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The simulation of a supercritical fluid flow requires sophisticated models for real gas thermodynamic and non-ideal phenomena. They both are presently addressed through the simulation of a non-reacting and reacting high pressure H 2 /O 2 splitter-plate configuration. In particular, the diffusion velocity of species is evaluated through the gradient of chemical potential (d NI l = X l (∇µ l ) T ) expressed with the Peng-Robinson equation of state, or with the classical low-pressure approach d I l = ∇X l , which only uses the gradient of the l th species molar fraction, X l . In addition, the high pressure binary diffusion coefficients are estimated by the correction of Kurochkin et al. or with the Takahashi approach. The results for the non-reaction case are consistent with the literature for mean and rms values using d I l . The use of d NI l has a limited impact but the temperature profiles become steeper. In the reactive case, the two approaches lead to a difference of 50 K on the average temperature just downstream of the injector and about 100 K further downstream. A non-ideal transport is then required for the modeling of supercritical flow simulation.

Introduction

The modeling and simulation of supercritical mixing and combustion requires attention to the problems usually encountered at low pressure, but also to the problems posed by the introduction of non-ideal phenomena related to high pressure [1]. It is now established that studying supercritical flows requires a dedicated framework [2][3][4] that includes a real-gas equation of state (EoS) and non-ideal transport fluxes. Such approach has been exploited by Bellan and co-workers in direct numerical simulations (DNS) of non-reacting mixing layer [5][6][7], and by Giovangigli et al. [8,9] for the computation of one-dimensional laminar flames. Only very recently a reactive mixing layer was performed by DNS [10] but with a single reaction for the oxidation of C 7 H 16 . It is indeed a scientific challenge to process with detailed high pressure chemistry since it has been shown that supercritical laminar diffusion or premixed flames can be less thick than one micron if the stretching of the flame becomes significant [11][12][13]. Dealing with supercritical flows also poses numerical challenges [14,15] linked to the presence of strong density gradients that can lead to spurious numerical oscillations. Hence, introducing detailed chemistry in the context of realistic high pressure configurations requires lowering the numerical cost of simulations but preserving the physical modeling of non-ideal phenomena. The numerical benchmark proposed by Ruiz et al. [16] for high-Reynolds-number supercritical non-reactive flow tends to satisfy this compromise. A splitter-plate configuration is studied with a two-dimensional DNS allowing a good description of the mixing of liquid oxygen (LOx) with hydrogen under high pressure.

In the present study, different modeling levels are evaluated for the combustion of hydrogen with LOx under supercritical conditions. In particular, the focus is on the modeling of the diffusion velocity of species, and the evaluation of binary diffusion coefficients at high pressure. A two-dimensional splitter plate configuration, inspired from [16] for computational cost considerations, serves as numerical reference for this reacting flow.

Theoretical formulation

Governing equations and thermodynamics

Simulations are carried out with the finite volume code SiTCom-B [17][18][19] which solves the reacting compressible Navier-Stokes equations in a cartesian mesh. The fully coupled conservation equations of momentum, species and energy for reactive flows is given by:

∂U ∂t + ∂F j c ∂x j + ∂F j d ∂x j = S (1) 
where U = [ρu i , ρE, ρY k ] T is the vector of conservative variables. u i are the velocity components, E is the total non chemical energy decomposed as the sum of sensible energy and kinetic energy. Y k is the k th chemical species in a pool of N sp species. F j c represents the conservative variables flux vectors and is given by:

F j c = [ρu j u i + δ ji p, ρu j E + u j p, ρu j Y k ] T . F j d are the diffusive fluxes, F j d = [-τ i j , -u i τ i j + q j , -ρV k, j Y k ] T .
The source term vector S = (0, ωE , ωk ) T with ωk the chemical rate of species k and ωE , the heat release due to combustion. τ i j is modeled with the Newtonian viscous stress tensor and q j , the j th component of the heat flux vector, is given for a multi-component flow, by

q = λ∇T + ρ N sp k=1 h s,k Y k V k -p N sp k=1 D T k d k . (2)
λ is the thermal conductivity of the mixture, D T k , the thermal diffusion coefficient of species k related to the Dufour heat flux. The sensible enthalpy of species k, h s,k , is evaluated based on partial-density properties and departure functions [2,4,20]. In particular, the enthalpy, h, is calculated with the following relation,

