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ABSTRACT
In this work, trajectory optimisation has been performed for a wing-body rocket assisted
vehicle to compute the bestset of performance parameters including burn-out angle, angle-
of-attack, bank-angle and throttle command that would result in optimal down-range and
cross-range performance of the re-entry vehicle. An hp-adaptive Pseudospectral method has
been used for the optimisation by combining the launch and rocket rocket-assisted re-entry
stages. The purpose of the research is to compute optimal burn-out condition, angle-of-attack,
bank-angle and optimal thrust segments that would maximise the down-range and cross-range
performance of the hypersonic boost glide vehicle, under constrained heat rate environments.
The variation of down-range/cross-range performance of rocket rocket-assisted hypersonic
boost glide vehicle with bounds on diminishing heat rate has also been computed.
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NOMENCLATURE
C proportionality constant, kg0.5m1.5/s.3

CD coefficient of drag
CL coefficient of Lift
D drag force, N
g acceleration due to gravity, m/s2

g0 acceleration due to gravity at sea-level, m/s2

Isp specific impulse, s
L lift force, N
L/D lift-to-drag ratio
m mass, kg
nz normal acceleration, g
Q total heat load, J/m2

Q̇, Q′ heat transfer rate, W/m2

q dynamic pressure, Pa
Re radius of earth, 6378 × 103 m
R total range, m
S reference area, m2

t time, s
V velocity, m/s
α angle-of-attack
β inverse of density scale height, m
γ flight path angle, deg or rad
� heading angle, deg or rad
� longitude, deg or rad
� latitude, deg or rad
ρ density, kg/m3

ρ0 sea-level density, kg/m3

μ gravitational parameter, m3/s2

σ bank angle
η throttle ratio

1.0 INTRODUCTION
Waverider configuration has become extremely popular because of DARPA’s X-41, Common
Aero Vehicle (CAV) program and the Boeing X-51, scramjet jet-propelled experimental
Hypersonic Cruise Vehicle (HCV). The waverider configuration has immense aerodynamic
advantage because of the highest possible trim lift-to-drag ratio of greater than 3.0 in the
hypersonic regime(1). This high aerodynamic performance is not without any limitation. The
waverider vehicle has a nose leading-edge radius of the order of 3-6 mm(2) and, therefore,
experiences very high heating rates during the re-entry phase. Alternatively, the larger nose
radius of the wing-body design has a better volumetric efficiency and also allows the use
of conventional nose-mounted terminal sensors such as the millimetre wave radar. Common
examples of wing-body vehicles are Shuttle-Orbiter and X-37B vehicles, with a trim lift-
to-drag ratio of greater than 2.0(2,3). The wing-body shapes face maximum heat-rate on the
fin leading edges. With recent advancements in material technology (such as carbon-silicon
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carbide), and the availability of advanced materials capable of bearing temperatures up to
2,900 K(4), the utility of small wing-body design vehicles for medium and intermediate range
applications cannot be ignored.

Re-entry studies performed in the past on wing-body configurations are mainly focused on
Orbital Space Planes, Crew Return Vehicles and Manoeuvrable Re-entry Research Vehicles
(MaRRV)(5-9). Clarke(10) carried out trajectory optimisation of the re-entry trajectory of a
CAV using the Legendre Pseudospectral Method. Jorris(11) carried out trajectory optimisation
of a CAV using waypoint and no-fly zone as a constraint. Li(12,13) carried out trajectory
optimisation of a Hypersonic Boost-Glide (HBG) waverider CAV configuration by modelling
the boost phase. He computed the foot print of the CAV boosted from a Minuteman III boost
vehicle to a speed of approximately 6.5 km/s and a burn-out angle of nearly 0° under a
constrained heat rate environment. In almost all similar studies, re-entry speed greater than
6 km/s and re-entry angles less than 3° have been considered for intercontinental range. Rizvi
et al(14) computed the optimal burn-out angles and subsequent optimal trajectories for the
HBG waverider, with heat rate and integrated heat load constraint. The analysis showed that
integrated heat load can be reduced by as much as 50%, with less than 10% range penalty, by
optimising the burn-out angle and angle-of-attack. Another study by Rizvi et al(15) was carried
out to compute the optimal burn-out angle and optimal re-entry trajectory for different shapes
of HBG vehicles, using angle-of-attack and bank angle control for medium range application.

