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A direct multiple shooting method has been applied to the optimization of an aeroassisted orbital transfer. The
objective has been to provide optimal trajectories for a vehicle with a high lift-over-drag ratio that minimizes the
energy loss during the atmospheric part of an aeroglide maneuver subject to limits on heating rate. In addition,
thrusting segments have been inserted within the atmospheric part of the trajectory, and both aeroglide and
aerocruise trajectories have been evaluated. Here, the objective has been to maximize the achievable inclination
change subject to limits on heating rate, total heat load, and lift coef� cient. The respective parameter optimization
procedures have been set up as multiphase optimization problems. All guidance-related parameters along the
trajectory, together with the deorbiting, boost, and circularizing impulses, have been optimized.

Nomenclature
A = reference area, ft2

C = speci� c � ow rate, slug/s ¢ lb
CD = drag coef� cient
CD0 = zero-lift drag coef� cient
CL = lift coef� cient
CL® = derivative of CL with respect to ®
c = characteristicvelocity, ft/s
i = inclination,deg
J = performance index
K = induced drag parameter
L=D = lift-to-drag ratio
m = vehicle mass, slug
mc = vehicle mass in circular initial orbit, slug
me = vehicle empty mass, slug
Q = total heat load, Btu/ft2.
Q = heating rate, Btu/ft2s
q = dynamic pressure, lb/ft2

r = radius, ft
rc = radius of circular orbit, ft
re = Earth’s radius, ft
r p = perigee radius of transfer orbit, ft
T = thrust, lb
t = time, s
u = control vector
v = velocity, ft/s
ve = circular orbit speed at Earth’s surface, ft/s
x = state vector
® = angle of attack, deg
¯ = atmospheric scale height, ft
° = � ight-path angle, deg
1vb = boost impulse, ft/s
1vc = circularizing impulse, ft/s
1vd = deorbit impulse, ft/s
´ = throttle
µ = geographic longitude, deg
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¹ = bank angle, deg
N¹ = gravitational constant of Earth, ft3/s2

½ = air density, slug/ft3

½e = air density at sea level, slug/ft3

Á = geographic latitude, deg
Ã = heading angle, deg

Subscripts

f = � nal value
s = reference value
max = maximum value
0 = initial value

Introduction

I T is well known that using aerodynamic forces to produce an
orbital plane change signi� cantly reduces the expenditure of

energy compared with an exoatmospheric, all-propulsive maneu-
ver. Two widely studied types of so-called synergetic maneuvers
are aeroglide and aerocruise. In the latter one, the plane change
is achieved by using continuous thrusting within the atmosphere
to cancel aerodynamic drag, whereas the aeroglide maneuver only
uses aerodynamic forces to accomplish the desired plane change
without thrusting in the atmosphere. A third type of synergeticma-
neuveris a hybrid formof themaneuvers.It is an aeroglidemaneuver
using thrusting in the form of a free, unconstrained thrusting seg-
ment within the atmosphere, where thrust history and duration of
the thrust segment are to be optimized. It is similar to the aerobang
maneuver that is a maximum-thrust maneuver in which the vehicle
rides the heating rate constraint, according to Ross.1

Surveys of the current status on the optimization of aeroassisted
orbital transfer trajectories are given in Refs. 2–4. The problem of
optimizing the atmospheric part of an orbital plane change using
aerodynamic controls is discussed in Refs. 5–7. Miele et al.8 pro-
vided optimal solutions for nearly grazing trajectories. McFarland
and Calise9 evaluated a proposed hybrid analytic/numerical ap-
proach to vehicle guidance. Seywald10 presented optimal aeroglide
trajectoriesfor an aeroassistedorbital transfer vehicle (AOTV) sub-
ject to a heating rate constraint obtained by using indirect single
shooting, i.e., a variationalformulation.Hull and Speyer11 provided
two optimal trajectories, maximum cross range and maximum or-
bital planechange,for a hypersonicvehicle.Lee andHull12 obtained
optimal solutions for an aerocruise maneuver and an aeroglide ma-
neuver with a thrusting phase that is constrained to full thrust. In
general, aerocruisehas been considered to be superior from a guid-
ance point of view.
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Table 1 Aerodynamic data, vehicle data,
and physical constants

