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Abstract  

Simulating turbulent combustion in supersonic flows is a challenging yet essential task in designing 
scramjet combustors. In the high Reynolds number flows passing through the combustion chamber, 

mixing and chemical time scales have the same order of magnitude. Because of turbulence 

intermittency, dissipative structures are non-homogeneously distributed, leading to incomplete mixing 
of chemical species at the molecular level. In order to take into account this uneven distribution of the 

micro-mixed volumes in turbulent combustion simulations, Partially-Stirred-Reactor (PaSR)-like models 
have been developed. They assume that each computational cell is composed of a well-mixed region 

and its surroundings. However, considering a local model to describe the mixing process is a strong 

assumption since it does not take into account the whole history of micro-mixing. Furthermore, the 
chemical and mixing time scales are key parameters in these models and their estimation becomes 

challenging when dealing with complex configurations such as scramjet combustion chambers. In this 
paper, we introduce a new approach for the simulation of turbulent combustion and present its ongoing 

development. It is based on the PaSR concept together with a multi-fluid framework. In the 

computational domain, two fluids are considered: one relevant to the well-mixed volumes, and the 
other acting as their surroundings. Two sets of transport equations are considered to describe them. 

Within this Transported PaSR (TPaSR) framework, species micro-mixing and thermal diffusion are 
represented by source terms transferring mass and energy between the two fluids. In this study, 

expressions for mass and energy transfer are proposed and the model robustness is assessed on the 
NASA Langley Research Center supersonic coflowing burner. The model reproduces the regions within 

the mixing layer between fuel and oxidizer streams, and ensures mass transfer from one fluid to another 

at a higher rate in these regions.  

Keywords: CFD, Turbulence-chemistry interaction, PaSR, Supersonic combustion 

Nomenclature  

Latin 
𝑒 – Internal energy 

𝐸 – Energy transfer term 

ℎ – Enthalpy 

𝐽 – Mass diffusion flux 

𝐾 – TPaSR constant 

𝑀 – Mass transfer term 

𝑛 – Unit vector 

𝑃 – Pressure 
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𝑞 – Heat diffusion flux 

𝑠 – Interface velocity 

𝑢 – Flow velocity 

𝑌 – Chemical species mass fraction 

 

Greek 
𝛾 – Fluid volume fraction 

𝜇 – Pressure relaxation parameter 

𝜌 – Density 
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𝜎 – Interface area per unit volume 

𝜏 – Stress tensor 

𝜔̇ – Production rate 

 

Superscripts 
𝜋 – Relative to fluid (𝜋) 

 
Subscripts 
𝛼  – Relative to species 𝛼 

𝑖,𝑗 – Relative to direction i or j 

𝑠 – Relative to the interface

1. Introduction 

Scramjets and dual-mode ramjets are airbreathing engines currently developed to reach high flight 

Mach numbers relevant to hypersonic flow regimes. They offer significantly higher efficiencies compared 
to those of rocket engines when operating at low altitude [1,2]. Inside the combustion chamber of 

these engines, the airflow remains supersonic and features high Reynolds number values, creating a 
challenging environment for sustaining combustion. In this context, combustion stabilization is a 

sensitive matter and relies heavily on self-ignition processes since flow residence time scales and 
chemical time scales display similar orders of magnitude. Furthermore, the turbulent dissipative 

structures of the flow are unevenly distributed throughout the combustion chamber [3]. These 

structures represent regions where the micro-mixing of chemical species is the most intense, making 

them the most likely zones where combustion may develop. 