In the current work, the hp-adaptive pseudospectral method has been used to optimise
the burn-out angle and subsequent re-entry trajectory of a rocket rocket-assisted, wing-body
hypersonic vehicle using angle-of-attack, bank angle and throttle control. The dependence of
burn-out conditions on the vehicle performance is demonstrated for an HBG waverider, wing-
body type HBG vehicle and a rocket rocket-assisted wing-body vehicle under the constrained
heat-rate environment. The multiphase optimisation problem for three types of vehicles i.e.
waverider, wing-body glide and wing-body rocket assisted vehicle, has been considered with
the heat rate limit of 4 MW/m2, which is computed at the nose of a waverider and at the fin-tip
location of a wing-body missile. The effect on performance of the rocket assisted boost vehicle
with the lowering of the heat rate limit has been computed. The system performance has been
evaluated for the heat rate limits of 2 MW/m2, 3 MW/m2 and 4 MW/m2, which correspond to
stagnation point temperatures of 2,500K, 2,775K and 2,975K, respectively, under the radiation
equilibrium condition.

As a result of this research, the optimal burn-out conditions for the launch vehicle, and
subsequent optimal trajectory and control deflections of the rocket rocket-assisted wing-body
configurations, have been successfully computed, which should result in maximum down-
range and cross-range performance of the vehicle systems, under the constrained heat rate
environment. Comparative performance analysis with wing-body and waverider configuration
has been done. This multi-phase, non-linear optimal control problem has been solved using
hp-adaptive pseudospectral method.

2.0 PHYSICAL MODEL
2.1 Launch and re-entry vehicle data

The vehicle data of the launch vehicle and the two types of re-entry vehicles under
consideration, along with applicable physical constants have been presented in Tables 1 and 2,
respectively. The nose radius is denoted by RN, whereas the fin radius and fin sweep angle are
denoted by RF and �F. The physical properties of the wing-body glide vehicle are considered
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Table 1
Launch vehicle data

Quantity Numerical Values

Propulsion Solid
Body Diameter, m 1.4
Booster 1
Mass, [kg] 16,300
Propellant Mass, [kg] 13,700
Empty Mass, [kg] 2,600
Thrust, [N] 398,000
Isp, [s] 237
Booster 2
Mass, [kg] 3,800
Propellant Mass, [kg] 3,250
Empty Mass, [kg] 650
Thrust, [N] 97,000
Isp, [s] 250

Table 2
Re-entry vehicle data and physical constants

Configuration Quantity Numerical Values

Waverider ∗Mass, [kg] 900
W/S, [kg/m2] 400

RN, [m] 0.006
CWR,[ kg0.5m1.5/s3] 1.1813 × 10−3

Rocket Assisted Wing-body Mass, [kg] 1,300
W/S, [kg/m2] 400

Thrust, [N] 3,820
Empty Mass, [kg] 910

Isp,[s] 295
RN, [m] 0.075

�F, degrees 75
CFIN,[ kg0.5m1.5/s3] 9.12 × 10−4

∗Mass of waverider and wing-body boost-glide configuration

to be the same as that of the rocket assisted wing-body vehicle, except that the mass of the
wing-body glide vehicle is 900 kg as opposed to 1,300 kg for the rocket assisted vehicle. The
planform-loading for lifting-body, wing-body as well as waverider configuration is assumed
to be 400 kg/m2, which is consistent with that of fighter aircraft as well as MaRRV data
considered by Zimmerman and Calise(5), Gogu et al(6) and Darby and Rao(16).

The launch vehicle is a two stage boost vehicle, with a launch mass of 21,550 kg and
payload mass of 1,300 kg. With 900 kg of payload instead, the launch mass reduces to
20,650 kg.
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Figure 1. (Colour online) Schematics for boost-glide missile trajectory design problem.

2.2 Definition of phases

The optimisation problem has been divided into four phases to handle discontinuities in
control mode and mass loss at the end of each boost stage. These phases of flight are described
below and depicted in Fig. 1.

