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Abstract

The combustion efficiency in supersonic combustion ramjets
(scramjets) is strongly dependent on the fuel injection process.
This paper investigates the transverse injection of hydrogen
into a hypersonic air crossflow at Mach 6 . The flow physics
are investigated using both Reynolds-averaged Navier-Stokes
(RANS) simulations and wall-modelled large-eddy simulations
(WMLES). We focus on the comparison of the results of these
two methods and their agreement with experimental temperature measurements. Assessing the performance of RANS and
its shortcomings in this context is of particular interest due to
its significantly reduced computational costs and its widespread
use in the hypersonics community compared to WMLES.

UV laser sheet

nozzle exit

ﬁeld of view

cowl

injector bow shock
compression ramp
ramp shock

plenum
120

Introduction

The need to increase the efficiency of propulsion systems at
high Mach numbers has lead to the development of supersonic
combustion ramjets (scramjets). One of the major challenges
in supersonic combustion is achieving a high combustion efficiency, which is often limited by the mixing efficiency. A stoichiometric fuel-air mixture is desirable for combustion [7], and
achieving a high mixing efficiency is important. The mixing
process and thus the mixing efficiency are strongly dependent
on the fuel injection method. Commonly, porthole injection is
used to supply the scramjet with fuel [14, 9, 6, 2, 17]; however,
a large variety of other injection methods, such as slot injection,
injection behind a backward facing step and injection through
a hypermixer have been investigated as well [7, 12]. This paper focuses on porthole injection, in particular on the numerical
simulation of the fuel-air mixing process employing two different numerical simulation techniques, Reynold-averaged NavierStokes (RANS) simulations and wall-modeled large-eddy simulations (WMLES). RANS simulations are widespread in the
hypersonic community due to their low computational resource
requirements. Viti et al. [19] used RANS to investigate the
main flow physics that are governing the porthole injection process and has shown that quasi-steady flow phenomena, such as
shock structures and mean vortical structures, can be resolved
well with RANS. Several studies that investigate porthole injection experimentally [1, 18] or with high fidelity numerical
methods, such as large-eddy simulation (LES) [8, 13], show
that inherently unsteady flow processes, such as vortex shedding, are occurring during the injection process. These unsteady
flow features cannot be captured with RANS and must be modeled. Hence, analyzing injection flow fields solely with RANS
can lead to a distorted perception of the true flow physics and,
depending on modeling accuracy, can result in discrepancies between numerical and experimental results.
To address this issue, sonic hydrogen injection into Mach 6
crossflow has been analyzed employing two numerical methods, RANS and WMLES. The resulting averaged temperature
distributions at the jet symmetry plane are compared with experimental data. In particular, the distribution of hydrogen is of
importance, since it has a major influence on the temperature
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Figure 1: Experimental arrangement to scale [3].
distribution and further downstream on the combustion process.
We focus on features of the hydrogen distribution that RANS
modeling fails to predict accurately.
Experimental setup

Figure 1 shows the sonic hydrogen injection experiment, which
is part of a scramjet experiment. For clarity, only a brief description of the experimental details relevant to the injection experiment is given. The experimental campaign was conducted in
the T-ADFA free piston shock-tunnel at the University of New
South Wales, Australian Defence Force Academy. The shocktunnel provides high enthalpy flow, which is accelerated though
a conical nozzle, displayed in Figure 1, to hypersonic speeds.
At the nozzle exit the freestream reaches a temperature T∞ of
140 K, a pressure p∞ of 675 Pa, a velocity u∞ of 2063 m/s and
a Mach number M∞ of ∼ 9. The hypersonic freestream impinges on the 9◦ compression ramp of the scramjet generating
an oblique shock wave as depicted in Figure 1. The flow conditions behind the shock wave are the following: T = 275 K,
p = 3850 Pa, u = 1995 m/s and M ∼ 6. A 1.6 mm diameter
porthole, which is located 120 mm downstream of the scramjet
leading edge, angled at 81◦ to the flow along the compression
ramp is used to inject sonic hydrogen with a plenum pressure
of p pl = 2075 Pa into supersonic crossflow. The planar laserinduced fluorescence (PLIF) technique is used measure temperatures at the jet symmetry plane by using the NO-molecules
present in the freestream (NO-PLIF). This measurement technique is non-intrusive and thus well suited for this particular
application. Figure 2 displays the ensemble averaged temperature measurements. For more information, the reader is referred
to Brieschenk et al.[3].
Numerical method

