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Abstract
A cyclonic burner operating under moderate or intense low-oxygen dilution (MILD)
conditions is simulated using a Perfectly Stirred Reactor (PSR) incorporated within a
tabulated chemistry approach. A presumed joint probability density function (PDF)
method is utilised with appropriate sub-models for the turbulence-chemistry interaction. Non-adiabatic eﬀects are included in the PSR calculation to take into account the
eﬀects of non-negligible wall heat loss in the burner. Five diﬀerent operating conditions
are investigated and the computed mean temperatures agree well with measurements.
A substantial improvement is observed when the non-adiabatic PSR is used highlighting the importance of heat transfer eﬀects for burner configurations involving internal
exhaust gas recirculation (EGR). Furthermore, enhanced reaction homogeneity is observed in this cyclonic configuration for the globally lean case, leading to a more spatially
uniform temperature variation with MILD combustion.
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Introduction

Currently, fossil fuel combustion is still the world’s major energy source and will remain
so in the foreseeable future. Due to the demand for even more eﬃcient and less polluting
combustion devices, alternative combustion concepts are constantly explored. Among these,
Moderate or Intense Low-oxygen Dilution (MILD) combustion has been recognised as an
attractive approach which can achieve both high thermal eﬃciency and low pollution simultaneously. 1–3 MILD combustion relies on the preheating and dilution of the reactant mixture
which is obtained using exhaust gas recirculation. The recirculation can either be external 4
or internal 5,6 to the combustion chamber. Under these conditions, MILD combustion is then
defined as occurring when the reactant temperature, Tr , is higher than its auto-ignition temperature, Tign , and the temperature rise after combustion, ∆T = Tp − Tr , is smaller than
Tign . 3 As a result of these characteristics, the energy eﬃciency is improved by the use of
exhaust gas while the emission is substantially reduced resulting from the homogeneous heat
release with low peak of temperature. 1–3
In the past, the Jet in Hot Coflow (JHC) configuration has been studied both experimentally 4,7–10 and numerically
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as a representative of MILD combustion. Indeed, this

simple configuration has allowed for precise laser measurements 4,8 of various flow and thermochemical quantities providing physical insights into several key features of this combustion
mode such as the importance of autoignition 10 and the role of turbulence in promoting
thicker reaction zones. 17 However, other representative characteristics of MILD combustion
commonly existing in practical burners with internal EGR are absent in the JHC configuration. For example, the homogeneous temperature field and mild gradient of species were
observed in the original furnace-like experimental configurations with strong recirculation of
burnt gases . 2,5,18,19 These behaviours were also observed in the Direct Numerical Simulation
(DNS) 20,21 studies of MILD combustion with internal EGR showing additional physical complexities with an interplay among ignition, propagating and interacting reaction zones with
premixed and non-premixed combustion attributes. The residence time, diluent composition
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and the role of recirculation pattern were also found to be highly influential in establishing
MILD combustion in these furnace-like burners. 22–26
In recent years, numerical simulations have become an essential tool in improving our
understanding of the physical phenomena occurring in MILD combustion burners. However,
most studies have focused on the study of the JHC using, for example, the Eddy Dissipation
Concept (EDC) model, 11,27 Conditional Moment Closure (CMC), 13 transported probability
density function (TPDF) approaches 12,14 or models based on finite-rate chemistry closure. 16
Indeed, these numerical eﬀorts have substantially improved our understanding on modelling
combustion under MILD conditions. However, most of these models treat the combustion
chemistry in an explicit manner, i.e., all species considered in the chemical mechanism are
calculated along with the turbulent flow, leading to high computational costs especially for
industrial applications. The alternative modelling approach is to use tabulated chemistry
and thus more economical computation is achieved by decoupling the chemistry and flow
calculations. However, such approaches require a base chemistry solution which could be
obtained from laminar flames, 28 igniting mixing layers, 29 zero-dimensional (0D) reactors, etc.
Among these, the Perfectly Stirred Reactor (PSR) was shown to be a promising candidate
in a validation study, 15 providing the same level agreement with the JHC experiments as
that by the sophisticated TPDF models with a gain of computational cost by an order of
magnitude which is attractive for practical purposes.
In most tabulated chemistry applications, adiabatic conditions are assumed because in
conventional systems, i.e., JHC, bluﬀ-body or swirl stabilised, combustion typically occurs
far from the burner walls and the mixture residence time is small compared to the heat
conduction time scales. Several attempts 30–34 have been made to investigate heat loss eﬀects
in those system showing only minor influences. However, for furnace-like MILD burners, the
heat loss eﬀects, e.g., conduction and radiation to the walls, are more influential because
of the confinement and longer residence time due to internal EGR, 26,35,36 posing great challenges for MILD combustion simulations. Therefore, further modelling consideration on the
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heat loss eﬀects is needed for tabulated chemistry approaches to be applied for more realistic experimental configurations and such attempts are seldom in the literature of MILD
combustion. This requires a consistent treatment of heat loss not only in the turbulent flow
simulation through energy transport but also in the base chemistry calculation where the
thermo-chemical processes are influenced by the change of temperature.
Thus, the objective of this work is to fill this gap by simulating the cyclonic MILD
combustor investigated experimentally by Sorrentino and coworkers 23,29,35,37 using a nonadiabatic tabulated chemistry approach. This modelling framework is an extension of that
proposed in Ref. 15 by incorporating PSR calculations with a range of heat loss levels which
adds another dimension represented by enthalpy to the chemistry tabulation. The simulation
results are compared with the experimental data to assess the validity of this approach for
diﬀerent operating conditions. The heat loss eﬀects are elucidated by comparing the results
obtained using the adiabatic model. Furthermore, the MILD combustion features appearing
in this cyclonic burner with internal EGR are studied and the eﬀects of various operating
parameters tested are explained on a physical basis.
This paper is organised as follows. A brief description of the modelling framework is
provided in Section 2. Details on the experiment under study and the numerical setup are
provided in Section 3. The results of the simulations are discussed in Section 4. Conclusions
are summarised in the final section.

