
Proceedings of the ASME Turbo Expo 2022: Turbomachinery Technical Conference and Exposition
GT2022

June 13-17, 2022, Rotterdam, The Netherlands

GT2022-79904

ESTIMATION OF AUTOIGNITION PROPENSITY IN AERODERIVATIVE GAS TURBINE PREMIXERS USING
INCOMPLETELY STIRRED REACTOR NETWORK MODELLING

Savvas Gkantonas1,∗, Sandeep Jella2, Salvatore Iavarone1,3, Philippe Versailles2, Epaminondas Mastorakos1, Gilles Bourque2

1Department of Engineering, University of Cambridge, Cambridge, United Kingdom
2Siemens Energy Canada Ltd, 9545 Côte-de-Liesse Road, Montréal, Québec, Canada

3Aero-Thermo-Mechanics Laboratory, École polytechnique de Bruxelles, Université Libre de Bruxelles, Brussels, Belgium

ABSTRACT
The study of autoignition propensity in premixers for gas

turbines is critical for their safe operation and design. Although
premixers can be analysed using reacting Computational Fluid
Dynamics (CFD) coupled with detailed autoignition chemical
kinetics, it is essential to also develop methods with lower com-
putational cost to be able to explore more geometries and oper-
ating conditions during the design process. This paper presents
such an approach based on Incompletely Stirred Reactor Network
(ISRN) modelling. This method uses a CFD solution of a non-
reacting flow and subsequently estimates the spatial evolution of
reacting scalars such as autoignition precursors and temperature
conditioned on the mixture fraction, which are used to quantify
autoignition propensity. The approach is intended as a “post-
processing” step, enabling the use of very complex chemical
mechanisms and the study of many operating conditions. For a
representative premixer of an aeroderivative gas turbine, results
show that autoignition propensity can be reproduced with ISRN
at highly reactive operating conditions featuring multi-stage au-
toignition of a dual fuel mixture. The ISRN computations are
consequently analysed to explore the evolution of reacting scalars
and propose some autoignition metrics that combine mixing and
chemical reaction to assist the design of premixers.
Keywords: Autoignition, Gas Turbine Premixers, Reactor Net-
works

NOMENCLATURE
¤𝑚 mass flow rate
𝑠 flow coordinate
𝑡 time
𝐴 area
𝐷 diffusion coefficient
𝐷𝑇 turbulent diffusivity
𝑁 scalar dissipation rate (SDR)
𝑂 (𝜖) indicates a function of the same order as 𝜖
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𝑃 mixture fraction probability density function (PDF)
𝑄 conditional mean (expectation) of reactive scalar
𝑆𝑐 Schmidt number
𝑇 temperature
®𝑢 velocity vector
𝑉 volume
𝑌𝛼 mass fraction of species 𝛼
F face index
T equation term
Δ filter width
𝜖 a small number
[ sample space variable of mixture fraction
` molecular viscosity
b mixture fraction
𝜌 mass density
𝜎 standard deviation
¤𝜔𝛼 chemical source term of species 𝛼
(·)𝑖 𝑖-th stream indicator
·f based on the fuel stream
·in inlet
·max maximum
·mixed defined at the well-mixed condition
·mr defined at the most reactive condition
·out outlet
·ox based on the oxidiser stream
·ref reference
·sgs defined at the sub-grid scale
·st defined at the stoichiometric condition
·[ varying in mixture fraction space
·̃ Favre-filtered
| |®·| | vector magnitude
∗∗ core averaged
′ fluctuation with respect to mean
′′2 sub-grid scale variance
· conventional average
⟨·⟩ ensemble average
⟨·|[⟩ conditional average
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1. INTRODUCTION
The safe operation of premixed gas turbine combustors ne-

cessitates a thorough understanding of autoignition propensity
within the engine premixer, especially as a transition is expected
from conventional to next-generation fuels, targeted explicitly for
carbon reduction. From the design stage, the reactivity of the
fuel-air mixture must be evaluated at engine-relevant conditions
with variable levels of preheating and compression ratios, and
autoignition risk must be assessed within realistic premixer ge-
ometries numerically or experimentally. Premixer design is usu-
ally effectuated by an appropriate choice of residence time, long
enough to ensure adequate mixing and good combustor operabil-
ity but significantly shorter than typical ignition delay times to
avoid autoignition [1, 2]. However, the formation of autoignition
kernels and subsequent flame growth and stabilisation can still
occur at these short time scales, which are all highly linked to the
interplay between chemical kinetics and mixing in the formation
of autoignition precursors [3].
Computational Fluid Dynamics (CFD) simulations may be

employed to investigate the formation of autoignition precur-
sors and assess the probability of autoignition kernel formation
within each premixer, as previously performed for representative
premixer geometries [1] or academic configurations (e.g., see
[3, 4]). However, careful evaluation of autoignition requires a de-
tailed treatment of turbulent mixing, finite-rate chemistry effects
and the multitude of reaction pathways responsible for precursor
formation [5], which raises the overall computational cost, espe-
cially when a large number of conditions and geometries has to
be evaluated. The latter becomes even more evident when per-
turbations to operating conditions have also to be considered so
that the probability of rare autoignition events can be quantified
(e.g., see [6]) and an engine can be assessed with the whole life
cycle operation in mind. As a result, it is essential to develop new
methods able to provide a fast and reasonably accurate prediction
of autoignition propensity within premixers.
This work presents a methodology based on Incompletely

Stirred Reactor Network (ISRN) modelling that simplifies such
calculations whilst retaining an elaborate treatment of transport,
micromixing and finite-rate chemistry effects on autoignition
without sacrificing geometric complexity. The approach relies
on an existing CFD solution of the inert flow that is then kinet-
ically post-processed by solving equations for reacting scalars,
such as autoignition precursors and temperature so that autoigni-
tion metrics can be explicitly analysed. The approach may be
viewed as an improvement over current chemical reactor network
approaches that consider only ideal reactors (e.g., see [7–9]) by
the inclusion of mixture inhomogeneity.
An ISRN constitutes a network of ISRs, defined as flow

regions within which conditional averages of reacting scalars,
conditioned on a mixture fraction that denotes fuel–air mixing,
are homogeneous but with the flow and mixture fraction being
inhomogeneous [10, 11]. The latter are directly considered in the
ISRN equations through the mixture fraction probability density
function and the scalar dissipation rate, extracted from a CFD
computation. For autoignition calculations, density changes are
minor before autoignition occurs, so that using only the non-
reacting flow and mixing patterns from CFD introduces only

small errors. Decoupling the solution of these fields from the
solution of reacting scalars reduces the computational time dras-
tically. Furthermore, it allows for the use of chemicalmechanisms
of arbitrary complexity or the exploration of a broad range of op-
erating conditions, which may prove indispensable to the design
engineer focusing on autoignition propensity.
The ISR theory was first developed by Bilger and coworkers

