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Abstract

In this paper, a conceptual design for a reusable unmanned space vehicle was studied with multiple objective functions. To
achieve this goal, a multi-objective genetic algorithm was used, and the performance of the space vehicle was evaluated
based on weight, propulsion, aerothermodynamics, and trajectory analysis. Minimization of weight and landing speed and
maximization of the highest C, in the supersonic flight regime were selected as the objective functions. The maximum limits
in the dynamic pressure and the heat flux were applied as constraints. All objective functions are in trade-off relationships
with each other. The geometry that produced the smallest weight had a very small wing size. Also, the vehicle that had the
maximum Cp, in the supersonic flight regime had a closer angle between the flow and the lower surface of the wing, which
showed the highest C1. on the flat surface. The vehicle design with the lowest landing speed had the largest wing, which

generated sufficient lift.
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List of symbols

CL Lift coefficient

Cp Pressure coefficient

L¢ Length of fuselage

M Mach number

q Heat flux

Weear Weight of landing gear
Wiana Landing weight

Vv Relative velocity
o Angle of attack
P Atmosphere density
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1 Introduction

Various scientific experiments are being conducted to pro-
mote the evolution of space science. However, it is difficult
to simulate cosmic environmental conditions such as micro
gravity on the ground. This is why many experiments are
conducted directly in space. However, if experiments are per-
formed with an expendable vehicle, it is necessary to create a
new vehicle every time, which is a huge expense. To reduce
these costs, there is a need for reusable manned/unmanned
space vehicles.

Reusable unmanned space vehicles are complex systems
that must be designed considering aerothermodynamics,
structure, weight, propulsion, trajectory, control, cost and so
on. Therefore, various analyses are necessary when design-
ing a space vehicle. Multidisciplinary optimization (MDO)
is used to efficiently account for these various analyses [1].
This is because MDO includes various analyses and opti-
mizations, and quickly identifies a feasible result in the design
space.

Several studies have conducted space vehicle designs with
MDO. Lawrence designed a rocket-based single-stage-to-
orbit vehicle based on weight, sizing, operations and cost
analysis [2]. Tsuchiya designed a two-stage reusable rocket
vehicle and a hypersonic experimental vehicle, with a pur-
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Fig. 1 Overall MDO process

pose to reduce the weight through multidisciplinary analyses
of weight, aerodynamics, propulsion, and vehicle trajectory
[3,4]. Yokoyama designed a single-stage-to-orbit space plane
by analyzing the weight, aerodynamics, and propulsion of
the vehicle [5]. Most designs of reusable space vehicles have
only focused on weight reduction. However, since reusable
space vehicles are made for various purposes, they should be
designed considering both the weight and various objective
functions such as lift and landing speed.

Therefore, the purpose of this study is to design a
reusable unmanned space vehicle with multiple objective
functions. To achieve this goal, the present MDO study inte-
grates the analyses in the design geometry, weight, propul-
sion, aerothermodynamics, trajectory, and a multi-objective
genetic algorithm (MOGA) [6]. The extreme solutions were
selected in a Pareto solution to compare the geometry and
performance.

2 Analysis Method

Figure 1 shows the overall analysis and optimization pro-
cess. Each analysis has effects on other analyses. Therefore,
it was necessary to converge coupling variables through iter-
ative calculations. After coupling variables converged, the
performance was calculated according to the geometry, and
optimization was performed using that.

2.1 Vehicle Geometry Definition

The fuselage was divided into the nose part and two sections.
Each section of the fuselage is made up of one cross-section,
and the cross-section is defined by three variables: rectan-
gular height, corner radius, and width. Spherically blunted
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Fig.2 Geometry variables

tangent ogive curves were used to define the blunt nose. The
planforms of the wings were defined using four variables:
sweep angle, span, tip chord, and root chord. The airfoil was
defined as a NACA 4 series. Furthermore, two variables were
used to locate each wing. The variables used to define the
geometry are shown in Fig. 2, and a detailed list of variables
is provided in Table 1.

In addition, the vehicle has a rear body flap. The width of
this flap is the same as that of body section 2, and its length
is 1/8 of the total length of the fuselage.

2.2 Weight Analysis

In the weight analysis, the weight of each part of the vehicle
and the center of gravity of the entire vehicle are calculated.
The size of each part is given in the vehicle geometry defini-
tion and the amount of fuel and the weight of the engine were
obtained from propulsion analysis. Hypersonic aerospace
sizing analysis (HASA) was employed in this study [7].
HASA estimates the weight of each part of the vehicle
using statistical methods. However, HASA was modified to
improve the accuracy because the statistical equations were
made using data from 100 t class vehicles, while the target
of this study is about 2-3 t.