To address the challenge of simulating such a non-homogeneous distribution of the reaction zones, 
turbulence-chemistry interaction (TCI) models such as the Partially Stirred Reactor (PaSR) models [4] 

or the eddy-dissipation concept (EDC) [5] have been developed. They are based on the splitting of 

each computational cell into two distinct regions. One of them represents the dissipative structures of 
the flow and is usually referred to as the (*) region. This area is the one where combustion can occur 

and is considered as a perfectly stirred reactor. The second region represents the surroundings, where 
chemical species are not mixed at the molecular level and cannot undergo chemical reactions. It is 

usually denoted as the (0) region. Different variations of PaSR models have been derived from this 

concept in the literature [3,6]. However, most of them finally end up with a local, sometimes algebraic, 
model, which represents an important limitation. For instance, the thermochemical state of each region 

of the PaSR is determined assuming a local equilibrium between micro-mixing and species production, 

as given by Eq. 1: 

 { 
𝜌(𝑌𝛼

∗ − 𝑌𝛼
0) =  𝜏𝑚𝜔̇𝛼

∗ (𝑇∗, 𝑌𝛼
∗)

𝜌(ℎ𝑠
∗ − ℎ𝑠

0) =  𝜏𝑚𝜔̇𝑇
∗ (𝑇∗, 𝑌𝛼

∗)
 (1) 

with 𝜌 the mean density, 𝑌𝛼
∗ and 𝑌𝛼

0 the (*) region and surroundings species mass fractions, 𝜔̇𝛼
∗  the 

species production rate, 𝜔̇𝑇
∗  the heat release rate, ℎ𝑠

∗ and ℎ𝑠
0 the (*) region and surroundings sensible 

enthalpy and 𝜏𝑚 the mixing time scale. 

The average or filtered species production rate is computed as follows: 

 𝜔̇𝛼̅̅ ̅̅ = 𝛾∗𝜔̇𝛼
∗  (2) 

where 𝛾∗ is the (*) region volume fraction modeled with the following expression: 

 𝛾∗ = (1 + 𝜏𝑚/𝜏𝑐) 
−1 (3) 

This modeled (*) region volume fraction makes use of mixing (𝜏𝑚) and chemical (𝜏𝑐) time scales. In 

complex configurations such as those encountered in scramjet combustion chambers, where different 
combustion stabilization mechanisms are involved, it becomes difficult to define the values of these two 

characteristic times accurately. Furthermore, in order to better reproduce the mixing process and 
prevent the possible segregation of previously micro-mixed species, the PaSR model would benefit from 

the consideration of transport equations. To address these specific issues, we introduce a new PaSR 

model featuring transport equations for the two states (*) and (0). This manuscript reports the ongoing 

development of the model.  
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2. Transported Partially Stirred Reactor Model (TPaSR) 

2.1. General description 

The new model, referred to as Transported Partially Stirred Reactor (TPaSR), has been inspired by both 
(i) the main hypothesis of the PaSR model, stating that each computational cell is split into two regions, 

and (ii) the two-fluid framework developed for two-phase flows. As a matter of fact, the TPaSR suggests 

that the well-mixed region (*) and the surrounding area (0) of the PaSR model can be considered as 
two distinct fluids. With this in mind, chemical reactions can only happen in fluid (*). It is worth 

mentioning that the splitting of the domain into two fluids is just a mathematical and modelling 
construct, therefore, the interface between the fluids is not an actual one, and no chemical reaction or 

interfacial force do apply in this area. A sketch representing the operating principle of the TPaSR model 

is reported in Fig 1. It displays two streams of fuel and oxidizer entering a combustion chamber as fluid 
(0) in blue, mixing together to generate fluid (*) in orange. Thanks to the retained multi-fluid approach, 

derived from the Baer-Nunziato theory [7], the model is no longer local and features transport equations 
for the quantities characterizing each fluid.  

 
More specifically, the TPaSR model is implemented in the CFD code CEDRE developed at ONERA, in the 

framework of a new five-equation solver (MF5). When performing an asymptotical analysis on the Baer-

Nunziato seven-equation theory, one can indeed establish that relaxing pressures and velocities of the 
two fluids to unique values, a five-equation system can be obtained [8]. The latter is implemented in 

the MF5 solver [9]. It assumes a unique pressure and velocity for both fluids but different temperatures 
and species mass fractions. With this approach, the temperature and composition of each fluid is no 

longer determined by a local equilibrium. As a matter of fact, due to numerical constraints, the equations 

solved in the MF5 solver include two different pressures, which are then relaxed to a unique value via 
a dedicated procedure. The system closure is achieved using a sixth transport equation on fluid (*) 

volume fraction. Conversely, the TPaSR model relies on two equations for the transport of mass, two 
equations for the transport of internal energy, one equation for the transport of momentum and one 

additional equation for the transport of fluid (*) volume fraction. 

