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Abstract

This paper describes the implementation of a conceptual hypersonic transport sizing platform. The platform is based on a
Multi-Disciplinary approach aimed at providing rapid evaluation of complete aircraft mass subject to fuel and height require-
ment constrains. Through the implementation of a parametric aircraft model, automatic geometry (using MIT’ Engineering
SketchPAD [6]) and mesh (SALOME platform [2]) generators as well as the integration of invicid subsonic (Boeing’ PANAIR
code [20]) and hypersonic flow solvers (Hypersonic Engineering Methods) with the viscous layer estimations of Eckert, Van
Dries and Spalding and Chi, full wing-body aero-thermal characteristics of a arbitrary configuration can be analysed. An
efficient Multi-Discipline Feasible strategy based on the GHAME engine performance model [16], thermal protection system
parametric curves and empirical based mass relation allow for a consistent conceptual component and fuel mass estimation of
the complete configuration. A study on Reaction Engine’ LAPCAT A2 conceptual configuration has shown the ability of the
current platform to optimally size a hypersonic transport aircraft for varying mission profiles including changes in range and
cruise mach number.
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1 Introduction CAT A2 airliner concept which aims to reduce intercon-
tinental flight between Europe and Asia Pacific from 16
to only 4 hours by flying at a cruise mach number of
5 while carrying a payload of 300 passengers [17] [21].
While the potential of using high performance liquid
hydrogen propulsion and the reduction in flight times
are attractive [25] [10], hypersonic flights present nu-
merous challenges that must be considered early in the
vehicle design to successfully understand and predict
the performance of such vehicles.

Hypersonic flight, characterised by mach numbers ex-
ceeding 3, has been a subject of extensive research since
its first appearance in 1949 with the first flight of the V2
rocket. Since this first achievement, a significant num-
ber of projects have seen the light over the last 60 years
to investigate the challenges and potential of high-speed
controlled re-usable flights. Up until recently, most con-
trolled hypersonic aircraft research have been aimed at
short acceleration mission such as for the X-15 aircraft
or for re-entry vehicles such as the well know Space

Shuttle. However, with the ever growing global pas-
senger traffic and the strong acceleration of long haul -
operations over the last five years, a new potential mar- { —

ket has opened for long distance passenger hypersonic

flight [21] [14]. Currently, long-range aircraft are close !
to pushing the limit of what can be achieved in a sub- —_ ‘
sonic regime but will never be capable of providing the ) M7 '
significant flight time reductions of hypersonic flight. I »
- ~ I
-
Promising development in the field of hypersonic trans-
port vehicles include the liquid hydrogen powered LAP- Fig. 1. The LAPCAT A2 conceptual design



In the hypersonic regime the presence of extreme aero-
dynamic heating, the formation of shocks over the vehi-
cle surface, the low achievable lift to drag ratios [8] and
the interactions of such aspects on the vehicle structural
and fuel mass call for the use of Multi-Disciplinary Op-
timisation techniques for the appropriate design of such
vehicles. As a result, a Multi-Disciplinary platform has
been developed in this study in an effort to capture the
interaction among relevant disciplines and to optimally
size hypersonic cruise vehicles at a conceptual phase.

In this research, the developed Multi-Disciplinary plat-
form is employed using the LAPCAT A2 conceptual
shape and mission as a baseline to first investigate the
effects and sensitivity of vehicle shape parameters on the
aerodynamic and mass performance of an hypersonic
cruise vehicle over a long range mission. An optimisa-
tion algorithm is further employed on the LAPCAT
A2 baseline configuration to study the potential gains
in performance for such an aircraft. The effects of the
mission mach number and range on optimal vehicle size
are investigated.

2 Model

When considering the design of a hypersonic aircraft,
numerous disciplines must be taken into account. Each
of these individual disciple have an effect on the other
and to adequately capture design sensitivities, the multi-
discplinary platform must take into consideration the
dependencies of among all disciplines. In the current re-
search, the displines shown in green in figure 2 have been
implemented in the developed platform.

&

Fig. 2. Main disciplines involved in Hypersonic cruise aircraft
design

The Multi-Disciplinary strategy employed in this plat-
form is depicted in figure 3. The vehicle normalised gross
take-off mass Wro (with respect to the baseline config-
uration) for a given mission profile is used as the per-
formance index as it is strongly related to development
cost and overall aircraft performance [23]. In this study,
the design variables are normalised shape variable which

control both the wing platform and the fuselage geome-
try. The optimal sizing problem design space is bounded
by two non-linear constrains. Firstly, the fuel volume
available in the fuselage geometry is constrained to ac-
commodate the liquid hydrogen fuel required for the
aircraft mission. Secondly, the fuselage passenger cabin
height is constrained to a minimum height of 2.5 meters
(Heylinder,min) to allow passengers to stand in the cabin.
The optimisation problem is formally expressed accord-
ing to equation 1.