In this study, the vehicle enters mission orbit using the
launch vehicle. The landing weight is lighter than the gross
weight because fuel is used during the mission. Thus, the
landing gear weight should be estimated based on the landing
weight as follows [8].

Wgear = 0.03Wiang (D

where Wy, is the landing gear weight and Wapg is the max-
imum landing weight.

The actual weight of the thermal protection system (TPS)
was calculated as a product of the TPS density and the area.
The type of TPS on each surface was determined by referring
to the space shuttle. A reinforced carbon—carbon (RCC) was
applied for the nose and leading edge. A high-temperature
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Table 1 Geometry variables

Position Variable description Variable
Fuselage Nose radius dv 1
Section 1 width dv2
Section 1 rectangular height dv3
Section 1 corner radius dv 4
Length of section 1 dvs
Section 2 width dv 6
Section 2 rectangular height dv7
Section 2 corner radius dv 8
Length of section 2 dv9
Total length dv 10
Nose length dv 11
Nose height dv 12
Main wing Root chord dv 13
Tip chord dv 14
Leading edge sweep angle dv 15
Span dv 16
Incidence angle dv 17
Longitudinal location dv 18
Vertical location dv 19
Maximum camber dv 10
Camber location dv 21
Maximum thickness dv 22
Horizontal wing Root chord dv 23
Tip chord dv 24
Span dv 25
Incidence angle dv 26
Longitudinal location dv 27
Vertical location dv 28
Maximum camber dv 29
Camber location dv 30
Maximum thickness dv 31
Vertical wing Root chord dv 32
Tip chord dv 33
Leading edge sweep angle dv 34
Span dv 35
Longitudinal location dv 36
Maximum thickness dv 37

reusable surface insulation (HRSI) was applied on the lower
surface of the fuselage and the wing, and a fibrous refractory
composite insulation (FRSI) was used in other parts. The
type of TPS is shown in Fig. 3.

The avionics weight was reduced using a reduction factor
due to technological developments [9]. The payload weight
was assumed to be 226.8 kg and the density was 52.86 kg/m>.

The estimated weight was compared with the actual
weight of the Boeing X-37 [10]. The Boeing X-37, however,

Fig.3 Type of TPS on each surface (gray: RCC, black: HRSI, white:
FRSI)

has more fuel than the vehicles designed in this study because
X-37 is for long-term missions. Therefore, the fuel quantity
is set to the actual fuel weight of X-37 for comparison. The
results are summarized in Table 2. When the original HASA
is used, the error is very large (90.3%). On the other hand,
the modified HASA estimated the weight accurately within
only 4.0% error.

2.3 Propulsion Analysis

In this study, the space vehicle does not need a main engine
because it is brought into orbit using a launch vehicle. How-
ever, an orbital maneuvering system and a reaction control
system (OMS/RCS) are needed to modify the orbit or the atti-
tude. The thrust requirement of OMS/RCS was calculated
based on the space vehicle design study of Rohrschneider
[8]. The weights of the OMS/RCS were calculated based on
the required thrust. The thrust-to-weight ratio of the OMS,
primary RCS and vernier RCS were 22, 39.5 and 9.4, respec-
tively [8]. The numbers of the primary RCS and Vernier RCS
were set to 38 and 6, respectively, based on the design of the
Space Shuttle.

The OMS/RCS uses a cryogenic propellant fuel
(LOX/LH2). The fuel weight was calculated based on the
required thrust [8]. Each tank was composed of a cylinder
with dome-shape ends. The radius of the tank was the same
as that of the circle tangent to the body section, as shown in
Fig. 4.

2.4 Aerothermodynamic Analysis

Space vehicles experience a wide range of speed from
hypersonic to subsonic when executing a mission. The
aerodynamic properties of the vehicle were obtained using
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Table 2 Actual weight of the

Boeing X-37 and estimated Actual weight Original HASA (error) Modified HASA (error)
weight Fuselage weight (kg) 776.6 468.4
Wing weight (kg) 270.8 139.7
Tail wing weight (kg) 183.9 95.0
TPS weight (kg) 122.6 454.8
Landing gear weight 243.9 99.0
(kg)
Tank weight (kg) 66.51 187.5
Engine weight (kg) 62.13 808.5
Misc. weight (kg) 5974.3 741.5
Dry weight (kg) 7927.5 3221.2
LH2 weight (kg) 224.9 224.9
LOX weight (kg) 1342.6 1342.6
Gross weight (kg) 4990 9495 (90.3%) 4789 (4.0%)
40+
radius a2 —_
of tank radius 2730_
of tank 8
é 20
o]
o
- g) 10 4
—— - <
Fig. 4 Radius of tank 0 | | . |
0 5 10 15 20 25
Mach