Quantity Numerical value

re , ft 2:0926430£ 107

rc , ft 2:1534040£ 107

r0 , ft 2:1291430£ 107

N¹, ft3 /s2 1:40895 £ 1016

A, ft2 1:2584 £ 102

CD0 , 1 3:2 £ 10¡2

K , 1 1:4
CL® , 1 0:5699
rs , ft 2:1026430£ 107

½s , slug/ft3 3:3195 £ 10¡5

½e, slug/ft3 2:3769 £ 10¡3

¯, ft 2:41388 £ 104

mc , slug 335:67
me , slug 156:49
Tmax , lb 3,300
c, ft/s 10;000
C , slug/s ¢ lb 1:054 £ 10¡4

The objectives in this paper are to present highly accurate solu-
tions to the problem of constrained aeroassisted plane change ma-
neuvers and to carefully consider the impact that these constraints
have on the achievable performance of several maneuver options
representative of those that to date have been investigated. Con-
straintsare imposed on both heatingrate and total heat load. In addi-
tion, we provideresults for an aeroglidemaneuverwith a free thrust-
ing segment. To carry out the study a direct optimization method is
used, and the associatedoptimal control problems are formulatedas
multiphase optimal control problems. The phase separation times
specify events such as the introduction of thrusting segments that
change the equations of motion. The most general multiphase op-
timal control problem that can currently be solved by using direct
optimization methods is formulated in Ref. 13. The direct multiple
shootingoptimizationcode is availablein the graphicalenvironment
for solving optimization problems (GESOP).14

Mission Pro� le
In general, the mission consists of an impulsive transfer from the

initial orbit to an elliptic transfer orbit with its perigee low enough
to intersect the dense part of the atmosphere, an aeroassisted plane
change, and a second elliptic transfer orbit followed by an impul-
sive transfer to the � nal orbit. Both the initial and � nal orbits are
assumed to be circular low Earth orbitswith the same radius rc given
in Table 1. In addition, all exoatmospheric transfer impulses are as-
sumed to be coplanar. Hence they do not contribute to the overall
plane change.The vehicle enters the atmosphereat the initial radius
r0. If r p < r0 is known, the deorbit impulse 1vd can be calculated.15

The orbit inclination for a nonrotating Earth is given by11

cos i D cos Á cosÃ (1)

In the AOTV problem, as formulated, the initial orbit is assumed to
be the equatorial plane .i0 D 0/. However, the obtained results are
also valid for an inclined initial orbit if the net change in the line of
the ascending nodes is zero.16;17

The vehicle is considered to exit the atmosphere at r f D r0 with
a velocity v f and a � ight-path angle ° f . To raise the apogee of the
transfer orbit to meet the � nal circular orbit, the boost impulse 1vb

is applied. When the vehicle reaches the apogee of the elliptical
transfer orbit, an impulse 1vc is necessary to circularize the orbit.
Conservationof energy and angularmomentum lead to expressions
that relate the boost and circularizingimpulses to the exit conditions
v f and ° f , assuming that r f and rc are � xed.5;15

Physical Model
The vehicle chosen is a high-L=D delta wing with hypersonic

L=D values in the range of 2.18 (Ref. 17). Therefore it is capable
of producing large changes in the orbit inclination through aerody-
namic turns.

The physical model used in the AOTV problem contains the
model of the Newtonian central gravitational � eld. The air density

varies exponentially with the altitude, and the zero-lift drag coef� -
cient and the induced drag parameter are considered to be constant,
where the zero-angle-of-attack lift coef� cient is assumed to be zero.
The aerodynamic lift and drag are formulated by

L D q ACL ; D D q ACD (2)

where

CD D CD0 C KC 2
L ; q D 1

2 ½v2; ½ D ½se
.rs ¡ r/=¯ (3)

The numerical constants and additional characteristic data11 are
given in Table 1.