 

 

Fig 1. Combustion chamber featuring the two TPaSR fluids: fluid (0) in blue and fluid (*) in orange. 

In the MILES (Monotone Integrated Large Eddy Simulation) framework, i.e. without consideration of 

any sub-grid terms, the homogenized and filtered system of equations for the TPaSR model is given by 

Eq. 4: 

 

{
 
 
 
 
 

 
 
 
 
 

𝜕

𝜕𝑡
(𝛾∗𝜌∗𝑌𝛼

∗) +
𝜕

𝜕𝑥𝑗
(𝛾∗𝜌∗𝑌𝛼

∗𝑢𝑗) =  −
𝜕

𝜕𝑥𝑗
(𝛾∗𝐽𝛼,𝑗

∗ ) + 𝛾∗𝜔̇𝛼
∗ +𝑀𝛼,0

∗

𝜕
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𝜕
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0

𝜕
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(𝜌𝑢𝑖) +  

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗) =  −

𝜕𝑃

𝜕𝑥𝑖
+
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𝜕

𝜕𝑥𝑗
(𝛾∗𝑞𝑗

∗) − 𝛾∗𝑃∗
𝜕𝑢𝑗

𝜕𝑥𝑗
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𝜕
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0) − 𝛾0𝑃0
𝜕𝑢𝑗

𝜕𝑥𝑗
− 𝜇𝑃0(𝑃0 − 𝑃∗) +  𝛾0𝜏𝑖𝑗

0 𝜕𝑢𝑖

𝜕𝑥𝑗
+ 𝐸∗

0

𝜕𝛾∗

𝜕𝑡
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 (4) 
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with 𝜌, 𝜌∗ and 𝜌0 the mixing, fluid (*) and fluid (0) density, 𝑌𝛼
∗ and 𝑌𝛼

0 the fluid (*) and fluid (0) species 

mass fractions, 𝛾∗ and 𝛾0 the fluid (*) and fluid (0) volume fractions, 𝐽𝛼,𝑗
∗  and 𝐽𝛼,𝑗

0  the mass diffusion 

fluxes in fluid (*) and fluid (0) in direction 𝑗, 𝜔̇𝛼
∗  the species production rate in fluid (*), 𝑢 the convection 

velocity, 𝑒∗ and 𝑒0 the fluid (*) and fluid (0) internal energy, 𝑞𝑗
∗ and 𝑞𝑗

0 the fluid (*) and fluid (0) heat 

diffusion fluxes in direction 𝑗, 𝑃∗ and 𝑃0 the pressure in fluid (*) and fluid (0), 𝜇 the pressure relaxation 

parameter, 𝜏𝑖𝑗
∗  and 𝜏𝑖𝑗

0  the fluid (*) and fluid (0) viscous stress tensor, 𝑀𝛼,0 
∗  and 𝑀𝛼,∗

0  the mass transfer 

terms between fluid (*) and fluid (0) and 𝐸0
∗ and 𝐸∗

0 the energy transfer terms between fluid (*) and 

fluid (0). 

In comparison with Eq. 3, the fluid volume fractions (𝛾∗ and 𝛾0) are now determined as computational 

results. The modeling efforts are thus reported on the transfer source terms (𝑀𝛼,0
∗  and 𝐸0

∗).  

2.2. Focus on the mass transfer between fluids 

Species micro-mixing is represented by mass transfer from fluid (0) to fluid (*). Therefore, an expression 
must be established for the source term 𝑀𝛼,0

∗ . First, two main hypotheses are taken into consideration: 

i. Total mass conservation should be ensured: 𝑀𝛼,0
∗ = −𝑀𝛼,∗

0 = 𝑀𝛼 

ii. Molecular mixing can only progress: 𝑀𝛼 ≥ 0 

From the mass transport equations in a multi-fluid and multi-species framework (Eq. 4a and Eq. 4b), it 

can be demonstrated that the expression for the transfer source term is [10] 

 Mα
𝜋 = −(𝜌𝜋𝑌𝛼

𝜋(𝑢𝑖 − 𝑠𝑖) − 𝐽𝛼,𝑖
𝜋 )𝜎𝑠𝑛𝑖

𝜋 (5) 

with 𝑠𝑖 the interface velocity, 𝜎𝑠 the interface area per unit volume and 𝑛𝑖
𝜋 the interface unit vector. 