Modified Newtonian Impact Theory in hypersonic and super-
sonic flight regimes, and Digital DATCOM in subsonic
flight regime [11, 12]. The aerodynamic force was calcu-
lated according to the altitude and velocity obtained from
the trajectory analysis. The aerodynamic analysis also evalu-
ated the longitudinal stability based on the pitching moments.
Maintaining longitudinal stability is one of the constraints.
Pressure distribution and the center of gravity obtained from
the weight analysis were used to determine whether or not the
longitudinal stability can be maintained. The angle of attack
used to evaluate the aerodynamic force varies with the Mach
number. The angle of attack at a specific Mach number is
shown in Fig. 5 [13].

Since the vehicle passes through hypersonic and super-
sonic flight regimes, the amount of heat flux by aerodynamic
heating must be evaluated. The formula for calculating the
heat flux is expressed as follows [14].

G = 9.4369 x 1075, /pV31 )

To prevent excessive load and heat flux on the vehicle,
dynamic pressure and the heat flux were limited to 50 kPa
and 4 MW/m?, respectively.
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Fig.5 Pre-described o according to the Mach number

Table 3 Initial trajectory condition

Initial trajectory condition Value
Altitude 300 km
Velocity 7000 m/s
Flight path angle 0°
Incline angle 80°

2.5 Trajectory Analysis

Three degree of freedom (3DOF) trajectory analysis was
implemented. The trajectory analysis uses the weight and
the aerodynamic force. In this study, the trajectory of the
vehicle was analyzed only from the orbit to the landing since
the vehicle reaches orbit using the launch vehicle. The initial
trajectory conditions are summarized in Table 3. The next
position and velocity were determined based on the gravity
and aerodynamic force of the previous position. In turn, the
position and velocity were used to calculate the aerodynamic
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Fig.7 Summary of parallel evaluation of the objective function

force in the current position. The fourth Runge—Kutta method
was used for time marching.

3 Optimization
3.1 Optimization Algorithm
In this study, a real-coded MOGA was adopted for the MDO

to account for the multiple objective functions. Figure 6
shows the overall procedure for the optimization process.

Fig. 8 Pareto solution of each pair of objective functions. a Weight and
CL, b weight and landing speed, ¢ Cy, and landing speed

It is well-known that GAs require a large computational cost
due to population-based searches. Therefore, the evaluation
of each individual was run in parallel. Each thread executes
the analysis separately according to the design variables and
calculates the objective functions of the individual. As a
result, the total evaluation time is shortened. Figure 7 shows
a schematic of a parallelized evaluation of each individual.

@ Springer



748

International Journal of Aeronautical and Space Sciences (2018) 19:743-750

(a) S
0 Im

(b)

Fig. 9 Geometries of OPT1-4. a OPT1, b OPT, ¢ OPT3, d OPT4

3.2 Definition of the Optimization Problem

In MOGA, the population and generation numbers were set to
256 and 100, respectively. There are three objective functions
as follows:

1. Minimize weight.

2. Maximize the highest C|, in the supersonic flight regime
where the Mach number is larger than unity.

3. Minimize landing speed.

As constraints, maximum heat flux and maximum
dynamic pressure must be below 4 MW/m? and 50 kPa,
respectively, and the longitudinal stability should be main-
tained.

4 Results

Figure 8 shows the Pareto solutions plotted in objective
function space. All the objective functions are in trade-off
relationships with each other. Several solutions from the
Pareto solution were selected to identify geometrical fea-
tures. The lightest vehicle in the Pareto solution is named
‘OPT1’. The vehicle with the highest maximum Cy in the
supersonic flight regime in the Pareto solution is named
‘OPT2’. The vehicle with the slowest landing speed in the
Pareto solution is named ‘OPT3’, and the vehicle which is a

@ Springer

compromise solution with regard to all objective functions is
named ‘OPT4’. Figure 9 shows the geometries of OPT1-4,
and Table 4 summarizes the performance and weight data of
OPT1-4.

The width of the fuselage of OPT1-4 is larger than the
height of that in Fig. 9. Thus, CL, is increased by widening
the area directly receiving the flow.

OPT1 has the smallest wing. That is, the overall weight
was reduced by cutting the weight of the wings.

In Modified Newtonian Impact Theory, C1, is maximized
when the angle between the flow and flat surface is 54.74°.
The angle between the flow and the lower surface of the wing
of OPT2 is closer to 54.74° in the wider range than that of
the others, as shown in Fig. 10. Therefore, the wing of OPT2
can provide more lift coefficient than that of the others, such
as those in Fig. 11.

