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Abstract
The current study focuses on the Unsteady

Reynolds Averaged Navier-Stokes (URANS) simu-
lation of a lifted methane flame with vitiated co-
flow. The combustion models of Partially Stirred Re-
actor (PaSR) and Flamelet Progress Variable (FPV)
are adopted and compared. Three kinetic mecha-
nisms (KEE58, GRI3.0 and San-Diego) with increas-
ing number of species and reactions are used with
PaSR model. Results have shown that using the San-
Diego mechanism provides better simulation results
regarding the mean temperature and species mass frac-
tion, which reveals the importance of chemistry kinet-
ics on the lifted flame. The PaSR model is able to
predict the current flame with satisfaction. However,
the FPV models shows its limitation on the case when
transient phenomenon like extinction and re-ignition
exist.

1 Introduction
In order to meet the objective of low-emission

energy strategy, techniques such as the combustion
of lean and diluted fuel-air mixture have been pro-
posed [7]. To achieve the diluted condition, Exhaust
Gas Recirculation (EGR) is often used in applicational
combustion systems [5]. The mixing of the fresh gases
and the hot products leads to auto-ignition of the flame
and the temperature field is homogenized because of
reduced reactivity. As a result, the amount of NOx
emission is highly reduced. Furthermore, the thermal
energy contained in the hot products helps to stabilize
the flame [24].

If the central jet has enough high velocity, the auto-
ignited flame will be lifted. The lifted and diluted con-
dition can lead to reduced Damköhler numbers, which
indicates a strong multi-scale interaction between the
chemistry kinetics and turbulent mixing [7]. Predict-
ing such flames in industrial level with complex geom-
etry is a great challenge to the turbulent and combus-
tion models used. The Cabra [2] vitiated co-flow flame
provides a simplification, by using a jet with simple
geometry. Moreover, the co-flow area with large di-
ameter isolates the contact of central fuel with ambi-

ent air for a long distance, avoiding complexities with
three streams.

The stabilization of Cabra flame is a balance be-
tween chemical reactions and fluid dynamics [10].
Therefore, unlike mixing-controlled flames, models
that exclude detailed kinetics are not able to capture
the multi-scale process. The Partially Stirred Reactor
(PaSR) [3] has been reported to handle the turbulence-
chemistry interaction well, not only in conventional
combustion regime [9, 11, 18, 19], but also under non-
conventional condition, like MILD combustion[6]. In
PaSR, the influence of the turbulence on the reaction
rate is expressed with a factor κ, defined as the ra-
tio between the characteristic chemical time scale and
the sum of the chemical and mixing time scales. On
the other hand, the flamelet-like models are one of the
most commonly used models in turbulent combustion.
The relation between turbulence and chemistry is de-
scribed with several representative variables, and it re-
quires low computational cost. In the present work,
the Flamelet Progress Variable (PFV) model proposed
by Pierce & Moin (2001, 2004) [13, 14] is chosen to
compare with the PaSR model regarding their abilities
on turbulence-chemistry interaction prediction.

The objective of the current article is to demon-
strate the importance of chemistry kinetics in the di-
luted and lifted flame and to evaluate the performance
of combustion models in multi-scale reacting flows.
Two combustion models, the finite-chemistry based
Partially Stirred Reactor (PaSR) model and the tab-
ulated chemistry based Flamelet Progress Variable
(PFV) model are validated against high fidelity experi-
mental data from Cabra et al (2005) [2]. Three chemi-
cal mechanisms, the KEE58 [1], GRI3.0 [21] and San-
Diego [22] are used. Finite Volume Method (FVM)
based URANS (Unsteady Reynolds Averaged Navier-
Stokes) simulation is applied on all the cases.

2 Methodology

PaSR model
In the PaSR model [3, 6], each computational cell

is split into two zones: one where reactions take place,
and another characterized by only mixing. The final



average species concentration of the cell is determined
by the mass exchange between the two zones, driven
by the turbulence. The mean chemical source term is
formulated as:

ω̇i = κ
ρ̃
(
Y ∗i − Y 0

i

)
τ∗

, (1)

where τ∗ represents the residence time in the reac-
tive zone, Y 0

i is the initial ith species mass fraction
in the non-reactive region and Y ∗i is the ith species
mass fraction in the reactive zone. The quantity κ is
the mass fraction of the reaction zone in the computa-
tional cell, which is evaluated as [9]:

κ =
τc

τc + τmix
, (2)

where τc and τmix are the characteristic chemical and
mixing time scale in each cell, respectively.