Equations of Motion
The vehicle is consideredto move fromwest to east, anda positive

bank angle ¹ generates heading toward the north. A general set of
equations of motion for powered � ight over a nonrotating spherical
Earth in dimensional form is applied12;15:

Px D f [ x.t/; u.t/] for x D .r; Á; µ; v; °; Ã; m/T (4)

The stagnationpoint heating rate PQ is given by the Chapman equa-
tion

PQ D 17;600 .½=½e/
0:5.v=ve/

3:15 (5)

where re and ½e are given in Table 1. The angle of attack ® is com-
puted as

® D CL =CL® with CL® D const (6)

The thrust T is directed along body-� xed axes, i.e., along the zero-
lift axis, and is modeled through

T D ´ Tmax (7)

The numerical values for Tmax , CL® , and C are given in Table 1.
The state and control vectors for the powered � ight equations are
therefore given by

x D [r Á µ v ° Ã m Q]T ; u D [¹ CL ´]T

(8)

subject to the control constraints

¹ 2 [0I 360 deg/; CL 2 [0I 0:4]; ´ 2 [0I 1] (9)

The maximum lift coef� cient refers to an angle of attack of ® ¼ 40
deg (Ref. 17). The control vector and the control constraints for
gliding � ight are given by

u D [¹ CL ]T ; ¹ 2 [0I 360 deg/; CL 2 [0I 0:4]
(10)

Aeroglide
The aeroglide problem is formulated as a one-phase problem.

The equations of motion are the ones for a gliding point mass over
a nonrotating spherical Earth.15 The objective is to minimize the
energy loss during the atmospheric turn. Hence, the performance
index is given by10

J D ¡v.t f / (11)

The aeroglideproblemis formulatedsubjectto a heatingrate limit
imposed by an inequality path constraint10:

PQ · PQmax (12)

The heating rate PQ is calculated according to Eq. (5). Due to the
general formulation within GESOP, path constraints are enforced
numerically only at particular points of time. These discrete nodes
have to be selectediteratively,such that theoptimalsolutiondoes not
violate the constraint at any point along the trajectory. The numer-
ical level of constraint satisfaction is therefore only affected by the
violations at the grid nodes.13 The boundary constraints on the ini-
tial states and the � nal radius, togetherwith a given � nal inclination
change, are formulated according to Seywald.10
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Aerocruise
The objective in the aerocruiseproblem is to investigatethe incli-

nation change capability of the vehicle subject to different levels of
heating rate limits.12 The system is set up as a three-phaseproblem,
containinga descentphasewithout thrusting,the cruise phase, and a
powered ascentphase,where thrusting is allowed to satisfy the � nal
boundary conditions.This formulation involves the use of different
sets of equations of motion for each phase.

Performance Index
The objective is to maximize the � nal inclination change 1i for

a speci� ed propellant mass fraction. Thus the system is formulated
by a Mayer problem,where the cost function is de� ned as a terminal
cost. The optimal control problem is therefore given by

min ¡ 1i.t f / (13)

Hence, the performance index becomes

J D ¡cos¡1[cos Á.t f / cos Ã.t f /] (14)

The phase separation times t j and the � nal time t f are optimizable
parameters.

Phase-Speci� c Equations of Motion
The equationsof motionused in the � rst phase, the descentphase,

are thoseof a gliding� ight over a nonrotatingsphericalEarth.15 The
cruise phase is de� ned as a powered � ight on the heating boundary
to make the aerodynamic turn as ef� cient as possible.12 To obtain
the characteristicof the cruise, the equations of motion for powered
� ight15 aremodi� ed.To keep thealtitude,the velocity,and the � ight-
path angle constant, the respective equations become

Pr D 0; Pv D 0; P° D 0 (15)

The preceding equations imply the following conditions:

° D 0 (16)

T D D= cos® (17)

¹ D cos¡1

»
m[. N¹=r 2/ ¡ .v2=r/]

T sin ® C L

¼
(18)

where N¹ is given in Table 1. Hence, the bank angle ¹ becomes a
function of the angle of attack ®. Because, according to Eq. (17),
the thrust cancels the drag to obtain constant velocity, the throttle ´
is also a function of the angle of attack ® and is calculated by

´ D ´.®/ D
D

Tmax cos®
(19)

The bankangle¹and theangleof attack® arecalculatedbyEqs. (18)
and (6), respectively.Hence, the control vector for the cruise phase
is reduced to

u D [CL ]; CL 2 [0I 0:4] (20)

To enable thrusting, the general set of powered � ight equations15

is used for the third phase; thus the thrust history is only constrained
not to exceed maximum thrust.

