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Abstract

In this work, we present a detailed comparison between the conventional Partially Stirred Reactor (PaSR)
combustion model and two implicit combustion models, named Quasi Laminar Finite Rate (QLFR) model
and Laminar Finite Rate (LFR) model, respectively. Large Eddy Simulation (LES) is employed and the Ade-
laide Jet in Hot Co-flow (AJHC) burner is chosen as validation case. In the implicit combustion models, the
filtered source term comes directly from the chemical term, without inclusion of turbulence effects. Results
demonstrate that the two implicit models behave similarly to the conventional PaSR model, for the mean and
root-mean-square of the temperature and species mass fractions, and that all models provide very satisfac-
tory predictions, especially for the mean values. This justifies the use of implicit combustion models in low
Dambkohler number (Da < 1.0) systems. The QLFR model allows to reduce the computational cost of about
three times, compared to the LFR model. Moreover, the comparison between two 4-step global mechanisms
and the KEES58 mechanism proves the importance of finite rate chemistry in MILD combustion.
© 2018 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute.
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Moderate or Intense Low oxygen Dilution
(MILD) combustion has the advantages of uni-
formly distributed temperature field, reduced NO,
and soot formation, as well as higher fuel flexi-
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bility compared to conventional combustion tech-
nologies [1,2]. In MILD combustion, reaction can
occur over a wide range of turbulence scales,
instead of the smallest scale in conventional com-
bustion [3]. The system evolves towards a dis-
tributed reaction regime and low temperatures,
because of the high dilution level and the in-
tense mixing between reactants and combustion
products. This leads to higher chemical and
lower mixing time scales, thus to characteristic
Damkohler number of order ~1 [1.2]. As a re-
sult, combustion progress in such systems cannot
be described using models based on the princi-
ple of time scale separation [4], and approaches
accounting for finite rate chemistry should be
considered. In the present paper, the Partially
Stirred Reactor (PaSR) model [5] is considered.
In PaSR, the influence of the sub-grid fluctu-
ations on the reaction rate is expressed with a
factor «, defined as the ratio between the character-
istic chemical time scale and the sum of the chem-
ical and mixing time scales. Recently, it was shown
that k approaches 1 in MILD combustion, suggest-
ing that reacting structures can be fully resolved on
the Large Eddy Simulation (LES) grid using a lam-
inar finite rate model [6].

Successful predictions of MILD systems are
reported in the literature. Many contributions
refer to lifted jet flames in vitiated co-flow [7], for
which several investigations have been carried out
using Reynolds Averaged Navier-Stokes (RANS)
simulation. In the context of RANS simulation,
different authors focused on the over-prediction
of temperature obtained using standard EDC
constants. Adjusted EDC constants [8,9], based on
a fitting procedure, were used to alleviate the over-
predicted temperature. Parente et al. [10] proposed
a dynamic expression of the EDC constants based
on local values of turbulent Reynolds number
Rer and Damkohler number, Da, proving the
importance of considering the chemical time scale
in MILD combustion. However, despite the com-
putational efficiency of RANS simulations, they
are not able to capture non-equilibrium phenom-
ena, such as local extinction and re-ignition. On
the other end, Large Eddy Simulation (LES) can
resolve the unsteady flow structure and reproduce
turbulence with a much higher accuracy than
RANS. Thme et al. [11,12] carried out LES on
the Adelaide Jet in Hot Co-flow (AJHC) burner
using a three-stream Flamelet Progress Variable
(FPV) formulation. Good agreement with the
experimental measurements was observed for the
mean temperature and specie mass fraction pro-
files. Afarin et al. [13] used PaSR to investigate the
reaction zone structure as well as the distribution
of temperature and minor species mass fractions,
showing satisfactory accuracy.

The present paper focuses on the applicability of
different implicit combustion model formulations,
under MILD combustion conditions. The PaSR

model is benchmarked against two implicit formu-
lations, the Laminar Finite Rate (LFR) and the
Quasi-Laminar Finite Rate (QLFR) formulations.
In the LFR model, the mean source term is directly
retrieved from the Arrhenius expression, while in
the QLFR model, a time-splitting approach is used,
solving an Ordinary Differential Equation (ODE)
to describe the evolution of species mass frac-
tions within the LES residence time. The AJHC
burner [7] is chosen as the test case, as it pro-
vides high-fidelity measurements of mean and root-
mean-square (rms) temperature, mixture fraction,
and species mass fraction for a MILD combus-
tion prototype system. All simulations are carried
out using OpenFOAM, where the different models
(PaSR, QLFR and LFR) are implemented [10,14].
Finite rate chemistry and multi-component molec-
ular species diffusion are included in the calcula-
tion. The assessment of the model performances is
based on both the mean and variance of the tem-
perature and species mass fraction profiles.