[12–15] on the theoretical foundation laid by the Conditional Mo-
ment Closure (CMC) method for turbulent reacting flows [16],
which has been extensively validated for autoignition problems
(e.g., see [3] and references therein). Methods based on ISRs
have previously been applied to experimental lab-scale combus-
tors [14, 17], a heavy-duty diesel engine [18] and model aero-
engine combustors [10, 11, 19, 20] demonstrating good accuracy
for predicting gas-phase pollutants and soot. As opposed to a
single ISR, the use of an ISRN introduced first for soot modelling
[11] allows for better control of the spatial resolution that can
be extracted from the computations since ISRs can be allocated
at will in various regions of the flow that exhibit different mi-
cromixing rates and residence time distributions. With a focus
on statistically-steady conditions, the same principles can be used
for the problem of autoignition, as demonstrated by Iavarone et
al. [21] who validated the ISRN paradigm for autoignition by
reproducing the trends of hydrogen autoignition location in a
turbulent atmospheric co-flow of heated air [22, 23]. After se-
lecting an appropriate mixing field and chemical mechanism, the
ISRN equations can be solved for a range of operating conditions
and the statistically-steady behaviour of autoignition location and
propensity can be analysed, e.g., as per the temperature or pre-
cursor formation. This type of analysis forms the main subject
of this work and examines the ISRN applicability in capturing
the autoignition behaviour inside an aeroderivative gas turbine
premixer previously studied with reacting CFD [1].
The specific objectives of the work are to (i) present the

ISRN approach as amethod to evaluate autoignition propensity in
aeroderivative gas turbine premixers; (ii) assess the performance
in an experimental premixer with real-life geometric complexity;
(iii) study the effects of fuel mixture composition and air tem-
perature on multi-stage autoignition. The paper is structured as
follows. The derivation of the ISRN equations is first presented,
followed by the description of the solution strategy and themodels
used in the computations. This is followed by a brief description
of the investigated premixer and the mixing field obtained by the
reference CFD simulation. Results and key conclusions close the
paper.

2. THE ISRN APPROACH
The governing equation for an Incompletely Stirred Reactor

(ISR), either as a single reactor or as part of a reactor network
(ISRN), may be viewed as a spatially integrated approximation
of the Conditional Moment Closure (CMC) equation, analysed
in various works (e.g., see [11, 16]). An ISR is considered to be
a core volume 𝑉 within which conditional averages of reacting
scalars, with the conditioning variable being the mixture fraction,
are independent of position and time. Unlike a perfectly stirred
reactor, which has uniform composition, this allows an ISR to
have flow and mixture fraction inhomogeneities.

2 Copyright © 2022 by Siemens Energy
Canada Limited. All rights reserved.



2.1 Mathematical Model
The derivation leading to the ISRN governing equations has

been presented previously in [10, 11, 19, 20], but is also presented
here for completeness. It is based on the transport equation of the
conditional expectation (here considered to be density-weighted
and time-averaged) of a generic species 𝛼, 𝑄𝛼 ≡ ⟨𝑌𝛼 |b = [⟩, but
also including the mixture fraction PDF, 𝑃[ , with [ being the
sample space variable of the mixture fraction, b. Following [16],
the transport equation reads

𝜕�̄�𝑄𝛼𝑃[

𝜕𝑡
+ ®∇ · ( �̄�⟨®𝑢𝑌𝛼 |[⟩𝑃[) = −𝑄𝛼

𝜕2 �̄�⟨𝑁 |[⟩𝑃[

𝜕[2 +

�̄�⟨𝑁 |[⟩𝑃[

𝜕2𝑄𝛼

𝜕[2 + �̄�⟨ ¤𝜔𝛼 |[⟩𝑃[ ,
(1)

where 𝑁 ≡ 𝐷 ®∇b · ®∇b is the scalar dissipation rate (SDR) and
⟨ ¤𝜔𝛼 |[⟩ a chemistry source term. Note that a unity Lewis number
assumption has been employed in Eq. 1. Differential diffusion
effects can be included (e.g., see [11] for an overview), but this
is not necessary for the hydrocarbon fuels considered in this
work; hence they have been omitted. Considering statistically
stationary flow, the integration of Eq. 1 over the core volume and
the application of the flux divergence theorem to the left hand
side leads to∮

𝐴

�̄�⟨®𝑢𝑌𝛼 |[⟩𝑃[ · 𝑑 ®𝐴 = −
∫
𝑉

(
𝑄𝛼

𝜕2 �̄�⟨𝑁 |[⟩𝑃[

𝜕[2

)
𝑑𝑉+∫

𝑉

(
�̄�⟨𝑁 |[⟩𝑃[

𝜕2𝑄𝛼

𝜕[2 + �̄�⟨ ¤𝜔𝛼 |[⟩𝑃[

)
𝑑𝑉.

(2)

In ISR theory [16], conditional correlations between react-
ing scalars and velocity are neglected, but they are retained in
Eq. 2, as they may be of the same magnitude with convective
fluxes between interconnecting ISRs. These are closed with a
diffusion approximation [16], assuming a time-averaged turbu-
lent diffusivity, 𝐷𝑇 , which can incorporate both large-scale and
small-scale turbulent flux contributions. A method of how 𝐷𝑇

can be computed will be given later. By definition, conditional
reactive scalar statistics and their functions, e.g., chemical source
terms, are considered uniform inside an ISR core. Hence, they
can be moved out of the integral on the RHS of Eq. 2. This
allows for the introduction of the core-averaged mass density,
𝜌∗∗, mixture fraction PDF, 𝑃∗∗

[ , and SDR, 𝑁∗∗
[ , in the equation,

which can be computed by CFD simulations after appropriate
time-averaging. The core-averaged quantities are given by:

𝜌∗∗ ≡
∫
𝑉
�̄�𝑑𝑉 ′

𝑉
; 𝑃∗∗

[ ≡
∫
𝑉
�̄�𝑃[𝑑𝑉

′

𝜌∗∗𝑉
; 𝑁∗∗

[ ≡
∫
𝑉
�̄�⟨𝑁 |[⟩𝑃[𝑑𝑉

′

𝜌∗∗𝑉𝑃∗∗
[

.

(3)
Moreover, conditional statistics are only a function of mixture
fraction. Therefore, their partial derivatives may be transformed
into ordinary ones. The governing equation can then be written
in the following discrete form:
Fout∑︁
𝑖=1

( ¤𝑚𝑃[𝑄𝛼)𝑖 −
Fin∑︁
𝑗=1

( ¤𝑚𝑃[𝑄𝛼) 𝑗 −
F∑︁
𝑖=1

(
�̄�𝑃[𝐷𝑇

®𝐴 · ®∇𝑄𝛼

)
𝑖

= 𝜌∗∗𝑉

(
𝑃∗∗
[

(
𝑁∗∗

[

𝑑2𝑄𝛼

𝑑[2 + ⟨ ¤𝜔𝛼 |[⟩
)
−𝑄𝛼

𝑑2𝑁∗∗
[ 𝑃∗∗

[

𝑑[2

)
,

(4)

where ¤𝑚 the mass flow rate passing through a particular face
(with an index ranging from 1 to F) at the inlet or outlet streams
of an ISR. In the limit of a single inlet and outlet stream face, the
reactor residence time could be defined as 𝜏𝑟 ≡ (𝜌∗∗𝑉)/ ¤𝑚. Note
that a conditional independence model has also been assumed
for the conditional velocity, i.e., ⟨®𝑢 |[⟩ = ®𝑢, simplifying the mass
flow rate definition appearing in Eq. 4. In the context of CMC,
minor differences have been observed between different models
for the conditional velocity [24] using a time-averaged approach;
hence the differences are also expected to be small here.
To close the first term on the RHS of Eq. 4 the transport

equation for the mixture fraction PDF may be utilised [16]. If
molecular fluxes are neglected, the PDF equation is equivalent
to Eqs. 1 and 4 with 𝑄𝛼 = 1 and no chemistry source term.
Since 𝑄𝛼 is constant, its derivative is zero. Given a statistically
stationary flow, the PDF equation can be written in discrete form
as in

