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ABSTRACT: In the present paper, the effects of the interaction of a high-density liquid oxygen jet 
with high-velocity hydrogen in the presence of a pseudo-boiling phenomenon are investigated. The 
pseudo-boiling phenomenon causes a sudden expansion in the flame, which leads to the formation of 
a recirculation zone. Different turbulence models have been investigated and it has been shown that 
the selection of a suitable turbulence model for the trans-critical reacting flow is much more important 
than subcritical and supercritical flames. Also, contrary to expectations, the dense core of liquid oxygen 
disappears faster in the non-reacting case than the reacting flow, which is due to the displacement 
of the mixing layer in the reacting flow due to the intense expansion (because of the pseudo-boiling 
phenomenon). The effects of mass flux ratio were also investigated and it was observed that by increasing 
the mass flux ratio from 5 to 24, a strong recirculation is formed at the flame front and the flame becomes 
like a bubble, similar to LOX-GCH4 flame. Increasing the mass flux ratio leads to an increase in the 
strength of the shear layer that causes the pseudo-boiling phenomenon to occur at a higher rate. Finally, 
increasing conversion of the liquid-like oxygen to gas-like conditions leads to the formation of a strong 
vortex in the flame front.
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1- Introduction
Cryogenic propellants, used in high-performance space 

propulsion systems, are injected in a liquid-like state at a 
temperature, which is below their critical temperature, and 
in an environment, where the pressure exceeds their critical 
pressure [1]. The propellants are heated to a supercritical 
temperature before combustion takes place.  This process is 
often referred to as “transcritical injection”, and it is far more 
complicated than a straightforward supercritical injection 
and the subsequent combustion process. The largest 
thermodynamic gradients in the transcritical regime occur 
as the fluid undergoes a transition from a liquid-like high-
density fluid to a gas-like low-density fluid when crossing 
the “pseudo-boiling line” [2].  The pseudo-boiling line is 
characterized by a local peak in specific heat capacity as 
well as large gradients in density and transport properties. 
Due to the anomalous thermodynamic and transport 
properties of the propellants, the phenomena underlying the 
transcritical injection and the subsequent combustion are 
not well-understood. Kim et al. [3] numerically investigated 
the influence pseudo-boiling phenomenon in GCH4/LOX 
transcritical flame.  They showed that the pseudo-boiling 
phenomenon is the main reason for the sudden flame 
expansion and central flow recirculation.  They argued 
that by increasing inlet temperature or pressure beyond 

the critical point of liquid oxygen, the pseudo-boiling 
phenomenon is weakened and the flame becomes longer. 
The applicability of typical Reynolds Averaged Navier-
Stokes (RANS) turbulence models, which were developed 
for gaseous flows, to transcritical and supercritical flows are 
not well known. To answer this question, we have conducted 
a detailed study of the influence of several RANS turbulence 
models on the development of a transcritical flame. On the 
other hand influence of the mass flux ratio of the fuel and 
oxidizer regarding pseudo-boiling phenomena has been 
studied numerically. To validate the present physical and 
numerical models and study the mixing and combustion 
processes of the GH2/LOX coaxial jets at supercritical 
pressures, the RCM-03 A-60 case (Fig. 1) has been selected 
[4].

2- Methodology
 In the present study three eddy-viscosity turbulence models 

have been employed to model the Reynolds stress terms in 
the momentum equation. The Eddy Dissipation Combustion 
(EDC) model with detailed chemistry has been employed 
for turbulent combustion modeling. The hydrogen-oxygen 
chemistry mechanism suggested by Li et al. consisting of 
19 reversible reactions between eight species has been used 
for GH2/LOX and GRI.3.0 kinetic mechanisms has been 
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selected for GCH4/LOX flame. The Soave-Redlich-Kwong 
(SRK) equation of state [5] is used for thermodynamic flow 
properties under supercritical conditions.
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 Thermodynamic properties such as enthalpy, internal 
energy, and specific heat can be expressed as the sum of 
ideal-gas properties at the same temperature and 
departure functions which take into account the dense-
fluid correction. Thus. Transport properties such as the 
mixture viscosity (𝝁𝝁) and the thermal conductivity (𝝀𝝀) are 
determined by the method proposed by Chung et al. 
based on the Chapman-Enskog theory with a dense-fluid 
correction.  ANSYS FLUENT® software was employed 
for the analysis. The governing equations are discretized 
and solved using a second order finite volume method on 
a staggered grid and a pressure-based coupled algorithm. 
The second order upwind scheme is used for discretizing 
convective terms. Pressure-velocity coupling is achieved 
using the Semi-Implicit Method for Pressure-Linked 
Equations- Corrected (SIMPLEC) algorithm. Real gas 
thermophysical properties of the propellants and products 
embedded in the Computational Fluid Dynamics (CFD) 
solver by User Defined Functions (UDF) during 
computation. The convergence criterion is set to 𝟏𝟏 ×
𝟏𝟏𝟏𝟏−𝟓𝟓 for all transport variables.   

3. Results and Discussions 

Comparisons of the present numerical simulation results 
with available experimental data reveal a reasonably 
good prediction of a transcritical axial shear hydrogen-
oxygen flame using the standard k-ε turbulence model 
and the eddy dissipation concept combustion model.  The 
standard k-ε model has a reasonable agreement with the 
experimental data, however, the SST k-ω and realizable 
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increase drastically. Accordingly, the amount of energy 
transfer from more energetic hydrogen layers to dense oxygen 
layers increases remarkably. 

4- Conclusions
In the present paper, the effects of the interaction of a high-

density liquid oxygen jet with high-velocity hydrogen in the 
presence of a pseudo-boiling phenomenon are investigated. 
Different turbulence models have been investigated and it has 
been shown that the selection of a suitable turbulence model 
in the trans-critical reaction flows is much more important 
than subcritical and supercritical flames. Also, contrary to 
expectations, the dense core of liquid oxygen disappears 
faster in the non-reactive flow than the reactive flow. The 
cross flow (transverse) heat transfer in the non-reacting 
transcritical injection and mixing is much stronger than in 
the reacting case, resulting in a very short cryogenic oxidizer 
core. The effects of mass flux ratio were also investigated and 
it was observed that by increasing the mass flux ratio from 5 
to 24, a strong recirculation is formed in the flame front and 
the flame becomes a bubble that is similar to LOX-GCH4 
flame. 
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