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Abstract

Introduction

Scramjet technology has the theoretical potential to provide
air-breathing propulsion as a more efficient alternative to
conventional rocket propulsion. While scramjet propulsion is
considered to be viable up to Mach 14 [1], the fastest flight test
was at Mach 10 (NASA X43-a) [3]. One major challenge in
ground testing is the extreme total pressure requirement above
Mach 10, exacerbated by pressure-length scaling which requires
subscales experiments to have higher than flight pressures.
Expansion tubes are currently the only kind of facility capable
of reproducing these high-pressure requirements because total
enthalpy and total pressure are added to the gas through an
unsteady expansion of the test gas rather than by stagnating it.
So far, the University of Queensland’s X3 expansion tube has
been successfully used to test a Mach 10 2D scramjet [4], while
Mach 12 and 14 scramjet conditions have been demonstrated
in the smaller X2 expansion tube [9].
The long term objective of the project is to conduct full
free-stream, Mach 12 Scramjet combustion experiments using
the existing Mach 12 REST (Rectangular-to-Elliptical Shape
Transition) engine for the first time using the UQ X3 facility.
For details of the engine see [8]. In this paper we will present
the ongoing work to extend the capability of X3 for these tests.
Mach 12 condition

The Mach 12 R EST engine has been designed for flight at
a constant dynamic pressure and the nominal conditions are
detailed in table 1. The model to be tested is scaled by a factor
of 1/2, and the target condition for this engine (applying binary
scaling) is shown in the last column of the same table. However,
to establish a comparison with previous experimental data [8],
the full-scale condition will be targeted.
To obtain the desired flow condition, it is necessary to adjust
the various filling pressures and gas composition of the primary
driver, secondary driver (if used), shock tube, and acceleration
tube. Working upstream from desired experimental flow
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36.0
496.0
258.0
717.0
239.0
3722.0
12.0
50.0

kPa

1:2 Scale model
36.0
992.0
616.0
1433.0
239.0
3722.0
12.0
50.0

Table 1: Target flow conditions on a 50 kPa dynamic pressure
condition in the test section, the nozzle-exit target conditions
determine the nozzle inlet condition. Following the methodology
developed in [9], it is possible to calculate the analytical shock
speeds and estimate the flow properties at the nozzle inlet.
A quasi-1D parametric tool has been developed, expanding
analytical relationships for equilibrium gas effects, and a
look-up table has been built evaluating all the variables in a
useful range. The facility parameters that can be changed are
primary driver gas composition and filling pressures of primary
driver, shock tube, and acceleration tube. The look-up table
can determine fill pressures for any given desired outflow; the
theoretical results to obtain the desired Mach 12 flow are:
• primary driver: 149.0 kPa (100 % Argon)
• shock tube: 22.7 kPa, (shock speed 1870 m s−1 )
• acceleration tube: 58.6 Pa, (shock speed 4020 m s−1 )
Analytical calculations do not take into account piston dynamics,
whose main requirement is to maximise the high pressure hold
time while achieving a soft landing at the end of compression
tube, or loss mechanisms through the driver area change and
the diaphragms, which can be significant.
Piston with masses of 200 kg and 100 kg are currently available
for use in the facility. The former has been successfully used
for driving Mach 10 scramjet conditions, while the latter is
currently being commissioned and modelled numerically. The
light-weight piston has been designed with the goal of developing new tuned conditions both for scramjets and high-enthalpy
conditions. It is expected to have a higher performance and
provide wider operating envelope for the facility [6].


