:' frontiers ‘ Frontiers in Mechanical Engineering

‘ @ Check for updates

OPEN ACCESS

Tiemin Xuan,
Jiangsu University, China

Hu Wang,

Tianjin University, China
Yanzhi Zhang,

Jiangsu University, China
Zongyu Yue,

Tianjin University, China

Andrea Di Matteo,
a.di.matteo@tue.nl

This article was submitted to Engine and
Automotive Engineering,

a section of the journal

Frontiers in Mechanical Engineering

06 August 2022
03 October 2022
10 November 2022

Di Matteo A, Bao H and Somers B (2022),
Modeling Spray C and Spray D with FGM
within the framework of RANS and LES.
Front. Mech. Eng 8:1013138.

doi: 10.3389/fmech.2022.1013138

© 2022 Di Matteo, Bao and Somers. This
is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Frontiers in Mechanical Engineering

Original Research
10 November 2022
10.3389/fmech.2022.1013138

Modeling Spray C and Spray D
with FGM within the framework
of RANS and LES

Andrea Di Matteo*, Hesheng Bao and Bart Somers

Power & Flow Group, Mechanical Engineering, Eindhoven University of Technology, Eindhoven,
Netherlands

In this study, two different diesel-like igniting sprays are investigated: Engine
Combustion Network (ECN) Spray C and D. In particular, this study focuses on
the respective performances of the RANS and LES models to predict a turbulent,
igniting spray using the OpenFOAM platform. The breakup model, discretization
schemes, and case setups, including the combustion model, are kept constant
in order to mitigate any potential effect on the simulation apart from intrinsic
differences due to turbulence modeling. A classic k- model is applied for the
RANS approach, while a dynamic structure model is used to solve the
momentum equation in the LES approach. The k-¢ model constants are
tuned to obtain a suitable prediction of inert experiments. Both approaches
exhibit a reasonable agreement with the inert experiments regarding the global
spray characteristics, the liquid length, and the vapor penetration. However, the
transient local properties, including the spatial distribution of mixture fraction
variance and the species distributions, are not identical. For reacting conditions,
the Flamelet Generate Manifold (FGM) model is adopted in both the LES and
RANS simulations, using several enthalpy levels as the fourth dimension in the
tabulation to account for local heat loss. The results show good agreement
between the two turbulence models, in terms of liquid length, vapor
penetration, and lift-off length, while a short ignition delay is registered for
both sprays and turbulence frameworks. Turbulence—chemistry interaction
(TCI) is considered by applying a presumed probability density function (-
PDF) to the mixture fraction, and is found to play a key role in the reproduction
of species distribution in the domain.
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Introduction

Emission regulations have become increasingly strict in recent years. Climate change
is driving clients and companies to focus on reducing pollutant emissions. This is also true
for the transport sector, where for a long time and for a long time to come, the internal
combustion engine has been the primary source of propulsion. Over the past 20 years,
emission regulations have evolved to such levels that the study of each minute detail is
necessary in order to comply with regulations. In this respect, Computational Fluid
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Dynamics has become pivotal. However, several complexities
arise in engine simulations, including turbulent flows in moving
geometries, high pressure liquid injection (two phase flow), and
chemical reactions (combustion), making it difficult to
independently assess the quality of all sub-models.

For turbulent flow simulations of practical systems, a two
model approach prevails, using a time averaging approach
(Reynolds Averaged Navier-Stokes, RANS) and a spatial
filtered approach (Large Eddy Simulation, LES). Each of these
methods has its own advantages and disadvantages: RANS is
extremely fast and widely used for industrial purposes; however,
itis time averaged, meaning that the instant solution is not shown
and therefore it is not precise enough to determine the relevant
processes involved. LES is more precise, solving above a
determined filter size and modeling everything below;
however, it is computationally more expensive. Another level
of simplification pertains to the choice of models that represent
several physical processes occurring during injection and
combustion, such as the spray breakup model, the evaporation
model, and the combustion model itself. The latter model can be
quite detailed; either all species are solved on runtime together
with the turbulent flow or the solutions for both the combustion
and turbulent flows are separated: the so-called tabulated model.
The method used in this study is the Flamelet Generated
Manifold (FGM) approach (Oijen van 2002), which is a
tabulation method. This model simulates combustion for a
canonical configuration (counterflow- and premixed-flame)
and the results, in terms of controlled variables (primarily the
mixture fraction and a progress variable), are stored in tables
(manifolds) and are retrieved on runtime during the flow
simulation. This way, only the transport equations for the
chosen controlling variables are added to the simulation,
instead of the equations for all species, significantly reducing
the computational cost. The FGM model is based on the flamelet
assumption (Peters, 1984): turbulent flame structures can be
locally described by laminar flames. This assumption is widely
adopted in spray combustion and more generally in engine
combustion since the conditions for its validity are often
verified in all types of internal combustion engines (excluding
extremely high regimes). To be precise, the chemical timescale
must be significantly smaller than the turbulent timescale; in
other words, the flamelet can instantaneously adapt to the
turbulent flow-field. Hence, a turbulent 3D flame can be
decomposed and studied as an ensemble of 1D flames which
can be simulated beforehand and the results of which are stored
in tables. The turbulent-chemistry interactions are accounted for
by using a presumed probability density function (PDF), applied
to all the controlling variables. Several previous studies suggest
that, depending on the case, neglecting the turbulent-chemistry
interaction (TCI) may lead to flawed predictions during the
combustion process (Pei et al, 2016; Bhattacharjee and
Haworth, 2013; Desantes et al., 2020; Dahms et al., 2017).
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Given the aforementioned assumptions in modeling the
flow, injection, and combustion, a proper validation of full-
engine simulations is of utmost importance. However,
obtaining high-quality and high-resolution engine data is
difficult. For this reason, a constant volume chamber is
widely used to assess the quality of the CFD models. In this
study, the so-called Spray C and Spray D introduced by the

