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ABSTRACT

The large eddy simulation/probability density function (LES/PDF) method is applied to a turbulent swirling stratified flame series to
systematically investigate its performance for accurate prediction of effects of stratification on turbulent flames under swirling conditions.
The Cambridge/Sandia turbulent stratified flame series is selected as a target flame series. An augmented reduced mechanism is used for the
methane/air combustion. The chemical calculations are accelerated by using the in situ adaptive tabulation method. The differential diffusion
and heat loss from the bluff-body surface are taken into account in the simulations. The effect of stratification in fuel concentration is studied
by increasing the stratification progressively from the pure premixed case to moderately and highly stratified cases. The performance of the
LES/PDF modeling is evaluated by comparing the numerical results with the experimental data. The computed mean and rms of velocity,
temperature, equivalence ratio, and mass fractions of species are found to be in good agreement with the measurements for all three condi-
tions. Scatter plots and conditional means of mole fractions of species and temperature are presented and found to be in overall good consis-
tency with those obtained from the experimental measurements. The recirculation zones are found to be about five times longer than those
obtained under the non-swirling conditions. A low-equivalence-ratio high-temperature region near the bluff body is not captured in the
computation, which is attributed to the insufficient entrainment of downstream mixtures into the recirculation zone. The parametric studies
show that the differential diffusion has a minor effect on the mean and rms quantities, while the heat loss has a considerable effect on tem-
perature and CO profiles close to the bluff body.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0039810

I. INTRODUCTION

Swirling flow is widely used to stabilize lean premixed turbulent
flames in gas turbines to satisfy the low-emission constraints and to
reduce the size of the combustion devices by increasing the residence
time.1 Despite its effectiveness, swirling flows introduce significant
challenges in terms of combustion instabilities because they are pri-
marily characterized by low frequency large-scale coherent flow struc-
tures that are inherently unstable. These unstable flow patterns
increase the turbulent intensity and also introduce combustion oscilla-
tions, which makes it challenging to model the interaction between
turbulence and chemistry.2,3 Additionally, in many combustion
engines, the combustion occurs in a partially premixed mode mainly
due to the insufficient time and length scales for fuel to mix with air

perfectly. The inhomogeneous fuel distribution in the combustible
mixture may lead to combustion instabilities due to strong fluctuation
in the heat release rate.4 The combined effects of stratified combustion
under swirling conditions introduce challenges to the numerical
modeling of turbulent flames. Therefore, it is vitally important to
assess the performance of turbulence and combustion models using
the well-defined benchmark experimental data for turbulent stratified
flames under swirling conditions.

A number of numerical studies have been performed for partially
premixed swirling turbulent flames using various combustion mod-
els.5–11 These studies mainly focus on gas turbine model combustors
(GTMCs) with different degrees of stratification in fuel concentra-
tions.4,12–14 Such GTMC configurations usually include the plenum,
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swirler, and combustor walls, which often introduce additional com-
plexities to the model validation process.

To avoid such complexities and to accelerate the model valida-
tion process, many canonical swirl burners are designed. For example,
Bonaldo and Kelman15 have developed a weak swirl lean stratified pre-
mixed burner in an unconfined atmosphere. The stratification is pro-
vided by two concentric annular flow jets feeding the fuel with
different equivalence ratios. The swirling coflow air is provided to sta-
bilize the flame with a minimal swirl. The weak swirl is insufficient to
create a recirculation zone; however, it leads the mean axial velocity to
decay almost linearly. Consequently, the flame is stabilized at the posi-
tion where the velocity of the fresh fuel mixture is equal to the flame
speed. Nogenmyr et al.16–18 developed a laboratory measurement rig
where a premixed CH4/air mixture is injected through a low swirl
burner into a low speed co-flowing air at room temperature and pres-
sure. The flame is stabilized in a low velocity region above the burner
created by the swirling flow. The stratification in fuel concentration
occurs due to the dilution of the ambient air in the shear layer, while
the flame core remains premixed. The authors have also modeled the
flame using the G-equation model employing two different chemistry
models, i.e., flamelet and finite-rate chemistry. The two chemistry
models have predicted similar mean and rms flow fields, while the
finite-rate chemistry model resulted in closer agreement with the
experiments.