2
2.1

Modelling methodology
Governing equations

Three-dimensional Favre-averaged mass and momentum conservation equations are solved to
account for the flow motions in the cyclonic burner with variable density due to combustion

4

heat release: 38
#
!
∂ρ
"
+ ∇ · ρU = 0,
∂t

(1)

ρ

(2)

"
DU
= −∇ p + ∇ · τeﬀ ,
Dt

" is the Favre mean velocity vector and
where ρ is the mean density of the local mixture, U

p is the mean thermodynamic pressure. The eﬀective viscous tensor is the sum of the mean
$
!
#%
′′
′′
"
"
!
viscous and the Reynolds stresses: τeﬀ ≡ τ − ρ u u = ∇ · 2 (µ + µt ) S − (∇ · U ) I/3 ,

" and
where µ and µt are the laminar and turbulent dynamic viscosities respectively, with S

I being the mean rate-of-strain tensor and the identity matrix. The turbulent viscosity is
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study to capture complex turbulent flows in the cyclonic burner and a sensitivity study on
the turbulence model is shown later in Section 4.
The turbulent mixing between the fuel and preheated oxidiser inside the burner is de-

scribed by a mixture fraction, Z, using Bilger’s formulation 40 and the modelled transport
equations for the mean and variance solved in the simulation are written as
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where a turbulent Schmidt number of Sct = 0.7 is used to relate the turbulent diﬀusion
processes of the scalar and velocity. 15 The mean scalar dissipation rate is modelled using
!
#
*
′′2 with C = 1.0, following previous
the linear-relaxation approximation: χ
"Z ≈ Cd ε" / "
k Z
d
studies. 41,42 A normalised progress variable, c, defined using the sum of CO and CO2 mass
fractions 41 is used to describe the propane-air combustion progress for this study. The
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Favre-averaged transport equations for c and its variance are:
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where the scalar dissipation rate χ
"c requires a more sophisticated closure for progress variable

than that for mixture fraction and the model detailed in Ref. 15 is adopted for this study.

Note that here the mean reaction rate, ω̇c− , includes the heat loss eﬀects at the reactor (PSR)
level and thus is denoted by the superscript,

−

, to distinguish from the adiabatic ones used

" "
c and their
in the earlier studies. 15,29 The value of ω̇c− not only varies with the mean Z,
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is solved, where the turbulent Prandtl number is Prt ≈ 0.7. As a initial attempt, gas-phase
radiation is not considered for this study. However, the heat losses through the burner walls
are considered and modelled using a wall heat flux:

