
Fuel 371 (2024) 132054

A
0

Contents lists available at ScienceDirect

Fuel

journal homepage: www.elsevier.com/locate/fuel

Full length article

Modeling homogeneous ignition processes of clustering solid particle clouds
in isotropic turbulence
Pooria Farmand a,∗, Hendrik Nicolai b, Muhammad Usman a, Lukas Berger a, Antonio Attili c,
Michael Gauding a, Christian Hasse b, Heinz Pitsch a

a RWTH Aachen University, Faculty of Mechanical Engineering, Institute for Combustion Technology, Templergraben 64, 52056 Aachen, Germany
b Technical University of Darmstadt, Department of Mechanical Engineering, Simulation of reactive Thermo-Fluid Systems, Otto-Berndt-Straße
2, 64287 Darmstadt, Germany
c University of Edinburgh, School of Engineering, Institute of Multiscale Thermofluids, The King’s Buildings, Mayfield Road, Edinburgh, EH9 3FD, United Kingdom

A R T I C L E I N F O

Dataset link: http://dx.doi.org/10.5281/zenod
o.11471198

Keywords:
Isotropic turbulence
Pulverized fuel
Ignition and combustion
DNS
Flamelet model assessment
Subgrid PDF

A B S T R A C T

The objective of this study is to numerically investigate the ignition and combustion of pulverized solid fuels
in turbulent conditions and to assess different modeling strategies relevant to large-eddy simulations (LES).
The investigations show that due to the high Stokes number of solid particles, they do not necessarily follow
the flow. At Stokes numbers around unity, particle–turbulence interactions can lead to particle clustering and
change the ignition behavior. According to observations, ignition is most likely to happen outside the formed
clusters, where suitable thermo-chemical conditions exist. To study this behavior, direct numerical simulations
(DNS) of reactive particles in turbulent conditions employing detailed kinetics for solid and gas phases were
performed. Pulverized fuel combustion was modeled using the point-particle approximation to represent the
dispersed phase in an Eulerian–Lagrangian framework. Isotropic turbulence was employed to investigate the
influence of particle clustering on the ignition process. After investigating the physical aspects of the ignition
process, the DNS dataset was used as a benchmark for evaluating the reduced-order flamelet models usually
employed in LES of pulverized fuel combustion during the ignition process. The flamelet model performance
in predicting the selected quantity of interest was compared to the DNS data. An error decomposition was
performed using the optimal estimator concept. Finally, the prediction accuracy of presumed PDFs is evaluated
by calculating the errors in predicting the quantity of interest using different PDFs compared to the predictions
using the accurate sub-filter joint distribution of the DNS data.
1. Introduction

Solid fuel combustion remains a principal technology for producing
electricity, as it has reached a matured technological state and possesses
reliable supply chains with the possibility of a change from conven-
tional to bio-fuels. However, burning solid fuels, such as pulverized
coal or biomass, can be a major source of pollutants and CO2. Hence,
improvements in system efficiency and carbon capture and storage
(CCS) methods to reduce the environmental impact are actively re-
searched. Experimental techniques for studying solid fuel combustion
remain challenging due to the hostile environment in boilers and
limited optical access [1]. Therefore, numerical simulations provide an
alternative to enable insights into the underlying complex multi-physics
and multi-scale processes.

For predictive modeling of solid fuel combustion, three main mod-
eling pillars can be identified: solid fuel conversion, turbulent mixing
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and heat transfer, as well as turbulence–chemistry interactions [1]. For
solid-fuel sub-models, most numerical studies rely on simplified mod-
els, whose parameters must be adjusted to capture fuel type changes or
operating conditions accurately [1]. However, recent numerical studies
have employed more detailed solid fuel models, such as the chemical
percolation devolatilization (CPD) [2] or the CRECK-S [3] models
[4–7]. These models enable a more detailed description of the solid
particle conversion process for various fuels and a vast range of condi-
tions by including more detailed information about the fuel, such as its
molecular structure [8].

To capture the turbulent flow environment in pulverized coal com-
bustion (PCC), traditionally Reynolds-averaged Navier–Stokes (RANS)
approaches have been used. However, with the advancements of com-
putational resources, the application of scale-resolving techniques be-
came feasible, offering higher accuracy for predictive simulations [1,9].
vailable online 7 June 2024
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In recent years, large-eddy simulations (LES) have been successfully
extended to study PCC and used in several studies [10–14]. These
advancements in simulation techniques have provided valuable in-
sights into the interactions between turbulent motion and combustion
characteristics of pulverized fuels.

In the context of turbulence–chemistry interactions, state-of-the-art
models are often based on a global description of gas-phase chemistry
employing a limited number of reactions. Turbulence closure for these
models is commonly achieved by the eddy-breakup model (EBM) or
the eddy-dissipation concept (EDC) [1]. To enable a more detailed
representation of the complex gas mixtures released from solid parti-
cles, recent efforts have focused on extending flamelet-based modeling
approaches specifically for solid fuel combustion [15]. With differ-
ent focuses, several authors have explored flamelet-based tabulation
approaches with applications to various configurations ranging from
single particle and particle group combustion [16,17] to pilot-scale
furnaces [11–14]. Flamelet-based approaches offer the advantage of
using detailed chemical mechanisms at low computational cost. They
have proven effective in capturing both global characteristics, such as
ignition processes [16,17], flame structures [12,13], and local species
concentrations [11,14]. Particularly, in combination with LES, flamelet
tabulation has shown promising results, although appropriate subgrid
closures are necessary to ensure maintaining accuracy. To address
the closure problem, commonly employed methods involve the use of
presumed filtered density functions [1].