Recently, the Cambridge/Sandia swirl burner has been developed
by Sweeney et al.19,20 to investigate stratified turbulent flames under
both swirling and non-swirling conditions and to provide detailed
experimental measurements for validation of numerical models. The
burner has a central bluff body, two annular fuel streams, and an air
coflow. The fuel/air mixtures stream from two annular jets at different
equivalence ratios. Several numerical studies have been conducted for
the flame series under non-swirling conditions using different com-
bustion models: a filtered-laminar-flame probability density function
(PDF) model,21,22 an artificial thickened flame model,23 a probability
density function (PDF) model employing the Eulerian stochastic field
method,24 and a transported PDFmodel.25

The burner under swirling conditions has also been modeled
using different combustion models. Brauner et al.24 reported numeri-
cal results for the stratified turbulent flames under the swirling condi-
tions. In their study, the flow fields have been predicted quite
accurately; however, the numerical predictions of species show appar-
ent discrepancies within the recirculation zone. Additionally, tempera-
ture is over-predicted within the recirculation zone and close to the
bluff body. Zhang et al.26 studied the burner in the premixed mode
under both swirling and non-swirling conditions using two different
combustion models, including the dynamic thickened flame model
with tabulated detailed chemistry and the presumed-PDF model with
tabulated detailed chemistry. In this study, although the mean temper-
ature and species profiles are in reasonable agreement with the experi-
mental data, the rms profiles are lower than the measurements. Xiao
et al.27 performed a numerical study using the partially stirred reactor
(PaSR) model. Although the trends in the experimental data have
been captured by the numerical results, the magnitudes of the mean
temperature and main products are predicted to be lower than the
measurements. Gruhlke et al.28 conducted a numerical study for the
burner in the premixed mode using a dynamic thickened flame
approach with a new post-processing method for finite-rate chemistry.

The new post-processing method improves the prediction of minor
species such as CO. Subsequently, Mercier et al.29 modeled the burner
in the premixed mode under the swirling conditions using the filtered
wrinkled flamelet model. The mean temperature profiles have been
over-predicted within the recirculation zone. Additionally, the mean
CO profiles have shown discrepancies compared to the measurements.

The performance of the large eddy simulation (LES)/PDF meth-
odology for calculating the effects of stratification in fuel concentration
under the non-swirling conditions has been presented in our previous
study.25 The main objective of the present computational study is to
assess the predictive capability of the method for accurate modeling of
stratification effects on turbulent flames under the swirling conditions.
Additionally, this study aims to investigate the effect of heat loss
through the bluff body and the effect of the differential diffusion under
the swirling conditions. For this purpose, the Cambridge/Sandia tur-
bulent stratified flame series is selected as target flames. The trans-
ported PDF method has proven to be an efficient model in non-
premixed,30–33 premixed,34–36 and partially premixed37 combustion
modes mainly because the highly non-linear chemical source term
appears to be in a closed form.

This paper is structured as follows: In Sec. II, the LES/PDF
method is presented. A summary of the configurations of the burner
and the numerical setup is provided in Sec. III. The results are pre-
sented and discussed in Sec. IV. Conclusions are drawn in Sec. V.

II. METHODOLOGY

In the LES/PDF methodology, LES is employed to solve for the
turbulent flow field, while the PDF method is employed to treat the
turbulence–chemistry interactions. The details of the present LES/PDF
method have been presented in our previous papers.25,38 The main
features of the method are summarized here for the sake of
completeness.

A. Governing equations

In the LES method, the turbulent fields are separated into large
and small scales by applying a low bandpass filtering operation. For
example, the filtered density field q is defined as

q x; tð Þ �
ð1
�1

q y; tð ÞG y � xð Þdy; (1)

where q x; tð Þ is the density field and G is the LES filter. The filtered
transport equations for mass and momentum are obtained by apply-
ing the LES filter to the instantaneous mass and momentum conserva-
tion equations. Then, the one-equation eddy-viscosity model39 is used
to model the effects of the sub-grid scale stresses as discussed in detail
by Turkeri et al.25,38

In the PDF method employing a Monte Carlo approach, the flow
is represented by notional Lagrangian particles. The particles evolve in
physical and compositional space according to the following stochastic
differential equations:40

dX�j ¼ ~uj þ
1
q
@ðq ~DTÞ
@xj

 !�
dt þ 2~D

�
T

� �1=2
dW�

j ; (2)

d/�a
dt
¼ �X� /�a � ~/

�
a

� �
þ 1

q
@qVa;i

@xi

� ��
þ Sa /�ð Þ; (3)
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where the superscript “�” indicates the particle properties or the LES
fields interpolated at the particle locations. The first term on the right
hand side of Eq. (3) accounts for the molecular mixing using the IEM
mixing model, whereas the second term is the mean drift term. In Eq.
(2), dW�

j is the Wiener increment in the j direction. ~uj and ~DT are the
Favre-filtered velocity and the turbulent diffusivity, respectively. /�a
represents the particle properties of species mass fraction and the sen-
sible enthalpy. Va,i is a corrected diffusion velocity defined in Ref. 25.
Sa is a chemical source term for the particle property of a. Finally, X�

is the molecular mixing term, which is modeled as

X� ¼ Cm

~D
� þ ~D

�
T

D2 ; (4)

where Cm is a model constant. The value of Cm is determined based on
a sensitivity study by matching the computed statistics with the experi-
mental data.25 ~D

�
is the thermal diffusivity, and D is the LES filter size.

