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Response of Hypersonic Winged Vehicles to Abrupt

Control Displacements

BertraM C. WoLLNER*
General Dynamics Convair, San Diego, Calif.

Analytical studies of the response of large hypersonic winged vehicles to pilot induced longi-
tudinal maneuvers indicate that these vehicles may rapidly approach their structural limits at
combinations of high dynamic pressurc and Mach number. Results developed in an investiga-
tion of response for a class of vehicles that have been studied by General Dynamics/Astro-
nautics are discussed. Parametrice studies to determine the effect of vehicle characteristics and
operalional requirements upon vehicle response were conducted. A discussion of the relative
influence of design and operational parameters upon vehicle response to control surface de-
flection is included. Possible means of partially alleviating the problem while still in the
preliminary design phase are discussed. Solution of similar problems encountered on present

generation supersonic aircraft are mentioned.

Nomenclature
a = acceleration, f1/sec?
ac = aerodynamic center Jocation, fraction ¢ from leading
edge
cg = center of gravity location, friction ¢ from leading edge
4 = mean acrodynamic chord, ft
Cr = lift coefficient
Cy = pitching moment coeflicient
Cay = pitching moment coefficient at zero lift
Cuep, = static margin, dCa/dCr = ac — ¢g
g = acceleration of gravity, 32.2 ft/sec?
1 = distance from center of pressure of load due 1o elevon
deflection to reference station
L = lift, C' ¢S, positive up
M = moment CqSe, positive nose-up
n = load factor, a/g
g = dynamic pressure, psf
S = reference area, {t°
w = vehicle weight, lb
Az = distance from center of gravity to reference station
x, 9,2 = Cartesian coordinates
@ = angle of attack, rad
v = flight path angle, rad
de = elevon deflection, rad
1 = angle of pitch, rad
( ) =0 )/os
() =d( )/d
Introduction

HE structural weight of a large hypersonic acrospace

vehicle may be as much as 509, of the empty weight.
Accordingly, achieving maximum payload capacity requires
that design load factors be limited as necessary to provide for
structural integrity of the airframe throughout the operational
regime without imposing undue limitations that might pre-
clude flight under all but the most proverse circumstances.
Analytical studies of the response to abrupt longitudinal
control displacement of a class of large hypersonic vehicle
indicate that vehicle structural limits may be rapidly ap-
proached at combinations of high dynamic pressure and
Mach number. Structural design criteria for the class of
vehicles studied were predicated upon longitudinal mancuver
requirements and atmospheric turbulence considerations,
whichever proved to be more critical. Minimum maneuver
requirements sufficient to satisfy operational requirements are
provided. Additional margins are neccessary to allow for
control malfunctions, avoidance tactics, corrections to the
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flight pattern, and escape and abort mancuvers. Design
criteria excecd these requirements in order to provide a factor
of conservatism in determining aerodynamic loading on the
vehicle. The design criteria, then, establish vehicle strue-
tural capabilities whereas operational requirements define
required control system capabilities. Unfortunately, the
necessity to provide control capabilities for phases of operat-
ing regime provides excess capabilities over a large portion of
the flight envelope. Most present day aireraft possess the
capability to exceed design limit load factors at certain con-
ditions. However, the wide range of operating latitudes pro-
vided for in design criteria preclude the possibility of such an
occurrence during actual flight. Further, such factors as
pilot attentiveness, available pitch damping, and airplane
static margin tend to maintain response below design levels.
The necessity of designing aerospace vehicles to more restric-
tive criteria results in the limit load factor being rapidly ap-
proached at certain portions of the flight regime. Consider-
ation to such effects should be given in formulation of design
criteria for this class of vehicle. Operating limitations
and/or control system capabilities may be defined by vehicle
response to longitudinal control displacements.

Structural Design Criteria

The studies discussed in the present paper arc based on the
vehicle configuration depicted in Fig. 1. This is a large
manned vchicle that utilizes the atmosphere for lift during
conventional, horizontal takeoff and a lifting trajectory there-
after. The large elevon configuration satisfies the need for
both trim to €, during re-entry and ability to flare at
landing. Design air loads were found to occur during the
initial portion of the flight path; accordingly, the present
paper is limited to a discussion of control capabilities and air-
frame strength in the altitude range to 60,000 ft.

