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ABSTRACT

The Cambridge/Sandia turbulent stratified flame (SwB5) is simulated with the LES and Flamelet-
Generated Manifolds (FGM) combustion model. Three 3D FGM manifolds are adopted. With the purpose
to examine the influence of transport properties, unity and non-unity Lewis numbers (Le) are included
in the first two manifolds, respectively. The combined effects of non-unity Le and stretch are investigated
in the third manifold. Heat loss to the wall is also modeled. Good agreement is found between the sim-
ulation and experiment. The equivalence ratio, temperature and mass fractions of CO and H, are all well
reproduced in contrast with previous simulations. It is found that using non-unity Le can even deterio-
rate the near-wall temperature modeling. Non-unity Le is proposed to be crucial for the CO prediction
as well, besides H,. The equivalence ratio modeling is observed to be very important, which accounts
for several non-unity Le effects. Flame stretch shows almost no impact on the velocity fields, whereas its
effects on the species, equivalence ratio and temperature are identified, although to a limited extent for
the Cambridge/Sandia flame.

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

In practical devices, fuel and the oxidizer are not always mixed
perfectly which leads to partially premixed or stratified flames.
Stratified flames have attracted increasing interest due to their
practical relevance [1]. Recently, both Masri [2] and Lipatnikov
[3] reviewed the advances in partially premixed and stratified
flames.

The Cambridge/Sandia burner designed by Sweeney et al.
[4,5] has been widely adopted to investigate stratified flames. Due
to the availability of full sets of experimental velocity, temperature,
and species profiles, it is also the benchmark test case for numer-
ical modeling. Nowadays, Large Eddy Simulation (LES) is a widely
used approach for turbulent flame simulation. Various LES results
on the Cambridge/Sandia burner have been reported using differ-
ent combustion models [1,6-10].

The purpose of this study is to address several miss-predicted
points in previous simulations, that could be caused by reduced
transport properties with a unity Lewis number (Le) assumption. In
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the Cambridge/Sandia flames, an increased equivalence ratio was
experimentally measured above its bluff-body, which was rarely
reproduced before by simulations [1,6]. Barlow et al. experimen-
tally observed that this is due to preferential diffusion of H,
and H,0 [11]. Results of Barlow et al. [11], Katta and Roquemore
[12] and Turkeri et al. [1] all observed that the atomic mass frac-
tions are not conserved through the flame brush. This indicates the
vital role played by detailed transport properties with non-unity Le
in the modeling.

Non-unity Le leads to preferential diffusion between species,
as well as between species and heat [13]. Nevertheless, the re-
duced model of unity Le and equaled diffusivity were widely used
in the literature due to a lower cost and simplicity [14,15]. Actu-
ally, although the turbulent diffusivity dominates a lot in turbu-
lent flames, the preferential diffusion can not be ignored, consid-
ering its widely observed effects to enhance the turbulent burning
velocity even with extremely strong turbulence [16,17]. The con-
sequence of the unity Le assumption is inaccurate predictions of
the equivalence ratio mentioned above and certain species, espe-
cially H, with relatively high molecular diffusivity. Note that Nam-
bully et al. [7,8] solved mixture fraction with a source term re-
lated to the preferential diffusion effects, and the equivalence ratio
was captured better. Non-unity Le was generally used in previous

0010-2180/© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved.


https://doi.org/10.1016/j.combustflame.2021.01.004
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2021.01.004&domain=pdf
mailto:j.a.v.oijen@tue.nl
https://doi.org/10.1016/j.combustflame.2021.01.004

W. Zhang, S. Karaca, J. Wang et al.

detailed simulations of hydrogen flames [18-21]. However, accu-
rate H, predictions were not reported in LES results of the Cam-
bridge/Sandia flame.

One common feature of previous results is that the CO was not
well predicted [1,6-8,10]. The modeled CO was much lower than
the experimental results especially in the recirculation zone above
the bluff-body. This discrepancy was declared to be “unclear” by
Brauner et al. [10], while Nambully et al. [7,8] stated that, the tab-
ulated chemistry adopted is probably insufficient to represent the
CO solution, or the conversion to CO, by the increased O, con-
centration. Proch and Kempf [6] and Turkeri et al. [1], however,
attributed this to the adiabatic wall boundary and thus the over-
prediction of temperature. Recently, Mercier et al. [22] and Mehl
et al. [23] both proposed that the sub-grid scale flame surface
can influence the CO prediction by using the Filtered Wrinkled
Flamelets (FWF) model. In the present study, however, the non-
unity Le effects on the CO prediction are mainly investigated. Ac-
tually, including detailed transport properties by using non-unity
Le probably improves the CO prediction a lot, as inspired by Han
et al. [24]. This needs further examination.