The mass transfer term in Eq. 5 consists in a convective and a diffusive part. As far as the diffusion 

contribution is concerned, it can be quite readily shown that, at the interface between the fluids, the 
sum of the corresponding fluxes over the whole set of chemical species is equal to zero. To satisfy this 
condition, and in a first modeling attempt, the diffusion fluxes (𝐽𝛼,𝑖

𝜋 ) are assumed to be zero. Let us 

recall that the interface is completely unknown. Hence, none of the quantities 𝑠𝑖 , 𝜎𝑠  or 𝑛𝑖
𝜋 have a 

defined value. Since mass transfer should not depend, at least not directly, on the flow velocity, a 
hypothesis can be made on the form of 𝑠𝑖, as given by Eq. 6: 

 𝑠𝑖 = 𝑢𝑖 − 𝑘(𝑥, 𝑦, 𝑧, 𝑡) (6) 

with 𝑘 a function of space and time.  

In combination with Eq. 6, Eq. 5 can now be written as  

 Mα
𝜋 = −𝐾(𝑥, 𝑦, 𝑧, 𝑡)𝜌𝜋𝑌𝛼

𝜋 (7) 

In the framework of TPaSR, fluid (*) represents the portion of the flow in which the chemical species 

are mixed at molecular level in order to undergo chemical reactions. However, inside fluid (0), molecular 
mixing is not achieved. Accordingly, the species micro-mixing is modeled by mass transfer from fluid 
(0) to fluid (*). Thus, the expression for 𝑀𝛼

𝜋 should only depend on the quantities related to fluid (0). 

Fluid (*) does not directly affect the mixing process. Furthermore, in order to decrease the transfer 
intensity when fluid (0) disappears, we suggest to limit the transfer term by 𝛾0. Therefore, we propose 

a first model for 𝑀𝛼 in Eq. 8: 

 𝑀𝛼 =  𝐾(𝑥, 𝑦, 𝑧, 𝑡)𝛾0𝜌0𝑌𝛼
0 (8) 

The objective of the present work being to assess the model behavior on simple test-cases and to 
evaluate its robustness on a more complex configuration, 𝐾 will be considered as constant. 

Transferring mass from one fluid to another implies transferring the energy associated to this quantity. 
The MF5 solver includes internal energy transport equations. Therefore, it would seem reasonable to 

write the energy transfer term as the mass transfer term multiplied by fluid (0) internal energy. 
However, adding a transfer term to the mass transport equations for each fluid implicitly affects fluid 

(*) volume fraction transport equation and leads to the addition of a supplementary pressure work 
term on the internal energy transport equations. The variation in internal energy caused by this 

additional term is balanced by making use of fluid (0) enthalpy, instead of internal energy, in the energy 
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transfer term. Therefore, we suggest the following expression for the energy transfer term in the 

framework of the MF5 solver: 

 𝐸∗ = ∑ 𝑀𝛼ℎ
0

𝛼   (9) 

with 𝐸0 = −𝐸∗.  

This is of course only a line of reasoning. In order to properly demonstrate this expression, an 
asymptotical analysis on the Baer-Nunziato seven-equation system including transfer terms should be 

performed.  

3. Reference cases 

The TPaSR model is now assessed on different reference cases. First, zero- and one-dimensional 

computations are performed to investigate the model behavior and compare the numerical results to 
analytical solutions. The solver conservativity is also checked. Then, in order to examine the robustness 

of the model, as well as its phenomenological behavior, a three-dimensional case is performed. All of 
these preliminary tests are non-reactive. Indeed, the objective is to study the formation of fluid (*) in 

a first step.  