1. The first 5 seconds of first stage boost phase, during which pitch manoeuvre does
not take place. In this phase, the vehicle gains sufficient speed in the first 5 seconds,
after which the stabilisers become effective and provide sufficient damping moment for
a controlled pitch manoeuvre(17).

2. The time duration after t = 5s till the burn-out of the first stage rocket motor. It is
during this phase that the launch vehicle pitches down using angle-of-attack control.

3. The second stage boost phase. In this phase, the flight path angle changes to meet the
burn-out conditions.

4. The free flight and the re-entry stage. In this phase, the vehicle is steered to optimal
down-range or cross-range distance with the help of angle-of-attack, bank angle and
throttle control.

The states at the end of the third phase, which include the burn-out angle, burn-out altitude
and the burn-out speed are treated as free parameters and, therefore, can be optimised. The
fourth phase includes the free flight phase as well as the re-entry phase. This approach, which
encompasses modelling and simulation of the launch phase, gives the best burn-out angle and
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the burn-out altitude required for the maximum down-range and cross-range trajectories under
constrained heat rate limits. The empty weight mass lost at the end of each stage is described
in a separate linkage file which connects all the states from one phase to another.

2.3 Earth and the atmosphere

The earth has been assumed to be a perfect, non-rotating sphere. The acceleration due to
gravity is given by Newton’s inverse square law as given in Equation (1). The atmosphere is
modelled using 1976 ICAO atmospheric model.

g = μ

r2
, … (1)

where μ is the gravitational constant and is equal to 3.986×1014 m3/s2.

2.4 Aerodynamic model

An integrated wave-rider has a lift-to-drag ratio close to four at Mach 4.0(1). The aerodynamic
model for the waverider configuration was obtained using the experimental data of
Crockrell(1). Equations (2) and (3) represent the aerodynamic model of a waverider.

CL = −0.03 + 0.75α, … (2)

CD = 0.012 − 0.01α + 0.6α2 … (3)

The following set of equations represents the aerodynamic model of a wing-body vehicle
obtained from shuttle trim aerodynamic data, presented by Surber and Oslen(3).

CL = −0.034 + 0.93α, … (4)

CD = 0.037 − 0.01α + 0.736α2 + 0.937α3 … (5)

CL and CD are assumed to be functions of the angle-of-attack (α) only. This is true
in the hypersonic region in which the aerodynamic coefficients do not vary with Mach
number(18). The effect of Reynold’s number on lift and drag coefficients has been neglected.
The variation of lift-to-drag ratio for waverider and wing-body vehicles in the hypersonic
regime is represented in Fig. 2.

2.5 Equations of motion

The following set of equations of motion is used for the 3 degree of freedom (DOF) point
mass model. The equations have been extensively used in the study of re-entry vehicles and
their guidance systems(5,6,16).

dr
dt

= V sin γ, … (6)

d�

dt
= V cos γ sin ψ

r cos φ
, … (7)

d�

dt
= V cos γ cos ψ

r
, … (8)
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Figure 2. (Colour online) Lift to drag ratio vs. angle-of-attack (a) waverider (b) wing-body vehicle.

dV
dt

= T
m

cos α − D
m

− g sin γ, … (9)

dγ

dt
= 1

V

[(
T
m

sin α + L
m

)
cos σ −

(
g − V 2

r

)
cos γ

]
, … (10)

dψ

dt
= 1

V

[(
T
m

sin α + L
m

)
sin σ

cos γ
+ V 2cos γsin ψ tan ϕ

r

]
, … (11)

dm
dt

= −T
Isp.g0

, … (12)

where r is the radial distance from the centre of the earth to the re-entry vehicle, � and ϕ are
the longitude and latitude, respectively, V is the total velocity of the vehicle, γ and ψ are the
flight path angle and the azimuth angles, respectively, whereas m is the mass. The terms L and
D are defined as L = 0.5CLρV2S and D = 0.5CDρV2S. Thrust has been assumed to be zero
for the boost-glide vehicle, whereas for the rocket assisted wing-body vehicle, it is a function
of throttle ratio (η).

