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ARTICLE INFO ABSTRACT

Keywords: The Representative Linear Eddy Model (RILEM) was introduced by Lackmann et al. (2018) as an alternative
Linear Eddy Model modeling approach to simulate turbulent non-premixed combustion in engines. The model utilizes a RANS
Turbulence-chemistry interaction approach for turbulence and the Linear Eddy Model (LEM) with a presumed probability density function (PDF)
Presumed PDF approach

approach for combustion closure. A distinct feature of RILEM is its potential to handle arbitrary combustion
regimes and the consideration of complex physical phenomena such as differential diffusion effects. The
original version of RILEM implemented a volume-based coupling between LEM and the flow solver. This
work presents a new variant of RILEM, i.e., Multiple Representative Interactive Linear Eddy Model (MRILEM)
based on a pressure-based coupling, to overcome some deficiencies of the original RILEM, namely statistical
fidelity. Due to the introduced pressure coupling, the effects of heat losses (wall heat fluxes, latent heat of
evaporation) on combustion are intrinsically included via the pressure trace. Furthermore, we introduce a new
step function PDF for the progress variable defined by its mean value only. Issues with an incomplete solution
space for mixture fraction and progress variable due to the stochastic nature of LEM are remedied with a PDF
scaling technique, aided by a novel parameterization of the progress-variable PDF The new variant of RILEM
is evaluated using part- and full-load cases of a heavy-duty metal engine. The impact of utilizing multiple LEM
lines on the completeness of the solution space and its influence on the distribution of scalar values in the
CFD domain was demonstrated. Results for pressure trace, flame structure, and CO emissions are analyzed and
compared with simulations using the Multi-Zone Well-Mixed Model (MZWM) model and experiments. While
pressure traces agree well among the different models and experiments, noteworthy differences are observed
between the models regarding CO emissions and temperature. Effects of turbulence chemistry interaction were
noticed when comparing MRILEM to the results of the MZWM simulation, namely flame brush and species
mass fraction distribution.

Pollutant formation
Pressure coupling
Engine combustion

1. Introduction strong need to further improve internal combustion engines in terms
of efficiency and emissions. Refined physical models and numerical
simulations have become indispensable tools, both in academia and

industry, to understand and improve the physical details of combus-

The undeniable impact of human-made carbon dioxide emissions on
climate change urges humanity to reduce the usage of fossil fuel com-

bustion. An essential role in this effort plays the transport sector which
is responsible for roughly one-fifth [1] of the worldwide CO, emissions.
Many countries have defined and committed themselves to roadmaps
implementing severe reductions in CO, emissions in the transport
sector over the following decades, as well as continuously tightening
emissions legislations to reduce the harmful impact of combustion-
related emissions on human health, such as particulate emissions. Even
with the rapid progress in electrically motored vehicles, the internal
combustion engine will likely be relevant for some decades, particularly
for long-range of heavy-duty trucks and ships. Therefore, there is a
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tion and to develop and improve engines. However, new combustion
concepts, e.g., dual fuel combustion or partially-premixed combustion
ignition (PPCI), and utilization of alternative fuels such as hydrogen
or synthetic fuels require the adaptation and improvement of existing
combustion models or the development of new models in order to
provide predictive simulation tools for research and development.
Several turbulent combustion models have been developed, often
limited to either premixed or non-premixed combustion as utilized
in spark ignition or diesel engines, respectively. Flamelet models [2],
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initially introduced for non-premixed cases, assume the formation of
laminar flame structures in a turbulent field. In non-premixed combus-
tion, flamelet models are based on the scalar dissipation rate concept
[3], which describes the diffusive process of a reactive scalar in the
mixture fraction space. In premixed combustion, flamelet models uti-
lize the combustion progress variable or level set approaches [4,5].
The parametric coupling that flamelet models are based on can cause
over- and under-estimations of the combustion process because of the
indirect representation of turbulence via scalar dissipation rate [6]. Few
combustion models can be regarded as universally valid and applicable,
in principle, for all combustion modes and regimes. Among them are
transported PDF (T-PDF) [7] models and models utilizing the linear
eddy model (LEM) as a combustion model.

T-PDF models are primarily based on advancing a transport equa-
tion for the joint PDF of scalars. T-PDF is a regime- and mode-
independent combustion model that accounts for turbulence chemistry
interactions (TCI) via micro-mixing models. While chemistry and ad-
vection are treated precisely in T-PDF models, molecular mixing needs
to be modeled with so-called micro-mixing models, e.g., Interaction
by Exchange with the Mean (IEM) or the Coalescence dispersion (C-
D) [8-10]. Other models used for both premixed and non-premixed
combustion are the Well or Perfectly-stirred reactor (PSR) models and
variants such as partially stirred reactor (PaSR) models. While no
turbulence chemistry interaction is taken into account in PSR models
[111, it is considered in PaSR by the introduction of a mixing time scale
[12,13]. These models are popular in the engine community and are
used for comparison in this work.

The linear Eddy Model was introduced as a scalar mixing model
for non-reactive flows [14-16], and was later extended to treat tur-
bulent reactive flows [17,18]. It was used to simulate combustion as
a stand-alone model [19] and as a sub-grid scale model for large-
eddy simulation (LES) [20,21]. LEM resolves all spatial and temporal
scales on a one-dimensional domain (analogous to a direct numerical
simulation (DNS) in terms of resolution), making it a candidate for
a proper mode- and regime-independent turbulent combustion model.
The modeling aspect of LEM lies in the reduced spatial dimensionality
and how turbulence is represented on the one-dimensional line via
stochastic re-arrangement events called triplet maps. Highly unsteady
effects such as extinction and re-ignition events are captured by LEM
without supplementary modeling.

In LES-LEM [22], an LEM is solved in each large-eddy simula-
tion (LES) computational cell. Resolved large-scale advection is imple-
mented by moving parts of LEM domains between neighboring LES
cells in a Lagrangian way [23]. LES-LEM has been successfully used
to describe turbulent combustion under different flow conditions for
non-premixed [20], and premixed combustion [24,25]. The main draw-
back of LES-LEM is its computational cost making it unattractive for
industrial use and implementation in commercial software packages.

