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Abstract The design and development of future rocket engines severely relies on
accurate, efficient and robust numerical tools. Large-EddySimulation in combination
with high-fidelity thermodynamics and combustion models is a promising candidate
for the accurate prediction of the flowfield and the investigation and understanding of
the on-going processes during mixing and combustion. In the present work, a numer-
ical framework is presented capable of predicting real-gas behavior and nonadiabatic
combustion under conditions typically encountered in liquid rocket engines. Results
of Large-Eddy Simulations are compared to experimental investigations. Overall,
a good agreement is found making the introduced numerical tool suitable for the
high-fidelity investigation of high-pressure mixing and combustion.

1 Introduction

In the design and development process of new generation rocket engines computa-
tional fluid dynamics (CFD) has become an indispensable tool. Bymeans of CFD, the
turbulent injection, mixing and combustion process inside the combustion chamber
can be studied in detail providing information about, e.g., the mixture preparation
and the combustion efficiency. The extreme operating conditions found in liquid
rocket engines (LREs), in particular the high pressures of more than 100 bar and the
large temperature range covering three orders of magnitude, are very challenging and
demand for high-fidelity and at the same time robust approaches for both the flow
solver and the closure models. In terms of thermodynamics, the fluid shows signifi-
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cant real-gas effects and therefore the state variables depend on both the temperature
as well as the pressure. The nonideal fluid behavior results in strong nonlinearities
which have to be properly handled by the flow solver. For an appropriate represen-
tation of the combustion process, turbulence-chemistry interaction has to be taken
into account as the high-pressure conditions imply very thin reaction zones which
cannot be resolved in the context of Large-Eddy Simulations (LESs).

Over the past two decades, different research groups have put a lot of effort into
the development of CFD frameworks [16]. Thereby, important milestones have been
achieved using Direct Numerical and Large-Eddy Simulations: Starting in 1998,
Oefelein and Yang [17] were the first to conduct LESs of reacting flows of gaseous
hydrogen/liquid-like oxygen under supercritical pressure conditions and showed the
effect of the pressure on near-critical mixing and combustion. Zong et al. [37] inves-
tigated the injection of liquid-like nitrogen into itself and found that the large density
stratification results in enhanced axial and dampened radial flowoscillations. In 2006,
Bellan [3] studied a binary heptane-nitrogen mixing layer and pointed out the impor-
tance of transport and turbulence modeling for an appropriate representation of the
mixing process. In the subsequent years, different groups followed the example of
these groundbreaking investigations and conducted detailed studies of the combus-
tion process under LRE conditions: Amongst others, Ribert et al. [23] focused on the
dependency of the flame thickness and the heat release on pressure and strain rate
and quantified the influence of Soret and Dufour effects. Lacaze and Oefelein [12]
performed a detailed analysis of strain effects, pressure and temperature boundary
conditions as well as nonideal fluid behavior on the flame structure in both physical
and mixture fraction space to develop a tabulated combustion model.

Although a huge research effort was already undertaken to understand the pro-
cess of injection, mixing and combustion in LREs, many open questions are still
remaining. In the context of thermodynamics, recent experimental investigations
question the assumption of a solely single-phase state under LRE conditions. For
instance, Roy et al. [24] injected initially supercritical fluoroketone into a super-
critical nitrogen atmosphere and reported the presence of droplets and ligaments at
the periphery of the jet at sufficiently low ambient temperatures indicating mixture-
induced phase separation. Similar findings were also reported by, e.g., Muthuku-
maran and Vaidyanathan [15]. With regard to high-pressure combustion, the shift
towards methane-fired, reusable rocket engines was a game changer not only from
an economical point of view but also for the development of reliable CFD tools.
As a result of the large number of species involved in methane combustion, tabula-
tion methods are useful allowing an efficient and reliable numerical investigation of
LREs. Due to the increased importance of the mechanical integrity in reusable LREs,
the understanding and prediction of flame-wall interaction has become a crucial point
of future high-pressure combustion investigations. In addition, the understanding of
flame-flame interaction is also of high relevance for the design process of future LREs
as methane-fired engines have not been flown up to now and therefore experience
and knowledge is sparse in this field.
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2 Physical and Mathematical Modeling