2.6 Stagnation point heat rate

The equation for convective heat transfer rate is given by Scott et al(19):

Q̇ = CW Rρ0.5V 3.05 … (13)
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The convective heat transfer at the fin tip or the wing leading edge is calculated using
Equation (14) below, which is valid for swept cylinder with cylinder radius RF inclined at a
sweep angle, �F to the flow(20). It has been assumed in Equation (14) that the enthalpy at
the wall is very small as compared to that of infinite value, which is only true for the no-
slip condition. For the slip condition, less heat is generated because of less skin friction as
compared to the no-slip case.

Q̇F = CF IN
√

ρV 3(1 − 0.18 sin2�)cos � … (14)

The total heat load at the stagnation point is calculated using the relationship:

Q =
t f∫

t0

Q̇dt, … (15)

where t0 and tf are the initial and final time in the free-flight and re-entry phase.

2.7 Normal acceleration

For a winged body, the normal acceleration is of greater importance as compared to the
total deceleration load. The normal acceleration is computed using the relation given in
Equation (16).

nz = L cos α + D sin α

mg
… (16)

2.8 Controls

The waverider vehicle has controls for both angle-of-attack and bank-angle. The vehicle is
assumed to have angle-of-attack trim capability from a −10° to 50° angle-of-attack and a bank
angle control of ±90°. The angle-of-attack control modulates the lift as well as the heat rate.
The bank angle results in a lateral force which causes the sideward motion of the spacecraft.

The rocket-assisted wing-body vehicle has an additional throttle control. Thrust is
modulated by changing the throttle ratio (η). The variation of thrust with throttle control is
given by the relation: T = ηTmax, where η varies from 0 to 1.

The launch-vehicle also has an angle-of-attack control. The angle-of-attack range during
the launch phase has been set between ±20°. The controls can be expressed as:

u1 = α; u2 = δ; u3 = η; u2 = δ; u3 = η … (17)

3.0 BOUNDARY CONDITIONS AND CONSTRAINTS
The initial conditions are the conditions of the missile at the launch pad, which are:

r(i) = 6378 × 103 km;�(i) = 0;ϕ(i) = 0.0;V (i) = 0.0 m/s; γ(i) = 90 deg;
ψ = 90 deg; m = m0

… (18)

The terminal boundary conditions correspond to penetration requirements of a conventional
warhead. It is desirable that the warhead may be able to strike the target at a maximum possible
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velocity and at a high impact angle close to 90°. Too high an impact speed improves the
performance of the warhead alone, but raises the maximum dynamic pressure limit of the
re-entry body. This implies a higher structural limit and higher empty weight. For the current
study the maximum terminal speed is considered to be 720 m/s at an impact angle of 80°. The
requirement has been modelled as a terminal constraint.

r( f ) = 6378 km;V ( f ) = 720 m/s; γ( f ) = −80 deg … (19)

The path constraint imposed on the trajectory is the heat rate constraint which is directly
linked to the surface temperature in radiative equilibrium with the surroundings. The carbon-
carbon composite material can retain its properties till a temperature of 2,900°K(4). This
temperature corresponds to the heat rate limit of approximately 4.0 MW/m2. Performance
variation at a reduced heat rate bound of 3 MW/m2 and 2.0 MW/m2 has also been studied
here. Mathematically the constraint can be expressed as in Equation (20) below. The surface
temperature can be computed using Equation (21). This equation is valid on the assumption
that convective heat transfer is balanced by radiative heat transfer away from the body.

Q̇ ≤ 4.0 MW/m2, 3.0 MW/m2, 2.0 MW/m2 … (20)

Q̇ = σεth(Tg
4 − Tw

4), … (21)

where σ is the Stefan-Boltzmann constant, which is equal to 5.67 × 10−8 W/(m2.K4), and εth

is the surface emissivity which is generally close to 0.9.

4.0 METHODOLOGY
The optimal control, launch and re-entry problem, is solved to find the optimal state vector and
the corresponding control deflections that minimise the cost function, subject to the dynamic
constraints of Equations (6)-(12), the initial and terminal flight path constraints of Equations
(18) and (19), respectively, and the path constraints of Equation (20).