In this study, the transport properties such as the molecular viscosity
and the thermal and species diffusivities are calculated using
CHEMKIN’s transport library.41

The solution of the LES/PDFmodel equations is achieved using a
hybrid method such that the finite-volume method is used to solve the
filtered conservation equations of mass and momentum, while a
Monte Carlo approach is employed to evolve the Lagrangian particle
properties. The details of the hybrid method have been presented in
Ref. 38. The coupling of the Lagrangian Monte Carlo method and
Eulerian finite-volume method is achieved by employing the trans-
ported specific volume (TSV) method.42 In this method, a transport
equation for the Favre-filtered specific volume ~t is solved, which has
the following form:

@q~t
@t
þ @ðq

~uj~tÞ
@xj

¼ @

@xj
q ~DT

@~t
@xj

 !
þ St þ _xt; (5)

where St is a source term calculated by the Monte Carlo solver and
represents the change of Favre-filtered specific volume ~t due to the
molecular mixing and diffusion and the chemical reactions in Eq. (3).
Finally, _xt is a relaxation term defined as

_xt ¼ q
~tPDF � ~t

st
; (6)

where ~tPDF is the Favre-averaged specific volume calculated in the
Monte Carlo solver and st is the relaxation time scale specified as st ¼
4Dt, where Dt is the time step used in the simulations. Then, the fil-
tered density q is obtained as

q ¼ 1
~t
: (7)

The simulations in this study are performed using the pdfFoam38

solver developed entirely within OpenFOAM.43

B. Thermal boundary condition

The bluff-body wall is modeled as a fixed-temperature boundary
in this study. A temperature profile that is measured experimentally
by Euler et al.44 is prescribed over the bluff-body surface. In the PDF
solver, the heat loss is taken into account by adjusting the mean sensi-
ble enthalpy in the cells adjacent to the bluff-body surface. The mean

sensible enthalpy at the wall surface is calculated using the mean spe-
cies mass fractions obtained from the particles and the measured wall
temperature. After computing the mean sensible enthalpy at the wall,
the sensible enthalpy of particles is updated according to mixing and
transport that are calculated using the IEM mixing model and the
mean drift term, as described in the particle composition equation
[Eq. (3)]. Figure 1 shows the stencil used to interpolate mean proper-
ties onto the particle locations and to compute the mean drift terms in
the boundary cells.

III. DETAILS OF THE BURNER AND COMPUTATIONAL
SETUP

The Cambridge/Sandia burner was developed to study the effect
of stratification in fuel concentration under both swirling and non-
swirling conditions. In this study, we focus on the swirling conditions
as the non-swirling cases have been studied previously.25 The burner
is shown in Fig. 2. The burner has a central bluff body and two annular
fuel jets. An air coflow is provided at the outer part of the burner. The
inner and outer fuel streams have bulk velocities of 8.31m/s and
18.7m/s, respectively. The outer fuel jet can provide swirling flows at
different swirl numbers defined as the ratio of mean tangential velocity
to the mean axial velocity (S ¼ Utg/Uz). In this study, only the cases
with the swirl number of 0.79 are studied numerically. The bulk veloc-
ity of the air coflow is 0.4m/s. The stratification ratio is defined as the
ratio of the equivalence ratios at the inner and outer jets (/inner//outer).
The ratios for pure premixed (SwB3) and stratified cases (SwB7 and
SwB11) are presented in Table I. The case of SwB7 referred to as the
moderately stratified case has a ratio of 2, whereas the case of SwB11
referred to as the highly stratified case has a ratio of 3. Zhou et al.45

made the measurements of the velocity data, and Sweeney et al.19,20

made the measurements for the mass fraction of species and
temperature.

The computational domain is selected as a cylindrical domain
having dimensions of Lx� Lr� Lh ¼ 300mm� 200mm� 2p in the
axial, radial, and azimuthal directions, respectively. A non-uniform
structured grid of 256 � 128 � 96 shown in Fig. 2 is used to discretize
the domain. The grid is stretched close to the fuel exits in the axial
direction and in the shear layers in the radial direction.