(8)

qw = Hw (T − Tw ) n ,

with Hw and Tw , respectively being the material heat transfer coeﬃcient and temperature
of the burner walls, and n is the unit normal vector of the wall surface. The internal
near-wall gas temperature, T , is taken as the temperature of the numerical cell next to the
wall boundary, which is obtained using Eqs. (7) and (12). Note that qw is included as a
boundary condition at the combustor walls. The heat transfer coeﬃcient is tuned in the
simulations so that the computed near-wall fluid temperature matches the measured value.
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The balance among the heat fluxes of gas-phase radiation, conduction through solid wall, and
the convection and radiation on the outer surface of the wall, dictates the near-wall interior
fluid temperature in reality. This complex balancing is modelled and captured using a simple
expression in Eq. (8) and by tuning Hw . Although this is a crude approximation for the
combined eﬀects, it serves the purpose here. Ideally, one would need to include all of these
eﬀects through explicit modelling of the conduction, radiation and convection processes, i.e.,
using conjugate heat transfer approaches. However, the above approximation is applied here
as a first attempt to incorporate the heat loss eﬀects into the widely used tabulated chemistry
approach which is commonly assumed to be adiabatic. The implementation for this is nontrivial due to the decoupling between the chemistry and turbulent flow calculations, and the
physical consistencies need to be kept carefully for the heat loss processes in these separated
calculations.

2.2

PSR with heat loss

Figure 1 presents a schematic of the non-adiabatic PSR calculation performed using the
chemical kinetics solver CANTERA. 43 The standard set of unsteady 0D PSR equations are

Fig. 1: Schematic of the non-adiabatic PSR.
solved and the heat loss sink term is included in the mixture enthalpy equation. 44 Depending
on the temperature and composition of the fuel and oxidiser streams for a given operating
condition, the initial state of the reactor is determined for diﬀerent mixture fractions cov7

ering the entire reactive range. A constant residence time of τ = 0.5 s estimated in the
experiments 24 is used for all PSR simulations. To account for the heat loss, a heat flux is
specified in a similar manner as in Eq. (8) and an ambient temperature of 1045 K is given
for the surrounding environment. This value is the measured temperature at the outer wall
and thus is a good estimate for the far-field temperature of the heat reservoir. For a given
mixture fraction, PSR calculations are performed for diﬀerent values of Hw to allow for a
range of heat loss levels. The maximum value of Hw is determined such that the final state
temperature approaches the ambient temperature at the end of residence time.
Figure 2 shows temporal variations of temperature and heat release rate for the stoichiometric propane-air mixture of experimental case CS-1 (see Table 2) in a PSR for three heat
loss levels denoted by diﬀerent heat transfer coeﬃcients, Hw . The adiabatic case (Hw = 0)

Fig. 2: Temporal variation of temperature (top) and heat release rate (bottom) in the PSR
for four typical heat loss levels.
is also shown for comparison. It is seen that as the heat loss increases the temperature
drops drastically after ignition. However, the final temperature does not always reach the
ambient temperature of 1045 K due to the insuﬃcient residence time even for the value of
Hw = 3000 W/m2 /K, which is two orders of magnitude higher than the measured value of
41.84 for the burner walls. This is consistent with the experiments where the overall residence time of the mixture inside the burner is typically smaller than the wall cooling time
suggesting that chemical reactions may not be largely influenced by the heat loss for highly
8

reactive mixtures. It is noticeable in Fig. 2 that the ignition is faster for the non-adiabatic
cases because the initial reactant temperature is lower than the heat reservoir temperature,
i.e., T < Tw in Eq. 8, and hence the PSR is heated by the environment during the early
stages. However, the magnitude of heat release rate is almost the same since the time-scales
of chemical reactions are much smaller than that for the heat exchange process. This can
be further seen in Fig. 3 showing the major (C3 H8 and CO2 ) and pollutant (CO and NO)
species variations in the PSR with diﬀerent heat loss levels. Following the temperature vari-

Fig. 3: Typical species mass fraction variation of C3 H8 , CO2 , CO and NO in the PSR for
four typical heat loss levels (see legend in Fig. 2) .
ations shown earlier, the reactions take place earlier for high heat loss cases (lower h) due
to the ambient heat eﬀect and the overall evolution remains rather similar for all four representative species presented despite the drastic temperature drop after ignition. This is quite
diﬀerent from the previous studies on non-adiabatic flamelets, in which flame quenching was
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observed after the heat loss reached a certain level. 30,32 The reason is that the peak temperature is much higher, up to 2200 K for stoichiometric hydrocarbon-air flames, leading to large
temperature gradient and hence more severe heat losses. In contrast, the PSR simulated
here with MILD conditions has a peak around 1550 K and the chemical reactions are less
influenced by the heat loss.
For each experimental case simulated, 200 (in Z) × 10 (in h) PSR calculations are performed. Using these two control variables along with the progress variable, all the PSR quantities can be mapped into a three-dimensional manifold and the reaction rate, ω̇c− (Z, h, c), is
then used to model the source terms in Eqs. (5) and (6):