Fout∑︁
𝑖=1

( ¤𝑚𝑃[)𝑖 −
Fin∑︁
𝑗=1

( ¤𝑚𝑃[) 𝑗 = −𝜌∗∗𝑉
𝑑2𝑁∗∗

[ 𝑃∗∗
[

𝑑[2 . (5)

Consistently with the stirred reactor concept, the conditional
quantities exiting an ISRmust be taken equal to conditional quan-
tities in the core, hence (𝑄𝛼)𝑖 = 𝑄𝛼,∀𝑖 = [1,Fout]. As discussed
in [15], this is a requirement to allow the solution of the govern-
ing equations. Finally, the combination of Eqs. 4-5 leads to the
governing equation of an ISRN element:

Fin∑︁
𝑗=1

(
¤𝑚𝑃[

)
𝑗

𝜌∗∗𝑉𝑃∗∗
[

[
𝑄𝛼 − (𝑄𝛼) 𝑗

]
︸                              ︷︷                              ︸

T1–advection flux

−
F∑︁
𝑖=1

(
�̄�𝑃[𝐷𝑇

®𝐴 · ®∇𝑄𝛼

)
𝑖

𝜌∗∗𝑉𝑃∗∗
[︸                         ︷︷                         ︸

T2–turbulent flux

= 𝑁∗∗
[

𝑑2𝑄𝛼

𝑑[2︸      ︷︷      ︸
T3–micromixing

+ ⟨ ¤𝜔𝛼 |[⟩︸  ︷︷  ︸
T4–source

.

(6)

Equation 6 consists of four terms that incorporate effects of ad-
vection fluxes (T1), turbulent fluxes (T2), micromixing (T3), and
chemistry sources (T4). In the absence of terms T1 and T2, Equa-
tion 6 is virtually identical to the steady-state flamelet model for
unity Lewis number, whereas in the special case of Fin = 1 and
𝐷𝑇 = 0, the governing equation for a single ISR (describing a
flow system in its entirety [6, 15, 16]) is restored. Here, the gov-
erning equation for the mass fraction of a generic species was
only shown, but an equation for the conditional absolute specific
enthalpy must also be solved. It is written similarly to Eq. 6
with the source term containing only heat losses, e.g., radiative
or convective losses to walls.

2.2 Solution Strategy
The solution strategy of the ISRN approach for autoignition

propensity evaluations is summarised in Fig. 1. The approach
starts with creating a standard computational grid and the calcu-
lation of the average non-reacting flowfield usingCFD. The ISRN
equations must then be solved, which was here achieved via an
in-house unstructured finite volume parallel code, initially devel-
oped for CMC modelling (e.g., see [11] and references therein).
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Chemical mechanism

Modelling choice for the 
mixture fraction PDF
(𝑃𝜂 ) and conditional 

SDR (𝑁𝜂 )

CFD simulation
Compute the time-

averaged inert flow and
mixing fields

ISRN design
1. Create a set of

desired coordinates
for the ISR cores

2. Reconstruct
(automatically) the
ISRN grid based on
the CFD topology

3. Generate the ISR
connectivity

Geometry
Generate of geometry
and CFD grid (with any

suitable topology)

Operating conditions

CFD input Preprocessor

Data-transfer
Calculate and store in
memory:
1. ISR face fluxes

( and ) 
2. ISR core averages

(𝜌∗∗, 𝑃𝜂
∗∗ and 𝑁𝜂

∗∗)

Decoupled 
CFD & ISRN

ISRN solver

Governing equations
Solve for conditional

reacting scalars
(𝑄𝜙 = ⟨𝜙|𝜉 = 𝜂⟩) 
using an operator
splitting technique

Results 
Compute the

unconditional fields at
the CFD resolution

FIGURE 1: INCOMPLETELY STIRRED REACTOR NETWORK (ISRN)
SOLUTION STRATEGY FOR AUTOIGNITION PROPENSITY EVALUA-
TIONS.

The evaluation of fluxes and core-averaged quantities (see “Pre-
processor” in Fig. 1)) requires knowledge of the mean flow and
mixing fields from the CFD calculation and information about
the CFD grid topology and connectivity. As discussed in [10],
the modelling approach for the reference CFD simulation can
vary given the availability of resources, but care must be taken
for each specific application so that the underlying mixing field is
well captured. In this work, a non-reacting Large Eddy Simula-
tion (LES) simulation was used which is described in more detail
later.
The reactor network is reconstructed around the CFD grid by

exploiting the grid topology. After providing the ISR centroids,
simply as a “desired” list of Cartesian coordinates, the individ-
ual reactor volumes are obtained through an agglomeration of
CFD cells based on the minimum distance between cells and
centroids. This allows for arbitrary ISR spacing and to directly
conserve the mass fluxes computed at the CFD resolution. In
contrast with ideal reactor network approaches, clustering pro-
cedures are not required to identify chemically and physically
homogeneous zones since ISRs are inhomogeneous in terms of
their flow and mixture fraction fields. However, regions of the
flow may be discarded if necessary to speed up computations and
reduce memory usage. For example, these could be flow regions
with pure air or fuel where autoignition is impossible. The ISR
spacing and design employed in this study will be presented in
Section 3.

CFD-derived quantities are then evaluated at the faces of
ISR reactors to pre-compute and store averages over the ISR core
volume (see Eq. 3) or parts of the advection (T1) and turbulent
flux terms (T2) of Eq. 6. At this point, the mixture fraction
PDF, 𝑃[ , and the turbulent diffusivity, 𝐷𝑇 , must be modelled
and evaluated at the CFD resolution. Here, the mixture fraction
PDF is modelled with a presumed 𝛽-function computed from the
time-averaged mixture fraction and mixture fraction variance,
which are readily available from the simulation. In the case
of singularities, the 𝛽-function is replaced or complemented by
𝛿-functions. In Eq. 6, it is evident that the division with the
core-averaged PDF can lead to numerical problems when the
PDF tends to zero. To ensure that the fluxes T1 and T2 do
not take unrealistically high values, the division with the PDF
can be approximated by 1/𝑃∗∗

[ ≈ 𝑃∗∗
[ /(𝑃∗∗2

[ + 𝜖2
𝑃
), where 𝜖𝑃 an

absolute tolerance for the core-averaged PDF (here 𝜖𝑃 = 10−8).
An excessive ratio between (𝑃[) 𝑗 (at the 𝑗-th face of an ISR)
and 𝑃∗∗

