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Abstract

This study presents an assessment of the Partially Stirred Reactor (PaSR)

as a subgrid model for large eddy simulations (LES) of turbulent premixed

combustion. The PaSR-LES approach uses a skeletal mechanism for methane/air

combustion, and requires the transport of all the species, with a closure for the

filtered source terms. The rate of progress for each reaction is given by the mixing

and chemical time scales, which are computed from global flame parameters and

a turbulent time scale respectively. This model is applied to a swirled combustor

exhibiting a V-flame shape attached to the nozzle, subjected to heat loss. LES

are carried out for two distinct equivalence ratios at atmospheric pressure. The

flow fields and the thermochemical states from PaSR-LES are compared with

the experimental data and solutions based on Flamelet Generated Manifolds

(FGM). The results show good correlation with the experiments and FGM-LES,

though also some sensitivity to the resolution. The approach also reproduces

well the effect of heat loss, which is determined by the use of a chemical time

scale given by a progress variable. Dedicated analysis of the swirl-stabilized

flame on different regions is conducted evaluating the capabilities of the model
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to reproduce the burning velocity, flame shape and flame structure.

1. Introduction

The accurate description of turbulent combustion is essential for the development

of engineering applications like gas turbines or aeronautical engines. Even

though combustion science has advanced considerably over the last decades,

such applications remain challenging due to the complex coupled phenomena

and the multiphysics nature of the combustion process. Combustion involves

complex interactions such as the highly non-linear behaviour of chemical kinetics,

he formation of instabilities or the intricate nature of turbulence-chemistry

interactions (TCI). Additionally, the wide range of length and time scales in

which turbulent combustion happens require precise and efficient modelling

closures and algorithms [1].

Recently, the use of Large Eddy Simulation (LES) has become more popular

for the study of turbulent flames. In this approach, large scale phenomena can be

solved directly on the numerical domain, while the smallest scales are filtered and

the subgrid reaction rate is computed by dedicated closure models, of which two

main families exist.Flamelet-based models [2, 3] can solve detailed chemistry

by the tabulation of low-dimensional data, mapped by a set of control variables

with the use of probability Density Functions (PDF’s). These models solve for a

reduced number of transport equations and have low computational cost. On

the other hand, their accuracy and applicability are often limited to specific

burning regimes. Finite rate chemistry models (FRC) on the other hand, can be

applied more generally to a wide range of conditions, but the large number of

transport equations increase the computational cost. Given this reason, such

models are often used in combination with skeletal mechanisms. Some examples
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of FRC models are the Thickened Flame Model - TFM, [4], the Eddy Dissipation

Concept - EDC, [5], the Linear-Eddy Model - LEM, [6], the Conditional Moment

Closure - CMC, [7], and transported PDF methods. Tabulated models have been

widely used for solving turbulent flames, however, with the advancements in

High Performance Computing (HPC) and the development of efficient algorithms

over the last decade, finite rate models can now be applied to complex LES cases

with acceptable computational times [1].

In the context of finite rate modelling, reactor-based models are a particular

family in which each cell in the LES domain is treated as a chemical dimensionless

reactor. The Partially Stirred Reactor (PaSR) proposed by Vulis et al. [8] separates

each cell into a reacting portion called the fine structures and a mixing portion

called the surroundings. The filtered reaction rate is then computed as the

product of the reaction rate in the fine structures and the volumetric reacting

fraction, which is dictated by the mixing and chemical time scales.

Chomiak et al. [9] used the PaSR to study diesel sprays in combustion

engines, proving that the model could replicate fundamental fluid dynamics

and recover experimental lift-off heights. Baudoin et al. [10] carried out a

comparison of between PaSR, Level-Set G-Equation [11], TFM, EDC and an

analytically Presumed Probability Density Function. The LES was applied to a

bluff-body stabilized premixed flame, showing that all models were comparable

for recovering flame dynamics and structure. Sabelnikov et al. [12] expanded

the base model into the Extended PaSR (EPaSR), where an additional equation

is resolved accounting for subgrid convection and diffusion effects, showing

improved results on flame structure and dynamics compared to classical PaSR,

but at an increased computational cost. Iavarone et al. [13] explored the PaSR

model with the use of multiple reacting fractions in Moderate or Intense Low

oxygen Dilution (MILD) combustion. Their approach introduced errors in the
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total mass balance but resulted in a closer agreement to the experimental NO

mass fractions compared to to the use of a global reacting fraction.

An a priori study on the definition of the time scales was conducted by

Pequin et al. [14] with Direct Numerical Simulation (DNS) data, showing that

for a global reacting fraction the choice of the time scale has a major effect. It

is found the net chemical production rates that define the Damköhler number

can have strong influence on the burning rates. Quadarella et al. [15] explored

the use of a modal decomposition of the Jacobian matrix with the goal of using

multiple time scales and reacting fractions, showing improvement over the use

of global quantities. While these studies were focused mainly on the influence

of the chemical time scale, Edwards et al. [16] conducted a Multi-Resolution

Analysis (MRA) of the PaSR to optimize the model parameters to reproduce

the flow conditions in a methane-hydrogen bluff-body stabilized flame. Three

variants of the model [12, 17, 18] were tested to close out the mixing time scale,

showing that individual variants were unable to recover the reference data, and

combinations of the models were required. Finally, an stochastic analysis of the

model was conducted to study ammonia systems by Yu et al. [19], showing

how the mixing frequency and radiative heat losses affects temperature and

the production of NOx . Recent publications have shown some applications of

the PaSR model for LES in gas turbine conditions. Qian et al. [20] applied

the model with different subgrid closures for LES to stratified swirled premixed

methane-air flames, being able to capture the effects of stratification and the

secondary recirculation zones. Palulli et al. [21] used the model with non-

premixed hydrogen flames, being able to identify distinct regions with varying

levels of mixing and combustion modes. Recently, Piscopo et al. [22] conducted

a sensitivity analysis on the chemical time scale, considering global parameters,

showing that not only its definition is critical to achieving stable flames, but also
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that the orders of magnitude of mixing and chemical time scales must be similar.

The test case for the present work corresponds to the PRECCINSTA burner

by Meier et al. [23], a swirl stabilised atmospheric burner, of which the two

stable flames at φ = 0.75 and φ = 0.83 have been extensively investigated.