ω̇c−

=

c′′ ω̇c−

, , ,
=

ω̇c− (ξ, η, ζ) P (ξ, η, ζ ) dξ dη dζ ,

, , , !
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(9)

(10)

where ξ, η and ζ are the sample space variables for Z, h and c respectively. The joint
probability density function, P (ξ, η, ζ), signifies the statistical variations of the three control
variables in the turbulent flow and it is modelled as
*
′′2 ) × δ(η − "
′′2 ) ,
" Z
P (ξ, η, ζ) = β(ξ; Z,
h) × β(ζ; "
c, c+

(11)

where the β-function is used for Z and c as in Refs. 15,41 and a Dirac δ-function is adopted for
h as a first attempt. Other thermo-chemical quantities such as the mixture eﬀective specific
"pe , and enthalpy of formation, "
heat capacity, 41 C
h0f , are modelled in a similar manner as in

Eq. (9). The temperature is determined using

T" =

+0
"
h−h
f
+ T0 ,
e
+
C
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p

and T0 = 298.15 K. The mixture eﬀective specific heat capacity is temperature dependent
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as demonstrated and discussed in previous studies. 41,42 Here the mixture enthalpy (chemi"pe and "
cal+sensible) is transported using Eq. (7) whereas C
h0f are obtained using a presumed

joint PDF approach which utilises the PSR calculation. Thus, the eﬀect of wall heat conduc-

tion needs to be considered in both approaches and this allows us to study their individual
eﬀect on the temperature field by including one at a time. Depending on whether the heat
flux is included in the PSR or for the "
h equation (through its boundary condition), three

models are established as listed in Table 1: Model-1 implies adiabatic burner with adiabatic
PSR, Model-2 implies non-adiabatic with adiabatic PSR and Model-3 implies both burner
and PSR are non-adiabatic.
Table 1: Model combination detail.