FIG. 1. The stencil of the computational cells adjacent to the bluff-body surface.
The circles denote the cell vertices used to compute mean properties at particle
locations, while the squares represent the face centers used to calculate the mean
drift terms. The empty symbols denote the properties calculated using the experi-
mental temperature profiles, while the filled symbols denote the properties obtained
from the particles.
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The instantaneous inlet velocities at the fuel inlets are obtained
from two auxiliary turbulent non-swirling and swirling annular peri-
odic pipe simulations for the inner and outer jets, respectively. In the
pipe flow simulations, the axial and tangential velocities are corrected
at each time step against the effect of numerical diffusion. A laminar
bulk velocity of 0.4m/s is applied at the air coflow inlet. At the bluff
body and wall-lips, the no-slip boundary conditions are specified. At
the surface of the bluff body, the experimental temperature profiles44

are applied, the details of which will be given in Sec. II B. At the outlet
and at the far field, the zero-gradient boundary conditions are used.

In the PDF solver, the nominal number of Lagrangian particles
in each cell is kept around 20 by using a particle control algorithm.
The mixing model parameter, Cm, is selected as Cm ¼ 25. An aug-
mented reduced mechanism (ARM1)46 is used for methane/air com-
bustion. Acceleration of chemical calculations is achieved by
employing in situ adaptive tabulation (ISAT)47,48 with an error toler-
ance of �tol of 5� 10�5 as used in the previous studies.25,36,49 The sim-
ulations are parallelized using a domain decomposition method38 and
performed using 192 cores. The time step in the simulations is selected
as Dt ¼ 4 � 10�6 s, resulting in a Courant number of around 0.2. The
simulations are first calculated for 15 flow-through times to reach a
statistically stationary state, and then, additional ten flow-through
times are run to collect the statistics.

The parametric models investigated in this study are defined in
Table II. The non-adiabatic boundary conditions described in Sec. II B
are applied in model DD-HL (baseline), while the adiabatic boundary
conditions are used in models DD-AD and ED-AD. The differential
diffusion effect is included in models DD-HL and DD-AD, while the
unity Lewis number approximation is used for all species in model
ED-AD. Here, we note that the DD model accounts for the differential
diffusion only in the molecular transport term [the second term on the
RHS of Eq. (3)], while the unity Lewis number approximation is
applied in the molecular mixing term [the first term on the RHS of Eq.
(3)]. The effect of heat loss from the bluff body is examined by

comparing models DD-HL and DD-AD. The effects of the differential
diffusion are assessed and quantified by comparing models DD-AD
and ED-AD.

IV. RESULTS

In this section, the numerical results for the baseline model are
first presented by comparing with the experimental measurements,
including the general behaviors in Sec. IVA, the mean and rms veloci-
ties in Sec. IVB, the mean and rms scalars in Sec. IVC, and the scatter
plots of species in Sec. IVD. Following the detailed comparison, the
effect of stratification on the flame structure under swirling conditions
is presented and discussed. The effect of differential diffusion and the
effect of heat loss from the bluff body are discussed in Secs. IV E and
IV F, respectively.

A. The general characteristics of the flames

The contour plots of the mean axial velocity with the mean
streamlines, the mean temperature, and the mean equivalence ratio
from model DD-HL are presented in Fig. 3. The recirculation zones
are calculated approximately as 100mm long for all the cases. We note
that the experimental velocity data are only available until the axial
location of z ¼ 65mm, which is within the recirculation zone in swirl-
ing conditions. Therefore, the length of the recirculation zone is not
available experimentally. Note that the lengths of the recirculation
zone under the non-swirling condition have been calculated in the
companion paper25 as 23mm, 13.5mm, and 14mm for the premixed
(SwB1), the moderately (SwB5), and the highly (SwB9) stratified cases,
respectively. These results demonstrate the strong influence of swirl on
the length and overall flow structure of the recirculation zone. Note
that the effects of reaction on the length of the recirculation zone have
been recently examined by Massey et al.,50 but they considered only
the non-swirling cases. Based on the model developed for the non-
swirling cases, they predicted that swirl shortens the length of the
recirculation zone, which is in contrast with the experimental and

FIG. 2. The dimensions of the burner (left)
and the computational mesh used in the
simulations (right).

TABLE I. Equivalence ratios at the fuel jets.

Case /inner /outer /inner//outer

SwB3 0.75 0.75 1
SwB7 1 0.5 2
SwB11 1.125 0.375 3

TABLE II. Model variations for parametric studies.

Model Differential diffusion Heat loss

DD-AD � �

DD-HL � �

ED-AD � �
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FIG. 3. The mean axial velocity with the mean streamlines (left), the mean temperature (middle), and the mean equivalence ratio (right) from the simulations with model DD-
HL. Rows 1–3: SwB3, SwB7, and SwB11.
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numerical results obtained for the present flame series. A further
investigation is required for the effects of swirl on the length and flow
structure of the recirculation zone, which is not in the scope of the pre-
sent paper.

