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Rotary intakes for scramjet-like hypersonic engines
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Abstract
This paper reports further results of a theoretical study into an innovative scramjet-like
hypersonic propulsion system. The method, named ASPIRE, aims to overcome one of the
main limitations of the traditional scramjet cycle – poor mixing and therefore inadequate
combustion of air and fuel. The proposed system achieves this by redirecting the main airflow,
injecting encapsulated or localised fuel throughout the engine-duct mixing volume and then
switching the main airflow back on – this then engulfs and mixes with the fuel. The results
presented here focus on the structure and design of the intake system for such an engine and
demonstrate its behaviour using CFD simulation and modelling. A roadmap of further work is
also discussed.
Keywords: Scramjet, pulse detonation engine, ASPIRE, hypersonic, propulsion, pellets, inlet,
mixing, air, fuel

1. INTRODUCTION
Despite recent progress in scramjet propulsion, an efficient fully-operational engine remains
elusive. The many technical challenges involved in the production of such an engine (even as
a single-speed prototype) have been catalogued extensively in the literature [1]. Of these
difficulties, the most pressing, intractable and persistent technical roadblock is achieving a
good air-fuel mixture (and as a result, efficient combustion) [2]; so far this has not been
achieved with existing methods. A good air-fuel mixture is essential to a working engine and
is therefore the main goal of the system discussed below.
Our method and its rationale has been described and discussed extensively in two previous
papers [3, 4] (available on-line) and an animation can also be viewed on the internet [5] - so
only a brief explanation will be presented here: The idea works by redirecting the airflow away
from the main engine-duct (or a section thereof) and injecting the fuel in the form of
encapsulated gas, liquid droplets/capsules or a pelletized solid (or a mixture of these forms).
The air is then redirected back, with the appropriate timing, and engulfs the fuel as it moves
across the duct - which vaporizes and so releases its load evenly throughout the mixing
volume. The final stage is ignition and combustion. The engine concept has been named
ASPIRE (Air-breathing Supersonic Pellet Injection Rotary Engine). Note that, in this paper, all
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the various forms of encapsulated or localised fuel will be referred to as “pellets” for
simplicity.
The basis of this system has already been the subject of the peer-reviewed papers mentioned
above [3, 4] and was also included in a review on air-fuel mixing [6]. A layman’s explanation
was carried in the magazine “analog” [7] and it was also featured in several popular
publications including the magazine of the Institution of Mechanical Engineers (Professional
Engineering), the New Statesman Magazine and by the BBC.
One of the previously published papers [4] has already dealt exhaustively with the modelling
of pellet dynamics and so the purpose of this paper is to present further theoretical proof-ofconcept results which focus on the flow redirection mechanism. This takes the form of a
rotating valve which is integrated within the engine intake system. It is proposed that a
theoretical treatment of the final combustion section of the engine is saved for presentation
in a further paper.
2. PREVIOUS WORK
Before proceeding to look at the intake problem in depth, it is useful to take stock by
reviewing the previously published work on ASPIRE.
The first paper on the subject [3] discusses why air-fuel mixing is such a critical aspect of
scramjet engines. This topic is examined further in the subsequent review paper [6], which
also explains why conventional approaches to mixing are unlikely to result in an efficient
practical engine. The paper then captures and elucidates the principle innovative idea of the
ASPIRE system. It describes the basic engine layout and cycle and then discusses the likely
forces acting on the pellets during operation. Some simple Computational Fluid Dynamics
(CFD) simulations are presented to indicate the feasibility of the approach, and ideas about
intakes (including the rotary valve concept) are presented. The paper ends by explaining
additional points about the desirability and flexibility of the system – which include the ability
to add to the flow:
•
•
•
•
•

MHD active substances - to aid ionisation or increase flow conductivity [6].
Electrically active substances - to aid inductive or similar electrical heating or
acceleration.
Chemical catalysts to aid (for example) combustion.
Compounds which lase.
EMA active substances [8].