Boundary Conditions
The objective in this formulation is to optimize all guidance-

related parameters along the trajectory, together with the necessary
exoatmospheric impulses. Therefore, the initial and � nal bound-
ary conditions are expressed in terms of the respective optimizable
parameters. The initial time is set to t D 0 at the beginning of the
atmospheric � ight segment. The initial boundary condition on the
vehicle mass at the point of atmospheric entry m.0/ for the aero-
cruise formulation is given by

m.0/ D m c ¢ exp.¡1vd=c/ (21)

The numerical values12 for mc and c are given in Table 1.

The term r p of the initial transfer orbit is an optimizable real
parameter. The distance from the center of the Earth to the point of
entry r0 , from which the aerodynamicforces are taken into account,
is given in Table 1. The initial boundary conditions are5

r .0/ D r0; Á.0/ D 0; Ã.0/ D 0
(22)

µ.0/ D 0; Q.0/ D 0

v.0/ D v0.r p/ D

s

2 N¹
µ

1
r0

¡ 1
.rc C r p/

¶
(23)

° .0/ D ¡cos¡1

"
rc

r0v0

r
2 N¹r p

rc.r p C rc/

#
(24)

The vehicle performs the cruise at a zero � ight-pathangle. There-
fore the vehicle has to enter the latter phase with ° D 0 because
during the cruise the � ight-path angle is constrainedby Eqs. (15) to
a constant value, but not necessarily to zero. Hence, the respective
boundary condition is enforced at the � nal time of phase 1, t1, and
is given by

° .t1/ D 0 (25)

To ensure that the vehicle leaves the atmosphere and that the initial
altitude is regained, the followingconditionsare imposed at the end
of phase 3:

r.t f / D r0; ° .t f / ¸ 0 (26)

For thepurposeof achievingthe highest inclinationchangepossible,
the vehicle is enabled to use all propellant that is availableon board.
To ensure that the � nal vehiclemass m f does not exceed the vehicle
empty mass me (Table 1), the following � nal mass constraint is
imposed12:

m f D m.t f / exp[.¡1vb=c/] exp[.¡1vc=c/] ¸ me (27)

where m.t f / denotes the vehicle mass at atmospheric exit. This
value is further reduced by the fuel mass required for the boost and
the circularizing impulse needed to attain the � nal orbit radius.

Path Constraints and Phase Connect Conditions
The aerocruiseproblemis formulatedsubjectto an inequalitypath

constraint,representingthe heatingrate limit. The latter constraintis
enforcednumerically in all threephases and is speci� ed by Eq. (12).
In phase 2, the cruise phase, it is necessary to impose an additional
constraint. The throttle ´ has to be constrained to not exceed the
value ´max D 1:0. Hence, a path constraint is required that is set up
as follows:

´ D
D

Tmax cos®
· 1:0 (28)

To achieve continuous state histories, it is necessary to specify con-
nect conditions. These conditions are represented by connect func-
tionsbetweenthecurrentphaseand thenextphase.13 In thediscussed
formulation, the state phase connect conditions between phases 1
and 2 and phases 2 and 3 are speci� ed as follows:

x
¡
tC

p

¢
D x

¡
t¡
p

¢
(29)

Aeroglide with Thrusting
The aeroglide formulation with a free thrusting segment within

the atmospheric part of the maneuver is a more general formulation
than the aerocruiseproblem. The problem is formulated as a three-
phase problem containing an unpowered descent phase, a thrusting
phase, and an unpoweredascent phase. The multiphase formulation
is preferredbecauseit allowsexactdeterminationofwhen theengine
is turned on and turnedoff again.These burn times and the � nal time
t f are free and thus optimizableparameters.The objectiveis againto
observethecapabilityof thevehicleto performan inclinationchange
using aerodynamic forces, subject to different levels of heating rate
limits.
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Boundary Conditions
The objectiveis again to optimizeall guidance-relatedparameters

along the trajectory, together with the necessary exoatmospheric
impulses. Hence, all boundaryconditionsare speci� ed accordingto
the aerocruiseformulationas functionsof the respectiveparameters
and state values except in phase 1, where the � nal � ight-path angle
° .t1/ is unconstrained.In addition, the boost impulse 1vb has to be
constrained to positive values at the end of phase 3. This is because
during initial runs the boost impulse was found to be negative.