2.1 Governing Equations

The flow of reacting, multicomponent, compressible fluids is governed by the con-
servation equations of mass and momentum together with the transport equations
for the energy and the different involved species. Let ρ, t , u, σ , ht , q̇, Yk , jk, ω̇k

and Nc represent the density, time, velocity vector, stress tensor, total enthalpy, heat
flux vector, mass fraction, mass flux vector, source term and the number of species,
respectively. The governing equations read:

∂ρ

∂t
+ ∇ · (ρu) = 0 , (1)

∂ (ρu)

∂t
+ ∇ · (ρuu) = ∇ · σ , (2)

∂ (ρht)

∂t
+ ∇ · (ρhtu) = ∂p

∂t
+ ∇ · (τ · u) − ∇ · q̇ (3)

and
∂ (ρYk)

∂t
+ ∇ · (ρYku) = −∇ · jk + ω̇k k = 1, 2, . . . , Nc. (4)

The stress tensor σ can be expressed for Newtonian fluids as

σ = −
(
p + 2

3
μ∇ · u

)
I + μ

[∇u + (∇u)T
] = −pI + τ (5)

where τ andμ are the viscous stress tensor and the dynamic viscosity, respectively. In
the energy conservation Eq. (3) the total enthalpy ht represents the sum of the static
enthalpy h and the kinetic energy 1

2 ‖u‖2. By applying both Fourier’s and Fick’s law
together with the unitary Lewis-number assumption, i.e., Le = κ

(
ρcpD

)−1 = 1, for
the deduction of the diffusion coefficient D, the heat flux vector q̇ and the mass flux
vector jk can be expressed in the following way:

q̇ = − κ

cp
∇h + κ

cp

∂h

∂p

∣∣∣∣
T,Y

∇ p , (6)

jk = −ρD∇Yk . (7)

Here, κ and cp denote the thermal conductivity and the specific heat at constant
pressure, respectively. Under subsonic flow conditions—as it is the case here—the
pressure contribution in Eq. (6) can be neglected and therefore the divergence of
the heat flux ∇ · q̇ can be handled implicitly as the energy equation is written in
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an enthalpy explicit form. In Eqs. (1)–(4), Soret, Dufour and radiation effects are
neglected.

2.2 Numerical Flow Solver

The finite volume method together with a pressure-based solver formulation is used
to discretize the governing equations. In the pressure-based approach, the pressure
instead of the density is used as a primary variable. Therefore, the density is recal-
culated by means of a suitable equation of state (EoS). The pressure is solved with
the help of a Poisson-like equation which can be derived from the momentum and
continuity equations as [7]:

∂ρ

∂t
+ ∇ ·

[
ρ

(
HP

aP

)]
− ∇ ·

(
ρ

aP
∇ p

)
= 0 . (8)

Here, the variables aP and HP result from the discretization of the momentum equa-
tion, for further details see, e.g., Ferziger andPeric [7].AsEq. (8) is elliptical in nature
and therefore derived for the incompressible flow regime, slight modifications have
to be made to account for the compressibility of the fluid. Following typical pressure
correction approaches, the total differential of the density as function of pressure p,
enthalpy h and species composition Y can be expressed as:

dρ = ∂ρ

∂p

∣∣∣∣
h,Y

dp + ∂ρ

∂h

∣∣∣∣
p,Y

dh +
Nc∑
i=1

∂ρ

∂Yi

∣∣∣∣
h,p,Y j �=Yi

dYi = ψhdp + ∂ρ

∂h

∣∣∣∣
p,Y

dh +
Nc∑
i=1

ρidYi .