In turbulent flames, the local flame speed and adiabatic tem-
perature can be modified by the stretch induced by curvature or
straining of non-uniform flow [25]. The vital role played by stretch
was observed by Knudsen et al. [26], van Oijen et al. [27], and
recently Han et al. [24] in modeling premixed flames with high
Karlovitz number. To capture the stretch effects on composition
and kinetics, non-unity Le has to be included, whereas a flame
with unity Le will be almost insensitive to stretch [15,28]. Stretch
effects in the Cambridge/Sandia flame were not investigated before
since the unity Le assumption was extensively applied.

In order to further identify the effects of detailed transport
properties, the Cambridge/Sandia stratified flame is simulated with
the tabulated Flamelet-Generated Manifolds (FGM) combustion
model [29,30], by using both unity and non-unity Le. With non-
unity Le, the stretch effects are also examined. Their influence on
the velocity, temperature, species and especially the CO and H,
predictions is discussed in detail. It is worth to be noted that even
though flame stretch was included in previous studies of pure pre-
mixed flames with the FGM method [18,27,31] or other tabulated
methods [24,26], its application in a stratified or partially premixed
flame seems never performed before. Donini et al. [14] included
non-unity Le in a stratified laminar Bunsen flame, but stretch was
ignored in the flamelet calculations. Heat loss is also included in
the present study, which was revealed to be vital for the predic-
tion of near-wall temperature [1,6,9,32,33].

State-of-the-art of the FGM method was reviewed recently by
van Oijen et al. [15]. The FGM and other tabulated combustion
models are expected to be very useful for modeling real industry-
scale burners at a low cost. The present study validates the per-
formance of the FGM method for turbulent stratified premixed
flames. The results also contribute to improving its capability to
predict reliable combustion processes, near-wall temperature and
pollutant species.

2. Numerical methodology
2.1. The Cambridge/Sandia stratified flame

The modeling setup is introduced here briefly. The Cam-
bridge/Sandia burner was designed for stratified premixed swirl
and non-swirl flames. The burner schematic is shown in Fig. 1,
where d represents the diameter. In the present study, only the
non-swirl case SwB5 is considered, which was also extensively
simulated before [1,6,9]. One case is enough for this study to in-
vestigate the transport properties and stretch. For this case, pre-
mixed CHg/air mixtures at different equivalence ratios of ¢; = 1.0
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Fig. 1. A cross section view through axis of the Cambridge/Sandia burner.

and ¢, = 0.5 are provided through the inner and outer tube, re-
spectively. The equivalence ratio is defined as [4,34]:

(XHz + XHzO)/2 + Xco, + Xco + 2Xcn,
Xo, + Xco, + (Xco + X,0) /2

where X; is the mole fraction of species i.

Mean velocities of the inner and outer tube are U; = 8.31 m/s
and U, = 18.7 m/s, respectively. Co-flow air is supplied around the
outer annulus with U, = 0.4 m/s. The flame then stabilizes above
the bluff-body, where an inner recirculation zone (IRZ) is formed.
Velocity measurements of the flame are provided by Zhou et al.
[34], while temperature and mass fraction measurements are from
Sweeney et al. [4,5]. The temperature on the bluff-body is also
available to impose a non-adiabatic boundary. Note that z=0 mm
at the exit plane, and r = 0 mm at the bluff-body center.

(1)

2.2. Flamelet-generated manifold approach

2.2.1. Control variables

In finite rate chemistry models, resolving the aerodynamic mo-
tion and chemistry means that tens or even hundreds of stiff equa-
tions need to be solved, which is prohibited with the current and
near future computing ability [35,36]. Chemical reduction tech-
niques are useful to reduce the number of equations. However,
they are still computational expensive compared to the tabulated
combustion model such as the FGM method, where there are only
several equations of Control Variable (CV) being solved [15].

