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This paper is composed of two parallel studies. The first one aims at predicting the
unsteady heat flux at the wall of a rocket combustion chamber. In order to capture the
unsteady nature of the wall heat transfer, Large Eddy Simulation is used. Peaks of heat
fluxes are observed at different locations in the chamber. These peaks are observed to cor-
respond to regions of vortex pairing and growth. On average, our simulation underpredicts
the amount of heat to be transferred to the wall. Several explanations are suggested in
the paper. The second study focuses on the influence of the thermodynamic and transport
properties on the wall heat transfer. Comparisons between thermally perfect and real gas
models are conducted and results highlight the importance of the choice of the model.

I. Introduction

Over the years, interest in time accurate studies of rocket motor combustion has been driven by the
need to reduce the cost of development of propulsion systems. Numerical simulations are only recently
becoming feasible due to the advent of massively parallel computers. In the past, steady state studies'>**
have been numerous, but unsteady simulations have been very rare. Recent unsteady simulations include
the axisymmetric Large Eddy Simulation (LES) studies of supercritical mixing,* and the more recent rocket
motor studies of single injector configurations.”%7 In these latter studies, the limited size of the domain
of interest allowed simulation of Liquid Oxygen (LOX) injection under sub-critical conditions for which a
very high resolution was required due to the large density gradients. Thus, the three-dimensional (3D)
computational domain used by Oefelein®” needed around 12 million grid points for a single, small-scale
injector. This computational requirement is prohibitive for design studies where many simulations need to
be carried out for parametric analysis.

Although these studies gave interesting insights into the behavior of the flow in a realistic high pressure
environment, they did not address the transfer of heat to the walls of the combustion chamber. The wall
heat transfer is a very important issue for both rocket engines and gas turbines. In a modern rocket engine,
heat fluxes can reach more than 100 MW /m? at the throat of the chamber. Cooling is necessary to enforce
a temperature below a certain value in order to avoid altering the liner material. But too much cooling will
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also effect the life cycle of the chamber. An accurate prediction of the amount of heat transferred to the
walls of the chamber is then necessary. However, this phenomenon is highly unsteady and many challenges
have to be addressed in a numerical simulation. The large temperature gradients at the wall require a very
fine resolution that increases the computational cost. Also, the heat flux is drastically increased by turbulent
heating and is intrinsically linked to turbulence modeling.

This paper uses Large-Eddy Simulation (LES) in order to address some of the issues related to the
unsteadiness of the heat flux. Two studies are performed. First, a thermally perfect (TPG) study of the
Penn State sub-scale GOX — G H, rocket engine is carried out. Even though the pressure in the chamber
is higher than the critical pressure of the gases, the inflow temperature is such that the compressibility is
unity. Under these conditions, there is no need to use the real gas formulation. A second study concerns the
cryogenic injection of LOX in GH». The real gas (RG) formulation is now required as supercritical effects
are expected to be important. A comparative study of thermally perfect gas versus real gas is carried out
with a focus on the predicted heat flux and flow features.

II. Governing Equations and Numerical Methods

A. LES governing equations

The governing equations for LES are obtained by applying a spatial top hat filter (based on the grid size A)
to the compressible Navier-Stokes equations for the mass, momentum, energy and species conservation. The
use of Favre averaging is common in the study of compressible flow, and the filtered variable is defined by
f = pf/p, where the over-line stands for spatial filtering. The resulting axisymmetric conservative equations
are given by:
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Here, (z,y) represent respectively, streamwise and radial directions. Equations (1) neglect any motion in
the circumferential direction. Here, p, u, v, E and Y}, represent respectively, the mixture density, the axial
velocity, the radial velocity, the total energy and the mass fraction of species k. Also, H represents the total
enthalpy H = E + p/p. The species equation has been written for the k" species, with k varying between 1
and Ng, the total number of species. Also, 7;; represents the viscous stress tensor obtained in terms of the
filtered variables:
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where p is the molecular viscosity coefficient. 7y represents a viscous stress that arises because of the
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axisymmetric formulation:

4 w, 2_[(0u, Ouy
=cp— — - 5
70 3'u y 3 (83: + oy ()

