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Abstract

A large eddy simulation (LES) of supercritical combustion of kerosene/GOXx is conducted using real gas
thermodynamic relation and flamelet progress variable(FPV) method. The FPV method can capture
dynamic flame structures (local extinction, re-ignition, flame stretching, and folding). In numerical
simulation, the ‘isolated flame’ is observed with the flame extinction, re-ignition, and folding
phenomenon. And the formation and extinction process of isolated flame is visualized and analysed with
flame propagation images.

Nomenclature
C Progress variable ¥y Progress variable flux
D Diffusion coefficient Q Heat flux
E Specific total energy X Scalar dissipation rate
H Energy flux S Strain rate
P Pressure S Kronecker delta
q Heat flux m Mass flux
t Time Subscript symbols
u Velocity i, ] Spatial coordinate index
X Spatial coordinate E Fuel
Y Mass fraction (0] Oxidizer
A Mixture fraction Superscript symbols
o Viscous work SGS Subgrid scale
) Scalar flux ﬁ Time averaged
P Density (‘" ) Favre averaged
T Shear stress ( ) Favre fluctuation
W Production rate

1. Introduction

To improve both the performance and efficiency of liquid rocket engines, The higher operation pressure in rocket
combustor is required with less instability. Propellants exceed their critical points and become supercritical sate. In the
supercritical state, thermodynamic properties, including heat capacity, thermodynamic relations, density, and thermal
conductivity, clearly show different characteristics from traditional conditions of liquid or gas phase.

A liquid rocket engine has used liquid oxygen as an oxidizer and liquid hydrogen or hydrocarbon as a fuel. However,
liquid hydrogen is too difficult to treat (e.g. store, transport, etc.) because of its extremely low temperatures. On the
other hand, hydrocarbon fuel, like methane or kerosene, is a liquid phase at room temperature. They can be stored and
charged with no subsidiary equipment. Besides, hydrocarbon fuel has economic advantages over liquid hydrogen.
However, hydrocarbon type fuel is composed of hundreds of hydrocarbon compounds and thousands of reaction
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mechanisms with a broad range of molecular weights, especially for kerosene-type fuel. For numerical analysis,
handling the massive amounts of species and reactions is limited. Therefore, the use of a surrogate model is an attractive
alternative.

In this study, a large eddy simulation(LES) is employed to predict the precise turbulent effect. As is well known, the
LES directly calculate the large-scale motions, whereas eddies with smaller than the grid or filter size are modeled,
like algebraic Smagorinsky or dynamic Smagorinsky model. In non-reacting case, the large scale flow is controlled
via the geometry and the inlet conditions, whereas the small scale appear to be comparatively universal in terms of
behaviour. On the other hand, in the reacting-case, chemical reactions occur at the molecular level. Therefore, in the
reacting case, universal behaviour is not captured in the small-scale flow due to the chemical reaction. For this reason,
in the reacting case, a turbulent combustion model should include the interaction between the turbulence effect and
chemistry.

Many researchers have proposed the several turbulent combustion models to understand the turbulent combustion
better using LES. The key in using such turbulent combustion model is to achieve closure for the filtered source term.
Well known combustion model is eddy dissipation concept(EDC) model [1]. In recent years, several studies have
shown that the stand EDC model over-predicts the maximum temperatures [2-3]. To overcome this drawback, modified
EDC model was suggested using the functional expressions of the dependency of the EDC coefficients [4]. However,
modified EDC model can not predict the re-ignition. And assumed probability density function model [5-6],
transported probability density functions have been proposed [7-10]. However, very strong non-linearity caused
inaccuracies in the interaction between turbulence and chemistry.

Instead, the present study employs the flamelet approach [11-12]. The flamelet approach assumes that the chemical
time scale is much smaller than the turbulence time scale. In this manner, a turbulent flame can be considered as a
combination of laminar flamelets. To apply the flamelet method, a flamelet library should be made up before numerical
simulation. By solving the laminar flamelet equations, the laminar flame solution can be obtained. Then, this laminar
flamelet solution is converted to turbulent flamelet solution using the Beta function PDF. Finally, the flamelet library
is constructed as a function of mixture fraction, mixture fraction variance, and scalar variable (flame tracking variable).
In the numerical simulation, mixture fraction conservation equation is solved instead handling the species equation.
Mixture fraction variance and scalar variable are modeled using the similarity assumption in LES. By using the mixture
fraction, mixture fraction variance, and scalar variable, the mass fraction of products is extracted from flamelet library.
The flamelet method can save the computation costs and time with sustaining the accuracy.

In this study, the flame structure of kerosene/GOx is analyzed using flamelet equation and LES with flamelet progress
variable(FPV) method under the supercritical condition. The FPV method overcomes the drawback of the steady
laminar flamelet model using progress variable as flame strength parameter. To perform the FPV method, flamelet
library should be constructed before numerical simulation. By solving the steady flamelet equation, laminar flamelet
solution is obtained. Then, beta function PDF is applied to the laminar flamelet solution for turbulent effect. And real
gas equation of state and transport properties are employed to the in-house code to capture the high-pressure effect.