minimase : WL(X)
d ’ Wro ()?0)

i Tnorm (X) -

<0

v\ VF,AV(X)_VF,7'eq(X)
CLnorm (X) - VF,AV(XO)_VF,v‘eq(XO)

st :

X‘ o Hcylinder,fus(X)_Hcylinder,rnin <0
C2 norm Ty X H =
cylinder, fus 0 )~ Hcylinder,min

(1)

The fundamental working principle of the platform as
depicted in the Design Structure Matrix given in figure 3,
is to find the combination of shape variables which min-
imise the objective function subjected to the non-linear
constrains imposed. To achieve this, given a constant dis-
cretised mission profile, for each new design vector im-
posed, a new aircraft geometry is generated and meshed.
Sub-sequentially, an aero-thermal performance matrix
A is created containing the aerodynamic lift and drag
polars as well as the heat transfer over the geometry as a
function of the angle of attack for each of the discretised
mission points. This performance matrix is then used as
an input to a Multi-Discipline Feasible (MDF) loop to
estimate the aircrat take off mass. The MDF loop en-
sures consistency among the mission performance, ther-
mal protection sizing and mass estimation modules to
converge to an estimated take-off mass value Wio cona-
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2.1 Aircraft parametric representation and Geometry
generation

Each aircraft model is defined as a set of cross sections
provided by the user in a parametric input file. The ge-
ometry cross sections are defined using the Class Shape
Transformation function for the wing and Super-ellipses
for the fuselage. Additionally, the relative positioning of
the wing section are defined with respect to a set of plan-
form parameters (see figure 4). This parametric repre-
sentation of the aircraft allows the generation of a large
set of potential candidate geometries.

® ~
N
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Fig. 4. Example of parametrised fuselage and wing cross
sections.

Using the parametric definition of the aircraft, a three
dimensional model is automatically generated using the
CAD software Engineering SketchPAD (ESP) program-
ming interface developed by MIT [5]. This software al-
lows for the rapid generation of three dimensional water-
tight geometries as shown in figure 5 and is therefore
well suited for this application.

Fig. 5. Fused water-tight aircraft geometry using Engineering
SketchPad.

2.2  Automatic Meshing

To generate the computational grid required for sub-
sequent aero-thermal analysis of a given geometry, the
Open-Source software SALOME [2] is employed. The
geometry generated by ESP (Boundary Rrepresentation

file) is imported into SALOME and automatically par-
titioned to construct a set of structured mesh networks
as shown in figure 6. In addition, wake networks are gen-
erated at the trailling edges of the wing and fuselage for
aerodynamic analysis.
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Fig. 6. Exploded view of aircraft mesh networks generated
in SALOME platform.

2.3 Aero-Thermal Analysis

The Aero-Thermal discipline aims at generating a per-
formance matrix A which contains the lift and drag polar
characteristics as well as the heat transfer over the vehi-
cle surface as a function of the angle of attack for each
discretised mission point as represented by equation 2.
The aircraft mission is an input to the platform and is
discretised as a set of plateaux (as shown in figures 7 and
8) from which aero-thermal analysis are performed.

CL(CV)(M)M1 CD(&)(M,ALT)M1 LZ(CV)(J\/J,ALT)M1
= CL(OZ)(M)M2 CD(CY)(M,ALT)M2 q(a)(z\/f,ALT)m2
CL(Of)(M)p,GN CD(a)(M,ALT)p,ﬂN q(o‘)(M,ALT)p,aN

2.3.1 Invicid aerodynamic analyses

At each of the defined mission plateaux, using the
meshes generated in SALOME, invicid aerodynamic
analysis are performed over a range of angles of at-
tack for both subsonic and supersonic-hypersonic flight
conditions by means of panel codes. While panel codes
may not be as accurate as solutions provided by CFD
analyses, they are capable of quickly estimating aerody-
namic performance of a complete configuration making
them applicable in an MDO framework. In this analy-
sis, the invicid and viscous computations are decoupled
from one another. The viscous and thermal heat trans-
fer calculations use the information regarding the flow
properties in the invicid layer to estimate the local
properties within the viscous layer using semi-empirical
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Fig. 7. Discretisation of altitude from original mis-
sion.

engineering methods.

Subsonic Aerodynamics:

The subsonic analysis is carried out for each mission
plateau defined with M < 1. The well known higher
order panel code PANAIR developed by Boeing [12] has
been implemented for this purpose. This panel code is
based on the linearization of the steady-linear potential
flow equation to arrive at the Prandlt-Glauert equation.

In the implementation of the PANAIR code, the PANIN
pre-processor [18] is used to generate the required in-
put file. To use the PANIN pre-processor, the Langley
Wireframe Geometry Standard (LaWGS) format is re-
quired to describe the mesh networks with the appropri-
ate boundary conditions applied. In figure 9 and table 1,
the geometry network groups described in the LaWGS
format and the applied boundary conditions applied are
given.