Early LES studies were carried out by Roux et al. [24] with the use of the

Thickened Flame model (TFLES) and Galpin et al. [25] with a coupling of

tabulated chemistry and presumed PDF’s. Both works found a good agreement

to the mean velocity fields, as well as for temperature and major species in

the latter. Fiorina et al. [26] applied the Filtered Tabulated Chemistry for LES

(F-TACLES) model to the burner in perfectly premixed and adiabatic conditions,

being able to replicate temperature and CO2 profiles to a reasonable degree.

Wang et al. conducted similar study [27] using the Reaction-Diffusion Manifold

(REDIM) method showing good agreement to the experiments. Later on [28], the

Dynamically Thickened Flame (DTF) and a Flame Surface Density (FSD) model

were also compared with similar results, showing that although both models are

similar in general terms, a better description for the CO distribution is found

by the DFT model, with the source of this difference pointed to the creation

of the chemistry table in the FSD method. Franzelli et al. [29] investigated

the perfectly premixed assumption in LES using a two-step mechanism and the

DTF model, showing that the assumption is valid for the stable regime at φ =

0.83. The influence of partial premixing was later further explored by Gövert et

al. [30] with the use of tabulated chemistry and presumed PDF’s, confirming

that it has a limited effect for the stable flames. This study also evaluated the

effect of heat losses, showing that it is crucial for a proper description of the

flame structure, but using a new turbulent combustion model that has not been

employed for this flame before.

In the current work, the flame is simulated with the PaSR, considering a
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global reacting fraction value for all species in each LES cell. The FGM approach

with presumed PDF’s using β -functions is also used for comparison. The chemical

time scale is computed based on flame parameters similar to the ones used for

FGM, while the mixing time scale is calculated based on a subgrid turbulent time

scale. The focus is given to evaluate the the predicting capabilities of the model

in premixed combustion with heat loss and the influence of mesh resolution on

the final results. The modelling approach is presented in Section 2, while the

case description and results are given in Sections 3 and 4. Conclusions and

directions for future work are detailed in Section 5.

2. Mathematical Model

2.1. The Partially Stirred Reactor Model

Considering turbulent reactive flows at a low Mach number, the governing

equations correspond to the conservation of continuity, momentum, energy

(often written in terms of enthalpy) and chemical species. Using unity Lewis

number, the full set of Favre-filtered equations, in order, is given by Eqs. 1a to

1d:

∂ (ρ)
∂ t

+∇ · (ρeu) = 0, (1a)

∂ (ρeu)
∂ t

+∇ · (ρeu⊗ eu) = −∇p+∇ · τ (eu), (1b)

∂ (ρeh)
∂ t

+∇ · (ρeueh) =∇ ·
�

ρ

�

eDt +
νt

Sct

�

∇eh
�

(1c)

∂ (ρeYk)
∂ t

+∇ · (ρeueYk) =∇ ·
�

ρ

�

eDt +
νt

Sct

�

∇eYk

�

+ ω̇k, (1d)

where ρ is the density, eu is the velocity vector, p represents the pressure, τ (eu) is

the viscous stress tensor, eh is the enthalpy, eDt represents the thermal diffusivity,
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νt is the subgrid kinematic viscosity and Sct is the subgrid Schmidt number

(equal to 0.7). Of special interest for this work is the equation for the transport

of species, Eq. (1d), where the terms eYk and ω̇k represent the mass fraction

and the filtered reaction rate for species k, respectively. The viscous tensor in

the momentum equation uses the Stoke’s assumption and is written as τ (eu) =

2µSD, with the stress tensor S =
�1

2(∇eu+ (∇eu)
T )
�

and the deviatoric part

SD =
�1

2(∇eu+ (∇eu)
T )
�

− 1
3(∇·eu)I, where I is the identity tensor. The unit Lewis

assumption is used to write the diffusivity coefficients as eDt = λ/cp with λ

representing the thermal conductivity and cp being the specific heat capacity.

A gradient hypothesis is used to close the unresolved scalar fluxes [31]. The

system is closed by the equation of state (2):

ρ =
pthW

ReT
, (2)

with pth being the thermodynamic pressure, W the mean molecular weight, R

the universal gas constant and eT the temperature, which is solved by means of

the transport of enthalpy using NASA polynomials [32].

Without the proper description of the subgrid contribution to the reaction rate,

the filtered reaction term cannot be accurately calculated, leading to significant

errors. Several strategies have been proposed for the closure of this term,

and over the last decade, reactor-based models have become popular [14, 33].

This family of models assumes that each LES cell can be treated as an ideal

reactor. The most trivial assumption for such models is that perfect mixing

occurs and the reactor is homogeneous, such that the entirety of the cell volume

is occupied by fresh gases and is capable of reacting. Such approach does not

take into account imperfect mixing caused by turbulent effects, and as such, high

resolution is required and the computational cost increases substantially, like in
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the direct numerical simulation (DNS) of turbulent flames. Turbulent chemistry

interactions in the subgrid scale of the LES cells are described in PaSR by the

cell reacting volume fraction, κ, while the rest of the volume accounts for the

reduction in chemical reactivity by the effects of turbulence. While this aspect

is represented by a presumed shape PDF in the FGM approach, the reacting

volume fraction in the PaSR is given by the factor κ. This quantity is estimated

from the subgrid scale quantities taken directly from the LES solution. With

such, the filtered reaction rate for the PaSR is then written as:

ω̇k = κω̇
∗
k + (1− κ)ω̇

0
k, (3)

where the superscript ∗ represents the reacting region, named fine structures,

while the superscript 0 represents the non-reacting part, called surroundings.