h = N sp k=1 Y k h PG k (T ) + p p 0 ñ 1 ρ - T ρ 2 Å ∂p ∂T ã p ô T dp, (3) 
where h PG k denotes the perfect gas specific enthalpy of the k th species. In Eq. (3) the partial derivative is estimated from the equation of state. Accurate highpressure relations proposed by Chung et al. [21] are used to evaluate the transport properties. The Peng-Robinson (PR) equation of state (EoS) links pressure, p, temperature, T and density, ρ, as

p = ρR u T W -bρ - ρ 2 aα(T, ω) W 2 + 2bWρ -b 2 ρ 2 , ( 4 
)
where R u is the universal gas constant and W the molecular weight of the fluid mixture, W = N sp k=1 X k W k with X k the mole fraction of species k (among N sp species). The Van der Waals mixing rules are used for mixtures: aα

= N sp i=1 N sp j=1 X i X j √ α i α j a i a j (1 -κ i j ) and b = N sp i=1 X i b i
. κ i j is the binary interaction coefficient. The constants a i (attractive forces), b i (co-volume of particles) and α i are determined from universal relationships [START_REF] Poling | The properties of gases and liquids[END_REF], involving the critical temperature and partial pressure of species k, T c k and p c k , respectively, as well as the acentric factor.

Diffusion velocities and binary diffusion coefficient

Neglecting the baro-diffusion effects, the diffusion velocity of species k in the mixture is written for highpressure flows as [8,[START_REF] Oefelein | [END_REF]:

V k = - N sp l=1 D kl d l -D T k ∇T T (5) 
with

d l = X l (∇µ l ) T = ∇X l + X l ∇µ sm l T , (6) 
where the chemical potential of the l th species, µ l , is decomposed as µ l = ln X l + µ sm l [8]. The second term of Eq. ( 5) is named Soret effect. If the real-gas effects are neglected, the diffusion velocity for ideal gas is recovered and d l = ∇X l . The non-ideal part is given by the gradient of the dimensionless chemical potential ∇µ sm l T taken at constant temperature [8]. For PR EoS (Eq. ( 4)), µ sm l is written:

µ sm l = W l g PG l R u T - ρb l ρb -W + ln Å ρR u T p st (W -bρ) ã + W l 2 √ 2R u T Ç ∂aα ∂Y l b -aα W W l (b l -2b) b 2 W å • ln Ç W + (1 + √ 2)bρ W + (1 - √ 2)bρ å - aαρW bR u T √ 2 • b + √ 2b l - √ 2b Ä W + (1 + √ 2)bρ ä Ä W + (1 - √ 2)bρ ä g PG l
is the perfect gas Gibbs function of the l th species at standard pressure, p st .

Diffusion velocity modeling

Using Eq. ( 5) requires to evaluate the multicomponent diffusion coefficients, D kl , and the thermal diffusion coefficients, D T k . This task is performed in this study with the approach used in CHEMKIN-II [24] since it is the same approach than done in the solver REGATH, our reference code used to simulate real-gas flamelets [11][12][13]. Multicomponent properties are evaluated with the binary diffusion coefficients, D bin kl . This strategy will be used for the calculation of 1D premixed laminar flames (see section 4.2). However for 2D simulations, this strategy may be expensive in terms of CPU time because there is no explicit formula for D kl [25], and a simplest model is often used. The diffusion velocity of species k is then given by the classical approximation of Hirschfelder and Curtiss [START_REF] Hirschfelder | Molecular theory of gases and liquids[END_REF], i.e.

V k = -D mix k Å d k + χ mix k ∇T T ã + V c . (7) 
D mix k
is the diffusion coefficient of species k in the mixture, expressed with binary diffusion coefficients (D bin kl ),

D mix k = 1 -Y k N sp l =k X l /D bin kl , (8) 
and χ mix k is the thermal diffusion ratio. V c is a correction velocity to ensure mass conservation. In literature, d k is always simply expressed by d k = ∇X k in Eq. (7). In this study, the Hirschfelder and Curtiss approximation is extended to high-pressure flows by using Eq. ( 6) for the simulation of supercritical premixed flamelets and the non-reacting case of the splitter plate configuration. The reacting case of the latter will be studied through the two approaches, multicomponent and zero order approximation.