W Group1
M Group2
Group 3
Group 4
M Groups
Group 6

Fig. 9. Wireframe model according to LaWGS format and
mesh network groups for boundary conditions.

Mach number [-]
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Fig. 8. Discretisation of mach number from original
mission.

Table 1
PANAIR boundary condition applied to the different mesh
network groups

Mesh Group

Mesh network(s) Description PANAIR boundary condition

Fuselage (Front, Mid, Rear) . §
irect condition on an impermeable thick surface 8
Wing (top, bottom)

Wing wakes ity matching kutta condition 18
Doublet matching condition 18 (matchw = 1)

le thick surface B

Wing extension wakes

Wing tip Direct condition on an impern

Fuselage body wakes Doublet matching c

o o e oW e

18 (matchw = 1)

Fuselage base Base surface condition

From the output of the panair analysis, the pressure
coeflicient, velocity perturbations over the surface mesh
are obtained as well as the invicid lift and drag polars.

Supersonic-Hypersonic Aerodynamics:

For the plateaux in the supersonic-hypersonic regime
(M >> 1), the well known supersonic-hypersonic engi-
neering impact-expansion methods are utilised. In these
methods, the geometry is analysed along mesh strips
whereby the local panel inclination use the hypersonic
flow solution of a wedge or cone with equivalent wedge
or cone-semi apex angle. From an extensive validation
process, the Taylor Maccoll Tangent Cone method [11]
is chosen for the fuselage body while the inclined wedge
method [3] is applied to the wing surfaces. For panels
with negative inclination with respect to the freestream
(shadow flow), the expansion flow is modelled using the
Prandlt Meyer expansion fan about the previous strip
panel as shown in figure 10.

Shock wave

Shock wave

a Expansion fan

Fig. 10. Impact and shadow flow along mesh strips.

While hypersonic engineering methods are not as accu-
rate as the results that could be obtained using CFD,
they have been widely used for the preliminary design
of hypersonic vehicles [22] [9]. Although expected to be



small in hypersonic flow, the method bases itself on a
component build up approach and thus does not con-
sider possible interference effects.

2.3.2  Viscous-Thermal analysis

To estimate the properties of the flow within the viscous
layer, the semi-empirical methods of Spalding and Chi,
Eckert and Van Dries [22] have been implemented. These
methods use the flow properties of the invicid layer (ob-
tained from the previous analyses) to estimate condi-
tions in the boundary layer and compute the local fric-
tion coefficient and heat transfer over the mesh panels.
The semi-empirical relations are capable of estimating
the local panel friction coefficient through the use of dif-
ferent compressibility correction factors on a flat plate
and convective heat transfer to the surface is estimated
using equation 3.

. Ryc
Gconv = pinv‘/inv% (Cspe,awTaw - Cspe,wTw) (3)

Since the local friction and convective heat transfer are
dependent on the surface wall temperature, a convective-
radiation heat balance qcony = Qraq is assumed at the
surface and an iterative process is used to solve the non-
linear equation given by equation 4 to compute the vis-
cous flow over the configuration.

QConU,Tv,l
Twi= (Tl +

1/4

ri)” @
The heat transfer fields obtained over the surface are
sub-sequentially interpolated as a function of angle of at-
tack using the Proper Orthogonal Decomposition (POD)
method [19] [13] at each mission plateau defined. Us-
ing the POD method, the heat transfer fields sampled
over the range of angle of attacks for a given plateau are
decomposed into a set of independent linear basis func-
tions ¢,, (modes) scaled by a set of coefficients k,,. The
scaling coefficients are furthermore interpolated over the
sampled angles of attack to provide a function for the
convective heat transfer over the entire configuration for
each mission plateau according to equation 5.

M
qcom’(a)(M7ALT)p1a = (Z (bAmkW (a)>
m=1

(M,ALT)

pla

()

Finally the lift and drag polars are added to the perfor-
mance matrix A through the interpolation of the lift and

drag polars obtained at each mission plateau according
to equations 6 and 7 where Cp 5. is obtained from the
viscous-thermal analysis presented in this section.

ac’
CL(@) ), = {OL,O,:O + La] - (6)

do

pla
pla

CD(O‘)(]VI,ALT)pZa = (7)
[CD,Uisc + CD,waUe +k1Cp + k20%] (M,ALT)

pla

2.4 Multi-Discipline Feasible loop

The MDF loop consists of three main modules which
are inter-dependent and need to be iteratively eval-
uated to obtain consistency across the disciplines for
a given aircraft shape. The aim of the MDF loop is
to obtain a converged value for the estimated take-off
mass of the vehicle such that the mass obtained be-
tween two iteration is lower than a specified tolerance
value |WTO,2‘+1 — WTO,i| < AMDF- In order to start
the iteration loop, the MDF scheme takes as input the
performance matrix A from the aero-thermal analysis
and an initial (estimated) take off mass Wy, o.

