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Fig. 1 Inviscid mathematical model.
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defined as follows:
(VE+U,)?
F(q)= labs(v®+ U,)—abs(U,) | + UE,+KC”—1
o)

where | | denotes the square norm integrated along ¢, and c,.
The function F(g) is minimized through a nonlinear un-
constrained optimization algorithm. The results that follow
are for a symmetrical, 10% thick airfoil having an elliptical
nose over 25% of the chord, and two parallel sides otherwise.
Such an airfoil has a blunt trailing edge immersed in the dead-
water domain. Figure 2 shows the lift produced by the present
concept with the jet located at the trailing edge, as well as the
lift produced by the classical trailing edge jet flap. 3 is the jet
ejection angle, as shown in Fig. 1. The lift shown here is that
induced by the aerodynamic forces alone and does not include
the vertical component of the jet momentum flux. In this con-
figuration, the present concept retains a semi-infinite wake
starting at the trailing edge. Clearly, the jet flap is more effi-
cient as a lift augmenting device. Figure 3 describes the evolu-
tion of lift for different jet locations along the lower surface,
with location parameters defined in Fig. 1. For moderate jet
deflection angles, the aecrodynamic lift is almost independent
of the jet location.
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Hypervelocity Gliding Maneuvers
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Nomenclature

=reference area of entry vehicle
=drag coefficient

=lift coefficient

=drag

=acceleration of gravity

=lift

=lateral distance traversed during turn
=vehicle mass

=planetary radius (6367 km for Earth)
=longitudinal distance traversed following maneuver
=time
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=flight velocity

velocity at end of turn

velocity at beginning of turn
=circular satellite speed (7.9 km/s)
=side force

=flight path angle

=freestream density

=bank or roll angle

=turn angle
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Introduction

HE ability to maneuver within the atmosphere during or-

bital return is a major advantage of high-lift vehicles. For
example, a maximum lift/drag ratio of nearly 2 affords the
Space Shuttle orbiter a choice of several landing sites. In addi-
tion, the Shuttle can be rolled during entry while still main-
taining a shallow glide trajectory. This roll maneuver during
entry reduces the descent time and, therefore, the total heat in-
put, although the heating rate is increased.! One typical
measure of maneuvering capability is the maximum lateral
range that a vehicle can achieve; the solution to this problem
was originally given in Refs. 1 and 2 and refined in Ref. 3.
Another important maneuver consists of performing turns
that change the vehicle’s heading. This Note contains a brief
- analysis of turning maneuvers during gliding flight, including
lateral distances traversed, at velocities up to circular satellite
speed.

Analysis
A vehicle maneuvers by rotating the lift vector, thus
generating a side force Y. The expression for the side force is

. dy
Y=L sm¢-mVE— )

where ¢ is the roll, or bank, angle and ¥ the heading angle.
Resolving forces tangential to the flight path gives

dv
D—mg siny= — m? (2a)

which, for shallow gliding flight, reduces to

av
= —mr b
D=—m & (2b)

0

L/D
Fig. 1 Variation of optimum bank angle with lift/drag ratio.
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Combining Egs. (1) and (2b) yields

- L . dv
dy = -5 smq&7 (3a)

which, for constant (L/D)sing, integrates to

_ . 2N ] (3b)
V=Vi- exP{ [(L/D) sing] } 1

where V; is the velocity at which the maneuver begins.
Vehicles with adequate lift at high speeds typically follow an
equilibrium glide trajectory.* A spherical, nonrotating planet
is assumed and the flight altitude is much less than the
planetary radius. In that case, summing the vertical forces in
banked flight gives

mV?

0

L cos¢ =mg— (4a)

The atmospheric density at the flight altitude comes directly
from Eq. (4a) and is

(4b)

2 m 1 V2 )
p -1

"R, CpA L/Dcos \ V2

where V is the circular satellite speed (V; =gR,)". Combin-
ing Egs. (3b) and (4b) yields

p= 150 Cr:A L/chosqS [( :// )zexp [Wz%@f} - l]
%)

The bank angle depends on the criterion that is stipulated for
the maneuver; for example, determination of a constant value
of the bank angle that maximizes the lateral range.? Assume
here that the altitude at the conclusion of the turn is to be max-
imized. In that case, Eq. (5) is differentiated with respect to
the bank angle and the result is equated to zero, giving

o u ] AN 2
[l (L/D) tan’¢ sing ( Z )Xexp{[(up) sing] }_1=°
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Fig. 2 Flight conditions at end of 90 and 180 deg turns.
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Table 1 Distances traversed during and after 90 and 180 deg
turns as function of L/D

Lateral range
during turn, km

Residual range
after turn, km

L/D AY= 90 deg 180 deg 90 deg 180 deg
2.0 3140 3050 1040 186
2.5 4210 4510 1920 454
3.0 5800 6090 3020 860

The optimum bank angle is found for turns of 90 and 180 deg
by solving Eq. (6) for a range of lift/drag ratios. The resulting
angles are shown in Fig. 1. For initial turning velocities rang-
ing from 0.8 V, to V,, the optimum bank angle is insensitive
to V..