Engine Combustion Network (ECN) (ECN, 2022) are
examined. The ECN 1is an international collaboration
between several universities, institutes, and companies

examining engine combustion. The collaboration aims to
gather experimental data to provide a solid and complete
of the that

improvements in predictive CFD can be achieved. The most

characterization combustion process so
widely-studied setup is known as Spray A: a well-defined single
orifice spray, injected into an ambient atmosphere with a
temperature, pressure, and oxygen concentration closely
resembling those found in diesel engines. An extensive
database is available for inert and reacting conditions,
detailing the liquid and vapor penetration, spatial fuel
distribution (Pickett et al., 2011), ignition delay and lift-off
length (Higgins and Siebers, 2001), and major species
distribution (Maes et al., 2016; Garcia-Oliver et al., 2017). In
recent years, new single-hole nozzles with larger diameters were
introduced, similar to those used in heavy-duty vehicle engines:
Spray C and Spray D analyzed in this study. Both possess
but differ
proneness to cavitation. This phenomenon occurs when the

approximately the same diameter in their
local liquid pressure inside a nozzle (in general inside a tube)
drops to a value that is lower than the liquid’s vapor pressure,
leading to a change in phase and thus a restricted fluid vein.
Cavitation directly affects injection, generally increasing the
spreading angle and modifying the ignition behavior and
emissions (Pickett et al., 2011; Pastor et al., 2018; Westlye
et al., 2016; Garcfa-Oliver et al., 2020). Spray C is designed
to enhance cavitation, whereas Spray D uses a converging
nozzle to avoid this phenomenon. This difference leads to
distinct flow developments outside the nozzles; the reason
spray C and D were chosen in this study.

The primary objectives of this study are: 1) to demonstrate
that the FGM model can effectively represent the experimental
data; 2) to evaluate any differences between the RANS and LES
frameworks; 3) to analyze any differences in the combustion
parameters for Spray C and Spray D; and 4) to outline the model
parameters used and the reasons behind them.

This paper is divided into various sections: the Model Details
section describes the combustion and breakup models applied
and the relevant equations for both. An overview of the
computational domain is also provided. This is followed by a
section where inert cases are validated. Finally, the reacting cases
are analyzed, and the results for both turbulent frameworks are
compared to the experimental database.
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Model Details

In the following equations, the tilde (~) used on a quantity
(¢) represents, in case of the LES framework, a filtered quantity,
whereas for the RANS approach it represents a Favre average.

FGM combustion model

As stated in the Introduction, the primary goal of this study is
to assess the FGM combustion model using RANS and LES
modeling to reproduce the spray behavior in the well-known
benchmark cases Spray C and Spray D. The FGM model is a
tabulated chemistry reduction approach that retrieves the
relevant thermophysical properties from a pre-computed
flamelet database, created beforehand by simulating physical-
space laminar flames using the CHEMI1D software (Somers
LMT, 1994). In this study, the chemical mechanism
comprising 54 species and 269 reactions (Yao et al., 2017) is
adopted. In the FGM, the flame properties are stored in a
database, parametrized by controlling variables, for which
transport equations are solved in the 3D simulation.
Subsequently, the solver, solving for the values of the
controlling  variables, directly applies the retrieved
thermochemical properties. In general, for igniting FGM, the
mixture fraction, Z, and a reaction progress variable, Y,, are used
as controlling variables. In this case, the mixture fraction in the
flamelet simulation is defined by Bilger’s approximation (Bilger
et al., 1990) and its transport equation in turbulence is expressed

as follows :

opZ . paZ _ 3 oZ| =
ot ax,- axi

Meffa_xi +SZ (1)

Here, §Z is related to the injection of the liquid fuel and is coupled
to the spray model. The progress variable, Y¢, is a linear
combination of representative species given by :

Yc = 1~5YCHZO + 2~7YHOZ + 1.2YH20 + LZYCOZ +0.9Y o (2)
Species are chosen to ensure that Y¢ increases monotonically

with the combustion process. Its transport equation is defined
by :

opY. opuY. 0 ov.] -
o T ox; —a—xi[l‘sza—xi]"'wn (3)

where @y, is the rate of production of the progress variable Y¢.

Both equations contain the term y, e which, depending on
the turbulence model adopted, can be written as follows. For the
RANS :

Uy = B+ H, 4)

where i, in the x — ¢ model is defined as y, = pC,,x*/¢, where C,,
is a constant. For the LES :

Frontiers in Mechanical Engineering

10.3389/fmech.2022.1013138

:ueff =HU + Msgs (5)

where p is the sub-grid scale dynamic viscosity, which in the
present study is defined as 1., = CkAk;;ZS, where Cy is a constant
and kg is the sub-grid kinetic energy defined by the transport :

Opkegs  Opiiksys . = k29 Okgs\ .
o T Tox —pli;Sij - CePT + o lusgsa—xi + Wisgs

(6)

This type of sub-grid modeling is called a dynamic structure
model; for further details, please refer to Bharadwaj et al. (2009),
Tsang et al. (2019), and Bao et al. (2022).