The FGM model reduces the chemical model with the flamelet
assumption. Based on a set of laminar flamelets for given initial
conditions, a database of thermochemical variables (f) can be built
and stored as a function of CVs in the pre-processing stage. Basi-
cally, the Progress Variable (PV, denoted by )’) must be included in
the premixed flame as a CV, describing the transition from fresh to
burned equilibrium gases. The progress variable is defined as:

Ng
y=>) ay
i1

where «; are arbitrary weighting coefficients, Y; is the mass
fraction of species i and N;s is the total number of species.
The only restraint is to ensure a monotonic ) through the
flamelet. In the present study, the coefficients were defined sim-
ilar to Donini et al. [36]: aco, = 1001\/1532, a0 = 100M;[210, oy, =
IOOMﬁ;, g, = 7100M621, and o; =0 for other species. M is the
molecular mass of the species in g/mol.

Considering the stratification of equivalence ratio in the Cam-
bridge/Sandia flames, and heat loss to the bluff-body, the mixture

(2)
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Table 1

Three 3D FGM models adopted.
Manifolds  CV Le Stretch  Heat loss  Grid size
ZhPV Z h Yy Unity No Yes 80 x 200x100
ZhPV-Le Z hy Non-unity  No Yes 80 x 200x100
ZZ2PV-Le Z, 72, Y Non-unity Yes No 80 x 100x100

fraction (Z) and enthalpy (h) were also included. Z is defined as a
function of the element mass fractions Yje of elements j [15,37]:

_ O5M! (Y - YiSp) +2Mc (YE - YE5) — Mo (Y5 — Y6S5)
O5M,T(YE, —YiE,) + 2MET (Y —YE,) — Mo (Y5, ~ Y6 )
(3)

The subscripts 1 and 2 represent pure fuel and oxidizer, respec-
tively. The specific enthalpy was adopted as a CV to describe the
energy [30]:

NS
h=Y Yh (4)
i=1
with
T ! !
b= hel / ()T (5)
TIAe

where hl.ref is the enthalpy of formation at reference temperature
T™f (300 K in this study) and Cpi is the specific heat capacity at
constant pressure of species i.

With non-unity Le, the flame is sensitive to stretch [15,18]. It is
well known that their combined effect results in a redistribution of
element mass fraction of C, H, O, N, and enthalpy. Theoretically, at
least three elements and the enthalpy must be solved [25]. How-
ever, previous studies showed that extending the FGM with only
one CV, for example a combination of two element mass fractions,
can be sufficient [15,18,28]. Therefore, another mixture fraction Z,
was adopted as a CV for stretch effects in this study:

Zy = 0.1Y§ + Y (6)

For the stretched flamelets, another progress variable was used
with the following coefficients in Eq. (2): aco, = 1OOM682, aH,0 =

100Mﬁ210, and «; = 0 for other species, in order to avoid crossing

of flamelets in the CV space [31].

2.2.2. FGM tabulation

Three 3D manifolds were used, as shown in Table 1. The first
two manifolds ZhPV and ZhPV-Le both include mixture fraction
for fuel stratification, enthalpy for heat loss and progress variable.
Unity and non-unity Le were applied to the two manifolds (namely,
to the diffusion term of the laminar flame solution), respectively.
The manifold of ZZ2PV-Le includes non-unity Le and stretch, while
the heat loss is neglected. It is a challenge to include both the
heat loss and stretch in ZZ2PV-Le, which leads to a 4D mani-
fold. One reason is that there will be too many stretched laminar
flamelets to be computed at each mixture fraction and heat loss
level. Another reason is that, as mentioned before, to account for
the stretch effects, non-unity Le must be adopted. The non-unity
Le will result in curvilinear grid of CVs in the manifold (as will be
shown below), and will be difficult for data retrieving if the mani-
fold possesses a higher dimension.

Laminar flamelets were solved for different values of equiva-
lence ratio to include the mixture fraction as a CV. The range goes
from ¢ = 0.5, which is close to the flammability limit, to ¢=1.20
(higher than ¢;). Meanwhile, the mixture fraction needs to be ex-
trapolated to zero from the lean limit, so as to model the co-flow
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air. Flamelet solutions were computed with the 1D flame code
Chem1D [38]. GRI-Mech 3.0 was adopted, which consists of 325
elementary reactions and 53 species [39].