Binary diffusion coefficients at high pressure

The evaluation of binary diffusion coefficients at high pressure, D bin kl , is based on kinetic theory considerations for dense gas mixtures. They are expressed as

D bin kl = F c × D bin,• kl , (9) 
with D bin,• kl , the binary diffusion coefficients at standard pressure given by the kinetic theory of dilute gases [START_REF] Hirschfelder | Molecular theory of gases and liquids[END_REF], i.e. using polynomial fits, or coming from the empirical correlation of Fuller et al. [START_REF] Poling | The properties of gases and liquids[END_REF][START_REF] Fuller | [END_REF]. In Eq. ( 9), F c is a correction factor that takes into account for volume effects. Using the Takahashi approach [28], the scaling factor F c is tabulated as a function of the reduced temperature (T r = T/T c ) and pressure (p r = p/p c ) with

T c or p c given by [T, p] c = X k × [T, p] c,k + X l × [T, p] c,l
. Such approach has been used by many authors [11-13, 23, 29, 30] in various configurations. Using the Kurochkin et al. approach [31], F c = 1/χ kl with (10) 

χ kl = 1 + N sp j=1 n j π 12 8(σ 3 k j + σ 3 l j ) -6(σ 2 k j + σ 2 l j )σ kl -3(σ 2 k j -σ 2 l j ) 2 σ -1 kl + σ 3
kl n j is the number concentration of the j th species and σ kl the collision diameter between the k th and l th species. The Kurochkin approach has been recently used by Giovangigli et al. [4,8] to simulate planar transcritical H 2 -O 2 -N 2 flames for which they founded that non-idealities in the EoS and in the transport fluxes have a strong influence on the cold zone of the flame. Additional strategies to model F c may be found in the literature [3], but they will not be used in this study.

Benchmarks configuration and modeling strategies

The case under study is the numerical benchmark proposed by Ruiz et al. [16]: a high-Reynolds-number supercritical flows exhibiting large density gradients is addressed by DNS in a 2D configuration. This test-case complies with relevant conditions for liquid rocket or diesel engines in terms of characteristic size, inlet velocity and temperature, and pressure level. This configuration is sketched in Fig. 1 with a detail for the boundary conditions. Additional information, in particular for the initial condition, is available in [16]. Ruiz et al. simulated this configuration with two numerical codes featuring real-gas thermodynamics and transport properties: AVBP [32] and RAPTOR [START_REF] Oefelein | [END_REF]. The diffusion velocity was modeled by Eq. ( 7), the Soret effect and the non-ideal part of the chemical potential (µ sm l ) were neglected, and both codes used the PR EoS. The models used for the evaluation of transport properties 1 in RAP-TOR and AVBP are summarized in Tab. 1 along with the different cases considered in this study with the solver SiTCom-B. In the benchmark proposed in [16], a set of simulations is performed with different mesh refinements, namely h x , where the subscript corresponds to the number of mesh cells used to discretize the lip height (h), in order 1 Using D mix k from Eq. ( 7) or obtaining the multi-component diffusion coefficients D kl from Eq. ( 5) are equivalent for binary fluids. Accordingly, V c = 0 in Eq. ( 7) for non-reacting cases.

to obtain grid-independent turbulence statistics. Numerical results are provided for mean and root mean square profiles of velocity, temperature and species mass fractions. Statistics are given for a period of 15 flow times (T FT ) after reaching a steady state solution computed after 10 flow times. T FT = 10h/U conv = 0.125 ms. Note that 10 × T FT is sufficient to recover mean profiles [16]. Finally, instantaneous flow fields are provided for the velocity components, oxygen mass fraction (Y O 2 ) and density for both codes RAPTOR and AVBP. In [16], the structures observed are similar for both codes for the case h 250 , and in agreement with literature [35] but the mean flow field streamlines show a small deviation in length and shape of the recirculation zone behind the lip. Nevertheless, both codes exhibit large-scale vortical structures having a characteristic length close to the lip height (h) and evolving as finger-like structures. Similar small-scale structures whose population increases with the mesh resolution are also found. The benchmark proposed by Ruiz et al. [16] is presently enriched by integrating a non-ideal part to d l (see Eq. ( 6)) and by assessing the modeling of binary diffusion coefficients (D bin kl ) through the Kurochkin et al. modeling. These new cases are listed in Tab. 1 as case #1, #2 and #3 and will only be addressed with SiTCom-B. Case #0 is the reference case mimicking the work of Ruiz et al. [16] and this will be the point of comparison of the three solvers. In addition, the splitter-plate configuration is fired (with SiTCom-B) using the chemical mechanism provided by Boivin et al. [36] (N sp = 8, 12 elementary reactions), along with the modeling used in case #0 for diffusion velocity. This reacting case is performed with the mesh h 250 because of computational cost considerations. A challenging case where the diffusion velocity of species k in the mixture follows Eq. ( 5) and ( 6), and diffusion coefficients have multi-component properties, is also presented. To assess this strategy, laminar premixed flamelets are also computed to validate the whole procedure.