As well as adding greater control to more conventional combustion systems.
The second paper [4] concentrates mainly on pellet dynamics. The principle aim was to show
that the pellets embedded themselves well into the air-stream on release (as opposed to
being pushed on ahead of it). This was done by comparing the results of several mathematical
models and CFD simulations. The results were excellent, but still have to be verified
experimentally. They showed that the pellets are well distributed within the stream, even in
worst-case scenarios. The graph in figure 1 illustrates some typical results from a series of
2

simulations and models for 2 mm radius, liquid fuel ( = 850 kg/m3) pellets and is reproduced
from the paper.
Pellet embedding in airflow

Embedded position of
pellet sr (cm)

600

E

500
400

D
C
B

300

A

200
100
0
5

10

15

20

25

Free stream Mach
number

A - All flow energy (including static pressure)
B - Theoretical drag calculation
C - Measured drag values
D - Kinetic energy only
E - CFD results
Grey area - Envelop of possible values

Figure 1, Embedding of 2 mm liquid fuel pellets after 10 cm pellet movement in an ASPIRE
engine.
Further points about the flexibility of the system were also outlined. These included its ability
to deliver pellets which are a combination of different types, sizes, placements and fuels
(including hypergolic and pyrophoric types) – allowing fine control of both the fuel
distribution and composition. It was also pointed out that the pellets can be of a composite
nature, with a gaseous, liquid and solid component in a single unit or have, for example, a
disruptive core which propels fuel outwards on activation. They may also have a variety of
coatings to control the timing of their load distribution, be disrupted by inductive or radio
frequency heating or combined with more traditional scramjet continuous fuel injection from
duct edges or struts.
The paper also further developed concepts about the flow-control valve and introduced a
new idea of keeping the outer (hypersonic) compression surface stationary and having only
an inner part of the surface rotate (this operates at lower supersonic flow-speeds). This will
be further developed in the sections below.
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The purpose of the current paper is to develop the ideas about the intake valve further and
to demonstrate several promising concepts which can then be explored in a practical setting.
3. OPTIONS FOR INTAKES
In principle there are many alternatives for redirecting or switching the airflow through the
engine. Any method which can do this is worth considering as an option and our first paper
described several of these - including shutters and diverter structures ahead of the intake.
However, to be a practical proposition the system must fulfil two basic criteria:
•

•

It must not disrupt the flow in a way which would cause issues with engine stability
in general, and combustion and mixing stability specifically. For example, by stalling
the intake, otherwise restricting the airstream or making it unpredictable.
It must not cause major operational inefficiencies which would make the engine
unviable – for example through an unacceptable increase in drag.

Careful consideration of these major issues and several more minor ones led to the conclusion
that a rotating nosecone design was an elegant and efficient solution to the flow switching /
redirection problem. This is illustrated in the conceptual drawing shown in figure 2.

Figure 2, concept for a rotary intake.
This drawing is not an accurate scale-representation of the dimensions involved - but was just
meant to illustrate the idea. The open ducts have standard scramjet inlet compressionsurface profiles. As the intake rotates, the alternating sequence of these and the closed
sections switches the airstream on and off in each section of the duct. When the stream is
off, the fuel pellets are injected with careful timing and these are engulfed when the flow is
switched back on. The intake rotates slowly compared with the speed of the flow and so
appears almost stationary from its frame of reference. The calculated rotational speeds of a
typical intake ranged from 10 rpm at Mach 3 to 134 rpm at Mach 25.
Another way of viewing this is that, as each duct rotates, it produces a helical internal
airstream as shown in figure 3. The pellets are then dropped into the path of the advancing
4

air and engulfed (engine operation is continuous). The inside of the duct (corresponding to
the isolator section) can be designed to be either axially (longitudinally) partitioned or open
(annular).

Figure 3, Rotating intake viewed as producing a helical airflow pattern.
Given the choking criteria for intakes, equations were developed in our last paper [4] for the
maximum rotational speed of the intake system and for the input power required to turn the
rotor.
The smoothly sculpted ducts shown in figure 2 would be preferable in a practical system to
ensure isentropic compression and a smooth transition from the air-off to air-on states – but
these are complex to design, being a multi-objective optimisation problem. It was therefore
decided to model the intakes as simple rectangular-profile ducts with stepped (ramp)
compression surfaces for the time being - in order to gather basic feasibility, simulation and
theoretical data. Several intake options and topologies were accordingly designed for fixed
speeds, then optimised and simulated using CFD software. Results from these were discussed
in our previous paper. A typical model intake for Mach 5 operation is shown in figure 4 as a
CAD drawing and 3D printed realisation.