These presumed filter density functions can be developed and as-
sessed by detailed reference data [18], such as direct numerical simula-
tions (DNS), where all turbulence scales and all near- and intra-particle
processes are resolved by the numerical grid. Resolving all physi-
cal processes, including the particle boundary layers, became feasible
within recent years [19,20], but is still restricted to very few particles
((10)) and relatively low Reynolds numbers. Therefore, an alternative
resolved flow simulation approach, the so-called carrier-phase DNS
(CP-DNS), is commonly employed for solid fuels to enable funda-
mental insights into multiple interacting reactive particles. For this
approach, the DNS resolves only the scales of the carrier phase, and
the boundary layers around the individual particles while their impacts
on the resolved scales are modeled. Using CP-DNS, Messig et al. [21]
and Wen et al. [22] investigated laminar counterflow burners and
performed detailed flame structure analyses for flamelet modeling;
turbulent multi-phase jet burners were investigated by Luo et al. [23],
Bai et al. [24], and Hara et al. [25]. These studies revealed that
three distinctly different flame zones can be identified [24] and that
both premixed and non-premixed combustion modes can appear [25].
Similar conclusions were drawn in the recent CP-DNS of a turbulent
mixing layer resembling the condition of the inner recirculation zone of
a swirled PCC boiler [26]. The latter dataset was extensively employed
to evaluate different flamelet modeling approaches [27–29]. A more
simplified configuration of coal particle clouds in decaying turbulence
was investigated by Brosh et al. [30]. They showed a strong dependency
of homogeneous ignition on particle density and clustering. Similar
findings have been published for heterogeneous char conversion in
forced isotropic turbulence by Krüger et al. [31]. The authors inves-
tigated turbulence-induced particle clustering and reported significant
reductions in particle reactivity and char conversion rate inside particle
clusters. The observed clustering effects were found to be strongly
influenced by the particle Stokes number, which is the ratio of the
characteristic time of a particle to the characteristic time of the flow,
as indicated in the aforementioned studies. Considering that clustering
occurs in larger-scale burners, it becomes crucial to investigate the per-
formance of recently developed flamelet models and subgrid closures
in the context of particle clustering.

Therefore, the objective of this work is to study the modeling of
the homogeneous ignition process and volatile combustion of solid
fuel particles in isotropic turbulence under conditions favoring particle
2

clustering, which is typically observed in pulverized solid fuel burners. p
Particularly, the effect of particle–chemistry–turbulence interactions on
the local ignition process and in clustering particle clouds is inves-
tigated. Therefore, modeling strategies for both the reduction of the
gas-phase reactions by an FPV approach and the required closure for
the filtered variables in the context of LES are studied in homogeneous
isotropic turbulence-induced particle clusters. The optimal estimator
concept is employed to determine modeling errors and provide an
effective modeling strategy for turbulent solid-fuel combustion.

The remainder of the paper is structured as follows. First, in Sec-
tion 2, the employed numerical framework and the models to be
assessed are briefly introduced. This is followed by a short description
of the numerical setup and the boundary conditions for the DNS in
Section 3. In Section 4, first, the physical effects of the employed
configuration are presented, then a combined LES-FPV approach is
assessed in an a priori analysis.

2. Modeling framework and methods

2.1. Multi-phase modeling

In this study, the ignition and combustion process of pulverized
coal particle clouds is represented by an Eulerian–Lagrangian approach.
The conservation of mass, momentum, species, and energy between
the Lagrangian and Eulerian frameworks is ensured by a two-way
coupling. Utilizing the two-way coupling also ensures the particle–
fluid–chemistry interactions by distributing the particles’ source terms
in the Eulerian phase and calculating the gas-phase quantities at the
particles’ location. The detailed description of the models and the
equations for the Eulerian and Lagrangian formulations can be found
in Farmand et al. [5] and Farazi et al. [32]. The accuracy of the applied
models and methodologies have been validated against experimentally
measured data for ignition times in different laminar configurations in
earlier works [5,32–34]. One particular focus of these studies was on
properly capturing particle movement and ignition of point particles on
DNS grids through a Gaussian kernel source term distribution. Chemical
reactions in the gas phase are described employing finite-rate chemistry
adopting a mechanism suitable for coal and biomass combustion with
68 species and 906 reactions, which has been validated for different
fuels in both air and oxy-fuel atmospheres [35], and has been used in
previous studies [4,5,36,37].

Particle dynamics are modeled in a Lagrangian framework using
the point-particle assumption solving equations for trajectory, velocity,
mass, and temperature as described in previous works [5,32,38]. In
order to have a detailed description of the solid particle conversion,
the chemical percolation devolatilization (CPD) model, which is one
of the most detailed models for solid kinetics, is used to describe the
volatile release from the solid particles based on the molecular structure
of the fuel and considers the solid fuel as a complex network of the large
aromatic hydrocarbon monomers and the bridges, in which bonds are
broken by the external energy at each temperature level. This model, as
described in detail in [2,8,39], takes into account the dynamic behavior
of the devolatilization process by determining total released mass as
well as its composition in light gases and tar. In the present study,
light gases consist of CH4, CO2, CO, H2O, and other gases, which are
assumed to be C2H2 similar to the assumption by Jimenez and Gonzalo-
Tirado [40]. The released tars are assumed to solely consist of C2H2.

o reduce the level of complexity in the model assessment procedure,
imilar to [5], a fixed volatile composition assumption (FVC) is em-
loyed for the particle devolatilization in the CPD model. The FVC is
alculated based on the time-averaged values of each volatile species’
ass compared to the total released mass from the particle [4]. The

esulting set of fixed volatile mass fractions is 𝑌CH4
= 0.057, 𝑌CO2

=
.072, 𝑌CO = 0.087, 𝑌H2O = 0.268, and 𝑌C2H2

= 0.516. Assuming a fixed
olatile composition neglects the relationship between the change in

article heating rate and the volatile release, which is commonly made
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for flamelet modeling in the LES of solid pulverized fuel flames [4] and
was found to only marginally affect ignition [5].

To solve the governing equations in isotropic turbulence, the in-
house structured finite difference solver CIAO is used. In CIAO, the Eu-
lerian equations are solved using a semi-implicit scheme with second-
order accuracy in space and time. The scalar transport is solved using
the fifth-order WENO scheme for the convective terms and a second-
order central difference scheme for the diffusive terms. The chemistry
is solved using the finite rate chemistry method using the CVODE
solver [5,32]. The particles are advanced in time utilizing a two-stage
Runge–Kutta solver with second-order accuracy to update the dispersed
phase state, position, and source terms for the Eulerian equations. The
reader is referred to previous works for specific details on the numerical
implementation [5,32].

2.2. Flamelet library for a priori analysis

To model the turbulent reacting gas-phase in solid fuel combustion,
flamelet-based tabulation methods are gaining attraction due to the
possibility of including detailed kinetics in large-scale simulations. In
this work, flamelet tables, which are used for the a priori model assess-
ment in post-processing, are built from counterflow-diffusion flamelets,
which matches the non-premixed nature of combustion in the current
study configuration. These are solved in physical coordinates using
Cantera [41], assuming unity Lewis numbers for all species, which is a
common assumption in PCC (e.g., [4,14]). The same gas-phase kinetic
model as for the DNS is used to calculate the flamelets [35]. During the
flamelet calculation, the strain rate is varied by changing the inflow
boundary conditions. For the tabulation process, the varying strain
rates are mapped onto a progress variable (𝐶) [42], which represents
the combustion progress.