Results and discussion

Non-reacting case

The results obtained with SiTCom-B and corresponding to the numerical benchmark proposed by Ruiz et al. (Case #0 in Tab. 1) are now detailed. Typical instantaneous fields of oxygen mass fraction and density are provided in Fig. 2 for the mesh resolution h 500 immediately downstream the LOx post. The overall fluid dynamics is in agreement with the results provided in [16] through a Kelvin-Helmholtz mechanism and this behavior is analogous to the one found for a flow over a backward facing step [37]. However, these eddies are able to penetrate the dense LOx stream entraining fluid portions into the hydrogen stream. Such elongated structures are observed for any case, but more smaller structures are observed if a finer mesh is used. Statistics from SiTCom-Bhave been recorded for the case h 250 following the recommendations given in [16]. Mean and root mean square (rms) temperature, axial and transverse velocities are compared with the results provided by RAP-TOR and AVBP in [16]. In recirculation zone disappears (Fig. 3(b)) and the flow accelerates faster with SiTCom-B because the level of fluctuations is higher at x/h = 1 than for the two other codes. The values of u rms are identical for x/h = 5 (Fig. 3(d)). The negative profiles of transverse velocity (v) in Fig. 4(a) show that the recirculation zone found with SiTCom-B is close to the RAPTOR results. However, the trend is similar to the one of AVBP at x/h = 5 (Fig. 4(b)) since the level of v rms is slightly less with SiTCom-B than with the two other codes (Fig. 4(c) and 4(d)). Finally, the temperature profiles (mean and rms) are in good agreement with RAPTOR (Fig. 5 kl . The impact of the modeling of the diffusion velocity and binary diffusion coefficients (see Tab. 1) is provided in Fig. 6. Using a non-ideal transport to model the diffusion velocity (d l ) changes the velocity profiles. At x/h = 1, the mean axial velocity has a larger negative value and a twice less important mean transverse velocity using d l = X l (∇µ l ) T instead of d l = ∇X l (Eq. ( 6)). Further downstream (x/h = 5), a similar observation can be done. The development of the mixing layer is thus slightly less pronounced with a non-ideal transport than with an ideal one. Also, the transverse velocity, v in Fig. 6(c), spreads over a larger domain, especially through the LOx stream, meaning that the species diffusion is more efficient with a non-ideal transport. The impact on temperature profiles is limited, but using the correction of Kurochkin for high-pressure binary diffusion coefficients yields shaper profiles than with the Takahashi approach. 

Reacting case

Supercritical premixed flamelets. Following the work done by Giovangigli and co-workers [8,9] on H 2 /air laminar flames, the impact of non-ideal transport is assessed on stoichiometric H 2 /O 2 laminar premixed flames with SiTCom-B. First of all, a set of simulations was carried out under standard pressure and temperature conditions to validate that the results of SiTCom-B corresponded to the results of the REGATH reference test, in particular during the activation of the multicomponent modeling and Soret effect. In the present study the pressure is set to 10.0 MPa and the temperature of the fresh mixture is T f = 150 K. Supercritical flamelets are first computed using the models of case #0 (Tab. 1) and the CPU cost due to the activation of new or additional models is given in (.). In Fig. 7 (a) and (b), activating the Soret effect for light species (W < 5 g/mol) with case #0 leads to thinner flames with sharper profiles of species mass fractions and density with a diffusion of burnt gases towards the fresh mixture (CPU Soret = 0 %). In Fig. 7 (c) and (d), using Eq. ( 6) in Eq. ( 7) without Soret effects modifies the profiles of Y k and ρ near the dense mixture as in [9], contrary to our observations at 0.1 MPa (CPU X l (∇µ l ) T = +20 %). In Fig. 7 (e) and (f) the multicomponent (i.e. Eq. ( 5) replaces Eq. ( 7)) acts as the Soret effect (CPU D k j = +50 %). With case #0, evaluating D bin kl with the Takahashi method or the Kurochkin correction leads to similar results at 10.0 MPa. However, the second approach is preferred since it has no impact at standard pressure contrary to the Takahashi method. Finally, if the models for non-ideal transport are combined together (acronym NIT), i.e. using the multicomponent approach with Eq. ( 5) and ( 6) along with F c = 1/χ kl in Eq. ( 9), then all the profiles for species mass fractions, density and temperature are modified compared to case #0 (Fig. 7 (g) and (h)). According to these results the previous non-reacting splitter plate configuration (h 250 ) is fired with these two approaches. Only the adiabatic condition of the wall is changed to an isothermal one, fixed to 300 K.