A computationally less demanding model than LES-LEM for engine
combustion simulations has recently been presented by Lackmann et al.
[26]. The so-called Representative Linear Eddy Model (RILEM) carries
over some of the main advantages of LES-LEM, namely mode- and
regime independence, at a much lower computational cost. RILEM
achieves this by utilizing the LEM in a representative way, i.e., instead
of solving a LEM in each computational cell as in LES-LEM, only one or
a few LEM lines, each representing the complete combustion chamber,
are solved and coupled to a flow simulation solving the Reynolds-
Averaged Navier—Stokes equations for turbulent flow. RILEM was partly
inspired by the Representative Interactive Flamelet (RIF) model [27—
29] and utilizes a similar coupling approach between the combustion
model (LEM in RILEM, laminar flamelets in RIF) and the flow solver
via a presumed PDF approach with mixture fraction and progress
variable as the independent variables of the PDF. Although the mod-
els feature some similarities, advancing RILEM differs fundamentally
from RIF; instead of advancing laminar combustion directly in mixture
fraction space or a canonical flow situation (e.g., a counterflow) and
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only a parametric allowance of turbulence-chemistry interaction via,
e.g., the scalar dissipation rate, each LEM in RILEM advances a one-
dimensional physical domain with a statistical representation of the
complete combustion chamber covering all physics such as turbulence,
chemistry, and fuel injection. The (unsteady) driving parameters for the
LEM models, such as characteristic values of turbulence kinetic energy,
turbulent length scales, and fuel injection rates, are communicated in
each time step from the flow solver to each LEM.

Table 1 summarizes development steps on RILEM including this
work. In previous implementations of RILEM [26,30,31], the coupling
between the flow solver and the LEM line was realized by a volume
constraint, i.e., the volumes of the flow solver domain and the LEM
domain always match while the pressure is allowed to deviate. As
a result of this coupling, heat losses such as wall heat losses and
latent heat of evaporation required additional modeling on the LEM
line. However, these are usually modeled in detail on the CFD side.
In [26,30], RILEM was tested on the Sandia spray B case for three
different initial in-cylinder temperatures in [30] and one temperature
in [26] but with a more detailed focus on fundamental aspects of
the approach. The LEM solutions were conditioned to mixture fraction
only, and the thermochemical state was predicted using the conditioned
LEM solutions and a presumed g-PDF approach. Despite issues with
a realistic representation of highly unsteady combustion phenomena,
the results presented in that paper provided a sound proof of concept
and demonstrated the potential of RILEM to realistically predict engine
combustion. For a more realistic representation of highly unsteady
combustion phenomena, an improved variant of RILEM was presented
in [31], where a reaction progress variable was added as an additional
independent variable. Integration in mixture fraction space was based
on the presumed p-PDF, whereas a Dirac §-peak was chosen for the
reaction progress variable. Coupling between the CFD domain and
LEM was achieved via volume coupling using a single LEM line. The
approach was successfully evaluated on a heavy-duty Volvo diesel
engine with a compression ratio of 15.8:1. Ignition delay as well as heat
release rates were reasonably well predicted compared to experimental
data and against simulation results obtained with an MZWR model.

Further investigations with RILEM on different engine cases re-
vealed certain shortcomings of the volume-coupled RILEM [26,30,31]
approach.

In this paper, we discuss further improvements of RILEM to address
and overcome those shortcomings: First, to better utilize the detailed
modeling of heat losses within the CFD flow solver on the LEM side, we
introduce a pressure-based coupling for RILEM. The pressure coupling
was implemented and tested for a Spherical Stand-Alone Linear Eddy
Model (SSALEM) in [32], where the driving parameters were extracted
from a MZWM reacting case. SSALEM can be considered a model among
simpler models such as zone models [33] for CFD combustion simu-
lations. Second, to improve the statistical fidelity of the LEM results,
we utilize multiple LEMs in parallel within a single RILEM simulation.
Third, a novel step-PDF for the progress variable replaces the Dirac
5-peak used in [31] for an improved handling of an incomplete LEM
solution space in mixture-fraction-progress-variable space.

The new RILEM variant (MRILEM) is investigated and applied to
simulate non-premixed engine combustion in a VOLVO heavy-duty
engine under part-load and full-load conditions. The impact of using
multiple LEMs on the completeness of the solution space (mixture
fraction and progress variable space) is investigated. Simulation results
are compared with the MZWM model and experimental data. The
results show that MRILEM can successfully capture temperature, major
and radical species with combustion closure provided exclusively from
a single solution table constructed from multiple LEM realizations.
Comparing pressure traces and heat release rates extracted from the
three models (MRILEM-PC, RILEM-VC, and MZWM) yielded reason-
able agreement both between the different models as well as with
experiments. Some differences were noticed when comparing the CFD
results from MRILEM and MZWW,, the discrepancies include the flame
thickness, species distribution, and the ignition process. These results
are attributed to the turbulence chemistry interaction that the MRILEM
retains, contrary to the MZWM, which neglects it completely.
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Table 1
Summary of the development conducted on the RILEM model.
References [30] [26] [31] [.]

Application cases Sandia spray B

Sandia spray B

Volvo heavy duty Volvo heavy duty

Conditioning spaces Z [200 bins]

Z [200 bins] Z [200 bins]

Z [200 bins]

c [10 bins] ¢ [100 bins]
Coupling scheme Volume Volume Volume Pressure
o . . p-Z B-Z
Probability density functions p-z p-z Dirac s-c Step-c
Number of LEM lines 1 1 1 16 parallel
b1 7£ Pengine P2 = Pengine P3 = Pengine
Va>W Vs=V,
7 Qo = a3 >
ap > as > i ™ >
ll len_(]me 12 ?é len_(]ine lS = [engine

Constant volume

combustion

[sentropic expanssion
of the line

Angle adaptation

with constant volume

Fig. 1. Split operator strategy and volume correction.

2. Mathematical models
2.1. The Linear Eddy Model

LEM in general and its use in the RILEM context has been described
in detail in previous publications [26]. Therefore, we provide only a
summary here. LEM describes turbulent reacting flows in two con-
current processes: The first represents the effects of dilation-induced
advection, molecular diffusion, and chemical reactions. It involves
the time-advancement of the zero-Mach number equations on a one-
dimensional domain, enabling the resolution of all relevant spatial and
temporal scales. In order to represent volumetric effects on a one-
dimensional line consistently (e.g., the time-evolution of the global
equivalence ratio during fuel injection), we utilize a spherical formula-
tion of LEM in RILEM, see [26] for details. The spherical formulation
allows a consistent representation of the combustion process in the
cylinder of an engine on a one-dimensional domain. The second pro-
cess, turbulent advection, is implemented as a sequence of statistically
independent re-arrangement or mapping events governed by a Poisson
process in time, each mimicking the impact of turbulent eddies on a
one-dimensional scalar profile. The LEM transport equations are given
as follows:

dy; 1 d . ; y

g ds =_r_25(r2h)+Msws+pYS.é‘U’ W
dh _ 1d{, z‘ i vy i

/’E“ﬁ@(’ [‘” s“hSD* ar e @

where p denotes density, Y, mass fraction of species s, M the molecular
weight, ), the source term due to chemical reactions and Y,,, the
source term due to fuel evaporation. i represents enthalpy, g the
heat flux, i, the enthalpy of species s that includes the heat due to
formation, p the pressure, and h,, the enthalpy contribution due to the
added evaporated fuel.