2. Formulation

2.1 Governing equations

The filtered Favre-averaged mass, momentum, energy, mixture fraction and progress variable conservation equations
are considered in numerical simulation as follows;
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The SGS terms are defined as

;% = puu, - pul, (6)
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7 = pu,Z - pU,Z (10)

Yo% = puC - puC (11)

The mixture fraction conservation equation has many benefits than species conservation equation. In the case of
kerosene-type fuel, hundreds of species exist in the combustion process. Solving hundreds of species equation for
kerosene-type fuel is restrictive because of the computational cost and time. Instead, solving only mixture fraction
equation can handle hundreds of species efficiently with flamelet library.

2.2 Thermodynamic and transport properties

To investigate the real gas effects, Soave-Redlich-Kwong(SRK) [13], Peng-Robinson(PR) [14], and Redlich-Kwong
Peng-Robinson(RK-PR) [15] real gas equations are considered. Each equation of state is validated via a comparison
with the extended corresponding states(ECS) at 80 bar. ECS is widely known as the most precise tool of
thermodynamic properties prediction. Because the ECS has high computation cost, using the cubic EOS is an attractive
alternative.

Figure 1, 2 shows the density and viscosity distribution for the JP-10 at 80 bar. In figure 1, the relative error of the
difference from the ECS density is calculated as 15, 24 and 4% for the SRK, PR and RK-PR EQOSes, respectively, at a
kerosene inlet temperature of 443 K. In Figure 2, RK-PR EOS shows better accuracy than SRK and PR EOSes.
Therefore, RK-PR EOS is implemented in this study.
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Figure 1 Density distribution for JP-10 at 80 bar
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Figure 2 Viscosity distribution for JP-10 at 80 bar

Also, Chung’s method [16] for viscosity and conductivity, and Takahashi’s correlation [17] for diffusivity are
employed to consider the high-pressure effect.

2.3 Flamelet library

In this study, to account for chemistry and turbulence interaction under the supercritical condition, the flamelet progress
variable(FPV) method is considered. The FPV method can predict flame extinction, re-ignition, unsteady mixing effect
and the lift-off phenomenon. The FPV method is comprised of three component steps. First, the laminar flamelet
solution should be solved. Then, probability density function is used to the laminar flamelet solution to apply the
turbulent effect. Lastly, numerical simulation is conducted with above flamelet library using the flamelet library
parameters (mixture fraction, mixture fraction variance, flame tracking parameter).

In detail, firstly, steady laminar flamelet equation is solved at the operating condition with small chemical time scale
assumption. Although the steady state is assumed, the steady flamelet solutions represent the various flame dynamics
(e.g. the stretching and quenching of the flame). The steady flamelet equation is as follows;

7 0%, .
Z—=—+m, =0 12
Poozz " (42

By employing the scalar dissipation rate in the flamelet equation, an S-shaped curve which is the result of the strong
non-linearity of the interaction of chemistry and mixing can be obtained. To solve the flamelet equation, a modified
FLAMEMASTER code is implemented. RK-PR EOS is added to the original FLAMEMASTER code. As a kerosene
type fuel, JP-10 kerosene surrogate model is employed [18]. A detailed chemistry mechanism for JP-10 has 53 species
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and 263 reactions. After constructing the flamelet library, beta-function probability density function should be applied
to add the turbulent effect. The beta-function PDF takes the following form.

z-z)"

P(Z:Z,?Z)IWr(a+ﬂ) (13)

Where T is the gamma function and «, 8 are defined as

o = 2[41__2) — 1} (14)
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Then, the arbitrary properties are integrated with following equation.

#5(2.22.C)=[[4z.cP(z.Chcaz (16)

where Z and C are independent. Also for simplicity’s sake, the distribution of C is neglected with the assumption of a
delta-function. Equation 16 is subsequently converted to equation (17).

52.220)=[[pz.0p(z:2.2 %z an

Next, the flamelet solution is integrated based on equation (17) and tabulated as a function of mixture fraction, mixture
fraction variance, and progress variable. The selection of progress variable is very important in FPV method. It should
represent the flame strength in numerical simulation. In this study, the progress variable is defined as the sum of CO»,
CO, OH, H>0 mass fraction.

2.4 Numerical method

The governing equations outlined in the previous section are solved by implementing the finite volume method. The
spatial discretization is calculated using a fourth order central differencing scheme. To suppress the numerical
oscillation due to the central scheme, matrix dissipation model is employed [19]. Under the supercritical conditions,
due to the high-density gradients, numerical instability can be shown for the interface. To overcome this problem, a
unified treatment of the general fluid thermodynamics is established [20], which uses pressure decomposition and
preconditioning techniques. For pseudo time advance, the 4 step Runge-Kutta scheme is employed. The code is
paralleled using an MPI library for effective and fast calculations.
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3. Results

3.1 Model description

Inflow Ukerosene = 15 mi‘ S Outflow
Tkerosene = 440 K
IT}“C kness. t = 0.3 mm Outflow || 20t
Inflow : Ugcox _: 60 m{s
o o =plLE Outflow ’
B 40t

Figure 3 Geometry and boundary conditions

The computational domain and boundary conditions in this study is shown Figure 3. To understand the structure and
the evolution of the supercritical kerosene/GOx combustion, the splitter shape above, which has five grids in the k-
direction domain, is employed. The kerosene and gaseous oxygen flow into the combustor at 443K at 15m/s and 611K
at 60m/s, respectively. The operating pressure is 80bar which is higher than the oxygen and kerosene’s critical point,
and the tip thickness is 0.3mm. The perturbation at inlet velocity is generated by a Gaussian random number with 5%
intensity of the mean velocity.