[ (at the core) may also result in numerical problems at
locations of non-negligible probability, but was here kept below
a value of 20 at at all times by appropriately adapting the ISRN
design.
The turbulent diffusivity, 𝐷𝑇 , is usually available from the

modelling of the mean mixture fraction, for example, in a RANS
computation. However, in LES, 𝐷𝑇 is not available, so it has to
be approximated by including the contribution of both resolved
and sub-grid scales. These contributions may be taken from a
time-averaged resolved mixture fraction flux ⟨̃ ®𝑢b̃⟩ and a sub-grid
scale mixture fraction flux vector ⟨𝐷sgs ®∇b̃⟩ with 𝐷sgs being a
sub-grid scale diffusivity typically available from the modelling
of the resolvedmixture fraction. The above can then be combined
to estimate 𝐷𝑇 using a diffusion approximation formula for the
unconditional covariance ⟨𝑢′b ′⟩, as in 𝐷𝑇 ≈ (|| ⟨̃®𝑢b̃⟩ − ⟨̃®𝑢⟩⟨b̃⟩ −
⟨𝐷sgs ®∇b̃⟩| |)/| | ®∇⟨b̄⟩| |. Note that b̄ refers to the time-averaged
mixture fraction. It is important to ensure that 𝐷𝑇 decays to
zero when | | ®∇⟨b̄⟩| | → 0, therefore an absolute tolerance 𝜖𝐷 (here
𝜖𝐷 = 10−8) is applied to the division similar to how 𝜖𝑃 is used
for the core-averaged PDF.
The conditional scalar dissipation rate (SDR) is modelled

and evaluated at the CFD level to compute its core-averaged
conditional counterpart, 𝑁∗∗

[ , appearing in Eq. 6 (see term
T3). For this purpose, the Amplitude Mapping Closure (AMC)
model [25] is employed, i.e., ⟨𝑁 |[⟩ = 𝑁0𝐺[ where𝐺[ and𝑁0 are
𝐺[ = exp(−2[erf−1 (2[ − 1)]2) and 𝑁0 = 𝑁/

∫ 1
0 𝑃[𝐺[𝑑[. The

time-averaged unconditional SDR, 𝑁 , may be directly extracted
from the CFD simulation. An alternative approach to compute
𝑁∗∗

[ is to directly use Eq. 5 after a double integration, similar to
what is typically attempted in single ISR approaches (e.g., see
[6, 14, 15]). However, the double integration can prove cumber-
some when the PDF tends to zero [16]. Realisability problems
could potentially be solved using the methods of [26, 27], as at-
tempted by Iavarone et al. [21] for the ISRN computation of a
canonical hydrogen plume within a turbulent co-flow of heated
air. Nevertheless, here the more robust approach of modelling
the SDR was preferred because it can ensure realisability for any
choice of ISRN design and for any premixer, where regions with
very low probability and steep gradients of the mixture fraction

4 Copyright © 2022 by Siemens Energy
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PDF are typically expected.
Mixture fraction space is discretised using 101 nodes clus-

tered around the stoichiometric mixture fraction. Care was taken
in the resolution around the most-reactive mixture fraction [3],
which will be described later. Pure air with temperature 𝑇ox is
imposed at the [ = 0 boundary, whereas the fuel composition
at temperature 𝑇f (smaller than 𝑇ox) is imposed at [ = 1. The
pressure is assumed constant and equal to the nominal operat-
ing pressure of the premixer. The system is assumed adiabatic;
therefore, the conditional enthalpy remains constant throughout
the computation and the conditional temperature may be identi-
fied via a reverse calculation (here with an absolute tolerance of
10−8). All simulations are initialised from an inert mixing solu-
tion that is also imposed at the premixer inlet. A zero-gradient
condition is imposed at the premixer walls and the outlet for all
reacting scalars.
An operator splitting technique is implemented for the so-

lution of the ISRN equations, which are marched in time until
convergence is reached. Transport in physical space, i.e., terms
T1 and T2 of Eq. 6, is solved first, followed by micromixing (T3)
and the integration of the chemistry (T4) employing the chemical
mechanism by Jella et al. [1] and first-order moment closure [16].
For term T4, the SpeedCHEM solver was employed which signif-
icantly speeds up computations by exploiting a sparse analytical
Jacobian formulation. The effect of the operator splitting be-
tween diffusion and chemistry has been assessed at steady-state
with the AMC model for the conditional SDR profile and no
transport in physical space. The results were then compared with
the method of lines finding negligible differences for tempera-
ture, major species and radicals for pseudo-time steps below 2 `s
and values smaller than 10−4 and 10−16 for relative and abso-
lute internal tolerances in the chemistry solver (e.g., see [28] for
a similar assessment applied to the elliptic CMC equation). A
constant pseudo-time step of 1 `s is used here. A first-order up-
wind scheme is used to evaluate conditional gradients, whereas
the diffusion term in mixture fraction space is discretised with a
second-order scheme.
At the end of an ISRN simulation, unconditional quantities

may be computed through integration with the mixture fraction
PDF. In particular, the unconditional mean of a scalar 𝜙 is given
by

⟨𝜙⟩ =
∫ 1

0
𝑄𝜙𝑃[𝑑[ (7)

with 𝑃[ being the mixture fraction PDF at the CFD level and
𝑄𝜙 being the conditional mean of the ISR that contains the
particular CFD cell under investigation. Furthermore, uncondi-
tional values are here calculated after applying an inverse square
distance interpolation to find 𝑄𝜙 over neighbour ISR reactors.
Mastorakos [3] discusses the importance of carefully conduct-
ing numerical analyses of autoignition since small errors in the
calculation of intermediate species and precursors can lead to sig-
nificant discrepancies in autoignition behaviour, even in simple
canonical configurations. With this in mind, additional computa-
tions (not shown here) were conducted to study the sensitivity to
the numerical parameters used in each sub-model and numerical
solver as applied to the investigated premixer. Our analysis con-
firmed the past experience but indicated an optimal parameter set

To Premixer Exit
VaneAir Jets

Flow DirectionFuel Film

1

1

SDR (1/s)
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FIGURE 2: NORMALISED MEAN VELOCITY MAGNITUDE FIELD
(TOP) AND MEAN SCALAR DISSIPATION RATE IN A SECTION OF
THE INVESTIGATED PREMIXER (BOTTOM).

beyond which autoignition propensity does not change apprecia-
bly for a given ISR spacing. This parameter set is employed here;
however, it should be applied judiciously to other flows.

3. INVESTIGATED PREMIXER AND CFD ANALYSIS
An experimental premixer is investigated here to demonstrate

the ISRN modelling framework. The same premixer was studied
previously by Jella et al. using reacting CFD [1]. The premixer,
engineered to have a characteristic residence time approximately
six times shorter than the worst case autoignition delay of typical
natural gas, features multiple jets injecting pure air into a cross
stream of gaseous fuel in the form of a film [1]. The distributed
injection of air and fuel results in a range of residence times
that also significantly damps thermoacoustics for a wide range of
operating conditions [2].
A representation of the mean flow and mixing fields ob-

tained with non-reacting LES is shown in Fig. 2. The Favre-
filtered continuity and momentum equations, as well as trans-
port equations for the mixture fraction, b̃, and its sub-grid scale
variance, b̃ ′′2, were solved using the Star-CCM+ CFD software.
The Wall-Adaptive Large Eddy Simulation (WALE) model of
Nicoud and Ducros [29] was used to model sub-grid stresses.
The filtered scalar dissipation rate, 𝑁 , used in the sub-grid
scale variance transport equation, was computed considering
both the resolved and sub-grid scale contributions [30, 31] as
in 𝑁 = 𝐷 ®∇b̃ · ®∇b̃ +𝐶𝑁 b̃