2. Numerical models
2.1. Turbulence model

The one equation eddy viscosity (oneEqnEddy)
is chosen as sub-grid turbulence model [15]. The
Favre-filtered governing equations of continuity,
momentum, energy and species are solved. The
sub-grid stress tensor for the Favre-filtered momen-
tum field, expressed as

T = pul; — piil;, 1)
requires a turbulence model. In oneEqnEddy
model, 7; is estimated by a subgrid-scale eddy vis-
cosity vy, and a resolved scale strain rate S; It

?’j ~ _2V,sgsSij~ (2)

The sub-grid scale viscosity is computed as
Vsgs = Ck ksgsAi (3)

where C, = 0.094, A is the grid size and kg is
the sub-grid scale kinetic energy which is solved
through a dedicated transport equation [16].

2.2. Combustion model

Two implicit models are compared with the con-
ventional PaSR model. Their key model features
are presented in Table 1.

2.2.1. Partially stirred reactor model

The Partially Stirred Reactor (PaSR) [5] sepa-
rates each computational cell into two zones. Reac-
tion happens only in a fraction of the cell, identi-
fied by the reacting fraction « [17]. Thus, the mean
source term can be expressed as

o =k (Y, T). C)
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Table 1
Characteristics of different combustion models (scaled
CPU time based on KEE58 mechanism).

Combustion model ~ PaSR QLFR LFR

Turbulence effect Explicit  Implicit Implicit
ODE integration Yes Yes No
Detailed chemistry  Yes Yes Yes
Scaled CPU time 1 0.86 2.66

In Eq. (4), @j(Y, T') represents the formation rate

of species k based on the Favre-averaged mass frac-

tions of species in the cell. The term « is a co-

efficient which considers the non-perfect mixing,

calculated as
7

]
Te + Timix

K= (5)
where 7. is the characteristic chemical time scale
in each cell and t,,, is the mixing time scale. In
the present study, the chemical time scale of each
species is estimated by 7., = Y,*/(d Y;*/dt), where
Y and d Y}*/dt are mass fraction of the k, species
and the corresponding formation rate in the react-
ing zone, respectively. The highest limiting value
is chosen as the characteristic chemical time scale,
considering only active species (the species char-
acterized by an absolute rate of change (dY;"/dt)
higher than a given threshold). The mixing time
scale is represented with the geometrical mean of
the sub-grid velocity stretch time (A/v) and the
Kolmogorov time scale ((v/e,)"?) [18].

2.2.2. Quasi laminar finite rate model
Based on the PaSR model, the QLFR model is

formulated merely by forcing « = 1.0 [19], under
the hypothesis that the mixing time scale is much
smaller than the chemical time scale. Therefore, the
turbulent eddies are assumed to be able to pene-
trate into the flame structures and the whole cell is
considered as a Perfectly Stirred Reactor (PSR) [6].
Using a time-splitting approach, the reactive zone
conditions are retrieved solving the following set of
ODEs:
dY, k Wy

dt ~— p’
The term @y is the instantaneous forclll;ation rate

of species k. The final integration of —* over the

residence time 7 in the reactor is Y;* introduced in

Section 2.2.1. The term w,’j(f’ 7~") in Eq. (4) is thus
estimated with:

Wi (V. T)= (¥} - Yo/t )

In the present work, t is equal to the simulation
time step. As far as the CPU requirements are con-
cerned, the QLFR model allows saving additional
time compared to PaSR model, as it does not need
any chemical time scale estimation for the evalua-
tion of «.