In this work, the combustion model library is extended by
adding the mixture fraction variance and the enthalpy. The former
is added so that the turbulence—chemistry interaction is included,
representing the influence of turbulence on combustion.
Neglecting this effect would not only produce different
distributions and species concentration peaks in the simulation
(higher OH and NO peaks with the mass increased by a factor of
two (Zhang et al,, 2019)), but would also produce an extremely
thin flame structure as well as longer ignition delays (Bhattacharjee
and Haworth, 2013). It was discovered that ignition is retarded by
considering the mixture fraction variance, whereas it is promoted
by considering the progress variable variance (Zhang et al., 2019).
Nevertheless, the latter has been neglected in this work so that the
tables are not large and difficult to handle. Therefore, only the
effect of mixture fraction variance is included, using a presumed -
shaped Probability Density Function (B3-PDF) as discussed in
several previous studies (Salehi and Bushe, 2010; Ge and
Gutheil, 2006; Zhang et al., 2019). A simpler d-function is used
for the progress variable. The -function PDF of a generical scalar,
¢, is given by :

=1 (1~ 6V ' (a +
P = 7

where the shape parameters, o and 3, are determined by the mean
and variance of the scalar ¢, as follows :

#(1-9) o

ﬁ:(l—é)% ©

In order to apply this to the mixture fraction, a transport
equation for Z" is solved as follows :

2
0z

| -7 (10
axi‘ px  (10)

ot ax,' axi

= II2 =~ UZ II2
opZ opit; Z 0 0Z
t———= berr o | 2t

where y is the scalar dissipation rate, which describes the rate of
molecular mixing between a fuel and an oxidizer. Since x is an
unclosed term in the above equation, it must be modeled; its

frontiersin.org
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definition is vitally important to properly reproduce the
distribution of species in the domain as this determines the
variance of Z. Here, another difference between the RANS and
LES turbulence models can be seen; the definition of the scalar
dissipation rate. For the RANS model, it is assumed that the
timescale for dissipation of the scalar variance is the same as the
timescale for turbulence, (7; = x/¢), resulting in x given by :
i=ciz"” (11)
I3
where C, is a constant, typically defined as 2. For the LES model,

X can be decomposed into a resolved component,
Xres = Cy (DIVZ|?), where C, is also typically defined as 2, and
a sub-grid component which is modeled following the local
equilibrium hypothesis (Pierce and Moin, 1998) so that

N RAS)
KXogs = Dyg/A*Z"". As a result, the value of y is given by :

~ - 2
Dy—2 (32
X:CX<A—§’Z”2 +D(ax‘> )

In this study, enthalpy was added as an extra controlling

(12)

variable in order to describe the effect of spray evaporation;
the enthalpy departs from a pure adiabatic mixing line that
would occur if two gases with different temperatures would
mix. The implementation of this additional control variable
leads to FGM tables with different levels of oxidizer
enthalpies (instead of just one). As such, a transport
equation is necessary for retrieval. In this study, the
normalized enthalpy deficit, 7, is introduced to retrieve
the thermo-chemical space, relative to either the adiabatic
state (17, = 0), or (an a priori-defined) maximum heat loss
state (1, = 1) (for further information, please refer to Zhang
et al. (2019)). The transport equation for enthalpy is given
as :

oph dpih _Dp 0 [Xa_ﬁ v, 0h

ot " ox, Dt ox |C ]+S" (13)

= +
C, 0x; P Pr, 0x;

where /1 is the total enthalpy, A and C » represent the heat capacity
and the thermal conductivity of the gas mixture, respectively, and
v, and Pr; are the turbulent kinematic viscosity and the turbulent
Prandtl number, respectively.

Breakup model

In this work, droplet breakup is modeled using the Kelvin-
Helmotz and Rayleigh-Taylor instabilities (Reitz, 1987). The KH
component of the model is considered for the primary breakup
phase. It assumes that a droplet with a radius r breaks up due to
surface instability into smaller droplets with radii r., so that :

7. = BoAxy (14)
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TABLE 1 Breakup model specifications for Spray C and Spray D.

Spray C Spray D
B, 0.61
B, 7 5
C. 1
Weber Limit 6
Size Distribution Rosin-Rammler
Minimum Size 30.0e-6
Maximum Size 200.0e-6 186.0e-6
Average Diameter 50.0e-6

where Ak is the wavelength at the maximum growth rate and By
is a constant. The smaller the parameter By, the smaller the
droplet size after breakup. The rate of development of the parent
droplet is calculated as follows :

dr r-r.
== 15
dt TKH ( )
where Txpy represents the breakup time and is given by :
3.726Br
TkH = ———— 16
K= e (16)

where Qg is the maximum growth rate of the wavelength Axy
and B, is a constant.

The RT component of the model is activated when secondary
breakup of the droplet occurs; it predicts the instabilities on the
droplet surface. If the wavelength is smaller than the droplet
diameter, RT instabilities are growing on the droplet surface. The
time for this growth is then compared with the breakup time as
follows :

C:

TRT = ~—
Qgr

17)

where C; is a constant and Qgr is the wavenumber of the fastest
growing instability.

The parameters for the KHRT model are reported in Table 1.
It should be noted that the mass-based Rosin-Rammler
distribution, with a minimum value equal to a fraction (1/5 or
1/6) of the nozzle diameter, was chosen in order to manage the
size distribution.

Case description

As stated in the Introduction, the ECN cases examined in this
study are Spray C and Spray D. The inert-condition cases are
allowed to develop for 3 ms, whereas the reacting-condition cases
develop for 5ms. Injection starts at the beginning of the
all
n-dodecane at 150 MPa is employed, and the ambient

simulation. In cases, a single-orifice injection of

frontiersin.org
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TABLE 2 Specifications for ECN Spray C and Spray D (ECN, 2022).