The optimum bank angles are now used to calculate the
altitudes and velocities at the conclusion of 90 and 180 deg
turns. The turns are initiated upon entry at circular satellite
speed (V;=V,) and are made at constant lift/drag ratios of
2-3 (Fig. 2). As expected, the velocity remaining at the end of
the 90 deg turn is much higher, by a nearly constant value of
1.8 km/s, than for the 180 deg turn. The effect of L/D on con-
serving velocity is also evident in Fig. 2. For the 90 deg turn,
an L/D of 3 results in about a 30% higher final velocity than
for an L/D of 2. For the 180 deg turn, the effect of increasing
L/D is even more dramatic and produces about a 70% in-
crease in the final velocity.

The longitudinal distance that a vehicle can glide after com-
pleting a turn depends on the residual velocity at the end of the
turn. The residual range can be calculated from relations given

in Ref. 4, and is
R, L ( V2 )
=2 " tn{l-— 7
D n v (7a)

which can be combined with Eq. (3b) to give

s= ‘% & [‘ - ( Z >2.e"p{[<L/z—>?¢sin¢1}] (7®)

The lateral range traversed during a turn is!

L v, vav
= RO—F cos¢ S V.f(Siml')W ®

where V; is found using Eq. (3b). After integrating Eq. (3a)
for the turn angle to yield

L . Vi
Y= o sm¢b17

and substituting for ¢ into Eq. (8), the lateral range is found
by numerically integrating Eq. (8), using the optimum bank
angle from Eq. (6) or Fig. 1.
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Both the lateral ranges and the residual ranges after turns of
90 and 180 deg are shown in Table 1 for maneuvers initiated
upon entry at V.. The lateral distances covered during both
turns are very large, varying about 3000-6000 km as the L/D
is increased from 2 to 3. Since the velocity at the conclusion of
the 90 deg turn is much higher than after the 180 deg turn (see
Fig. 2), the residual ranges for the former are from 5.6 times
(at L/D=2) to 3.5 times (at L/D=3) greater. For vehicles
having L/D of 2.5 or greater, at least 30% of the total lateral
range is traversed after completing the 90 deg turn.

The lateral range is greatly reduced if the maneuver is in-
itiated some time after entry. For example, if V;=0.8 ¥, and
the vehicle has an L/D of 2.5, the distance covered during a 90
deg turn is only about 1670 km and the residual range 1150
km. The total lateral range is about 2820 km, or 54% less than
if the turn had been started upon entry at V.

Finally, the problem of achieving a global choice of landing
sites is addressed. A vehicle can land at any location within a
hemisphere of the entry point if it has a lateral range of 10,000
km. (Since atmospheric entry can be chosen at any point in the
orbit, the vehicle having a hemispherical lateral range can land
anywhere on Earth.) By equating the sum of Egs. (7a) and (8)
to the required distance, the necessary L/D can be found. The
previously derived optimum bank angles were used during the
turning part of the flight and a trial-and-error procedure was
employed to solve the equation. The maximum L/D required
to achieve global landing coverage is 3.23, which is 5% less
than the value of 3.40 given by the formulation in Ref. 3.
Since such high L/D are very difficult to achieve at
hypervelocity speeds, the 5% reduction may be important.

Conclusions

Analytic expressions for turning maneuvers during gliding
entry from circular satellite speed or lower have been
presented. The longest lateral ranges and the highest residual
velocities after completing the turns are achieved by beginning
the turns at entry speed, before the vehicle decelerates. Lateral
distances of 3000 and 6000 km can be traversed during 90 and
180 deg turns for L/D of 2 and 3, respectively. It is shown
that, after completing 90 deg turns, sufficient energy remains
to extend the lateral range by 33-52%. For the 180 deg turns,
the residual energy is much less, but still allows gliding for
distances equal to 6-14% of the lateral range. The present op-
timum turn calculations also show that a choice of global
landing sites can be achieved with an L/D of 3.23, or a 5%
lower value than obtained from previous formulations.
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