The eddies in LEM are sampled from a prescribed size distribution
under the assumption of a Kolmogorov inertial-range scaling [15]:

5 1—8/3
N=%>—-—,
AQ) 3 lt_s/s

ev

3)

where 7 is the Kolmogorov length scale and /; the integral length scale.
With the turbulent Reynolds number

Re, = —, 4)

where v and «’ denote the kinematic viscosity and the root-mean square
turbulent velocity fluctuation, respectively, the eddy frequency per unit
length is determined via [15]

Lo S4VRe (/P -1 )

5.8 1=/

with model constant C;, = 15 [34]. The Kolmogorov scale 5 is deter-
mined from the inertial-range scaling law n = N,,l,Re,_3/ * with model
constant N, = 10.76 taken from [34]. The location of an eddy event is
randomly sampled with a uniform distribution over the LEM domain.
The eddy time is sampled under the assumption of a Poisson process
with mean occurrence time increment Ar,,,, = (AL)~!, where L is the
domain size.

From Egs. (3)—(5) it follows that the driving parameters of the linear
eddy model are Re, and /,. For stand-alone simulations (SSALEM), these
parameters need to be provided as inputs to the simulation; in RILEM,
they are calculated from the CFD flow solver and passed after each CFD
time step to the LEM, see below. In addition to turbulent eddy events
according to the description above, additional eddy events with a fixed
eddy size are implemented to model large-scale motion, such as tumble
or swirl on the one-dimensional line. For details, we refer to [26].

In typical engine simulations, the length L of the LEM domain is
assumed to equal the cylinder bore. This corresponds to a picture of
the LEM line being oriented towards the spray axis. However, different
engine conditions might require an adjustment of the LEM domain
length.

The LEM governing equations are discretized with a second-order
scheme in space and time where the stiff chemical source term is
integrated using Sundials solver CVODE [35].

2.2. Pressure coupling of spherical Linear Eddy Model

An essential characteristic of how LEM is used in RILEM is that
each line represents the complete engine/combustion chamber, not
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just a canonical flame or flow configuration (e.g., a shear layer). That
implies that all relevant physical processes, such as fuel injection and
piston movement, must be modeled on the one-dimensional line. It
also offers the possibility to utilize LEM as a computationally afford-
able stand-alone model to perform engine simulations with a realistic
representation of all relevant physical processes as described in [32].
An important consequence of the representative character of the LEM
line is the need for a volumetric formulation of the LEM, which is
realized via a (double) solid cone geometry of the LEM domain with the
assumption of spherical symmetry. For details, we refer to [30]. In this
situation, the LEM was coupled to the CFD by prescribing the pressure
to avoid modeling the heat loss effects on the line. The length of the
LEM line in the current implementation needs to be prescribed. In this
work, we set the LEM domain length to a fixed (in time) characteristic
length of the engine, e.g., the complete engine bore or a fraction. In
order to match the LEM line pressure, which is assumed to be spatially
constant, with the prescribed pressure value after each time step of the
simulation, we adopt the following split operator strategy, see Fig. 1 for
illustration:

1. Advance LEM line for time increment Ar under constant volume
condition = local heat release due to combustion and tempera-
ture change due to mixing with (cold) fuel lead to a change in
pressure of individual LEM cells while length and volumes are
kept constant.

2. Isentropic expansion/compression of all cells to the prescribed
target pressure at constant cone angle = length and volume of
the LEM domain will change.

3. Adjustment of the cone angle under constant volume conditions
to match the prescribed characteristic length of the LEM domain.

It should be noticed that steps 2 and 3 require an adjustment of cell
face boundaries on the LEM line.

2.3. RILEM

This article introduces an improved RILEM variant, with a summary
of the key features of this model. RILEM, as discussed in [26,31], can
predict turbulent non-premixed combustion in engines with reasonable
accuracy. The approach utilizes the LEM model as a combustion model
in a representative way; see Section 1. The coupling between LEM
and CFD flow solver with a presumed PDF approach is reminiscent of
laminar flamelet models for turbulent non-premixed combustion. Fig. 2
shows a sketch of the overall coupling approach and will be discussed
briefly here.

The CFD solver advances the governing equations of a RANS tur-
bulence modeling approach, i.e., balance equations for global mass,
momentum, and energy. Turbulence is modeled using the standard k—e
turbulence model with a modified value C,; = 1.5 as suggested for an
n-dodecane spray flame by the engine combustion network (ECN) [36].

To capture highly unsteady phenomena, the extended RILEM
approach [31] introduced a presumed Favre joint-PDF for mixture frac-
tion and reaction progress variable with the assumption of statistical
independence [37], i.e.

Py (Z,c)=Pz(Z) P.(o). (6)

Knowing the joint PDF of mixture fraction and progress variable, the
Favre mean value of any scalar ¢(Z,c) can be evaluated by simple
integration:

1 1
43:/ / &(Z,c) Py (Z,c)dZ dc
0 0 (7)

1,1
= / / &(Z,c) P4(Z) P.(c)dZ dc
o Jo
In order to evaluate the PDF integral above, we need scalar values ¢ as

a function of Z and c¢. The LEM provides us with a solution in physical
space. However, since each cell of the LEM domain hosts a complete
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thermo-chemical state, we can compute mixture fractions and progress
variables in each cell of the LEM domain. Let r be the spatial coordinate
of the one-dimensional LEM line and r; the centroid of LEM cell i. With
the discrete LEM solution values Z(r;), c(r;) and ¢(r;), we can define
the mapping from physical LEM space to (Z, ¢) space:

Z(ry), c(ry), @(r) ¥— §(Z(r)), c(ry). C))

As given values of Z and ¢ can appear at multiple locations on the LEM
line, it is important to note that (8), in general, leads to a multi-valued
map. In the case of a multi-valued map, we define the unique value
¢(Z, c) by arithmetic averaging; see below for details. The multi-valued
LEM solution in (Z,¢) space embodies the intrinsic representation of
scalar dissipation rate fluctuations in LEM, i.e., no modeling of those
fluctuations is necessary for LEM, whereas it is (in principle) necessary
in flamelet models. _
The transport equations of Z and Z'’? are advanced on the CFD:

