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Abstract

Forced ignition in an undersped shape-transitioning scramjet
engine is numerically investigated, focusing on Mach 6 oper-
ation of an engine designed for Mach 8 flight. Initially the flow-
field is nonreacting, being too cold to ignite, with a large recir-
culation region behind the fuel injector in the thickest part of
the boundary layer. A hot zone resembling a spark was placed
in the flow behind the this injector, which was able to ignite
the flow on contact with the wall. Sustained combustion was
initiated from this one spark, and altered the flowfield of the in-
jector, forcing separation upstream. Fuel enters this region and
establishes a dual mode combustion mechanism. Thus a spark,
placed closed to or on the wall, and with an appropriate fuelling
scheme, can ignite the flow in an undersped engine and force
dual mode combustion in an initially cold flowfield.

Introduction

A scramjet capable of accelerating from Mach 5 to Mach 10
is of interest to supply the propulsion for the second stage of
a small satellite launch system [9]. For a fixed geometry inlet
operating at the low speed end of such a trajectory, the average
temperature entering the combustor is below that required to au-
toignite hydrogen, thus a forced ignition system is required. At
these speeds, it is also advantageous to use dual-mode (mixing
subsonic and supersonic) combustion to generate better perfor-
mance than pure supersonic combustion [13]. The large regions
of subsonic flow that characterize dual mode combustion are
usually anchored by physical obstructions to the flow or cav-
ities, but these would result in prohibitive losses at the high
speed end of the trajectory. Dual mode combustion in an unob-
structed flowpath was explored experimentally by Turner [13].
In the present work, this Mach 8 REST (Rectangular to Ellip-
tical Shape Transition) engine of Turner’s is simulated well be-
low its design speed, at Mach 6.2, using an unsteady RANS
(Reynolds-Averaged Navier-Stokes) simulation approach.

In the past, large-eddy simulation (LES) studies of scramjets in
hypersonic flows [3, 4] have been able to simulate spark igni-
tion to replicate experimental results. However, as we want to
simulate a practical scramjet engine design we are limited to
unsteady RANS (URANS) simulations; as LES are too compu-
tationally expensive. To the best of the authors’ knowledge, this
is the first URANS investigation of spark ignition in a flight can-
didate scramjet engine without the aid of cavity or ramp flame-
holders. URANS simulations have been performed in the past
to investigate the effects of inlet design on combustor perfor-
mance and flow structure [7] and to design cavity flameholders
for experimental models [2].

Methodology

To numerically investigate the problem, the flow solver US3D
was used, solving the RANS equations in an unsteady manner.
US3D was developed at the University of Minnesota [8], and
has previously been used to simulate REST style engines in high
Mach number scenarios [6]. This simulation was fully turbulent
from the leading edge, using the Spalart Allmaras turbulence

model [6], and the Jachimowski reaction scheme for hydrogen-
air combustion [5].

Separate grids for the inlet and combustor were used to save
computational cost, using the flux conserving boundary condi-
tion of [6]. Half of the engine was simulated used the symme-
try plane down the centre of the engine. A grid convergence
study was performed on each using the method of [12], for a
simulation not shown in this paper. The fine inlet grid was con-
verged to 0.93%, 1.48%, and 0.93% for stream-wise averaged
Mach number, pressure and temperature, when compared to the
Richardson extrapolated exact values. For the combustor, the
combustion and mixing efficiencies on the fine grid were con-
verged to 1.32% and 1.30% when compared to the extrapolated
infinite grid solution. The fine grid solution is presented in this
paper. The inlet grid contained 30 million cells, and the com-
bustor grid, 37 million cells.

This simulation has been overfuelled with hydrogen at an equiv-
alence ratio of 1.82, as large equivalence ratios can transition
this engine to operate in a dual mode manner at its design point.
The spark has dimensions based on those in the experiment of
[1], with a temperature of 4600 K, and an elliptical shape of
length and width of 0.54 mm, 0.21 mm.

To capture the unsteady effects, a low Courant-Freidrichs-Lewy
(CFL) number was used to ensure time accuracy in the cells de-
sired; the region behind the injector where the spark is occur-
ring. Figure 1 shows the maximum timestep for explicit time
accuracy, for each cell. A timestep of 75 ns was used in the
simulation. In the expansion regions of the fuel injectors, the
required time step is below that of the global time step, but has
very low unsteadiness.
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Figure 1: Signal speed time shown based on CFL criteria. This
can be used to set a timestep which can capture unsteadiness in
the base flow of a RANS simulation

The engine used for the simulation is shown in figure 2. The en-
gine is designed using a streamtracing technique [11]. Bodyside
refers to the top of the engine where it attaches to the underside
of a hypersonic vehicle, and cowlside refers to the underneath.
The ring of 8 porthole injectors used in this engine are shown in
figure 3. These are inclined at 45 degrees to the flow.