3
3.1

Model

1

2

3

Heat flux for "
h
Heat flux for PSR

No
No

Yes
No

Yes
Yes

Experimental and numerical details
Test case experiments

The experimental configuration of Sorrentino et al. 23 is studied here to investigate the MILD
combustion of propane with diluted and preheated air. Experimental measurements on
this burner have been reported in various previous studies 23,29,35 and are compared here to
numerical simulations. Propane was chosen as the reference fuel because it is an important
fuel for several practical applications. Moreover, the propane/oxygen chemical kinetics is
fundamentally important for all combustion processes of hydrocarbons, and it is well known
and suﬃciently simple. The elementary reactions of propane combustion and its intermediate
oxidation species are a central part of the mechanisms which describe the combustion of any
hydrocarbon or oxygenated fuel. Also, propane can partially represent the thermochemical
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and combustion properties of larger hydrocarbons.
Figure 4 shows a sketch of the mid-plane section of this laboratory-scale burner (0.2 ×
0.2 × 0.05 m3 ) alongside a photograph of the burner. The combustor is built using heatinsulating material and is located within an electrically heated ceramic oven to minimize the
heat losses. Two oxidiser and fuel jets are positioned at opposite corners of the combustion
chamber to produce a cyclonic flow field while the outlet is located at the centre of the top
plane, see Fig. 4. The oxidiser and fuel jets are respectively placed at 2 cm and 4.5 cm from
the side wall. The fuel jets have diameter of 0.08 cm and C3 H8 diluted with N2 is injected
at 50 m/s at ambient temperature (300 K) while the oxidiser jets have a diameter of 0.8 cm
and O2 diluted with N2 is injected at 38m/s at a preheated temperature Tox . Experiments
were performed to operate the combustor in a non-premixed mode. Therefore, the main
pre-heated flow is composed by oxygen and diluent (N2) and the fuel flow (propane) is
injected with N2. The fuel jet is partially diluted with N2 to keep its velocity independent of
the carbon/oxygen feed ratio. This combination of high recirculation through the cyclonic
configuration with preheated oxidiser and diluted fuel allows for the stable operation of
MILD combustion in this burner operated at atmospheric pressure.
Temperature was measured using two sliding thermocouples (type N, Nisil - NiCroSil)
with a diameter of 1.5 mm located in the mid-y plane of the burner with an accuracy of
±2.2 K. These thermocouples were then placed in alumina tube of 2 mm of diameter to
minimize their eﬀects on the flow pattern. The central and lateral thermocouples are placed
as depicted in Fig. 4. The uncertainties in the measurements are linked to convective and
radiation eﬀects. The convective eﬀects are important close to the oxidiser inlet and radiative
eﬀects are non-negligible close to the walls. These uncertainties in the lateral measurements
are ±2% and ±6% respectively for the convection and radiation, and ±1% and ±1.5% for
the central measurements. These uncertainties on the thermocouples measurements were
estimated by considering a heat balance between the thermocouples and the flow through
forced convection and radiative heat exchange between the thermocouple and the wall. The
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Fig. 4: Sketch of the mid-plane section of the cyclonic burner. 23
overall heat transfer coeﬃcient of the reactor was calculated to be 41.84 W/m2 /K using the
thermal resistances in series concept based on the system boundary conditions, namely, the
oven temperature in which the cyclonic chamber is located and the inlet flow temperature
and velocity, considering a non-reactive case. Such value was also confirmed by an overall
heat balance on the system by measuring the gas temperature at the exit. The uncertainty
related to the heat exchange coeﬃcient value was evaluated as about 8% on the basis of flow
rate and temperature measurement accuracies.
Five diﬀerent experimental conditions described in Table 2 are studied here. These have
already been partially reported in previous studies. 23,35 The eﬀects of Tox and equivalence
ratio, Φ, are investigated. In all cases, the mean residence time τ is kept constant at 0.5 s and
the global inlet content of N2 is fixed at 94 % in volume. The equivalence ratio is changed by
modifying the fuel and oxidiser compositions as reported in Table 2. Three diﬀerent oxidiser
temperatures, Tox , are also considered.
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Table 2: Details of experimental cases under study.

3.2

Case

Φ

CL-1
CS-1
CR-1
CS-2
CS-3

0.33
1
1.67
1
1

Tox
[K]
1045
1045
1045
1075
1125

Fuel
XC3H8 / XN2
0.0856 / 0.914
0.23 / 0.77
0.343 / 0.657
0.222 / 0.778
0.212 / 0.788

Oxidiser
XO2 / XN2
0.059 / 0.941
0.052 / 0.948
0.047 / 0.953
0.053 / 0.947
0.053 / 0.948

Pth
[kW]
0.36
0.97
1.45
0.94
0.89

Numerical setup

The computational domain includes the fuel and oxidiser inlet tubes, combustion chamber
and the outlet duct. This domain is discretised using an unstructured numerical grid comprising 596,000 hexahedral cells as shown in Fig. 5a. Mesh refinement is applied in the inlet

Fig. 5: (a) Volume view of the numerical grid (b) Iso-surfaces of vorticity magnitude (red)
threshold at 20% of its maximum and of enthalpy threshold at 50% (green) and 75% (blue)
of its maximum.
region of the jets to have a good resolution for the shear layer because of the strong turbulence in this region as can be seen in Fig. 5b by a vorticity iso-surface (red coloured). The
cyclonic motion of the flow also generates turbulence forming a vortex core in the centre of
the burner (the central cylinder in Fig. 5b). This strong swirling motion recirculates the
hot products (indicated by high-enthalpy iso-surfaces) inside the cyclonic burner, which is
illustrated by the green toroidal iso-surface cycling around. As a result of this internal EGR,
MILD combustion is established with a homogeneous temperature field and a progressive
14

increase in temperature as will be discussed in Section 4.
The commercial software ANSYS Fluent 18.1 is used as the flow solver for this work.
The built-in energy transport and combustion models are disabled and instead the framework described in Section 2 is implemented using User Defined Scalars and Memories (UDS
and UDM). 42 The detailed chemical mechanism POLIMI C1-C3 45 is used for propane-air
combustion in this study. For the inlet boundaries, top-hat velocity profiles are given for both
fuel and oxidiser streams. The no-slip condition is employed for all the walls and pressure
outlet is specified for the exhaust exit. The mixture fraction value is specified to be 1 and
0 for the fuel and oxidiser streams respectively. For the progress variable, 0 is specified for
both streams. The inlet enthalpies are determined based on the thermodynamic properties
of the inflow which vary for diﬀerent cases. All scalar gradients are set to be zero for the
walls except enthalpy, for which a heat flux is specified using Eq. (8). The control variables,
*
′′2 , "
′′2 , are solved as UDS using their transport equations. The various sources
" Z
Z,
h, "
c and c+