Figure 4, Intake valve test design - with two simple ducts.
5

Careful study of the outcomes from these simulations and the resulting incremental
improvements led our team to a new, but related, concept for the intake valve. This is
illustrated in figure 5.

Figure 5, evolved valve design based on previous work.
It was realised that the whole intake assembly did not have to rotate. The outer part could be
a fixed compression surface – with the same design as the inlet of a standard axisymmetrical
scramjet (this has been studied in detail many times [9]). The rotational section is now
confined to the inner part of the structure - either as part of the isolator or at the end of the
intake compression surface (in which case it may act as lateral or sidewall compression). It
consists of a ring or collar (also referred to below as the “rotor”) onto which are mounted (for
example) triangular “wedges”. As these rotate, they generate the same pattern of air as seen
in the previous iterations. In figure 5 the cowl has been made transparent, so that the wedges
are visible. The fuel is again injected from the fixed (stationary) engine structure behind the
moving wedge and is engulfed by the airflow as the wedge rotates past.
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This topology has several advantages over the previous concept, where the whole intake
structure rotated. These arise principally because the rotational part of the system operates
at a lower flow speed (typically around Mach 2 for a Mach 5 freestream) and include:
•
•
•
•
•
•
•
•
•

A more predictable and efficient result.
More relevant test data is available on the behaviour of similar structures at these
lower speeds.
An increased number of tunnel facilities which can verify the untested part of the
system.
The power required to rotate the structure is less.
More options for topology and operational variations.
The flow parameters in the mixing section are much more controllable.
There is a possibility that this system will work with gaseous fuel (as opposed to
pelletized fuel).
Variable speed operation, through adjustable geometry is easier.
Better understood boundary layer, shock, movement and edge interactions and
interrelationships

Because of these advantages, the discussion below concentrates on this new, enhanced
model and the benefits will be explored in detail in the following sections.
4. DESIGN OF WEDGES AND ROTOR
In specifying and simulating the system described here, the well-known scramjet design
proposed by Billig [10] was used as a model. This is widely accepted as a reliable source of
engine characteristics through a typical flight envelope and is discussed in Anderson [11]. A
full range of figures extrapolated from this data was tabulated in our previous paper [4]. Extra
parameters relevant to axisymmetric engines were drawn from the general references [1, 12,
13] and Hsia [9]. Since the forward part of the engine is configured as a well characterised
standard axisymmetric scramjet inlet [9], its design need not be discussed in detail here.
There are numerous options for the placement and topology of the rotating “wedges”. Some
of these (which will be referred to later in the text) are shown in figure 6.

a)
Simple
triangular
wedge

b)
Stepped
triangular
wedge

c)
Isentropic
compression
surface

d)
compression
expansion
surface

e)
Isentropic
c-e
surface

f)
Flat
tilted
plate

g)
Busemann
biplane
arrangement

h)
Asymmetrical
Wedge

i)
Double
sided
wedge

Figure 6, some of the many possible designs for the rotating “wedges”.
If the rotor and wedges are placed within the compression surface of the intake (as opposed
to within the isolator) and are used as an active part of the compression function, they act
rather like sidewall or lateral compression as explained on page 201 of Heiser [12].
7