3.1. Description of the zero- and one-dimensional cases 

The first zero-dimensional test-case represents a closed domain filled with a mixture of ideal gas 

composed of two fluids (*) and (0). Each fluid contains several chemical species. Initially, the gas is at 
rest and both fluids have the same temperature. Mass is transferred from fluid (0) to fluid (*) via the 

transfer source terms, which represent micro-mixing induced by molecular diffusion. At first, the domain 
is full with fluid (0), as the species are assumed to be unmixed at molecular level. As time passes and 

micro-mixing processes, the amount of fluid (*) increases. The initial conditions of the computation are 
reported in Table 1. In this case, the value of the constant in the mass transfer source term is 𝐾 =
105 𝑠−1.  

Table 1. Initial conditions for the zero-dimensional test-case. 

 𝐏 (𝐏𝐚) 𝐓 (𝐊) 𝐘𝐍𝟐(−) 𝐘𝐎𝟐  (−) 𝐘𝐇𝟐𝐎 (−) 𝐘𝐇𝟐(−) 𝛄 (−) 

Fluid (*) 60,000 500 0.7 0.3 0 0 0.05 

Fluid (0) 60,000 500 0.56 0.23 0.17 0.04 0.95 

The second test-case is one-dimensional and represents a constant section pipe of length 30 cm. In 

this pipe, a flow is entering from the left of the domain at constant velocity. It is composed of fluid (*) 
and fluid (0), each one containing several chemical species. Both fluids have the same temperature. A 

transfer of mass from fluid (0) to fluid (*) is taking place as a consequence of the transfer source terms. 
The inlet boundary conditions of the computation are reported in Table 2. In this case, the value of the 
constant in the mass transfer source term is 𝐾 = 104 𝑠−1. 

Table 2. Inlet boundary conditions for the one-dimensional test-case. 

 𝐏 (𝐏𝐚) 𝐓 (𝐊) 𝐮 (𝐦/𝐬) 𝐘𝐍𝟐(−) 𝐘𝐎𝟐  (−) 𝐘𝐇𝟐𝐎 (−) 𝐘𝐇𝟐(−) 𝛄 (−) 

Fluid (*) 101,325 500 1150 0.56 0.23 0.17 0.04 0.05 

Fluid (0) 101,325 500 1150 0.56 0.23 0.17 0.04 0.95 

 

3.2. Description of the three-dimensional case 

The chosen three-dimensional academic case is a supersonic burner developed at NASA Langley 
Research Center (LaRC). The experiment has initially been set up to examine the fundamental physical 

mechanisms underlying self-ignition of hydrogen-air mixtures and the stabilization of non-premixed 
combustion in supersonic flows, which are key parameters to understand the physical processes at play 

in a scramjet combustion chamber. This configuration has been experimentally investigated by Cheng 

et al. [11] and retained as a benchmark for many computational studies [3,12,13]. It consists in a 
coaxial injector featuring a sonic stream of hydrogen, surrounded by a Mach 2 coflow of hot vitiated 
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air. The experimental device is axisymmetric and is composed of a cylindrical central fuel injector of 
2.36 mm in diameter and an annular convergent-divergent nozzle of 17.78 mm in outlet diameter. The 

setup is described with a schematic diagram in Fig 2. The nozzle accelerates the vitiated air stream, 
generated by the combustion of hydrogen into oxygen-enriched air in a primary chamber, up to Mach 

2 (temperature 1250 K). The chamber is water cooled, as well as the fuel injector. The burner nominal 

operation conditions are reported in Table 3.  