Reaction can only take place within the fine structures, such that the reaction

rate in the surroundings is null. Thus, the filtered reaction rate can be re-written

as:

ω̇k = κω̇
∗
k. (4)

From here, one needs to estimate both the volume fraction κ and the reaction

rate of the fine structures, ω̇∗k. Starting with the reaction rate and assuming

steady state, a mass balance between fine structures and surroundings can be

written according to Eq. 5:

ρ
�

Y 0
k − Y ∗k
�

+ ω̇∗kτ
∗ = 0, (5)

with τ∗ representing the residence time in the fine structures, to be discussed

later. Rearranging the terms, the fine structure reaction rate can be expressed

as:
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ω̇∗k =
ρ
�

Y ∗k − Y 0
k

�

τ∗
. (6)

The unknown in Eq. 6 is the fine structure mass fraction, Y ∗k , which can

be understood as the final chemical state of an ideal constant pressure reactor,

starting with initial conditions defined in terms of pressure, temperature and

mass fraction (P0, T0, Y 0
k ). In the LES framework, such initial state is given

directly from the filtered pressure, temperature and species mass fraction fields,

such that Y 0
k ≈ eYk. Assuming that no significant changes in pressure occur,

a constant pressure reactor can be used to estimate the fine structure mass

fractions as:
dY ∗k
d t
=
ω̇k

ρ
. (7)

In the PaSR, the description of the TCI reduces to the estimation of the

volume fraction κ. Different strategies are found in the literature, either with the

use a global reacting fraction value for all species in each cell in the numerical

domain, or with a matrix of reacting fraction values [κ0,κ1, ... κn] with n being

an arbitrary number usually based on the number of species or groups of species

that share similar time scales. The reacting volume fraction is given by

κ=
τc

τc +τm
, (8)

where τc represents the chemical time scale and τm represents the mixing time

scale. It should be noted that, when τm << τc, mixing can be considered

infinitely fast. This in turn drives κ→ 1, the fine structures occupy the entirety

of the cell and the reactor transitions from a partially to a perfectly stirred reactor

regime. On the other hand, if mixing is slow compared to the chemistry, κ→ 0

and the reaction zone within the cell is considered infinitely thin. In this case,

mixing is insufficient to provide the cell with fresh gases and reactivity decreases.
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In this work, global values of reacting fraction κ and chemical time scale

τc are used, with the term global here referring to chemical space, such that

in each cell a single reacting fraction handles the reactions for all species. This

choice is based on the assumption that, as with flamelet-based models, the flame

can be accurately represented by an evolving progress variable, mapping the

transition from fresh to burned gases. In this way, the chemical time can be

described in terms of the flame parameters rather than the composition space

where slow and fast radicals occur simultaneously. The mixing time scale τm is

similarly based on the dissipation rate of the turbulent kinetic energy, and the

reacting fraction relates to both quantities.

2.2. Estimation of the time scales

The estimation of the chemical time scale τc is still an open question that depends

on several factors, such as chemical composition, burning regime and chemical

mechanism. Pequin et al. [14] conducted an extensive study on the accuracy of

different definitions of τc applied to a priori filtered DNS data of a jet flame.

In this present work, a number of formulations proposed from [14] were tested,

specifically the Fastest Formation Rate (FFR), Slowest Formation Rate (SFR)

and Chomiak’s formulations, however in general all three approaches resulted

in unstable flames and eventual extinction. Such formulations are presented

in Table 1, where NS and ND are the total number of species and the number

of dormant species, respectively. More recently, Piscopo et al. [22] proposed

the use of a a new formulation based on the geometrical mean (GFR) of SFR

and FFR, though this new formulation did not show any improvement over

SFR, while also failing to produce stable flames whenever the relative difference

between mixing and chemical times was significant.
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The authors here propose a new formulation for τc based on time scale of

the flame. Assuming that the overall chemistry can be mapped by a progress

variable YC , which tracks the evolution of the flame from fresh to burned gases

and provides a realistic time scale of the flame. The chemical time scale can be

expressed in terms of this progress variable:

τc =
Yc

|ω̇YC
|/ρ

, (9)

with Yc being the mass fraction and ω̇YC
the reaction rate of the progress variable.

The progress variable itself is given by a linear combination of chemical species,

namely CO2 and CO in this case, leading to:

Yc = YCO2
+ YCO. (10)

This is consistent with the definition of a mixing time scale based on a subgrid

turbulent kinetic energy evaluated from the cell length, ∆, and the dissipation

rate of the kinetic energy, εSGS , which is computed following [34]. The mixing

time scale is finally given by:

τm =

�

∆2

εSGS

�1/3

. (11)

Each non dimensional reactor is solved up to a residence time equal to

τ∗ = min(τc ,τm, d tLES), with d tLES being the actual timestep of the LES. As

Table 1: Chemical time scale formulations from [14]

τF FR
c mini=1,NS−ND

�

Yk
|ω̇k|/ρ

�

τSFR
c max i=1,NS−ND

�

Yk
|ω̇k|/ρ

�

1
τCh

c
max
�

−ω̇F
YF

, −ω̇O
YO

�

/ρ
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will be discussed in the Results section, these definitions of the time scales,

combined with the use of a global reacting fraction, have shown to provide

stable flames which are able to correctly recover the flame dynamics and the

flame structure.

2.3. Tabulated Chemistry

For the tabulated cases, a Flamelet Generated Manifold (FGM) approach [3]

is used. The manifold is constructed with premixed flamelet solutions for de-

creasing levels of enthalpy, accounting for heat losses. The table is mapped

by the scaled progress variable, C = (Yc − Y min
c )/(Y max

c − Y min
c ), its variance,

Cvar = fC2− eC2, and normalized enthalpy, I = (hc −hmin
c )/(hmax

c −hmin
c ). This is

coupled with a presumed Probability Density Functions (β -PDF’s) approach. The

strategy is similar to the one described in [30]. The definition of the progress

variable for the tabulated case is the same as the one used for the definition of

the chemical time scale on the PaSR (Yc = YCO2
+ YCO), so a direct comparison

between the approaches can be made.

3. Case Description

3.1. Experimental Setup

Table 2: Simulated operating conditions.

Flame
Air mass

flow [g/min]

Fuel mass

flow [g/min]
Pth [kW] φglobal [-] T ad

global [K]

A 734.2 35.9 30.0 0.83 2037

B 734.2 32.3 27.0 0.75 1915
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The PRECCINSTA is an atmospheric swirled burner developed at the Ger-

man Aerospace Center (DLR). Among the different conditions, methane-air at

atmospheric temperatures and pressure were considered. Air is injected into

a plenum while fuel is injected directly in the swirler by means of an array of

small radially-distributed inlets. Table 2 shows the parameters for flames A (at

φ = 0.83) and B (at φ = 0.75) reported by Meier et al. [23]. The resulting

flames are V-shaped, attached to the nozzle and non-oscillating. Note that de-

spite the fact that fuel is injected in the swirler, and fuel-air mixing takes place

across the cone-shaped nozzle, the perfectly premixed assumption is valid for

these conditions, as demonstrated by Franzelli et al. [35] and Gövert et al. [30].

