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Abstract

This study numerically investigates the combustion characteristics of a hydrogen-fueled scramjet
combustor by incoming vitiation air effects. A high-resolution comprehensive numerical simulation was
conducted with hybrid LES/RANS and high-order schemes. Two different global equivalence ratios, 0.23
and 0.45, were applied on each incoming air condition, clean air and vitiation air, to investigate the
effects of equivalence ratio changing. The results show that shock trains accompanied by a thermal
chocked formed around the cavity close-out region when the incoming flow condition changes from
vitiated air to clean air condition. The change in combustion characteristics depending on the incoming
air was found to be more severe as the equivalence ratio increased. Present results indicate that when
the ground experimental test with the vitiated air heater to derive the design point of a scramjet
combustor or engine, results must be calibrated considering the discrepancies between the combustion
characteristics of the clean and vitiated air.

Keywords: Direct-Connect Scramjet Combustor, Vitiated Air Heater, Vitiation Air Effect High-
resolution Numerical Simulation

1. Introduction

A facility that can provide high-enthalpy, high-Mach number flow to test the hypersonic propulsion
system, such as ramjet, scramjet, and dual-mode scramjet engines on the ground experimentally, is
required. In the ground test, several types of facilities have been used to simulate supersonic conditions
with a high enthalpy flow condition. These can be categorized as storage air heater (SAH), electrical
resistance heater (EAH), and vitiation air heater (VAH). In particular, VAH has been widely adopted due
to its relatively easy installation and operational convenience.

However, because the VAH uses combustion to make up high enthalpy flow, it is unavoidable for the
combustion product, such as H20 or CO, to be included in the high enthalpy flow. Therefore, several
experimental and numerical studies have been conducted to describe the vitiated air effect on a flame
structure, combustion dynamics, and engine performance [1-6]. As several study reported, the
combustor flow field exhibits significant variations depending on the incoming air condition. Efforts have
been made recently to schematize and predict these relationships; however, this requires detailed
combustion properties within the combustor based on various and numerous data. Therefore,
comprehensive numerical simulations with high-fidelity are needed to understand these detailed field
data, but due to realistic problems.

The present study conducted a high-resolution comprehensive numerical simulation on a hydrogen-
fueled direct-connect scramjet combustor to investigate the vitiated incoming air effects from the fluid
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and combustion dynamics perspective. It is the preliminary stage of the construction of a calibration
tool that aims to derivate a combustion flow field or performance based on clean air condition from
data accumulated using vitiated air condition.

2. Methodology
2.1. Governing Equation and Numerical Approach

A density-based, fully compressible reactive in-house code ("PNURPL3DFR") was used in the present
research. A chemical species, momentum, energy, and turbulent transport equation, in which a fluid
and chemical reaction are fully coupled, were used as the governing equations. All equations were
treated using the finite volume method and based on a fully structure grid. A density was calculated by
the sum of the partial density of each species. The temperature was calculated using the total energy
and temperature relationship with a Newton-Raphson iterative approach. The pressure was calculated
using an ideal gas equation of state (EoS). Several previous numerical studies have noted more detailed
numerical framework information of "PNURPL3DFR" [7-16].

Jachimowski detailed the hydrogen/air chemical reaction mechanism [17], which consists of 8 species
and 19 reaction steps, was selected. Including nitrogen as an inert gas, so the total number of species
is nine. Owing to sufficient fine grid level with a small volume (O(100 cm?)), the present study selected
the “quasi-laminar approach”, instead of applying a turbulent-combustion model, such as a partially
stirred reactor (PaSR) [18,19].

The present study used an improved delayed detached eddy simulation (IDDES) model, which
controlled grid-induced separation (GIS) problem in delayed detached simulation (DES), and solved
log-layer mismatch (LLM), which is a hazard problem in delayed detached eddy simulation (DDES). In
order to derive high-resolution results, spatial reconstruction was treated by the fifth-order accurate,
optimized multi-dimensional limiting process (oMLP) method. Previous study confirmed that the oMLP
scheme performs better than the weighted essentially non-oscillatory (WENO) scheme [20]. Viscous
flux was calculated using the fourth-order central difference method, and the AUSMPW+ scheme
treated flux splitting. Second-order accurate, fully implicit optimized lower-upper symmetric gauss-
seidel (LU-SGS) scheme with a maximum four-step Newton sub-iteration method was used as a time
marching scheme.