0pZ opiZ o [ m oZ] .
=4 == [ = +m,, 9
o " Tox, ox, |Seox,| "M ©
05z opaz" o [ u ozm
ot 0icj ) ox; | Se¢, ox; (10)
2M 0Z 0Z _ -
Sc, 0x; 0x, rx.

where r,,, y,, and Sc, denote the source term due to evaporation, the
turbulent viscosity, and the turbulent Schmidt number, respectively,
and p, was taken as 0.7. The molecular diffusivity was neglected
compared to turbulent diffusivity. In addition, 7 represents the Favre-
averaged mean scalar dissipation rate, which is modeled as the
following based on [27]
~ €
X=C*EZH2 a1
with model constant C, = 2.0

We assume the commonly used f-PDF for the mixture fraction Favre
PDF P,(Z) in (6):

I'(a+p)

Z(n(—l) 1-27 (ﬂ—l>’ 12
Ir'(r® ( ) 12

P, (Z:2.2) =
where I is the gamma function and « and g are functions of Z and 2z
The advancement of the two transport equations gives a value of Z and
Z"2 in each CFD cell, which provides uniquely defined shapes of the
presumed PDF in each cell of the CFD domain. In [31], a Dirac §-peak is
assumed as the functional shape of the progress variable PDF. However,
using only a few LEM lines in RILEM, it cannot be guaranteed that at
each point in time, the complete progress variable space will be filled
from the current LEM state. This problem can deteriorate the integrity
of the PDF integration in progress variable space; see the discussion
below. The progress variable on the LEM is defined as

c= v -y ) 13)

Yy — Wy

where vy, y, and y, represent the actual, the unburnt, and burnt scalar
quantity, respectively. For a local definition of the progress variable
PDF in each CFD cell, an additional transport equation for the Favre
mean value of the progress variable ¢ is solved on the CFD side:

opc  opic _ 9 [ m o

+ - | —
ot ox; ox; | S¢, 0x;

+pc, 14)

where ¢ denotes the source term of the progress variable transport
equation. The evaluation of the source term is crucial for an accurate
prediction of unsteady phenomena in turbulent combustion, and there
are several options to calculate it. In this work, the Favre mean source
term ¢ is evaluated similarly to other scalars from the LEM solution.
First, we calculate progress variable source term on the LEM, and then
condition it on Z and ¢ according to the map (8) as:

1 dy

&Z,c)= -,
Yy — Wy dr

(15)
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)

[ Fuel Injection ]
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[ Split Operator Strategy ]
T

[ Volume Correction ]

Turbulence, Chemistry
and Diffusion

\P p(r), T (r),Ys(r), C(rj)

(Condltloned LEM Solutions
L T(Z,c),Ys(Z,¢),¢(Z,c)

Fig. 2. RILEM code framework.

where dy /dt is the consumption/production rate of the scalar y. The
Favre mean ¢ is calculated in a second step by integration with the PDF
as in (7).

Compared to the assumed f-PDF for the distribution of the mixture
fraction — which is very well established (particularly in flamelet mod-
els for turbulent non-premixed combustion) — the prescription of the
shape of the PDF for the reaction progress variable is more debatable.
Due to its simplicity, the Dirac delta function is a prevalent assumption.
The Dirac delta PDF often produces reasonable results. An additional
reason for its popularity is that it is sufficient to solve an equation for
the mean value of the reaction progress variable, ¢. More complex PDFs
such as the f-PDF require models or an additional transport equation
for the variance of the reaction progress variable .

Due to the conceptual approach of RILEM, where each LEM line rep-
resents the complete combustion chamber, we encounter the situation
that the mixture fraction-progress variable space usually is not entirely
represented by the instantaneous solution on the LEM line(s) in the
simulation, see detailed discussion below. Therefore, the assumption of
a Dirac delta PDF for the progress variable needs to be revised, as it can
lead to situations where no solution is available at or close to the local
value of the progress variable. For RILEM, it is, therefore, preferable
to assume a PDF of ¢ with support on the complete range of possible
values, i.e., P.(c) > 0 for all ¢ € [0, 1].

Here, we propose a new step-function PDF which is uniquely de-
fined by the Favre mean value ¢ only, i.e., there is no need to solve an
additional transport equation for 2, in the following way.

|
[e]
IA
[

Pc(c; ¢) = (16)

o =]

™~
IN

<
c<

—_

1

¢

For é = 0.5, the step-function PDF results in the uniform distribution,
and in the limits ¢ = 0 and ¢ = 1, the step-function PDF degenerates
to the physically meaningful Delta-PDF Fig. 3 shows shapes of the step
function PDF for different values of ¢. The step-function PDF, in combi-
nation with the PDF scaling described below, leads to a computationally
robust calculation of mean values according to (7) for RILEM.

The Favre-averaged temperature T can be calculated by PDF inte-
gration (7) from the conditioned LEM solution. However, here we use
the enthalpy of the CFD solver and the Favre mean values of the species
mass fractions to iterate the temperature in each computational cell of

10

M
[}

©
[a}}
I

™

]
N =

~

|8}

[a}}
I

Pc(c; €)
(9]

00 01 02 03 04 05 06 07 08 09 10
c

Fig. 3. Step function PDF representation for ¢ = {1/10, 1/4, 1/2, 7/8}.

the CFD domain using the caloric equation of state:

N
by (T) = Y ¥, hy (D), a”n
s=1
with
T
hy(T) = AR® + / ¢,(1)dT, as)
st

where A denotes the mass-specific enthalpy value of the species s, Ah‘s’
the standard heat of formation for species s, and c,, the mass spe-
cific heat capacity of species s at constant pressure. Thermo-chemical
data, transport coefficients, and reaction rates are calculated using the
software package Cantera [38].