3.2 S-shape at various pressures
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Figure 4 The S-shaped curve at various pressure to scalar dissipation rate

Figure 4 shows the maximum temperature distribution as a function of scalar dissipation rate at various pressures. The
x-axis is a log scale, and the y-axis is a linear scale. The scalar dissipation rate controls mixing in non-premixed
combustion because it controls the gradients of the mixture fraction, z. Also, different scalar dissipation levels lead to
different flame structures. The scalar dissipation rate provides the connection between the mixing field and the
combustion modeling. In Fig. 4, at the fixed pressure (10bar), the maximum temperature remains constant for a
relatively small scalar dissipation rate (~1000), and the temperature decreases at a relatively larger rate until the
extinction point is reached. Then, as the scalar dissipation rate decreases, the temperature continues to decrease. In
addition, at the fixed scalar dissipation rate, as the pressure increases, the maximum temperature increases because of
the dissociation. In higher pressure, the high pressure restrains the dissociation which decreases the flame temperature.
To observe more detail, the middle strength flame is presented in Fig 5. The position of the middle flame is marked in
Fig 4.
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Figure 5 Major mass fraction and density distribution in mixture fraction space (intermediate flame)

Figure 5 shows the major mass fraction and density distribution in the mixture fraction space of middle strength flame.
Oxygen is consumed partially, and fuel is consumed totally below mixture fraction 0.4. Product species also decreases
than strongest flame. The results mean that as the progress variable decreases, the reaction occurs weakly, so species

which is related to reaction diminish.

3.4 Flame structure
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Figure 6 Diagram of non-premixed combustion in numerical results

In numerical simulation, the flame regime can be represented as shown in Fig. 6. The zone separation is proposed by
Peters [21]. The x-axis shows quenching scalar dissipation rate to stoichiometric scalar dissipation rate. The y-axis
represents the ratio between mixture fraction variance and stoichiometric mixture fraction. If y-axis is unity, mixture
fraction variance is equal to the thickness of the reaction zone [21]. In higher than unity, separated flamelets are
generated. To confirm the flame regime in numerical simulation, related properties are extracted at each cell points. In
Fig. 6, all points are in connected reaction zone along the -1/4 slope. It means every flame shows strong flame motion.
And there are no points in flame extinction zone. In Fig. 4, higher pressure makes the quenching scalar dissipation rate
larger. In supercritical condition which is the operating condition in this study, quenching scalar dissipation rate is too
high to reach in numerical simulation. Therefore, using the scalar dissipation rate as flame strength tracking parameter

has drawback under the supercritical condition.
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Figure 7 Temporal evolution of isolated flame with temperature contour

Behind the splitter tip, the fuel and oxygen streams with different velocities induce a Kelvin-Helmholtz type instability,
which produces shedding oscillations at the interface between the fuel and oxygen streams. The strength of the vortex
is higher than in the non-reacting case because of the rapid dilatation caused by the heat release. Figure 7 shows the
temporal evolution of the isolated flame with temperature contours with 25 psec interval. In Fig. 7 (a), the detached
flame(isolated flame) and folding flames are observed. In Figs. 7 (b) through (d), the isolated flame shows the
extinction and re-ignition processes in the isolated flame. As the isolated flame fully detached from main stream, the
flame cannot maintain the combustion process because of the lack of the oxygen. On the other hand, since the right
side of isolated flame is comprised of fuel and oxygen, the flame can be re-iginited, and it can survive combustion
despite being separated from the mixing stream as long as it reaches the ignition temperature. The isolated flame is
generated by the fuel vortex rotating in the counterclockwise direction. Accordingly, the left side can reach a
combustable state realtively earlier than the right side. In addition, the right side can receive more oxygen just before
seperation, so it can be reignited later.

4. Conclusion

In this study, the flame structure of kerosene/GOx has been investigated using the LES and the FPV method under
supercritical condition. The RK-PR EOS, Chung’s method are considered to apply the high pressure effects for flamelet
library and numerical simulation. The flame regime diagram shows that the steady flamelet method cannot predict the
flame extinction or separated flame regime under supercritical condition. In numerical simulation, because of the high
strength of vortex, isolated flame is generated behind the splitter tip. The isolated flame shows dynamic flame motion
like local extinction, re-ignition, stretching. Even in same isolated flame, some part of the flame re-ignites and other
part goes out because of the existence of the oxygen.
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