As far as the computation is concerned, the value of the constant in the mass transfer source term is 
𝐾 = 105 𝑠−1. The main simulation is performed on a coarse mesh composed of 600,000 hexahedral 

cells, including the final part of the nozzle convergent. The purpose of using such a coarse mesh is to 
set up the model with relatively low-cost computations at first. A finer mesh, featuring 3,000,000 cells 

and prism layers along the walls has also been created in order to check the accuracy of the velocity 
profiles inside the computational domain. Since it is only possible to give static values of pressure and 

temperature as boundary conditions to the MF5 solver, the inlet boundary conditions are imposed in 

such a manner that the given stagnation conditions are recovered. These static values for the fuel and 
oxidizer streams are reported in Table 4. The imposed values are the same for fluid (*) and fluid (0), 

apart from the volume fraction value, given on the final column of the table. It is worth mentioning that 
the quantities given in Table 4 are static values imposed at the entrance of the computational domain, 

whereas Table 3 displays some stagnation and static quantities at the nozzle exit. This explains the 
slight differences observed between the two datasets. Concerning the oxidizer static temperature given 

in Table 4, one can notice that the value used in the computation is far greater than the stagnation 

temperature given in Table 3. Indeed, as mentioned in reference [14], in order to recover the 
experimental temperature profile at the nozzle exit, a stagnation temperature of 2050 K, i.e. a static 

temperature of 2040 K, must be imposed on the inlet boundary condition.  

 

Fig 2. Schematic of the supersonic burner from reference [11]. 
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Table 3. Supersonic burner nominal operation conditions [11]. 

Vitiated air conditions  Fuel conditions  

Stagnation conditions  Stagnation conditions  

Total pressure (Pa) 778,000 (±4%) H2 mass flow rate (kg/s) 0.000362 (±3%) 

Total temperature (K) 1750   

Vitiated air mass flow rate (kg/s) 0.09633 (±2.2%)   

Exit conditions  Exit conditions  

Pressure (Pa) 107,000 Pressure (Pa) 112,000 

Temperature (K) 1250 Temperature (K) 545 

Mach (-) 2 Mach (-) 1 

Velocity (m/s) 1420 Velocity (m/s) 1780 

O2 mass fraction (-) 0.245 H2 mole fraction (-) 1 

N2 mass fraction (-) 0.580   

H2O mass fraction (-) 0.175   

 

Table 4. Inlet boundary conditions for the computation with MF5 solver. 

 𝐏 (𝐏𝐚) 𝐓 (𝐊) 𝐮 (𝐦/𝐬) 𝐘𝐍𝟐(−) 𝐘𝐎𝟐  (−) 𝐘𝐇𝟐𝐎 (−) 𝐘𝐇𝟐(−) 𝛄𝟎 (−) 

Fuel 152,280 545 1220 0 0 0 1 0.999 

Oxidizer 760,480 2040 165 0.580 0.245 0.175 0 0.999 

 

4. Numerical aspects 

The simulations are performed using the CFD code CEDRE [15,16] developed at ONERA. It solves the 
three-dimensional compressible and reactive Navier-Stokes equations on either structured or 

unstructured meshes and is based on a finite volume approach. In particular, the MF5 (Multi-Fluid 5 
equations) solver is used with a specific procedure, relying on operator splitting, for time integration. 

Indeed, the MF5 equation system is split into two sub-systems, the first one being associated to 

convective and diffusive fluxes and the second one to pressure relaxation. In the code, a simple Lie 
splitting is performed. Therefore, the first sub-system is integrated using an explicit second order 

Runge-Kutta scheme and the transported quantities are updated. Then, the pressure relaxation 
operator is applied, which gives the transported quantities final value. It is worth noting that pressure 

relaxation is assumed infinitely fast, hence the second sub-system is not integrated in time using a 
regular scheme but a dedicated procedure [17,18]. The HLLC approximate Riemann solver, proposed 

by Toro et al. [19], is employed for inviscid fluxes and second-order spatial accuracy is achieved thanks 

to a multislope method [20]. Mass diffusion inside each fluid is neglected. Finally, in such simulations, 
high fluid volume fraction gradients may lead to some numerical issues in term of heat diffusion fluxes 

computation (−
𝜕

𝜕𝑥𝑗
(𝛾𝜋𝑞𝑗

𝜋) term in Eq. 4d and 4e). In order to overcome these difficulties, a dedicated 

scheme inspired by the work of Peluchon [21] and Petitpas [22] is used to compute the corresponding 

fluxes.  