′′2`sgs/(2𝜌Δ2), where 𝐶𝑁 = 42 [32, 33],
`sgs the sub-grid scale viscosity and Δ the filter width estimated
as the cube root of the LES cell volume. The molecular diffu-
sivity was calculated from the kinematic viscosity of the mixture
using a constant Schmidt number (𝑆𝑐 = 0.7). A bounded central
differencing scheme was employed for the convective terms in the
momentum equation while the diffusion terms were discretised
using pure central differencing. Second-order upwinding was
used for all scalars. The temporal terms were discretised using
an implicit second-order backward differencing scheme, and a
time-step restricting the CFL number to less than 0.5 was chosen.
The mesh cell size in the premixer was 0.2 mm or smaller.
The CFD simulation was set at representative full load condi-
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tions. These were chosen as the combination of preheat, pressure
and stoichiometry represents a highly reactive operating condi-
tion. In addition, the fuel mixture composition is also of criti-
cal importance. In service, the engine is operated with natural
gas. However, a blend of highly reactive gaseous dimethyl ether
(DME) fuel with the chemical formula CH3OCH3 and less reac-
tive methane (CH4) gas is used in this experimental premixer to
increase the frequency of autoignition events [1]. As discussed
by Jella et al. [1], DME-blended methane can be used to test the
robustness of high-pressure premixers to autoignition and model
the effect of higher hydrocarbons in natural gas. The CFD sim-
ulation considered a fuel mixture of pure CH4 with 40% (v/v)
DME. As will be explained later, the fuel composition and the
temperature of the (oxidiser) air stream are modified in the ISRN
computations but considering the same underlying mixing field:
the deviations are deemed small enough to cause limited differ-
ences in velocity and density and, consequently, the changes in
the mixture fraction distribution are negligible.
A detailed CFD analysis on this premixer has already been

provided by Jella et al. [1], so only a brief summary is provided
here. A similar analysis to the one provided here may also be
found in [6]. Figure 2 shows the normalised mean velocity mag-
nitude and mean scalar dissipation rate (SDR) fields in a section
of the premixer, as computed from the non-reacting simulation.
The presence of the air jets can be inferred by the red “spots” in
the mean velocity field in the upstream region, indicating high
velocity. Each red spot is also associated with a wake on the lee
side that affects the local residence time and mixing rate. The
flow decelerates between the last row of air jets and the guide
vane and is then quickly accelerated on its way to the vane’s trail-
ing edge and towards the premixer exit. Until the flow reaches
the premixer exit, the mixing intensity is low, and the mixture
fraction has attained the well-mixed value closely, as can be in-
dicated by the overall very low SDR values in the downstream
region of Fig. 2. Most of the mixing occurs near the fuel injection
region, where the SDR is very high (not shown). Towards the
last rows of air jets, the scalar dissipation rate obtains moderate
values but can still span several orders in magnitude depending
on the location relative to the air jets, until a significant decay is
observed soon after the last row or air jets.
Information regarding the mixing field can also be obtained

through the mixture fraction PDF. Figure 3 shows the profile of
𝑃∗∗
[ as a function of [, i.e., the sample space variable for the
mixture fraction, up to a reference mixture fraction, [0, consid-
ering a location close to the premixer exit (dash-dot line) and
two locations in the air jets region. Here, ISRs are considered to
be positioned along the flow direction so that 𝑃∗∗

[ corresponds at
cross-stream (mass-weighted) averages at the premixer exit and
the air jets region. Two peaks are overall evident in the PDF
profiles of the air jets region, one at [ = 0 corresponding to the
air stream and another at the well-mixed mixture fraction, here
denoted as bmixed = 1/(1 + ¤𝑚ox/ ¤𝑚f) with ¤𝑚ox and ¤𝑚f being the
oxidiser and fuel mass flow rates. In reality, the PDF profiles are
tri-modal since another peak is present at [ = 1 corresponding to
the fuel stream (not shown). As mixing occurs, the PDF profile
tends to a single-peak profile, centred around bmixed. The local
distribution and the width around bmixed are a measure of the

premixerexit

(air jets)1

(air jets)2

FIGURE 3: LEFT: MIXTURE FRACTION PDFS AT THREE CHARAC-
TERISTIC LOCATIONS AND FROM THE WHOLE PREMIXER VOL-
UME OF THE CFD SOLUTION, WITH THE WELL-MIXED MIXTURE
FRACTION INDICATED BY THE DASHED LINE. RIGHT: STOICHIO-
METRIC AND MOST REACTIVE MIXTURE FRACTION AS A FUNC-
TION OF THE AMOUNT OF DME IN THE FUEL FOR THE REFER-
ENCE TEMPERATURES, THE LATTER OBTAINED FROM SEPARATE
HOMOGENEOUS MIXTURE CALCULATIONS FOLLOWING THE INI-
TIALISATION PROCEDURE OF REF. [3].

unmixedness within the premixer, which may also be evaluated
using the whole premixer volume for the average PDF (see solid
line). At the same time, the PDFs indicate the extent to which
the stoichiometric, bst, and the most reactive (as defined by Mas-
torakos [3]), bmr, mixture fractions are present in the premixer at
both the large and small scales.
The most reactive mixture fraction, bmr, corresponds to the

location of the first autoignition kernel in mixture fraction space
in the absence of hydrodynamic stretch [3]. Figure 3 shows the
dependency of bst and bmr with increasing level of DME at the
reference operating condition. The premixer’s target equivalence
ratio is overall fuel-lean with bmixed being significantly smaller
than bst and bmr in all cases. It is evident that up to about 20% (v/v)
DME in the fuel, the first autoignition kernel is more likely to
occur in fuel-rich zones, whereas for higherDME levels, autoigni-
tion is more likely in fuel-lean zones. With different operating
conditions, bst and bmr differ but so is the probability of finding
these mixture fractions in the premixer. These observations are
important for the remainder of the discussion.
Once the time-averaged inert flow field is available, the ISRN

approach is applied to the experimental premixer with the main
objective to solve Eq. 6 in a post-processing fashion using differ-
ent levels of DME in the fuel and different oxidiser (air) temper-
atures. For the latter, the reference temperature 𝑇ox,ref is consid-
ered corresponding to the oxidiser temperature at full load. For
this study, the simulation domain is partitioned in ∼300 ISRs,
uniformly positioned along the flow direction (see Fig. 2). As
explained in [10, 11, 34], the ISR spacing should be designed to
adequately resolve the gradients of conditional quantities within
the various flow regions. Thanks to the overall uniformity of
the premixer in the cross-stream directions, gradients in condi-
tional quantities are small; hence more elaborate ISRN designs
do not change results appreciably. In addition, preliminary com-
putations with a range of 30–600 ISRs, using either uniform or
non-uniform spacing in all directions, showed that autoignition
propensity is not very sensitive to the ISRN design if the spatial
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resolution of autoignition location (concerning low-temperature
or high temperature) is not of particular interest. Nevertheless,
special attention should be given to the size of ISRs placed close
to fuel film injection location into the air stream, since condi-
tional scalars may evolve considerably if the residence time in
these ISRs exceeds a certain value.