The flamelets were solved with inlet/unburned temperature of
T,=300 K. To model the heat loss, at each equivalence ratio, a set
of laminar flamelets were solved for different values of enthalpy
h. This was performed by computing the burner-stabilized flames
at a constant ¢ [29,36,40]. Furthermore, preheated flamelets with
T,=300-600 K were also included to allow preheating of the mix-
ture.

To take stretch effects into account in manifold ZZ2PV-Le, a
set of stretched flamelets was solved at each equivalence ratio.
Basically, a stretched flamelet can be obtained by a counter-flow
model, as adopted in [24,26]. In Chem1D, however, a stretch rate
(K) can be imposed directly in the 1D laminar flamelet equations
[29], which is the method used in this study. A broad range of
negative and positive K was imposed until the solution diverges at
a near-extinction condition. A different way is to apply curvature-
induced stretch to the flamelet. Previous studies have shown that
how the stretch is modeled has little effect [25,27].

With these flamelet solutions, the thermochemical variables
were mapped as a function of the CVs. The FGM tabulation was
completed by storing all the variables to a tridimensional grid de-
fined by the CVs in Table 1. The number of the grid points is also
shown in the table.

Sample slices of the manifolds with a constant equivalence ra-
tio ¢ = 1.0 are displayed in Fig. 2. In these figures, only a part of
the flamelets are shown sparsely. It is seen that with unity Le, the
enthalpy is constant along the progress variable of a flamelet in
Fig. 2a. Note that Ah =h — hg, and hy is the enthalpy of adiabatic
flamelets with T,=300 K. With non-unity Le in ZhPV-Le, the en-
thalpy now is redistributed in Fig. 2b. In Fig. 2c, the non-unity
Le and stretch result in varied element mass fraction along the
flamelet.

However, the curvilinear grid of CVs in Fig. 2b and c brings dif-
ficulty to data retrieving during the computation. Comparatively,
the rectilinear grid in Fig. 2b is much easier to use. One useful
method is to regrid the curvilinear table to a structured mesh and
using multi-dimensional linear interpolation for retrieval [15]. In
the present study, rectilinear meshes were also used for manifolds
ZhPV-Le and ZZ2PV-Le. The rectilineared results are demonstrated
in Fig. 3. Note that the obtained mesh lines are not real laminar
flamelets, but it will not hinder the computation. For ZZ2PV-Le, the
CVs Y and Z, were permuted before the curvilinear-to-rectilinear
conversion. The chemical source of ) is shown in Fig. 3. In Fig. 3,
the increase of stretch leads to a decreasing Z, and Y source. The
curvilinear-to-rectilinear conversion is performed for a maximum
of 3D manifold in this study. One problem is that, for manifolds
with higher dimension, it will be much more difficult. New meth-
ods for data storage and retrieving remain to be extensively devel-
oped [15].

2.2.3. LES filtered governing equations

Besides the continuity and momentum equations, transport
equations for the CVs were solved in the FGM combustion solver.
For a Ng-dimensional FGM with multiple CVs, thermochemical
variables f = f(C;,C,, ..., Cy,) were retrieved from the tabulated
manifold. The LES filtered equations of C, can be written as
[14,15]:

Mt

Se VG
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in which q denotes a spatially filtered quantity and § = %ﬂ a spa-
tially Favre filtered quantity. p is the density, A the heat conductiv-
ity and c, the mixture specific heat capacity. The thermodynamic
coefficients are computed with a mixture-averaged approach and
stored in the manifolds, see [41] for a detailed description. p is
the turbulent eddy viscosity and Sc; is the turbulent Schmidt num-
ber, which is assumed to be a constant of 0.7 [36]. The source term
of @, is nonzero only for Y in the present study.