(6)

Table 2

Boundary conditions for the AJHC burner.
Profiles Central jet Annulus Tunnel
Velocity 58.74 m/s 3.2m/s 3.3 m/s

Temperature 294 K 1300 K 294 K

2.2.3. Laminar Finite Rate model

The Laminar Finite Rate model does not di-
rectly account for the effect of turbulence in the
mean source term, and the mean formation rates
are determined by Arrhenius expressions [20]:

N,
@ = My Z R, (©)]
r=1

In Eq. (8), My is the molecular weight of
species k and R}_, is the Arrhenius rate of cre-
ation/destruction of species k in reaction r. The
LFR model is generally used for laminar react-
ing flows [21] or in the context of Direct Numer-
ical Simulation (DNS). In LES applications, the
LFR model is valid when the grid size is sufficiently
small and the flame structure is thick enough (low
Dambkohler number system). It is worth mention-
ing that the direct coupling of source terms with-
out a time splitting scheme imposes to use smaller
time steps with respect to the one required from the
PaSR and QLFR models, to ensure the simulation
stability.

3. Validation test case

The Adelaide Jet in Hot Co-flow (AJHC)
burner [7] emulates the MILD combustion with a
simple geometry. It is thus suitable for the LES
analysis.

3.1. Experimental data

The AJHC burner has a central jet with the in-
ner diameter of 4.25 mm and an annulus pipe pro-
viding the hot co-flow with the inner diameter of
82 mm. The burner is mounted in a wind tunnel
(air is used as tunnel gas), with the cross section
of 254 mm x 254 mm. The central jet provides an
equi-molar mixture of CH4 and H,. A secondary
burner is mounted upstream of the annulus pipe
exit plane, providing the hot combustion products
which mix with air and nitrogen. The oxygen level
is controlled to 3%, 6% and 9%, by adjusting the
amount of air and nitrogen.

The gas temperature and velocity profiles of
the central jet, annulus and wind tunnel are pre-
sented in Table 2. In this paper, the condition
corresponding to a Reynolds number of 10,000
and and co-flow oxygen content of 3% is studied.
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Fig. 1. 2D axi-symmetric sketch of the AJHC burner
with the instantaneous temperature profile and sampling
locations.

The mean and rms profiles of temperature, mix-
ture fraction and mass fractions of species (CHy,
H,, H,0O, CO,, N,, O, NO, CO, and OH) along
the centerline as well as on the axial positions of
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4/30/60/120/200 mm are available for model valida-
tion. The mean experimental measurements data
shown in the validation work include the 99.99%
confidence intervals as well.

3.2. Numerical set-up

The simulation domain starts from the jet exit
and extends 180 mm further downstream. The ra-
dial direction expands 90 mm away from the cen-
terline. The whole domain is discretized with a
3D cylinder structured mesh containing ~ 1.5 mil-
lion cells. The energy resolved in the grid reaches
at least 80% and more than 90% at several loca-
tions of interest, indicating a sufficient small grid
size.

The LEMOS [22] inflow generation method for
velocity field is applied for all the three streams.
The WaveTransmissive [23] boundary condi-
tion is used for pressure outlet. Experimentally
measured profiles (H,O, CO, O, species mass frac-
tions and temperature) are directly used as inflow
data for the simulation. The Chapman—Enskog for-
mulation is employed for multi-component diffu-
sion. Three different chemical mechanisms, the 4-
step global mechanism from Jones and Lindstedt
(JL) [24], a modified JL mechanism from Wang
et al. [25], as well as a reduced skeletal mechanism
KEES8 [26] are considered. The sampling locations
are the centerline and 30/60/120 mm axial locations.
Both mean and variance profiles are sampled. The
mean value is obtained from the time averaged in-
stantaneous profiles. A 2D axi-symmetric sketch of
the simulation domain and the sampling positions
are shown in Fig. 1.
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0.7 Exp —— | | ]
PaSR ——
- QLFR
“g LFR = ——
o 0.35¢ 1 F 1
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2
ok 'ﬁoooo‘ooo.. e —— L ; e e —
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Fig. 2. Mean mixture fraction (f,,eq,) profiles obtained with the conventional PaSR model, the PaSR based QLFR model
and the LFR model, at several sampling locations, compared to the experimental measurements. Kinetic mechanism:

KEESS.
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4. Results and discussion

In Section 4.1, the simulation results from the
two implicit combustion models are compared with
the PaSR model and the experimental data. The
comparison between a global and a skeletal chem-
istry is discussed in Section 4.2, demonstrating the
importance of finite rate chemistry in MILD com-
bustion.