(9)
Recasting this equation into a Taylor series truncated after the first term, neglecting
all variations except the pressure and applying the resulting equation in the time
derivative of Eq. (8) yields the following adjusted pressure equation:

∂
(
ρn−1 − ψn−1

h pn−1
)

∂t
+ ∂ψn−1

h p

∂t
+ ∇ ·

[
ρ

(
HP

aP

)]
− ∇ ·

(
ρ

aP
∇ p

)
= 0 . (10)

Here, the superscript n − 1 refers to the last iteration/time step. For solving this
pressure equation together with the other governing equations, a segregated solution
algorithm is selected. In detail, a so-called PIMPLE approach is applied which is a
combination of the Semi-Implicit Method for Pressure Linked Equations (SIMPLE)
and the Pressure-Implicit with Splitting of Operators (PISO) method. The solver is
implemented in the open-source toolbox OpenFOAM [1]. A more thorough descrip-
tion and discussion can be found in Traxinger et al. [30].
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2.3 Thermodynamic Modeling

For relating and calculating the different thermodynamic properties, appropriate state
equations and relations are required. The density and pressure are coupled by means
of cubic EoSs which are commonly applied due to their efficiency and acceptable
accuracy. The pressure-explicit form of the cubic EoSs reads [21]:

p = R T

v − b
− a (T )

v2 + ubv + wb2
= R T

v − b
− ac α (T )

v2 + ubv + wb2
. (11)

Here,R is the universal gas constant, T is the temperature and v is the molar volume.
The parameters a (T ) = acα (T ) and b account for the intermolecular attractive and
repulsive forces, respectively, and u andw aremodel constants. Based onEq. (11), the
popular cubic EoSs of Peng and Robinson [19] and Soave, Redlich and Kwong [26]
can be deduced as well as the ideal gas equation (a = b = 0).

For the consideration of multicomponent mixtures, the concept of a one-fluid
mixture in combination with mixing rules is applied [21]

a =
Nc∑
i=1

Nc∑
j=1

zi z j ai j and b =
Nc∑
i=1

zibi , (12)

where zi is the mole fraction of the i-th component. Pseudo-critical combination
rules [22] are employed to determine the off-diagonal elements of ai j . The caloric
properties are derived consistently by applying the departure function formalism [21].
In this concept, the respective property, e.g., the enthalpy h, is divided into an ideal
gas (ig) and a real gas (rg) part, i.e.,

h = hig (T, z) + 
hrg (T, p, z) = hig + RT

(∫ ρ

0
−T

∂Z

∂T

∣∣∣∣
ρ

dρ

ρ
+ Z − 1

)
(13)

where R is the specific gas constant. The real-gas contribution can be derived from the
applied cubic EoS. The ideal gas part is determined using the seven-coefficientNASA
polynomials [9]. For the determination of the viscosity and the thermal conductivity,
the empirical correlation of Chung et al. [5] is employed in the real-gas case. In
contrast, the approach of Sutherland [27] is used for ideal gases. For considering
multicomponent phase separation, a multiphase framework based on the cubic EoSs
and the tangent plane concept of Michelsen [13] is applied. This framework relies
on the assumption of a local instantaneous thermodynamic equilibrium. For further
details, please refer to Traxinger et al. [28, 30].
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2.4 Combustion Modeling

In the applied tabulated combustion models, the mixture fraction f is introduced to
describe the combustion progress by means of a passive scalar transport equation

∂

∂t

(
ρ̄ f̃

)
+ ∂

∂xi

(
ρ̄ũi f̃

)
= ∂

∂xi

((
μ̄

Sc
+ μsgs

Sct

)
∂ f̃

∂xi

)
(14)

where Sc and Sct are the laminar and turbulent Schmidt number, respectively, and the
subscript sgs denotes the contribution of the applied subgrid model due to filtering.
Here and in the following, the finite-volume filter is indicated by a bar �̄ and Favre-
filtering is denoted by a tilde �̃ = ρ�/ρ̄. To model unresolved fluctuations of the
mixture fraction, a transport equation for the variance of f is solved [11]

∂

∂t

(
ρ̄ f̃ ′′2

)
+ ∂

∂xi

(
ρ̄ũi f̃ ′′2

)
=

∂

∂xi

((
μ̄

Sc
+ μsgs

Sct

)
∂ f̃ ′′2

∂xi

)
− 2ρ̄χ̃ + 2

(
μ̄

Sc
+ μsgs

Sct

) (
∂ f̃

∂xi

)2 (15)

where χ is the scalar dissipation rate modeled according to Domingo et al. [6].
For the generation of the thermo-chemical database, the flamelet concept is

applied [20]. Under the assumption of a Damköhler number Da � 1, the flamelet
approach allows to describe the structure of a turbulent nonpremixed flame as a brush
of laminar counterflow diffusion flames. By transforming the governing equations
into the mixture fraction space and assuming both a constant pressure and a unity
Lewis-number, a one-dimensional set of equations can be derived:

