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Abstract
The present study performs wall-modeled large eddy simulation (WMLES) of a hydrogen/oxygen rocket
combustion chamber for accurate prediction of wall heat flux. A wall model developed for reacting flows is
coupled with LES solving the flamelet progress-variable approach. Results demonstrate that WMLES well
predicts the wall heat flux overall even with a coarse near-wall grid and at an acceptable computational
cost for solving the wall model. However, the peak of wall heat flux is underestimated, indicating that grid
sensitivity study is needed.

1. Introduction

Prior evaluation of engine performance and assessing potential risks is crucial in designing liquid rocket combustion
chambers. One of the risks identified as a critical event is wall damage or melting caused by an excessive heat load
on the chamber wall. Near the wall, a drastic temperature gradient is developed between free-stream burnt gas and
the cooled wall, resulting in the chamber wall is exposed to a high heat flux that can locally reach 100 MW/m2, and
such a high heat flux could lead to serious wall damages. Since reusable rocket engines have come into focus by the
space community, the importance of an accurate prediction of wall heat flux will be increased for estimating chamber
lifetimes. Also, the field of industrial combustion chambers, such as those in gas turbines and automotive engines,
requires accurate estimation of wall heat loss to improve engine performance in terms of thermal efficiency.

Large eddy simulation (LES) is a powerful approach for simulating unsteady and complex turbulent combustion
fields, and a number of LES studies has demonstrated its validity for simulating combustion chambers. However, a
major challenge of LES is a huge computational cost for resolving turbulent boundary layer. A near-wall computational
grid resolving the viscous length scale of O (1 µm) drastically increases the number of grid points and decreases the
time step. Because of this constraint, LES of combustion chambers has often used a computational grid that is too
coarse to resolve the near-wall flows. If near-wall flows are not properly resolved, wall shear stress and heat flux are of
course not well obtained.

To overcome this issue, a wall-modeled LES (WMLES) is expected to be promising approach.1 The idea behind
WMLES is resolving the outer layer while modeling the inner layer, as inner layer models are used to estimate wall
shear stress and heat flux. The validity of WMLES has been recently demonstrated regarding aerodynamic problems,2, 3

but its application to reacting flows is still limited.4

WMLES generally models the inner layer by solving coupled ordinary differential equations (ODEs) for veloc-
ity and temperature derived with the equilibrium-stress boundary-layer approximation.5 For reacting flows, however,
the existing inner layer models essentially does not work because they assume non-reacting single component flows.
Near the chamber wall, chemical reactions occur due to the heat loss from the burnt gas to the cooled wall, and the
chemical composition gradually changes within the boundary layer. Changes in temperature and chemical composition
result in a considerable variation in mixture properties. Several studies have shown that these near-wall chemical and
thermal effects have a non-negligible impact on the wall heat flux calculation.6, 7 Therefore, applying WMLES for
reacting flows requires an inner layer model that considers these near-wall physics. Muto et al. recently proposed a
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wall model for reacting flows that includes variable property and chemical effects.8 In this wall model, based on the
boundary-layer approximation with a chemical equilibrium assumption, two coupled ODEs of velocity and tempera-
ture are solved. A pre-tabulated database generated from a chemical equilibrium calculation is used to estimate the
chemical contributions. This wall model, referred as the equilibrium wall model, accurately reproduces the inner layer
of hydrogen/oxygen reacting flows in their a priori study; the wall model was tested without coupling with LES.

The objective of this study is to assess the validity of WMLES for predicting wall heat flux in reacting flows using
the equilibrium wall model. We preliminary performs WMLES of a hydrogen/oxygen rocket combustion chamber, and
the wall heat flux is compared with the existing LES and measured results. As a combustion model of LES, the flamelet
progress-variable (FPV) approach is used.

2. Numerics

2.1 Numerical method for LES

The present LES is performed by using JAXA’s in-house CFD solver LS-FLOW, which is an arbitrary polyhedral
unstructured compressible flow solver9 that solves the three-dimensional compressible Navier-Stoke equations for
conserved variables of mass, momentum, and total energy. The equations are closed with the ideal gas equation of state.
The Green-Gauss method is used as a gradient calculation for reconstruction. The method by Venkatakrishnan10 is used
as a gradient limiting function. The convective terms are evaluated using SLAU2.11 The method by Marvriplis12 is
used for viscous term calculations. For time integration, the LU-SGS implicit method is used with three sub-iterations.
The Wall-Adapting Local Eddy-viscosity (WALE) model13 is used to calculate the SGS eddy viscosity.