To take into consideration heat losses in the gas-phase caused by
particles and radiative heat transfer, the enthalpy ℎ (sensible plus
chemical) is introduced as an additional table dimension, and flamelets
with different enthalpy levels are computed. For higher enthalpy val-
ues, the temperatures of the oxidizer and fuel are increased (from
300 K up to 1500 K). To obtain lower enthalpies, the source term
in the temperature equation in Cantera is rescaled, as proposed by
several authors [4,14,43]. Below a certain enthalpy level, no flamelet
solution can be obtained. Here, a linear extrapolation to 300 K is used
to complete the composition space [16,44].

In the flamelet tabulation, normalized values for ℎ and 𝐶 based on
the lower and upper limits of the flamelet table, which represents the
lowest and highest possible temperature for the composition space, are
employed [45]:

𝐶n =
𝐶 − 𝐶min(ℎ,𝑍)

𝐶max(ℎ,𝑍) − 𝐶min(ℎ,𝑍)
, (1)

n =
ℎ − ℎmin(𝑍)

ℎmax(𝑍) − ℎmin(𝑍)
. (2)

his will also improve the statistical independence between table input
arameters [42,46] and enable the possibility of evaluating different
resumed PDF shapes for all input parameters when coupled to LES.

When the tabulated chemistry is coupled to LES, modeling of the
ubgrid filtered/probability density functions (FDF/PDF) is required
ince only Favre-filtered scalars are available for the table access [42].
losure can be obtained through the joint-scalar-PDF in composition
pace. This involves integrating the joint-scalar-PDF over the composi-
ion space to obtain the filtered quantity of interest as

̄ = ∫ 𝛹
(

𝑍,𝐶n, ℎn,…
)

𝑃
(

𝑍,𝐶n, ℎn,…
)

𝑑𝑍𝑑𝐶n𝑑ℎn … , (3)

here the density-weighted PDF 𝑃 follows from the Favre-averaging
rocedure. Since the joint-scalar-PDF is computationally expensive to
alculate during runtime, presumed PDF closures are commonly em-
loyed. The PDF has to be parametrized by the moments of the distribu-
ion, and it is often assumed that the PDF can be represented by its first
3
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two moments. Since prescribing a feasible presumed PDF for the joint
PDF of multiple scalars is very challenging, the simplified assumption
of statistical independence between the scalar dimensions of the joint
PDF is often used [14,18]. As a result, the representation of the joint
PDF of multiple scalars in composition space can be facilitated to the
product of the individual marginal scalar PDFs as:

𝛹̄ = ∫ 𝛹
(

𝑍,𝐶n, ℎn
)

𝑃
(

𝑍, 𝑍̃,𝑍′′2
)

𝑃
(

𝐶n, 𝐶̃n, 𝐶 ′′2
n

)

𝑃
(

ℎn, ℎ̃n, ℎ̃′′2
n

)

𝑑𝑍𝑑𝐶n𝑑ℎn

(4)

Mostly, in tabulated flamelet models used in pulverized fuel com-
bustion, all scalars besides the mixture fraction are modeled by a 𝛿
function, and the sub-grid PDF of the mixture fraction is approximated
by top-hat [6,47] or 𝛽 [4,14] distribution functions.

2.3. Error decomposition analysis

The modeling of unclosed terms in partial differential equations
typically involves two steps: First, a set of known quantities needs to
be specified as input parameters for a model, and second, a specific
functional form needs to be defined to model the unclosed terms by
the input parameters [48–50]. Each of these steps introduces errors that
need to be carefully investigated in the model assessment process. The
error corresponding to the first step is known as the irreducible error,
and the error corresponding to the second step is referred to as the
functional error. Typically, the total modeling error, which involves
both irreducible and functional errors, is calculated by the overall
difference between quantities of interest calculated by the model and
the DNS. The quadratic total modeling error over all 𝑁 data points is
defined as

𝜖2tot (𝜙) =
1
𝑁

𝑁
∑

𝑖=1

(

𝜙𝑖,DNS − 𝜙𝑖,Model
)2 , (5)

where 𝜖tot (𝜙) is the average value of the total modeling error for a
quantity of interest 𝜙 over all 𝑁 data points. The general idea of the
optimal estimator concept is to determine for a given parameter set
𝛱 , the mean of a quantity of interest 𝜙 conditioned on the set of
parameters ⟨𝜙 ∣ 𝛱⟩ and obtain a measure for the scatter of the quantity
of interest with respect to 𝛱 . This is the minimum error possible after
choosing the parameters set and is called irreducible error. In this
study, an artificial neural network (ANN) with a single hidden layer is
used to calculate the optimal estimator and the irreducible error, which
is computationally efficient, even when using a large number of input
parameters [48].

Using the optimal estimator and the irreducible error concepts, the
total modeling error can be decomposed into irreducible and func-
tional errors [48], in which the functional error corresponds to the
performance of the model for a given input parameter set

𝜖2tot (𝛱) = 𝜖2irr (𝛱) + 𝜖2funct(𝛱), (6)

where 𝛱 is a set of known parameters used as input of the model.
Formally, the irreducible error is given as

𝜖2irr =
⟨

(𝑄int − ⟨𝑄int ∣ 𝛱⟩)2
⟩

(7)

n the following, irreducible error 𝜖irr and the error caused by the func-
ional form of the model 𝜖funct, as defined by Eq. (6), will be discussed
eparately for identifying the potential for model improvements.

.4. Quantifying preferential concentration/clustering

When the particles are exposed to turbulence, their trajectory de-
ends on the turbulent intensity and particle inertia. This can lead to
local increase in the particle number density at specific locations

n the field, which is known as preferential concentration or cluster-
ng [51,52]. To identify the formed clusters, the three-dimensional
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Fig. 1. (a) Voronoi tessellation diagram for the 2D slice of the box (b) Cluster member particles filtered by the Voronoi algorithm at the initial time of the clustering.
Voronoi tessellation method is employed [53]. In this method, the 3D
particle field is discretized by Voronoi diagrams created by the half-
plane intersection algorithm between each two particles in the field.
This results in a specific volume around each particle, called Voronoi
cells, as described in [53]. The size of each Voronoi cell is inversely
related to the local concentration of the particles in a certain location
in the field [54]. After discretizing the domain by the Voronoi cells,
the clustering limit 𝑉C can be obtained by comparing the normalized

oronoi volume distribution in the clustered field 𝑃 (𝑉 ∕𝑉 ) with a
randomly distributed particle field 𝑃 (𝑉R∕𝑉 ), in which 𝑉 in the mean

oronoi cell volume in the selected field, which is calculated based on
he Voronoi volume around each particle as described in [53]. 𝑉C can

be calculated when 𝑃 (𝑉 ∕𝑉 ) = 𝑃 (𝑉R∕𝑉 ). A more detailed description of
the method can be found in Obligado et al. [52] and Monchaux et al.
[53]. After performing the Voronoi algorithm as shown in Fig. 1a, a
particle can be a member of a cluster when the respective Voronoi
volume around the particle is smaller than the calculated clustering
limit (𝑉C). As a result, the cluster members can be identified as shown
in Fig. 1b.