Splitter plate. The instantaneous field of temperature is shown in Fig. 8 when using models for non-ideal transport (NIT). A diffusion flame develops in the mixing layer following the stoichiometric isoline and some pockets of burnt gases, still reacting, can diffuse in the streams of H 2 and LOx. Statistics are collected for 8T FT and the results are shown in Fig. 9 for mean variables at two downstream locations (x/h = 1 and 5). The impact of NIT on the profiles of axial velocity are small contrary to the differences observed for the transverse velocity, especially in the recirculation area where two contra-rotating vortices are found. The temperature profiles show that the mean flame begins to bend in x/h = 5 on the LOx side (y/h < 0) and that the maximum temperature is less than 50 K at x/h = 1 and 100 K at x/h = 5 if the non-ideal transport is modeled. This is confirmed on the profiles of Y H 2 O 2 where a clear difference occurs between the modelings as for supercritical flamelets. These results show that the classical approach used for low pressure flows cannot be used in a high pressure context.

Conclusion

The impact of non-ideal transport modeling has been addressed on 1D supercritical premixed flamelets and on the configuration of the 2D splitter-plate with and without combustion. With this modeling the diffusion velocity of species is described from the gradient of chemical potential coupled to the Peng-Robinson equation of state. A comparison with the classical lowpressure approach, which only uses the gradient of species molar fraction, is also performed. The results show that the non-ideal transport has an impact on the flame structure and consequently on the flame temperature in the case of supercritical flamelets. This behavior is also found in the flame developing right after the splitter-plate, which means that the non-ideal transport could have a stronger impact further downstream. This observation means that such an approach should certainly be taken into account in the case of realistic simulations at high pressure. The use of another EoS (Soave-Redlich-Kwong for ex.) or a dedicated highpressure chemistry remains to be done to quantify the relative difference between classical modeling and nonideal transport. Also, the multi-component approach with Soret effects are found non-negligible for the combustion of H 2 /O 2 . Finally, the development of highpressure models for large-scale simulations can now be achieved through the analysis of this database.
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 101 Figure 1: Description of the numerical benchmark proposed in [16].
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 1 Modeling strategies used by the different numerical codes for non-reacting cases. S c,k is the Schmidt number of species k, with: S c,H 2 = 0.3 and S c,O 2 = 1.0.
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 2 Figure 2: Instantaneous flow field from SiTCom-B for h 500 : (top) oxygen mass fraction, and (bottom) density. In black: LOx stream.
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 53 Figure 3: Transverse cuts of mean (a,b) and rms (c,d) axial velocity in the case of the non-reacting mixing layer.
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 54 Figure 4: Transverse cuts of mean (a,b) and rms (c,d) transverse velocity in the case of the non-reacting mixing layer.

5 Figure 5 :

 55 Figure 5: Transverse cuts of mean (a,b) and rms (c,d) temperature in the case of the non-reacting mixing layer.

  (a) to 5(d)) certainly because the two codes share the same modeling for D mix k and D bin
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 56 Figure 6: Impact of modeling of the diffusion velocity and binary diffusion coefficients (see Tab. 1) on the development of the non-reacting mixing layer.
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 7 Figure 7: Impact of diffusion velocity modeling on supercritical laminar stoichiometric premixed flames. p = 10.0 MPa and T f = 150 K.
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 8 Figure 8: Instantaneous field of temperature with stoichiometric isoline (blue) with non-ideal transport (NIT).
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 9 Figure 9: Transverse cuts in the case of the reacting mixing layer.
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