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Abstract

Scramjet propulsion is a promising technology
for reliable and economical access to space and
high-speed atmospheric transport. The inlet
plays a key role in determining the performance
of scramjets, in particular for the axisymmetric
class of scramjet engines that are currently ex-
plored due to their advantages in numerous as-
pects. In the present study a multi-objective
design optimisation (MDO) has been conducted
with respect to four major inlet design criteria:
compression efficiency, drag, adverse pressure
gradient, and exit temperature. The former three
criteria are used as the objective functions and the
last as the constraint function to evaluate the in-
let flowfields in the state-of-the-art coupled CFD
/ MDO approach. The influential parameters and
key physics have been identified by scrutinising
the flowfields that have been obtained as an out-
come of the optimisation.

1 Introduction

Hypersonic airbreathing propulsion offers the
potential for reliable and economical transport
for access to space and high-speed atmospheric
cruise. In particular, scramjets (Supersonic Com-
bustion Ramjets) are a promising technology
that can enable efficient and flexible transport
systems, having marked milestones in the last
decade: world’s first supersonic combustion in
HyShot II Program in July 2002 [1, 2], the fastest
atmospheric flights recorded by NASA’s X-43A

Nomenclature

x [m] : streamwise coordinate
r [m] : radial coordinateor radius
s [m] : coordinate along inlet surface
l i [m] : ramp length of ith ramp
θi [deg] : ramp angle of ith ramp
∆θi [deg] : ramp angle increment of ith ramp
M : Mach number
p [Pa] : static pressure
dp/ds [Pa/m] : surface pressure gradient
T [K] : static temperature
T̄ : stream-thrust-ave. temperature
ηB : compression efficiency
h [J/kg] : enthalpy
s [J/kg·K] : entropy
S : first-order sensitivity index
ST : total sensitivity index
O : point on Pareto optimal front
F : point among feasible individuals

Subscripts
∞ : freestream value
max : maximum value
rel : relative value
1 : value at inlet entrance
2 : value at inlet exit
c : property of combustor
t : property of leading-edge tip
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scramjet-powered vehicles in the Hyper-X pro-
gram at Mach 6.8 (March 2004) and 9.6 (Novem-
ber 2004) [3], and the most recent flight by
Boeing X-51A WaveRider, which recorded the
longest scramjet burn duration at Mach 5 in May
2010 [4].

Fig. 1 Axisymmetric scramjet (upstream view) [5]

An axisymmetric scramjet configuration
(Fig. 1) is currently being explored, following the
performance demonstrated in shock tunnel test-
ing [5]. Scramjet engines typically operate in a
sequential process (Fig. 2): hypersonic inflow
is captured and compressed through the inlet to
the desired high pressure and temperature. Fuel
is injected and mixed with air and combustion
takes place in the downstream chamber. The re-
acted gas is expanded by the nozzle to produce
thrust. Combined with innovative concepts in-
cluding inlet fuel injection and radical-farming
shock-induced combustion, the simple axisym-
metric configuration can bring about numerous
advantages over complex three-dimensional ge-
ometries in aerodynamic and combustion effi-
ciency, aerothermal and structural management
as well as manufacture [6, 7].

Fig. 2 Schematic of an axisymmetric scramjet

Axisymmetric scramjet inlets with high inter-
nal compression, however, are inherently diffi-
cult to start spontaneously during flight, highly

susceptible to unstart. Numerical investigation
has recently been conducted at The University
of Queensland (UQ) in order to address this is-
sue and probe the underlying physics. Time-
accurate computations have revealed a substan-
tial influence of shock wave / boundary layer in-
teractions on the inlet starting mechanism, with
formation of separation at compression corners
playing an essential role in the unstarting pro-
cess [8]. Various techniques have been examined
numerically to overcome the problem, where in-
stantaneous diaphragm rupture (with bleed addi-
tion) and sliding doors (or diaphragm erosion)
have been found to be particularly effective in
starting the inlets [9]. Despite the remarkable ef-
fectiveness of these methods, it is of crucial im-
portance to design inlets which are naturally less
susceptible to undesirable unstarting events for
reliable and stable inflight operation of axisym-
metric scramjets.