3. Numerical setup and boundary conditions

In order to reduce the complexity caused by mean shear forces, it
is preferred to keep the turbulence fluctuations statistically uniform
so that all particles are subjected to the same turbulence statistics.
Therefore, the homogeneous isotropic turbulent (HIT) configuration
within a box with periodic boundary conditions in all directions is
chosen. Due to the absence of mean gradients, HIT has no turbulence
production, and, as a result, turbulence decays in time. To investigate
the effect of turbulence interactions on the ignition and the combustion
process, a pre-computed fully developed HIT field with a linear forcing
in physical space [55] is used as initial conditions to keep turbulence in
a statistically steady state. Simulations were performed within a region
with the physical size of 12.8 mm × 12.8 mm × 12.8 mm with periodic
boundary conditions in all directions. The domain size is discretized
with a three-dimensional cartesian mesh with a resolution of 𝛥𝑥 = 50
m. Since the particle clustering effect on ignition is one of the main
spects of this study, turbulence characteristics and dispersed phase size
ave been chosen such that particle clustering can be observed. These
onditions are representative of smaller-scale turbulent fluctuations
nder practically relevant conditions [7,26].

Particle clustering typically occurs when the characteristic time of
he particles is on the same order as the flow time scale and is defined
y the Stokes number. For Stokes numbers around unity, particles tend
o form clusters, resulting in regions almost void of particles [56]. The
4

Stokes number defined with the Kolmogorov time scale is given as

𝑆𝑡 =
𝜌prt𝑑prt 2

18𝜌g𝜂2
. (8)

A forced isotropic turbulent field with 𝑅𝑒𝜆 ≃ 30 and the Kolmogorov
length scale 𝜂 ≃ 100 μm has been chosen. The dispersed phase consists
of 10,000 particles of Colombian coal with 𝑑prt = 20 μm and 𝑇prt,0 =
300K and with apparent density of 700 kg/m3. The coal properties can
be found in [5]. Non-reactive particles are first randomly distributed in
the box filled with air with 20% oxygen and an initial gas temperature
of 𝑇g,0 = 1500K, which is relevant to practical PCC applications.
Based on Eq. (8), these conditions lead to an initial Stokes number
of 𝑆𝑡 ≃ 5, for which a clustering behavior in particle clouds motion
is expected [57]. Finally, the reactive simulation starts after particle
clusters have fully formed in a non-reactive HIT field to investigate the
effect of particle clustering on the homogeneous ignition process. The
employed forced isotropic turbulence ensures maintaining the same
turbulence statistics during non-reactive and reactive simulations as
summarized in Appendix.

To quantify the ignition process, an ignition criterion needs to be
defined. Typically, in joint numerical–experimental studies, a certain
OH radical threshold is chosen as an ignition identifier based on OH-
LIF measurements [5,34]. In the current study, due to non-existing
experimental measurements for the current complex configuration, the
same definition, used in previous studies [5,16] to quantify the ignition
process was used to have a realistic benchmark for the analysis. This
definition has been validated against the experimentally measured
ignition delay time in previous works. As a result, the ignition onset
is defined as the time when 10% of the maximum OH mass fraction
during the entire combustion process is reached.

4. Results and discussion

In the following sections, first, the physical aspects of the ignition
of clustering particles in isotropic turbulence and the ignitability condi-
tion are investigated. Then, the available models and their applicability
for the ignition prediction in the clustering particle clouds are assessed.

4.1. Ignition process of clustering particles in isotropic turbulence

Fig. 2 shows the evolution of the ignited regions in the com-
putational domain over time. As shown in Fig. 2a, various ignition
kernels are formed at various locations within the field where favorable
thermo-chemical conditions for ignition exist. This process continues
with the ignition of the adjacent regions due to the growth and merging



Fuel 371 (2024) 132054P. Farmand et al.
Fig. 2. Snapshots of the ignition process illustrated by the iso-surfaces of the 10% of the maximum OH mass fraction during the entire combustion process (𝑌OH,max) colored by
heat release. Particles are shown with points colored by particle temperature. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
of individual ignited regions until the whole domain is ignited and a
continuous flame is established. The transition from the auto-ignition
regime to the flame front propagation mode, which in this study is re-
ferred to as interaction ignition [58], can be quantified by investigating
the time evolution of the ignited regions in the field as shown in Fig. 2.

Fig. 2a also indicates preferential particle concentration, also known
as particle clustering. To further investigate this observation, Voronoi
regions are introduced to study the effect of particle clustering in the
ignition and combustion process. The ignition is investigated in each
Voronoi region, following the definition given in Section 2.4. When
particle clusters form in the turbulent field, the local particle number
density increases at specific volumes, and the local gas temperature
decreases due to the energy sink required for clustered particles heat-up
at those locations. Therefore, the thermo-chemical conditions are more
suitable for ignition in the location outside of the clusters, and as a
result, the first ignition kernels are observed mostly in those regions.
This behavior is quantified in Fig. 3 with respect to the normalized
Voronoi volumes. Fig. 3a shows the number of ignited cells 𝑁ign,cell
normalized by the total number of cells in the numerical domain
𝑁cell,tot = 2563, where a higher number of ignited points can be
observed at volumes larger than 𝑉C. Also, Fig. 3b shows an overall
higher gas-phase temperature at volumes larger than 𝑉C. Recall that
larger Voronoi volumes indicate lower local particle number density,
which is typically found outside of particle clusters.

After investigating the position of the individually ignited regions,
the complete transient ignition process shown in Fig. 2 is quantified
by calculating the number of the ignited regions and their correspond-
ing volumes during the ignition process. Fig. 4a shows an increase
in the number of auto-ignited regions from 𝜏auto.ign ≃ 0.46 ms until
𝜏int.ign ≃ 0.5 ms. At this point, no new individual ignition kernels are
formed. Subsequently, ignition kernels start to merge, leading to a
decrease in the number of separate ignited regions. Simultaneously,
5

the total volume of the ignited regions starts to expand rapidly due
to flame propagation. This mode of ignition was recently introduced as
interaction ignition [58].