ρ
∂Yk
∂t

= ρ
χ

2

∂2Yk
∂ f 2

+ ω̇k , (16)

ρ
∂h

∂t
= ρ

χ

2

∂2h

∂ f 2
. (17)

High-fidelity reaction mechanisms like, for instance, GRI-3.0 [10] are employed to
determine the reaction rates. Solving Eqs. (16)–(17) for different scalar dissipation
rates up to extinction and a subsequent filtering by means of a presumed probability
density function (PDF) yields a suitable library for the LESs of adiabatic combustion.
Nonadiabatic effects can be introduced conveniently by assuming a frozen compo-
sition or by introducing a semi-permeable wall into the mixture fraction space, see,
e.g., Zips et al. [35, 36]. Under real-gas conditions, the pressure dependency of the
thermodynamic properties has to be taken into account in the tabulation [34].

In contrast to presumed PDF approaches, transported PDF methods allow for the
evaluation of the PDF Psgs by means of a transport equation [8]
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∂ρP̃sgs

∂t
+ ∂ρũi P̃sgs

∂xi
+

Nc∑
α=1

∂

∂Ψα

(
ρω̇αP̃sgs

) =

∂

∂xi

[(
μ

Sc
+ μsgs

Sct

)
∂P̃sgs

∂xi

]
− ρ

τsgs

Nc∑
α=1

∂

∂Ψα

[(
Ψα − φ̃α

) P̃sgs
] (18)

where Ψ denotes the thermo-chemical state space. This transport equation is usually
solved using statistic methods. In the present work, the Eulerian stochastic fields
(ESF) method proposed by Valiño [33] is employed. A more thorough description
and discussion can be found in Zips et al. [35].

3 Results and Discussion

3.1 Thermodynamics

Under supercritical pressure conditions, the dense-gas approach is widely-used in
the LRE community which implies the assumption of a sole single-phase state. For
the pioneering works with only a single component like, e.g., Zong et al. [37], this
assumption is perfectly valid. However, in multicomponent mixtures, as it is the
case during injection and combustion under LRE conditions, the multiphase region
is determined by a critical locus rather than a distinct critical point. Due to the
nonlinear behavior of real-gas mixtures this locus can exceed the critical values of
the pure components by orders of magnitude, especially with respect to the pressure,
see Fig. 1 left.

A-posteriori investigations of themixture states of a binary hydrogen/nitrogen test
case [18] at cryogenic temperatures showed first evidence of phase separation under
initially supercritical conditions [14]. In Fig. 1 right, simulation data of this test case
are scattered into a temperature composition diagram and superimposed onto the
mixture two-phase region. In the composition range of 0.15 ≤ zH2 ≤ 0.35 the mix-
ture states penetrate the vapor-liquid equilibrium (VLE) rendering the single-phase
assumption invalid.As there is noprofound evidence for this statement, additional test
cases were defined in close cooperation with the ITLR at the University of Stuttgart

Fig. 1 Critical locus for
different alkane mixtures
(left) and a-posteriori
evaluation of the LES results
of a hydrogen/nitrogen test
case [14] with respect to the
VLE of the binary mixture
(right)
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where an appropriate experimental test facility is available [2]. In this campaign,
initially supercritical n-hexane (C6H14) was injected into a pressurized nitrogen
atmosphere at three different total temperatures (Tt,C6H14 = [480, 560, 600] K). In
the experiments, simultaneous shadowgraphy and elastic light scattering (ELS) was
conducted to visualize both the jet structure and the phase separation process. LESs
employing the multicomponent VLE model as thermodynamic closure have been
used for the numerical investigation. Both the experiments and the simulations show
similar phase separation phenomena at the respective temperature and a transition
from a dense-gas mixture (Tt,C6H14 = 600 K) to a spray-like jet (Tt,C6H14 = 480 K)
proving the presence of phase separation under high-pressure conditions depending
on the injection temperature, see Fig. 2 and for further details Traxinger et al. [29].
Applying the sameVLEmodel, the single-phase stability in a high-pressure methane
combustion case was investigated. The analysis showed strong phase separation phe-
nomena on the oxidizer-rich side and a large spatial extent inside the flame, see
Fig. 3. The phase separation process is triggered due to the low temperatures and
the presence of water [32] originating from the combustion and subsequent diffusion
processes.