The first term on the RH.S. of Eq. (7) is the preferential diffu-
sion term induced by non-unity Le. For the 3D manifolds in this
study, the diffusion coefficients are (assuming C; = ) [14]:

Ny

_ (1 oY, Y, 9CIP  ay; aclP
P [DL'(Lei ‘1>(ay+ac2 v tac oy )| @

P 1 dy;  ay; aclb gy, acip
dcz_qg;[’)z*"(m_l>(w+i9cz oy tac ey )] @
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2

i=1

A

A 1 3y, 9y, acl®  ay, aciP
Cp

[Di"(m”)(ay*acz 8y "G 9y )} (1o

These coefficients are computed in the pre-processing stage
and stored in the manifold. Note that Eqgs. (7) to (10) are derived
based on the assumption that, locally the CV of C, is a function

. aclb dclp
of Y solely [14,15,31]. Accordingly, the term of ﬁ ~ ﬁ can

be computed directly in the 1D flamelet. Le; is the Lewis num-
ber of species i. If the unity Le assumption is adopted, Le; = 1 and
dg, = 0, indicating no preferential diffusion effects. The coefficient
Dy ; equals «; for ¥ Eq. (2)), and equals h; for enthalpy (Eq. (4)).
For mixture fraction Z or Z,, it is obtained by converting Eq. (3) or
Eq. (6) to a similar form of Eqgs. (2) and ((4).

de, =

3

2.2.4. Sub-filter closure

The Smagorinsky model was adopted for the sub-grid scale
(SGS) turbulence and the eddy-viscosity ;. We have examined
that other turbulence models improve the present results to a



W. Zhang, S. Karaca, J. Wang et al.

Ume(m(m/s)

Combustion and Flame 227 (2021) 106-119

Wmean(m/s)

g
g
mm <
~
I
N
g
S
o
0
I
N
g
g
o
T
0 -2 92 N

4 4

20
P 2 S
10 oo ™ B
0 ‘WL_ 0 2 e i - ﬁ
0p -2 -2 w
-20 0 20 -20 0 20 -20 0 20
r (mm) r (mm) r (mm)
o Exp = Z7ZhPV ZhPV-Le
= = = :772PV-Le =====-- 272PV-Le (Finer)

Fig. 4. Radial profiles of the mean velocity at different axial locations.

quite limited extent; therefore, this classical model was ultimately
used mainly for its simplicity. To account for the unknown sub-
filter term of the thermochemical variables, the presumed B-pdf
approach has been widely used [6,26,36,42]. The disadvantage is
that the FGM manifold has to be extended with new dimensions
of the SGS variance. In the present study, an alternative top-hat
function model was used, as proposed by Floyd et al. [43]. There is
no need to extend the database dimension with this model.

Following Proch et al. [6], the sub-filter variations of mixture
fraction (as well as Z,) were ignored. The mixture fraction Z was
observed to vary in a quite limited range within the mesh cell
even in their coarse mesh (mesh size A=1 mm) for the Cam-
bridge/Sandia flame. Meanwhile, similar to Donini et al. [36], the
variance of enthalpy was also ignored due to its rather modest
gradients and fluctuations. Therefore, the top-hat model was only
implemented for . The SGS variance was computed with an alge-
braic model with G, = 1/12 [36,43-45]:

95 8y

yi2 —c,A222 0 11
V2 =G 9% I (11)
The top-hat function was then obtained as [43]:
1 a<y<b
_ b—a’ x X
p(y)_{O? Y<aor)ys>bh (12)

where a=J — 1v/1292 and b= J + 1/12)"2. Finally, with the
3D manifolds shown in Table 1, the low-pass filtered quantity f
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was computed by:

~ +o0

f=/ PG =Y,G,G)dY (13)
in which ¢, and C3 can be Z, Z, or h. Though the integration
can be included in the tabulation stage [45], it was implemented
on-the-fly in the present study. Note that besides the presumed
pdf model, the artificially thickened flame model can be com-
bined with the FGM to account for the SGS terms [6]. The filtered
flamelet model such as the F-TACLES developed by Fiorina et al.
[46], is also a good choice.