Shock speed m s−1

This paper presents recent work to develop a new Mach 12
condition in the X3 expansion tube, which has required several
upgrades to the facility. To suit the new condition, a new
contoured hypersonic Mach 12 nozzle has been designed. The
nozzle includes wall pressure sensors and heat transfer gauges
and the nozzle inlet has been designed to allow integration
with an instrumented Pitot rake. These additional diagnostics
allow for more accurate characterisation of flow properties and
to evaluate the performances of the nozzle. The condition is
currently being developed using a 1D numerical code, along
with state-by-state analytical techniques. The result of this
analysis will be detailed in this paper. Preliminary results show
that this Mach 12 scramjet condition, equivalent to a flight
on a 50 kPa dynamic pressure ascent trajectory, is within the
operating capabilities of the X3 expansion tube.
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Figure 1: Comparison of analytical target shock speed and L1D
simulations using a p = 30 kPa, 60 % Ar - 40 % He driver condition with heavyweight piston

The target condition for the facility has been evaluated numerically with L1D [14], using the available models and driver
conditions of the heavy-weight piston. The results of figure 1
shows that even with the heavy-weight piston, the targeted shock
speed can be achieved, and that the simulated driver condition
(p = 30 kPa, 60 % Ar - 40 % He) has higher-than-required
performance. Additionally, in the same figure, it can be observed
that the simulated piston is able to maintain a reasonable steady
shock speeds in the 20 m long shock tube, potentially allowing
for an increased test time up to 2 ms, compared to the Mach 10
condition previously tested [12].
This preliminary work shows that a 50 kPa dynamic pressure
Mach 12 free-stream condition is within the operating capabilities of the facility. The new lightweight piston, once commissioned, will be evaluated to assess its suitability to drive the Mach
12 condition here presented; it is expected to be capable of driving the same flow for a longer time, achieving a steadier test gas.
Mach 12 Nozzle

parallelism offered by the parallel Nelder Mead algorithm,
allowing for multiple parallel evaluations of the objective
function for different nozzle wall shapes.
The boundary layer transition location was assumed to take
place in the acceleration tube. Thus, the nozzle simulations are
performed as fully turbulent. E ILMER 3 includes two turbulence
models, Baldwin-Lomax [2] (algebraic) and Wilcox k-ω [13]
(2-equations model). Since the latter, while more accurate, is
computationally more expensive, a two-step approach has been
adopted. Firstly, a converged Baldwin-Lomax is obtained, and
then a second optimisation is run with the k-ω turbulence model,
starting from the converged Baldwin-Lomax, to further refine
the results.
The explicit goals of the analysis are to maximise core diameter
where there is a uniform Mach 12 flow across the nozzle exit
and minimise the flow exit angle and the pressure disturbances
in this region of core flow. A standard linear weighting (see [11]
for further details) has been chosen to reduce the problem to a
single objective measure as follows :

The currently existing nozzle Mach 10 nozzle is not suitable for
the target condition. Thus, a new nozzle is necessary to expand
the text gas to the target Mach Number, pressure, and core flow
size, while retaining a low flow divergence. While the nozzle is
required to achieve specific flow properties, length and weight
are constrained by structural and space constraints of the existing
facility. CFD analysis has been coupled to a perturbation optimizer to determine an optimal nozzle contour as described below.

• Design variables:
~X = [x0 , . . . , xi ] with 0 ≤ i ≤ 9 Bezier points
• Objective function:
 
2
f ~X = fθ + fMach + fPressure + fpenalty

In addition to profile optimisation, the mechanical design of the
new nozzle has been carried out leading to a lightweight, fully
instrumented nozzle. The following sections will first show the
optimisation process to obtain the contour profile, and second
will illustrate the characteristics of the mechanical design.

With fθ , fMach , fPressure and fpenalty given by:
fθ =

Design of the nozzle contour profile

fM =

Initial work on a high Mach number profile contoured nozzle
was started by [11] for a high enthalpy inflow, but it was decided
to modify the optimisation for the much higher density scramjet
flows. During this process it was determined that the scramjet
inflow was fundamentally different, in terms of having a thick
turbulent boundary layer, and that the existing inflow definition
had to be more accurately characterised.