Fuel

Fuel Temperature (K)

Injection pressure (MPa)

Nominal Injection Diameter (pm)
Discharge Coefficient (-)

Ambient Temperature (K)

Ambient Pressure (MPa)

Inert Ambient Composition (% in mole)

Reacting Ambient Composition (% in mole)

conditions are identical (temperature, density, and species
concentrations). The details are summarized in Table 2. The
models and simulations are implemented and run in
OpenFOAM software (OpenFOAM v7, 2020). The geometry,
position of the injector (Figure 1), and all computational
parameters are identical for both sprays modelled using both
RANS and LES frameworks. The domain is represented by a
cylinder with the injector on top, a square central refinement (for

X Axis 2020 Y Axis
O \2;2 0
104 10
20+ ~+20
30- T30
40 0
501 T50
&0 “+e0
Z Axis 701 1707 Axis
80 -0
90 %
100 1100
1104 T10
120 +120
1304 T30

FIGURE 1
Cylinder dimensions and central refinement.
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Spray C Spray D
n-dodecane

363

150
200 186
0.81 0.97

900

6

0, : 0.00, N5 : 89.71, CO, : 6.52, H,O: 3.77
0, : 15.00, N, : 75.15, CO; : 6.22, H,0: 3.62

improved capturing of the spray and spatial distribution of the
species), a total length of 140 mm, and a diameter of 47.612 mm.
The extent of the domain is chosen such that it does not influence
the flow. All boundaries apart from the ceiling are considered
open (for details please refer to Table 3 where the most important
boundary parameters are summarized).

Meshes are created using the blockMesh utility in
OpenFOAM, which allows relatively straightforward creation

frontiersin.org


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2022.1013138

Di Matteo et al.

TABLE 3 Most important boundary settings.

Pressure
Temperature
Velocity
Kinetic Energy
Density

Liquid Length

Liquid Length [mm)]

——sprayC_150micro
——sprayC_175micro

sprayC_200micro
——sprayC_225micro
——sprayC_250micro

sprayC_300micro
——ECN Experimental Value

1s 2 25 3
Time [ms]

FIGURE 2

B 120

10.3389/fmech.2022.1013138

Boundary

Dirichelet total pressure (outlet, lateral faces) Neumann zero gradient (inlet wall)

(
Neumann zero gradient (all)
Dirichelet non-backflow (outlet, lateral faces) Dirichelet fixed value (inlet)
Neumann zero gradient (lateral faces, outlet) Wall function (inlet)

Neumann zero gradient (all)

Spray Tip Penetration

100

Spray Tip Penetration [mm!

——sprayC_175micro
sprayC_200micro
——sprayC_225micro ‘

——sprayC_150micro ‘

sprayC_250micro

sprayC_300micro
|=—=ECN Experimental Value|

o 05 1 15 2 25 3
Time [ms]

Liquid Length (A) and Spray Tip Penetration (B) for Spray C at various mesh dimensions.

of a structured mesh with simple geometries. All meshes, for both
benchmarks and turbulence models, are created from a base cell
size which represents the cell size on top of the central refinement
squared region along the spray axis. This base cell is subsequently
stretched towards the bottom and lateral walls of the cylinder,
following a cell-to-cell expansion ratio. Different values for the
base mesh size are used to investigate the convergence of
the mesh.

Results and discussion

Model validation RANS

The major difference between the RANS and LES setups is
the mesh; the RANS turbulence model allows the use of coarser
meshes; the primary advantage of RANS simulations compared
with LES models. Base cell sizes of 150 um, 175 um, 200 pm,
225 pm, 250 pm, and 300 um are used for validation. The spray
behavior for inert cases is analyzed in terms of the liquid length
and the spray tip penetration. To assess the performances of
both approaches, the inert cases are initially studied. The
results from this will allow the mesh requirements to be set.

Frontiers in Mechanical Engineering

06

Both the liquid length, defined as the distance from the nozzle
containing 95% of the injected mass, and the spray tip
penetration, defined as the farthest point from the injection
point exhibiting a threshold value for fuel vapor mass
concentration of 0.001 (Egiiz et al., 2012), are compared
with experimental results.

Since the principal goal of this work is a direct comparison
of the RANS and LES models keeping the numerical set-up as
similar as possible, a compromise, in terms of the
performance achieved by all cases, was made in the choice
of breakup model constants and discretization schemes. Thus,
the analyzed vapor penetrations and liquid lengths perform
relatively poorly in the single case, and the liquid length is
unstable. The Appendix contains the vapor penetrations and
liquid lengths for Spray C and Spray D in the RANS
framework, providing an overview of any fine tuning
required for each specific case [for the LES framework,
refer to Bao et al. (2022)].

Spray C, inert

Figure 2 shows the results for Spray C.