4.1. Conventional and implicit combustion models

Firstly, the mixture fraction profiles provided by
the three models are compared in Fig. 2, using Bil-
ger’s definition [26], to assess the ability of the dif-
ferent approaches to describe the mixing process.
The mean mixture fractions (f,...,) provided by the
different models are almost identical. One can con-
clude that the mixing field is well predicted, even
though all models slightly under-predict the mean

mixture fraction values close to jet exit position, for
z < 45 mm.

In order to assess the possibility of using im-
plicit combustion models, the averaged values of «
and Da, obtained with the PaSR model are anal-
ysed. In Fig. 3, the averaged « values are shown
with mean temperature profile in background. It
can be observed that, in the areas where com-
bustion takes place (from z = 30 mm onward),
x values are in the range from 0.9 to 1.0, indi-
cating that most of the cell is occupied by re-
acting structures. In Fig. 4, the radial profiles of
x and Damkohler number are plotted at selected
axial locations (30 and 120 mm). It can be ob-
served that « is always larger than 0.9 and Damkd&h-
ler number is always smaller than 0.15 at both
locations.

The mean temperature profiles provided by the
three combustion models are compared to the ex-
perimental data at different sampling locations in
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Fig. 5. Mean temperature profiles obtained with the conventional PaSR model, the PaSR based QLFR model and the
LFR model, at several sampling locations, compared to the experimental measurements. Kinetic mechanism: KEESS.
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Fig. 6. Root-mean-square (rms) temperature profiles obtained with the conventional PaSR model, the PaSR based QLFR
model and the LFR model, at several sampling locations, compared to the experimental measurements. Kinetic mecha-

nism: KEES58.

Fig. 5. The temperature profiles are similar, show-
ing only minor differences between each other and
very good predictions of experimental data. At
z =30 mm, the LFR model underpredicts the mean
temperature peak by 100 K, and the peak temper-
ature is only slightly higher than the co-flow tem-
perature, suggesting later ignition with respect to
the other models. This is confirmed by the anal-
ysis of the OH contour plots (see Supplementary
Material), showing a higher lift-off height for the
LFR model. Very satisfactory agreement with the

measurement data is observed at 120 mm axial lo-
cation for all the three models. The QLFR model
predicts the peak temperature exactly (1 K differ-
ence compared to experimentally measured mean
value), while PaSR and LFR models over-predict
and under-predict the value by 15 K and 40 K, re-
spectively. Regarding the centerline profile, the later
ignition predicted by LFR model corrects the slight
over-prediction (around 7%) of mean temperature
by the other two models. Interestingly, the results
obtained with the PaSR and QLFR models are
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measurements. Kinetic mechanism: KEESS.
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Fig. 8. Root-mean-square (rms) O, and H,O mass fraction profiles obtained with the conventional PaSR model, the
PaSR based QLFR model and the LFR model, at two sampling locations (z = 60 mm and z = 120 mm), compared to the

experimental measurements. Kinetic mechanism: KEESS.

almost overlapping, indicating that the approxima-
tion of ¥ = 1.0 is appropriate and thus the assump-
tion of an implicit closure is suitable for the in-
vestigated system. The mean profiles obtained are
also similar compared to the ones presented in the
research work of Thme et al. [12]. In the present
work, more accurate temperature predictions are
obtained for the radial profiles at 30 mm and 60 mm
downstream of the burner.

The rms value of temperature is shown in
Fig. 6. The first peak at axial 30 mm and 60 mm
locations are well predicted by all the three models.
Some under-predictions can be observed for the
prediction of the second peak, indicating that
the interaction between co-flow and air stream
is under-estimated. At 120 mm axial location,
the PaSR model over-predicts the peak value by
13% while LFR model under-predicts by 24%.
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the experimental measurements. Kinetic mechanism: KEESS.
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Fig. 10. Mean temperature profiles obtained with the conventional PaSR model using global mechanisms and a skeletal
mechanism, at several sampling locations, compared to the experimental measurements.

The QLFR model predicts the peak value bet-
ter than the previous two models, showing an
under-prediction of 8%.