The long recirculation zone brings the cold and low-equivalence
ratio fluid from the downstream to the upstream positions, which
reduces the temperature and equivalence ratio within the recirculation
zone close to the centerline due to mixing. The level of reduction in
temperature and equivalence ratios is higher in the stratified cases of
SwB7 and SwB11 than those in the premixed case, SwB3. In the strati-
fied cases, SwB7 and SwB11, at the axial location of 10mm, the tem-
perature and equivalence ratio at the centerline are �7% and 35%,
respectively, lower than those in the vicinity of the flame front within
the recirculation zone. In contrast with the premixed case (SwB3) at
the same axial location in SwB3, the differences in temperature and
equivalence ratio at the centerline and in the vicinity of the flame front
within the recirculation zone are�1% and 17%, respectively.

The flame fronts, defined as the loci of the peak of the rms temper-
ature in the radial direction, are depicted by the white points in Fig. 3. In
SwB3, the flame front mainly propagates in a uniform equivalence ratio
mixture. At �50mm, the flame front starts to propagate in a mixture
with slight gradients of equivalence ratio created by mixing between the
fuel streams and the air coflow. For SwB7 and SwB11, the flame fronts
encounter a stratified mixture after approximately z¼ 20 mm because of
the different equivalence ratios streaming from the inner and outer jets.

The effect of the heat loss from the bluff body can be observed in
the vicinity of the bluff-body surface. The temperature within this
region is significantly reduced due to the heat loss effect, which will be
further discussed in Sec. IVF.

B. Velocities

The mean and rms of the axial, radial, and tangential velocities
are presented in this section for a detailed model assessment. First, to
demonstrate the conformity of the computational and the experimen-
tal inlet boundary conditions, the mean and rms velocity profiles are
plotted in Fig. 4 for the SwB3 case at the axial location of 2mm, and
the closest axial location to the jet exits where the experimental data
are available. As seen, the mean and rms velocity profiles are in good
agreement with the experimental data. Although not shown here due
to space consideration, the computed velocity profiles are also found
to be in good agreement with the experimental data at the same axial
location for the SwB7 and SwB11 cases. The radial profiles calculated
from SwB3, SwB7, and SwB11 at three different axial locations are pre-
sented together with the experimental measurements, as shown in
Figs. 5–9. The mean axial velocities are in good agreement with the
experimental measurements. Slight discrepancies are observed close to
the centerline at the downstream locations in SwB7 and SwB11. The
mean tangential velocities also agree well with the experimental mea-
surements, as shown in Fig. 6. However, the peak values are over-
predicted by �10% at z ¼ 10 mm. The mean radial velocities demon-
strate good consistency with the experimental data for all three cases,
as shown in Fig. 7. Deviations are more obvious at the downstream
locations. The peak values are over-predicted by less than 10%, and
the profiles are slightly shifted outward from the centerline, indicating
that stronger expansion toward the radial direction due to the swirling
flow is predicted by all three model combinations.

The profiles of the rms of the axial, tangential, and radial veloci-
ties agree well with the experimental data for all three cases, as shown
in Figs. 8 and 9. As shown in Fig. 8, the peaks of the rms axial velocity

FIG. 4. The mean and rms velocity pro-
files at z ¼ 2 mm. Symbols: the measure-
ments; red line: model DD-HL.
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FIG. 6. Results of the time-averaged tangential velocity at
10 mm, 30mm, and 50mm distance from the fuel jet exits
(from bottom to top). Symbols: the measurements; red
line: model ED-AD; blue dashed line: model DD-AD;
black line: model DD-HL.

FIG. 5. Results of the time-averaged axial velocity at
10 mm, 30mm, and 50mm distance from the fuel jet exits
(from bottom to top). Symbols: the measurements; red
line: model ED-AD; blue dashed line: model DD-AD;
black line: model DD-HL.
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FIG. 7. Results of the time-averaged radial velocity at
10 mm, 30mm, and 50mm distance from the fuel jet exits
(from bottom to top). Symbols: the measurements; red
line: model ED-AD; blue dashed line: model DD-AD;
black line: model DD-HL.

FIG. 8. Results of the rms of the axial velocity at 10mm,
30 mm, and 50mm distance from the fuel jet exits (from
bottom to top). Symbols: the measurements; red line:
model ED-AD; blue dashed line: model DD-AD; black
line: model DD-HL.
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are over-predicted at z ¼ 50 mm within the recirculation zone, and
the over-prediction is more prominent in the stratified cases. The
over-prediction of fluctuating velocity might be caused by the under-
prediction of temperature within the recirculation zone, which will be
further discussed in Sec. IVC. The rms radial velocity profiles in Fig.
10 are slightly shifted outward, which is consistent with the observed
shift in the mean radial velocity profiles in Fig. 7.