Compression may be either through shockwaves, as in figures 6a and 6b or isentropically as
in figure 6c. For wedges which are part of the intake, but are designed to not affect
compression, figures 6d and 6e are possible options. Types shown in figures 6d, 6e, 6f and 6g
may be suitable for use in a partitioned isolator section. The potential advantages of a simple
tilted plate (6f) are particularly interesting and are discussed in the results section. In all cases,
the wedge design must produce the flow conditions necessary to effectively deliver and mix
the fuel (usually a reduction in local velocity) - while neither increasing the drag nor
decreasing the intake efficiency. The various options shown in figure 6 will be referred to
when the results are discussed later in the text.
In the simulations outlined below we have mainly restricted ourselves to considering a simple
triangular wedge placed on a rotor at the end of the compression surface (and assumed to
feed an annular isolator section). This configuration allows discussion of the effect of the rotor
and wedges in the simplest possible light, without additional complicating factors - and
therefore facilitates ease and accuracy of simulation, calculation, interpretation and
comparison. The more complex options shown in figure 6 can then be seen as optimising this
basic situation to minimise flow disruption. In reality though, the rotor can be placed
longitudinally in any position forward of the combustor that maximises its effectiveness and
allows best control of flow velocity, temperature and turbulence. Note also, that the
comments made in the last section on the desirability of sculpted ducts, also apply to wedge
shape.
A simple two-dimensional triangular wedge in a supersonic stream has a basic flow structure
as shown in figure 7a.
Flow

Attached oblique
apex shockwave

Base flow

Base of
Wedge

Expansion
fan
Separation
bubbles

Expansion fan

Reattachment
shock
Wake
b) Closeup of
base flow

a) Overall view of
flow pattern

Figure 7, simplified flow around a triangular wedge and further structure in the base flow.
In the strict two-dimensional case, the shockwave angle and Mach numbers of the oblique
wave can be found from the --M relationship and the other parameters from the shock
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equations. Similarly, the expansion-fan angles and Mach numbers can be found from the
Prandtle-Meyer function and other parameters from the isentropic flow relationships.
Appropriate adjustments need to be made to these figures when considering the surface in
three dimensions as discussed in Anderson [13].
We are particularly interested in the flow at the base of the wedge – as it is in this region (or
just behind it) that we inject the fuel from the stationary engine structure. This area is shown
diagrammatically in figure 7b and is discussed in Bertin and Cummings [14], who provide
references to primary and further work on the topic. The pattern here is complex with flow
separation/recirculation and high temperatures but low velocities.
The nature of the base flow causes an increase in local drag and therefore a decrease of
engine efficiency – and this can be considered the “cost” of good mixing. Anderson [13] covers
this in a simple derivation and finds that the drag coefficient caused by such a triangular
wedge is:
𝐶𝑑 =

4𝑡𝑎𝑛𝜃 𝑝1
( − 1)
𝛾𝑀02 𝑝0

Where  is the half-angle of the wedge (the angle between its centre line and edge),  is the
ratio of specific heats, M0 and p0 are the pressure and temperature before the wedge, and p1
is the static pressure after the oblique shockwave. As an example, an input Mach number of
5, and a half-angle of 150 results in a drag coefficient of 0.114.
Literature on the dynamics of moving wedges in a supersonic flow is quite limited. However,
a few papers do consider slowly oscillating wedges, although the emphasis tends to be on
aerodynamic forces, stability and flutter [15, 16]. One particularly relevant publication is the
thesis by Carter [17] on moving wedges in a supersonic flow. This contains not just a
theoretical treatment, but also electronic parameter measurements supported by Schlieren
photography.
The maximum speed of the wedges before choking can also be compared against the
previously derived equations [4] based on the aperture-restriction ratio choking criterion
discussed in several scramjet references [1, 12]:
𝛾+1

𝐴0
1
2
𝛾 − 1 2 2(𝛾−1)
=
(1 +
𝑀𝑠 ))
(
𝐴𝑅 𝑀𝑠 𝛾 + 1
2

Where Ms is the Mach number of the post pseudo-normal-shock flow.
The results and models in these references allow for comparison and verification of the results
discussed in the sections below.
5. SIMULATIONS AND MODELLING
a) Initial setup and model verification
In the simulations outlined below, the ANSYS Fluent (version 18.1) commercial CFD softwarepackage was used. This was configured as described in previous papers [3, 4], with its standard
9