Spray injection and evaporation is simulated with an Eulerian—
Lagrangian approach implemented in the OpenFOAM ICE library
Lib-ICE 2.2.5 developed by Politecnico di Milano [39]. In the Eulerian—
Lagrangian approach the continuous gas phase is simulated solving the
standard balance equations for mass, momentum and energy/enthalpy
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in an Eulerian frame of reference whereas the spray is represented
via discrete liquid parcels individually tracked in a Lagrangian way.
Grouping droplets with identical properties into representative parcels
reduces computational cost. Two way coupling between dispersed
droplet phase and gas phase is realized with the particle-source-in-
cell approach where detailed models/correlations for drag, heat-up and
evaporation provide source terms for momentum, mass and energy in
each computational cell containing liquid parcels/droplets. Spray atom-
ization is modeled via the blob approach where parcels are introduced
into the domain with a characteristic diameter of the injector nozzle
hole followed by secondary breakup modeled using the Huh-Gosman
model [40] which features a characteristic length and time scale to
calculate the disintegration process of larger droplets into smaller ones.
The atomization process terminates once the critical Weber number is
reached, where surface tension energy prevents further disintegration.
The secondary breakup model was complemented by coupling the
Huh-Gosmann model with the Pilch-Erdman correlation [41], which
provides the breakup time necessary for the droplet diameter calcu-
lation. A Ranz-Marshall correlation [42] is applied to evaluate heat
transfer between gas phase and droplet parcels. For details of the
spray-model we refer to [43].

2.4. LEM solution table

The LEM in RILEM provides scalar values such as mass fractions
conditioned on mixture fraction and progress variable, which are then
integrated with a presumed PDF according to (7) to get Favre averaged
scalar quantities ¢. The implementation of the mapping (8) and the
integration (7) are discrete, i.e., both mixture fraction and progress
variable spaces are divided into discrete bins. Let n,, n, denote the
number of discrete bins and 4Z;, Ac; the sizes of bins i and j in mixture
fraction and progress variable space, respectively, with Z:':Zl AZ; =
Z;’: . Ac; = 1. The PDF integral (7) in its discrete form can be written
as

n. ngz
b= Y 6(Z.c;)P,(Z) P.(c;) AZ, Ac;, 19
j=1i=1
where Z; and c; are the midpoints of bin i in mixture fraction and bin
J in progress variable space defined by Z; = ;;11 AZ, +AZ,)2,i =
1,...,n; and ¢; = Z{:l Ay + Ac; /2, j = 1,....,n. In the following we
write ¢;; short for ¢(Z;,¢;) and call the full set of ¢;;, i = 1,...,ng,
Jj=1,....n, a solution table.

To perform the discrete PDF integration (19) values ¢, ; from the
LEM must be available for all bins, i.e., a completely filled solution
table is required. However, this can, in general, not be guaranteed.
This artifact originates from the concept of RILEM, where each LEM
line represents the complete combustion chamber with a realistic rep-
resentation of all physical processes. E.g., prior to fuel injection, no
fuel is present on the LEM line; therefore, only values for Z = 0
and ¢ = 0 exist. The actual values of Z and ¢, depend on turbulent
mixing, diffusion, and chemical reaction progress. It has been noticed
in several simulations with RILEM that the fidelity of the solution
strongly depends on the available data in the solution table and is very
sensitive to the initialization of the table. In the following, we discuss
the adopted strategy to handle situations when the solution table is not
entirely filled. The strategy comprises three different sub-components,
described in the following three subsections.

2.5. PDF scaling

The first approach to handle bins in the solution table containing no
data is to ignore them and exclude them from the integration in (19).
Let N, and W, be the set of indices Z; and ¢; containing data. The
double sum in (19) is then replaced by

b= D B(Z.c))Py(Z) PY(c;)AZ, Ac;, (20)
JENIEN,
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Fig. 4. MRILEM code framework.

where f’;» ¢ € {Z,c} is a scaled PDF to ensure the normalization

condition },c N PE*(fi)Ag,. =1:
P:(&)

Yien, P4

Scaling of the PDF is always applied in this work when the solution
table is not entirely filled.

P& = @

2.6. Multiple RILEMs (MRILEM)

Using just a single LEM line in RILEM often leads to a solution
table with several unfilled bins. Due to the stochastic nature of LEM,
each LEM simulation can be regarded as one realization of a turbulent
flow. It is, therefore, natural to increase the statistical fidelity by
increasing the number of realizations, i.e., by running multiple LEMs
simultaneously in parallel. The LEM lines are all driven with identical
parameters from the CFD flow solver. However, each implements a
different series of turbulent eddy events (which is easily realized by
setting different initial random seeds for each LEM). The MRILEM
framework is sketched in Fig. 4.

An essential feature of the pressure-coupled MRILEM is the implicit
coupling of all LEM lines due to the CFD pressure. Suppose only one
of the lines has reached local conditions for auto-ignition resulting in
a positive value for the progress variable source term (15). In that
situation, initiation of combustion on the CFD is started by that —
and only that — LEM line. This means that this positive value of the
progress variable source term will be communicated to and influences
the averaged LEM solution table. As a result of heat release, pressure
on the CFD domain will rise, and the elevated pressure value will
be communicated to all LEM lines enhancing the conditions for auto-
ignition. It should be noted that the impact of just one ignited LEM
line does only weakly promote combustion on the other lines due to
the averaging process. All LEM tables, except the average/general LEM
table, are consistently cleaned after each time step. This way, they
always only carry information of the current time step. This coupling
is perfectly consistent with the real combustion physics in an engine
which was not present in the previously presented volume coupled
RILEM [30,31].

From all LEM lines a single solution table is constructed. To obtain
a unique scalar value ¢,; = ¢(Z;, ¢;) for bin (Z;, c;) we apply arithmetic
averaging:

by = ,,l 2 Y @2

i keN;;

J
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Fig. 6. Representation of the computational domain, location of the injector, and the
temperature contour for Z = 0.04 part-load case at CAD = 363.00.

where WV;; is the set of LEM grid cells across all LEM lines with Z ke
[Z,—AZ;[2,Z;+AZ; /2], ¢k € [c;—A4c;/2,¢;+Ac; /2] and q.’)l’.‘j is the value
of ¢;; in cell k of the set.

2.7. LEM solution persistence

Preferably at each time step, the general/averaged solution should
be based only on the available solutions on the LEM lines at that time
step. However, in contrast to, e.g. flamelet models, where the entire
mixture fraction space is always completely filled, in LEM this is not
guaranteed due to the representation of the combustion process in
physical space. Situations with an incomplete solution space in mixture
and/or progress variable space can enhance the PDF scaling effect,
which may distort the CFD solution. In order to minimize the number
of empty bins in the general/averaged solution table, solutions from
previous times steps are kept in the general table in case that slot is not
present in the current LEM solution. Whenever a solution for a bin in
Z, ¢ space is available from at least one LEM line, it will be overwritten
by the average of the available LEM data.