As seen in Figure 2A the agreement with experimental
data appears to be suitable for all mesh sizes, except for those

frontiersin.org
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Liquid ].ength

N\ e A AR APAAN AL WA ANt M
AV A}~ AN VW, A MAANNA AN A

15+ -

Liquid Length [mm)]

——sprayD_150micro
——sprayD_175micro
sprayD_200micro
——sprayD_225micro
———sprayD_250micro
sprayD_300micro
= ECN Experimental Value
0 L L g7 2]
o 05 1 15 2 25 3

Time [ms]

FIGURE 3

10.3389/fmech.2022.1013138

Spray Tip Penetration
T T T

100 -

Spray Tip Penetration [mm)]

——sprayD_150micro
——sprayD_175micro

sprayD_200micro
——sprayD_225micro
~———sprayD_250micro

sprayD_300micro
= ECN Experimental Value| |
| T J
15 2 25 3
Time [ms]

Liquid Length (A) and Spray Tip Penetration (B) for Spray D at various mesh dimensions.

with the largest base mesh sizes (250 um and 300 um), which
exhibit considerably lower values. This relationship between
the liquid length and the cell dimension is expected and is
well-known. Indeed, the finer the mesh, the slower the
evaporation since a smaller cell leads to faster saturation
(KarrHolm and Nordin, 2005), hence the longer liquid
penetration for smaller cells. Typical liquid length behavior:
an initial transient period followed by stabilization close to an
average value (Siebers, 1998), is well reproduced. A plateau is
reached after the two largest cell sizes, which are well below
the experimental value. Further refinement of the base mesh
size does not result in an improved liquid length compared
with the experimental curve.

Figure 2B presents the spray tip penetration. Importantly,
a suitable correspondence with the experimental data, close
to the time when ignition generally occurs (0.58 ms for Spray
C at 900 K) is observed. The agreement is not perfect since a
distinct difference in the injection is observed at the initial
stage. This issue seems to be correlated to the time step
independency, which may be remedied by using a limiter
on the turbulence length scale equal to the nozzle diameter, as
suggested by KarrHolm and Nordin (2005); however this is a
matter for future studies. Furthermore, it should be noted
that at the present time, an accurate trace of the spray tip
penetration up to 3 ms is not available. Although the
experimental value could be extrapolated to 3 ms, the
result was not realistic; hence we avoided it in this study.
However, all meshes appear to agree well with the
experimental data, except the two coarsest which appear to
display slower vapor penetrations; a direct consequence of
the presence of additional liquid in the larger cell sizes. Since
we must consider a good compromise in terms of
computational effort hereafter, a mesh size of 225um
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(counting 747,643 cells) is chosen as the base mesh size
for Spray C.

Spray D, inert

All above considerations for Spray C are also valid for Spray
D. The geometry is identical, with the only differences being the
nozzle diameter, the rate of injection, and the total mass
injected. All other parameters are kept constant, and the six
base sizes chosen for Spray C are also analyzed for Spray D.
Figure 3 shows the liquid lengths and spray tip penetrations for
Spray D.

A deviation from the experimental data is observed for the liquid
length. After the first transient period, a clear peak in the
instantaneous liquid length occurs; this is not observed in either
Spray C or in the experimental data. This may be related to the
numerical issue mentioned previously for the Spray C tip
penetration, and requires further investigation. The mesh size
trend highlighted in the Spray C section is also observed here;
after an initial improvement in the performance upon refining the
mesh, no further improvement in the average liquid length value
occurs. Again, the coarsest meshes exhibit inferior performances.

The experimental ignition delay for Spray D is 0.59 ms and
the difference between the experimental data and the model at
this time is slightly larger than that observed for Spray C.
Importantly, Spray D penetrates more rapidly than Spray C,
in agreement with previous experimental observations (Pastor
et al., 2018; Westlye et al, 2016). Similar to Spray C, the
data for
extrapolation resulted in wunrealistic results which were

experimental Spray D do not reach 3ms;
not used.

Since the two sprays do not require different base mesh sizes,
a mesh size of 225 um will be used for both hereafter, allowing

coherent comparison of the two benchmarks.
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A Liquid Length
0 T T T T 51
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Model validation LES

The above approach was also used here; however, a smaller
number of base mesh sizes was analyzed. There are two reasons
for this: firstly, the computational effort required here is higher
since the meshes are approximately twice as large as the most
refined mesh in the RANS analysis; secondly, one of the meshes
analyzed here (named 125 pm lessRef) was used in a previous
study (Bao et al., 2022). The validation in this previous study uses
the same LES approach as in this work and the results in terms of
spray tip penetration, liquid length, and distribution of mixture
fraction and its variance are respectable. Therefore, this analysis
begins from the reference dimension and adds one larger and one
smaller base size in order to explore the mesh dependence.

Spray C, inert

In Figure 4, the liquid lengths and spray tip penetrations of
Spray C are shown for the inert case, using four different base cell
sizes: 100 um, 125 um, 125 um (which is less refined in the radial
direction), and 150 pm.

The liquid length graph shows small differences in the results
where the trace stabilizes after the first transient element. In the
RANS simulations, the difference in the various mesh sizes was
significantly larger, with the two coarsest meshes performing
noticeably worse than other sizes. Here, the only major deviation
is observed for the coarsest mesh (150 um), which yields a higher
average liquid length value. This does not follow the relationship
between the mesh size and the liquid length previously observed
(KarrHolm and Nordin, 2005), and verified in the RANS
validation section. The spray tip penetration agrees well with
the relationship described above; the coarsest mesh presents the
fastest evaporation. However, this is not an anomaly since more
realizations are required to achieve improved statistical
convergence. Another notable difference compared with the
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inert validation presented for the RANS model, is the
considerably larger fluctuations in the average liquid length
values. This is due to the nature of the two turbulence
models: the RANS model provides an average of the
fluctuations, whereas the LES model solves them (up to a
defined size).

The first transient phase, in contrast to the RANS results, is
perfectly reproduced by all meshes until approximately 0.15 ms,
where differences begin to appear. Apart from the coarsest mesh,
other meshes appear to behave similarly. Interestingly, although
the first transient is reproduced, the maximum value reached at
3 ms is lower, even for the coarsest mesh which began with a
significantly steeper slope. The turbulent fluctuations observed in
the LES model significantly affect the spray, shortening the
maximum length reached.