supersonic compressible flow model, using a strongly coupled energy equation. Chemical
reactions (hypersonic modelling) were not included. This was because the flow being
simulated at the exit end of the compression surface, isolator and mixing area is only mildly
reacting at its upper velocity limit (Mach numbers of approximately 1.5 to 6.5), and
combustion was not being considered. Manual calculations performed using Anderson’s
models [13] and comparison with the data from the literature cited in the section above [14
– 17] were used to verify the overall simulation results.
To further confirm the general approach, a series of test simulations were undertaken on
already well-characterised stationary and slowly moving wedges. The results from these were
used to fine-tune the simulation parameters for accuracy. Figure 8 shows a typical output
from one such verification simulation. In this case the wedge is rotating with tangential
velocity of 0.1 times the output airflow speed in a Mach 10 free-stream system (the output at
the end of the wedge into the following section is approximately Mach 4). Selected softwaresuperimposed direction vectors and streamlines have been generated to show the behaviour
of the stream. The major features of the flow such as the separation bubbles and wake are
clearly visible as expected. Such plots were also used to verify fuel dynamics using the
modelling algorithms described in our previous paper [4].

Figure 8, Test simulation to verify results against known data in a Mach 10 free stream engine.
b) Simulating the movement of the wedges.
To gain an accurate simulation of the flow dynamics behind the wedges on their rotating
collar, a number of different strategies were explored. One of these was to use a system of
independent moving grids (dynamic meshes), so that the model moved in simulation time in
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a comparable way to the physical structure in real time. Figure 9 shows part of a 3D
independent mesh structure used to model the rotor in such a simulation.

Figure 9, part of independent 3D moving-mesh used for rotor simulation.
Although such simulations were useful to gain an understanding of the transient air-flow
mechanics, they had three disadvantages: a) They were quite difficult to initially set up and
run successfully. b) The simulations were often computationally intensive, took a long time to
run and had a tendency to crash, and c) The modelled parameters sometimes showed a
discontinuity of varying seriousness across the moving-stationary grid boundary. This latter
aspect is shown on the pressure plot in figure 10 for a Mach 5 free-stream engine (wedge
output velocity is approximately Mach 2) and a wedge moving tangentially at half the airflow
velocity.

Figure 10, simulation with moving grid showing discontinuity at boundary between grid
systems in a Mach 5 free-stream simulation.
This issue tended to become worse with increased rotor speed and although using a finer
mesh gave better results, it added to the problems of computational intensity and stability. A
number of experiments were conducted to find a solution. It was discovered that if the system
were running at operational speed, and providing the rotor did not speed up or slow suddenly
(as would be the case in normal steady-state operation), then a fixed grid simulation, using
an apparent (model) flow velocity (which was the vector sum of the wedge velocity and flow
11

velocity) gave essentially the same results. In other words, the frame of reference has shifted
from the main engine-frame being stationary to the wedges being stationary (although offcourse the pellets would now be moving, since they are injected from the stationary frame).
Figure 11 shows an example of two simulations with a similar setup to that in figure 10; one
with a moving mesh and the other with a stationary one – note the absence of the
discontinuity in the stationary mesh. The image on the left is in a Mach 5 free-stream engine,
the one on the right in a Mach 7 engine (wedge output velocity of approximately Mach 3).

Figure 11, Moving mesh and fixed mesh simulation of similar systems (Mach 5 free-stream
left, Mach 7 free stream right).
c) General observations on results and implications
The simulations discussed here were all done at Mach 5, 7 and 10 with a confirmatory sample
at Mach 15. The results were broadly in-line with theoretical expectations and data from the
literature - with only some fine-detail in the flow-structure being slightly different. Figure 12
illustrates the main features of flow around a typical rotating wedge in the form of
streamlines. In this case the engine has a free-stream velocity of Mach 10 and the wedge is
rotating at a tangential velocity of 0.5 times the airflow speed.
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Figure 12, streamlines around a rotating wedge showing main flow features.
There are two main features which should be noted. The first is that, as the wedge rotates,
the base separation bubbles become somewhat distorted by the flow. If the wedge is not
moving, they are symmetrical (as shown conceptually in figure 7) and at slower rotor speeds
they show less distortion (as illustrated in figure 8). The second feature is the separation
bubble on the lee-side (the left or downwind side in the diagram) of the wedge. This is similar
in structure and origin to the base bubbles and, like them, is a region of low velocity. The size
and configuration of this bubble, and the leeside flow-structure in general, may be controlled
by adopting an asymmetrical wedge design like those shown in figure 6h and 6i (or tilting the
wedges). Again, at low rotor speeds (the normal operating condition), this separation feature
is absent or very small, but it grows in size as the rotor speed increases - until it finally chokes
the flow (which only happens when the rotor is going much faster than it would in normal
operation). Figure 13 shows a close-up of the start of bubble growth. The effect is not
considered in the choking criterion discussed in the previous paper (and outlined in section
4). On this point, it should be noted that many of the scenarios explored in these diagrams
are simulated at wedge speeds which are much greater than would be found in a practical
system – these cases are explored because they demonstrate limiting aspects of the design.