For turbulent combustion modeling, the flamelet progress-variable approach14 is applied, which solves transport
equations for mixture fraction and progress variable. The mixture fraction variance is determined from an algebraic
expression. The turbulent Prandtl and Schmidt numbers are set to 0.9. The progress variable is taken here as the mass
fraction of H2O. The species mass fractions are tabulated in terms of the mixture fraction, mixture fraction variance,
and progress variable. A reaction mechanism by Petersen and Hanson15 is used in generating the flamelet table.

2.2 Equilibrium wall model

LES is coupled with the equilibrium wall model.8 With the boundary-layer approximation and the chemical equilibrium
assumption, the boundary layer equations for velocity and temperature are obtained as follows:
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where U|| is the wall parallel velocity, µ is the viscosity, T is the temperature, λ is the thermal conductivity, cp is
the specific heat at constant pressure. hk, Yk, and ∆ho

f ,k are the enthalpy, mass fraction, and the chemical enthalpy
of formation of species k, respectively. µt, Prt, and S ct are the eddy viscosity and the turbulent Prandtl and Schmidt
number, respectively. Here, no radiation, no Dufour and Soret effects, and equal diffusivities for all species are assumed.

Even though chemical equilibrium is assumed, these equations can describe the velocity and temperature in the
inner layer of reacting flows. This is explained that the chemical time scale is sufficiently smaller than the flow time
scale in the inner layer, so the inner layer flow can always be assumed to reach chemical equilibrium.8

The inner-layer eddy viscosity is modeled by using the mixing length model:16

µt = κρ

√
τw

ρ
y[1 − exp(−y⋆/A+)]2, (3)

where τw is the wall shear stress, and κ=0.41 and A+ = 17 are model constants. Here, instead of the classical wall units
of y+ = ρwuτy/µw and uτ =

√
τw/ρw, y∗ = ρu∗τy/µ and u∗τ =

√
τw/ρ known as the semi-local properties are used. It

has been found that the semi-local properties are appropriate for the scaling of the near-wall flows with significant heat
transfer.17, 18

The coupled ODEs of Eqs. 1 and 2 with the mixing length model of Eq. 3 are numerically solved by us-
ing a one-dimensional finite volume method. A table look-up procedure is used to estimate the chemical factors
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of
∑N

k=1 hk (dYk/dT )eq. and
∑N

k=1 ∆ho
f ,k (dYk/dT )eq. in Eq. 2, and the thermodynamic and transport properties of the

mixture. These values at a chemical equilibrium corresponding to given temperature, pressure, and initial chemical
composition are pre-tabulated. The look-up table is generated from the equilibrium calculation using CEA.19 Here,
S c = Pr is applied with assuming the Lewis number is unity, where Pr = µcp/λ is the Prandtl number. A model
constant of Prt and S ct are set to a value of 0.9.

To couple the wall model with LES, the transport equations for mixture fraction and progress variable need to be
closed since LES does not solve the near-wall flow. In the present implementation, a zero-flux condition at the wall is
assumed for both equations. While this holds for the mixture fraction because its transport equation does not include
a source term, the transport equation for the progress variable does have one. Thus, the zero-flux condition for the
progress variable is a first approximation; it is assumed to have only a minor influence on the progress of chemical
reactions in freestream.

3. Flow configuration and computational grid

The present WMLES is applied to a single-element oxygen/hydrogen combustor,20, 21 which consists of a coaxial
element and a chamber with a diameter of 38.1 mm. The gaseous oxidizer and fuel are injected from the center and
annular injectors of the coaxial element. The exit diameter of the central oxidizer jet is 5.26 mm, and the exit inner
and outer diameters of the annular fuel jet are 6.30 and 7.49 mm, respectively. The composition of the oxidizer is
YO2 = 0.945 and YH2O = 0.055, and that of the fuel is YH2 = 0.402 and YH2O = 0.598. The mass flow rates of oxidizer
and fuel are 0.0904 kg/s and 0.0331 kg/s, and the inlet temperatures are 711 K and 800 K, respectively. The Reynolds
numbers based on the bulk exit velocities and hydraulic diameters are 6.04 × 105 and 1.69 × 105 for the oxidizer and
fuel jet, respectively. The operating pressure is 5.2 MPa.