Fig. 2 Comparison of experimental (left) and numerical (right) snapshots of the n-hexane jet at
three different temperatures (Tt,C6H14 = [600, 560, 480] K). The LES results are shown by means
of the instantaneous vapor fraction superimposed onto the temperature field. Reprinted figure with
permission from Traxinger et al. [29]. Copyright (2020) by the American Physical Society
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Fig. 3 Mixture-induced phase separation in a high-pressure methane flame. Left: Flamelet solution
on the oxidizer-rich side. Right: Instantaneous LES result

3.2 Combustion

The increased interest in reusable, methane-fired engines sets new demands into the
development and improvement of CFD tools. Although a lot of research effort has
been invested in the field of nonadiabatic rocket combustion chamber modeling in
recent years, most of the past studies investigate hydrogen combustion. Furthermore,
the dimensions of the test chambers, e.g., the Pennstate pre-burner, were not really
rocket-engine typical and therefore the results cannot be fully used as a blueprint for
more application-relevant studies. Therefore, two new oxygen/methane combustion
chamber test cases have been defined by the group of Prof. Haidn at the Techni-
cal University of Munich featuring more application-related chamber characteris-
tics, e.g., element-element and element-wall distances: a single-element combustion
chamber [4] and a 7-element combustor [25]. Using the single-element combustion
chamber as a reference case, the influence of the turbulence wall model on the pre-
dicted wall heat flux has been investigated. In Fig. 4 left, a general impression of
the temperature field is given at different axial positions. The quadratic chamber
cross section clearly influences the axial development of the flame. The compari-
son of the predicted heat flux with the experiment, see Fig. 4 right, shows that all

Fig. 4 Large-Eddy Simulation results of the single-element combustion test case
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Fig. 5 Large-Eddy Simulation results of the multi-element combustion test case

models capture the basic trend. Overall, the wall-modeled LES (WF-LES) shows
the best results and was therefore employed for further studies on the influence of
the combustion model. The 7-element test case was used to compare three different
combustion models namely two presumed PDF approaches and one transported PDF
approach. In Fig. 5 left, temperature contours at different axial positions are shown
indicating the gradual flame-flame interaction with increasing axial direction. In
terms of the predicted wall heat flux, see Fig. 5 right, the ESF method shows the best
results followed by the nonadiabatic and the frozen flamelet model. In Fig. 6 scatter
plots of temperature and selected mass fractions are shown for the different combus-
tion models revealing clear differences. As expected, the frozen model reproduces
the composition of the nominal flamelet. The nonadiabatic solution shows stronger
scattering in terms of species mass fraction but is different to the ESF solution.

Fig. 6 Scatter plot of the multi-element test case at x = 200 mm
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Fig. 7 Large-Eddy Simulation result of the temperature field of the full-scale TCD

Finally, a 60 degrees section of a full-scale methane-fired thrust chamber demon-
strator (TCD) defined by ArianeGroup has been investigated focusing on flame-
flame interaction, see Fig. 7. The operating conditions of the TCD are inspired by
the Prometheus engine. The LES result reveals strong flame-flame interaction start-
ing at x/D ≈ 3. As a consequence, temperatures below 1500K are only present
up to x/D ≈ 10 which is very different to the investigation of a single injection ele-
ment under identical operating conditionswhere flame-flame interaction is inherently
missing [31].

4 Conclusion

For the development of future rocket engines, CFD is an indispensable tool. Together
with suitable experiments, numerical investigations can provide insight into the flow
field and increase the knowledge and understanding of the complex on-going pro-
cesses. In the present work, the focus was put on the validation of thermodynamics
and combustion modeling. By means of LESs it could be shown that single-phase
instabilities can occur during mixing and combustion under LRE-like conditions
rendering the dense-gas approach invalid. For a single- and a multi-element model-
combustor, numerical heat flux predictions were compared to experimental data.
Wall-modeled LES together with a high-fidelity combustion model is a promising
candidate for an accurate prediction.
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