The heat flux vectors are given by:
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and the diffusion velocities are approximated using Fickian diffusion as:

= —xO ™)
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The pressure is determined from the filtered equation of state. Depending on the temperature and
pressure conditions in the combustion chamber, a different equation of state is necessary to describe the
behavior of the flow. A general form containing the compressibility factor Z is used in this section and
will be further explained in the next sections. The equation of state is written p = ZpRT. In the case of

thermally perfect gases (TPG), Z is 1 and the equation of state reduces to the well known p = pRT. The
filtered form of the real gas equation of state is:
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Here, R, is the universal gas constant and W}, is the molecular weight for the k-th species. The first term
on the right hand side contains only resolved values : Z, Y3, T. The second term includes a triple correlation
of the temperature, compressibility and species terms and is a term that requires closure. As mentioned
earlier, for thermally perfect gases, the filtered equation of state is the same as Eqn. (8) except that Z = 1.
It has been shown® that subgrid term in the above equation is negligible for low heat release in a perfect
gas, and it seems to be also the case for real gases’ even though this has not been clearly demonstrated for
a reacting case as yet.

Several terms in the LES equations require closure:
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They represent, respectively, the subgrid stress, the subgrid enthalpy flux, the subgrid viscous work, the
subgrid species flux, the subgrid heat flux, the subgrid diffusive species flux and, the subgrid temperature-
scalar correlation.

Here, a closure based on a transport model for the subgrid kinetic energy k%95 (k%9% = %[m — g lg])
is used to close the momentum and energy subgrid fluxes, 7;7* and H;?", respectively. In this approach, a
one-equation model for k9% is solved along with the LES equations:
opk*9* 0 0
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Here, v; is the turbulent viscosity given as v; = C,vk®9% A, and o}, is a constant set to 1. Also, P%9% is
the subgrid kinetic energy production and D*®9¢ is the subgrid kinetic energy dissipation, and are defined as

poos = —Tgss% (11)
J
ksgs%

D%9s  — Ceﬁ( Z) (12)

Given vr, the subgrid stresses and energy flux are closed as follows:
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In the above equation, S;; is the strain tensor, d;; is the Kronecker delta and Pr; is the turbulent Prandtl
number.

The subgrid viscous work, o;’" has been neglected in the pas This assumption is justified in
the case of a high Reynolds number flow, where the viscous terms are generally small compared to the
convective terms. As a consequence, the viscous subgrid transport term is considered negligible. Earlier
studies'? have shown that the two model coefficients C,, and and C, have constant values of 0.067 and 0.916.
The derivation of those constants did not imply any assumptions of incompressibility or ideal gas behavior
and are consequently used as is for both thermally perfect and real gas studies.

The mixture viscosity and thermal conductivity can be computed in two different ways. The first method
uses the Sutherland law for the viscosity. It is well known that this law is strictly valid only for a single
component substance. As a consequence, a more accurate computation of the mixture viscosity is performed
by first computing the viscosity of the pure substances using the Sutherland’s law and then combining
them following Wilke’s formulation.'®> The thermal conductivity can be computed from the definition of
the Prandtl number for the mixture or using the Wassiljewa equation,'* which is equivalent to the Wilke’s
formula for the thermal conductivity. The influence of the computation of the thermal properties on the
heat flux will be discussed in Section III.

£10,11

B. Real gas equation of state

In this studies, the cubic Peng-Robinson equation of state (PR-EOS) has been chosen. It is an acceptable
choice from accuracy and cost considerations. Also, studies'® have shown that the PR-EQS is the most
accurate cubic equation for rocket motor application. It can also be applied to model sub-critical behavior
due to its accuracy in the compressed liquid domain. The PR-EOS also reduces to the thermally perfect
EOS when the conditions changes. As a consequence, no switch is required to simulate the flow behavior
when Z is unity.

The mixing rules used are those employed by Miller'® to define the mixture parameters A,, and By,:

An =YY XiX;A;  Bn=)» XiBi (15)
i 7 i

where R, is the universal gas constant. The specific parameters of the PR-EOS are calculated as follows
(the subscript ¢ represents a critical property and the subscript r a reduced property, i.e., T/T.):

RT2
Ajj = 0.457236T;;fa(Tcw)) (16)
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where () is the accentric factor. The combining rules for the critical properties are:
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where k;; is a constant binary interaction parameter.