Design criteria for high-performance scram-
jet inlets typically include: efficient compres-
sion with minimum viscous / shock losses, min-
imum contribution to the vehicle drag, and mini-
mum adverse pressure gradient to suppress sep-
aration, while achieving adequate compression
to induce ignition [10]. Such multi-objective
design would represent a formidable challenge
for conventional optimisation approaches due
to highly complex aerodynamic phenomena and
coupled effects that result from geometric spec-
ifications. An advanced multi-objective design
optimisation (MDO) capability featuring evolu-
tionary algorithms with surrogate modelling has
been developed at the University of New South
Wales campus at the Australian Defence Force
Academy (UNSW@ADFA) [11, 12]. Coupling
these MDO algorithms with state-of-the-art CFD
codes has realised a sophisticated design method-
ology, which has recently been applied success-
fully to various scramjet optimisation problems
[13, 14].

A triple-objective optimisation has been per-
formed for axisymmetric scramjet inlets in the
present research. The results and flowfields have
been probed to identify key geometric parameters
and the underlying flow physics.

2



Physical Insight into Scramjet Inlet Behaviour via Multi-O bjective Design Optimisation

2 Approaches

2.1 Configurations

2.1.1 Inlet geometry

The inlet to be optimised in this paper comprises
three ramps, as schematically shown in Fig. 3.
The internal geometry is represented by eight
parameters: the leading-edge nose-tip radiusrt ,
ramp lengthsl1,2,3, first ramp angleθ1, ramp an-
gle increments∆θ2,3, and exit radiusrc (or com-
bustor radius). The inlet radius is fixed at 0.075m
to ensure constant mass flow entry, which effec-
tively makes one of the ramp parameters depen-
dent on the others for a given value of the com-
bustor radiusrc (l1 is chosen as such a dependent
variable in this study). Also fixed is the leading-
edge nose-tip radiusrt=0.5mm in order to focus
on the influence of ramp geometries by freezing
the entropy layer effect originating from the lead-
ing edge. These assumptions, in effect, leave six
parameters (l2, l3, θ1, ∆θ2, ∆θ3 andrc) as design
variables, or decision variables for optimisation.

Fig. 3 Inlet design parameters

2.1.2 Flow conditions

The freestream conditions areM∞ = 8.0, p∞ =
1197Pa, andT∞ = 226.5K, assuming scramjet op-
eration on a constant dynamic pressure trajectory
of 53.6kPa at an altitude of 30km. The rate of
the mass flow captured by the constant inlet area
is 0.78kg/s. The Reynolds number based on the
inlet radius (0.075m) isRe∞ = 2.26×105.

2.2 Computational Fluid Dynamics

2.2.1 Computational methods

Inlet flowfields are computed by utilising the
state-of-the-art commercial solver CFD++ [19].
An implicit algorithm with second order spatial
accuracy is used to solve the Navier-Stokes equa-
tions for steady flowfields and convergence is ac-
celerated by the multigrid technique. Standard air
in thermochemical equilibrium state is assumed
for the gas and the inlet surface is assumed to be
a cold wall at 300K. The inflow is assumed to be
fully turbulent and modelled by the two-equation
SSTk−ω RANS model due to its demonstrated
fidelity in the presence of adverse pressure gra-
dient [20]. Computations are performed until the
energy residual drops to the order of 10−5, based
on a convergence dependency study, where all
objective functions have been found to vary less
than 0.07% at higher orders.

2.2.2 Computational mesh

Two-dimensional structured meshes are gener-
ated by Glyph scripting within the commercial
grid generator Pointwise [21] for the inlet geome-
try defined by the design parameters, as described
in 2.1.1. The mesh comprises 21582 cells (219
nodes in the streamwise and 100 nodes in the
wall-normal direction) with a non-dimensional
distance valuey+ of 0.32 on average at the wall
surface, as seen in Fig. 4 for the baseline ge-
ometry1. This mesh resolution has been se-
lected, based on a mesh sensitivity study con-
ducted for various resolutions such as coarse
(219× 100 nodes), nominal (432× 200 nodes),
fine (864×400 nodes) and superfine (1728×800
nodes) ones. It has been found that coarse meshes
can result in up to 9% difference in the compres-
sion efficiencyηB, as compared to the superfine
ones, while no essential difference has been ob-
served in the flowfields. The coarse resolution
has thus been selected in order to minimise the
computational cost on the assumption that the
major tendencies are maintained for the objective
and constraint functions owing to the reasonable