The available experimental data consists of Raman measurements for flame A,

providing fields for temperature and chemical species, and PIV measurements

for flame B, providing fields for velocity, as well as OH-PLIF fields for both cases.

3.2. Numerical Setup

Table 3: Numerical mesh sizes.

Mesh
Number of

Elements

Element length

in Swirler

Element length in

Combustion Chamber

4M 4× 106 1.0 mm 1.0 mm

14M (Baseline) 14× 106 1.0 mm 0.6 mm

30M 30× 106 0.5 mm 0.5 mm
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Figure 1: Sketch of half of the numerical domain (left) andmesh refinement on the combustion

chamber (right). In the left figure, the plenum, combustion chamber and mixture

inlet are shown, with flame position indicated by an iso-contour of progress variable.

Also shown are the Inner and Outer Recirculation Zones (IRZ and ORZ respectvely).

For the present work, a numerical domain representing the entire geometry

of the PRECCINSTA was constructed. Three distinct versions, with different

mesh sizes of four, fourteen and thirty million elements, were used. Figure 1

shows the geometry of the numerical domain (left), with the position of the

flame illustrated by a time-averaged iso-contour of progress variable. Also shown

is a section of the unstructured 30 million mesh (right), where the refinement

on the combustion chamber and swirler can be seen. Naturally, this refinement

is centered around the flame region. Table 3 summarizes the meshes with their

respective resolutions. These mesh sizes correspond to an unstructured mesh,

with the resolution levels shown in Table 4. Simulations with the PaSR are run

for the three meshes, while the FGM calculation is conducted on the baseline

mesh with 14 million elements.

All simulations are run with the parallel multi-physics code Alya [36] in

the context of Large Eddy Simulation (LES). The code uses a low dissipation

14



numerical scheme based on a continuous Galerkin formulation for low-Mach

number flows coupled to scalar transport equations from Both et al. [37], with

code vectorization [38] and subgrid model proposed by Vreman et al. [39].

The chemical solver uses a variable order fully implicit scheme - CVODE [40]

with a splitting algorithm [41], considering different strategies for chemical

integration [42].

The location of the Inner Recirculation Zone (IRZ) and Outer Recirculation

Zone (ORZ) are also indicated. A perfectly premixed assumption is considered

in this work to focus the analysis on the influence of mesh resolution and

heat loss on the predicting capabilities of the model without accounting for

the effect of fuel-air mixing. Both tabulated and finite rate cases employ the

skeletal chemical mechanism from Luca et al. [43], with 16 and species and 72

reactions. Atmospheric pressure is used, and the fuel-air mixture is injected at

an initial temperature of 320 K, following the natural pre-heating reported in

the experimental case.

4. Results and Discussion

This section is dedicated to a thorough investigation of the PaSR model for pre-

mixed combustion in swirled flames subjected to heat loss. For such, the model

needs first to be shown to recover the correct flow dynamics and thermochemical

state of the real flame. As previous works have successfully used tabulated chem-

istry models to replicate both flow dynamics and flame structure [25, 26, 27, 30],

the FGM model is used here as a reference numerical solution along with the

experimental data. Then, it is possible to compare the two approaches using

the same numerics and same mesh resolution to extract additional conclusions.

As such, a study of the influence of both mesh resolution and heat losses on
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the PaSR quantities is done, showing how the time scales and reacting fraction

behaves, with a focus on the reacting layers. Lastly, flame structure itself is

analyzed to clarify how well the PaSR can recover the swirled flame when mesh

resolution and heat loss effects are accounted for.

4.1. Assessment of model predictions against experimental measurements

The time averaged fields for temperature and velocity are shown in Figure 2 for

both FGM and PaSR in the reference mesh for φ = 0.75. The velocity profiles

have similar behaviours in the flame front, though small differences can be seen

in the position of the inner recirculation zones, with PaSR centering its vortex

at a more upstream position. The outer recirculation zones look similar for

both cases. The temperature fields are also similar for both models, with PaSR

showing a slightly larger flame brush, while also presenting higher temperature

in the inner region. Note that the maximum temperature for the FGM case is

limited to the flamelet manifold given by the premixed flamelets, while for the

PaSR it is computed locally from Arrhenius rates using the filtered quantities

with the correction factor κ.

Figure 3 shows the time averaged profiles for the three components of the

velocity: axial, radial and tangential. Both the FGM and PaSR models are

compared on the reference mesh. Results are compared to experimental PIV

data obtained for flame B (equivalence ratio φ = 0.75, thermal power Pth = 27

kW). The systematic uncertainty for the mean velocity field is about 2.5% [23].

Overall, both models are able to correctly replicate experimental results, with

the correct prediction of the position of peaks and troughs, but with small

deviations. The axial velocity is shifted to the right in the IRZ for both models

from 1.5 mm up to close to 15 mm. Throughout this range, the PaSR agrees
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Figure 2: Time-averaged fields for axial velocity and temperature for FGM-14M and PaSR-14M

(Flame A).

to the experimental data on the actual flame front and outwards. For the two

last downstream positions, axial velocity is slightly underpredicted. The radial

velocity is correctly recovered for both models, except in the outer regions of

the two most downstream positions, where mesh resolution seems insufficient

to capture localized vortexes with strong recirculation. The tangential velocity

profiles recover the correct position of peaks as well, and the general behaviour

of the experimental data, but also show some deviations, especially in the outer

recirculation zone from 1.5 mm to 5 mm.

The Root Mean Square (RMS) velocity profiles are presented in Figure 4.

Both models are able to predict the level of fluctuations. In general, peaks are

correctly predicted in both location and strength for all the components from

1.5 to 15 mm, although both models underpredict the RMS velocities close to

the ORZ. At 25 mm and above, larger deviations appear. It should also be noted

that close to the flame region, strong temperature intermittence occurs. For

such conditions, Favre (LES) and Reynolds (PIV) averages can differ, which can
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Figure 3: Time averaged velocity profiles (Flame A): Experiments (o), FGM-14M ( ), PaSR-14M

( )

lead to the apparent deviations seen here [24]. Despite minor deviations at

specific regions, the global flow dynamics seem to be accurately replicated by the

PaSR at this mesh resolution, recovering the experimental result to a satisfactory

degree. Similarly to the mean field, the systematic uncertainty for the RMS

measurements is about 3% [23].