To compare the correlation between the ignition region and turbu-
lent scales, the Kolmogorov length (𝜂) is utilized as a reference length.
Fig. 4b shows the PDF of the ignited region length scale 𝑙ign normalized
by the Kolmogorov length for different instances of the ignition process.
The ignited region length scale is defined by assuming a spherical shape
for the ignited region 𝑙ign = (6∕𝜋)𝑉 1∕3

ign . Ignition kernels with different
sizes are indicated by the broad PDF shape at 𝑡 = 0.46 ms and 𝑡 =
0.5 ms. After the ignition regions merge (𝑡 > 0.5 ms), the PDFs become
narrower, suggesting that the regions converge towards a certain size.
According to the corresponding distributions for 𝑡 > 0.5 ms, the PDF
shows a weak bimodal behavior. The prominent peak corresponds to
the individual kernels and the large value of the PDF for large ignition
lengths corresponds to the merged kernels. Later in the ignition process,
the peak corresponding to the individual kernels shifts to smaller ratios,
and the PDF value in the far right grows, indicating an increase in
the number of merged kernels. An interesting observation is that the
size of the ignited regions consistently remains around one order of
magnitude larger than the Kolmogorov length scale. This is promoted
due to the fact that ignition happens primarily outside of the particle
clusters, where a more uniform volatile-oxidizer mixture with suitable
thermo-chemical conditions for ignition exists and can be ignited on
larger length scales.

In order to study the suitable thermo-chemical conditions for ig-
nition, the mixture fraction and scalar dissipation rate concepts are
utilized. Mixture fraction indicates the amount of local volatile/oxidizer
mixing and the scalar dissipation rate represents the local rate of dif-
fusive mixing at the molecular level, and therefore, it is a key element
for the modeling of turbulence–chemistry interaction. Fig. 5 provides
insights into the ignition conditions, utilizing the scalar dissipation rate
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Fig. 3. (a) Normalized number of the ignited cells and (b) gas temperature in normalized Voronoi volumes at 𝜏auto.ign ≃ 0.46 ms. Red dotted lines show the minimum and maximum
gas temperature in normalized Voronoi volumes. Volumes larger than 𝑉C represent regions outside of clusters. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
Fig. 4. (a) Evolution of the number of separated ignited regions (𝑁ign) and the total normalized volume ∑

𝑉ign of the ignited regions. The vertical red, blue, and black dotted lines
show the auto-ignition time, interaction ignition time, and end of the ignition process, respectively. (b) Distribution of the ignited region length scale compared to the Kolmogorov
scale 𝜂. The vertical dashed line corresponds to the Kolmogorov length scale. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
Fig. 5. OH mass fraction and mixture fraction colored by the scalar dissipation at 𝑡 = 0.46 ms and 𝑡 = 0.5 ms. The horizontal black line shows the ignition threshold for OH
mass fraction based on the ignition definition.
and mixture fraction calculated based on Bilger’s definition, reveal-
ing that the ignition process primarily takes place in lean mixtures
(𝑍 ∼ 0.02), specifically away from the particles. Considering the fixed
volatile composition assumption [5] for the released volatiles and their
global reaction with the oxidizer, the stoichiometric mixture fraction is
𝑍𝑠𝑡 = 0.117. This observation aligns with the findings from the Voronoi
analysis. Larger Voronoi volumes indicate locations outside of a cluster
that leads to lower released volatiles and, as a result, a lower amount
of fuel in ignited regions. Additionally, Fig. 5a shows that at 𝜏auto.ign
≃ 0.46 ms, some locations in the domain, characterized by the same
mixture fractions, do not undergo ignition. Notably, for a given mixture
fraction, regions with smaller scalar dissipation rate ignite first.

As shown in Fig. 5b, at later times during ignition (𝜏int.ign ≃ 0.5 ms),
locations with higher scalar dissipation rates also ignite at higher
mixture fractions, which are closer to the clusters, where volatiles are
released. Also, high scalar dissipation rates near the clusters (higher
mixture fractions) promote mixing, leading to a premixed mixture of
6

volatiles and the oxidizer, which facilitates premixed flame propagation
from the ignited regions toward the clusters.

The particle clouds ignition process is inherently transient, and
the presence of particle clustering further affects the reactivity [31].
Therefore, it is crucial to carefully evaluate the assumptions made in
reduced-order models for ignition and combustion to predict important
flame characteristics in this particular configuration.

4.2. A priori model assessment of clustering particle clouds in the prediction
of the ignition process

In this section, a systematic assessment based on error decompo-
sition is used to evaluate the overall performance of the model from
different perspectives. First, the performance of the tabulated chemistry
in a flamelet/progress variable (FPV) model compared to DNS is stud-
ied to quantify the suitability of the tabulated thermo-chemical state.
Second, the presumed PDF used to pre-integrate the table is compared
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Fig. 6. Overall comparison between the DNS data and the FPV model in predicting the volume-averaged (a) gas temperature, and (b) progress variable source term at different
times. Vertical dotted lines indicate the start and end of the ignition process based on Fig. 4a.
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with the filtered DNS dataset to find the optimal presumed PDF shapes
for each input parameter of the table.

The reference progress variable is defined as [4]

ref =
𝑌CO2

CO2

+
𝑌CO
CO

−
𝑌O2

O2

, (9)

where 𝑖 is the molar mass of species 𝑖.
The total modeling errors are systematically decomposed into the

functional and irreducible errors employing the optimal estimator
method described in Section 2.3.

4.2.1. Assessment of the thermo-chemical states in tabulated chemistry
In order to have a general overview of the FPV model performance,

the volume-averaged ⟨𝑇g⟩ and ⟨𝜔̇C⟩ in the entire domain at different
times during ignition and combustion are calculated, according to the
model described in Section 2.2 and compared with the DNS data. To
calculate a volume-averaged quantity ⟨𝜙⟩ in the DNS and the FPV
model, the following equation is used

⟨𝜙(𝑡)⟩ = 1
𝑁

𝑁
∑

𝑖=1

(

𝜙𝑖(𝑡)
)

, (10)

where 𝑁 is the total number of cells in the entire volume. As illustrated
in Fig. 6, the comparison between the model and reference data shows
good overall agreement in gas temperature, although increased devi-
ations are apparent for later times. Comparing the progress variable
source term shows a shift in the prediction of the FPV model com-
pared to the DNS, which indicates later ignition delay time prediction
by the model. However, nearly the same peak average value of the
progress variable source term is observed in the FPV model. In order
to investigate the differences during the ignition process, the progress
variable source term (𝜔̇C) is chosen as the quantity of interest for
modeling particle cloud ignition and combustion processes in isotropic
turbulence.