1θ1 = 5.0◦, l2 = 0.069m, ∆θ2 = 5.3◦, l3 = 0.039m,
∆θ3 = 3.3◦, rc = 0.035m.
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agreement in the flowfields involving shock wave
/ boundary layer interactions.
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Fig. 4 Computational mesh for the baseline inlet
geometry

2.3 Design Optimisation

2.3.1 Optimisation algorithms

The optimisation is performed in an iterative
manner. Fig. 5 schematically shows the optimi-
sation chain which consists of mesh generation
(pre-processing), CFD computation (evaluation),
post-processing and optimisation algorithms.

Fig. 5 Optimisation loop

Population-based evolutionary algorithms
developed at UNSW@ADFA are employed as
the MDO algorithms [11, 12]. In particular,
use is made of the elitist non-dominated sorting
genetic algorithm (NSGA-II)[22]. Optimisation
occurs over generations with a population of 64
individuals. A simulated binary crossover and
polynomial mutation are used as recombination
operators at a given probability (1.0 and 0.1,
respectively) with a specified distribution index
(10 and 20, respectively). The optimisation
process is efficiently assisted by various sur-
rogate models including the response surface
models, kriging approximations and radial basis
functions. Among these models the one with
the least error within a threshold of 10% is
adopted to predict the objective and constraint
functions in lieu of actual CFD evaluation and
all individuals that are estimated to be superior

to the present elitists are verified by true CFD
evaluation. All members in the population pool
are truly evaluated by CFD every 5 generations,
when the surrogate models are trained by using
90% of the solutions from the archive, which
stores all solutions that are evaluated by true
evaluation. Variance-based global sensitivity
analysis is performed to investigate the influence
of decision variables on the objective functions,
based on the surrogate model with the highest
prediction accuracy as at the final generation.
Evaluation is made for 10,000 sample data points
represented by Sobol quasi-random numbers
within the decision variable ranges [23, 24].

2.3.2 Optimisation problem

Three characteristic parameters are chosen and
used as objective functions in order to achieve the
optimisation goal to satisfy the inlet design cri-
teria. The inlet performance is assessed by the
compression efficiencyηB ≡

h(p2,s1)−h1
h2−h1

, which
is able to account for both shock and viscous
losses less sensitively to non-uniform exit flows
and inlet heat transfer, as compared to other ef-
ficiency parameters [10, 15, 16]. The inlet drag
is evaluated as the second objective function to
be minimised. The third objective is to minimise
the greatest local adverse pressure gradient on
the surface, which if too large would be respon-
sible for boundary layer separation and unstart.
A constraint function, a measure of the solution
feasibility, is imposed on the mean temperature
at the inlet exit (combustor entrance); this must
be greater than 850K, a typical self-ignition tem-
perature [17], since little is known on what con-
stitutes desirable flow profiles at the combustor
entrance [16]. The compression efficiency and
mean temperature are evaluated by using stream-
thrust averaged values [18]. The optimisation
problem can thus be stated as follows:

minimise: (1) 1−ηB

(2) Drag
(3) dp/dsmax

subject to: T̄2 ≥ 850K
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3 Results

3.1 Optimisation results

3.1.1 Pareto optimal front

The optimisation has been performed until lit-
tle variation has been observed in the population.
Fig. 6 shows all the individuals that have been
evaluated by CFD up to the 50th generation2. The
optimal individuals among the feasible solutions
form a Pareto optimal front mainly with respect
to the compression efficiencyηB and maximum
adverse pressure gradientdp/dsmax, while a dis-
crete boundary between the feasible and infea-
sible solutions according to the exit temperature
criterion is found to lie at an approximate drag
value of 160N.
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Fig. 6 Optimal population and individuals (3329
solutions in total) as at the 50th generation

In order to investigate the results from the op-
timisation, a few points have been selected that
are different in one objective function but similar
in the other two, thus allowing comparison. The
values of such representative cases are shown
in Table 1 and the points are displayed in Fig.

2Note that the majority of the 64 optimal individuals are
submerged by the other points in Fig. 6.

7 along with the 64 non-dominated individuals
which constitute the Pareto optimal front.