The mean and rms of species mass fraction of
the oxidizer and products are shown in Figs. 7-9
as well. All models show good agreement with the
experimental data at 120 mm axial location for the
mean O, and H,O profiles (Fig. 7). A slight shift of
the peak value is observed at 60 mm for the mean
H,O profile, when using the PaSR approach. As

far as the O, and H,O rms values are concerned
(Fig. 8), some under-predictions are observed at
z = 60 mm, although the qualitative trend is well
captured. At z = 120 mm, the QLFR model well
captures the H,O rms peak value, while PaSR and
LFR models over-predict and under-predict the ex-
perimental peak value by 11 % and 18.5 %, respec-
tively.

The CO mass fraction distribution is generally
hard to capture in the AJHC system [12], because
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Fig. 12. Contour plot of mean CO mass fraction profile
obtained using a skeletal (left) and a global (right) chem-
ical mechanism.

the hot and diluted conditions modify the CO/CO,
conversion rates [27]. In Fig. 9, both the mean and
rms value of CO are presented. The PaSR model
well predicts the mean and variance peak value

at z = 120 mm and the centerline profile, except
for the variance, when z > 150 mm. The QLFR
model provides results very close to PaSR, thus
confirming the validity of the hypothesis « = 1.
The LFR model underestimates the mean CO peak
value by 17 % at z = 120 mm, as well as the cen-
terline profile. The CO profiles obtained from LFR
model confirm that using this approach leads to
an under-estimation of the intensity of turbulence/
chemistry interactions with respect to the other two
models.

4.2. Detailed versus global chemistry

To investigate the relevance of the kinetic mech-
anism on the results, two global 4-step mechanisms
are benchmarked against the KEES58 mechanism
in Fig. 10, using the conventional PaSR model.
In Fig. 10, 4step denotes the original JL mecha-
nism [24], 4step-mod represents the modified JL
mechanism from Wang et al. [25] and KEESS in-
dicates the KEE mechanism [26].

The original JL mechanism provides accept-
able predictions of the temperature field, although
slight over predictions are observed for the mean
radial temperature profiles at both z = 60 mm
and z = 120 mm, by 45 K and 74 K, respectively.
The modified JL mechanism, optimised for MILD
combustion, is able to correct the over-prediced
temperature peak from the original one, showing
results closer to that obtained with the KEES58
mechanism. However, the main advantage associ-
ated to the use of more detailed mechanism can be
observed when looking at the product mass frac-
tion profiles. In Fig. 11, the centerline and down-
stream (120 mm) radial profiles of CO, and H,O
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mean species mass fraction are compared to the ex-
perimental data. It can be appreciated how the use
of the original JL mechanism leads to a significant
over-prediction of the mean CO, mass fraction
while under-predicting H,O levels. On the oppo-
site, the modified JL mechanism provides a strong
under-prediction of the mean CO; values and over-
predicting H,O mass fraction.

To further compare the global and skeletal
mechanisms, Fig. 12 presents the contour plot of
mean CO mass fraction, as provided by the KEE58
(left) and the original JL (right) mechanisms, re-
spectively. Figure 12 clearly shows that the global
scheme indicates a very fast CO/CO, conversion
and fails to predict any CO formation downstream
of the flame, thus leading to the over-estimation of
CO;, levels observed in Fig. 11.

5. Conclusions

In the present work, Large Eddy Simulations of
the AJHC burner were carried out with the pur-
pose of investigating the applicability of implicit
combustion models in MILD combustion. Two im-
plicit combustion models, QLFR and LFR, were
benchmarked against the PaSR approach for tur-
bulence/chemistry interactions. Two 4-step global
mechanisms and a skeletal mechanism were used.
The conclusion can be summarized as follow:

» The reaction regions are characterised by
large values of « (close to 1.0) and low
Damkohler number (< 0.15), indicating that
combustion occurs under distributed condi-
tions.

Among the two implicit combustion mod-
els, the QLFR model provides results that
are very close to the PaSR model, thus con-
firming that « values are close to 1.0 in
MILD combustion. The LFR model gen-
erally under-predicts the level of turbu-
lence/chemistry interactions in the flame.
However, it correctly reproduces the center-
line mean temperature and species profiles.
Global mechanisms cannot faithfully predict
the main products mass fractions, confirm-
ing the need of finite rate chemistry in MILD
combustion.

The numerical results justify the application of
implicit closures in the context of MILD combus-
tion. The choice between the different approaches
investigated here in realistic configurations will de-
pend on the local Da and Re numbers, as well as on
the size of the chemical mechanism employed.
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