5. Results and discussion 

5.1. Zero- and one-dimensional test-cases 

In this section, the results obtained on the previous test-cases are reported. Let us remind that the aim 

of performing these test-cases is to check that the TPaSR model together with the MF5 solver behaves 
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properly on simple configurations featuring predictable results. First, the zero-dimensional case is 
studied. Fig 3 displays the change in volume fraction for each TPaSR fluid as a function of time. 

Analytical resolution of the problem is performed, and the results are compared to those obtained with 
CEDRE. As expected, fluid (0) is occupying almost the whole volume at first. Then its volume fraction 

decreases as the one of fluid (*) increases. Therefore, species micro-mixing in fluid (0) is well 

represented by mass transfer to fluid (*) and these numerical results are in very good agreement with 

the analytical ones.  

 

Fig 3. Time evolution of each fluid volume fraction. 

It has been shown above in this document that the transfer source term on the internal energy transport 
equations should be: 𝐸∗ = ∑ 𝑀𝛼ℎ

0
𝛼 . At first sight, this result seems a bit intriguing since it involves 

enthalpy and not internal energy. In order to support this expression, computations were performed 
using two different expressions for the energy transfer term: 𝐸∗ = ∑ 𝑀𝛼𝑒

0
𝛼  and 𝐸∗ = ∑ 𝑀𝛼ℎ

0
𝛼 , where 

𝑒0 is the fluid (0) internal energy and ℎ0 is its enthalpy. The results on the evolution of temperature are 

displayed in Fig 4. In such a computation, in which both fluids are initially at the same temperature 

without any heat released, the temperature of both fluids must remain constant and equal to their 
initial common value. Yet, it is shown on the left part of Fig 4 that when using internal energy instead 

of enthalpy in the transfer term, the temperature of fluid (0) rises sharply up to almost 4050 K, which 

lacks coherence. On the opposite, on the right-hand side of the figure, the temperature of both fluids 
remains at a constant value of 500 K, showing the need of using enthalpy in the energy transfer term 

and confirming the choice made in section 2.2.  

 

Fig 4. Time evolution of each fluid temperature. Left: 𝐸∗ = ∑ 𝑀𝛼𝑒
0

𝛼 , right: 𝐸∗ = ∑ 𝑀𝛼ℎ
0

𝛼 .  

Continuing with the mono-dimensional case, the first objective of this computation is to check the MF5 
solver conservativity when performing mass transfer between the two fluids. To this purpose, the sum 

over all the chemical species of the incoming and outgoing mass fluxes is computed. Its temporal 
evolution is displayed in Fig 5. It reveals an unsteady behavior until the initial state is replaced by the 

imposed inlet boundary condition. Then, at around 0.3 ms, steady-state is reached and the sum of the 
mass fluxes becomes null. The conservativity of the MF5 solver in presence of mass transfer between 

fluids is confirmed.  
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Fig 5. Time evolution of the sum of the incoming and outgoing mass fluxes. 

The second goal relevant to this one-dimensional case is, as for the zero-dimensional case, to check 

the model behavior and compare the results given by CEDRE with a reference solution. In particular, 
an analytical solution to this problem can be found, for steady-state conditions, regarding the evolution 

of the fluids volume fractions along the x-axis. Fig 6 shows the change in volume fraction for each 

TPaSR fluid along the domain. It compares the analytical solution to the results given by CEDRE using 

the TPaSR model. Both of them are in excellent agreement.  

 

Fig 6. Spatial evolution of each fluid volume fraction at steady-state. 

5.2. Three-dimensional case: supersonic burner 

Prior to using the TPaSR model, computations were performed on the meshes containing 600,000 and 