Time averaged and RMS temperature profiles are presented in Figure 5 for

flame A (φ = 0.83, Pth = 30 kW). Azimuthal average profiles are obtained
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Figure 4: Root Mean Square velocity profiles (Flame A): Experiments (o), FGM-14M ( ), PaSR-

14M ( )

from numerical data, with the dashed black line representing the symmetry

axis. PaSR results on the three meshes are compared to both FGM results on the

baseline mesh (14M), as well as with the RAMAN data. A dedicated discussion

on the effects of mesh resolution will be carried out in the next section. For the

mean temperature profiles, the baseline mesh shows consistent results between

FGM and PaSR-14M, with PaSR-14M overpredicting temperature in the inner

recirculation zone. PaSR-4M shows the highest deviations, overpredicting the
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temperature globally. Regarding the shape of the flame, the experimental values

are well recovered by the PaSR-30M and provides correct predictions of the

temperature distribution at the reacting layers. The position of the inner reacting

layer is shifted for FGM-14M and PaSR-14M, and even more so for PaSR-4M,

resulting in narrower flame fronts. The maximum instantaneous temperatures

for each case are as follows: Tadiabatic = T max
FGM−14M = 2037 K, T max

4M = 2270 K,

T max
14M = 2098 K and T max

30M = 2079 K.

Regarding the RMS profiles, all models are able to correctly recover the

position of the peaks and troughs. Both PaSR-14 and FGM-14 predict similar

peak values at the more upstream positions, but FGM starts to deviate more from

the experimental values on the outer region starting at 30 mm. Nevertheless,

all the PaSR cases remain close together. Once again, the best agreement is

obtained for PaSR-30M, showing the influence of mesh resolution for the PaSR.

The reported systematic uncertainty for temperature are of the order of 3-4%

[23].

Similarly, Figure 6 shows the time averaged profiles for CO and CO2 mass

fractions. One important caveat is that, even though the systematic uncertainty

for species (around 7% for CO2) is of the same order as the one for temperature

(3-4%), it is considerably higher for CO, within the range of 20-50%, with

statistical uncertainties also being density dependent [23]. As it will be discussed

shortly, the correct prediction of both species is critical for the PaSR, as these are

the species used for the computation of the progress variable Yc and subsequently

the chemical time scale τc .

The predictions for CO vary greatly for all models. At both 6 and 10 mm, two

peaks are present, which correspond the inner and outer reacting layers at each

height. All numerical results present higher values compared to the experiments,

with PaSR-30M showing the closest overall agreement, while FGM-14M presents
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Figure 5: Time averaged and RMS temperature profiles (Flame B): Experiments (o), FGM-14M

( ), PaSR-4M ( ), PaSR-14M ( ), PaSR-30M ( ).

a shifting of the position of the peaks in comparison. From 20 to 60 mm, a

single peak is present for all models, with FGM-14 resulting in a closer match

to the experimental data compared to PaSR, evidencing a better prediction of

this species in the burned gases region. A clear improvement is seen as mesh

resolution is increased for the PaSR at all positions, but especially at 6 and 10

mm. Regarding CO2, profiles are similar for all models. A very good agreement

is found on the reacting layers for PaSR-30M at all positions, while FGM-14

better recovers the mass fraction values in the inner and outer recirculation

zones.

As was the case for the flow field, the thermochemical profiles match the

experimental data to a satisfying degree for all models, with PaSR-30M showing

in general the best temperature and species predictions at the most upstream
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positions for the flame front, while FGM-14M provided more consistent results

in regions dominated by burned gases, such as the inner and outer recirculation

zones. As shown in other studies for non-premixed combustion [20, 21], the PaSR

model is capable of recovering the correct flow dynamics and temperature profiles

when compared to the experimental cases in this swirl-stabilized premixed flame.

Figure 6: Time averaged profiles for YCO and YCO2
(Flame B): Experiments (o), FGM-14M ( ),

PaSR-4M ( ), PaSR-14M ( ), PaSR-30M ( ).

Finally, it is important to note that the simulation times between models

and different meshes can vary to a certain degree. Therefore, the time step is

not fixed and depends directly on the local flow conditions with a CFL = 0.95.

This approach may introduce certain errors when used with operator-splitting if

the time-marching uses large-time steps, but as the flow time scales are rather

fast due to the turbulent flow, the resolution of the boundary layer with small

cells, and the CFL<1, the time steps were below 2.0 × 10−6 s. These values
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were suitable for chemical integration with CVODE [42, 44] for this reaction

mechanism as part of the stiffness is already removed.

Considering all cases running on the same number of processors of 1472,

the required computational expense to achieve a runtime of 10 ms (one pass

through flow time) is approximately 4.4 kCPU-hours for FGM on the 14M mesh,

while a factor 8 increase is obtained for the PaSR.

4.2. Analysis of the PaSR Quantities

In this section the effects of mesh resolution and heat loss on the PaSR quantities

(τc, τm and κ) are investigated. For such, specific regions of interest in the

burner must be chosen and defined. Figure 7 shows time-averaged spatial

distributions of axial velocity (left) and temperature (right) for the PaSR-30M

case. Iso-contours of axial velocity are also shown on the left side. Of special

interest are the the Inner Reacting Layer (IRL), where the sharpest temperature

and species gradients occur, and the Outer Reacting Layer (ORL) where smoother

gradients occur due to the effect of heat losses. For the longitudinal position

of x = 6 mm, the IRL is located at 8< r < 14 mm, while the ORL is located at

15 < r < 20. The Inner and Outer Recirculation Zones (IRZ and ORZ) are of

limited interest, as the conditions there are close to equilibrium and the reaction

rates tend to zero. Also for these regions, chemical time is large (κ→ 1) and

cells behave as perfectly stirred reactors.