and sinks for these equations are tabulated in a five-dimensional (72×15×10×31×21) lookup
table using an in-house integration code incorporated with CANTERA prior to the Fluent
simulations. For each case in Table 2, a diﬀerent lookup table is generated because of the
diﬀerence in composition of the fuel and oxidiser streams. The table generation time is
about 1 hour on the ARCHER Supercomputer using 72 cores. A fully converged reacting
flow solution takes about 1.5 hours on a 20-core Dell Workstation.
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Results – model validation and discussion

To visualise the general combustion behaviours inside the cyclonic burner, Fig. 6 shows the
half mid-plane contours of mean reaction rate and temperature for the CS-1 case computed
using the Model 3 (see Table 1). It is seen that the temperature distribution is quite homogeneous inside the burner as one would expect for MILD combustion. Due to the strong
cyclonic motion of the burnt gases (indicated by the white arrow), the fuel jet is pushed
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Fig. 6: Mid-z-plane contours of reaction rate (top) and temperature (bottom).
towards the oxidiser jet and merges with it a few diameters downstream of the oxidiser jet
exit. This indicates a fast mixing pattern and because the fuel is already heated by the
burnt gas before mixing with the oxidiser, the resulting mixture reactivity is quite high
and thus the reactions occur quickly after mixing as suggested by the short length of the
reaction zone shown in Fig. 6. The reaction zone lies in the shear layer of the oxidiser jet
suggesting that in MILD combustion reaction is mainly controlled by the oxidiser, not fuel
which dictates the reaction zone location in conventional diﬀusion flames. A circular lowtemperature zone is present in the centre of the burner as seen in Fig. 6 and this was also
observed in the experiments, resulting from the strong heat loss close to the outlet. It is
worth remarking here that the fuel-to-oxidiser ratio of the bulk mass flow rates is very small,
i.e., ρf Uf Af /ρox Uox Aox < 1/100 with A being the cross-sectional area of the inflow pipes and
thus the low temperature fuel jet is unable to penetrate into the oxidiser jet although there
is a strong momentum in the transverse direction. As a result, the measured temperature
along the oxidiser jet centreline is always larger than the inlet value Tox and this is important
for the model validation as one shall see later in this section.
Considering the complex turbulent flow inside this cyclonic burner, it is worthwhile to
examine the sensitivity of the numerical results to the turbulence model. Thus, three com-
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monly used turbulence models are tested: the two-equation standard k-ε model, the RNG
modification, and the Reynolds Stress Model (RSM). Fig. 7 compares the computed temperature profiles using these models with the experimental thermocouple measurements at
the central and lateral positions (see Fig. 4). It can be seen that the simulation results given
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(a) Central thermocouple

(b) Lateral thermocouple

Fig. 7: Sensitivity of temperature predictions to the turbulence model. Symbols are measurements with associated uncertainty, lines are computations.
by all three models agree well with the experimental data at the central position showing
only minor diﬀerences. For the lateral position, the RSM model tends to overestimate the
ignition along the measured line and the temperature starts to increase at about x = 0.04 m
compared to that of x = 0.025 m for the k-ε and RNG models. In the experiments, however, the temperature rise was observed at even earlier position at x = 0.01 m, which is 1.2
diameter of the oxidiser jet downstream of the exit. It is well-known that the jet potential
core sustains for few diameters on the centreline after the exit and the mixture composition
remains the same, i.e., pure oxidiser in the present case. This means that at this position
(x = 0.01 m), without mixing with the fuel stream, the mixture is still inflammable and
hence ignition is unlikely to occur. It can be proven in Fig. 8 that the mixture fraction
value is below the lean flammability limit (determined using PSR) for all three turbulence
models used. Thus, the early temperature rise observed in the experiments is unlikely to be
a mean flow behaviour but a consequence of some transient mixing eﬀects. It is speculated
that the high turbulent swirling flow enhances the mixing by pushing the fuel jet towards
17