C. Scalars

In this section, the numerical results for scalar profiles of the
mean temperature T, equivalence ratio /, and mass fractions of CH4,
CO2, O2, and CO are presented and compared with the experimental
data at four axial locations in Figs. 11–13. The mean temperatures are
overall in good agreement with the measurements for all the cases.
The mean temperature at z ¼ 10 mm is overestimated by �100K by
model DD-HL for all the cases. Further downstream at 50mm and
60mm, the mean temperatures for SwB3 are well estimated, whereas
the peak values of the temperature profiles are under-predicted by
�200K for SwB7 and SwB11 at the same locations. As observed in
Fig. 3, the center of the recirculation zones is located approximately at

z¼ 60 mm for all the cases. The strength of the recirculating flow field
can have strong effects on the temperature profiles at those locations.
Therefore, the discrepancies of temperature at z ¼ 50 mm and z ¼ 60
mm can be attributed to the discrepancies in the prediction of the
recirculating zone.

The equivalence ratio results demonstrate the overall good agree-
ment with the measurements for all three cases. At downstream loca-
tions of 30mm, 50mm, and 70mm, the equivalence ratio profiles are
underestimated in SwB7 and SwB11. The under-predicted equivalence
ratios inside the recirculation zones are consistent with the observed
under-prediction of temperature at the same locations and may result
from the strong effect of mixing with downstream airs within the
recirculation zone.

The mean CH4 results exhibit a good agreement with the mea-
surements for all three cases. The CO2 and O2 results are well esti-
mated in the premixed case of SwB3. In SwB7 and SwB11, the CO2

and O2 results are in good agreement with the experiment at the axial
location of 10mm; however, the CO2 concentration is slightly under-
estimated and the O2 concentration is slightly overestimated inside the
recirculation zone close to the flame front (approximately r ¼ 25mm
in Fig. 3) at z ¼ 50mm and 60mm. For SwB3, the profiles of CO are

FIG. 9. Results of the rms of the tangen-
tial velocity at 10 mm, 30 mm, and 50mm
distance from the fuel jet exits (from bot-
tom to top). Symbols: the measurements;
red line: model ED-AD; blue dashed line:
model DD-AD; black line: model DD-HL.
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well predicted at all the axial locations. The peak values of the CO pro-
files are in very good agreement with the experiment at z ¼ 10mm,
while they are slightly underestimated at the downstream locations.
For the cases of SwB7 and SwB11, the profiles of CO are well predicted
at z ¼ 10mm, while the CO profile is underpredicted at the down-
stream locations.

Finally, the total rms of temperature, equivalence ratio, and mass
fractions of species are compared with the measurements in Figs.
14–16. All the profiles are overall in good agreement with the measure-
ments. At downstream locations, the rms results are lower than the
measurements; however, the trends in the numerical results are in
good agreement with the experimental measurements. The rms of the
equivalence ratio, O2, CO2, and CO is underestimated at z ¼ 50mm
and 60mm for all three cases.

D. Scatter plots

In this section, the scatter plots generated using the notional
Lagrangian particles are presented for the mole fractions of species,
CO2, H2, CO, CH4, H2O, O2, and the equivalence ratio, /, in the

temperature space at z ¼ 10 mm together with the experimental scat-
tered data in Figs. 17–19. The mean values, XajTh i (conditioned on
temperature), are also presented by comparing with the experimental
data. The figures are colored by the equivalence ratio. The scatter plots
from the numerical simulations exhibit a close agreement with the
experimental data. The distribution of the scatter plots from the simu-
lations cover a narrower region in the temperature space than those in
the experimental measurements, which is similar to the one observed
in the simulations under the non-swirling condition.25

The experimental data points extend to smaller values in the
equivalence ratio space than those obtained from the numerical simu-
lations, particularly for T > 1500K. For the premixed case of SwB3,
the lowest equivalence ratio is smaller than the value at the fuel jets,
suggesting entrainment of downstream air and/or diluted mixture
deep into the recirculation zone. The lowest equivalence ratios
observed in the cases of SwB7 and SwB11 above T¼ 1500K also result
from the same entrainment mechanism.

