved by use of the present
elevator in subsonic to low supersonic region. Taking the fact into account that the
nose-droop of the body produces nose-down moment, it is obvious that the reason for
the high angle of attack trim capability at hypersonic region may be attributed to the
body configuration as is seen in Fig. 4-i and j. Anyway, further improvement seems to
be required for the balance of low and high speed trim characteristics. Furthermore,
the values of maximum L/D itself at low speed region is still lower than the preferable
one for the horizontal landing. However, this will be easily improved by modification
of body fineness ratio and aspect ratio of the wing.

In the subsonic Mach number range, lift coefficient curve slope is getting smaller for
the angle of attack greater than 10 degrees. The same trend can be observed in
pitching moment coefficient at the corresponding Mach number region. This
non-linear characteristics seems to be brought about by flow separation at the wing
leading edge in transonic region, which is influenced by the wing sweep back angle or
the Mach number normal to the wing leading edge [14]. Fig. 12 shows the summarized
result based on the data shown in Fig. 7 in terms of the relation between Mach number
and angles of attack normal to the wing leading edge at which separation takes place.
This angle is defined as the one at which nonlineality in lift curve slope appears. The
result shows a typical trend of leading edge separation of delta wing which occurs in
transonic region. Comparisons of the longitudinal characteristics in Fig. 6 indicate a
significant improvement by installing forward delta wing or so called double delta
wing planform which has the forward part having greater sweep back angle than main
wing. It must be noted that there is no remarkable difference between two types of
double delta wing, so far as the longitudinal characteristics are concerned.

As is seen in Fig. 7-a and b, the present speed brake has sufficient effectiveness on
control of vehicle’s drag. Moreover, the speed brake affects the pitching moment
enough so as to be used as a longitudinal trimming device. However, some difficulties
may arise in the longitudinal trimming performance because the effectiveness of the
speed brake presents unfavorable non-linear effect to the pitching moment character-
istics in the speed range studied.

4-2. Lateral/Directional Aerodynamic Characteristics

Aerodynamic coefficients related to lateral/directional stability and controllability
are influenced very much by both angle of attack and Mach number. This trend is
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quite same as observed in the longitudinal aerodynamic characteristics. In the
aerodynamic design of the present reentry vehicle, the effect of tail wing on the
lateral/directional stability is of a great interest.

Stable dihedral effect in rolling moment coefficient slope is attained within the
entire Mach number range, and as shown in the test results, it is clear that the rolling
moment generated by the tail has a relatively large effect. On the other hand, yawing
moment coefficient that determines the directional stability shows less stability than
that for the conventional airplanes. Although it is positive in the range from subsonic
to low supersonic speed, it becomes negative at high angles of attack in case the higher
Mach number is approached. Furthermore, the directional stability turns out to be
more unstable as the angle of attack increases because of the wake of the fore-body.
The effect of tail wing on the directional stability diminishes as Mach number
increases, whereas the unstable yawing moment generated by fore-body is not so
influenced by Mach number, indicating that the directional instability may be
unavoidable in much higher speed range. Of course, although extremely large size of
the tail wing may overcome the foregoing difficulty, it does not seem to be of a
practical solution.

In the range of low subsonic speeds, it is well known that the conventional aircraft
have a trend to change abruptly the lateral directional stability characteristics as a
certain angle of attack is approached, because the stall due to flow separation takes
place on the main wing. This seemingly discontinuous change in lateral/directional
characteristics affects so much the flight performances of the aircraft at high angle of
attack. However, so far as the present result is concerned, no abrupt change is
observed in both rolling and yawing moment coefficients at high angle of attack in
high supersonic to hypersonic speed range.

Comparison of the lateral/directional derivatives at supersonic speed between
double tail and single tail configurations (see Figures 8-d, e and f) leads to the
conclusion that the single tail is advantageous in low supersonic region and that the
double tail has slight advantage in directional stability in case the angle of attack is
greater than 30 degrees. Thus, the tail modification seems to induce a considerable
amount of the associated difference in dihedral effect, as shown in the figures. From
view point of the flight dynamic characteristics, balance between the dihedral effect
and the directional stability is an important design factor so that the tail configuration
must be determined through a significant analysis on stability and controllability of the
vehicle.

Aerodynamic derivatives of aileron deflection Cls, indicates that it is large enough
to control the rolling moment caused by side slip. It can be also observed in the
present results that Cls, increases as either the angle of attack or the deflection angle
increases, as the results of Cm,. On the contrary, the induced yawing moment due to
the aileron deflection Cng, shows a rather complicated behavior, that is, it has a
proverse yaw characteristics in subsonic region, whereas it has an adverse yaw
characteristics in supersonic and hypersonic region. Furthermore, it is affected by
both angle of attack and elevator position. Both the sign and the magnitude of Crg,
are the important aerodynamic factors for determining the lateral/directional
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controllability especially at high angle of attack, where vehicle’s directional stability
becomes poor.

In the transonic region, yawing moment produced by rudder deflection Cng, seems
to be satisfactory for compensating the directional stability coefficient. However, the
rudder becomes less effective as the angle of attack increases in the higher Mach
number region, that is, the higher the angles of attack and the Mach numbers are, the
worse the effectiveness is. The defect is clearly due to the body wake which reduces
the dynamic pressure acting on the tail and the rudder surfaces. Notwithstanding that
the rudder effectiveness is also one of the most important derivatives in flight control
characteristics, the present series of wind tunnel testing did not provide sufficient data
related to the rudder effectiveness for single tail configuration. Consequently, further
investigation must be made from view point of the aerodynamic design of the tail
configuration that essentially determines the lateral/directional flight dynamic
characteristics.

5. CONCLUDING REMARKS

Static aerodynamic coefficients of a winged space vehecle recently developed in
ISAS have been investigated from view point of the longitudinal and lateral/
directional stability and controllability through a series of wind tunnel testing. All
coefficients and their derivatives, obtained as the function of angle of attack and Mach
number, have been examined in detail in conjunction with the vehicle’s configuration,
and the results may be summarized as follows;

1. Maximum Lift to drag ratio at low subsonic speed is rather smaller than that will
be required for the safety landing to a run way.

2. Balances in longitudinal stability between low and high speed region must be
improved if aerodynamically stable flight dynamic performance is directed.

3. The low speed longitudinal trim capability by elevator deflection is insufficient if
the present center of gravity position is selected to achieve a high angle of attack
trim at hypersonic speed regions.

4. Double delta wing planform having a higher sweep back angle than the main wing
improves transonic longitudinal stability at large angles of attack.

S. In the case of present size of tail wing, the directional stability derivative at high
angles of attack becomes negative as Mach number increases.

6. The single tail configuration is favorable for directional stability at low supersonic
region, whereas the double tail is of advantage at high angle of attack in the
higher speed region.

7. At high angles of attack and high flight speeds, the rudder effectiveness seems to
be poor to compensate the unstable yawing moment due to side slip.

The fifth and the last statements in the conclusion above seem to be an inherently

given and unavoidable in designing such a winged reentry vehicle, whereas the
remaining ones; 1, 2 and 3 etc, will be able to be improved by the modification of
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vehicle’s configuration. Any way, these must be concluded after the sufficient
investigation on flight dynamics or the closed-loop control analysis of the vehicle
along the trajectory or the history of Mach number and angle of attack of the recentry
flight.
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