In order to get the value of Y ∗i , a time-splitting ap-
proach is applied. The reactive zone is modelled as
an ideal reactor evolving from Y 0

i , during a residence
time τ∗:

dY ∗i
dt

=
ω̇i
ρ
. (3)

The term ω̇i is the instantaneous formation rate of
species i. The final integration of dY ∗i

dt over the resi-
dence time τ∗ in the reactor is Y ∗i . The characteristic
of PaSR model lies in the fact that the Ordinary Differ-
ential Equations (ODEs) of the reactions and the trans-
port equations of scalar quantities are solved to obtain
the composition space.

Dynamic estimation of mixing time scale. For
the estimation of mixing time scale τmix in PaSR
model, a dynamic approach which involves solving the
transport equations are adopted. It is based on the ra-
tio of the scalar variance, φ̃′′2, to the scalar dissipation
rate, ε̃φ [17]:

τmix =
φ̃′′2

ε̃φ
. (4)

The mixture fraction Z is selected to describe the mix-
ing process. Therefore, the mixture fraction variance
(Z̃ ′′2) and mixture fraction dissipation rate (χ̃) are
used. They are obtained from solving the transport
equations[23, 20]. In the transport equations, there
are four constants used: C1, C2, C3 and C4. Differ-
ent combination of values are available in the litera-
ture [23, 20]. In the present article, the second set (C1

= 1.0, C2 = 1.8, C3 = 3.4 and C4 = 1.4) and third set
(C1 = 2.0, C2 = 1.8, C3 = 3.4 and C4 = 1.4) from Ye
et al (2011) is used. They are referred to as dyn2 and
dyn3, respectively.

Chemical time scale estimation from formation
rates. For the evaluation of chemical time scale, the
ratio of species mass fraction and formation rate in the
reactive zone is used [4]:

τc,i =
Y ∗i

|dY ∗i /dt|
. (5)

In Eqn. 5, τc,i is the characteristic time scale of a single
species; after removing the dormant species (charac-
terised by infinite time scale values), the slowest chem-
ical time scale is chosen as leading scale for the eval-
uation of the PaSR parameter κ.

FPV model
Based on the assumption of the flamelet

model [12], which considers a turbulent diffu-
sion flame as an ensemble of laminar flamelets, the
FPV model obtains the composition space from
solving scalar transport equations of mixture fraction
Z and progress variable C [14]:

∂ρ̄Z̃

∂t
+∇ · ρ̄ũZ̃ = ∇ ·

[
ρ̄(D̃Z +Dt)∇Z̃

]
, (6)

∂ρ̄C̃

∂t
+∇ · ρ̄ũC̃ = ∇ ·

[
ρ̄(D̃C +Dt)∇C̃

]
+ ρ̄ω̃C ,

(7)
where Dt is the turbulent diffusivity and the˜ denotes
the favre averaged values. The favre averaged specie
mass fraction ỹi and chemical source term ω̃C are cal-
culated by integrating laminar composition state from
flamelet library over the joint PDF of Z and C:

ỹi =

∫
yi (Z,C) P̃ (Z,C) dZdC, (8)

ω̃C =

∫
ωC (Z,C) P̃ (Z,C) dZdC. (9)

The joint PDF P̃ (Z,C) is modelled by:

P̃ (Z,C) = P̃ (C|Z) P̃ (Z) , (10)

where P̃ (Z) is described by a beta PDF and P̃ (C|Z)
is determined by a delta function:

P̃ (C|Z) = δ(C − C̃|Z). (11)

The definition of Progress Variable (PV) C is de-
fined using the mass fraction of CO, CO2 and H2O
in the current work.

3 Experimental and numerical details
The lifted flame with vitiated co-flow [2] has a

central jet with the inner diameter of d = 4.57 mm,
containing a mixture of 33 % CH4 and 67 % air by
volume. A coaxial flow with hot combustion prod-
ucts from a lean H2-air flame is provided. The bulk
velocity of the fuel and co-flow are 100 m/s and
5.4 m/s, receptively, and the co-flow mean temper-
ature is 1350 K. A 2D schematic drawing of the Cabra
lifted flame can be seen in Figure 1

An axi-symmetric 2D structured mesh containing
30840 cells is used for URANS simulation. It extends



Figure 1: 2D schematic drawing of Cabra lifted flame
(adapted from Cabra et al. [2]).