Table 1Objective and constraint values of the rep-
resentative points

1−ηB Drag [N] dp
dsmax [Pa/m] T̄2 [K]

O1 0.203 158 8.95×105 850
F1 0.298 167 1.27×106 879
F2 0.305 249 1.48×106 1108
F3 0.204 159 5.80×106 855

base 0.301 124 7.13×105 736

0.15 0.2 0.25 0.3 0.35 0.4

100

150

200

250

0

1

2

3

4

5

6

7

x 10
6

 

1− η
B

Drag [N]

 d
p
/d

s  m
ax

 [
P

a/
m

]

optimal

optimal (example)

feasible (example)

baseline

O
1

F
1

F
2

F
3

Fig. 7 Pareto optimal front and example points

3.1.2 Decision variables

Plotted in Fig. 8 are the objective functions and
decision variables for the representative optimal
and example individuals, along with the bound-
ing values at the top and bottom of the bars. Con-
siderable variations can be observed in the ramp
angleθ1 and increments∆θ2,3 as well as the exit
radius rc among the optimal and feasible solu-
tions, whereas the levels of the ramp lengthsl2,3

are relatively similar.

3.1.3 Sensitivity analysis

Global sensitivity analysis has been performed,
based on the prediction from the surrogate model
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Fig. 8 Objective functions and decision variables for selected individuals

with the least error [23, 25]. The first-order sen-
sitivity index S represents the main effect of the
input parameter (decision variable) on the output
parameter (objective / constraint function). The
total sensitivity indexST is the sum of all the ef-
fects including first-order as well as higher-order
ones, which account for the interactions with the
other parameters. The sensitivity indicesS’s and
ST’s are plotted in Fig. 9 for the compression ef-
ficiency ηB, whose indices are found to be very
similar to those for the drag and exit temperature
T̄2

3. It can be seen that the radius at the inlet exit
rc exerts dominant influence on these objective
and constraint functions, while the ramp lengths
l2,3 have negligible effects both in the first-order
and total sensitivity indices.

3No reasonable indices have been obtained for the
maximum pressure gradientdp/dsmax due possibly to the
highly local nature of the variable, as compared to the oth-
ers, which are integral quantities.

(a) first-order sensitivity indexS

(b) total sensitivity indexST

Fig. 9 Global sensitivity analysis onηB
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3.2 Observations

3.2.1 Compression efficiency

(a) Mach number

(b) temperature

Fig. 10 Flowfields of optimal O1 and baseline
geometries

The optimal individual O1 and feasible solu-
tion F3 are found in Fig. 7 to yield higher com-
pression efficiency in comparison with F1,2 and
the baseline geometry. It indicates, by the defi-
nition of ηB, that O1 and F3 compress the inflow
in an efficient manner that is closer to isentropic
than F1,2 and the baseline geometry, incurring
less losses from shock waves and viscous effects.
The flowfield of O1 is compared with that of the
baseline in Fig. 10. The flow profiles at the inlet
exit (combustor entrance) are plotted and com-
pared in Fig. 11 with respect to the Mach num-
ber and total pressure. It can be seen that similar
levels of flow diffusion are achieved at the centre
line (M = 4.3−4.5) for all geometries excepting
F1 (Fig. 11 (a)), while the centre-line total pres-
sure varies considerably between the cases (Fig.

11 (b)). The largest compression is attained by
F2 with the largest total pressure loss whereas
the mildest compression is achieved by the base-
line with the smallest total pressure loss, but both
geometries incur the same level of losses in the
compression efficiency. It suggests the existence
of a mechanism behind that enables particular ge-
ometries such as O1 and F3 to achieve efficient
compression, which is a subject to be identified
by further scrutinisation.
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Fig. 11 Flow profiles at the inlet exit

3.2.2 Drag

The inlet drag is compared in Fig. 12, including
the breakdown of the viscous and pressure (invis-
cid) contributions. The higher drag level incurred
by O1 compared to the baseline can be attributed
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to a smaller exit radiusrc, i.e. an increased wall
area on which the pressure can act in thex di-
rection. A somewhat higher drag is incurred by
F1, where the viscous contribution is augmented
by a larger skin friction drag on the extended in-
let surface, as seen in Fig. 13. Nearly the same
level of pressure drag, on the other hand, is in-
curred by O1 and F1 despite a larger frontal area
of O1, which is attributed to the higher pressure
acting on a large extent of the second and third
ramp due to the impingement of the main shock
reflected on the symmetry axis in the case of F1