The conditional means of species from the LES/PDF simulations
are overall in close agreement with the experimental scatter data for
temperature lower than 1500K. However, considerable discrepancies

FIG. 10. Results of the rms of the radial
velocity at 10 mm, 30mm, and 50mm dis-
tance from the fuel jet exits (from bottom
to top). Symbols: the measurements; red
line: model ED-AD; blue dashed line:
model DD-AD; black line: model DD-HL.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 025117 (2021); doi: 10.1063/5.0039810 33, 025117-10

Published under license by AIP Publishing

https://scitation.org/journal/phf


FIG. 11. SwB3: The mean temperature and mass fractions of CH4, CO2, O2, and CO (from top to bottom) at axial locations of z ¼ 10mm, 30mm, 50 mm, 60 mm (from left to
right). Symbols: the measurements; red line: model ED-AD; blue dashed line: model DD-AD; black line: model DD-HL.
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FIG. 12. SwB7: the mean temperature and mass fractions of CH4, CO2, O2, and CO (from top to bottom) at axial locations of z ¼ 10 mm, 30mm, 50mm, 60 mm (from left to
right). Symbols: the measurements; red line: model ED-AD; blue dashed line: model DD-AD; black line: model DD-HL.
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FIG. 13. SwB11: the mean temperature and mass fractions of CH4, CO2, O2, and CO (from top to bottom) at axial locations of z ¼ 10 mm, 30 mm, 50 mm, 60 mm (from left to
right). Symbols: the measurements; red line: model ED-AD; blue dashed line: model DD-AD; black line: model DD-HL.
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FIG. 14. SwB3: the rms temperature and mass fractions of CH4, CO2, O2, and CO (from top to bottom) at axial locations of z ¼ 10 mm, 30 mm, 50mm, 60 mm (from left to
right). Symbols: the measurements; red line: model ED-AD; blue dashed line: model DD-AD; black line: model DD-HL.
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FIG. 15. SwB7: the rms temperature and mass fractions of CH4, CO2, O2, and CO (from top to bottom) at axial locations of z ¼ 10 mm, 30 mm, 50mm, 60 mm (from left to
right). Symbols: the measurements; red line: model ED-AD; blue dashed line: model DD-AD; black line: model DD-HL.
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FIG. 16. SwB11: the rms temperature and mass fractions of CH4, CO2, O2, and CO (from top to bottom) at axial locations of z ¼ 10mm, 30mm, 50mm, 60 mm (from left to
right). Symbols: the measurements; red line: model ED-AD; blue dashed line: model DD-AD; black line: model DD-HL.
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are observed between the conditional means from the experimental
and the numerical results for temperatures higher than 1500K mainly
because the simulations over-predict the equivalence ratio at these
temperatures.

To further understand the physical locations where the discrep-
ancy in the conditional means originates, the scatter plots of CO mass
fraction in temperature space at z ¼ 10 mm are presented in Fig. 20.
Here, the scattered data are colored by the radial positions of the

Lagrangian particles. Furthermore, the color of points located within
the 5mm distance from the centerline is marked as black to demon-
strate the behavior of the CO distribution close to the centerline. As
observed in Fig. 20, the points with low equivalence ratios are located
closed to the centerline. Considering the recirculating flow fields given
in Fig. 3, the points close to the centerline mainly are entrained from
the locations with lower equivalence ratio downstream. Therefore,
accurate prediction of the recirculation region is important for correct

FIG. 17. SwB3: scatter plots of mole fractions of species of CO2, H2, CO, CH4,
H2O, O2, and / in temperature space from the numerical simulations and the
experimental data at z ¼ 10 mm, colored with the equivalence ratio. Black solid
line: the conditional mean (conditioned on temperature) of species mole fractions
from the experiment; red dashed line: conditional mean (conditioned on tempera-
ture) of species mole fractions from the simulation.

FIG. 18. SwB7: scatter plots of mole fractions of species of CO2, H2, CO, CH4,
H2O, O2, and / in temperature space from the numerical simulations and the
experimental data at z ¼ 10 mm, colored with the equivalence ratio. Black solid
line: the conditional mean (conditioned on temperature) of species mole fractions
from the experiment; red dashed line: conditional mean (conditioned on tempera-
ture) of species mole fractions from the simulation.
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prediction of the scalars. Compared to the shorter recirculation region
observed in Ref. 25, the cases with swirling flow in this study are more
challenging computationally. The extent of the computational domain
and the outlet boundary conditions can potentially impact the states
within the recirculation zone, which subsequently impact the flame
stabilization. Although not shown in this paper due to space consider-
ation, the scatter plots at further downstream locations have similar

agreement with the experimental data as also observed for the non-
swirling case studied by Turkeri et al.25

E. Effect of differential diffusion

The effect of differential diffusion is studied by examining the
results obtained from models DD-AD and ED-AD. It should be
emphasized that only the resolved molecular differential diffusion is
considered by the models employed here. The mean and the rms
velocity as well as the scalar fields from models DD-AD and ED-AD
are very similar for SwB3, SwB7, and SwB11, as demonstrated in Figs.
5–13. Therefore, the resolved molecular differential diffusion is found
to have insignificant impact on the mean velocity and scalar fields
under the swirling conditions. This is in contrast with the non-
swirling conditions, where the differential diffusion has been found to
slightly modify the velocity profiles by shortening the recirculation
zone behind the bluff body.25 When the recirculation zone is created
by both the bluff body and the swirling flow, the differential diffusion
seems to play a secondary role in affecting the size of the recirculation
zone compared to the non-swirling conditions.