70 d downstream of the fuel nozzle exit and 20 d ra-
dially. Pre-inlet pipe is constructed for the fuel jet,
which is discretized with 12 cells. The standard k-ε
model is adopted as turbulence model. The KEE58
(17 species, 58 reactions) [1], GRI3.0 (53 species, 325
reactions) [21] and San-Diego(50 species, 247 reac-
tions) [22] kinetic mechanisms with increasing com-
plexity are chosen for detailed chemistry approach.
The sampling locations are z/d (z is the axial direction)
= 15, 30, 40, 50 70 and the centerline.

4 Results and discussion

The influence of chemical kinetics
In this section, the PaSR model with dyn2 con-

stants is used for simulation with three different ki-
netic mechanisms. The mean temperature profiles on
the sampling locations are compared to the experimen-
tal measurement data in Figure 2. The radial (z/d = 15,
30, 40, 50 and 70) mean temperature profiles shows
that the flame is not ignited when KEE58 mechanism
is used. A slight increase of temperature can be cap-
tured with GRI3.0. However, there is a huge under-
prediction of temperature compared to the experimen-
tal value. When it comes to the San-Diego mechanism,
though early ignition is observed on z/d = 30, the flame
is fully ignited. This is especially obvious when look-
ing at the centerline value.

The influence of flame ignition can be revealed
from the flow field properties as well. Figure 3 shows
the mixture fraction distribution from the cases using
the three different mechanisms. Similar profiles are
shown for z/d ≤ 40. Obvious discrepancies are cap-
tured on z/d = 70 and z ≥ 250 mm, with using San-
Diego mechanism provides closer results to the mea-
sured profiles.

The heat release rate contour plot in Figure 4 pro-
vides more visual look on the flame ignition. From
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Figure 2: Mean temperature profiles on z/d = 15, 30, 40, 50,
70 and the centerline with three different mecha-
nisms (KEE58, GRI3.0 and San-Diego) in creas-
ing complexity.
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Figure 3: Mean mixture fraction profiles on z/d = 15, 30,
40, 50, 70 and the centerline with three different
mechanisms (KEE58, GRI3.0 and San-Diego) in
creasing complexity.

KEE58 to San-Diego (from left to right), the heat re-
lease happens earlier and the absolute amount is in-
creased as well. Furthermore, heat release is cap-
tured close to the centerline downstream of the jet (z
≥ 220 mm) only when San-Diego mechanism is used.

Comparison of PaSR and FPV models
The dyn3 constants are used in this section in or-

der to increase the accuracy of prediction with PaSR
model. The San-Diego mechanism is chosen and the
other numerical properties are kept the same except
combustion model adopted. The FlameMaster [15]
toolkit is used and 1D diffusion steady flamelets
are generated to construct the lookup-table for FPV
model. The S curve obtained by plotting the maxi-
mum temperature of each flamelet versus the scalar
stoichiometric dissipation rate is presented in Figure 5.
Since the temperature of co-flow is 1350 K, the lower
branch of the non-burning solutions reaches a plateau
at around 1350 K. The middle branch which represents
unstable burning condition is also included in the cur-



Figure 4: Contour plot of heat release rate (J/s) with three
different mechanisms (KEE58, GRI3.0 and San-
Diego) in creasing complexity. Unit: m.

rent calculation.
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Figure 5: S curve obtained by plotting the maximum temper-
ature of each flamelet versus the scalar stoichio-
metric dissipation rate.

Figure 6 shows the comparison of mean tempera-
ture profiles obtained from cases using PaSR and FPV
models. It is obvious to see that the FPV model pro-
vides very early ignition, a sudden increase of temper-
ature is observed at around z = 100 mm on the center-
line. Upstream (z/d ≤ 50) temperature field is highly
over-predicted. On the contrary, the PaSR model gives
reasonable predictions for upstream region, although
slight over-prediction is captured on z/d = 50. Further
downstream, at z/d = 70 and after, FPV model shows
its advantage by predicting mean temperature better
than PaSR model.