(Fig. 13). The greatest drag is experienced by F2

due to its smallest exit radiusrc, while the vis-
cous drag is comparable to F1 due to the similar
inlet length (Fig. 14).
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Fig. 12 Drag contribution and breakdown

Fig. 13 Mach number distributions of optimal O1
and F1 geometries

3.2.3 Pressure gradient

Adverse pressure gradient is a primary factor that
is responsible for incipient flow separation. It has

Fig. 14 Temperature distributions of F1 and F2
geometries

been found in Fig. 7 that the feasible solution
F3 is subject to a substantially higher degree of
adverse pressure gradient, compared to the op-
timal O1 geometry, while the compression effi-
ciency and drag levels are virtually the same for
both. The flowfields are compared in Fig. 15,
where both geometries indeed appear to be very
similar. However, the wall pressure distributions
plotted in in Fig. 16 show a perpendicular rise
immediately upstream of the inlet end in the F3

case, which has led to an acute adverse gradient.
This can be attributed to a smaller increment of
the second ramp∆θ2 of F3. It renders the third
ramp extend slightly further downstream, where
the reflected shock wave impinges, subsequently
causing a large pressure gradient, which was felt
by F3 but avoided by O1.

Fig. 15 Mach number distributions of optimal O1
and F3 geometries

3.2.4 Temperature at exit

The flow temperature at the inlet exit plays a key
role in the ignition process in the combustion
chamber, particularly for radical-farming shock-
induced combustion, where a sufficient amount
of heat release is required [6, 7]. The stream
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Fig. 16 Wall pressure distributions

thrust average of the outflow temperature is thus
employed as a constraint function to judge the
feasibility of the individuals. The temperature
at the inlet exit is plotted and compared in Fig.
17, where the feasible solutions are found to
have satisfied the temperature requirement for
self ignition (T̄2 ≥ 850K) in various ways; F1 has
achieved the minimum temperature with a rela-
tively large exit radiusrc, whereas F2 has attained
a high temperature of̄T2 = 1108K, well over the
self-ignition temperature, with a smaller radius
close to the lower bound of therc range. The opti-
mal O1 and feasible F3 solutions lie in the middle,
the latter of which has a narrower and higher peak
due to a slight modification of the shock structure
caused by a smaller value of∆θ2.

It has been noted in the plot of the final popu-
lation and individuals (Fig. 6) that the feasibility
of the solutions distinctly changes across a cer-
tain level of drag, suggesting some correlation
between the drag and exit temperature. The val-
ues for these two quantities are plotted in Fig. 18,
which shows a remarkable, seemingly linear cor-
relation between the drag and exit temperature.
This is a subject for further investigation, but
these two properties may well be closely linked
by the exit radius, which predominantly dictates
both the drag (as discussed in 3.2.2) and the tem-
perature (as seen in Fig. 17).
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Fig. 17 Temperature profiles at inlet exit
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4 Conclusions

A multi-objective design optimisation has been
performed for axisymmetric scramjet inlets with
respect to four design criteria, i.e. the com-
pression efficiency, drag and maximum adverse
pressure gradient as objective functions, and the
exit temperature as a constraint function. The
viscous equilibrium flowfields have been evalu-
ated numerically by utilising a CFD solver and
surrogate-assisted evolutionary algorithms have
been applied to optimise the inlet geometry com-
prising three ramps. A Pareto optimal front has
been reached as a result of optimisation and the
flowfields have been scrutinised for the represen-
tative cases in order to gain insight into the un-
derlying physics.
The combustor radius has been found to play a
dominant role in most objective and constraint
functions, while the ramp lengths have rather mi-
nor effects. The ramp angles can have respectable
influence on the compression efficiency, which is
associated with the shock and viscous losses. The
maximum pressure gradient can be highly sensi-
tive to the ramp angles in conjunction with the
ramp lengths, which determine the shock struc-
tures. A remarkable correlation has been found
between the inlet drag and exit temperature, both
of which are largely dependent on the combustor
radius. Further investigation is needed to reveal
the physical ground for this correlation as well
as the decisive factors for the compression effi-
ciency.
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