4. RESULTS AND DISCUSSION
4.1 Overall scope
The primary outcome of the present approach is the com-

putation of conditional reacting scalars, such as temperature and
mass fractions of species considered to be autoignition precur-
sors, which are allowed to evolve in mixture fraction space until
convergence is attained. Autoignition propensity and its sensitiv-
ity to operating conditions can be assessed by close examination
of the statistically-steady conditional scalars in addition to the
time-averaged unconditional ones.
An analysis in mixture fraction space is first conducted in

Section 4.2, which may be considered similar to analyses per-
formed in mixing layers (e.g., see [35, 36]) or canonical flows
(e.g., see [4, 37]) since autoignition propensity in either lami-
nar or turbulent situations is qualitatively similar when expressed
in terms of the mixture fraction [3]. However, the evolution of
mean (unconditional) scalars, i.e., ⟨𝜙⟩ as opposed to its condi-
tional counterpart 𝑄𝜙 ≡ ⟨𝜙|[⟩ for a scalar 𝜙, is also indispens-
able in the estimation of autoignition propensity. As dictated
by Eq. 7, the evolution of a mean scalar is a result of both its
conditional distribution and the local mixture fraction PDF, i.e.,
the probability of finding a particular ⟨𝜙|[⟩ value locally, which
is here originated from an inert LES. In other words, scalars
conditioned on the mixture fraction are aimed to indicate the
likelihood of finding isolated autoignition or flame kernel within
the premixer, the appearance of which is also dictated by the sta-
tistical behaviour of the mixture fraction (e.g., as per its mean and
variance). The above will be further elucidated in Sections 4.3
and 4.4 when focusing on the evolution of the unconditional and
spatially-integrated temperature and their sensitivity to operating
conditions.

4.2 Analysis in mixture fraction space
For demonstration purposes, the typical behaviour of the

conditional temperature and selected species is shown in Fig. 4.
The reference pressure and temperatures are selected for this
example, with the fuel being 10% (v/v) DME and 90%CH4. Each
curve corresponds to a different location within the premixer,
marked by a flow coordinate, 𝑠, considered zero for the first ISR
(found in the vicinity of the fuel injection point) and reaching its
maximum at the last ISR (towards the premixer exit).
At 𝑠 = 0, the temperature distribution corresponds to inert

mixing between the hot air ([ = 0) and cold fuel ([ = 1) streams,
imposed at the inlet of the first ISR.While mixing occurs towards
higher 𝑠 and the time of flight to this location increases, fuel is
consumed first by small amounts (here only the DME compo-
nent is shown) and the temperature increases slightly, followed
by a thermal runway, which eventually leads to autoignition at
𝑠/𝑠max ≈ 0.25. A sudden increase in temperature is observed

(a) (b)

(c) (d)

FIGURE 4: MIXTURE FRACTION SPACE DISTRIBUTIONS OF TEM-
PERATURE AND MASS FRACTION OF SELECTED SPECIES AT
VARIOUS LOCATIONS WITHIN THE PREMIXER, DENOTED BY A
FLOW COORDINATE, OPERATING AT REFERENCE PRESSURE
AND TEMPERATURE CONDITIONS WITH 10% DME IN THE FUEL
MIXTURE. THE DASHED LINE INDICATES THE STOICHIOMETRIC
MIXTURE FRACTION.

at this location, establishing a flame at the stoichiometric mix-
ture fraction, indicated by the high value of ⟨𝑇 |[st⟩ (upward-
pointing triangle) compared to the reference temperature 𝑇ox,ref .
Up to the establishment of the flame, which may be defined as
a high-temperature autoignition event, pre-ignition radicals (e.g.,
CH3OCH2O2 in Fig. 4c and H2O2 in Fig. 4d) are formed which,
together with the fuel, are rapidly consumed in regions of high
temperature. Note for example the absence of the H2O2 on the
rich side of the stoichiometric mixture fraction at the location
𝑠/𝑠max = 0.25. Transport in physical space (terms T1 and T2
in Eq. 6) and micromixing (T3) can propagate the flame further
downstream and lead to the consumption of radicals in neigh-
bouring mixture fractions, which might have a non-negligible
probability.
High-temperature autoignition inmixture fraction space is of

particular interest since it can be a forewarning of flame growth
and stabilisation with catastrophic consequences to a premixer
used in practice. However, note that ⟨𝑇⟩ ≫ 𝑇ox,ref is not always
a necessity even if ⟨𝑇 |[⟩ ≫ 𝑇ox,ref , as discussed in Section 4.1.
The formation of a cool flame is also of particular importance
in this configuration. Due to the low-temperature reactivity of
DME at high pressure, a cool flame ought also to be established
prior to the formation of a hot flame (e.g., see [5] for a recent
review on the topic). The transition to the cool flame may be
defined as a low-temperature autoignition event that occurs soon
after the fuel is introduced to the domain and is responsible for
the initial thermal runway and accumulation of precursors. This
may be explained by the short induction times (and by exten-
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sion, the induction length) needed for low-temperature chemical
reactions at high pressure (e.g., see [38] for examples with homo-
geneous autoignition) and the influence of the high SDR (intense
micromixing) which promotes the diffusion of radicals across a
wide range of mixture fractions.
The low-temperature autoignition event is evident from the

initial formation of pre-ignition radicals (see square and circle
symbols in Fig. 4c and Fig. 4d). It is noteworthy that these
radicals preferentially form at a mixture fraction separated from
the stoichiometric. In the absence of hydrodynamic stretch, this
formation typically occurs around the most reactive mixture frac-
tion, which in Fig. 3 was shown to be bmr ≈ 0.1 and larger than
the stoichiometric. In Fig. 4, the location of the first kernel is
still found in a fuel-rich zone but differs from bmr. As for the
short induction time, the location of the first kernel is also mostly
attributed to diffusion in mixture fraction space, consistent with
observations fromDirect Numerical Simulations (DNS) featuring
DME combustion at high pressure and temperature [36, 39, 40].
The DNS results indicated the action of mixing in promoting
low-temperature autoignition and the existence of diffusively-
supported cool flames that can propagate to mixture fractions
different from the most reactive. For simulation approaches to
accurately describe this ignition process, an accurate balance be-
tween reaction, transport and diffusion has to be achieved, posing
important modelling challenges [39]. The ISRN approach in-
cludes these phenomena in the current initially non-premixed
system, as is the case for all approaches based on the foundation
of CMC theory (e.g., see [3, 4, 28, 41]).
Furthermore, alongside low- and high-temperature chem-

istry, intermediate-temperature chain-branching reactions are tak-
ing place which can lead to the formation of a multi-stage warm
flame between cool and hot flame [5, 38, 42–45]. Alterna-
tively, the transition from inert conditions to high-temperature
autoignition may occur at more than two stages (low- and high-
temperature autoignition) which is typically the case for hydro-
carbon fuels (e.g., see [35, 36, 46]). The multi-stage autoignition
behaviour at the investigated conditions can becomemore evident
by closer inspection of the scalar evolution at particular mixture
fraction values. Figure 5a shows the evolution of ⟨𝑇 |[mr⟩ and
⟨𝑇 |[st⟩ (where [mr = bmr and [st = bst) as a function of the flow
coordinate for various levels of DME. For the example of Fig. 4,
where DME constitutes 10% of the mixture, strong gradients in
temperature may be observed in the vicinity of 𝑠 = 0 (first-stage
or low-temperature autoignition), at 𝑠/𝑠max ≈ 0.1 (second-stage)
and at 𝑠/𝑠max ≈ 0.25 (third-stage) with the latter leading to a hot
flame.
Several metrics can be used to demarcate first- and second-

stage ignition events instead of using the temperature since it is too
distributed to define ignition location clearly. For example, the
heat release rate or a reaction rate can be used and also combined
with the unconditional value of radicals, such as OH [1]. Another
suitable method may be to track pre-ignition radicals conditioned
to a particular mixture fraction value, as shown for example in
Fig. 5b for the case of HO2. It is not clear which mixture fraction
value is most appropriate for the dual fuel mixture studied here,
but this may be elucidated in the future via the help of mathe-
matical tools such as Computational Singular Perturbation (CSP)

(a) (b)

FIGURE 5: EVOLUTION OF (A) TEMPERATURE AND (B) HO2 CONDI-
TIONED ON SELECTED MIXTURE FRACTIONS A FUNCTION OF THE
PREMIXER FLOW COORDINATE. THE PREMIXER OPERATES AT
THE REFERENCE CONDITIONS WITH THE VOLUME COMPOSITION
OF DME IN THE FUEL MIXTURE INDICATED FOR EACH CURVE.
IN (B), A MULTIPLIER HAS BEEN APPLIED TO THE 0% AND 40%
CURVES.