Fig. 8: Mixture fraction variation along the lateral measuring line computed using three
diﬀerent turbulence models.
the oxidiser jet (see Fig. 6) and during this process the fuel jet occasionally breaks down
into small pockets. Some of these fuel pockets penetrate into the oxidiser jet and then burn
inside producing high local temperature. Another possibility can result from the limitation
of thermocouple measurements as indicated by the relatively larger error bars for upstream
locations. Nevertheless, the temperature variation inside the combustion chamber is predicted reasonably well for both the central and lateral positions, and the best-performing
RNG turbulence model is adopted for the following discussions on the heat loss eﬀects.
Figure 9 compares the measured 29 and computed temperatures along the central and
lateral lines for cases CL-1, CS-1, CR-1 listed in Table 2. The numerical results (lines)
shown are obtained from the simulations performed in the present study using models 1, 2
and 3 (see Table 1), and also from the previous study by Sorrentino et al. 29 using the built-in
FGM model in ANSYS Fluent. It is worth remarking here that this FGM model utilised an
adiabatic igniting mixing layer (IML) 46 as the canonical model to build the lookup table.
The heat loss was considered only in the turbulent simulations through a thermal boundary
condition for the burner walls as in Model-2 using the same heat transfer coeﬃcient. It can
be seen in Fig. 9 that all the models are able to reproduce the nearly constant temperature
profile measured along the central line with a small dip in the middle. The purely adiabatic
Model-1 over-predicts the temperature significantly indicating that the wall heat loss is
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central

lateral
CL-1

CS-1

CR-1

Fig. 9: Temperature variation along the central (left column) and lateral (right column)
locations for cases CL-1 (top row), CS-1 (middle) and CR-1 (bottom). Symbols are measurements with associated uncertainty, lines are computations.
substantial at the global level and thus should be taken into account through the energy
(enthalpy) transport equation. For the case CS-1, Fluent-FGM and Model-2 yield similar
results as one would expect, both slightly under-predicting the central line temperature. By
contrast, Model-3 captures the variation quite well for all three cases suggesting that the
heat loss tends to be over-estimated when only considering the non-adiabatic eﬀects in the
Fluent simulations but not in the canonical configuration used to build the lookup table.
For the lateral line, however, Model-2 and Fluent-FGM largely under-predict the temperature for x < 0.05 m with an unphysical drop at the beginning (close to the oxidiser jet
exit). It is remarked here that this unphysical behaviour may arise due to the inconsistency
+e . As can be seen
between the transported non-adiabatic "
h and the tabulated adiabatic C
p
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in Fig. 9, Model-3 with the non-adiabatic PSR shows the correct behaviour for x < 0.05 m
and the overall agreement with the measurement is improved substantially from the Model-2
and Fluent-FGM. For locations x < 0.02 m, where ignition already occurs in all three cases,
no temperature rise is predicted in the simulation suggesting a strong penetration of the
oxidiser jet. This has been noted earlier in Fig. 7b and the experimental uncertainty in this
region was reported to be significantly larger compared to the downstream (x > 0.1 m). It
is also worth remarking that the thermocouple had a non-negligible diameter of 2 mm compared to 8 mm for the oxidiser jet. Thus, the physical presence of the thermocouple could
disturb the flow and act as a “flame holder” to stabilise reactions leading to higher temperature. It would be helpful to compare with laser-based temperature measurements with the
flow/mixing field unaﬀected and this would be of interest for future studies.

Nonetheless,

the temperature distribution and its variation with Φ are predicted quite well by the Model-3
with a substantial improvement over the Fluent default FGM model.

central

lateral

CS-2

CS-3

Fig. 10: Temperature variation along the central (left column) and lateral (right column)
locations for cases CS-2 (top row) and CS-3 (bottom row). Symbols are experimental measurements with associated uncertainty and lines are computations.
To further assess the performance of the models, temperature comparison is shown for
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CS-2 and CS-3 cases with Tox = 1075 and 1125 K respectively. The fully adiabatic Model-1
over-predicts the burnt temperature even more because the final-state temperature is higher
than that in the Tox = 1045 K cases leading to higher global heat loss. For the Model-3
with non-adiabatic eﬀects considered at both the global and PSR levels, the comparisons
similar to those discussed in Fig. 9 are observed showing an improved agreement with the
experimental measurements.
To investigate the MILD combustion characteristics under diﬀerent operating conditions,
Fig. 11 depicts the reaction rate contours in the half mid-plane for the five cases listed in
Table 2. Model-3 is used for these simulations. A considerable variation of reaction zone