Details of the computation of the thermodynamic and transport properties, as well as the iterative process
performed in the main solver to compute temperature and pressure from density and energy are not detailed
here, for brevity. The transport properties are computed using the methodology developed earlier'” for
high pressure gases, which is considered most effective in terms of computational cost and accuracy.'® The
iterative process is similar to the one described by Okong’o et al.'®

C. Numerical methods

The governing equations are solved using a finite volume, predictor-corrector scheme, that is second-order
accurate in time and fourth-order accurate in space. This solver is implemented in parallel using the MPI
library.

1.  Thermally Perfect Study

Figures 1 shows the full computational domain and the grid used for the thermally perfect rocket simulations
close to the injector plate. Table 1 summarizes the dimensions for the different injectors. Table 2 summa-
rizes the test conditions and nominal inflow conditions used in this study. Oxygen is injected through the
central post and hydrogen is injected through the outer injector. The Ay in the hydrogen channel is of the
order of 25 microns and is around 37 microns in the oxygen channel. The grid near the injectors is nearly
uniform and is slowly stretched away from the injector region. The maximum grid stretching is 5% axially
and 9% radially. The total grid resolution is 776 x 181 for the TPG rocket simulations. The large number
of axial grid points is due to the length of the domain.

Exit O2 channel radius 2.63 mm
Exit Oz channel grid points 38
Tip wall width 0.52 mm
Tip wall grid points 20
Hs> channel width 0.597 mm
Ho channel grid points 27

Table 1. Physical and computational dimensions of the different parts of the injectors for the PSU rocket
chamber.

The outflow is supersonic and therefore, extrapolation is used at the outflow plane. Characteristic-based
constant mass flux subsonic boundary conditions are used at the inflow for both the injectors (the mass flux
as well as the temperature is imposed, the rest is recomputed). We implement an isothermal, non catalytic,
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Figure 1. Global view of the grid (top) and Grid near the injection plane (bottom) for the PSU rocket study

case.

O2 channel Hs channel
T (K) 767 798
Mass Flow rate (Kg.s™') 0.0327 0.0896
Mass fraction of Oa 0.9462 0
Mass fraction of Ho 0 0.4130
Mass fraction of HoO 0.0538 0.5870

Table 2. Test conditions for the PSU rocket chamber.

no-slip condition on the combustor top so that the temperature at the interface between the flow cell and
the ghost cell remains constant through time, assuming a parabolic profile for the temperature gradient at
the wall. For a uniform grid at the wall, this profile results in:

(5_T> _ =97 + 8Twau + Tj—1
6y wall 3Ay

(20)

The ghost cell temperature is then obtained from this temperature gradient. Figure 2 shows the experimental
temperature profile imposed on this wall. Following Poinsot,'” a nearly-isothermal law-of-the-wall model is
implemented, to compute the turbulent kinetic energy in the near wall region.

The dump plane of the chamber also has isothermal, non catalytic wall boundary conditions. The tem-
perature at the wall goes from 750 K at the junction with the upper wall to 900 K at the injector periphery.
The same parabolic profile for the temperature gradient at the wall is applied but in the x-direction. The
other walls (e.g. the injector walls) are no-slip adiabatic.

2. Real Gas Study

The real gas EOS involves a lot of complex operations such as real-powers, square roots, logarithms, etc.
More than 20% of the CPU time is used for these operations. The computation of the transport properties
computations also require similar operations. Analysis showed that these properties vary very slowly with
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Figure 2. Plot of the experimental temperature imposed on the upper wall.

time, and in the current combustion study, were computed every three steps to reduce the computational
cost. The overall error of doing this simplification is less than 0.1%.

Figure 3 shows the grid used for the real gas rocket simulations close to the injector plate while Table 3
gives the precise dimensions for the different injectors. This configuration simulates three injectors instead of
the single one in the TPG study. The tip walls between the oxygen and hydrogen channels are resolved with
around 7 points, as are the hydrogen channels. Due to the small dimensions (less than half a millimeter) of
these channels, this resolution leads to a Ay of the order of 50 microns. Near the motor wall a grid resolution
of Ay = 20 microns is used. The grid near the injectors is nearly uniform and is slowly stretched away from
the injector region. The maximum grid stretching is also 5% axially and 9% radially. Earlier, some grid
resolution issues were investigated primarily to ensure that all the features near the injector lips are well
resolved. Based on these studies, we employ a grid of 436 x 362 for all the reported RG/TPG comparison
studies.