4.2.1. Influence of Mesh Resolution

The PaSR quantities are now compared for the three different meshes (four

million, fourteen million and thirty million elements). The overall mesh structure

is maintained and only the mesh resolution in the near field of the flame is
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Figure 7: Time-averaged spatial distribution of axial velocity (left) and temperature (right) for

the PaSR-30M case (Flame B). The indicated regions, from left to right, correspond

to the Outer Recirculation Zone (ORZ), Outer Reacting Layer (ORL), Inner Reacting

Layer (IRL) and Inner Recirculation Zone (IRZ).

changed. The flame thickness is used here to express the mesh resolution.

In this study, the thermal laminar flame thickness, δth, is computed from the

temperature gradients by:

δth =
T b − Tu

max( dT
d x )

, (12)

where x represents the spatial component. Considering the φ = 0.83 case, the

flame thickness is δth = 0.48 mm. The length scale on the other hand, is defined

as the edge length of the tetrahedral element, ∆. Each mesh resolution can be

then expressed in terms of the ratio of the thermal flame thickness over its length

scale: δth/∆, as seen in Table 4. It is expected that as resolution increases, a

better description of the flame dynamics and structure can be recovered. Also

shown are the correspondent volumes for the cells in the combustion chamber,
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which can be calculated as Vol =∆3, with ∆ =
p

(2)/(12∆
3
) for an element in

the tetrahedral meshes.

Mesh Edge length ∆ [mm] Mesh resolution δth/∆ Vol [mm3]

4M 1.0 0.48 0.118

14M (Baseline) 0.6 0.8 0.025

30M 0.5 0.96 0.015

Table 4: Cell sizes and mesh resolution expressed as the ratio of cell edge length to thermal

thickness for each mesh.

The spatial distributions of instantaneous progress variable reaction rate ω̇Yc

and reacting volume fraction κ on the flame region are presented in Figure 8.

For every mesh, the same side is shown and mirrored for the direct comparison

of both quantities. Two important points can be illustrated by this figure. First,

it is clear to see that with increasing mesh resolution, oscillations and flame

wrinkling are better represented, as the size of the elements in the 30M mesh

are of the size of the laminar flame thickness. Second, a strong correlation

can be seen between the reaction rate of the progress variable and the reacting

fraction. This follows directly from Equations 8 and 9, showing that κ has

a strong dependence on the chemical time scale, which in turn has a strong

dependence on the inverse of ω̇Yc
. It can be noted that for all meshes, when

ω̇Yc
→ 0, κ→ 1. This is valid everywhere except for the fresh gases where the

progress variable mass fraction is zero. This region is represented in each mesh

by the white iso-contour of the scaled progress variable for a threshold value

C0 = 0.001. The strong relationship between κ and ω̇Yc
(and by extension τc)

indicate that the influence of τm in the reacting fraction is somewhat limited in

comparison for the present burner, at least in qualitative terms.

It is interesting then to analyze how both time scales behave, both in physical
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Figure 8: Instantaneous distribution of progress variable reaction rate ω̇Y c (left) and reacting

volume fraction κ (right) on the flame region. An iso-contour of C = 0.001 is also

shown to indicate the fresh gases (Flame B).

and composition space. Figure 9 shows the spatial profiles of the time-averaged

time scales (left, logarithmic scale) and the volume fraction (right, linear scale)

at an axial position of x = 6 mm. The same side is mirrored for consistency and

the vertical axis is presented in logarithmic scale for visibility, as the range of

chemical time scales varies largely. In contrast, the values of mixing time scale

are comparatively constant across the domain, being mostly constrained to the

10−4 to 10−3 s range. This illustrates that the qualitative aspect of κ is directly

linked to the behaviour of the chemical time scale, while its quantitative values

depend directly on the local ratios between τm and τc .

Figure 9: Time averaged profiles of time scales (left) and reacting fraction (right) at 6 mm from

the nozzle orifice (Flame B): PaSR-4M ( ), PaSR-14M ( ), PaSR-30M ( )
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Figures 10 and 11 then show the distribution of chemical (violet), mixing

(blue) time scales (top row) and the reacting fraction κ (bottom row) for the

inner and outer reacting layers, respectively. The plots are shown for the three

meshes across the flame front expressed, in terms of normalized temperature,

T/Teq where Teq is the equilibrium temperature for each dataset. The dashed

lines indicate the conditional average, while the shaded area represent the

standard deviation. Considering that the flow through time in this burner is of

the order of 10 ms, all cases are run to a minimum of 70 ms and samples are

obtained from the final two flow through intervals (20 ms) for each case at an

axial position x = 6 mm. It is easy to identify that as mesh resolution is increased,

the general profile for the mixing time scale remains mostly constant, while at

the same time, the profile for the chemical time scale changes considerably. On

the preheating zone (T/Teq < 0.8), the conditional average for τc starts from

values smaller than 10−6 s in all cases, but remains below the average value of

τm for PaSR-4M. For PaSR-14M, and crosses the average τm at around T/Teq

= 0.25. Finally, for PaSR-30M it presents a S shaped profile, with a peak of

chemical τc close to T/Teq = 0.4, from which it drops and decreases again. For

all meshes, the chemical time is large as T → Teq. According to the previous

results, chemistry is faster on the coarser mesh at lower temperatures, which in

turn drives κ to lower values and reduces the filtered reaction rate globally. As

expected, the profiles for the conditional averages of κ follow closely those of

τc for each mesh. The model is able to provide a value of the reacting fraction

that, for each mesh, applies a correction on the filtered reaction rate, such that

global reactions are not overestimated. The values of κ are consistently lower

for the coarser meshes, implying that for larger elements in the LES domain, a

comparatively smaller portion of that element is capable of reacting.

In the outer reacting layer, similarly to the IRL, the conditional average of
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Figure 10: Mean (lines) and standard deviation (shaded areas) of chemical (violet) and mixing

(blue) time scales (top row) and volume fraction κ (bottom row) versus normalized

temperature in the Inner Reacting Layer (IRL) at at 6 mm from the nozzle orifice

(Flame B).

the chemical time scale grows faster in the temperature axis as mesh resolution

is increased. On the other hand, chemical times are larger here, compared to

the IRL, such that the effect of mesh resolution is lower in this region. This can

be attributed to heat loss effect, and will be discussed in the next subsection. As

with the chemical time scale, the reacting fraction grows more abruptly as mesh

resolution is increased, but the effect is reduced when compared to the IRL.
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Figure 11: Mean (lines) and standard deviation (shaded areas) of chemical (violet) and mixing

(blue) time scales (top row) and volume fraction κ (bottom row) versus normalized

temperature in the Outer Reacting Layer (ORL) at 6 mm from the nozzle orifice

(Flame B).