2.4.1 Mission Performance

This module takes an estimated take off mass as input.
Using the steady flight assumption, the performance
matrix A and the discretised mission, the module out-
puts the angles of attack required throughout the mis-
sion plateaux. In addition, the aircraft drag and thrust
required are obtained from the required required angles
of attacks.

The second output of the performance module is an es-
timation of the total fuel mass required to fly the given
mission. To achieve this, the current platform makes use
of the Generic Hypersonic Aerodynamics Model Exam-
ple (GHAME) Engine developed by White et al. [16]
[15]. The GHAME engine assumes a liquid hydrogen
propulsion system and has been developed to capture
the entire flight envelope of a generic hypersonic vehi-
cle. The module assumes automatic and ideal switch
one thermodynamic cycle to the next and provides a
model of the engine specific impulse as a function of
freestream mach number and angle of attack such that
ISP = f (M, ) as shown in figure 11.
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Fig. 11. GHAME engine specific impulse.

From the thrust required at each mission plateau, the
fuel mass flow is calculated using the engine model us-
ing equation 8. Finally the fuel required for the entire
mission is computed using equation 9.

<de) = Lretmas ®)
dt pla,i g ISPPla’i
Npia
AW,
Wy = ; <dt>pla,i(t3tm ety )

2.4.2 Thermal Protection System sizing

Overall the TPS is sized according to the total convec-
tive heat accumulated at each panel during the mission
to provide Wyps. It has been developed to provide a
rapid mass estimation of the TPS while still capturing
the effects of changes in local convective heat transfer
over the vehicle.

The method used in this platform is adapted from a
parametric study from NASA on metallic and ceramic
based protection systems [1] which correlates the unit
mass for a passive thermal protection system to the to-
tal heat load applied. The passive TPS system is often
recommended over active and semi-passive concepts
for hypersonic transport type vehicles [17] as they are
completely reusable and do not required complex active
cooling.

The 1D unsteady heat equation is used on a set of differ-
ent potential TPS materials to derive parametric equa-
tions relating tps unit mass to the total heat load ap-
plied. To derive these parametric curves, a discretised

finite difference scheme (shown in figure 12) is used to
solve the unsteady heat equation %—f = ng subject to
a convection-radiation-conduction heat balance at the
surface and an adiabatic back wall condition as given by
equations 10 annd 11. The adiabatic back wall condition
is regularly used to model passive TPS as it assumes

that no heat is transferred to the substructure.

dT
Geconv — €0 (T4 - Téo) + kmati =0 (10)
w dx
dT
— =0 11
. (11)
Deony Qi
qwm¢ (Surface) F
j=2
.
j=N-1
(Back-wall) j=N

Fig. 12. Schematic of numerical model for TPS.

The parametric unit mass curves have been determined
in the platform by minimising the tps unit mass subject
to a maximum allowed back wall temperature Tpw,max
(equation 12) for varying heat flux profiles (figure 13)
representative of a typical hypersonic missions.

Woni t
J (ttps’norm) — unzt,tps( tps,norm)

minimaise : Wanit.ref

ttps,norm

T —T,
st : Cl,norm = BV;;;);/xirefBW <0
(12)
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Fig. 13. Heat profiles for TPS unit mass sizing.

The result obtained are parametric curves relating the
unit mass of the TPS to the total heat load (integrated



heat flux) for different candidate TPS materials. An ex-
ample of these parametric curves for four different ce-
ramic based materials constrained to a back wall tem-
perature of 400 Kelvin is provided in figure 14.

Fig. 14. Unit mass of different tps materials as a func-
tion of heat loading at 400 Kelvin back wall temperature
(Tiny = 220[K]).

In the optimisation platform, the parametric curves ob-
tained from the previous analysis are used to estimate
the total tps mass over the vehicle during a mission.
Using the required angle of attack (at each plateau)
obtained from the mission performance module and the
POD interpolated heat transfer fields from the aero-
thermal performance matrix A, the total heat load over
each mesh panel P is obtained from equation 13.

Npla

Qtot,P = Z [qconv,pla,ip (areq,pla,i) : (tstart - tend)pla,i
i=1
(13)

Finally the TPS mass over each panel is estimated by
evaluating the parametric unit mass function for the
panel heat load, multiplied by the panel area. The total
TPS mass is then estimated by summing the individual
panel tps mass as given in equation 14. The parametric
approach to TPS sizing implemented in this platform
provides a rapid evaluation of the TPS mass over the
entire vehicle which is capable of capturing the effects of
changes in vehicle shape and flow conditions.