To understand the origin of the deviations in the FPV model from
the DNS results, the performance of the model inside and outside of
the particle clusters is studied in more detail. To this end, two different
time instances, 𝑡 = 0.5 ms with the maximum number of ignited regions
during the ignition process and 𝑡 = 0.65 ms, which is at the end of
the ignition process, as shown in Fig. 4a, are chosen. First, the model
parameters chosen to parameterize the flamelet table are assessed by
the optimal estimator method. This enables calculating the irreducible
errors for different sets of input parameters for predicting the quantity
of interest. To obtain a meaningful value for the errors with respect to
particle cluster locations, they are normalized by the maximum value
of the conditionally averaged quantity of interest in the normalized
Voronoi volumes (𝑉 ∕𝑉 ).

𝜖 =

√

𝜖2 . (11)
7

max(⟨ 𝑄𝑖𝑛𝑡 ∣ 𝑉 ∕𝑉 ⟩) c
ifferent combinations of mixture fraction, progress variable, and en-
halpy, as well as the OH mass fraction, as it is one of the most
mportant ignition identifier species, are used to find the best possible
et of parameters to characterize the composition space.

After comparing the different combinations, Fig. 7 demonstrates
hat the inclusion of the progress variable and enthalpy alongside the
ixture fraction strongly decreases the overall irreducible error, espe-

ially inside the clusters at early times, where the errors are highest. It
s interesting also to note that consideration of enthalpy is not needed if
nly the chemical source term is of interest. Including 𝑌OH as an input

parameter leads to a slight improvement in the overall irreducible error.
However, the error corresponding to 𝑍,𝐶n, 𝑌OH is still comparable with
the error corresponding to 𝑍,𝐶n and 𝑍,𝐶n, ℎn. Also, creating a table
with OH radical, which can perform well in the a posteriori LES, is
very challenging, since OH radical is not readily available in LES. As a
result, in this study, this radical is not considered as an additional input
parameter.

Next, the functional errors are assessed at 𝑡 = 0.5 ms and 𝑡 =
.65 ms. Using the parameters 𝑍, ℎn, and 𝐶n, as discussed earlier,
flamelet table is generated. The quantity of interest from the table

re compared with the corresponding values from the DNS datasets to
alculate the functional errors based on Eqs. (5) and (6).

Fig. 8 compares the progress variable source term between the
lamelet table and the DNS. The tabulated flamelet model exhibits
ertain limitations in accurately predicting 𝜔̇C, particularly within the
article clusters.

Comparing the model performance at two different time instances
hows that for 𝜔̇C the modeling error is higher at ignition. The increased
unctional error observed during the ignition process primarily occurs
ithin the particle clusters, specifically in close proximity to the parti-

les themselves. This can be attributed to the limitations of the typically
sed flamelet tables in capturing the particle–chemistry interactions
ue to the fact that the particle effects in the flamelet table are not
onsidered. This limitation is especially prominent in the vicinity of
article clusters, which corresponds to a smaller mixing time scale com-
ared to the chemical time scale. In these regions, where the volatiles
ix with the oxidizer prior to ignition, the flame behavior resembles

hat of a premixed flame, which cannot be accurately captured by the
on-premixed flamelet approach employed in this study.

After assessing the reference FPV model’s input parameters and its
erformance in predicting the quantity of interest, the effects of chang-
ng the input parameters, such as excluding enthalpy and altering the
rogress variable definition in the model performance, are examined
ext.

.2.2. Effect of heat losses in flamelet tabulation
In order to investigate the effect of heat losses in the table, a table

ith two input parameters (𝑍 and 𝐶n) is generated. Its performance is
ompared with the reference FPV model (𝑍, 𝐶 , and ℎ ). From Fig. 9,
n n
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Fig. 7. Irreducible errors of different input parameters in predicting progress variable source term at (a) 𝑡 = 0.5 ms and (b) 𝑡 = 0.65 ms. Volumes larger than 𝑉C represent regions
utside of clusters.
Fig. 8. Errors involved in the reference FPV model in comparison with the DNS results in the prediction of progress variable source term at (a) 𝑡 = 0.5 ms and (b) 𝑡 = 0.65 ms.
Volumes larger than 𝑉C represent regions outside of clusters.
Fig. 9. Effect of enthalpy in the errors of progress variable source term at (a) 𝑡 = 0.5 ms and (b) 𝑡 = 0.65 ms. Solid color lines show the functional errors and dashed color lines
re the corresponding irreducible errors. Volumes larger than 𝑉C represent regions outside of clusters. (For interpretation of the references to color in this figure legend, the reader
s referred to the web version of this article.)
t is evident that including enthalpy in the table primarily affects the
redictions.

The results demonstrate that incorporating enthalpy as an input
arameter improves the accuracy inside the clusters, particularly dur-
ng ignition. This suggests that the ignition phase is more sensitive to
hanges in enthalpy compared to later stages of combustion, especially
nside the clusters. During the ignition phase, due to the particle heat-
p process and the higher temperature gradients between particles
nd the gas phase, the heat loss effect is more dominant than at later
imes [16].

.2.3. Effect of progress variable definition
In this section, the effect of altering the progress variables definition

n model performance is investigated. To this end, three different
8

Table 1
Different progress variable definitions.
 Definition

1 𝑌CO2
+ 𝑌CO

2 𝑌CO2
− 𝑌O2

3 𝑌CO2
∕CO2

+ 𝑌H2𝑂∕H2𝑂 − 𝑌O2
∕O2

progress variables, as defined in Table 1, are compared with the ref-
erence definition (ref ) in Eq. (9). These definitions are employed to
compare the typically used definitions in flamelet tabulated chemistry
models [4,7] for pulverized solid fuel combustion and to investigate the
effect of removing certain species from the progress variable definition.

Fig. 10 shows the effect of progress variable definition on the overall
model performance. It can be observed that excluding CO or O from
2
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Fig. 10. Effect of progress variable definition in the errors of progress variable source term at (a) 𝑡 = 0.5 ms and (b) 𝑡 = 0.65 ms. Solid color lines show the functional errors
and dashed color lines are the corresponding irreducible errors. Volumes larger than 𝑉C represent regions outside of clusters. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
the model significantly amplifies the functional errors of predicting
the progress variable source term (𝜔̇C), indicating that 1 and 2 are
not suitable choices for representing the progress variable. On the
other hand, replacing CO with H2O (3) resulted in an improvement
in predicting the quantity of interest, particularly within the clusters.