Figure 13, Lee-side bubble growth with increasing rotor speed.
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CFD plots and diagrams are difficult to read and interpret from small printed figures and
colour codes. Since we are mainly interested in the region behind the wedge (close to where
we wish to inject the fuel), more accurate data is best explored in the form of a graph. One
way of presenting this data is to trace several lines of readings at increasing intervals behind
the wedge as shown in Figure 14 and then plot these.

8
7
6
5
4
3
2
Sample line 1

Figure 14, structure of sample lines behind wedge (not to scale).
Figure 15 shows just such a plot. In this case the wedge-base is 40 cm wide (all such radial
distances refer to the arc length along the rotor circumference), with the centre-line of the
base at x = 0. The wedge is 1 m high. Negative position (x axis) values therefore represent
positions to the left and positive ones to the right, the edges of the wedge-base are at x = 0.2 and +0.2. This wedge is separated from the next by a 1 m spacing (edge to edge). Each line
on the plot is spaced at 10 cm intervals. This means line 8 (dark purple) is level with the wedge
base, line 7 (purple) is 10 cm back from the base, line 6 (cyan) is 20 cm back, line 5 (orange)
30 cm, line 4 (pink) 40 cm, line 3 (dotted red) 50 cm, line 2 (dotted blue) 60 cm and line 1
(blue) 70 cm. The freestream Mach number is 5 (compressor-exit Mach number around 2)
and the rotor has a tangential velocity of 0.1 of the flow. The wedge used is quite large in this
plot to allow readings to be taken easily from the simulation but, due to the high Reynolds’
number, the results are essentially scalable.
To make the graph more universal (all the graphs have a very similar shape), the units (velocity
in this case) have been scaled to approximately V(ref) of Billig’s values. This case V(ref) = 1000
m/s (Billig’s figures give the ideal velocity as 1160 m/s). Note that, although line 8 appears to
be flat all the way across, this is an artefact of the plotting software and it does have a small
y value between x = 0.2 and 0.4.
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Figure 15, Velocity along different sample lines behind the wedge.
We can note some interesting features from the graph. As expected, there is a “dead” area
behind the wedge where fuel can be introduced from the stationary engine frame - this is
then engulfed by the airstream as the wedge sweeps past as modelled previously. We can
also note that the values are asymmetrical because of the rotation of the wedge (the lines are
skewed to the right) as expected from figure 12 and the other CFD visualisations.
Figure 16 shows temperature in the same system. This is again normalised to T(ref) = 600K
(Billig’s ideal temperature is 612K).

15

Figure 16, Temperature along different sample lines behind the wedge.
As expected in the stagnant air behind the wedge the temperature rises. This region then
narrows, and temperature falls off with increasing distance, due to the asymmetrical nature
of flow at the leeward edge - affording useful spaces in which to inject the fuel.
Such high temperatures could cause issues with normal fuel and so the injection position is
important. Pelletized fuel is potentially much more tolerant to high temperatures - because
of the flexibility of possible coatings and internal structures, as discussed in our previous
papers (indeed the high temperatures can be used as an advantage - to control the rate of
pellet breakup). There are several other methods which can be used to control the
temperature, if required, including:
•