Wtot,tps = Z [.f (Qtot,P) . AP] (14)

P

2.4.3 Mass estimation

This module uses empirical based relations from the
Hypersonic Aerospace Sizing Analysis (HASA) [7]
and Weight Analysis of Advanced Transport systems
(WAATS) [4] methods to estimate the take-off mass and
absolute mass of the different aircraft components such
as aerodynamic surfaces, fuselage, fuel tanks and sub-
systems masses. The component empirical relations are
mostly based on the geometry of the aircraft and the
take-off mass. The sizing methods of HASA and WA ATs
are applicable to single-stage and two-stage-to-orbit

hypersonic aircraft which ensures their applicability to
the current platform and the equation from HASA pre-
dict a £10% accuracy in estimated take off mass for a
hypersonic vehicle [7].

The HASA and WAATSs mass estimation models are
both based on an iterative process whereby the take off
mass is iteratively determined until a converged mass is
obtained. To start the iteration process, the empty mass
Wemp and fuel mass Wy obtained from the mission per-
formance module are used to set the initial take off mass
at iteration 1 such that Wro j—1 = Wepp +WFr whereby
the fuel mass Wy remains fixed during the mass estima-
tion iteration process. A convergence criteria of 0.1 kg is
used for the mass estimation module. Upon convergence
of the mass estimation module a new estimated take-
off mass value Wro ;41 is obtained and fed back to the
MDF loop until consistency among the MDF disciplines
is achieved.

3 Case Study

To investigate the ability of the developed platform to
optimally size hypersonic transport aircraft vehicles, the
Reaction Engines’ LAPCAT A2 baseline configuration
[21] has been selected with the baseline antipodal 18771
km range mission defined in figures 7 and 8. To achieve
this, the optimisation problem formulated in equation 1
is applied using MATLARB’s iterior point minimisation
algorithm. In table 2, the platform properties applied
for the modelling of the LAPCAT A2 configuration are
provided. An ultimate load factor of 2.5 is applied for
the fuselage and wing structural mass computations and
has been chosen according to the one previously used
to model the LAPCAT A2 internal structure [17]. The
emissivity used to calculate the convective heat transfers
and TPS masses is set of 0.8 as recommended by [17].
A payload density of 50[kg/m3] is used and has been
set according the value of the 200 passenger horizontal
take off hypersonic transports presented in HASA [7].

Table 2
Constant values associated with Baseline configuration
Property Value Unit
Number of Passengers 300 [
Fuel density (Liquid Hydrogen @lbar) 70.847 [kg/m?]
Emissivity 0.8 [
Sub-structure temperature 400 K]
Payload density 50 [kg/m"{3}]
Ultimate Load factor 2.5 [
Tank density (Liquid Hydrogen) 8.49 [kg/m?]
Number of mission plateaux defined 9 -]

Number of Fuselage cross sections 30 (equispaced) [




In addition, the main settings applied for the calcula-
tions of the platform are given in table 3. The fuel is
stored in the fuselage body and is fixed to start and
end at 9.3% and 91% of the fuselage length according
to the baseline configuration. The TPS type chosen in
the platform is the silica based aerogel SiO3Ti02 for
its thermal performance where the tps unit mass to
heat load correlation is given according to figure 14 as
given in section 2.4.2. An aluminium load bearing sub-
structure is selected with a temperature of 400 Kelvins
(TPS back wall temperature constrain). For the hyper-
sonic inviscid flow analysis (M;,y > 3), the inclined
wedge method is used for the wing and the interpolated
Taylor Maccoll tangent-cone method is employed for
the fuselage body. These methods have been selected
since they provide the best estimation of lift and drag
coefficient as well as local pressure coefficient as a func-
tion of freestream mach number and angle of attack as
was concluded from extensive validation of the aerody-
namic solver. For the engine model, the liquid hydrogen
Generic Hypersonic Aircraft engine model (GHAME)
is utilised and was defined in section 2.4.1. The baseline
LAPCAT A2 configuration possesses a 3% thick airfoil
section [24]. The airfoil sections in the platform are
modelled as biconvex airfoils.

Table 3
Modelling setting parameters for platform

Setting Value

Input Mission Given in figures 7 and 8 (see section ?77)

Viscous semi-empirical model Eckert reference enthalpy
Transition model Flow assumed turbulent over entire surface
Fuel storage Fuselage

TPS type Si02Ti02

Aluminum

Inclined Wedge

Hypersonic impact method (fuselage) Interpolated Taylor Maccoll

Sub-structure material

Hypersonic impact method (wing)

Fuel Type Liquid Hydrogen (no oxidizer)
Engine type GHAME

Wing Airfoil Biconvex (3% thickness/chord ratio)
Fuselage cross sections Circular

The mesh used for optimal sizing is displayed in figure
15 and has been selected from a mesh convergence study
using the objective function value Mo as convergence
criteria. The resulting mesh provides a computational
time of 3.13 minutes per objective evaluation making it
feasible for optimisation purposes while providing an ob-
jective value close to the fully converged objective value
(0.4% difference).