4.2.2. Influence of Heat Loss

The effect of heat loss is here analysed for the finest mesh. The influence of heat

loss can be seen in 12 in terms of enthalpy and temperature fields by comparing

the adiabatic and non-adiabatic solutions. The constant enthalpy distribution

confirms the adiabatic assumption, while for the non-adiabatic case, enthalpy

is considerably lower on the outer region of the burner due to heat loss to

the wall. Additionally, recirculation effects drive burned gases from the outer

region towards the inner recirculation zone, lowering enthalpy levels in the IRZ

to some degree. For the temperature field, heat loss decreases temperatures,

especially in the ORZ. According to that, smoother temperature gradients are

found in the outer reacting layer, compared to the adiabatic case (and to the inner

reacting layer for both conditions), which reduces the reactivity of the mixture.
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Following the enthalpy distribution, temperature is also reduced in the inner

regions compared to the adiabatic case. It results that maximum temperature is

100 K higher for the adiabatic condition (T ad
max = 2180 K, T non−ad

max = 2079 K).

Figure 12: Instantaneous spatial distribution of temperature (left) and enthalpy (right) for

non-adiabatic and adiabatic conditions (Flame B).

The time averaged spatial profiles of time scales and reacting fraction be-

tween non-adiabatic and adiabatic conditions at x = 6 mm are shown in Figure

14. Chemical times are lower for the adiabatic case in the ORL, confirming that

chemistry is faster in this region compared to the non-adiabatic condition. In

general, the non-adiabatic condition results in slightly faster mixing across the

spatial range. Finally, the reacting fraction for the adiabatic case is one order of

magnitude lower at its lowest point, compared to the non-adiabatic case, which

mimics the behaviour of the chemical time scales.

The reacting fraction for both non-adiabatic (left) and adiabatic (right)

conditions are shown in Figure 14 for the IRL (top) and ORL (bottom). In the

inner layer, both distributions of κ are similar, with the conditional mean of

the adiabatic case showing higher local maximum and lower minimum values

in the intermediate temperature range, which can be attributed to the higher
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Figure 13: Time averaged profiles of time scales (left) and reacting fraction (right) for non-

adiabatic ( ) and adiabatic ( ) conditions at 6 mm from the nozzle orifice (Flame

B).

Figure 14: Reacting volume fraction κ versus normalized temperature in the Inner Reacting

Layer (top) and Outer Reacting Layer (bottom) at 6 mm from the nozzle orifice

(Flame B).

maximum temperature and sharper gradients for this condition. On the ORL side,

the qualitative profile of the adiabatic reacting fraction resembles the profiles

for the IRL, with a strong S shaped curve, compared to the rapidly growing
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behaviour of the non-adiabatic outer layer condition. This is also consistent

with the temperature distributions shown in Figure 12. It also shows that

the inclusion of heat loss for the non-adiabatic case results in larger reacting

fractions at low and intermediate temperature ranges, reaching values close

to unity (perfectly stirred regime) around T/Teq = 0.6, and remaining in that

regime until equilibrium temperatures are reached. In the adiabatic case, the

reacting fraction oscillates at intermediate values until rising rapidly to unity as

the flame reaches equilibrium (T/Teq > 0.9).

4.3. Analysis of the flame structure

The flame structure is now compared between PaSR and experimental data.

Figure 15 shows the distribution of the mass fraction of CO in the IRL for the

three PaSR meshes, as well as for the experiments. All cases present the expected

inverted V profile with CO being produced at intermediate temperatures and

eventually consumed when it is converted into CO2 as equilibrium approaches.

When the mesh resolution is increased, a closer correlation with the experimental

distribution is achieved, with a similar mean peak value near 0.025 for PaSR-

30M. All PaSR profiles however have their distributions shifted towards high

temperature regions compared to the experiments, which can be a result of the

perfectly premixed assumption. It can also be seen that for PaSR-4M, the levels

of CO drop down and start to increase again close to the maximum temperature

region. This behaviour is absent for finer meshes and could be an indicator that

this mesh resolution is insufficient for capturing the correct flame structure.

Figure 16 shows the distributions of CO2 for the same region. The conditional

mean is similar for all PaSR cases. The experimental case, on the other hand,

shows a more abrupt increase in CO2 levels for lower temperatures, followed by
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Figure 15: Scatter plots of CO mass fraction versus normalized temperature for the Inner

Reacting Layer (IRL) at 6 mm from the nozzle orifice for PaSR and Experimental

data. The dashed lines indicates the conditional averages (Flame B).

an inflection point at around 0.7 T/Teq, to finally stabilize at a value close to

0.13. An inflection does occur for PaSR-4M close to high temperature regions

but this case also shows the most over-predicted values across all temperature

ranges. Once again, the use of the perfectly premixed hypothesis seems to play

a role for the numerical cases, resulting in insufficient molecular transport of

CO towards low temperature regions.

For the ORL, CO scatter plots can be seen in Figure 17. The conditional aver-

ages show a decrease in CO levels for the high temperature regions going from

PaSR-4M to PaSR-14M, and a more significant decrease across all temperatures

when going to PaSR-30M. Results are still overestimated globally compared to

experimental data, where very low levels of CO were captured in this region
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Figure 16: Scatter plots of CO2 mass fraction versus normalized temperature for the Inner

Reacting Layer (IRL) at 6 mm from the nozzle orifice for PaSR and Experimental

data. The dashed lines indicates the conditional averages (Flame B).

across all temperatures. The distributions for CO2 are more consistent with the

experiments, with all cases being able to capture the correct distribution and

conditional average over the temperature range, even though numerical results

still overestimate the CO2 levels, especially at equilibrium.