Fig. 11: Reaction zone behaviour under diﬀerent MILD conditions.

behaviour can be observed among these cases with varying global equivalence ratio (Φ) and
oxidiser preheat temperature (Tox ). For the Tox (1045 K) cases, the reaction zone behaviours
between the stoichiometric and rich cases CS-1 and CR-1 are similar, i.e., it is located in the
shear layer of the oxidiser jet and the peak value is about 20 kg/m3 /s. When Tox increases
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in CS-2 and CS-3, the peak reaction rate also increases as one would expect but the reaction
zone shape and location remain almost the same as in CS-1.
In contrast, the lean case CL-1 shown in Fig. 11 is rather diﬀerent. The peak reaction rate
is much lower, about 10 kg/m3 /s, and it appears in the mixing layer between the fuel and
oxidiser jets. In addition to the reaction zone in the shear layer of oxidiser jet, substantial
reaction is also found around the fuel jet forming another reaction zone (marked using red
box). This diﬀerence stems from the excess oxygen in the lean case and a large part of this
oxygen is carried by the burnt gases recirculating inside the combustor as shown in Fig. 12.
As discussed earlier in Fig. 6, the fuel jet is distorted by the swirling flow of burnt gases in

Fig. 12: Half mid-plane contours of oxygen mass fraction for the Tox = 1045 K cases with
diﬀerent global equivalence ratios.
the transverse direction as soon as it enters the combustion chamber and with the oxygen
content this forms an interesting configuration similar to jet-in-cross-flow. This distorted
fuel jet behaviour can also result from the so-called “strong-jet/weak-jet” problem 47 where
the weak jet entrains the strong jet following a parabolic arc trajectory as seen in Fig. 11
for case CL-1. As a result, the fuel jet has partially reacted before merging with the main
stream of oxidiser, resulting in a more distributed reaction zone behaviour and lower NOx
production.
To further demonstrate this, Fig. 13 shows the conditional average of the mean reaction
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rate on the mixture fraction for the five operating conditions studied. It is very clear that

Fig. 13: Conditional averages of the mean reaction rate on the mixture fraction.
the reaction in the lean case CL-1 spreads over a large range of mixture fraction up to 0.2
with no evident peaks. For the other four cases, however, a strong peak is found at around
Z = 0.02 and the reaction rate becomes zero in the rich mixtures with Z > 0.07. This suggests that the cyclonic configuration operating under overall lean condition is promising for
characterising MILD combustion and reach the distributed reaction zone regime observed in
previous DNS studies. 21,48 The jet-in-cross-flow and strong-jet/weak-jet mechanisms intrinsically established in this cyclonic combustor 23,24 are helpful to achieve this, which is absent
in other MILD combustion configurations such as the jet-in-hot-coflow 4,8 and confined burners with inlet/outlets on the same plane. 36,49 The distributed reactions lead to milder scalar
gradient and temperature distribution, 50 which is desirable in practical applications for NOx
reduction.
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5

Conclusions

A novel laboratory-scale cyclonic MILD combustion burner with internal Exhaust Gas Recirculation (EGR) is studied numerically using a non-adiabatic tabulated chemistry approach.
The eﬀect of heat transfer is included at the base chemistry level using Perfectly Stirred
Reactor (PSR) and the mixture enthalpy is used as an additional control variable for the
thermo-chemistry tabulation. Typical attributes of MILD combustion such as homogeneous
temperature field and widely distributed reaction zones are captured well by the simulations.
It is found that the wall heat loss is quite substantial in this burner and the temperature
is predicted well only when the non-adiabatic eﬀects are considered at both the global and
PSR levels. An overall good agreement is obtained between the computed and measured
temperature along two cross-burner measuring lines for five diﬀerent MILD operating conditions. The results suggest that heat loss eﬀects play an important role in such furnace-like
burners and it needs to be included carefully at various, flow fields and reaction rate, modelling levels. Moreover, visualisation and conditional analysis of the mean reaction rate show
a more distributed reaction zone behaviour in the overall lean equivalence ratio case. The
cyclonic swirling motion of the burnt gases with excess air content gives rise to a favourable
situation similar to the jet-in-cross-flow, and the strong-jet/weak-jet interaction also leads
to enhanced mixing prior to combustion. Further experimental and numerical investigations
could be devoted to better understand these mechanisms and their role in establishing MILD
combustion in future studies.
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