Path Constraints and Phase Connect Conditions
An inequality path constraint on the heating rate limit is formu-

lated according to the aeroglide problem. It is speci� ed by Eq. (12)
and is enforced numerically in all three phases. All states are con-
nected by phase connect conditions at the phase separation times as
in the aerocruise formulation according to Eq. (29).

Constraint on Total Heat Load
To investigatethe performanceof the AOTV subject to a limit on

the total heat load, the aeroglide with thrusting formulation and the
aerocruise formulation are modi� ed. The objective is to reduce the
total heat load the vehicle faces to practical values. Therefore, an
additional boundary constraint is imposed:

Q.t f / · Qmax (30)

Numerical Optimization
The multiple shooting method PROMIS14 was used in all prob-

lems investigated. All parameters were scaled to the same order of
magnitude.14;17 The optimal solutionsare obtained by starting from
several initial guesses. The overall, internal accuracy of the opti-
mization code is increased for continued runs until a satisfactory
converged solution is achieved. To obtain further constrained solu-
tions,a homotopyis performed;thus,eachpreviousoptimalsolution
is used as an initial guess in a continued optimization.

In the aerocruise problem, the cruise phase was removed by the
optimizer during initial runs, and thrust was applied only in phase 3
during ascent. This led to the conclusion that it is in general better
to allow free thrusting.To provide results for a cruise trajectory, the
thrust in phase 3 had to be disabled .´ D 0/.

Results and Discussion
Homotopy on the Heating Rate Limit

The aeroglide results, unconstrained and subject to heating rate
limits of PQmax D 400; 500, and 600 Btu/ft2s, are illustrated in
Figs. 1–3. The cost is de� ned to maximize the velocity at atmo-
spheric exit subject to a given � nal inclination change of 1i D 18
deg. Further constraining the heating rate is impractical for this
maneuver due to the large decrement in exit velocity that results.
This prevents feasible solutions that attain the prescribed terminal
altitude.

In the aerocruise problem the objective is to maximize the � -
nal inclination change subject to a given fuel fraction. Optimal

Fig. 1 Aeroglide subject to heating rate limits of ÇQmax = 400, 500, and
600 Btu/ft2s; altitude vs time.

Fig. 2 Aeroglide subject to heating rate limits of ÇQmax = 400, 500, and
600 Btu/ft2s; velocity vs time.

Fig. 3 Aeroglide subject to heating rate limits of ÇQmax = 400, 500, and
600 Btu/ft2s; heating rate vs time.

Fig. 4 Aerocruise subject to heating rate limits of ÇQmax = 100, 200, and
300 Btu/ft2s; altitude vs time.

solutionssubject to heating rate limits of PQmax D 100; 200, and 300
Btu/ft2s are given in Figs. 4 and 5. The inclinationchangesachieved
amount to 24.7, 34.1, and 37.6 deg, respectively. As prescribed,
cruise is performed on the heating boundary at constant altitude
with constant velocity. The � nal velocity drops signi� cantly for in-
creased maximum heating rates (Fig. 5); thus an increased boost
impulse becomes necessary.Figures 4 and 5 show that the addition
of thrusting within the atmosphere permits the atmospheric turn to
be performed at higher altitudes while maintaining reasonable exit
velocities as the heating rate is further constrained. The optimal � -
nal � ight-path angle was found to be zero. Hence, the vehicle exits
the atmosphere at the perigee of the elliptic transfer orbit. The lat-
ter fact has also been observed in the aeroglide problem without
thrusting.
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Fig. 5 Aerocruise subject to heating rate limits of ÇQmax = 100, 200, and
300 Btu/ft2s; velocity vs time.

Fig. 6 Aeroglide with thrusting subject to heating rate limits of ÇQmax
= 200, 300, and 400 Btu/ft2s; altitude vs time.

Fig. 7 Aeroglide with thrusting subject to heating rate limits of ÇQmax
= 200, 300, and 400 Btu/ft2s; velocity vs time.

The aeroglide with thrusting results subject to heating rate limits
of PQmax D 200; 300, and 400 Btu/ft2s are illustrated in Figs. 6–11.
The vehicle enters the atmosphere with a small negative � ight-path
angle; hence, high bank angles are necessary to pull it into the at-
mosphere (Fig. 9). The initially applied high lift coef� cients are
reduced toward values in the range of CL D 0:16 ¼ C?