The altitude and velocity of OPT3 deceased earlier than
the others, as shown in Fig. 12. This is why the largest wing
of OPT3 causes more drag. However, a lot of lift was gen-
erated from the largest wing, and sufficient deceleration was
achieved during the fall, resulting in a lower landing speed.

5 Conclusion
In this study, reusable unmanned space vehicles, which

start descent from a low-earth orbit (LEO) and land on
the ground, are designed with several objective functions.
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Table 4 Performance and weight data of optimal geometries o
OPT1 OPT2 OPT3 OPT4 = —
&h
Gross weight 1755.8 1809.5 2112.1 1879.9 2
<
(kg) 2 :
Maximum CY, in 0.4636 0.4895 03979 04518 2 W _ ___ _________._ Maximum G,
supersonic g
Landing speed 145.0 83.7 43.31 61.45 E |
Max. dyn. press 18.34 17.16 12.12 15.08 3 T |
(kPa) =
Max. heat flux 2.64 2.53 2.37 2.25 <
(MW/m?2) 30 i . . : .
Body length (m) 6.282 6.277 6.331 6.289 0.0 02 0.4 0.6 0.8 1.0
Fuselage width 1.583 1.553 1.605 1.588 x/c
(m)
. Fig. 10 Distribution of angle between the flow and the lower surface on
Flzrs;:;age height 1.101 1.103 1.199 1.119 the mid-span wing of OPT1-4 at & = 40°
Wing area (m2) 1.883 2.439 10.129 5.013
OMS thrust (N) 9377 966.7 1134.9 1004.4 0.0 — gig
Primary RCS 12.78 13.17 15.60 13.71 OPT3
thrust (N) 05
Vernier RCS 0.735 0.757 0.896 0.788 '
thrust (N) —
e S
Fuselage weight 289.9 286.0 286.6 283.4 =
(kg)
Wing weight (kg) 26.54 51.22 107.4 67.93
Tail wing weight 23.74 22.76 3391 23.10
(kg)
TPS weight (kg) 243.1 256.2 382.3 284.6 20 T T T T 1
Landing gear 45.66 47.07 55.26 48.91 0.0 02 0.4 0.6 0.8 10
weight (kg) x/c
Tank weight (kg) 29.00 29.87 35.07 31.04 ) o ' .
OMS weight (kg) 99,35 102.4 120.2 106.4 Z:lgd ;I_ilz)silstrlbutlon on mid-span of the wing of OPT1-3 at M =20
RCS weight (kg) 31.91 32.89 38.64 34.18
Misc. weight 493.8 501.0 541.0 510.7 400 ' - ' : - 8000
- — OPT1(Alt
e ) ; OPTZ(AIt) 7000
Dry weight (kg) 1509.8 1556.2 18272 1617.1 ' = OPT3EA1 ;
. 300 - \ t) 6000
LH2 weight (kg) 37.83 38.99 45.77 40.52 ---- OPT1(Vel)
LOX weight (kg) 207.8 2142 2515 2226 T 2501 -~ OPTI(Vel) [[ 5000 g
Originals of illustrations used in the text (preferably with captions on a = 200 - OPT1(Vel) L 4900 =
separate sheet or well-separated from the illustration to enable scanning) % - *g
£ 150- 3000 &
<
. . o 100 flt-2000 >
To achieve this goal, an MDO was constructed consisting
of vehicle geometry definition, weight analysis, propulsion 301 - 1000
analysis, aerothermodynamic analysis, trajectory analysis, 0 | I | | 0
0 500 1000 1500 2000 2500 3000

and a multi-objective genetic algorithm (MOGA). There are
three objectives: to minimize weight, to maximize the high-
est CL in the supersonic flight regime and to minimize the
landing speed. As constraints, the maximum heat flux and
maximum dynamic pressure are limited to 4 MW/m? and
50 kPa, respectively, while longitudinal stability is main-
tained. The extreme solutions were selected in the Pareto
solution, and the geometry and performance were compared
according to the objective functions. All objective functions

Time [s]
Fig. 12 Altitude and velocity of OPT1-3 with time
are in trade-off relationships with each other. Furthermore,
conceptually designed geometries increased the maximum

CL by widening the area directly receiving the flow. The
overall weight of the lightest vehicle was reduced by reduc-
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ing the size of the wings. In the supersonic flight regime,
the vehicle with the largest maximum Cp, had a closer angle
between the flow and the lower surface of the wing than the
angle that resulted in the highest C. The vehicle with the
lowest landing speed achieved sufficient deceleration with
the largest wing size.
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