In conclusion, as far as Spray C simulations are concerned,
the mesh size named 125 um_lessRef (a larger mesh size in the
radial dimension of the cylinder compared with the full 125 pm
mesh) is chosen for further simulations. The mesh convergence
for both the liquid length and the tip penetration appears to be
achieved for the three most refined meshes. Therefore, in order to
limit the computational effort required, and to possess a well-
tested benchmark (Bao et al., 2022), the coarsest mesh (counting
2,755,584 cells) of the three most refined is used in the
combustion analysis.

Spray D, inert

Figure 5 shows the inert results for Spray D; the same Spray C
mesh base sizes were also analyzed here.

The observations made in the previous section can also be
made here. Figure 5A clearly shows that the coarsest mesh
performs worse than the others (150 um); however, not to the
extent observed for Spray C. Notably, all meshes perform worse
in terms of the liquid length compared with Spray C. This can be
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explained by firstly considering the behavior previously
highlighted in the RANS analysis of Spray D, which exhibits a
peak after the first transient injection period and subsequently
levels out to the average liquid length. The value obtained is lower
than the experimental value. Secondly, the average experimental
value is larger than that of Spray C. Consequently, the model
clearly performs worse for Spray D than for Spray C.

For the spray tip penetration, the results are coherent with
experimental results until approximately 1 ms. Notably, the
model correctly reproduces the behavior previously observed
for the RANS simulations; Spray D penetrates faster than Spray
C. Moreover, the initial component of the penetration is perfectly
reproduced; however, the initial change in slope provided by the
simulation (~0.12 ms) occurs after the experimental data. This is
unlike Spray C, where the considerably steeper change in slope
occurs at the same time as the experimental data. The net result is
that the penetration around the IDT (~0.5 ms) is significantly
closer to the experimental value compared with Spray C. The
Spray D penetration for all meshes is similar: the curve for the
coarsest mesh is closer to the others than what is observed for
Spray C.

Since the mesh performances appear to be decent in all cases,
and since the use of one mesh for both benchmarks would lower
the associated computational power, the same sized mesh as that
chosen for Spray C is used for the remainder of the study.

Reacting cases analysis

In this section, the most important combustion performance
indicators are presented. In particular, the ignition delay time (IDT),
lift-off length (LOL), and species distribution along the flame are the
key factors considered. These are analyzed for Spray C and Spray D
and compared across the RANS and LES turbulence models.
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Before proceeding with the analysis, a number of points
should be considered: for the LES model, only one realization of
the reacting case has been conducted. It has been shown
previously (Bao et al., 2022) that more than one realization in
the LES framework is required to obtain statistical convergence of
certain quantities (OH and CH,O mass fractions and LOL), but
is not essential for others (mixture fraction and IDT). Thus, to
save computational time, one realization of the global parameters
(such as the IDT) is performed, similar to previous studies (Liu
and Haworth, 2011).

Moreover, the transient development of the flame in both
turbulence models as well as in all reacting cases is evaluated
using so-called I,-plots (Maes et al., 2016). These plots show the
radially integrated intensity of a certain species, x, along the spray
axis x versus the time t (18):

Lai(x,t) = J Y; (x, y,t)dy (18)

where the intensity, Y'i, represents the mass fraction of the
species and y is the radial dimension. IDT is defined as the time
when 2% of the maximum obtained in the I, on-plot is
achieved. This way, the variations in the local OH mass
fractions (particularly large in the LES simulations) are
smoothed by averaging. Another widely used definition of
IDT is based on the time between the start of injection (SOI)
and the time at which the greatest rate of maximum
temperature increase is observed (Ong et al., 2021); this
method gives consistent results (Bao et al., 2022). The same
I+ method is also used for the LOL calculation: LOL represents
the location where the flame stabilizes and is calculated as the
closest-to-nozzle location along the spray axis where 2% of the
maximum I, oy value is achieved. Other thresholds for LOL
can be found in the literature (from 2% to 50% (Pei et al., 2015;
Wehrfritz et al., 2016; Som et al., 2011)); however, Pei et al.
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FIGURE 6
I« -plots for Spray C in the RANS (A) and LES (B) frameworks.
The purple dot represents the IDT.

(2015) concluded that the consideration of different thresholds
leads to minor changes.

It should be noted that OH typically indicates high-
temperature chemistry, similarly, CH,O is an indicator of low
temperature combustion. We also analyze C,H, as it is a
precursor for soot emission.

Spray C, reacting

Figure 6 shows the I-plots for Spray C. The red color
represents high intensities (mass fraction percentage of the global
maximum) of CH,O and OH. The IDT is indicated by a purple
dot and its value is specified. Finally, the instantaneous LOL
value, evaluated from the I, g fields, is also reported.