4.2.4. Assessment of the presumed PDF shapes in comparison with subgrid
scalar PDF

In the context of LES, only filtered scalars are transported, which
cannot be used directly for table access. The unresolved subgrid distri-
bution of the transported scalars is often modeled by a presumed-𝛽 PDF
for the mixture fraction 𝑍, whereas the distributions of the remaining
scalars are modeled by a 𝛿 function [1,14]. These assumptions will
be examined in the following by employing different presumed PDF
shapes for the table input parameters. By comparing the results to the
DNS data, the suitability of considering subgrid-scale fluctuations can
be analyzed.

In order to evaluate the model performance when coupled to LES,
the DNS dataset is filtered using a box filter of width 𝛥𝑓 = 8𝛥𝑥,
ensuring an averaged resolved energy of about 90% with respect to
the DNS field, which is a typical value for a well-resolved LES [59].
After filtering, the distribution of the input parameters (𝑍, ℎn, 𝐶n) from
the DNS is examined to determine suitable PDF shapes that accurately
represent the behavior of each input parameter. In Fig. 11, various PDF
shapes (𝛿, 𝛽, and Top-hat (TH) distributions), which are widely used
in the pulverized solid fuel modeling [4,6,22,47], based on the Favre-
averaged mean and variance of the filtered dataset are compared with
the distribution of the input parameters obtained from the DNS dataset
at two different time instances within a specific filter cell of the DNS
field.

It should be noted that in the context of point-particle DNS, dis-
tributing the particles’ source term over a specific kernel shape can
impact the evolution of the mixture fraction PDF. Distributing the
source term across a Gaussian kernel, a technique applied to better
account for finite size effects of particles [32,38,60] results in a broader
source term distribution, diminishing peak values on the fuel side.
Consequently, both the mean and variance of the mixture fraction
decrease, affecting the PDF shape. However, it is expected that the
overall shape of the PDF remains similar, and only the width of the
distribution would be affected by the distribution of the source term
compared to fully resolved simulations, which incorporate particle
boundary layer effects. Incorporating boundary layer effects into the
present study, as evidenced by Wang et al. [61], would complicate
the model assessment procedure and require further investigation using
fully resolved simulations. However, considering the finite-size particle
effects ensures a more realistic benchmark for the subgrid scalar PDF
9

assessment.
Comparing different presumed PDF shapes based on Fig. 11 shows
that all presumed approaches have difficulties in approximating the
DNS distribution. Top-hat distributions are symmetrical with respect
to the mean and, as a result, cannot capture the non-symmetrical DNS,
which is originated from the particle clustering effects. Mixture fraction
distribution shows higher probabilities in smaller mixture fractions,
which is due to more data points outside of clusters. It can also be
observed that for the mixture fraction, as suggested in the original
formulation for single-phase combustion [42], the 𝛽 distribution yields
a more accurate distribution than other PDF shapes compared to the
DNS for clustering particle cloud ignition.

To complement the qualitative investigation of the presumed PDF
shapes shown in Fig. 11, the errors involved in the model when using
presumed PDF assumption during clustering particle cloud ignition
and combustion is evaluated. Since the selected PDF shapes can be
represented by the first two moments, meaning mean and variance,
incorporating different PDF shapes for mixture fraction, progress vari-
able, and enthalpy would require their mean and variance as inputs
of the model. It should be noted that utilizing higher-order moments
can lead to a more accurate representation of the DNS distribution.
However, this can lead to a further increase in the table dimensions. In
order to determine the optimal input sets, including the variances, the
concept of optimal estimator is employed to calculate the irreducible
error associated with each set.

Fig. 12 shows the irreducible error for predicting the filtered progress
variable source term using different sets of input parameters, including
variances. It can be observed that at ignition, adding the variances to
the reference Favre-averaged input set (𝑍̃, 𝐶̃n, ℎ̃n) does not improve the
results very much. This shows that the model is not sensitive to vari-
ances of input parameters at ignition. The mixture fraction distribution
in Fig. 11 shows a smaller variance during ignition compared to the
end of ignition due to a lower total volatile release. Also, considering
variances of progress variables and enthalpy is not sufficient for the
correct prediction of the quantity of interest in the filter cells at
ignition.

It should be mentioned that at 𝑡 = 0.65 ms, adding variances to the
reference input set improves the irreducible error. This improvement
in the prediction is due to the larger variances (especially 𝑍′′2) and
non-linearity of the progress variable source term with respect to input
parameters in the filter cells.

After analyzing different input parameter sets and studying the ef-
fect of PDF shape on irreducible error, it is necessary to investigate the
impact of including variances in the functional errors for predicting the
filtered quantity of interest. The non-symmetrical characteristic of the
DNS distribution due to particle clustering can be better represented by

a 𝛽-PDF. Therefore, this study focuses on investigating the performance
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cell at 𝑡 = 0.5 ms (top row) and 𝑡 = 0.65 ms (bottom row).
Fig. 12. Effect of adding the variance of different input parameters in the irreducible error of filtered progress variable source term at (a) 𝑡 = 0.5 ms and (b) 𝑡 = 0.65 ms. Volumes
larger than 𝑉C represent regions outside a cluster.
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of using 𝛽-PDF in comparison with a 𝛿 function and the filtered model
results. The 𝛿 function corresponds to not considering the sub-filter
distributions in the model, and the filtered model inherently considers
the correct sub-filter joint distributions of the DNS data without the
assumption of presumed PDF shapes.

To this end, four different combinations of PDF shapes, as shown
in Fig. 13, are applied. First, a 𝛿 function for all input scalars (3𝛿) is
assumed. Then the typical assumption of a 𝛽 distribution for mixture
fraction while maintaining a 𝛿 function for progress variable and en-
thalpy (1𝛽) serves as the reference model. In addition, the performance
of the model is evaluated by employing 𝛽 distribution for mixture
fraction and progress variable (2𝛽). Finally, a 𝛽 distribution for all input
parameters (3𝛽) is investigated.

Fig. 13 shows the normalized functional errors for 𝜔̇C. These errors
re calculated based on Eqs. (4), (5), (6), and (11). The functional error
or each PDF combination is compared with the respective error for
he filtered FPV model results, which inherently considers the correct
ub-filter joint distributions of the DNS data.