2.3. Numerical setup

The computational domain spans 160 mm in the axial z di-
rection from the burner exit, and 200 mm in the radial r direc-
tion with the model shown in Fig. 1. Hexahedral meshes with two
kinds of resolution were used. The number of cells of the coarse
one is about 2.6 million with cell size A <0.73 mm within the
core region of r < 20 mm, and the finer mesh possesses about 6.5
million cells, with A < 0.53 mm in the core region. The refinement
is quite moderate. Even though, the simulated results are satisfac-
tory as will be shown below when compared against the experi-
mental results. This is primarily because, the maximum cell size
in the core region is actually very equivalent to the laminar flame
thickness, especially in the upstream region, and the flamelet is
expected to be largely resolved. Note that the laminar flame thick-
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Fig. 5. Radial profiles of the rms velocity at different axial locations.

ness is about 0.51 mm for the CHy/air flame at ¢ = 1.0, following
the definition of (Tmax — Tmin)/(%)max-

The inlet patch was extended 60 mm upstream from the burner
exit plane to produce better tube-developed turbulence [7,10]. The
inlet mean velocity profiles were tuned to match the experimen-
tal results obtained at z =2 mm. Turbulent fluctuations were gen-
erated with the filtered noise method of Klein et al. [47,48]. The
integral scale and turbulence intensity were set with the experi-
mental results [34]. A non-adiabatic boundary was imposed on the
bluff-body wall by setting a fixed temperature field, see [9]. A non-
reflecting boundary was applied for the outlet patch.

The combustion solver was implemented in OpenFOAM. Gauss’s
theorem was applied for discretization. The convection and diffu-
sion terms were discretized by second order total variation dimin-
ishing (TVD) scheme Gauss limitedLinear, and central differenc-
ing Gauss linear corrected, respectively. Limiters were adopted to
make sure that the scalars are bounded. The first order implicit
Euler scheme was used for temporal discretization. The pressure-
velocity coupling was solved with the PISO method. The numerical
diffusion may be inevitable, which can influence the relatively sub-
tle preferential diffusion effects in the turbulent flames. However,
since we compared the cases with unity/non-unity Le by using the
same numerical setup, the different results obtained can highlight
the Le effects.

The maximum Courant number was kept less than 0.4 with a
time step of about 4 x 10 s. Three cases with the FGM manifolds
in Fig. 1 were computed. Each simulation was firstly proceeded for
10 flow-through times (about 0.26 s) after ignition, and another 10

m

flow-through times for statistics. The computation was parallelized
with 160 processors. For each case on the coarse mesh, the simu-
lation was completed with approximately 27 h clock time. With
a mapped initial condition from the coarse mesh, the computa-
tion on the finer mesh was firstly performed for about 0.02 s, then
another 5 flow-through times to get the statistics. The clock time
needed was about 37 h.

3. Results and discussion
3.1. Velocities

The resolved mean and root-mean-square (rms) velocities are
shown in Fig. 4 and Fig. 5, respectively. U is the axial velocity, V
the radial and W the tangential velocity. Four cases are shown with
ZhPV, ZhPV-Le and ZZ2PV-Le on the coarse mesh as well as the
result of ZZ2PV-Le on the finer mesh.

In Fig. 4, the mean velocities correspond well with the exper-
imental results. However, the radial velocity deviates at higher z.
At the centerline when r = 0, zero radial velocity is predicted by
the simulation, whereas negative velocity is measured in the ex-
periment. Proch et al. [6] also noted this and suggested that the
experimental result is slightly asymmetric, which can be due to
measurement uncertainties or deviations in the geometrical shape
of the burner.

The rms velocities are well reproduced by the simulations
except for lower Vs and Wyys predictions at z = 10 mm. Probably
the mesh is not fine enough to resolve the turbulence fluctuation
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in the radial direction. It can also be influenced by the inlet turbu-
lence. Anyway, it is not easy to fully replicate the experimentally
measured turbulence. Further downstream, there are deviations
of Urms and Vyps. Meanwhile, the mean velocities downstream are
also more deviated. Probably the interactions between the turbu-
lent shear layer and the flame are more intensive downstream,
which leads to larger unresolved sub-grid terms and deviations
in the predictions [7]. Note that in the downstream region, the
flame front expands outwardly (as can be seen from Fig. 8 below)
whereas the hexahedral mesh quality is decreased with larger |r|;
therefore, deviations are always more evident there.