[47] and the focus on a range of canonical configurations. Al-
though the use of the most reactive mixture fraction as the value
of interest might not be fully justified, the evolution of ⟨𝑌HO2 |[mr⟩
as a function of 𝑠/𝑠max may still be reliably used to estimate the
autoignition event location. This is possible by tracking the loca-
tions of the peaks, and by extension constructing an autoignition
propensity metric to rank various premixer designs. Even in the
absence of high-temperature autoignition as is the case of pure
CH4 fuel (DME=0%) in Fig. 5, the total value of ⟨𝑌HO2 |[mr⟩ at
the premixer exit could be utilised for premixer ranking, since a
higher accumulation of pre-ignition radicals typically indicates
higher autoignition propensity when transitioning to more reac-
tive conditions. In the limit of very reactive conditions, as is
the case of 40% DME in the fuel in the studied conditions, the
demarcation of multi-stage autoignition is not necessary since
results indicate the presence of a hot flame in mixture fraction
space from the first ISR. Although a much finer resolution in the
ISR spacing would show the temperature increase and the over-
lap between low- and high-temperature autoignition more clearly
soon after fuel is introduced to the premixer, this is not strictly
necessary for a quick estimation of autoignition propensity. Any
ISR spacing could clearly indicate the formation of autoignition
kernels along the whole premixer (e.g., see [6] for the case of a
single ISR) and the high probability of flame stabilisation at these
reactive conditions, as also observed by Jella et al. [1]. For less
reactive mixtures, e.g., 5% DME in Fig. 5, multi-stage autoigni-
tion may not be as prominent due to the absence of considerable
thermal runway; however, peaks in pre-ignition radicals can still
show the progress of low-temperature reactions and consequently
the onset to high-temperature autoignition.

4.3 Analysis in physical space
As discussed in Section 4.1, the evolution of reacting scalars

in the premixer is a result of both their conditional distributions
and the local mixture fraction PDF, with the first originating from
the ISRN computation and the latter from an inert flow compu-
tation. To further analyse the statistically-steady autoignition
propensity, Equation 7 may be utilised to extract mean quantities
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FIGURE 6: MEAN UNCONDITIONAL FIELDS OF TEMPERATURE AND SELECTED RADICALS IN A SECTION OF THE INVESTIGATED PREMIXER
AT THE REFERENCE CONDITIONS WITH DME=10% (LEFT) AND DME=40% (RIGHT).

at a particular point in physical space. Having access to the mix-
ture fraction PDF, modelled based on the mean mixture fraction
and its variance (both accessible in thewhole simulation domain),
3D distributions of temperature and radicals may be computed.
Figure 6 shows typical fields of the unconditional tempera-

ture and selected unconditional radicals for two levels of DME in
the fuel when the same conditions as in Figs. 4–5 are considered.
At 10% DME (left column of Fig. 6), the non-dimensionalised
temperature takes values above 1 indicating the presence of
exothermic reactions. The radical species HO2, CH2O and
CH3OCH2O2 which are important pre-ignition precursors, ap-
pear to rapidly increase in the vicinity of the fuel injection side
(left edge), then decrease downstream and finally converge to an
almost (spatially) uniform value towards the premixer exit (right
edge). “Black spots” at this condition indicate the action of the
air jets and the dominance of very lean mixtures, where autoigni-
tion reactions do not occur. The analysis of the previous section
underlined the presence of multi-stage autoignition for the 10%
DME condition shown in Fig. 6. Although high-temperature au-
toignition was observed in mixture fraction space, it is evident
that the premixer is not fully lit but sustains a lower-temperature
flame. Due to the intense mixing in the premixer and the tran-
sition of the mixture fraction PDF to a Dirac-type distribution
towards the premixer exit (see also Fig. 3), the probability of
finding hot kernels (in other words, mixture fractions with high
temperature, e.g., bst) becomes lower towards the premixer exit.
Consequently, the mean temperature must decrease.
The above is in contrast with the 40% DME condition (right

column of Fig. 6), where the premixer is fully ignited (𝑇/𝑇ox,ref ≳
2). Although this behaviour is highly undesirable and should be

avoided in practice, it is here intended as a means to show the
robustness of the premixer to autoignition. Major differences
are found compared to the 10% DME case. Due to the high
temperature in the domain, radical species are characterised by
a smaller magnitude and rapid consumption after the last row of
air jets, whereas the local action of the air jets locally is shown
by the “yellow spots”. Since the most reactive mixture fraction at
this condition is on the lean side of the stoichiometric value (see
Fig. 3), autoignition kernels preferentially form in lean mixture
fractions (but not necessarily equal to bmr), here located in the
vicinity of the air jets.
In the aforementioned examples, locations characterised by

high radical concentrations may be considered the most suscep-
tible to auto-ignition. Their prominence and sensitivity to DME
are in good agreement with the observations of Jella et al. [1]
who conducted a reacting CFD analysis of the same premixer.
Although the agreement can only be considered qualitative since
the analysis was primarily based on chemical explosive modes
and not through pre-ignition radicals, it underlines the usefulness
and promise of the ISRN approach in estimating (multi-stage)
autoignition propensity.

4.4 Evolution of spatially-integrated scalars
Furthermore, the results of Fig. 6 can be substantiated by

appropriate spatial integration. Since conditional averages were
found to vary little in the cross-stream directions, also justifying
the choice of an ISRN in series (see Section 2.2), spatial averaging
in directions normal to the flow coordinate can be used to facilitate
comparisons between operating conditions. The ISRs are already
a function of the flow coordinate, therefore a spatially-integrated
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mean scalar may be calculated based on:

𝜙∗∗ ≡
∫
𝑉
�̄�𝑄𝜙𝑃[𝑑𝑉

′

𝜌∗∗𝑉𝑃∗∗
[

=

∫ 1

0
𝑄𝜙𝑃

∗∗
[ 𝑑[. (8)