Centerline injector Outer injectors
Initial O2 channel radius 2.8643 mm 1.129 mm
Initial O2 channel grid points 26 16
Exit O2 channel radius 3.15 mm 1.8604 mm
Exit Oz channel grid points 26 16
Tip wall width 0.325 mm 0.325 mm
Tip wall grid points 6 6
Lower Ha channel width None ~ 0.444 mm
Lower Hy channel grid points None 7
Upper Ha channel width 0.585 mm 2 0.386 mm
Upper Hs channel grid points 9 6

Table 3. Physical and computational dimensions of the different parts of the injectors for the RG rocket

The same no-slip, isothermal, non catalytic boundary conditions are applied at the upper wall of the
combustion chamber. Figure 5 shows the imposed temperature profile. All other walls are no-slip adiabatic.

D. Chemistry

The following two-step reduced mechanism is used for all the combustion studies:*"

7 of 17

American Institute of Aeronautics and Astronautics Paper ATAA-2005-4124



Figure 3. Grid of the three injectors for the RG rocket study case (left) and close-up on one injector (right).

Hy + 02 =20H (21)
2 OH + Hy = 2 H>50 (22)

The forward reaction rates are computed from the Arrhenius law:

ks = A1T710674865/R0T (23)
kp, = AQT—136—42,500/R0T (24)

where
Ay = (8.917¢ + 31.433/¢ — 28.95)(10*7) cm? /mol.s (25)
Ag = (2.0 + 1.333/¢ — 0.833¢)(10%4) cm®/mol®.s (26)

and

K, = 26.164 exp~899%/T (27)
Ky = 2.682 x 10 5T exp®415/T (28)

However, in order to limit the mean reaction rate, the Arrhenius law is coupled with the subgrid Eddy
Break-Up (EBU) model.”’ The idea behind the EBU model is that the rate of combustion is determined by
the rate at which parcels of unburned gas are broken down into smaller ones. So turbulent motions control
the reaction rate. In order to couple the EBU model with the Arrhenius law, the reaction rate is taken as
the minimum between the chemical rate and the turbulent mixing rate.
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Figure 5. Wall temperature profile for the RG/TPG rocket study.

ITI. Results and Discussion

A. Thermally perfect study of a rocket engine combustion chamber
1. Flow field features

Figure 6 shows the instantaneous and steady state temperature in the combustion chamber. Due to the
axisymmetric formulation, no radial momentum perturbs the jet through the centerline. This explains why
the jet remains along the centerline and shows no flapping motion characteristic to the coaxial injection. As
a consequence less mixing occurs in the chamber. This formulation also results in a longer jet as in a full 3D
simulation. Significant unsteady vortex shedding can be seen in the mean field. By around five diameters,
these shed structures are large enough to reach the centerline, denoting the end of the potential core of the
oxygen jet. This can be seen on the steady state figure where the low temperature region coming from the
oxygen channel ends.

The flame can be observed in Fig. 7. Here, we see that the hydrogen jet rolls up more than the oxygen
one. This is a direct consequence of the density ratio at the injection stage (about 30 Kg/m? for the oxygen
and 4.5 Kg/m? for the hydrogen). Also, even though the resolution is very fine close to the injector in
both the directions, the flame shows some discontinuity two diameters downstream. If this is not a major
issue in this case, it could lead to some instabilities if the real gas formulation were used. Indeed, in an
environment were the real gas formulation has to be used, thermal properties exhibit such large gradients
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(a) instantaneous (b) steady state
Figure 6. temperature distribution near the injection plane for the PSU rocket study case.
that discontinuities in the interface create important instabilities. For the TPG study, this discontinuity is

not a big issue. The steadu state evolution of the OH mass fraction shows only little penetration of the OH
in the upper region of the combustor. This will be discussed later.