2.8. Multi-Zone Well-Mixed Model (MZWM)

MRILEM results are compared to the Multi-Zone Well-Mixed model
(MZWM) output to assess its effects on turbulence chemistry interac-
tions. The MZWM model is based on the Well Stirred Reactor (WSR)
model, where each CFD cell is treated as a homogeneous reactor. To

Table 2
Experimental setup for both the part-load and full-load cases.
Part-load Full-load
Initial pressure (bar) 1.69 4.25
Initial temperature (K) 395 404
Composition (% mass) 0, 16.5 18.9
N, 75.3 75.8
Co, 5.97 3.91
H,0 2.26 1.48
Injected mass (mg) 13 47
Start of injection 3.1° bTDC 4.7° bTDC
End of injection 3.3° aTDC 16.7° aTDC

reduce computational cost compared to the WSR model which solves
the full chemistry in each computational cell, in the MZWM model the
chemistry is jointly advanced for CFD cells with similar thermochemical
states. Multiple zones of similar thermochemical states are defined
based on temperature and equivalence ratio. For details we refer to
[6,44].

3. Experimental and numerical setup
3.1. Experimental setup

The investigated case is a Volvo 13L six-cylinder Heavy-duty truck
engine with a compression ratio of 15.8:1. A part-load and a full-load
case are investigated, the details are summarized in Table 2.

3.2. Computational setup

The simulations were conducted using the CFD software Open-
FOAM 2.2.x [45] on which MRILEM was implemented. The LEM
solver is based on the one-dimensional turbulence framework initially
developed by [46]. The CFD computational domain shown in Fig. 6
represents a sector of combustion chamber with a 6-hole injector. It
incorporates 31365 spray-oriented hexahedral cells, generated using
POLIMI’s in-house automatic mesh generator implemented in Lib-ICE
[47]. A reduced n-dodecane mechanism of 54 species and 269 chemical
reactions proposed by [48] was employed in this simulation. The scalar
y is chosen as oxygen mass fraction for progress variable definition.
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4. Results and discussions
MRILEM was advanced using 16 LEM lines with scaling of mixture

fraction and progress variable PDFs. As described above, solution tables
are initialized empty to avoid inconsistent thermo-chemical states.

4.1. LEM in physical space

Fig. 5 shows snapshot profiles of temperature on different LEM
lines for the part- and full-load cases at different CAD values. The

different colors in the figure represent an evolution of different LEM
lines depending on the selected turbulent statistics. Both small and
large-scale turbulent eddies, which model (large scale) swirl in the
combustion chamber, were considered in this simulation.

4.2. LEM solution population
Fig. 7 portrays the population of the (Z, ¢)-space for part- and full-

load case using single and multiple LEMs. Here, blue indicates regions
in (Z, ¢)-space which have not been accessed by any of the LEMs and
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red indicates regions in (Z, c)-space which have been accessed by at
least one LEM. In the same figure, data obtained from the solution of
the transport Egs. (9) and (14) on the CFD domain are depicted by
black dots. It is clearly observable, how the space is populated with
increasing time or CAD and that running multiple LEMs simultaneously
fills the space much quicker and more complete than a single LEM
which leave many unfilled spots inside already accessed areas in (Z, ¢)-
space. However, when overlapping the occupied (Z, ¢) of the CFD side
and the LEM solutions, it appears that for the part load case at CAD
= 359, both a single LEM line and multiple LEM lines in MRILEM
do not provide data the CFD requires in the region 0 < Z < 0.3 for
0.15 < ¢ < 1. There are a few mechanisms which can cause this issue
in principle: First, a mismatch in fuel-air mixing on the CFD and the
LEM side. Fuel-air mixing on the LEM side is always delayed by one or
a few time steps relative to the CFD solution as liquid fuel evaporation
and mixing needs to happen on the CFD domain first before any fuel
is seen on the LEM side. Additionally, and likely more relevant, is a
mismatch of fuel-air mixing due to large scale 3D effects which can
be represented on the LEM domain only by modeling (here, via large
eddy events). However, the results shown in Fig. 7 show a mismatch
in progress variable space for higher values of ¢ for a given mixture
fraction and not for the mixture fraction per se. This points to the
second reason which can potentially cause a mismatch between CFD
and LEM solution space: reaction progress is always determined by
reaction progress on the LEM line(s) which drives the CFD progress
variable source term in ¢ in Eq. (14) via PDF integration of the LEM
source term. This implies that reaction progress on the LEM in principle
is always ahead of reaction progress on the CFD side, but the plots in
Fig. 7 show actually the opposite at CAD = 359 for the low load case
(both single and multiple LEM) and for all CAD values for single LEM
and full load. A third reason, which explains the observed mismatch
here, is a difference between the shape of the presumed PDF on the
CFD side and the implicitly predicted PDF of the LEM model at this
early stage in the combustion process for the low load case which will
be discussed below.

The situation has relaxed at CAD = 363 and 367 where, when using
multiple LEMs, the occupied (Z, ¢)-space observed on the CFD is almost

Mixture fraction Z

Mixture fraction Z

CO mass fraction (center), and OH mass fraction (right) for part-load (above) and full-load (below) at CAD

completely represented by the LEM solutions. For the full load case
the (Z, ¢)-space is occupied much quicker compared to the part load
case and MRILEM manages to almost completely cover the (Z, ¢)-space
observed on the CFD side for all CAD values. However, the plots for
both part and full load cases proof that running RILEM with just one
LEM is not sufficient to represent the (Z, ¢) solution space encountered
on the CFD domain.

It should be noted that the PDF integrals in (7) formally require
a completely filled (Z, c)-space which is almost always impossible to
achieve. However, from a practical point of view, this is usually not a
problem as those areas are usually characterized by vanishing proba-
bilities and therefore do not contributing significantly to the integral.
This will be explained in more detail in the next section.

4.3. PDF statistics and LEM solution

Fig. 9 shows shapes of the presumed PDFs for Z and c, i.e. f-
and step-PDF, respectively, for three representative shape defining
conditions at the same three different CAD values as in Fig. 7. Available
LEM temperature solutions found on multiple LEM lines at the given
CAD values conditioned an Z and ¢ are represented as dots.