3.1 Effects of range on optimal sizing

To study the effects of mission range on the optimal
sizing, the sizing algorithm developed in this thesis is
used on the LAPCAT A2 configuration for five differ-
ent mission ranges by applying a scaling factor to the

Fig. 15. LAPCAT A2 baseline configuration mesh chosen for
optimisation.

cruise phase of the original mission (figures 7 and 8).
The resulting optimally sized geometries and associated
estimated mass distributions are provided in figure 19
and 16.

Fig. 16. Change in mass distribution of sized configurations
with increasing range.

In figure 16 and table 5 the change in component and
fuel mass for the different optimally sized configuration
at varying cruise range is provided. From figure 16 it
can be seen that the estimated take-off mass of the air-
craft has shown to increase exponentially with linearly
increasing mission range. The fuel mass has the highest
growth rate with range thus leading to a reduction in
empty mass to take-off mass ratio Wey,,/Wro from 72%
to 54% at minimum and maximum range respectively.
This fast growth in fuel mass relative to structural com-
ponents is due to the combination of two factors. Firstly,
as a result of the increase in distance, the fuel required
to fly the additional range increases and secondly the
snow ball effect further increases the fuel mass required.
These effects leads to an exponential rise in fuel mass
flow required to fly at further range as shown in figure
17. Associated with the exponential increase in fuel
mass, the tank mass follows the same behaviour.

While the majority of structural components mass in-
creases with respect to the aircraft mass through the
snow effect, the thermal protection system mass mainly
increases as a result of the increase in heat load due to
the rising exposure time of the configuration in hyper-
sonic cruise but is also a result of the increase in vehicle
wetted area. The fuselage is the only structural compo-
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Fig. 17. Exponential rise in fuel mass flow with increasing
range.

nent which is not related to take-off mass according to
the HASA weight estimation model but its mass still
gradually increases as a result of the increased length of
the body volume required to fit the liquid hydrogen fuel.

In table 4, the optimal design vector for the different
mission ranges is provided. Although global minimum
cannot be guaranteed since a local optimiser is used
to size the configuration, some general trend can be
observed in the design variables. The most noticeable
change in design variable for varying cruise range is
the aspect ratio which varies from a factor of 0.92 [-]
at a cruise factor of 0.2 to a value of 0.58 [-] for the
baseline mission (CF = 1). This change is believed to
be due to the change in relative importance of subsonic
aerodynamic performance as compared to hypersonic
performance with increasing cruise factor. At a cruise
factor of 0.2, subsonic conditions constitute a large
portion of the mission profile whereby the aspect ratio
shows a significant impact on subsonic lift to drag ra-
tio. As a result the optimiser increases the aspect ratio
at low cruise factors to ensure a good balance between
subsonic and hypersonic aerodynamic performance. For
higher cruise factor, the subsonic performance becomes
less critical and the aspect ratio reduces to decrease
the overall wing mass. The thickness to chord ratio on
the other hand decreases with cruise factor to promote
a reduction in hypersonic wave drag at the expense of
an increase in wing mass. The difference in the opti-
mal configuration lift to drag ratio for cruise factors of
0.2 and 1.0 is shown in figure 18. In this figure it can
clearly be seen that as the cruise factor rises and the
relative time spent in hypersonic cruise increases, the
optimiser tries to maximise the hypersonic performance
at the expense of a reduced subsonic lift to drag ratio.
This behaviour clearly shows that the choice in optimal
design is dependent on a compromise between subsonic
and hypersonic flow regimes.

Other design variables such as the wing planform area
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Fig. 18. Lift to drag ratio of optimised configurations for two
different cruise factors.

increase proportionally to the increase in aircraft take-off
mass with increasing range to ensure the configuration
can generate sufficient lift. Additionally fuselage width
and length factors also increase proportionally in order
to fit the fuel required for the mission while fuselage
height does not vary significantly. The fuselage length
factor increases the most drastically with the increase
in cruise factor (from 0.67 to 1.15) as it was observed
to have the most beneficial effect on the hypersonic lift
to drag ratio (through a reduction in wave drag and the
generation of useful lift). It is important to note that
for each of the sized configuration, the fuel volume is
the limiting constrain thereby confirming that the fuel
volume is one of the most critical constrains in the design
of liquid hydrogen hypersonic transport aircraft.