LES and RANS models present similarly-shaped CH,O
distributions and capture the separation between low- and
high-temperature combustion in space and time, as noted
previously (Bao et al.,, 2022), and experimentally observed for
reacting sprays (Maes et al, 2016). Indeed, CH,O formation
occurs before the calculated IDT and is consumed before the
beginning of the high-temperature zone, as shown in the I on
plots. However, in the RANS simulation, CH,O initially occurs
noticeably closer to the nozzle and remains there until the high-
temperature combustion begins and the LOL stabilizes. On the
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other hand, this does not occur in the LES model, and CH,O is
confined in a region closer to the LOL. Both simulations exhibit a
precise division between the OH and CH,O areas, as observed
experimentally for reacting sprays (Maes et al., 2016). The OH
intensity increases after the IDT, reaching a maximum in the
latter stage, downstream compared with the stabilized LOL.
The highest OH intensity obtained in the LES model is
observed in a narrower region, downstream from the LOL.
The computed LOL values behave similarly in the two
turbulence models; the LOL develops to below 20 mm shortly
after the IDT; however,
approximately 22mm where it

even after 1ms, increases to

stabilizes. These values
compare well with the reported experimental value of
23.595 mm. Notably, the RANS simulation exhibits a LOL
slightly lower than the LES model; this may be explained
through the observation made by Pickett et al. (2005): a
shorter cold flame (as in this case; CH,O extends closer to
the nozzle) results in a shorter LOL. Finally, the ignition
delays for both turbulence models, 0.5ms (RANS) and
0.47 ms (LES), are comparable to experimental values: 0.56 ms
reported on the ECN website. This was also observed by Payri
et al. (2019) and was attributed to the mechanism described by
Yao et al. (2017).

Figure 7 presents a temporal evolution of Spray C. The
visualization is divided into three groups representing three
periods of time: the period prior to ignition (0.2-0.5 ms), the
period directly after ignition (0.7-1.5 ms), and the quasi-steady
period (2-3 ms). For each period three rows are provided; the
second row represents the CH,0, OH, and C,H, species mass
fractions. The first and third rows represent the temperature,
variance of mixture fraction, and three iso-surfaces of mixture
fraction (lean, stoichiometric, and rich). The LES model is
presented at the top of the row while the RANS simulation is
presented at the bottom of each row.

Clearly, as observed in the I,;-plots above, low-temperature
combustion (CH,0) occurs from the beginning (0.2 ms) of the
RANS simulation, whereas it is limited at that point in the FI:PZS
model. The distribution of the variance of mixture fraction, Z" ,
is different for each model. In the RANS model, the quantity is
widely distributed for all time instances and becomes significant
as the spray develops. The variance of mixture fraction is a direct
result of the differences between the turbulence models. In fact,
the source terms for the Z” ? equation [Eq. (10)] are different in
the RANS and LES models, since the models that describe y,
which acts as a sink-term, are different (Eqgs. 11, 12). These
directly influence the value of the variance, resulting in a smaller
value for the LES model (for example, the maximum value for
Spray D in the RANS model = 8.3e-3, while for Spray D in the
LES model = 1.9¢-3). In the LES model, the distribution of the
low-temperature combustion immediately prior to IDT (0.4 ms)
slightly shifts towards the downstream region, compared with the
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RANS model (as also observed in the I;-plots but less prominent

due to the integration procedure).

OH clearly appears after the IDT (0.5 ms) in the high
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fraction. Furthermore, the high-temperature ignition
appears in the periphery of the spray plume, unlike what
happens in smaller nozzles like Spray A where it appears at
the spray tip. This is typical for such large nozzle sizes, as

Spray C flame evolution from 0.2 ms to 3 ms. The image is divided into three parts: from 0.2 to 0.5 ms, from 0.7 to 1.5 ms, and from 2 to 3 ms
Each part is further divided into three: the central image represents OH, CH,O, and C,H, for the LES (upper) and RANS (lower) frameworks. The
surrounding images are the temperature distribution, the variance of the mixture fraction, and three contours of the mixture fraction (lean,

stoichiometric, and rich)
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Ix¢-plots for Spray D in the RANS (A) and LES (B) frameworks.
The purple dot represents the IDT.

shown by Garcia-Oliver et al. (2020). The distributions of
C,H,, which is a product of rich combustion and is considered
to be a soot precursor, appear within the flame core, close to
the stoichiometric mixture fraction and the high-temperature
zone in both simulations. In the RANS model, C,H, initializes
earlier (0.6 ms, not shown; the highest intensity is visible at
0.7 ms) than in the LES model. Afterwards, the maximum
intensities of C,H, are identical for both models, and move
towards the spray tip, which becomes increasingly rich and
hot. Interestingly, the high temperature area, straddling the
contour of the stoichiometric mixture fraction, widens from
1 ms to 3 ms (the yellow region becomes increasingly wide).
This trend is more visible in the RANS simulation but is
present in the LES model, where, additionally, the flame is
considerably more wrinkled and stretched by the stronger
turbulent effects.

10.3389/fmech.2022.1013138

Spray D, reacting

Figure 8 shows the Iy -plots for the Spray D reacting
cases.

The observations here are similar to those made for Spray
C. The low-temperature zone indicated by the CH,O
distribution in the RANS simulation is similar to that of
Spray C, albeit slightly further from the nozzle; 15 mm for
Spray C versus 18 mm for Spray D. Also for spray D, compared
to the LES, CH,O is present closer to nozzle. The intensity of
CH,O after the IDT is higher than that observed for the RANS
model. This may however be due to the fact that only one
realization is considered.

OH exhibits a larger high-intensity region compared with
CH,O0, and the structure is more similar for the RANS and LES
models compared with that observed for Spray C. Again, both
turbulence models capture well the division between the low-
and high-temperature flame regions. The CH,O region still
extends more towards the nozzle outlet in the RANS
simulation compared with that observed in the LES model.
The LOL predicted by the RANS simulation (21 mm) is
shorter than that in the LES simulation (23.5 mm), similar
to Spray C. The IDT is slightly longer in the RANS model
(0.47 ms) than in the LES model (0.44s); however, both values
are considerably shorter compared with the ECN experimental
value of 0.56 observed for Spray C. It is important to underline
that both approaches reproduce the experimental findings for
the two sprays: Spray C exhibits a shorter LOL and Spray D a
shorter IDT (Westlye et al., 2016). A remarkable difference
between the turbulence models is the ignition location. In the
RANS setup, it occurs closer to the nozzle than for the LES
model, as also seen for Spray C. From this observation,
ignition in the RANS framework is observed closer to the
liquid length in a region richer in mixture fraction. This may
yield higher soot production, in line with the higher amounts
of the C,H, precursor observed in the early stages of the RANS
simulation for both sprays.