•

The temperature profile is heavily dependent on the shape (see figure 6) and
dimensions of the wedge. These can be optimised for the best profile. The simple
triangular wedge discussed is actually the worst shape in terms of temperature
gradient. The physical structure of the base (which is flat in these simulations) can
also be optimised for best performance.
The wedge base could be actively or passively cooled. Alternately a cryogenic
substance (for example liquid O2 or frozen pellets) could be introduced from the base
to cool the region (the static nature of the bubble, means that this would mix well).
16

d) Other aspects
As explained in the preceding sections, there are a large number of choices available for
wedge topology - and their relative size and width can provide fine control over the flow
pattern (in 3D as well as 2D). One particularly interesting configuration is a simple flat plate
(figure 6f). A plate can be varied from parallel to the main flow (where it is effectively not
present) to normal to it (where it causes maximum obstruction) or any value in between using a controlled driven pivot. Such a configuration is appealing due to its simple elegance
and flexibility. The plate can provide very similar behaviours to the shapes already discussed
[18] - but can be carefully “tuned” by adjusting its angle to give minimal flow disturbance (and
therefore loss). Figure 17 shows a close-up of the base of a tilted plate in a Mach 5 free-stream
engine (wedge speed of 0.4 free stream), note the similar separation bubble to that in the
triangular wedge.

Figure 17, Base of tilted plate showing angle controlled separation bubble.
Although the static simulations illustrated in the figures above cannot show it, the shape, size,
speed and orientation of the wedge changes the dynamic behaviour of the stream behind it.
Patterns of flow from static bubbles as shown in figure 7, up to Kelvin-Helmholtz like
instability (like that illustrated on page 287 of Heiser [12]) and other turbulence can also be
induced. This adds to the flexibility of the pelletized system - but also to the possibility that
such enhanced and controllable mixing might benefit a traditionally fuelled scramjet. It was
mentioned in our previous paper that the pelletized fuel design could incorporate traditional
side-wall injectors to get the best of both worlds – but it is further apparent from our
simulations here, that this new design might enhance mixing completely non-pelletized
traditional fuel as well. This aspect needs to be further researched. Configurations like the flat
plate could also provide a “limiting-case” scenario for all scramjet-type engines by
establishing the theoretical minimum flow-disruption possible for a given mixing efficiency.
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6. ROADMAP AND FURTHER VALIDATION
In our previous paper [4], we presented a development roadmap for ASPIRE. The current work
builds on that already reported, and a revised map is shown in figure 18.

Shock tunnel
pellet embedding
tests

Phase A

Phase B
Design of single
speed soundingrocket
demonstrator

Key points
validated
Rotating nosecone testing

Testing of fulldemonstrator

Testing of single
speed
demonstrator

Design of full
demonstrator

Phase C

Figure 18, A revised development roadmap for the ASPIRE engine.
Since modelling and simulation have now been undertaken on both the pellet dynamics and
the inlet valve configuration, there is little further proof-of-concept work which can be
elucidated by theoretical study and the basic results now need to be validated practically.
Fortunately, with the new paradigm presented in this paper, testing becomes simpler than
with the previous full nosecone design. Since the outer parts of the intake in this designiteration are stationary and conform to a standard well-researched and tested scramjet inlet
system, these no-longer need be part of the initial confirmatory testing. Only the behaviour
of the rotating collar with its wedges and the pellet dynamics are new. The Mach numbers for
these vary from around Mach 1.5 (in a Mach 3 freestream engine) to about Mach 5.5 (in a
Mach 15 engine), and so slower (and more readily available) tunnel facilities are suitable.
The two most important issues to confirm experimentally are the pellet embedding in the
stream (which can be tested by dropping pellets just prior to flow-initiation in a shock-tunnel
and observing their dynamics with a high-speed camera) and the patterns of flow around the
rotating wedges illustrated in this paper (this is more tricky to observe since the tunnel flowperiod must be long enough to study the effect of rotation on the pattern).
It is also intended to produce a paper on the combustion system. This aspect of the design
may be subject to several interesting innovations in the ASPIRE engine. One of these is that
the engine can deliver hypergolic and/or pyrophoric pellets - which could potentially establish
a multipoint and persistent flame-front in the fuel-air mixture. Indeed, there may be
advantages in adding such pellets into the traditionally fuelled (non-pelletized) system
mentioned in the previous section. Another aspect where our team has done substantial
work, is on the control and ignition of air-fuel mixtures using electromagnetic radiation [8].
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Studies have also been reported by other researchers, on using similar wedges to those
proposed here, as part of a flame-holder system [19]. The tunability of the plate system
described in the previous section is also attractive as a flame-holding system – perhaps on a
second rotor, this idea might lead to a configuration similar to that shown in figure 19.