As discussed above, the situation of missing data points in (Z, ¢)-
space is most dominant at CAD = 359 for the low load case. From the
plots (T'|Z) and (T|c) for that CAD value in Fig. 9 it can be clearly
observed that, e.g., the presumed step-PDFs for ¢ = 0.5 and ¢ = 0.8
are non-zero for larger values of ¢ where no LEM data is available.
For é = 0.8 there is actually no overlap at all between values of non-
zero PDF and available LEM data. The situation is also visible in the
plots (T'|Z) for CAD = 359 where, e.g., no LEM data for the case
Z = 0.15, ¢ = 0.8 is available in the region around Z = 0.15, where
the B-PDF has its peak value. The fact that the RILEM approach is still
capable to predict quite reasonable ignition histories even under such
difficult data conditions demonstrates the robustness and effectiveness
of the introduced PDF scaling approach together with the LEM solution
persistence.

At later CAD values 363 and 367 for the part load case and all CAD
values for the high load case, a more or less full overlap of regions
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Fig. 9. Representation of the joint probability density function for Z and ¢ and their overlap with the LEM solution in Z and ¢ spaces, respectively. Part Load (above) and Full

Load (below) at CAD = 359.00 (left), 363.00 (center), 367.00 (right). All 8-PDFs are constructed with a variance of 0.004. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

with non-vanishing PDF values and available LEM solution data can part-load and the full-load case. The individual solution points cor-
be observed from the plots in Fig. 9. This is, however, only achievable respond to the occupation of (Z,c)-space as depicted in Fig. 7. For
with utilization of multiple LEMs. example, from the CO mass fraction plots, a zone with no values exists
at CAD = 367 for part load and fuel-rich mixtures with Z > 0.35.

. This gap can be comprehended when examining Figs. 7 and 8; CO is

4.4. LEM solution scatter plots an intermediate specie so it will have values only in regions in the
middle of ¢ space. However, when looking at Fig. 7 CAD = 367 part-
load, MRILEM does not have values of ¢ for Z > 0.35 due to LEM fuel
injection and turbulent advection, which explains the gap that appears

Fig. 8 shows MRILEM scatter plots of temperature, CO and OH
mass fractions at CAD = 367 conditioned on mixture fraction for the

10
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Fig. 10. CFD results of MRILEM and MZWM for the part-load case for CAD = 359.00, 363.00, 367.00.

in Fig. 7. Higher peak temperatures and CO mass fractions are observed
for the full-load case compared to the part-load case due to the higher
amount of injected fuel leading to higher pressure. However, the scatter
plots for OH mass fraction are very similar for both load cases.

4.5. CFD results

Figs. 10 and 11 show the development of the flame structure
and intermediate species CO and OH mass fraction distribution for
the MZWM and MRILEM model, respectively. The plots summarize
simulation results for three crank angle degrees for both part- and full-
load conditions. It is well known that turbulence-chemistry interaction
(TCI) is very important in turbulent combustion and that in particular
pollutant formation is sensitive to TCI [49,50]. Therefore it is inter-
esting to compare MZWM and MRILEM as the former model does not
address TCI explicitly whereas MRILEM (or LEM to start with) does.
The white iso-lines in the figure plots mark stoichiometric mixture
conditions Z;, = 0.045 for part-load and Z; = 0.049 for full-load.
Overall the solutions computed from both models are quite similar with
some relevant differences discussed below. The small discontinuities
seen in the middle of the computational domain are an artifact of the
mesh and have been observed in previous studies using the same mesh
before [31].

Part-load case

CAD = 359 corresponds to the start of the injection. An increase in
temperature and CO mass fraction indicating the start of combustion
can be noticed in the MZWM close to the wall. However, OH mass frac-
tion values are still insignificant. No indication for start of combustion
is observed for MRILEM yet. This is consistent with Fig. 7 at CAD = 359
for part-load where no solution is available for high progress variable
values at Z,. The stoichiometric mixture fraction surface has developed

11

slightly differently for the two models. It reaches the piston wall earlier
in the MZWM model than in MRILEM. This is due to a slightly earlier
ignition in the MZWM model with higher temperatures at earlier CAD
values which promote fuel evaporation compared to MRILEM.

Ignition in MRILEM will always start on the LEM side first and
communicated to the CFD side via the reaction progress variable source
term ¢, i.e.,, combustion progress on the CFD side will be retarded
relative to the LEM side by at least one-time step. This is to be expected
in a fractional time stepping scheme with operator splitting and hardly
noticeable due to the very small time steps typically used for stability
reasons in engine simulations.

At CAD = 363, the white iso-contours display a similar shape for
the two models and both models show strong combustion going on.
The temperature field, however, appears to have developed differently.
The MZWM features a more compact flame close to the cylinder wall,
whereas in MRILEM, the flame extends further towards the injector
nozzle along stoichiometric mixture. This might be interpreted as an
effect of TCI which, in this case, enhances combustion. Similar trends
are observed for CO and OH mass fractions. Fig. 7 shows for this CAD
value a fully occupied c-space for Z = Z, confirming both strong
combustion and still unreacted fuel-air mixture at ¢ = 0.

At CAD = 367, the extend of the high-temperature region has
moved further upstream along the cone of stoichiometric mixture for
the MZWM and even more for MRILEM. Furthermore, the lines of
stoichiometric mixture have collapsed already in some parts along
the spray axis for MRILEM indicating a combustion progress ahead
of the MZWM where the isolines of stoichiometric mixture forming a
cone are still well separated. The observed results together with the
retarded ignition in MRILEM compared to MZWM clearly indicate an
overall shorter combustion period in MRILEM which can be explained
by strong TCI interaction in MRILEM enhancing combustion. Higher
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Fig. 11. CFD results of MRILEM and MZWM for the full-load case for CAD = 359.00, 363.00, 367.00.
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Fig. 12. Comparison of pressure trace between MRILEM-PC, RILEM-VC, MZWM and experiments for the part-load (left) and full-load (right) cases.

peak temperatures close to the nozzle are observed for MRILEM at this
CAD.

Full-Load

Contrary to the part-load case, the solution table at CAD = 359 for
the full-load appearing in Fig. 7 is almost completely for the relevant
regions in (Z,c)-space. At full-load, injection starts earlier compared
to part-load leaving more time for fuel-air mixing. In addition, higher
pressure values and overall more fuel lead to stronger and faster and
combustion. A complete filled solution space prevents any potential

12

artifacts steaming from PDF scaling as described in Section 2.5 which
affects mass fraction values and temperature.