For clarity, Table 4 lists the values of the primary combustion
parameters.

Figure 9 shows the flame evolution, similar to Figure 7.
The observed behavior is comparable to above; CH,O is
present earlier in the RANS model, compared with the LES
setup. A considerable differencﬂ; observed in terms of the
variance of mixture fraction (Z"); for Spray D it is even
more significant. In the LES model, the only noticeable
values of variance are present at the initial time instances.

TABLE 4 Most important combustion parameters for Spray C (left) and Spray D (right) from simulations and experiments.

Spray C IDT (ms) LOL (mm)
RANS 0.49 19

LES 0.46 21

Exp 0.56 23.6

Frontiers in Mechanical Engineering 12

Spray D IDT (ms) LOL (mm)
RANS 0.47 21

LES 0.44 235

Exp 0.56 25.9
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FIGURE 9

Spray D flame evolution from 0.2 ms to 3 ms. The image is divided into three parts: from 0.2 to 0.5 ms, from 0.7 to 1.5 ms, and from 2 to 3 ms
Each part is further divided into three: the central image represents OH, CH,O, and C,H; for the LES (upper) and RANS (lower) frameworks. The
surrounding images are the temperature distribution, the variance of the mixture fraction, and three contours of the mixture fraction (lean,

stoichiometric, and rich).

Furthermore, compared with Spray C, the variance intensity
in the RANS model is even higher, for all chosen times,
particularly close to the droplets. This is related to the fact
that Spray D possesses a higher amount of injected mass
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compared with Spray C, so that the gradient of the mixture
fraction, and accordingly, the variance of mixture fraction,
are higher ( ). A difference in the high-
temperature combustion region can also be seen. Along all
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frames of the LES model for Spray D, the OH mass fraction is
markedly higher than that of Spray C. This is also apparent in
the I;-plots, where a broader and more intense OH region is
observed, similar to the RANS simulation. This is related to
the non-cavitating geometry used for Spray D, which allows a
different evolution of the variance of mixture fraction in
space, and involves retrieving different levels of species.
the
compared with Spray C, where the variance is lower, the

Moreover, the variance smoothens temperature:
widening of the high-temperature region is more prominent
for Spray D, particularly at 1.5 and 2 ms. Similar to Spray C,
the high-temperature ignition is located in the periphery of
the spray plume, close to the stoichiometric mixture fraction
C,H, at all
particularly in the LES model, the mass fractions are
(maximum value for Spray D in the RANS
simulation is 1.5e-2, while for the LES model it is 1.3e-2)

and is located closer to the spray tip compared with Spray C

region. exists selected times; however,

lower

(maximum value for Spray C in the RANS model is 1.6e-2,
while for the LES model it is 1.7e-2). Maes et al. (2020) found
that Spray C produces more soot than Spray D at 900 K, and
vice versa at higher temperatures. Although the above
observation follows the trend reported in the literature
(higher amounts of soot precursor in Spray C at 900 K),
further studies are required to confirm the opposite trend at
higher temperatures. Moreover, the fact that the precursor is
not a complete indicator of actual soot production should be
considered.

Conclusion

In this study, the Spray C and Spray D ECN benchmarks
were analyzed using the same solver (OpenFOAM) and the
same combustion model (FGM). The performances of the
RANS and LES turbulence models were compared, using the
FGM combustion model with four-dimensional tabulation. The
agreement with experiments, in terms of the liquid length and
the spray tip penetration, are respectable for both turbulence
models. For the reacting sprays, both the RANS and LES
simulations reproduce the experimental observation that
Spray C exhibits a shorter lift-off length, while the ignition
delay for Spray D is shorter. In general, the ignition delays
predicted by both turbulence models are shorter than the
experimental values for both sprays. The RANS model
predictions for the IDT are slightly longer than their LES
counterparts, with ignition occurring closer to the nozzle
outlet. The local characteristics of the markers for low-
temperature chemistry (CH,O), high-temperature chemistry
(OH), and soot precursor (C,H,), predicted by both the RANS
and LES models, are quite similar. The only large discrepancy
between the LES and RANS models is observed in the
distribution of the OH mass fraction for spray C.
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In conclusion, both the RANS and LES models, coupled
with the FGM combustion model, provide an excellent insight
into the characteristics of the two ECN sprays, since the
two methods provide similar results to experiments. The
primary benefit of the LES model is the reproduction of the
instantaneous flame shape and the species distribution, a
natural consequence of a more precise turbulence chemistry
interaction. Nevertheless, the RANS model remains a good
choice in terms of efficiency since the required computational
effort is lower and the primary parameter reproduction is
close to that achieved by the LES model. This is important
because it indicates the reliability of this turbulence model,
which will be particularly useful for future studies where the
computational domains will be significantly larger than that
analyzed here.
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Appendix

Figure Al and Figure A2 reported vapor penetration and liquid
length of Spray C and Spray D in RANS with fine tuning of the

10.3389/fmech.2022.1013138

break-up model constants for the specific benchmark and turbulence
model. The comparison is between the results obtained using the
constants adopted in this work for compromise and the results
obtained using constants obtained fine tuning each case alone.
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