</

Fig. 1 Typieal vehicle configuration.
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Design criteria were based upon the requirements of mili-
tary specification.? The structural capabilitics developed
using these criteria define vehicle operating limitations as
functions of load factor, surface temperature, flight path angle,
ete. Manueuver and gust loads were considered as de-
veloped during an excursion from a normal flight condition.
Maneuver load factors between 0 and 2.0 were considered
throughout the exit trajectory. Gust analysis was based upon
the “gust at V" velocities specified in Ref. 1. A comparison
of the resultant load factors is shown in Fig. 2. The reduction
in vehicle weight due to fuel burnoff is taken into considera-
tion in applying these criteria. Vehicle static balance in a
manecuvering condition was maintained assuming the incre-
mental load generated by elevon deflection is balanced by an
incremental load due to angle-of-attack-change. Gust loads
are developed by adding the airload increments, resulting
from the angle-of-attack-change due to gust encounter, to the
normal loads for unit load factor flight. The load due to
elevon deflection is unchanged, vehicle balancing being re-
tained by pitching acceleration. Klevon hinge moment re-
quirements for structural design are established by dis-
tributed loads resulting from the foregoing analysis and are
used as actuator requirements.

Control System Capability

Elevon size is dictated by pitching moment requirements
necessary to trim the vehicle during re-entry and to flare to a
high lift attitude during landing. During exit, the vehicle is
trimmed to maximum lift-drag ratio for maximum range.
Re-entry is effected at maximum lift to minimize acrodynamic
heating. Sufficient elevon control to trim to the re-entry
trajectory is needed. In addition, the need to flare at touch-
down establishes certain elevon requirements. Geometric
considerations are cmployed in the selection of the elevon
configuration 1o minimize hinge moment requirements. The
short chord configuration usually amenable to reducing elevon
hinge moments is not compatible with the pitching moment
requirements for the low aspect ratio wings typical of advanced
hypersonic vehicles.  The long moment arm necessary to
achieve the required pitching effectiveness is reflected in the
long chord elevons shown in Fig. 1. For the configurations
being discussed, it may be noted that the elevon effectiveness
requircments arc at odds with the desire for reduced hinge
moments. However, the increased hinge moments typical of
long chord elevons will tend to alleviate the vehicle response
problem by limiting available surface deflection at high dy-
namic pressure-Mach number conditions where the problem
has been found to be predominant.

Maximum eontrol surface velocity was determined to be
required at landing. Vehicle responsc is slow in this condition;
however, gust inputs and /or instrument landing requirements
can require rapid surface deflections. A maximum velocity of
20° /sec was sclected. At high altitude conditions, acrody-
namic control was required down to dynamic pressures as
low as 20 psf. Again, vehicle response is slow and inputs other
than thrust are not large (thrust moment is assumed not to
design the elevon control).

i
N
ol T MANEUVER
s T <
5 S ~qust
5 JUST
=
R
-

0 | | L ] 1 1

0 iv 20 30 W 50 w0

ALTITUNE ~ 1000 1T

Fig. 2 Design load factor requirements.
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Fig. 3 Longitudinal control displacement, time diagrani.

Dynamie Response to Conlrol Displacement

Although a variety of elevon inputs have been investigated,
discussion of results is limited to those cases based on the
longitudinal control displacement-time diagranm is shown in
Fig. 3 for comparalive purposes.

Load factor was attained by a control moment resulting in
the displacement curve shown in Fig. 3. In all cases, 04
sec time to maximum displacement was considered. ‘The time
At and control displacement 6 were sufficient to attain design
load factor coincidentally with the attainment of 6/2. This
maneuver is the “reversed eclevator” condition specified in
Rel. 1.

Dynamie response of the vehicle to an applied elevon dis-
placement was determined assuming the vehicle to be initially
in steady, unaccelerated flight and trimmed for zero control
force at any air speed along the exit trajectory. The assump-
tion of unaccelerated flight is not entirely legitimate for an
exiting vehicle; however, within the small intervals of time
considered herein, it is sufficient for the purposes of the
present investigation and considerably simplifying. A
vehicle design mancuvering load factor is used as a limit for
all maneuvers. The equations of motion are derived using
the relations established in Fig. 4. For smali flight path
angles, vehicle lift may be assumed equal to the vertical force
component

L~AL = —F = 3a= (Wiga
where acceleration normal to the flight path is
a = Rw* = Viw

Angular velocity,

so that
AZ = (W/gVe( — &)
F.R.L.
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Fig. 4 Derivation of equations of motion.
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Foree and moment equations were established as follows:
Py = CrAagS + Crabe(Se/2V7) +
Crp 008 — W/ V(b — a) =0
ZMee = {Cwa + Cr lx/c) — 0.501}gSeAc +
{Cus 4+ Cugl(z/c) — 0.501}¢Se(E/2V )8 +
{C”sg + Oy, /) — 0.501}¢Ses, — Ivyf = 0

Solution of the simultancous equations produces

b= 6+ FiAa + I + Fed.