The injector experiment is simulated using US3D, a research
code developed at the University of Minnesota [11]. Both
RANS and WMLES method are incorporated into the code. The
improved delayed detached-eddy-simulation (IDDES) method,
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To achieve the best agreement with the experimental data the
nozzle flow has been simulated to generate accurate inflow conditions for the scramjet model. Also, the entire scramjet inlet
has been modeled. A preliminary investigation has shown that
the corner vortices, which develop at the intersection between
the inlet compression ramp and the sidewalls, do not influence
the jet interaction flow field at the centerline. Therefore, only
the region near the centerline, where the jet plume is present,
is well resolved. With increasing distance from the centerline
the spanwise resolution decreases to reduce the computational
costs. The mesh has a total of 29,061,028 cells. At the injector orifice the cell sizes (edge length) are smaller than 0.04 mm.
With increasing distance from the injector the cell sizes increase
to 0.15mm. The chosen grid spacing ensures that more than
80% of the turbulence kinetic energy is resolved, which indicates sufficient spacial resolution [10]. The mesh is clustered
towards the walls to achieve y+ < 1, resolving the developing boundary layer. The time step used for WMLES is set to
5 × 10−9 s to time accurately resolve the shear-layer development region. The time-average of the WMLES is calculated
over 50,000 iteration, thus over 250µs.
Results

This section analyses the temperature distribution generated by
the jet interaction. Furthermore, a comparison between the numerical and experimental data is conducted.
Figure 2 shows the experimentally determined ensembleaverage temperature distribution at the jet symmetry plane. To
aid discussion, Fig. 2 is annotated with numbers from 1 to 10,
each representing a specific zone in the temperature map. The
relative position of the temperature map in reference to the overall experiment can be seen in Fig. 1. The flow enters the domain on the left hand side. Zone 1 and 2 are positioned in the
freestream and in the post-leading-edge-shock region, respectively. The hydrogen injection creates a blockage in the flow
field, causing a bow-shock, a barrel shock (4) and an upstream
separation zone (3). The volume enclosed by the barrel shock
(4) contains pure hydrogen, which means that no meaningful
temperatures can be measured in the region using NO-PLIF. A
Similar problem occurs for region 8, which represents the hydrogen plume region. Hence, large errors in the temperatures
are induced due to the marginal amounts of NO present. The
large temperature gradient observable in zone 7 is caused by the
cooling effect of the hydrogen plume. The measurement sensitivity for this transition region is, however, very low [3], which
is inherent to the way the experimental measurements are ob-
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Figure 3: Time-averaged numerical (WMLES) translationalrotational temperature distributions in the jet symmetry plane.
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Figure 4: Relative error between the experimental and numerical (RANS) translational-rotational temperature distributions in
the jet symmetry plane.
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Figure 2: Experimental temperature distribution generated with
NO-PLIF.
which is described in detail by Peterson et al. [13], is used
for WMLES. The Spalart-Allmaras turbulence model [15] is
used to close the RANS equations and as the background
RANS model for IDDES [16]. To account for chemical nonequilibrium effects, the 12-species Evans-Schexnayder finiterate chemistry model [5] is incorporated into US3D.
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Figure 5: Relative error between the experimental and numerical (WMLES) translational-rotational temperature distributions
in the jet symmetry plane.
tained. Further measurements would be necessary to increase
the sensitivity in this region. Hence, the temperatures in zone 7
are unreliable and thus not usable for comparison, which is unfortunate since the effect of vortex shedding on the temperature
distribution can not be analyzed. Region 10 shows the influence
of the scramjet cowl, present in the experiment, which has not
been incorporated into the numerical simulation. Therefore, the
temperature measurements in this region should be disregarded.
Furthermore, the area underneath the cowl is not penetrated by
the laser sheet resulting in no temperature information.
Figure 3 shows the numerically generated temperature distribution, using WMLES, in the jet symmetry plane, which agrees
well with the experimental data. For better comparison, Fig. 4
and 5 display the relative error between the numerical and experimental temperature distribution for RANS and WMLES, respectively. The qualitative agreement between the numerical
and experimental results is excellent. The shock shapes, shock
positions and size of the separation zone are captured well by
both RANS and WMLES. The quantitative temperature comparison, however, shows discrepancies. Taking the limitations
of the experimental setup into consideration, leaves zones 1, 2,
3, 5, 6 and 9 for comparison. The quantitative agreement of the
numerical data with the experimental data is excellent for zone
1, 2 and 6, considering the experimental uncertainties [3]. The
relative error in the remaining zones is increased; however, the
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Figure 6: Instantaneous hydrogen distribution on the jet symmetry plane superimposed with Mach number contour lines
from 1 to 7 generated with WMLES.
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Figure 7: Time-averaged hydrogen distribution on the jet symmetry plane generated with WMLES.
measurement uncertainties [3], not shown here, in this region
are large as well. Nevertheless, the WMLES results show better quantitative agreement than the RANS results. We believe
this is due to the unsteady effects that cannot be captured with
RANS and will be discussed further in the following section.
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Figure 8: Hydrogen distribution on the jet symmetry plane generated with RANS.
agreeing better with the experimental results in the upstream
separation.
Shock unsteadiness