The non-linearity in this optimal control problem is solved using an hp-adaptive method
implemented in open source Gauss Pseudospectral Optimization Software (GPOPS) version
4.0. In the hp-adaptive technique, the number of nodes and the number of collocation points
are determined at the end of the iteration. The mesh is further refined in areas where the
constraints are not met, even by the increasing of the degree of the Lagrange Polynomial.
The mesh refinement continues till a solution is obtained which satisfies error tolerance(21).
The details of the hp-adaptive algorithm are given in Ref. 22. For the current research, the
maximum number of mesh iterations was set to 12, with nodes varying from 4 to 10. The error
tolerance was set to 1e-3. The Non-linear Programming (NLP) derivatives were computed
using a finite difference scheme.

5.0 RESULTS
The numerical optimisation results for this non-linear, multi-stage optimisation problem with
the objective of maximising the down-range and the cross-range of waverider, wing-body
boost-glide vehicles and rocket assisted wing-body vehicles, are tabulated in Table 3. The
results show that the waverider vehicle has the maximum range performance, followed by
the rocket assisted wing-body and, subsequently, the wing-body glide vehicle. The waverider
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Table 3
Numerical results for lifting vehicle performance with heat rate constraints

Down- Cross-
Q̇max Range Range γ3(f) V3(f) h3(f) Q nzmax Time

Configuration [MW/m2] [km] [km] [deg] [km/hr] [km] [GJ/m2] [g] [min]

Waverider
(mass 900 kg)

4.01 4,158 0.00 4.72 4.18 66.8 2.2563 3.02 28.33
4.01 1932.5 2,072.0 0.5 4.17 55.27 1.970 1.82 25.6

Wing-body
(mass 900 kg)

4.19 3,105.3 0.00 12.28 4.15 91.37 0.4598 6.64 20.3
2.9+ 1,515.3 944.3 0.84 4.18 60.33 0.52 4.86 14.92

Rocket assisted
Wing-body
(mass
1300 kg)

4.0 3,780 0 10.9 3.70 82.9 0.74 5.1 23.15
3.0 3,630 0 7.7 3.74 73.0 0.81 2.7 22.54
2.0 3,450 0 6.0 3.74 66.6 0.82 1.8 21.84
4.0 1,700 1,405 1.34 3.76 59.7 0.67 4.7 17.7
3.0 1,675 1,400 0.78 3.75 57.5 0.68 3.2 17.6
2.0 1,645 1,370 0.5 3.73 52.8 0.68 1.7 17.5

∗Max cross-range results; +optimal max heat rate

vehicle has the lowest burn-out angle of 4.72°. It loses speed gradually due to drag-force
and maximum kinetic energy gets converted into range, with the entire flight within the
atmosphere, as shown in Fig. 3.

For the wing-body configuration, which is a low performance vehicle as compared to a
waverider, it is needed to maximise the total range by optimising the free flight range and the
glide range. This is obviously possible at a certain burn-out angle such that: (a) the re-entry
angle does not become sharp enough to violate the heat rate constraint, (b) the angle-of-attack
after re-entry does not become too high to lose kinetic energy due to drag force. It is because of
these reasons that the optimal burn-out angle for the wing-body glide vehicle is approximately
12.3° at a burn-out speed of 4.15 km/s, and for the heat rate constraint of 4 MW/m2 computed
at the fin.