Figure 7. Left: H> mole fraction (gray scale) and OH mole fraction (lines) for the PSU rocket study case.
Right: steady state OH mole fraction.

Due to the fine resolution in the injector region, a nice recirculation region is seen at the tip of the injector,
as shown in Fig. 8 The oxidizer is transported upward toward the hydrogen jet and the flame anchors in
the region of reverse flow. This flame holding may not be properly captured if a coarser grid is employed here.

Figure 9 shows the OH mole fraction and the distribution of turbulent kinetic energy in the domain. The
region of high turbulent kinetic energy correspond to the region where the combustion is controlled by the
mixing. In general, the highest concentration of OH is found in regions where the turbulent kinetic energy
is low and is then transported upward by the vortical structures. The reaction rates are then mostly limited
by the chemical rate.

2. Unsteady Heat flux

The transfer of heat to the wall of the combustion chamber is a highly unsteady process. This feature
is highlighted in Fig. 10. In this figure, we show the distribution of the wall heat flux at four different
non-dimensional times. The non-dimensional time t* is defined as tx = At/tprr where tprr is the flow-
through-time and At represent the elapsed time between the beginning of the flow-through-time and the
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Figure 8. Temperature (color) and velocity vector at the tip of the injector for the PSU rocket study case.

Figure 9. OH mole fraction (color) and turbulent kinetic energy distribution (lines) for the PSU rocket study
case.

snapshot. At tx = 0.054, three peaks of heat flux of lesser intensity appear. They can also be related to
the the location of large vortical structures in the chamber. Fig 11 also displays the vorticity field at the
same t*. At tx = 0.032, a peak at 9 MW.m™2 is observed when the three other plots show values around
5 MW.m™2 for the same location. This peak corresponds to the intermittent entrainment of hot product
toward the wall in the recirculation region formed at the dump plane. At tx = 0.3, the heat flux peaks at
about 22 MW.m~? at a distance of about 0.05m from the injector, and the peak to peak magnitude at this
time reaches 20 MW.m 2. This axial distance corresponds to the location where two vortices generated by
the coaxial injection pair-up and get close to the top wall. This pairing of the vortices can be observed in
Fig. 11. Tt is the only location where such a peak has been observed upstream the throat.

The vortex creation and vortex pairing thus seem to play an important role in the time evolution of the
wall heat transfer.

Figure 12 shows the axial distribution of the heat flux averaged over 2.5 flow-through-times versus the
experimental data. Three simulations have been performed. One where the laminar viscosity and thermal
conductivity are constant. Another where those quantities vary with temperature only. And finally, one
where they vary with both the mixture and the temperature. It can be seen that these simulations substan-
tially underpredict the amount of heat to be transferred to the wall. Several factors contribute to this result.
The three simulations predict similar heat flux, when we expect large variations of the temperature and
mixture composition at the wall. Analysis of this data show that nothing is really happening near the upper
wall. Figure 13, representing the OH mole fraction and velocity vectors, we see that there is a large region
near the wall were the concentration of OH is nearly zero. This region is characterized by very low velocities.
This means that near the upper wall, the transfer of heat occurs more by conduction than convection. This
can also be seen in Fig. 14, which shows the time-averaged velocity field. We see that the jet never really
attaches to the combustor wall. In this figure, the color represents the steady state negative velocity regions
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Figure 10. Instantaneous heat flux at the wall at four different time.

in the combustor. We can see that the flow is positive in most of the chamber except near the top wall, where
the counter-clockwise vortices entrain the flow toward the dump plane. This problem may be caused by the
axisymmetric formulation that does not allow radial momentum through the centerline, and thus prevents
the jet from flapping. This reduces the impingement of hot products on the wall. Another possibility is
that the low velocity in this region implies that the turn around time for the flow here is very long, much
longer than the current simulation. The resolution at the wall could also explain this low average heat flux.
Even though the y* at the wall is around 6, parametric studies on the effect of the resolution have not yet
been performed. Finally, it is worth noticing that the averaging time for the experiments is 0.4s whereas we
average over 2.5 flow-through-times, which represents only 0.006s. Further contribution of this simulation is
planned to see if the near-wall region will turn over to obtain more statistics.