Figure 20 presents a comparison between the Payload
Range Efficiency (PRE) and payload mass fraction of
the LAPCAT A2 configuration at varying range (as esti-
mated using the developed platform) with other types of
aircraft. The first aspect which is noticed regarding the
performance estimation of the sized LAPCAT A2 con-
figurations is that, with linearly increasing range, both
PRE and payload fraction decrease significantly. The re-
duction in PRE with range for the LAPCAT A2 vehicle
is believed to be a result of the exponential increase in
fuel mass with linear increase in range which was pre-
viously observed in figure 16. Due to this exponential
rise in required fuel mass, the payload mass fraction de-
creases proportionally as observed in figure 20. Regard-
ing the comparison with other aircraft, the LAPCAT A2
is estimated to possess a lower PRE and payload frac-
tion than typical kerosene subsonic aircraft (star sym-
bol). This is mainly due to the higher lift to drag ratios
which can be expected for subsonic aircraft (high fuel
range efficiency) and due to the lower structural mass
fraction of subsonic aircraft which do not require heavy
liquid hydrogen tanks and Thermal protection systems.
The LAPCAT A2 is however estimated to perform better
than supersonic kerosene aircrafts (diamond) in terms of
PRE which is mostly a result of the increased propulsive



Table 4

Optimal (normalised) design vector for sized aircraft at varying cruise factors

. . . CF:0.2 [-] CF :0.4 [-] CF : 0.6 [-] CF : 0.8 [-] CF :1.0 [-]
Design Variable Unit
Range: 6687 [km] Range: 9708 [km] Range: 12729 [km] Range: 15750 [(km] Range: 18771 [km)]
FSping [ 0.47 0.60 0.87 1.12 1.59
Fuing. AR [ 0.92 0.87 0.80 0.74 0.58
Fuingn [ 0.78 0.59 0.59 0.26 1.00
Etipawing [deg] 0.08 0.59 0.12 0.39 -1.00
Fle/e)iny ains 8 0.98 0.92 0.87 0.74 0.75
Frus width [-] 0.81 0.92 0.96 1.01 1.18
Frus,heightyy ] 0.59 0.52 0.60 0.84 0.70
Frus heights, B 0.71 0.67 0.70 0.68 0.79
Frus,length ] 0.67 0.79 0.89 0.98 1.15
A
93.3m
v
Cruise Factor: 0.2
Range: 6687 [km]
Cruise Factor: 0.4
Range: 9708 [km]
Cruise Factor: 0.6
Range: 12729 [km]
Cruise Factor: 0.8
Range: 15750 [km]
Cruise Factor: 1.0
Range: 18771 [km]
Fig. 19. Optimally sized configurations for varying mission range (top view).
efficiency of liquid hydrogen engines at high-speeds. 3.2  Effects of cruise mach number on baseline configu-

ration

As a secondary study, the effects of the cruise mach
number on the performance of the LAPCAT A2 baseline
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Table 5

Estimated mass distribution for sized aircraft at varying cruise factors

. CF : 0.2 [-] CF :0.4 [] CF : 0.6 [-] CF : 0.8 [] CF : 1.0 []
Estimated Mass [tons] Sub-Component
Range: 6687 [km] Range: 9708 [km] Range: 12729 [km] Range: 15750 [km] Range: 18771 [km]
Payload 31.3 31.3 31.3 31.3 31.3
Aerodynamic Surfaces sub-total 12.0 14.9 20.8 28.0 35.5
Main wing 11.2 13.8 19.2 25.7 32.7
Vertical tail 0.8 1.0 1.6 2.3 2.7
Fuselage mass 20.1 25.9 31.3 37.6 49.9
Thermal protection system 16.1 23.7 33.5 45.0 60.1
Propulsion system sub-total 36.1 39.4 44.2 51.7 61.7
Fuel tank structure 6.5 9.1 18.3 19.8 28.4
Fuel tank insulation 1.6 2.2 3.0 3.9 5.2
Engine Dry 28.0 28.0 28.0 28.0 28.0
Sub-system mass sub-total 11.7 12.7 14.1 15.9 18.2
Electric sub-systems 1.4 1.7 1.9 2.3 2.7
Hydro-Pneumatic sub-system 0.6 0.7 0.8 0.9 1.1
Avionics 3.2 3.5 3.8 4.2 4.6
Equipment 6.4 6.9 7.5 8.5 9.7
Landing gear 8.7 11.0 14.5 19.6 26.9
Operational Empty mass 136.0 158.9 189.7 229.2 283.7
Fuel mass 53.9 75.9 109.8 164.5 236.9
Take-off mass 190.0 234.7 299.5 393.6 520.6
heat transfer with increasing cruise mach numbers (fig-
- ‘ ure 21). Since the convective heat transfer increases at
so0 |- S S org e 1 a very high rate in comparison to the reduction in mis-
sion time that can be achieved when flying at a higher
r ] cruise mach number, the total heat transfer load over
soool- . v S . g the vehicle rises with mach number thereby increasing
the thermal protection system mass.
- ook *erren P 4
£l o . |
Qooraras On the other hand, the decrease in mission time leads
20T Cueoaronas 1 to a reduction in fuel mass. However at mach number
I it | higher than 7, the decrease in mission time cannot com-
ek pensate for the reduction in engine specific impulse (fig-
e AR 1 ure 24) and increasing thermal protection mass. As a re-
, | | | | | | | | | sult, in terms of take-off mass, an increase in cruise mach
R A E number yeilds a reduction in mass for a fixed range due

pay ' TO

Fig. 20. Comparison of optimally sized configurations of the
LAPCAT A2 vehicle with other aircraft.