Previous stochastic analysis of the PaSR on non-dimensional reactors [45, 19]

has shown that a large mixing time is related to a decrease in temperature and

production of species. When applied to LES however, it can be seen that the

coarser cases, with larger mixing times, resulted in larger overpredictions of

both temperature and species. This can be partly attributed to the direct effects

of mesh resolution, but also on the relationship between τc and τm, as for the

present work, the chemical time scale has shown to be the most important
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Figure 17: Scatter plots of CO mass fraction versus normalized temperature for the Outer

Reacting Layer (ORL) at 6 mm from the nozzle orifice for PaSR and Experimental

data. The dashed lines indicates the conditional averages (Flame B).

parameter of the two for computing the reacting fraction, though it shows high

sensitivity to mesh resolution.
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Figure 18: Scatter plots of CO2 mass fraction versus normalized temperature for the Outer

Reacting Layer (ORL) at 6 mm from the nozzle orifice for PaSR and Experimental

data. The dashed lines indicates the conditional averages (Flame B).

Flame structure can be analyzed in a similar way to asses the role of heat

losses. The distributions of the mass fractions of CO and CO2 are shown in

Figures 19 and 20 respectively, for both IRL (top) and ORL (bottom). For both

species, profiles are similar in the IRL between non-adiabatic and adiabatic cases.

On the ORL on the other hand, the adiabatic profiles present the same general

behaviour as their IRL counterpart. The maximum values for both species are

also found in the adiabatic ORL, which might indicate faster chemistry in this

region. In particular a plateau of the conditional average of CO2 mass fraction

in the ORZ can be only observed for the non-adiabatic case, and more closely

resembles the experimental distribution of Figure 18.

Finally, the influence of heat loss can also be evaluated by an analysis of
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Figure 19: Scatter plots of CO mass fraction versus normalized temperature for the Inner

Reacting Layer (top) and Outer Reacting Layer (bottom) at 6 mm from the nozzle

orifice for the PaSR at non-adiabatic (left) and adiabatic (right) conditions (Flame

B).

the time-averaged distribution of OH. This is shown in Figure 21 for the DLR

experiments, non-adiabatic and adiabatic cases, respectively. The experiment

is only of qualitative nature, and thus the color scheme is meant to provide a

general representation of the flame structure. The inclusion of heat loss mitigates

the production of the OH radicals in he outer layer, lowering global levels of the

species. Such effect can be seen when comparing both numerical cases to the

experimental data. This is particularly evident in the outer recirculation zone,

where the adiabatic case results in much higher concentrations of OH, which is

consistent with the faster chemistry observed in the earlier discussion. Moving

towards the reacting layer, the adiabatic case also overpredicts the OH levels

excessively in the outer reacting layer and to a lesser degree in the inner reacting
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Figure 20: Scatter plots of CO2 mass fraction versus normalized temperature for the Inner

Reacting Layer (top) and Outer Reacting Layer (bottom) at 6 mm for the PaSR at

non-adiabatic (left) and adiabatic (right) conditions (Flame B).

layer. Lastly, the inner recirculation zone for the adiabatic case also presents

much higher levels of the species compared to the other cases. These results

show that the proper modeling of heat loss is fundamental to correctly capture

the flame structure and the PaSR has been successful in predicting this effect,

both qualitatively and quantitatively.

5. Conclusions

The Partially Stirred Reactor model was applied to an LES of the PRECCINSTA

burner. The non-adiabatic simulations were carried out for two distinct equiva-

lence ratios and perfectly premixed conditions. As a first step, three different

meshes were used, with distinct mesh resolutions, to asses the influence of mesh
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Figure 21: Comparison of time-averaged OH-LIF fields (left) with the OHmass concentrations

for non-adiabatic (middle) and adiabatic (right) PaSR simulations on the 30 million

elements mesh (Flame B).

resolution on the predictive capabilities of the model. Later on, the adiabatic

case was simulated for the finest mesh. The definition of the mixing time scale

for the PaSR is based on the dissipation rate of the turbulent kinetic energy in

the subgrid scale, while the chemical time scale is based on the definition of

the time scale of a progress variable. Results were compared to the tabulated

FGM method, using the same definition of the progress variable, as well as to

the experimental data.

A very good agreement was found between PaSR to the experimental data

considering the time averaged comparison of the flow fields for the φ = 0.75

flame. Only minor deviations in specific regions of the burner were found. Over-

all, the PaSR was shown to be equivalent to the FGM at predicting flow dynamics.

For the φ = 0.83 flame, the time averaged comparison of the thermochemical

quantities once again resulted in a good correlation with the experimental data.

The best results for the temperature distribution were obtained by the PaSR

on the more refined mesh (30 million elements) while FGM performed slightly
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better than PaSR for the same reference mesh (14 million). Differences between

PaSR and FGM models were minor. The improvement of mesh resolution was

shown to result in increasingly better results for the PaSR model.

Considering the influence of mesh resolution on the PaSR quantities, a limited

effect is found for the mixing time scale. On the other hand, the chemical time

scale is strongly affected by mesh resolution, which in turn directly affects the

reacting fraction. This results in a larger reacting fraction for the coarser mesh

with an overprediction of the filtered reaction rate. In a similar manner, the

effect of heat loss on the PaSR was shown to manifest in two main manners:

firstly, it decreases global maximum temperature, which affects the distribution

of reacting fraction in the inner reacting layer to a limited degree compared to the

adiabatic case. Secondly, it changes the distribution of reacting fractions in the

outer shear layer, resulting in higher values at low and intermediate temperatures,

reaching the perfectly stirred regime faster compared to the adiabatic case.

Regarding flame structure, mesh resolution was shown to have a key role,

with the coarser mesh resulting in elevated temperatures and an overprediction

of the levels of CO, especially at high temperatures. All PaSR cases were shown

to overpredict the experimental data in the central recirculation to a certain

degree, but the improvement in mesh resolution also improves the distributions

of species, resulting in a better recovery of the experimental profiles. Heat losses

were also shown to be fundamental for the correct prediction of the distributions

of CO and CO2 in the outer reactive layer, where its effects are more evident.

As expected, it had a more limited effect in the inner reacting layer. For the OH

fields, heat losses were also shown to be essential, making it possible to closely

recover the experimental case. The adiabatic case in comparison overpredicts

the levels of OH globally.

This work has shown that the PaSR has been successful to predict the dis-
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tinctive characteristics of a swirling premixed flame subjected to heat loss. This

makes this model a promising closure for LES to address more challenging con-

ditions in non-premixed and partially premixed flames where flamelet methods

can have some difficulties and the manifold space can get rather complex and

not well-defined.
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