B. Comparison of thermally perfect and real gas models
IV. Comparison of thermally perfect and real gas models

The comparison of the 2 equations of state is made here in the sub-scale, three injector rocket chamber
described in Section C. Both runs are started from the same initial real gas solution. Since we have inlet
boundary conditions that ensure that the mass flow-rate remains constant in time, the inflow conditions for
both runs are similar in terms of flow-rate, temperature and mass fractions (note that, the system here is
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Figure 11. Instantaneous vorticity field.

non-premixed unlike the partially premixed PSU combustor). However, we expect the inlet densities and
velocities to differ, especially for the oxygen jet which is injected under supercritical conditions for which its
compressibility is significantly smaller than 1.

Both instantaneous and time-averaged mean flow properties were analyzed and some representative results
are discussed below. For the instantaneous comparison, we have attempted to show characteristic figures
that closely compare the flow features at (nearly) the same instant of flow development (identified here as
the vortex shedding process from the injector lip).

In Fig. 15, we show the instantaneous oxygen concentration for both cases. One can clearly see the
different behavior that occurs under the thermally perfect gas assumption. As stated before, the density of
the oxygen jets is much lower for the TPG case (around 250 kg.m~3) than for the RG case (around 380
kg.m~2), and thus the inlet velocity for the oxygen is 50% higher in the TPG case. This of course has a
direct impact on the dynamics of the jets since the velocity ratios have been changed. The breaking-up of
the oxygen jets for the RG case seems to occur earlier than for the TPG, leading to large, round pockets of
unburned oxygen being convected downstream. The oxygen jets in the TPG case appear thinner and extend
further in the flow without pinching. As a result, although both jets seem to flap in a similar fashion, the
jet in the TPG case will impinge the wall further away from the injector plate. This has a consequence on
the wall heat flux. Furthermore, we can notice one of the shortcomings of our simulations in this figure by
taking a closer look at the centerline jets. Because of the axisymmetric assumption, this jet is constrained to
remain along its principal axis and cannot flap like the outer rows. Thus, we experience poor mixing along
the centerline of the combustion chamber. The behavior is the same for both TPG and RG models: even
the very different transport properties computed in both cases (inlet dynamic viscosities are about twice as
large in the RG case) do not seem to have any influence on these constrained jets. Also, the Figure 15 for
the RG case allows us to look at the extent of the real gas effects in the combustion chamber. As mentioned
in Sec. C, the axisymmetric configuration and our assumptions to keep the velocity and momentum ratios
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Figure 12. Average heat flux at the wall over 2 flow through time.

Figure 13. Instantaneous OH mole fraction (color) and velocity vectors.

close to the experimental values prevent us from having identical injectors. This explains why the real gas
effects can be felt over a much larger region for the centerline injector. We even see that unburned pockets of
oxygen, after having broken up from the jet, can experience significant departures from perfect gas behavior.
This feature is not present in our simulation for the outer rows probably because their apparent diameter is
smaller than what it should be in reality. For all jets, we can see that our RG model allows for a smooth
transition between regions where the perfect gas model is not valid and where the compressibility is almost
1. Since the real gas model is very expensive in terms of computational resources, there is a need in the
future to look at ways to bypass most of the RG computations when Z is sufficiently close to 1.

Figure 16 represents the temperature field in the near injector plate region (up to 20 centerline injector
diameters downstream of the injection plane). Both fields present some similarities such as the temperature
range displayed. As mentioned before, our boundary conditions make sure the injection temperatures are
constant for both cases. Also, in both runs, the same 2-step reaction mechanism is used and thus yield
similar flame temperatures. It has to be noted here that the computed enthalpies do differ in both models
and that they induce a difference in flame temperature of about 100 K. For simplification, both scales on
Fig. 16 are the same. With this scaling, it is easy to see that the flame, defined simply as the zone of highest
temperatures, is almost continuous in the RG case, whereas multiple flame surfaces seem to coexist for the
TPG case. This can be related to the previous analysis. It seems that the more regular pinching of the
oxygen jets in the RG case allows the different pockets of oxygen to burn collectively. On the other hand,
the thinner and longer oxygen jets in the TPG case each support one long flame which extends up to 15
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Figure 14. Steady state velocity field.