Figure 19, one possible engine configuration with independent mixing and flame-holding
plates.
To facilitate the validation described above, our team intends to produce instrumented test
rigs which can be assembled in suitable tunnels using CNC and 3D printing facilities - and to
form a strategic alliance to gain access to the necessary experimental equipment.
7. DISCUSSION AND CONCLUSIONS
The results outlined above should be read in conjunction with those on pellet embedding
outlined in our last paper [4]. Taken together, these show that the overall engine design is at
least theoretically feasible, and an experimental investigation should be pursued. Within this
overall design are also several independent concepts which merit individual consideration
because they could be useful to other scramjet design routes.
The refinement of our previous designs (as shown in figures 2 and 4) into our current concept
(figure 5) represents a major simplification of the design that makes testing and validation
much easier for the reasons outlined at the end of section 3. This new idea has an appealing
elegance. The basic principles outlined can also be applied to linear (as opposed to
axisymmetric) type engines – in this case the wedge movement is back and forth on sliders
across the intake aperture.
Experimental verification of the critical new ideas would not be prohibitively expensive or
difficult - and these results, taken in context with already extant scramjet research, would
form a good basis to proceed further. As this testing is at a lower supersonic speed than our
previous designs, even comparatively cheap commercially available facilities (for example the
tunnels produced by companies like Tecquipment or Aerolab) could be used for experimental
verification work.
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As stated in our last paper, there are just two points which really need validating in terms of
this design:
•
•

Can it be shown that the pellets become sufficiently embedded in the air-stream, so
that their load is well-distributed throughout the mixing volume?
Can a rotating ducted valve of this nature redirect the airflow in a manner consistent
with the ASPIRE engine’s operation?

The answer to most of the other pressing issues can be established from existing scramjet
literature.
Having said this however, an unexpected result from simulations of the new design was the
suggestion that the flow pattern established by the moving wedges may be effective at mixing
traditional non-pelletized gaseous fuel - and this aspect needs to be further investigated as
discussed at the end of section 5 (although the introduction of some pellets, for example the
pyrophoric types, may still be an advantage for combustion initiation and stability purposes).
It is our intention, as stated in the section above, to build suitable experimental test rigs to
confirm the results. We are also going to construct several 3D printed models of the engine
system for purposes of illustration. This work will hopefully lead to a single speed
demonstrator model as per the roadmap shown in figure 18.
At the end of the day, if the two questions outlined above can be answered in the positive,
then the remaining and overarching question is: Can this system produce the desired result
efficiently enough (with a sufficiently small decrease of total pressure in the intake and mixing
sections) for a working engine. In fact, this is a question which dogs all scramjet designs in the
final analysis. Given that some of the rotor-wedge designs can be configured to produce the
minimal possible disruption to the flow (as discussed for a flat-plate in section 5), then
perhaps this work can shed light on this question for the whole scramjet area.
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Links to on-line resources
Animation of basic original engine concept (with links to other explanation videos):
https://www.youtube.com/watch?v=NbQTqpmMoWM
Link to first paper (reference 3):
https://pure.uhi.ac.uk/portal/files/1899730/MacLeod_Pulsed_Scram_V2.pdf
Link to second paper (reference 4):
https://pure.uhi.ac.uk/portal/files/3712357/Paper_Pellets_V2.pdf
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Link to review paper (reference 6):
https://pure.uhi.ac.uk/portal/files/1985126/Review_paper_V2.pdf
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