Figure 7 shows the evolution of spatially-integrated mean
scalars as a function of the flow coordinate, similar to what was
analysed previously in the 2D section of the premixer. In addition
to 10% DME (magenta) and 40% DME (orange) curves where
autoignition and the formation of a low-temperature (10% DME)
and high-temperature (40% DME) are evident, results are shown
for a case of pure CH4 fuel. It is apparent that a change in the ox-
idiser temperature by 40 K is not enough to lead to autoignition.
The initial increase in 𝑇∗∗ is a mere result of mixing between the
cold fuel and air at temperature 𝑇ox,ref . However, the progress
of the underlying chemical reactions may be appreciated by the
observed build-up of CH2O and HO2 towards the premixer exit.
The effect of the oxidiser temperature is also not prominent in the
case of 40% DME. As was previously shown in the mixture frac-
tion space analysis of Section 4.2, high-temperature autoignition
occurs almost instantaneously, leading to the establishment of a
hot flame in conserved scalar space. This event appears not to be
affected by a decrease in oxidiser temperature. A similar lack of
sensitivity to the oxidiser temperature could also be observed in
the absence of transport and hydrodynamic stretch effects given
that autoignition preferentially occurs at rich conditions, hence
temperatures far smaller than the oxidiser’s. This condition could
be considered equivalent to having a homogeneously richmixture
at an initial temperature within the Negative Temperature Coeffi-
cient (NTC) regime [5], although care is needed when comparing
premixed and non-premixed systems. The distribution of 𝑇∗∗ vs
the flow coordinate in the premixer may then be explained from
the evolution of the mixture fraction PDF. As autoignition has
already occurred and high temperatures are present in mixture
fractions around the stoichiometric, the probability of finding
those values in the premixer increases as air–fuel mixing pro-
gresses, and the mean mixture fraction decays. The temperature
reaches a maximum and then decreases to a plateau as the mean
mixture fraction decays further towards the well-mixed value,
leaner than the stoichiometric (see Section 3). The plateau re-
gion, which may be observed at all conditions, corresponds to a
convergence of the mean mixture fraction. However, note that
mixing may be practically not complete since considerable fluc-
tuations around the mean may still be present, which typically
take longer to decay (not shown).
The oxidiser temperature predominantly influences the case

with 10% DME fuel, which is the most affected by the inter-
play between low-, intermediate- and high-temperature reactions
among all investigated fuel mixtures. The non-monotonic change
in temperature when the oxidiser temperature increases by 40 K
results from the mixture fraction PDF, which evolves simulta-
neously with conditional reacting scalars, subject to multi-stage
autoignition as substantiated by the mixture fraction space anal-
ysis. The spatially-integrated radical evolution may also reflect
the evolution of the temperature. All radicals rapidly accumu-
late at the start of the premixer (𝑠 → 0) and are consequently
consumed after the first-stage autoignition is complete. Note, for

(a) (b)

(c) (d)

FIGURE 7: EVOLUTION OF SPATIALLY-INTEGRATED TEMPERA-
TURE AND SELECTED RADICALS AS A FUNCTION OF THE PRE-
MIXER FLOW COORDINATE AT THE REFERENCE PRESSURE AND
FUEL TEMPERATURE. THE MULTIPLIERS USED FOR THE SCALING
OF RADICALS IN (B)-(D) ARE INDICATED NEXT TO THE RESPEC-
TIVE CURVES.

example, the more narrow distribution of the CH3OCH2O2 rad-
ical, which can be used to demarcate the first-stage autoignition
location and the onset of the cool flame. Further downstream,
CH2O and HO2 show a little increase followed by further con-
sumption at 𝑠/𝑠max ≈ 0.2 where a warm flame is established.
High-temperature autoignition occurs at 𝑠/𝑠max ≈ 0.25, consis-
tent with the evolution of the conditional values in Figs. 4–5.
The sensitivity of this condition to air temperature is vital

for premixer design and operation. As discussed by Iavarone et
al. [6], perturbations to influential variables such as temperature
may be responsible for rare autoignition events, so that autoigni-
tion risk may not be apparent by examination of the nominal op-
erating conditions alone. Thanks to its low computational cost,
the ISRN approachmay be integrated into new stochastic analysis
frameworks (e.g., see [6, 48]) that aim to quantify autoignition
risk based on a modification to the boundary conditions used in
the premixer. For example, if the operating air temperature fol-
lows a normal distribution with a standard deviation of 𝜎 = 10K,
then the perturbation of 40 K in Fig. 7 corresponds to 4 ·𝜎, which
has a non-negligible probability. Since many simulations would
be needed to describe the probability distributions of perturbed
variables accurately, the ISRNmethod is ideal as it can remove the
need for many expensive CFD simulations. The computational
cost aspects will be further discussed in the following.

4.5 Computational considerations
The method is computationally very efficient, as previously

reported in Refs. [10, 11, 20]. The mixing field is pre-calculated,

10 Copyright © 2022 by Siemens Energy
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and only a subset of processes is solved at each time-step; hence
the computational time is drastically minimised compared to a
detailed reacting CFD simulation. With either RANS or LES,
inert CFD simulations are routinely performed in the industry
and academia and necessitate reasonable computational resources
available to most CFD engineers. In the current setup, the total
computational time is of the order of 3 hours, necessary to reach
convergence on one node (32 MPI processes) of an Intel Xeon
Skylake supercomputer (Cambridge CSD3). This equates to a
total computational cost of 96 CPUh per simulation. Of course,
similar performance can also be achieved in a modern multi-core
workstation, but it might be limited by the available computer
memory necessary to process the underlying CFD computation
and the total number of scalars.
Faster runtimes than the one reported here may be easily

attained as the total runtime scales inversely with the number of
total MPI processes. For a generally low number of reactors in
the order of O(1000), which is more than adequate to describe
autoignition propensity (see related comments in Section 3), only
slight computational efficiency losses have been observed with
the current implementation, even when one processor is used
per ISR. Experience with soot modelling and complex chemi-
cal mechanisms [10, 11] has also shown that the computational
penalty of switching to a larger and stiffer chemical mechanism
is proportional to the penalty observed in simpler solvers, used,
for example, for transient flamelet calculations.

5. SUMMARY AND CONCLUSIONS
A novel approach using Incompletely Stirred Reactor Net-

work (ISRN) modelling to estimate autoignition propensity
in aeroderivative premixers has been presented. As a post-
processing step on a non-reacting CFD solution, the approach
considers the evolution of statistically-steady conditional react-
ing scalars, such as temperature and pre-ignition radicals, with
the conditioning performed on the mixture fraction. By exam-
ining the conditional averages and their time-averaged uncon-
ditional counterparts, autoignition propensity and its sensitivity
to operating conditions can be closely evaluated. The reacting
scalars are computed separately from the flow, enabling the use
of complex chemical mechanisms and previously elusive para-
metric analyses at a moderate computational cost. The method
was applied to the time-averaged inert LES fields of an experi-
mental premixer operating at highly reactive conditions and with
a dual fuel mixture of methane and dimethyl ether. The analysis
underlined the prominence of multi-stage autoignition within the
premixer, strongly influenced by the reactivity of DME and the
effects of mixing and turbulent transport. Autoignition propen-
sity observables proved consistent with a previous analysis using
reacting CFD, indicating the suitability of the ISRN in describing
the ignition processes in initially non-premixed systems such as
gas turbine premixers. The choice of various autoignition met-
rics that combine the effects of mixing and chemical reactions
was further examined to facilitate future premixer designs. The
present modelling approach may also be viewed as an extend-
able framework that can incorporate mathematical tools such as
CSP algorithms to describe the underlying autoignition dynam-
ics better [47] and uncertainty quantification methods to perform

stochastic analysis and quantify rare autoignition risk [34].
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