Any = FillAa + Fsf + Fed.]

oo

Gl

Fola + Fuff & 146,
where
Fi= G aSe/ V)
Fy = Cu, + Cu [(x/0) — 0.05](¢Se/Iyy)
Ps = Cuy + Cugliz/c) — 0.501(gSe/Tvy) (/2V )
Fy = {Cuy, + Cr, [(x/c) — 0.501} @S¢/ vv)
Fs = —Cuglgs/ V) g/ W) (E/2Vr)
Iy = —C, (aS/Ve)(g/ W) Iro= —(Va/g)

Solution of these equations was effected using an iterative
process that had been programed for an IBM 1620 digital
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Fig. 6 Typical supersonic time history ~ max “gq.”
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Fig. 7 FElevon deflection 1o attain unit load factor.

computer. Typical time histories of vehicle response to the
assigned control surface motion are shown in Figs. 5 and 6 for
maneuvers at transonic and supersonic speeds, respectively.
The parameters included are incremental and represent the
change {rom the initial steady state attitude. Although many
combinations of time At and elevon deflection may be com-
bined to produce the desired maximum load factor, the maxi-
mum allowable deflection within the load factor limitations
will oceur with time Af equal to zero. These deflections, then,
define an upper limit on the desired control sensitivity in
regions where maximum rate is not the limiting factor.
Allowable elevon deflections along the vehicle exit trajectory
are shown in Fig. 7. The sensitivity problem becomes most
acute at combinations of high Mach number and high dy-
namie pressure (approximately 50,000 {t alt) and is alleviated
as dynamic pressure is reduced at higher Mach numbers and
altitudes. Elevon requirements to reach limit load factor as-
suming a steady state maneuver arc included in IFig. 7 for
purposes of comparison. The vehicle was considered dis-
turbed from a normal flight altitude using elevon deflection
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Fig. 8 Maximum values of angular parameters.
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Fig. 9 Influence of rate of control deflection.

with the resultant unbalanced forees offset by incremental
angle of attack at several pointx along the flight path for these
caleulations. The steady state results generally confirm the
elevon effectiveness variation shown, the lower limits for the
dynamic conditions resulting from the restriction on lToad
factor to the maximum developed during the mancuver inelud-
ing overswing. The variation of maximum and minimum
pitching velocity and acccleration along the exit trajectory 18
shown in Fig. 8. These values illustrate the slow rotational
response of this type vehicle to sudden elevon pulses and in-
dicate the response problem to be primarily reflected in ve-
hicle load factor. Maximum values of angular parameters
oceur in the low supersonic speed region of the exit trajectory
and decreases as Mach number is increased. Reference to the
elevon limits of Fig. 7 indicates that the allowable elevon de-
flection is reduced rapidly in this region to avoid exceeding
the allowable vehicle load factor. The center of pressure of
the load due to elevon deflection reaches its most aft location
in this region, thus maintaining high elevon effectiveness as a
piteh’control.

Parametric Studies

F~ A parametric study was conducted to evaluate the effect of
certain vehicle characteristics and operational requirements
upon vehicle response.  Variables considered were rate of con-
trol deflection, vehicle weight, vehicle center of gravity, mass
moment of inertia in piteh and Mach number.
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Fig. 10 Influence of vehicle weight.
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Fig. 11 Influence of center of gravity.

The influence of rate of control deflection upon vehicle re-
sponse is shown in Fig. 9. The larger control deflection at-
tained in the assigned time with increased rate caused maxi-
murm response to be attained sooner; however, no perceptible
change in magnitudes of the angular response or vehicle load
level was produced.

Decrease in vehicle weight permits a shorter time in which
maximum elevon displacement may be maintained to pre-
clude exceedance of limit load factor as shown in Fig. 10. A
higher positive loading due to the maneuver is produced with
the higher vehicle weight. Response rates are relatively
unaffected.

Aft movement of the center of gravity appreciably reduces
the interval of time wherein maximum control displacement
may be held (Fig. 11). Maximum negative pitching accelera-
tion is reduced with the more aft center of gravity and occurs
sooner in the maneuver. The longer time interval in which
maximum load factor was maintained with the more aft center
of gravity is worthy of note. Unfortunately the investigation
conducted was too limited in scope to permit additional
analysis of this influence.