With the finer mesh, the rms velocities are only slightly im-
proved while the mean velocities are nearly not improved. Since
the improvement is very limited, the computation on the finer
mesh was not performed for the other two cases of ZhPV and
ZhPV-Le. Note that an even finer mesh with A =0.25 mm and
103.2 million grid cells was adopted by Proch et al., but similar
deviations were still observed [6].
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From Figs. 4 and 5, it can be concluded that the Lewis number
and stretch effects have little influence on the velocity statis-
tics. The case of ZhPV-Le predicts slightly deviating velocity
fluctuations in Fig. 5. This may be explained by the higher
temperature predicted with non-unity Le, as demonstrated
below.

3.2. Species, equivalence ratio and temperature

To investigate the non-unity Le effects, time-averaged species
mass fraction (Y), equivalence ratio (¢) and temperature (T) of
cases ZhPV and ZhPV-Le are compared in Fig. 6. Unity and non-
unity Le are applied to the two cases, which denotes reduced and
detailed transport properties, respectively. Note that ¢ is defined
by Eq. (1) both in the experiment and simulation.

Both the results are in reasonable agreement with the experi-
ment. However, in the downstream region (see z = 50 and 70 mm),
the mass fractions of CH4 and O, are predicted lower, while the
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Fig. 7. Mean scalar profiles influenced by non-unity Le and stretch.

products of CO, and H,0 as well as the temperature are predicted
higher. This may result from the over-predicted progress variable
Y [26]. The top-hat SGS model was applied only for ), and prob-
ably the source term of ) was over-predicted. This can be evident
downstream, since as mentioned, around the outwardly expanded
flame front there, the mesh quality is decreased. Meanwhile, note
that the asymmetric error from experimental measurement is still
observed at z=50 mm. The left side of the plots shows better
agreement.

Overall, the non-unity Le shows no significant impact on the
scalars in Fig. 6 except for in the upstream region, see profiles at
z=10 mm. In the case of ZhPV, the temperature at z= 10 mm
is well modeled with heat loss. However, the equivalence ratio is
under-predicted. This was observed before and can be attributed to
the unity Le assumption [1,6]. Comparatively, the non-unity Le in-
cluded in ZhPV-Le results in more accurate ¢. Therefore, detailed
transport properties should be vital for the ¢ prediction. But at
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the same time, the temperature at z= 10 mm is over predicted,
which should be a consequence of the higher ¢. In spite of the
non-adiabatic wall boundary, the simulated heat loss seems insuf-
ficient to compensate the over-predicted temperature. Additionally,
CO, and H,O0 are slightly under and over-predicted near the cen-
terline, respectively.

Mean scalar profiles obtained from the ZZ2PV-Le case with
non-unity Le and stretch are shown in Fig. 7. Both results on the
coarse and finer mesh are displayed, as well as the result of case
ZhPV for reference. The mesh refinement has little effect on the re-
sults. Similar deviations in the downstream region persist for ma-
jor species and temperature. Note that the deviations are mitigated
with inclusion of stretch effects in ZZ2PV-Le, although slightly.
Similar to the case of ZhPV-Le in Fig. 6, ¢ is well predicted and
the temperature is over-predicted at z= 10 mm in Fig. 7. The de-
viations of CO, and H,0 at z= 10 mm also appear and are even
more apparent with stretch.
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Fig. 8. Time-averaged equivalence ratio and temperature fields. The dashed line is the J contour and bold line represents the ¢ or T contours.

Figure 8 demonstrates the time-averaged fields of ¢ and tem-
perature. With non-unity Le, ¢ is increased and higher than ¢;
1.0 especially in the IRZ above the bluff-body. From Fig. 8e to f, the
near-wall temperature of ZhPV is much lower in contrast with the
two cases with non-unity Le. For the case of ZhPV-Le, despite of
the non-adiabatic wall boundary, the higher ¢ overpowers the heat
loss to the bluff-body. This leads to an apparent over-predicted
temperature in the IRZ, as also reflected in Fig. 6 at z= 10 mm.
The high temperature could be the reason for deviating rms veloc-
ities observed in Fig. 5. The flow is less turbulent upstream due
to increased viscous dissipation, whereas the downstream velocity
can be influenced by the thermal expansion with high tempera-
ture. The influence of temperature on the flow was also observed
in [7,26].