L , i.e., maxi-
mum L=D, during the unpowereddescentexcept in the case subject
to PQmax D 200 Btu/ft2s, where the lift coef� cient is increased to-
ward a value of CL D 0:24 at the end of phase 1. The limit on the
lift coef� cient is never active (Fig. 10). The bank angle is reduced
almost linearly toward values in the range of ¹ ¼ 75 deg that are
more suitable to perform the turn (Fig. 9).

At t ¼ 1050–1100 s, the vehicle meets the heating rate limit in
all three cases (Fig. 8). The slightly increased velocity during the

Fig. 8 Aeroglide with thrusting subject to heating rate limits of ÇQmax
= 200, 300, and 400 Btu/ft2s; heating rate vs time.

Fig. 9 Aeroglide with thrusting subject to heating rate limits of ÇQmax
= 200, 300, and 400 Btu/ft2s; bank angle vs time.

Fig. 10 Aeroglide with thrusting subject to heating rate limits of ÇQmax
= 200, 300, and 400 Btu/ft2s; lift coef� cient vs time.

descentnow decreasesdrasticallydue to the increasingaerodynamic
drag. In the cases of higher heating rate limits, the vehicle pen-
etrates the atmosphere deeper, and consequently the velocity de-
creases faster and toward lower minimal values (Fig. 7).

In all three cases the engine is turned on during the ride on the
heating rate boundary (Fig. 8), and the � ight-path angle is held
to small values. When departing the heating rate boundary, the lift
coef� cient increasesand the bankangle reduces, resultingin a sharp
increase in � ight-path angle. In all three cases, full thrust is optimal
during the thrusting segment.17 As in the aerocruise problem, all
available propellant is expended during the mission.

During the unpowered ascent, the vehicle applies high bank an-
gles and low lift coef� cients to meet the � nal boundary conditions
and to maintain the already achieved inclination change. Note that,
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Table 2 Numerical results for the aeroglide with thrusting maneuver

PQmax , Qmax ;a 1vd , 1vb , 1vc , r p , 1i ,
Btu/ft2s Btu/ft2 ft/s ft/s ft/s ft deg

200 —— 98.001 4.7E -7 189.057 2.1207E7 36.66
300 —— 98.001 2.2E -7 137.464 2.1207E7 40.48
400 —— 97.721 ¡1.5E -7 113.623 2.1208E7 41.50
—— 2.50E5 91.444 5.4E -8 218.589 2.1229E7 36.51
—— 2.00E5 101.174 ¡1.4E -8 224.858 2.1197E7 35.64
—— 1.50E5 132.985 ¡3.8E -5 246.683 2.1092E7 33.60
—— 1.00E5 190.491 ¡1.4E -5 188.728 2.0904E7 29.71

a PQmax D 200 Btu/ft2s.

Fig. 11 Aerocruise and aeroglidewith thrusting, maximumachievable
inclination change vs heating rate limit.

although the phase connect continuity of the bank angle is not en-
forced, the optimal solutions yield continuous bank angle histories
(Fig. 9).

Probably the most important feature of the aeroglide with thrust-
ing maneuver is that a boost impulse is not applied. All calculated
values are essentially zero, according to Table 2. Therefore, the en-
ergy level necessaryto travel along the transferorbit back to the � nal
orbit is already achieved. This agrees with the velocity history that
indicates the kinetic energy of the vehicle. The velocity is restored
to the initial value during the powered ascent in all cases (Fig. 7).
The preceding feature involves the fact that the engine is used one
time fewer than in the aerocruiseproblem, where the boost impulse
is essential, because the formulation does not permit velocity gain
during the atmospheric part of the mission.

In all three cases, the achieved inclinationchange during phase 1
is considerable. However, the most effective inclination change is
performed during the powered � ight on the heating rate bound-
ary. The inclination change during unpowered ascent is essentially
zero.17

It has been found that the achievable inclination change for the
aeroglide with thrusting maneuver is higher than that for the aero-
cruisemaneuver in all cases (Fig. 11 and Table 2). This is in contrast
to Ref. 12, where subject to PQmax D 100 Btu/ft2s the opposite was
found. This may be because in Ref. 12 the vehicle does not stay on
the heating rate boundary for the aeroglidewith thrusting maneuver
and that there the latter maneuver was constrained to full thrust.