Data presented in Fig. 12 depict the appreciable influence
due to a 5% increase in mass moment of inertia in pitch upon
vehicle longitudinal response. Reference to Fig. 9 indicated
that the effect of increased rate of control with shorter time
for maximum displacement will not appreciably affect vehicle
response. The indicated increase in vehicle response is re-
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Fig. 12 Influence of mass moment of inertia in pitch.
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flected in the increased incremental vehicle loading due to the
maneuver, although angular responses are not significantly
affected.

The influence of a 209 decrease in Mach number upon ve-
hicle response to abrupt elevon displacement is small as shown
in Fig. 13. These data pertain to a transonic speed case where
aerodynamic parameters are cxtremely sensitive to small
changes in Mach number.

System Design Considerations

As previously stated, the problem of control sensitivity is
considered to be primarily one of system design. The
problem will be of continuous concern during development of
a control system for hypersonic manned vehicles. Similar
problems have heen encountered on present gencration super-
sonic aireraft. A control sensitivity problem at high specds
and dynamic pressures for the ¥-106 airplane is controlied by a
fuel transfer system that moves the center of gravity aft
supersonically 1o reduce the static margin (Fig. 14) and trim
drag and increase maneuverability. A stable subsonic con-
figuration is produced by a forward center of gravity move-
ment. The sensitivity problem for the F-106 is worst near
Mach 0.9 at sea level because of the combination of high dy-
namie pressure, low static margin, and high elevator effective-
ness at this point. Maintaining a large static margin causes
large elevon deflection per “g”" and hinge moment per “g” so
that the airplane is both hinge moment and control limited,
thus alleviating the sensitivity problem. Operational re-
strictions of the type illustrated in Fig. 15 are thus imposed.

Control of the static margin of the B-58 airplane at super-
sonic speeds is also attained utilizing fuel transfer to reduce
the static margin. In addition, the magnitude of elevator de-
flection produced by a sudden stick motion is reduced by
means of a ratio changer between the control and the surface.
Early studies indicated that the ratio changer would operate
as an approximate function of dynamic pressure, Mach num-
ber, center of gravity, and weight. However, further analysis
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Fig. 14 Alleviation using center of gravity control.
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Fig. 15 Possible operating limitations.

indicated that these parameters could be reflected in trim
elevator requirements with minor corrections for Mach num-
ber and altitude. Large elevator deflections are required for
trim at large static margins.

Alleviation of the response problem of high speed vehicles
may be achieved by utilization of concepts currently under de-
velopment such as variable geometry wings. Configurations
featuring variable sweep or folding wing tips offer a means of
aerodynamic ecenter control to reduce the static margin. Fold-
ing wing tips or sweeping the wings aft will move the aerody-
namic center (a.c. curve on Fig. 14) forward. Thus using an
unfolded or unswept configuration subsonically and utilizing
the variable planform capability to maintain a forward aero-
dynamic center location through the transonic range and at
supersonic speeds will essentially change the elevon required
to trim in the operating regime where longitudinal sensitivity
is of concern.

The foregoing solutions for the longitudinal control sensi-
tivity problem may apply in whole or in part in alleviating the
problem for hypersonic space vehicles The use of auxiliary
surfaces for low speed control only would allow greater surface
movement at high speeds. The use of a double elevon con-
figuration wherein one-half would be locked out at high
speeds might be a present state-of-the-art solution, whercas
development of a retractable canard surface, which would be
used only at low speeds, represents an advanced state-of-the-
art development that would allow the use of very small sur-
faces for high speed controllability.

A possibility exists that design criteria for hypersonic
winged vehicles may be defined in part by dynamic pitching
maneuvers. Whether the specific maneuvers considered in
the present paper are rational or less severe criteria should be
imposed in evaluating vehicle response deserves additional
consideration. The effect of abrupt control displacements
upon longitudinal response may define operating limitations
and/or control system capabilities for the approaching genera-
tion of flight vehicles.

Conclusions

Although conditions investigated in the study reported
herein did not disclose any critical design loadings, the results
indicated the load factor response of the vehicle to be highly
sensitive to small elevon deflections. Although no critical
loads are produced as long as the mancuver is limited to design
load factor, there always will be a control sensitivity problem
that will be eritical near minimum §,/g. Careful attention to
the possibility of overstressing the vehicle due to excess elevon
deflection will be a continuous problem during control system
development.
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