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1 Introduction

The successful flight test of X-51A opened a new era of powered hypersonic flight for practical
applications. A technology that distinguishes X-51A from previous scramjet flight test is the dual-mode
ramjet (DMR) engine using liquid fuel. The DMR engine starts at thermally choked ramjet mode at
supersonic launching speed, and then accelerates to hypersonic cruising condition, operating at scramjet
mode. The DMR could have a practical flight range and time by the use of liquid fuel. The liquid fuel
flows through the regenerative cooling passage, and then the superheated fuel is injected into the
combustor at gas phase. While the DMR would be attractive for reusable system, dual combustion ramjet
(DCR) by Billig et al.[1] would be a more affordable concept for expendable system. Fig. 1 is the
schematics for DCR operation. A part of the incoming air is compressed to subsonic condition for very
fuel-rich combustion in the gas generator. The pre-burned fuel is delivered to the supersonic combustor
at high speed. The high temperature gaseous fuel mixes with the supersonic air and burns quite easily.
Thus, the fuel-air mixing at the supersonic turbulent shear layer is the key factor of the combustion in
the DCR engine, as well as in the rocket-based combined cycle (RBCC) engine.

Some of the supersonic combustion studies employing the co-flow of fuel and air can be related to the
combustion in DCR[2~5], even though the efforts are taken in understanding the compressibility effects
and the global structure of the supersonic combustion. Regardless of long time researches, the role of
turbulence structures in supersonic combustion characteristics is becoming understood recently by the
advances in computing capabilities and visualization techniques. In the present study, the behavior of
the supersonic turbulent combustion in DCR is examined to perceive the stability in combustion
dynamics by means of 3-dimensional high resolution numerical analysis.

3 Dual Combustion Ramjet Model

Pre-burning of heavy hydrocarbon liquid fuel with a small amount of air would be a brilliant idea to
burn the fuel in supersonic flows. It is known that the optimum air ratio is approximately 1:3 for the pre-
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burner and the main supersonic combustor. Therefore, the equivalence ratio in the pre-burner is greater
than 3.0 to maintain the equivalence ratio less than 1.0 in the main combustor. In this circumstance, the
pre-burned gas mainly contains carbon monoxide and hydrogen of nearly same volumetric ratio with
exit temperature around 1,000 K. The cracked fuel composition at such high temperature improves the
combustion efficiency drastically even in the harsh condition for combustion in supersonic flow.

The coaxial fuel and stream for supersonic combustion is contemplated for by assuming the pre-burning
of heavy hydrocarbon fuel, CoHzn. The final product at the exit of the preburner comprises of
CO+H+1.88N>, assuming the equivalence ratio of 3.0 in the pre-burner. For simplicity, the pre-burned
fuel is injected into the supersonic combustor through the sonic nozzle at static temperature and pressure
of 1,200K and 0.2 MPa, respectively, and the air (02+3.76N>) flows through the diffuser inlet at Mach
2.0 with the same static temperature and pressure. This condition roughly corresponds to the flight Mach
number 6 at altitude of 20~30 km depending on the intake design and performance.

Accounting to the realistic engine size, the fuel port radius R (2.54 cm) with the lip thickness R,
separating fuel and air stream, the main combustor radius 3R and the length of the main combustor 100R
are presumed. The exit radius of 4R is assumed for the combustor. The Fig. 1 illustrates the flow
conditions and configurations in detail.

From the previous study with 2-dimensional parametric simulation [6], it has been known that the length
of the constant area combustor leads to the combustion mode transition from typical supersonic shear
layer combustion to the thermal choking mode. In thermal choking mode, due to the coupled effect of
the compressibility and turbulent flame structure, the combustion efficiency was found to be greatly
enhanced especially in the Lc=90 case. Therefore, the constant-area combustor length (Lc) of 90 R is
employed for the present simulation.

In this paper, we investigate the combustion characteristics in the Lc=90 combustor with different
combustion regimes (the supersonic shear layer combustion and the thermal choking mode combustion).
In the supersonic shear layer combustion mode, the combustor temperature is initialized as 1,200 K(case
1). The thermal choking mode combustion is triggered by initializing the initial temperature of 3,200
K(case 2) which may be initiated by employing the micro-pulse detonation engine as an ignitor.
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Fig. 1 Configuration and flow conditions of DCR supersonic combustor

2 Theoretical Modeling and Numerical Method

The coupled form of the multi-species chemically reacting system, 3-dimensional fluid dynamic, and
the turbulent transport equation can be summarized in the conservative vector form as follows.
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Species conservation equation for eight reacting species (O, O, H, H,, OH, H;0O, CO, CO,) and inert
assumed nitrogen(N2) are considered with momentum and energy equations. The combustion
mechanism is taken form Singh and Jachimowski. To take into account the turbulent eddy motion, the
Menter’s shear stress transport(SST) model is used with DDES with improved wall-modeling
capability(IDDES). The governing equation were solved in fully coupled manner using fully implicit
formulation. The convective fluxes are discretized by multi-dimensional fifth-order accurate oMLP
scheme and modified Roe scheme(RoeM). Viscous fluxes are discretized by a central difference scheme.
The second order implicit time integration is used with sub-iterations for time accurate computation.
The computational domain (43 Million grid) is decomposed into 181 sub-domains and calculated with
the MPI parallelized RPL3D in-house code.

3 Result and discussion

Figure 2 displays the instantaneous plots of various parameters, including pressure, temperature, Mach
number, pressure gradient, mixture fraction, scalar dissipation rate (), Takeno flame index (FI), and
heat release rate, for both case 1 and case 2. In case 1, combustion occurs in the form of a turbulent lifted
flame in the shear layer, whereas in case 2, the flow develops in thermal choking mode.

Notably, in thermal choking mode (case 2), the pressure and temperature are considerably higher
compared to case 1, and the flow velocity downstream of the combustion chamber drops to subsonic
speeds. The contour of the pressure gradient reveals that while the initial shock wave structure is similar,
pressure waves resulting from the interaction between combustion and turbulence are observed at the
midsection of the combustion chamber, occasionally developing into shock waves.

The contour of the mixture fraction demonstrates that combustion efficiency varies depending on the
combustion mode, with the mixture fraction decreasing rapidly from the midsection of the combustion
chamber in thermal choking mode. Additionally, the reduction in Mach number caused by thermal
choking leads to a decrease in the scalar dissipation rate, indicating improved combustion conditions.
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Fig. 2 Instantaneous plots of combustor 1(upper) and combustor 2(lower)
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