F. Effect of heat loss from the bluff body

Finally, the effect of heat loss from the bluff body is studied by
comparing the results obtained from models DD-HL and DD-AD.
The mean and the rms velocity profiles from the two models are very
similar to one another, as shown in Figs. 5–16, which indicates that
the heat loss has a negligible effect on the velocity profiles. The temper-
ature profiles from model DD-HL are in better agreement with the
experimental data than those from model DD-AD at z ¼ 10 mm for
all the cases. Model DD-HL over-predicts the mean temperature by
�100K, while model DD-AD over-predicts by �300K close to the
centerline in SWB7 and SwB11 at z¼ 10 mm.

The mean CO profiles from model DD-HL are in very good
agreement with the experimental measurements, while model DD-AD
over-predicts CO mass fractions by �25% at z ¼ 10 mm. This is
mainly due to the higher temperature predicted by model DD-AD.

The mean equivalence ratio profiles from models DD-HL and
DD-AD are very similar in the premixed case, SwB3. For the moder-
ately stratified case SwB7, model DD-HL produces slightly lower pro-
files than those from model DD-AD at z ¼ 10 mm. For the highly
stratified case, SwB11, the result from model DD-HL is in better agree-
ment with the measurements than those from model DD-AD at z ¼
10 mm, while model DD-AD predicts the equivalence ratio 5% higher
than the measurements at that axial location.

The mean mass fraction of CH4, CO2, and O2 from model DD-
HL are in slightly better agreement with the measurements than those
from model DD-AD within the recirculation zone (r< 12 mm) at z¼
10 mm. Comparing to CO, mass fractions of CH4, CO2, and O2 dem-
onstrate lower levels of sensitivity to the heat loss effect.

For all the scalar profiles, models DD-HL and DD-AD predict
very similar results at further downstream locations of z ¼ 30 mm,
50mm, and 70mm, which indicates a negligible effect of heat loss at
these locations. The rms profiles of temperature, equivalence ratio,
and mass fractions of CH4, CO2, O2, and CO from models DD-HL
and DD-AD are also very close to one another at all the axial
locations.

FIG. 19. SwB11: scatter plots of mole fractions of species of CO2, H2, CO, CH4,
H2O, O2, and / in temperature space from the numerical simulations and the
experimental data at z ¼ 10 mm, colored with the equivalence ratio. Black solid
line: the conditional mean (conditioned on temperature) of species mole fractions
from the experiment; red dashed line: conditional mean (conditioned on tempera-
ture) of species mole fractions from the simulation.
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V. CONCLUSION

LES/PDF simulations have been applied to the Cambridge/
Sandia stratified turbulent flames under swirling conditions employing
finite-rate chemistry. The premixed (SwB3), the moderately stratified
(SwB7), and the highly stratified (SwB11) flames are calculated using
the identical models and parameters. In the simulations with the base-
line model parameters, the resolved mean and the rms velocity results
are found to be in close agreement with the measurements. Moreover,
the radial plots of the mean and the rms temperature, equivalence
ratio, and species mass fractions from the simulations have also been
found to be in good agreement with the experimental measurements.

The scatter plots and their conditional means from the simula-
tions are found to be in close agreement with the experimental data.
Entrainment of the lower equivalence ratio mixture from the down-
stream to the recirculation zone is under-predicted near the bluff-body
surface at z ¼ 10 mm but over-predicted at the further downstream
locations for the two stratified cases. Consequently, the equivalence
ratio and temperature are over-predicted near the bluff-body surface
and under-predicted at further downstream locations. The lengths of
the recirculation zone are approximately five times longer than those
of the non-swirling conditions. A unique challenge of the swirling
bluff-body stabilized flames is posed by the downstream boundary
conditions, which can have a more significant impact on the composi-
tion of the recirculation zones under the swirling conditions.

The comparison of the results from the simulation using the
models with and without differential diffusion has shown that the dif-
ferential diffusion has a minor effect on the length of the recirculation
zone and the mean and on the rms velocity and scalar profiles for
SwB3, SwB7, and SwB11. Compared to the non-swirling conditions,
the length of the recirculation zone is more influenced by the swirling
conditions than the existence of a bluff body and the differential
molecular diffusion.

The effect of heat loss from the bluff-body wall is examined
through a parametric study. It is found that taking into account the
heat loss from the bluff body significantly improves the prediction of

the mean temperature and CO mass fraction close to the inlet.
Additionally, the inclusion of heat loss is found to have a negligible
impact on the results at further downstream locations.
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