The aforementioned unsteadiness of the jet, which causes the
hydrogen shedding, also effects the bow shock. Near the barrel
shock, where the influence of the unsteadiness is largest, significant movement of the shock structure is observable as can be
seen in Fig. 6. The perturbations in the Mach number contour
lines representing the bow shock dampen out with increasing
wall normal distance. At the steepest part of the bow shock,
where the unsteady effects are strongest, high temperatures of
up to 1500K are present in the flow field (5). These high temperature spots change position over time due to the unsteadiness
of the bow shock, which results in a lower average temperature
of roughly 900K. Again, WMLES agrees much better with the
experimental data than RANS, which predicts temperatures that
are similar to the instantaneous temperatures.
Mixing region

Analysis and discussion

This section analyses the discrepancies between the numerical
temperature maps in conjunction with the hydrogen distribution. Significant differences between the RANS and WMLES
methods and their impact on the flow physics will be discussed.
Also, the mixing efficiency downstream of the injection is analyzed.
Separation zone

Figure 6 shows an instantaneous hydrogen distribution on the
jet symmetry plane from the WMLES. The focus should be
placed on the separated region (3) upstream of the barrel shock.
This region contains two vortices; one small counter-clockwise
rotating vortex adjacent to the jet, which entrains cold hydrogen from the jet into the clockwise rotating vortex generated by
the boundary-layer separation. It can be seen that a significant
amount of hydrogen is present in the the separation zone. This
process decreases the temperature within the separation zone
leaving only a thin high temperature region on top of the separation zone. This detail can also be seen in the experimental temperature measurements shown in Fig. 2. The hydrogen entrainment into the recirculation region is governed by an unsteady
shedding motion. Therefore, it is not resolvable by RANS. Figures 8 and 7 display the time-average hydrogen distribution on
the jet symmetry plane generated with RANS and WMLES, respectively.
From Fig. 7, it is apparent that a significant amount of hydrogen
is entrained into the separation zone in the WMLES, whereas
Fig. 8 shows only small amounts of hydrogen. Hence, RANS
under-predicts the amount of hydrogen within the separation,
which results in higher temperatures due to the decreased cooling effect. This leads to the WMLES temperature distribution

A shear layer forms between the hydrogen jet and the crossflow, causing strong vortex shedding events to occur. Figure. 6
demonstrates how the instantaneous hydrogen distribution deviates significantly from the average one. Similar to the separation zone, shear layer vortices transport cool hydrogen into
regions above the mean jet plume causing the temperature to decrease. As mentioned before, this flow region can unfortunately
not be analyzed due to experimental constrains. The mixing induced by the lower hydrogen shear-layer (9) can be investigated,
however. The hydrogen shedding events are not as dominant
as for the top shear-layer, but significant mixing still occurs.
Hence, cold hydrogen mixes with the air creating a well mixed,
but cold, fuel-air mixture. WMLES resolves the unsteady mixing process well and shows great quantitative agreement for this
region. RANS, however, over-predicts the temperatures due to
an under-prediction of the mixing process.
Mixing efficiency

To finalize the analysis, the hydrogen distributions for the crossflow plane 25 jet-diameters (40 mm) downstream of the injector,
shown in Fig. 9, are compared with each other. Fig. 9 clearly
shows the major differences between the RANS and WMLES.
Again, a highly unsteady, asymmetric and distorted hydrogen
distribution is present in the instantaneous WMLES flow field.
The modeling of these physical processes has a major influence
on the mixing performance. This fact becomes readily apparent
when comparing the time-averaged WMLES and RANS hydrogen distributions. The overall shape is similar, but RANS
predicts a very compact hydrogen distribution, which can be
considered largely unmixed, whereas WMLES shows a clearly
diffused distribution, due to time-averaging hydrogen shedding
events, indicating better mixing. It should be noted that the
time-averaged WMLES hydrogen distribution is a misleading
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Figure 9: An a) instantaneous (WMLES) b) averaged WMLES and c) RANS hydrogen distribution at a cross-flow plane 25 jetdiameters downstream of injector.
representation of the mixing process [18], but yet helpful to
identify mixing regions. The mixing efficiency [4] at the aforementioned crossflow plane is 14.9% and 9.1% using WMLES
and RANS, respectively. Thus RANS under-predicts the mixing
efficiency, compared to WMLES, by more than 60%, which is
an unphysical representation of the mixing process. The RANS
results can be improved by adjusting the turbulent Schmidtnumber to increase the turbulent transport and thus increase the
mixing rate. This measure would, however, be dependent on the
specific test case and cause rather unphysical diffusive mixing,
since the turbulent mass transport is modeled through a turbulent mass diffusion model.

[8]

Conclusions

[9]

The results presented clearly show the advantage of WMLES
over RANS for the simulation of a jet in supersonic crossflow.
The overall qualitative distributions are very similar, but quantitatively large discrepancies arise where unsteady effects dominate the flow physics. RANS is not capable of capturing vortex
shedding, which affects the temperature distribution in the separation zone and the mixing region. Furthermore, the mixing
process is largely under-predicted resulting in low mixing efficiencies, at least for the computational modeling used in this
study. These results indicate that WMLES is necessary to correctly predict the mixing processes in scramjets.
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