The simulations, for steady supersonic inflows, have been
carried out using N ENZF - R [10], a block-marching code built
on top of E ILMER 3 in order to save computational time . Each
simulation is carried out across multiple processors through
MPI. The number of processors across which the simulation
can be distributed is limited by an order of accuracy loss of
E ILMER 3 when used in multi-block mode [15]. This limitation
in the fine-grained parallelism is overcome by the coarse-grained

N

φθ
N

j=1

φM
N

∑

∑

  
2
θ j ~X − θdesign ,

N

  
2
M j ~X − Mdesign

j=1

φP 
fPressure =
P − Pmax ,
N
(
Z1 xi < 0
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where N is the number of cells in the core flow, and P is the
average pressure along the whole exit profile and the weights
φθ , φM , φP have been chosen such that each objective has the
same relevance in the scalarized objective function.
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The nozzle profile has been calculated through an optimisation
process that is summarised here. An initial truncated 2.8 m
nozzle profile has been calculated with an inviscid methodof-characteristics code using a nine-point Bezier curve model.
The optimisation algorithm of choice was a modified version
of the classical Nelder-Mead simplex algorithm [7], in which
the evaluation of the different points of the simplex occurs in
parallel. The choice of a gradient-like method rather than a
genetic algorithm stems from the observation that the objective
function is regular and that function evaluations are expensive.
Function evaluations involve a complete simulation of the nozzle
using UQ’s in-house open source CFD code for 2D/3D Navier
Stokes compressible flows, E ILMER 3 [15] to evaluate viscous
and turbulent effects and to minimise the flow disturbances
produced from weak shock waves forming inside the nozzle.
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Figure 2: Mach 12 nozzle contour plot of Mach number and
pressure
In figures 2 and 3 preliminary results, for an inflow condition
of 10 kPa, 3650 m s−1 , and a boundary layer thickness fixed
at 3 cm, are shown. The results shows an excellent core-flow
profile in term of Mach number and flow angle, along with a less
satisfactory pressure profile. This is due to the re-compression
that takes place in the last 0.3 m of the nozzle profile, as a
side effect of the flow redressing process. The weight of the
pressure-related part of the objective function has been increased
to reduce the re-compression effect on the whole nozzle profile.
While this might be detrimental to the exit flow angle, is
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Figure 3: Computed exit Mach number, flow angle and pressure
for optimised Mach 12 nozzle contour.
necessary to avoid strong re-compression waves that would
form outside the nozzle, reducing the available core flow size. A
comparison to the current Mach 10 nozzle is shown in figure 4.
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Figure 4: Comparison of the current X3 Mach 10 nozzle and the
new Mach 12 nozzle profile. Points show Bezier control points
defining the curve.
Preliminary optimisation results have shown to be highly
sensitive to the inflow conditions (pressure, temperature,
velocity and boundary layer thickness) which are difficult to
characterise. From a numerical perspective, due to the intrinsic
unsteady nature of expansion tube flows, it is challenging to
develop a model that would give insight in acceptable simulation
times. It would be necessary to simulate the whole facility to
estimate what the conditions would be at the nozzle entry.
Work towards full facility simulations of X3 is currently being
carried out in a separate study, where hybrid simulations of the
X3 expansion tube for a reference Mach 10 condition have been
used to estimate the 2D flow through the acceleration tube and
nozzle.
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Figure 6: Flow radial profile at nozzle inlet. Slice are taken as
illustrated in figure 5
to be compared to the 91.3 mm tube radius. These radial profiles
emphasise that, at least for high density conditions, the boundary
layer is significantly developed and needs to be included into the
inflow conditions. From the same figure, it is also evident that the
test gas properties are unsteady. While it is theoretically possible
to simulate transient flows in a nozzle, the computational cost
associated with transient simulations makes it infeasible. Steady
flow values needs to be considered for the optimisation process.
From the experimental perspective, the available instrumentation
does not allow for direct measurements at the nozzle entry.
Currently, we can only infer flow speed and pressure from
upstream tube wall sensors, but no information is available
about the boundary layer thickness and of the test gas properties.
An experimental solution has been designed and built.
The nozzle attachment system on X3 has been modified to allow
surveys at the nozzle inlet for all present and future nozzles. The
current Mach 10 nozzle has been upgraded to use the same connection system, and will be used for experimental measurements
of the nozzle inlet flow properties for the Mach 12 condition.
This data will be used for the final iteration of the nozzle optimisation process, allowing for producing a highly performing
nozzle contour profile. The mechanical design of the nozzle and
the new attachment system will be detailed in the next section.
Mechanical design