For the rocket assisted boost vehicle, the launch vehicle is only able to accelerate to a speed
of 3.7 km/s because of greater payload weight as compared to wing-body glide vehicle. The
optimisation results show that for optimal down-range performance, the liquid rocket motor
ignites immediately after the launch phase is over, thereby increasing the re-entry speed to
4.6 km/s as shown in Figs 4 and 5. This implies that the burn-out angle needs to be lowered
such that the heat rate bound is not violated and the angle-of-attack remains in a range such
that minimum energy is lost due to drag and heat. The optimisation algorithm in this case
computes the optimal burn-out angle as 10.9° for the maximum down-range performance.
Figure 4 shows the trajectory shapes on an altitude vs. velocity map with the heat rate
constraint line. The figure shows that in none of the cases, the heat rate bound is violated.
The heat profile is shown in Fig. 6(a) which shows that the waverider vehicle experiences
higher integrated heat load. Integrated heat values are tabulated in Table 3, column 8. The
integrated heat values computed at the waverider nose stagnation point are almost thrice
as much as compared to those computed at the fin stagnation point of the rocket assisted
wing-body configuration. The integrated heat values are lower for the wing-body vehicles as
compared to the waverider configuration, primarily because optimal wing-body trajectories
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Figure 3. (Colour online) Altitude vs. range plot for different lifting vehicles and objective to maximise
down-range at maximum heat rate constraint of 4 MW/m2.
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vehicles and objective to maximise down-range at maximum heat rate constraint of 4 MW/m2.
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Figure 7. (Colour online) (a) Angle-of-attack and (b) throttle control variation with time; for different lifting
vehicles and objective to maximise down-range at maximum heat-rate constraint of 4 MW/m2.

have a phugoid type motion, and the vehicle spends more time in the high altitude region,
resulting in lower heat rates with time, and therefore, lead to lower integrated heat values.

The angle-of-attack variation with time is shown in Fig. 7(a), which shows that for the
waverider vehicle, the maximum angle-of-attack reaches almost 20° so as to arrest the descent
rate after burn-out and to remain within the required heat rate bound. The vehicle flies a
constant dynamic pressure trajectory, while maintaining 30,000 Pa as shown in Figs 5 and
6(b). The angle-of-attack corresponding to the optimal glide trajectory is 10°, which is the
same as the angle-of-attack corresponding to the maximum lift-to-drag ratio for the waverider
configuration according to the aerodynamic model depicted in Equations (2) and (3). For
the wing-body vehicle, the maximum angle-of-attack attained is almost 18°, while for the
rocket assisted wing-body vehicle, the maximum angle-of-attack goes to approximately 28°
remaining within the heat rate bound at re-entry speed of approximately 4.6 km/s. During the
mid-course phase, the angle-of-attack remains between 10° to 15°. This is the region in which
lift-to-drag is maximum as shown in Fig. 2.

The throttle position as a function of time is shown in Fig. 7(b), which shows that the
variable throttle liquid rocket engine ignites with full thrust immediately after the burn-
out of the second stage solid propellant rocket motor. The throttle position comes to zero
immediately after the re-entry. This is accompanied by an increase in angle-of-attack to
execute an ideal pull up manoeuvre, followed by a skip trajectory. The throttle position goes to
maximum again after the vehicle starts to gain altitude. The thrust phases of the solid rocket
and the liquid rocket engine are shown in thick lines in all the figures. The two-stage thrust
phase of the liquid propulsion engine can be observed in Figs 3-5.
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Figure 8. (Colour online) Optimal trajectory shapes for surface launch rocket assisted wing-body vehicle
and objective to maximise down-range at different heat rate constraints.

These results show that the cross-range performance of the waverider exceeds that of the
rocket assisted wing-body vehicle by about 32% under the constrained heat rate environment
as shown in Table 3.

For cases where the objective is to maximise the cross-range performance, with
unconstrained down-range, the optimal burn-out condition is almost zero-degree burn-out
angle. This is because it has been ensured through the proposed optimisation that the system
is within the atmosphere with enough dynamic pressure to sustain the turn rate and utilise its
kinetic energy to attain optimal cross-range performance.

The detailed trajectory optimisation results for the rocket assisted wing-body vehicle
with variation in heat rate constraint, and with the objective to maximise the down-range
performance, are shown in Figs 8-10. The results show that as the heat rate constraint is
lowered , the optimal burn-out angle reduces. The range values in Table 3 show that when
the maximum allowable heat rate is reduced from 4 MW/m2 to 2 MW/m2, the down-range is
reduced by only 8.7%.

The altitude variation with time is shown in Fig. 9. The plot shows that in the optimal
trajectories, which are constrained by lower heat rate bounds, energy is quickly depleted due
to drag force because of burn-out at lower altitudes and a lower flight path angle, resulting
in a lower range. The angle-of-attack and throttle control as a function of time are shown
in Fig. 10(a) and (b), respectively. The maximum angle-of-attack remains less than 30° in
all cases. The throttle control adjusts to optimise down-range, while avoiding the heat rate
boundary.