The process of combustion process can be revealed
by the oxidiser distribution as well. In Figure 7, when
the FPV model is used, O2 is rapidly consumed from
around axial location of z = 80 mm, according to the
centerline profile. While as with the PaSR model,
in agreement with the experimental data, the sharp
decrease of O2 centerline value happens until z =
200 mm. Such trend can be observed for z/d = 15,
30, 40 and 50 as well. As with z/d = 70, similar to the
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Figure 6: Mean temperature profiles on z/d = 15, 30, 40, 50,
70 and the centerline obtained from cases using
PaSR anf FPV combustion models.

mean temperature profile, using FPV models provides
better prediction. Using the PaSR model is not able
to consume enough O2 for z ≥ 250 mm, and this re-
sults in reduced production of CO2 (not shown here)
and H2O (see Figure 8). On the other hand, the FPV
models seems to be failed to handle the intense turbu-
lence and chemistry interaction region (100 mm ≤ z
≤ 250 mm).
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Figure 7: Mean O2 mass fraction profiles on z/d = 15, 30,
40, 50, 70 and the centerline obtained from cases
using PaSR anf FPV combustion models.

In Figure 8, the PaSR model predicts the mean
H2O with good agreement to the experimental data on
most sampled locations, except on the centerline direc-
tion from z = 250 mm downward. The FPV model still
shows obvious over-prediction, especially upstream.

The choice of combustion model has influence on
flow field as well. Satisfactory agreement with the ex-
perimentally measured value is found for mean mix-
ture fraction using the PaSR model. When it comes
to the FPV model, much slower jet decay is presented
and the only well predicted location locates at z/d =
70, as it is with T and O2.

The OH distribution from the cases with PaSR and
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Figure 8: Mean H2O mass fraction profiles on z/d = 15, 30,
40, 50, 70 and the centerline obtained from cases
using PaSR anf FPV combustion models.
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Figure 9: Mean mixture fraction profiles on z/d = 15, 30, 40,
50, 70 and the centerline obtained from cases using
PaSR anf FPV combustion models.

FPV model is shown in Figure 10. The flame is lifted
to around 100 mm when PaSR model is used. Such
flame lift off height corresponds to around 22 d, which
is lower than the experimental measured height, 35 d.
Regarding the case with FPV model, the flame is ig-
nited almost immediately at the jet outlet location,
showing no lift-off of the flame.

The lifted flame is caused by the high velocity, in-
dicating the existence of flame extinction between the
length from jet outlet to flame stabilization location.
Since PaSR models the reactive region in each cell by
solving the Ordinary Differential Equations (ODEs) of
the reactions and τmix is included explicitly in the cal-
culation of κ, the interaction of chemistry and turbu-
lence is updated for each time step. However, the FPV
model reads the lookup-table which is obtained from
steady diffusion flame. Unsteady situations (flame ex-
tinction and re-ignition) can not be fully covered with
the generated table.

5 Conclusions

Figure 10: Contour plot of OH mass fraction obatined from
cases with PaSR and FPV models. Unit: m.

The present article compares three different mech-
anism with increasing complexity with Partially
Stirred Reactor (PaSR) model. The performance of
PaSR and Flamelet Progress Variable (FPV) model are
evaluated regarding their predictions on mean temper-
ature, species mass fraction and mixture fraction of the
Cabra flame. The conclusion can be summarized as:

– The Cabra methane flame is very sensitive to
the chemistry kinetics used because of the strong
interaction between chemistry and turbulence.
Therefore detailed mechanism is required for
simulating such flame.

– The case with PaSR model provides overall better
predicted profiles than that with FPV model. The
FPV model fails to handle the complex multi-
scale situation.

– Neither of the models give correct flame lift-off
height, indicating further work on the turbulence
model and properties used.

– Even though full S-curve is included in the
flamelet table, the current steady FPV model does
not predict the lifted flame well. The generated
flamelets come from a steady solution; however,
extinction and reignition phenomena driven by
turbulence create transient states which are away
from the steady solutions. Therefore, the steady
FPV model shows limited performance on flames
with strong turbulence-chemistry interaction. For
the prospectives, the Unsteady Flamelet Progress
Variable (UFPV) [16, 7] is expected to be used on
the current flame. A new definition of Progress
Variable (PV) using Principle Component Anal-
ysis (PCA) [8] is planned to be implemented as
well.
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