configuration is investigated. In this study, the cruise
mach number of the baseline mission is gradually in-
creased while the mission time is scaled proportionally
to allow for a fixed range of 18771 km.

With increasing mach numbers, the average heat trans-
fer on the vehicle surface is calculated to increase at a
near quadratic rate while temperatures vary near lin-
early for a fixed cruise altitude as can be observed in
figures 21 and 22.

When looking at figure 23, the thermal protection sys-
tem mass is predicted to gradually increase with higher
cruise mach numbers for a fixed range. This is due to
the observed quadratic increase in average convective
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to the shorter flight times that can be achieved. How-
ever past a certain mach number the reduction in engine
specific impulse and increase in thermal protection sys-
tem mass cannot be compensated by the time reduction
which leads to an optimum cruise mach number. In this
case for the LAPCAT A2 baseline mission, the optimal
mission mach number is estimated to be between mach
6 and 6.5. In general for an arbitrary configuration the
optimum cruise mach number which minimises the air-
craft take-off mass will thus mainly be dependent on a
trade-off between mission time, engine specific impulse
and thermal protection system mass.

4 Concluding remarks

The paper describes the implementation of a computa-
tionally efficient MDO platform for the optimal sizing
of long-range hypersonic transport aircraft. Through
the implementation of an efficient geometry (Engineer-
ing SketchPAD [5]) and mesh generator (SALOME [2])
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Fig. 21. Average convective heat transfer for mis-
sion with varying cruise mach number.
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Fig. 23. Change in TPS, fuel and take-off mass for
varying cruise mach numbers.

as well as low to medium fidelity aero-thermal solvers
(PANAIR [20] and Hypersonic Engineering Methods),
arbitrary wing-body configuration can be analysed al-
lowing for the exploration of a large design space. With
the discretisation of an input mission and generation
of an aero-thermal performance matrix containing the
main most important lift/drag performance as well as
surface heat distribution (through the use of POD), the
platform is capable of quickly estimating component
and fuel mass breakdown of a complete configuration.
The Multi-Discipline Feasible loop implemented uses a
simple engine performance model (GHAME), derived
parametric thermal protection functions and empirical
based weight estimations to ensure fast convergence and
consistency in aircraft estimated take-off mass.

Application of the platform for the optimal sizing of the
LAPCAT A2 hypersonic transport configuration has
shown the ability of the platform to size and estimate
the mass of such vehicles at a conceptual design stage.
Sizing of the configuration for varying range as shown
that optimal aircraft wing and fuselage dimensions and
shape can change drastically with range whereby the
optimal design is mostly governed by fuel volume con-
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Fig. 22. Average conduction-radiation surface tem-
perature for mission with varying cruise mach num-
ber.

Mission time [h]

5 5.5 6 6.5 7 75 8
Mission mach number [-]

Fig. 24. Change in total mission time and cruise en-
gine specific impulse for varying cruise mach num-
bers.

strain and a trade-off between subsonic and hypersonic
aerodynamic performance. Additionally, the clear ex-
ponential growth in take-off mass with range highlights
one of the challenges of long-range hypersonic transport.
Comparison of the performance of the LAPCAT A2
with other civil aviation aircraft has shown that while
liquid hydrogen transport aircraft are not estimated to
perform as well as subsonic kerosene and hydrogen air-
craft in terms of Payload Range Efficiency and Payload
mass fraction, the potential of liquid hydrogen propul-
sion allows such aircraft to outperform typical super-
sonic keresone aircraft in terms of PRE and provide time
reductions which are unachievable by subsonic aircraft.

Investigation of the effect of cruise mach number on the
LAPCAT A2 configuration for a fixed range has revealed
the presence of an optimum cruise mach number for
the minimisation of aircraft take-off mass. It has been
shown that this optimum is dictated by a trade-off be-
tween thermal protection system mass which increases
with mach number and fuel mass requirement which
is mostly affected by mission time and engine specific
impulse. Given the implemented platform ability to ef-
ficiently capture the critical design considerations for a



hypersonic transport and estimate the mass distribution
of a complete configuration at an early design stage, the
applied methodologies are believed to provide a strong
basis for the implementation of MDO techniques in this
field.
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