The cross-range optimisation trajectories and corresponding control deflections for the
rocket boosted wing-body hypersonic vehicle with constrained heat rates are shown in
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Figure 9. (Colour online) Altitude vs. time for surface launch wing-body vehicle with boost phase, and
objective to maximise down-range at different heat rate constraints.
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Figure 10. (Colour online) (a) Angle-of-attack vs. time and (b) throttle ratio vs. time for surface launch
rocket assisted wing-body vehicle and different heat rate constraints.
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Figure 11. (Colour online) Altitude vs. velocity for surface launch wing-body vehicle with boost phase and
objective to maximise the cross-range and different heat rate constraints.

Figs 11-13. Table 3 shows that the cross-range performance reduces by 2.5% once the
maximum heat-rate is reduced from 4 MW/m2 to 2 MW/M2 value. Figures 11 and 12 show
the trajectory shapes on the altitude vs. velocity map with overlaid heat rate boundaries. It can
be seen from the figure that for the trajectories with lower heat rate bound, optimal burn-out
angle is low, which results in lower burn-out altitude, and therefore, more energy loss due
to drag force occurs. Hence, there is very slight loss in cross-range performance. The angle-
of-attack, bank angle and throttle control as a function of time are shown in Fig. 13 (a), (b)
and (c), respectively. The control deflections, normal acceleration and the path constraints, all
remain within limits.

The comparison of results for a rocket assisted wing-body with the wing-body boost-glide
vehicle shows that the down-range performance of the rocket assisted wing-body vehicle is
21.7% more than the wing-body boost glide vehicle. Similarly, the cross-range performance
is almost 50% more for the rocket assisted wing-body vehicle as compared to the wing-body
boost glide vehicle for the medium range launch vehicle under consideration.

The comparison of the rocket assisted wing-body vehicle data with the waverider-type
hypersonic boost glide results show that the down-range performance of the rocket assisted
wing-body configuration is only 10% lower than the waverider glide vehicle, at one-third
integrated heat load computed at the fin leading edge. The reduced heat rate bound data also
shows that for 50% reduction in heat rate bound, the performance reduction is less than 9% in
the down-range, and 2.5% in cross-range for a rocket assisted wing-body vehicle.

The results suggest that the proposed rocket assisted hypersonic vehicle may be a cheaper
and more viable option in the medium to intermediate range hypersonic regime.
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Figure 12. (Colour online) (a) Altitude vs. down-range and (b) cross-range vs. down-range for surface
launch wing-body vehicle with boost phase and objective to maximise the cross-range

and different heat rate constraints.
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Figure 13. (Colour online) (a) Angle-of-attack vs. time and (b) bank-angle, and (c) throttle-ratio vs. time for
surface launch wing-body vehicle and objective to maximise cross-range at different heat rate constraints.
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6.0 CONCLUSION
The multiphase, non-linear trajectory optimisation problem has been solved for a rocket
assisted wing-body vehicle using the hp-adaptive Pseudospectral method with an aim to
compute the best burn-out conditions for the launch vehicle, and the subsequent optimal
trajectory, control deflections and thrust time histories, under the constrained heat rate
environment, and to maximise the down-range and cross-range performance by modelling
the boost phase.

The optimal thrust time histories of the re-entry vehicle show that for the maximum range,
the boost phase should start immediately once the burn-out conditions for the launch vehicle
are reached. It has been further shown that for a rocket assisted wing-body vehicle and 50%
reduced heat rate bound, the performance reduction as compared to the waverider boost glide
vehicle, is less than 9% in down-range and 2.5% in cross-range.

The comparative performance analysis between the hypersonic boost glide waverider
and the hypersonic rocket assisted wing-body vehicle results show that the down-range
performance of the rocket assisted wing-body configuration is only 10% lower than that of
the waverider glide vehicle, but at one third integrated heat load computed at the fin leading
edge.

These results suggest that a rocket assisted hypersonic vehicle may be a cheaper and a more
viable option as compared to a waverider vehicle, in medium to intermediate range hypersonic
regime, to achieve the required down-range performance.
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