2.2. Combustor Model and Working Fluid Conditions

The computational model, Pusan National University Direct-Connect Scramjet Combustor (PNU-DCSC),
which is a gaseous hydrogen-fueled direct-connect scramjet combustor, is illustrated in Fig 1. The PNU-
DCSC consists of a rocket-type vitiation air heater (VAH), shape transition nozzle [21,22], and scramjet
combustor. The cross-sectional of the isolator is @ 20 mm x 20 mm. The scramjet combustor has a
design point with a Mach number of 2.0 and a static temperature of 1,000 K at the nozzle exit and the
isolator entrance. More detailed information on PNU-DCSC and preliminary experiments is described in
our previous study [23,24].

To check the grid sensitivity, we set approximately 7.0, 16.0, 34.0, and 62.0 million grids as coarse,
medium, fine, and superfine grid levels. The fine and superfine grids achieved a converged solution.
We also confirmed that these results agree with the experimental wall pressure profile. The present
simulation used the fine grid level, consisting of a fully structured grid with 34.0 million grid points. The
computational domain is divided into 1,034 blocks, and each block is handled by intel Xeon Gold 6154
CPUs for MPI parallel calculation.

The present study considered a total of six working fluid conditions. Two incoming air conditions are
considered. One is vitiated air, and the other is clean air. In order to investigate the effect of a global
equivalence ratio depending on incoming air conditions, injection pressure conditions are set by 1.0,
1.5 and 3.0 bar. More detailed information on working fluid is noted in Table 1.
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Fig. 1 (top) Experimental test rig of the PNU-DCSC, (bottom) configuration of entire computation
domain and its specific size

Table 1. Inflow and fuel injection

Inflow condition (isolator inlet)
Mach#: 2.0
Tstatic: 1007.7 K
Pstatic: 2.29 bar

Fuel injection (at port exit)
Mach#: 2.15
Tstatic: 151.23 K

V¥ Mole fraction ¥ Injection pressure
Case 1-1 1.0 bar (ER~0.17)
Vitiated air
Case 1-2 N2 : 02 : H20 1.5 bar (ER~0.25)
= 0.60805 : 0.20353 : 0.18842
Case 1-3 3.0 bar (ER=~0.50)
Case 2-1 1.0 bar (ER~0.18)
Clean air
Case 2-2 N2 : O2: H20 1.5 bar (ER~0.26)
= 0.7808 : 0.2192 : 0.0000
Case 2-3 3.0 bar (ER=~0.53)

3. Numerical Results

Field data of entire cases was accumulated up to approximately 10.0 ms (millisecond). It took around
2.0 ms for the stabilized supersonic flow field. Therefore, the fuel was injected after the 2.0 ms. The
total sampling time of reactive flow field data is approximately 8.0 ms. The present combustor's flow-
through time (FTT) is around 0.2 ms; therefore, reactive flow field data is accumulated during 40 FTT.

Before investigating the vitiation air effect, we sought to confirm the overall combustion characteristics.
The instantaneous dimensionless heat release rate distribution is depicted in Fig 2. The distribution of
heat release rates can characterize a flame length and the combustion mode, so the heat release rates
for all conditions were plotted. The results of the heat release rate indicate that all conditions exhibit a
jet-wake combustion mode. This is due to sufficiently high-enthalpy incoming air condition, which derive
an auto-ignition.

The time-averaged results for fuel mass fraction and dimensionless vorticity under all conditions were
plotted in Fig. 3. Regardless of the changes in the incoming air, the injected fuel shows the same
dynamic characteristics of a jet, such as a Counter-Rotating Vortex Pair (CRVP), and exhibits similar
hydrodynamic jet behaviors. No significant changes are observed under low equivalence ratio conditions.
However, at higher equivalence ratio conditions, a relatively higher fuel mass fraction along the jet core
is captured in the vitiated air condition. This suggests that in this region, less fuel consumption has
occurred in the vitiated air condition compared to the clean air condition. From a combustion
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perspective, this can lead to the expectation that the clean air condition causes a higher rise in
combustion pressure in the region between the cavity close-out from the fuel injector.

HRR 0.1 1.0 10.0

Clean air, ER = 0.17

Clean air, ER = 0.25

Clean air, ER = 0.50

Vitiated air, ER = 0.17

Vitiated air, ER = 0.25

Fig. 2 Instantaneous results of heat release rate distribution; (top) clean air condition, (bottom) vitiated

air condition.