Around the ignition phase (𝑡 = 0.5 ms), all of the investigated
DF shapes exhibit comparable performance to the filtered FPV model
esults in predicting 𝜔̇ . This finding aligns with the results from
10

C

Fig. 12, which indicate that including variances as additional input
parameters does not improve the errors. Hence, using the 𝛿 function
s PDF shape for all input parameters can capture the ignition process
s well as other models. This indicates that the distribution of sub-filters
oes not significantly affect the prediction of the progress variable
ource term during ignition, and the main contribution to the total
odeling error is due to the performance of the non-premixed flamelet

able.

However, towards the end of the ignition phase (𝑡 = 0.65 ms), the
ixture fraction in the subgrid has a larger variance compared to the

ime of ignition. Consequently, it has a more pronounced influence on
he PDF shapes, particularly within the particle clusters, as shown in
ig. 11. In these regions, the reference model 1𝛽 shows a better overall
erformance in predicting 𝜔̇C. However, 2𝛽 and 3𝛽 models show worse
redictions, which shows that choosing the 𝛽 distributions for progress
ariable and enthalpy is not a good choice for predicting the quantity
f interest in clustering particle cloud combustion.

The performance of different presumed PDF assumptions in predict-
ng the quantity of interest is further analyzed in Fig. 14. Here, the
rediction of 𝜔̇C using three models 3𝛿, 1𝛽, and 3𝛽 is compared with

the filtered FPV predictions.
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Fig. 13. Functional errors of filtered progress variable source term at (a) 𝑡 = 0.5 ms and (b) 𝑡 = 0.65 ms for different PDF assumptions in the FPV model. Volumes larger than
𝑉C represent regions outside of clusters.
Fig. 14. Comparison between different PDF assumptions in the FPV model (3𝛿 = 𝛿(𝑍̃)𝛿(𝐶̃)𝛿(ℎ̃), 1𝛽 = 𝛽(𝑍̃), and 3𝛽 = 𝛽(𝑍̃)𝛽(𝐶̃)𝛽(ℎ̃)) and the filtered-FPV prediction for progress
variable source term (𝜔̇𝐶,𝐹𝑃𝑉 ,𝐽𝑃𝐷𝐹 ) at 𝑡 = 0.5 ms and 𝑡 = 0.65 ms.
This comparison is chosen to provide further insight into the effect
of including input parameter distributions in the final prediction of
the quantity of interest. Similar to the results from Fig. 13, Fig. 14
show that around ignition, all presumed PDF shapes show the same
performance. However, at the end of the ignition process (𝑡 = 0.65 ms),
using the 3𝛿 and 3𝛽 model can lead to worse predictions compared
to 1𝛽 model for higher progress variable source terms. This is due to
incorrectly assumed PDF shapes at these conditions.

5. Conclusions

This study presents a comprehensive investigation of modeling the
homogeneous ignition in clustering particle clouds in isotropic turbu-
lence. For this purpose, a DNS of pulverized coal particles using the
11
point-particle model for the dispersed phase and detailed chemical
kinetics for the gas phase was performed.

Initially, auto-ignition was found at positions with favorable thermo-
chemical states, followed by growing and merging the individual
ignition kernels. It was observed that particle clustering has a signif-
icant impact on the ignition process. Ignition predominantly occurs in
regions outside of the clusters, where higher temperatures are present
due to reduced energy sink associated with particle heating. These
ignition locations exhibit a lean mixture of released volatiles and
oxidizer, resulting in lower scalar dissipation compared to the cluster
locations.

This study employed a systematic error decomposition approach,
utilizing the optimal estimator concept, to assess tabulated flamelet
models in particle clustering conditions. The assessment focused on
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determining the errors associated with the reference flamelet/progress
variable (FPV) model inputs and evaluating its functional model per-
formance both inside and outside of particle clusters. The assessment
of the FPV model revealed its good performance in predicting the
progress variable source term. However, around the ignition phase, a
higher deviation from the prediction by the DNS data was observed,
particularly for the progress variable source term inside particle clus-
ters. This study identified an efficient set of input parameters that
yields the smallest irreducible errors, consisting of mixture fraction 𝑍,
ormalized progress variable 𝐶n, and enthalpy ℎn. Not including the
nthalpy resulted in higher errors, especially during the ignition phase,
ighlighting the increased sensitivity of quantity of interest to enthalpy
n the ignition phase. Regarding the progress variable definition, it was
ound that including CO2, CO, and O2 as the set of parameters showed
ood performance in predicting the quantity of interest. Omitting either
O or O2 led to a significant increase in functional modeling errors
hen predicting the progress variable source term. Also, replacing CO
ith H2O improved the prediction of the progress variable source term
uring the ignition phase, especially inside the clusters.

The findings reveal that incorporating the variances of the input
arameters improves the irreducible errors, especially inside particle
lusters, primarily at the end of the ignition process, where the sub-
ilter distribution of the DNS data exhibits larger variances. In contrast,
uring the ignition onset, when individual kernels with small variances
ominate due to particle clustering effects on ignition location, a 𝛿
unction shows a good performance. However, in the case of functional
rrors, the presumed marginal PDF shape assumption is prone to errors
riginating from the shape function. Choosing the correct presumed
DF shape that matches the DNS sub-filter distribution is challenging
nd has an important impact on the model’s performance.
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Appendix

The turbulence statistics for the studied isotropic turbulence con-
figuration during different time instances are briefly summarized in
Table 2. 𝜂 and 𝑡𝜂 are the respective Kolmogorov length and time scales,
Table 2
Turbulence statistics at different time instances.

Time [ms] 𝑅𝑒𝜆 𝑅𝑒𝑇 𝑢𝑟𝑏 𝜂 [m] 𝑙𝑡 [m] 𝑡𝜂 [ms] 𝑡𝑙 [ms] 𝑆𝑡

0 30.7 141.8 1.04E−04 4.27E−03 4.47E−02 5.33E−01 6.199
0.46 30.9 143.9 9.94E−05 4.13E−03 4.16E−02 4.99E−01 6.207
0.5 30.5 140.1 9.96E−05 4.06E−03 4.27E−02 5.05E−01 6.333
0.55 29.4 129.8 1.01E−04 3.88E−03 4.34E−02 4.94E−01 6.032
0.6 28.5 122.1 1.02E−04 3.76E−03 4.46E−02 4.92E−01 5.775
0.65 27.7 115.2 1.04E−04 3.66E−03 4.48E−02 4.81E−01 5.365

and 𝑙𝑡 and 𝑡𝑙 correspond to integral length and time scales.
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