Preignition Flowfield

The symmetry plane flowfield in the region near the injectors
is shown in figure 4, using contours of temperature, fuel mass
fraction, axial velocity and Mach number. No combustion is
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Figure 2: Mach 8 REST Schematic. Reproduced from Turner
[13]
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Figure 3: Injector Ring. Reproduced from Turner [13]

occurring in this flow, despite the high equivalence ratio. The
temperature is the limiting factor - although it is above the au-
toignition point of the hydrogen fuel, no region has both a suf-
ficient temperature and access to the fuel.

The region behind the bodyside injector has a large recirculating
subsonic zone, which is caused by the impinging of the com-
bined shocks originating from the cowlside injector and the 6
degree combustor realignment bend. This is a region of high
local temperature, and has the potential to be a flameholding
region if combustion can be forced.

Spark Flowfield

The symmetry plane region close to the spark location and in-
jectors is shown in figure 5. The spark itself is located in a
region on the edge of the fuel plume on the bodyside of the
combustor, which can be seen in the temperature plot of figure
Sa.

The spark is initially unable to sustain combustion of the flow,
due to adverse conditions; equivalence ratio and temperature.
A small amount of OH is generated as the spark’s effect moves
away from its initial location as shown in figures 5b and Sc,
but no significant combustion occurs. Note that the OH con-
tour in figure Sc has changed scale so it can still be visualised,
as it drops two orders of magnitude. When the spark remnant
interacts with the bodyside wall, the favourable conditions gen-
erated cause OH radicals to be formed, indicating combustion
is initiated, which is seen in figure 5d.

In other simulations, it has been observed that when combus-
tion reaches the rear of the bodyside injector, the interaction be-
tween combustion and the injector flowfield forces combustion,
and separation, to occur upstream, leading to dual mode com-
bustion. This is the phenomenon we are attempting to force.

As the effects are weakened by the distance to the wall from
the initial spark location, we suggest that a spark at the wall
would have equal or better performance. In a practical sense, it
is easier to place a spark plug or such device at the wall, rather
than having an ignition mechanism designed to interact with the
central flow.

Forebody Conditions ‘

Property Value

Mach number 5.335
Pressure 4353 Pa
Stagnation Pressure 3.3765 MPa
Density | 0.05224 kg/m>
Temperature 2093 K
Equivalence Ratio 1.83
Velocity 1821.97 m/s

Table 1: Inflow conditions equivalent to a Mach 6.2 freestream
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Figure 4: Symmetry plane contour of Temperature, H2 Mass
Fraction and Velocity and Mach Number Contours. This flow-
field in not combusting due to the low temperatures in the re-
gions where fuel is located.

Post Ignition Flowfield

The recirculating flowfield has a high fuel content, and once the
spark has ignited the flow near the wall, the rest of the recircu-
lating region can begin to combust. Figure 5e shows the con-
sumption of this fuel, which heats and expands the region. The
expansion of the wake causes the fuel jet to become steeper and
penetrate further, strengthening its bow shock, as can be seen
by the changing fuel mass fraction locations in figure 5d, Se
and 5f. Burning now occurs in the shear layer, in figure 5f. The
separation size upstream of the injector increases as the fuel jet
inclines further to the oncoming flow. Eventually, in figure 5g,
fuel can enter this region and combust, which further expands
it. Figure 5h shows the final transition to dual mode combustion
has occurred with significant combustion occurring upstream of
the injector, and large separations in the engine.

Upstream Propagation

In this simulation, with such extreme overfuelling, the upstream
propagation is not balanced and the combustion reaches the start
of the combustor grid. The development of the flow is shown in
figure 6. Combustion ahead of the bodyside injector moves the
separation upstream. The interaction between this separation



and the incoming flow separates the cowlside boundary layer,
and combustion occurs in this region as fuel moves ahead of
the jet, which is shown in figures 6b and 6¢c. The combustion
occurring ahead of the cowlside jet creates a shock which inter-
acts with the large bodyside separation increasing its size and
the combustion within. These interactions are not balanced, and
drive the separations upstream.

Conclusion

We attempted to simulate an undersped scramjet engine, to see
whether dual mode combustion could be established in a cold
flowfield. Initially, combustion did not occur due to the limiting
temperature of the flow. A spark ignition was simulated in an
unsteady RANS simulation which showed the ignition model
could instigate dual mode combustion. Combustion was sus-
tained but due to the overfuelling, it propagated to the start of
the grid.

The spark model showed best performance when its effects
reached the wall, which indicated the wall is a more suitable
place for a spark ignition system in the engine considered. This
present simulation showed the capability to model forced igni-
tion in a scramjet engine using RANS equations, and that dual
mode flow can be initiated and sustained in a cold Mach 6 flow-
field in an engine designed for Mach 8 flow. This methodology
can be used in the design of an engine to be used along an ac-
celerating trajectory.
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Figure 5: Ignition Flowfield with Temperature, OH and H2
Mass Fractions, and Axial Velocity and Mach Number Con-
tours. Sustained combustion occurs when the spark’s wave in-
teracts with the wall. Due to the expansion caused by com-
bustion the fuel jet is forced upstream causing greater separa-
tion of the boundary layer and increased burning in the shear
layer. This allows combustion to occur in the upstream sepa-
rated boundary layer.
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Figure 6: Evolution of Spark Ignition Flowfield