Similarly to the part-load case, the stoichiometric mixture fraction
isoline has clearly advanced further at CAD = 359 in the MZWM
model compared to MRILEM. In MRILEM the tip of the flame is just
hitting the wall which has occurred earlier in the MZWM model.
However, the elongation of the flame up to the injector is comparable
for both model. At CAD = 363 the shape of the stoichiometric mixture
fraction isolines look very similar for both models, which implies that
combustion between CAD = 359 and 363 was faster in the RILEM
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Fig. 13. Comparison of heat release rate between MRILEM-PC, RILEM-VC, MZWM and experiments for the part-load (left) and full-load (right) cases.

case than in the MZWM model. However, substantial differences can
be observed for CO mass fractions at CAD = 363: within the fuel-
rich area inside the cone of the stoichiometric mixture the RILEM
shows substantially lower values compared to the MZWM model. These
high CO levels are maintained in the MZWM model advancing from
CAD = 363 to CAD = 367. MRILEM maintains its CO level as well
with a small decrease. The differences between the MZWM model and
MRILEM are less pronounced for OH. Both models create high OH
mass fraction values around the stoichiometric mixture, but the zone
with high OH values appears wider for the MZWM model indicating a
broader reaction zone compared to MRILEM. This is likely due to the
full spatial resolution of flame structures on the LEM, which allow the
representation of sharp reaction fronts smeared in the MZWM model.

4.6. Pressure traces

Pressure traces extracted from volume-coupled RILEM with one
LEM line (RILEM-VC), pressure-coupled MRILEM-PC, MZWM, and
experiments for part- and full-load are displayed in Fig. 12. The
MRILEM-PC pressure trace for part-load yields good agreement with
the experimental results. Ignition for MZWM and RILEM-VC happens
simultaneously and earlier than in the experiment. MRILEM-PC, on the
other hand, ignites slightly later. However, the tail of the pressure trace
is much better represented by MRILEM-PC than by MZWM or RILEM-
VC for part load. MRILEM-PC and MZWM both capture the full-load
pressure trace well. Additionally, MRILEM-PC outperforms RILEM-VC,
which overpredicts the full-load pressure trace until CAD = 372 and
then underpredicts it for the rest of cycle. MRILEM-PC also manages to
predict the tail of the pressure trace better than MZWM and RILEM-VC.

4.7. Apparent heat-release rate (AHRR)

Fig. 13 shows results of the AHRR for volume-coupled RILEM with
one LEM line (RILEM-VC), pressure-coupled MRILEM-PC, MZWM, and
experiments for both the part- and full-load cases. MRILEM-PC provides
good agreement for the part-load case’s initial stages of the AHRR
curve. The MZWM and RILEM-VC predict a too early ignition compared
with the experiment for part-load, as observed in 12. MRILEM-PC,
RILEM-VC, and MZWM predict a similar heat release peak value for
the part-load case; however, slightly less than the experimental result.
The heat release peak for MRILEM-PC happens late in the part-load case
compared to the experiments, likely due to a shortage of representative
LEM data at that simulation stage. The AHRR tail is well predicted
by MRILEM-PC and RILEM-VC in the part-load case and slightly over-
predicted by the MZWM. MRILEM-PC also delivers a good agreement

13

on the full-load case at the initial phases of the curve. A high peak
of heat release can be observed for RILEM-VC full-load, which is
also reflected by the pressure mismatch in Fig. 12. This most likely
occurs due to missing LEM solutions in (Z,c)-space advancing just
one LEM line. MZWM ignition prediction is better than RILEM-VC, but
MRILEM-PC reveals the best ignition prediction for the full-load case.
MRILEM-PC over-predicts the heat release peak by a similar proportion
as the MZWM. MRILEM-PC underpredicts the AHRR tail, as does the
MZWM. However, RILEM-VC captures the tail of the heat release curve
relatively better than MRILEM-PC and MZWM. It is important to note
that the MZWM model was tuned to match the pressure trace on the
experiments, which was not the case for MRILEM-PC or RILEM-VC. A
reason for the better agreement of MRILEM-PC compared to MZWM
could be the proper consideration of turbulence chemistry interaction
(TCI) on the individual LEM lines in MRILEM-PC, whereas no TCI
is considered in the MZWM model. However, the inclusion of TCI
in RILEM is not the only reason behind the superior performance of
MRILEM-PC since RILEM-VC also includes TCI effects. In addition,
MRILEM-PC advances multiple LEM lines, providing a more statistically
more sound solution than a single LEM in RILEM-VC and captures heat
loss effects due to the pressure coupling in a more consistent way.

5. Conclusion

This paper presents substantial developments of the recently pre-
sented Representative Interactive Linear Eddy Model (RILEM) [26,31]
to simulate turbulent non-premixed combustion in internal combustion
engines. The main purpose of this work was to improve the statistical
fidelity of the model. RILEM utilizes the Linear Eddy Model and a
presumed PDF approach for combustion closure. In particular, the
following developments have been discussed:

« Introduction of a pressure based coupling between the LEM
combustion model and the CFD flow solver,

+ Introduction of a presumed PDF for the reaction progress variable,

+ Consideration of multiple LEMs (MRILEM).

Compared to the volume based coupling in the original RILEM
version [26], the pressure based coupling features an intrinsic com-
munication of heat losses, e.g wall heat losses and latent heat of
evaporation, from the CFD flow solver to the LEM model. These re-
quired explicit modeling in the volume based coupling approach. In
the pressure based coupling the spatially constant pressures on the CFD
domain and the LEM match which leads to a weak coupling among
individual LEMs in MRILEM. The introduction of a reaction progress
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variable for RILEM in [31] with a delta-peak PDF was further refined by
consideration of more realistic PDF shapes. MRILEM was particularly
developed to address the issue of an incomplete solution space in
mixture fraction and progress variable space on a single LEM which
is required to perform calculations of mean values via integration of
scalar values with the (presumed) PDF. Running multiple LEM lines
with different turbulence statistics was an essential step to increase the
density of the solution table and increases the statistical fidelity of the
simulation approach.

Good agreement was observed for the pressure based MRILEM for
both the part- and full-load cases, when compared to simulations with
a multi-zone well-mixed (MZWM) model and experimental pressure
traces. The effects of including turbulent chemistry interactions were
observed in the solution table representation and in the CFD results,
namely in the flame structure and CO concentrations when comparing
MRILEM and MZWM. It is important to note that the results reached
with MRILEM were not subject to any tuning. The fidelity of MRILEM
can potentially be further improved by increasing the number of LEM
lines and by tuning some key CFD parameters such as vapor and
liquid penetration length which were not available for the investigated
testcases.

RILEM is a strong candidate to simulate challenging engine con-
figurations such as dual fuel combustion, mixed mode combustion or
consideration of differential diffusion effects in hydrogen combustion
as the direct resolution of all microphysical phenomena on the LEM
line allows a straightforward implementation of such configurations.
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