3,000,000 cells with the MF5 solver. The aim is to assess the choice of inlet boundary conditions. To 
this purpose, the axial velocity profiles on four different sections downstream of the injector have been 

plotted in Fig 7. A comparison is made between MF5 results obtained on the two different meshes, the 
numerical results obtained by Moule et al. [3] and experimental data [23]. The different sections are 

chosen at distances of 10.8, 21.5, 32.3, and 43.1 diameters from the nozzle exit. At the first position 

downstream of the injector, an important difference of around 200 m/s between experimental and 
numerical results can be observed. The lower velocities measured in the experiment are due to the fact 

that seeding particles do not perfectly follow the gas flow when experiencing strong accelerations, as 
documented in reference [11]. Moreover, again in the first section, the profile obtained with the MF5 

solver on the coarsest mesh displays a velocity peak on the center axis, whereas experiments and 
reference numerical results show a velocity decrease in this area. This difference is due to the poor 

level of resolution of the mesh and the right tendency is recovered when performing the MF5 

computation on the finer mesh. Provided that a 3,000,000-cell mesh is still quite coarse to study such 
a configuration, the results lead us to believe that refining even more the mesh would allow to recover 

satisfactorily the centerline velocity drop. In this respect, it must be recalled that, the mesh used by 
Moule et al. [3] features 31,000,000 cells. Moving on to the other sections where the axial velocity was 

measured, the profiles obtained with the MF5 solver are quite similar to the reference data, especially 

in terms of maximum value. It is however worth noticing that the jet development is better reproduced 
by the computation using the 3,000,000-cell mesh. In conclusion, the velocity profiles obtained on the 
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600,000-cell mesh do not perfectly match the experimental and reference numerical data, but it is 
considered to be sufficient for proceeding with a preliminary analysis of the TPaSR model. Using such 

a mesh indeed gives the opportunity to perform reduced-cost computations for the setup of the model.  

 

Fig 7. Mean axial velocity profiles at four sections downstream of the injector (x/d = 10.8, x/d = 
21.5, x/d = 32.3 and x/d = 43.1). Comparison of the MF5 solver results on the two different meshes 

with numerical [3] and experimental data [23]. 

Thus, a TPaSR computation is carried out on the three-dimensional burner geometry and some 
unsteady results are presented hereafter. For instance, Fig 8 shows fluid (*) volume fraction in the mid-

plane section of the configuration. Indeed, fluid (*) formation is observed in the mixing layer between 
the fuel and oxidizer streams, that is to say the area where combustion might occur. Moreover, 

significant variations in the fluids volume fractions can be noticed from one cell to another in the area 

surrounding fluid (*) formation. As mentioned earlier, the dedicated numerical scheme used for the 
computation of heat diffusion fluxes ensures the robustness of the simulation. These first results reveal 

that the TPaSR model behaves properly regarding the production of fluid (*). The next steps will consist 
in (i) adjusting parameter 𝐾, on the basis of turbulence characteristic frequencies, so as to be more 

representative of the physics, in order to be able to perform reactive simulations and (ii) comparing, in 

a quantitative way, the TPaSR results to the experimental and computational data previously 

documented in the literature.  

 

Fig 8. Volume fraction of fluid (*) field on the mid-plane section. 
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6. Conclusion 

In this paper, we introduced a new model referred to as TPaSR, based on both the PaSR model and a 

multi-fluid approach, for the simulation of turbulent combustion in supersonic flows. The model has 
been implemented in the CFD code CEDRE [15,16] developed at ONERA, in the framework of a new 

multi-fluid solver (MF5) [9]. Compared to the PaSR model, TPaSR does not need to estimate a value 

for the mixing and chemical characteristic times, which are difficult to determine in complex 
configurations such as scramjet combustion chambers. The modeling effort is reported on mass and 

energy transfer source terms between fluids. An expression has been suggested for both of these terms 
and the model behavior, as well as the MF5 solver conservativity, have been tested on several non-

reactive cases. First, zero- and one-dimensional computations were performed and showed a very good 

level of agreement between the computational model results and the analytical solutions, as well as a 
satisfactory behavior of the MF5 solver in terms of conservativity in the presence of mass and energy 

transfers between the fluids. The model and solver assessment is pursued on a three-dimensional 
supersonic burner configuration. Consistent results have been observed, with the production of fluid 

(*) in areas of interest.  

The next step of the work will be concerned with the specification of the characteristic frequency 𝐾 

that drives the mass transfer term between the two fluids. The consideration of heat diffusion in the 

energy transfer term will also be studied. Then, reactive computations on a refined mesh will be 

performed and the results compared to those available in the literature.  
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