The mechanical design has taken place in parallel with the profile
optimisation analysis and was constrained by the requirement
to fit the nozzle inside existing test section nozzle compartment
added to X3 as part of recent facility upgrade for adding a new
operating mode (reflected-shock mode) to the X3 expansion tube
[5]. The set-up is shown in figure 7.
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Figure 5: Axisymmetric simulation of Mach 10 scramjet condition in X3 expansion tube. r radius. See [12] for flow condition
details.
These simulations deal with a characteristically similar flow
and are therefore useful to obtain an estimate of the test gas
properties prior to the nozzle entry for the Mach 12 condition.
In figure 5 an example of the simulated Mach 10 flow in the
acceleration tube is illustrated. Results of figure 6 show radial
flow properties of the Mach 10 test gas at the nozzle inlet at
two instances in time. The simulated radial boundary layer
thickness varies between 30 mm to 50 mm through the test gas,
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Figure 7: Test section of the X3 expansion tube.

The nozzle will be wound using fibreglass with the upstream
attachment made from steel. The filament will be machined
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Nozzle inlet
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Figure 8: PCB mount assembly exploded view. Middle piece
contains the instrumented rake with conical probes
around the metallic end (nozzle collar), ensuring a smooth
transition between the two connection (see figure 8). The length
of the collar has been chosen such that the nozzle exit relative to
the dump tank is adjustable, allowing more degrees of freedom
in the relative positions of models, nozzle and external windows
of the dump tanks.
As explained in the previous section, the uncertainties of the freestream conditions are often significant and have an impact over
the experimental results. The connection between the nozzle and
acceleration tube allow for an instrumented rake to be positioned
prior to the nozzle entry.The set-up is shown in figure 8. The
rake can be taken in and out of the nozzle without disassembling
the nozzle from the acceleration tube. When not in use, plugs are
inserted to ensure a smooth internal surface. The instrumented
rake is comprised of eight 15◦ half-angle cone probes which
internally house PCB piezoelectric static pressure sensors. The
rake is held in position within the tube by two cylindrical pieces
at the top and bottom extremities to avoid bending of the instrument. One of the two cylindrical pieces is hollow to allow
connection of the PCBs to the data acquisition system.
The Pitot rake allows for characterisation of the nozzle boundary
layer inflow and will also allow for a subsequent characterisation
of the nozzle once built. The nozzle will itself host six sensor
holders housing PCB sensors and heat gauges to measure
flow properties along the nozzle wall. These sensors, along
with the impact pressure probes installed at both ends of the
nozzle allow for a detailed experimental characterisation of this
hypersonic nozzle. Few studies have analysed, in detail, the flow
processes in a hypersonic nozzle and none have had this degree
of experimental diagnostics to assist the test flow reconstruction.
Conclusions

The development of a Mach 12 scramjet condition requires a
variety of upgrades to the facility, along with use of numerical
tools to estimate and evaluate the operating range at Mach 12.
This paper has provided an overview of the current results: a new
Mach 12 nozzle is currently being designed, and its final shape
will depend upon experimental measurements of the flow condition at the nozzle entry, using a newly designed instrumented
rake. The nozzle will be made of fibre-glass reinforced plastic,
and it will be equipped with static pressure sensors and heat
transfer gauges sensors along the nozzle wall, which will enable
improved reconstructed of the test flow.The theoretical performance of the facility at Mach 12 has been explored and it has been
shown that the desired target conditions can be easily achieved.
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