The aerocruisesolution subject to a practical limit of PQmax D 200
Btu/ft2s yields an improvement in inclination change of 99% over
the all-propulsive maneuver.17 The achievable inclination change
using aeroglide with thrusting subject to the same heating rate
limit provides 114% improvement. The achievable inclination
change of the correspondingall-propulsiveexoatmosphericmaneu-
ver (one-impulse transfer) has been calculatedto be 1iall-propulsive D
17.16 deg.

Homotopy on the Total Heat Load Limit
The aeroglide-with-thrusting results subject to a heatingrate limit

of PQmax D 200 Btu/ft2s and different limits on total heat load are
given in Figs. 12–15. They show that the variation of the latter

Fig. 12 Aeroglide with thrusting subject to ÇQmax = 200 Btu/ft2s and
limits on total heat load (Btu/ft2 ), altitude vs time.

Fig. 13 Aeroglide with thrusting subject to ÇQmax = 200 Btu/ft2s and
limits on total heat load (Btu/ft2 ), bank angle vs time.

Fig. 14 Aeroglide with thrusting subject to ÇQmax = 200 Btu/ft2s and
limits on total heat load (Btu/ft2 ), lift coef� cient vs time.
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Fig. 15 Aerocruise and aeroglidewith thrusting subject to heatingrate
limits, maximum achievable inclination change vs total heat load.

limit mainly affects the duration of the maneuver. In each case,
maximumthrust is optimal,and about the sameamountof propellant
is expended.17

Unlike the homotopy on the heating rate limit, the reduction of
the total heat load limit causes decreased initial values of � ight-
path angle, velocity, and initial mass. This indicates that the optimal
perigee radius of the initial transfer orbit r p is decreased, which
causes a steeperand quicker descent (Table 2). However, the impact
of the perigee radius on the performanceof the vehicle is small.17

The applied lift coef� cients during descent meet the upper limit
of CL max D 0:4 in all cases. Especially in the case subject to
Qmax D 1:0E5 Btu/ft2, the maximum lift coef� cient is applied until
the vehicle meets the heating rate limit and the � ight-path angle is
increased again (Fig. 14).

An important feature is that the achievable inclination change
reducesgraduallywhensubjectedto reducedlimitson totalheat load
(Fig. 15). The solution subject to Qmax D 1:0E5 Btu/ft2 still yields
a maximum inclination change that is improved by 73% compared
with the all-propulsivemaneuver.

The reduction of the total heat load limit was also investigated
subjectto a heatingrate limitof PQmax D 100Btu/ft2s. The trajectories
are not illustrated because the achievable inclination changes are
regarded to be too low (Fig. 15). However, some interesting facts
will be discussed. In all cases, the lift coef� cient meets the upper
limit. Moreover, in the cases subject to total heat load limits of
Qmax D 1:5E5 Btu/ft2 and below, the lift coef� cient remains on the
limit during almost the whole maneuver. Thus the vehicle has to
apply throttle control to perform the maneuver.17 The performance
of the maneuver drops signi� cantly for total heat load limits below
Qmax D 1:5E5 Btu/ft2 (Fig. 15). This is because not all available
propellant is expended during the mission.

Conclusions
In the aeroglide problem, it has been shown that an inclination

change of 1i D 18 deg is attainable only for heating rate limits
of PQmax D 400 Btu/ft2s and above. The aeroglide with thrusting
maneuver has been found to be superior compared with the aero-
cruise maneuver. Two other features may favor the aeroglide with
thrusting maneuver. First, a boost impulse is not required for the
aeroglide with thrusting maneuver, whereas it is for the aerocruise
maneuver. Second, a characteristic of the aeroglide with thrusting
maneuver is that, in cases subject to PQmax D 200 Btu/ft2s and above,
maximum thrust is optimal; thus throttle control is not necessary.

From a guidance point of view, aerocruise subject to lower limits
. PQmax D 100 Btu/ft2s) may be the preferablemaneuver because the
inclinationchange is nearly the same as for aeroglidewith thrusting,
where throttle control also becomes necessary.
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