Figure 15. Instantaneous oxygen concentration fields for the TPG run (left) and RG run (right). The figure
for the RG also includes a dotted area where the compressibility is in the range 0.6-0.9, i.e. where the real
gas effects are significant.

diameters downstream. These flames are disconnected from each and from the more uniform combustion
further downstream. A possible explanation is the higher thermal conductivity in the RG case than in the
TPG case, which could facilitate the connection between the different flames. In order to investigate this,
we run the TPG model using the transport properties from the RG model.

The average wall heat flux for both cases is shown in Fig. 17. Several features are interesting to discuss.
First, the absolute level of heat flux, several tens of mega-watts per meter-square, is characteristic of those
encountered in actual rocket engines. It is important that our simulations can represent such high values of
heat transfer. Only looking at the laminar (or molecular) conduction of heat at the wall, such high rates
of heat flux represent a temperature gradient of approximately 1000 K over 20 microns, the characteristic
distance of our first cell center to the wall. This plot seems to show that for both RG and TPG models, the
sub-grid model is able to capture at least part of the physics occurring along the wall chamber. Comparing
both RG and TPG heat flux profiles, we can see that the peak value for the TPG model is higher and occurs
further downstream compared to the RG simulation. This can be related to the jet dynamics described in
the previous paragraphs which showed that the jet flapping is different between the two cases. This flapping
causes the heat transfer to the wall to be a very transient phenomena. Finally, the profile obtained for the
simulation using the TPG model with the real gas transport properties is also shown on Fig. 17. We can
see once again the influence of the transport properties on the jets dynamics with the difference between
the pure TPG profile and the mixed TPG/RG profile. The oxygen jets for this mixed case have less inertia
than for the RG case but are more viscous than the pure TPG case. As a result, the oxygen jets are much
more constrained by the hydrogen annulus and the flapping is reduced. Thus, the smaller value of the initial
maximum on the heat flux profile. Even though this local behavior is different, we are still injecting the
same quantity of reactants in the same conditions as for the TPG case. Since far downstream from the
injection, the RG formulation and RG transport properties recover to their TPG counterpart, it is logical
that the profiles for the TPG simulation and the mixed simulation are the same. For the RG, the lower inlet
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Figure 16. Instantaneous temperature fields for the TPG run (left) and RG run (right).
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Figure 17. Time-averaged heat flux through the combustion chamber wall for the RG case (dashed line), the
pure TPG case (full line) and the TPG case with RG transport properties (dotted line).

velocity for the oxygen seems to lead to less turbulent subgrid energy far downstream and thus to a lesser
heat transfer in the later part of the chamber.

V. Conclusion

Two parallel studies have been performed. The first study aims at predicting the unsteady heat flux at the
wall of a rocket combustion chamber. The high temperature in the domain enables us to use the thermally
perfect gases assumption even though the pressure in the chamber is over the critical pressure of the gases.
The use of Large Eddy Simulation highlights the very unsteady nature of the wall heat transfer. The main
chamber has to support very large thermal loads with heat fluxes that peak at more than 20 MW.m~2.
Also, this study reveals the correlation between instantaneous peaks of heat fluxes and vortex dynamics.
Indeed, pairing is observed in the domain and peaks of heat flux correspond to location where large vortices
transport hot products toward the wall. On an average, this simulation underpredicts the amount of heat
to be transferred to the wall. The axisymmetric formulation may explain this discrepancy as it prevents the
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jet from flapping and limits the mixing in the chamber. Also, the grid refinement at the wall is an issue that
can play an important role in heat flux prediction.

The second study focuses on the influence of thermodynamic and transport properties modeling on wall
heat transfer in a high pressure three injector system. Comparisons between thermally perfect gas and
real gas models are conducted and results show that the choice of the model is very important. Real gas
formulation allows proper inlet flow conditions. Modifications of these conditions can have a large impact
on the overall combustion dynamics and on the wall heat flux, even though the extent of the real gas effects
is quite limited. The effect of pressure alone on the transport properties also changes the overall behavior,
proving that the inclusion of real gas transport properties can be a first step towards better modeling of high
pressure gas turbines or rocket engines.
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