The mass flow rates and temperature are specified at the inlets of the LES domain. The turbulence is generated
behind the edge of the coaxial injector using the method by Bogey et al.22 The measured wall temperature profile is
specified along the chamber wall.20 The temperature of 755 K is applied at the face of the chamber and the post tip.
The supersonic outflow condition is applied at the outlet.

The number of the LES grids is approximately 61 million. The LES domain starts 2.5 mm upstream of the face
of the chamber, and the grids are clustered near the injector exit and the wall. Note that as the use of the wall model,
the near-wall grid needs to be able to resolve energetic eddies in the outer layer. The boundary layer gradually develops
throughout the chamber and reaches about 2 mm thick at x =200 mm. At x =200 mm, the grid spacing near the edge of
the boundary layer is 0.2 mm both streamwise and circumferential directions. The wall-normal grid spacing is 0.2 mm
at the edge of the boundary layer and smoothly refined towards the wall where the spacing is 0.04 mm. The boundary
layer is resolved over approximately 25 points in the direction normal to the wall at x =200 mm.

The wall-model grid is embedded in the LES grid, which is 0.2 mm thick and has 41 grid points. At the top
boundary of the wall model, a set of instantaneous LES solutions of wall-parallel velocity, temperature, pressure, and
chemical compositions is applied. Non-slip and iso-thermal boundary conditions are applied at the bottom boundary.
After the wall-model is solved, the obtained wall shear stress and wall heat flux are fed back to the LES as wall
boundary conditions.

4. Results

Figure 1 shows the instantaneous fields of temperature, giving the overall flow features. Wrinkled diffusion flames are
generated between the oxidizer and fuel flows, and are held behind the oxidizer posts. The low-temperature region
behind the injector exit corresponds to pure oxidizer. Recirculation develops near the corner, which entrains the sur-
rounding gas towards the wall. A thermal boundary layer gradually develops at the wall according to the wall heat loss.

Figure 2 compares the circumferentially-averaged mean wall heat flux along the chamber wall with the results
of experiment20 and existing LES that resolve the wall. The result demonstrates that the present WMLES accurately
predicts wall heat flux at the downstream region from x = 150 mm. The near-injector rise in the wall heat flux is
also well captured. Note that the location of the first grid point off the wall is approximately 20 in wall units at
x = 200 mm. Even with such a coarse near-wall grid, the wall heat flux is well predicted overall owing to the wall
model. The additional cost for solving the wall model is approximately 10%. It is estimated that the computational
cost is reduced by two to three orders of magnitude compared with that of the conventional wall-resolved LES for two
reasons: reducing the number of grid points and increasing the time step.

However, the underprediction of the peak heat flux is observed between x = 50 mm and 150 mm. This is
likely because that the present computational grid is designed to resolve the eddies in developed boundary layer; the
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Figure 1: Instantaneous temperature field.
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Figure 2: Averaged wall heat flux profiles of WMLES compared with the results of LES and experiment20

grid resolution could be coarse at the region where the boundary layer is thin. It is needed to investigate whether the
near-wall grid resolution is sufficient to resolve energetic eddies in the outer layer around this region.

5. Conclusions

An application of a wall model for LES of reacting flows was presented for predicting the wall heat flux in combustion
chambers. A wall model including thermal and chemical effects was coupled with LES solving the flamelet progress-
variable approach and preliminary tested in a hydrogen/oxygen rocket combustion chamber. The results demonstrated
that WMLES predicted the measured wall heat flux where the near-injector and downstream regions accurately, even
with a coarse near-wall grid. The additional cost for solving the wall model is acceptable. However, the underestimation
of the wall heat flux was observed around the region where the boundary layer is thin, indicating the need of grid
sensitivity study.

The present work only deals with a hydrogen/oxygen combustion, and an applicability of the present WMLES
approach for hydrocarbon reacting flows is a subject for future study.
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