CRVP structure

00 Vitiated Air, ER = 0.18 00 Vitiated, ER = 0.26 0 Vitiated Air, ER = 0.53|
Fig. 3 Time-averaged results of dimensionless heat release rate (contour) and fuel mass fraction (iso-
line) distribution; (top) clean air condition, (bottom) vitiated air condition.

Fig. 4 shows an x-t plot of the pressure distribution on the combustor lower wall. There are no captured
upstream-traveling shock waves that would induce pressure propagation into the isolator, which is a
key factor in low-frequency instability [25,26]. Therefore, the entire case is under a stabilized reacting
flow field with the jet-wake combustion mode. Under low equivalence ratio conditions, changes in the
composition of the incoming air do not induce significant changes in the pressure field. However, as
the equivalence ratio increases, there is an elevation in the level of the pressure field, especially a high-
pressure field forms in the upstream area of the combustor, the region between the fuel injector and
the cavity close-out.
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Fig. 4 x-t diagram of the pressure distribution on the lower wall surface. The left three results are
under the clean air condition, and the right three results are results of the vitiated air condition. The
equivalence ratio increases from left to right of each contour.
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Fig. 5 Pressure field distribution on the lower wall surface of the combustor.

Fig. 4 demonstrates that the intensification of the pressure field occurring under high equivalence ratio
conditions and changes in the chemical composition of the incoming air are concentrated in the
upstream region of the combustor. In contrast, the effects of the incoming air induce very little change
in the pressure field on the combustor downstream. This result can also be observed in Fig. 5, which
depicts the pressure field profile on the bottom wall surface.

The lower wall pressure contour indicates that changes in the combustion field due to the incoming air
are insignificant under low equivalence ratio conditions. However, under high equivalence ratio
conditions, as shown in Fig. 4, there is an increase in the pressure field level, and this increased pressure
field predominantly affects the combustor upstream region. Additionally, in the case of the clean air, it
can be observed that the region of the axial location where combustion pressure rises sharply moves
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further upstream. Although the pressure field does not propagate to the isolator, indicating that it
cannot be considered a complete transition to ram mode, it is evident that the formation of pre-
combustion shock waves and their expansion upstream are significantly affected by the chemical
composition of the incoming air.

The results of the Mach number and temperature fields at an equivalence ratio of about 0.50, extracted
from the center of the combustor, are presented in Fig. 6. Under clean air conditions, the flow
decelerated down to Mach 1.0 due to a continuous shock train. Subsequently, the flow accelerates to
supersonic in the downstream area of the combustor due to its expansion of the combustor. In contrast,
the flow decelerates only to about 1.1 under vitiated air conditions, indicating that the flow speed is
more than 10% different compared to clean air. As for the temperature field, a consistent difference of
about 100 K is shown throughout the downstream of the combustor.
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Fig. 6 Mach number and temperature distribution at the core of the combustor along the combustor
axial-distance.
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Fig. 7 Time-averaged results of Mach number distribution at the center plane.

The time-averaged Mach number results in Figure 7 effectively illustrate the changes in the location of
pre-combustion shock wave formation. For both incoming air conditions, the formation of pre-
combustion shock waves accompanied by thermal choking can be observed. However, as the incoming
air changes from vitiated air to clean air, the location of pre-combustion shock wave formation
significantly shifts towards the isolator. Furthermore, Fig. 8, which illustrates the formation process of
pre-combustion shock waves in clean air conditions, reveals that it only takes a few milliseconds to fully
develop pre-combustion shock waves.

Owing to the present study's results being based on a total sampling time of 8 ms, it is assessed that
there is a very low possibility of further development of these pre-combustion shock waves or a
transition to ram mode due to continuous heat release. However, the results of this study indicate that
the formation of combustion pressure, caused by the shortened ignition delay time with the clean air,
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brings about significant changes in the upstream rather than the downstream area of the combustor.
This could potentially lead to increased pressure in the isolator, which, in turn, could result in low-
frequency combustion instability in scramjets or even lead to inlet unstart. Therefore, it is deemed
necessary to develop theoretical-experimental or numerical correction tools that can adjust ground
combustion test results using VAH with combustion products in the intake air, keeping in mind that
results under the vitiated air conditions may underpredict actual flight conditions.
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Fig. 8 Evolution process of shock train to pro-combustion shock waves under the clean air condition;
(left) Mach number, (right) pressure field distibution. At is 0.29 ms (milli-second).
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