In Fig. 8, with stretch effects in the case of ZZ2PV-Le, ¢ is
predicted higher compared to ZhPV-Le. However, the near-wall
temperature is reproduced better. As can be seen from the tem-
perature profiles at z=10 mm in Figs. 6 and 7, case ZZ2PV-Le
predicts a lower temperature that is closer to the experimental
result compared to ZhPV-Le even without heat loss. With stretch,
the predicted temperature is also lower downstream, as can be
seen from Fig. 8. The temperature profiles at larger z in Fig. 7 are
also slightly improved. If heat loss would be included in ZZ2PV-Le,
the prediction is expected to be even better. Based on these
results, it can be noted that using the non-unity Le merely deteri-
orates the near-wall temperature prediction even with heat loss to
the wall. Comparatively, the inclusion of non-unity Le and stretch
predicts temperature better overall, even without heat loss.

The non-unity Le results in under-predicted CO, and over-
predicted H,O in the IRZ, as observed in Figs. 6 and 7. For the case
of ZhPV with unity Le, the two species are even predicted better.
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The underlying reason should also be the increased ¢ with prefer-
ential diffusion effects. Burned equilibrium mixture resides in the
IRZ, as can be seen from the ) contours in Fig. 8. The equilibrium
mass fractions of CO, and H,0 versus ¢ are displayed in Fig. 9,
which are extracted at the maximum Y from the adiabatic lami-
nar flamelets (300 K, see Appendix A). It is seen that Le shows no
direct effect on the equilibrium mass fractions. Instead, the aug-
mented ¢ > 1 decreases CO, and increases H,0, which correlates
well with the trend in Figs. 6 and 7 for the simulations. The larger
deviations of CO, and H,O0 in case ZZ2PV-Le result from the higher
¢ with stretch effects as shown in Fig. 8c.

Since rms results of these scalars are less relevant, they are not
discussed here and shown in Appendix B.

3.3. Results of CO and H,

CO and H;, were not well predicted in previous studies. In the
present study, detailed transport properties are adopted by using
non-unity Le, and the influence on CO and H, predictions is exam-
ined. Firstly, the CO mass fraction from case ZhPV with unity Le is
displayed in Fig. 10. Similar to Donini et al. [36], a transport equa-
tion was also solved for CO within the case of ZhPV. The transport
equation is written as:

8,5Yco A sl /)»\ Mt >
3t +V. (,OUYC()) -V. a + Sict VYCO

(14)
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Fig. 11. Results of CO and H, mass fraction with non-unity Le.

in which there is no preferential diffusion term with unity Le.
Meanwhile, the source of CO was split into a production (cbgo) and
a consumption (&g, ) term, in order to compute an adaptive source
term according to the local CO concentration in the LES. chgb and
Yco denote the tabulated and transported mass fraction of CO, re-
spectively. More details can be found in Ref. [49].

The numerical results of CO in Fig. 10 obviously deviate from
the experimental results. Nearly no improvements can be observed
with the transported CO. Only further downstream, the transported
CO gives slightly better results. With unity Le, the CO is under-
predicted upstream (see z = 10 mm), which is identical to several
previous results [1,6-8,10], as well as the result of Donini et al.
[36].

The results of CO and H, obtained with non-unity Le are shown
in Fig. 11. It is seen that the two species are much better pre-
dicted. Better prediction of hydrogen with non-unity Le is ex-
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pected, since Le of H, is much smaller than unity (around 0.3).
However, the non-unity Le appears essential for CO as well, al-
though the Le of CO is very close to unity. Han et al. [24] also
reproduced the CO by using detailed transport properties in the
LES of a premixed jet ame. With the present results, the impor-
tance of detailed transport properties for the CO prediction can be
highlighted.

Similar to Fig. 9, effects of Le and ¢ on the equilibrium CO
and H, are shown in Fig. 12. Equilibrium mass fractions of CO and
H, increase with ¢. In Fig. 9(a), CO, decreases with ¢ > 1, which
should result from a reduced oxidation of CO at richer conditions.

From Fig. 8¢, the augmented equivalence ratio in the IRZ at-
tains even ¢ = 1.1. The increase of CO and H, mass fractions in
the laminar flames from ¢ = 1.0 to 1.1 is shown in Fig. 12. It can be
seen that the mass fraction increments in Fig. 12 are almost equiv-
alent to that in Fig. 11 (at z= 10 mm). Therefore, the improved
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Fig. 12. Influence of Le and ¢ on the equilibrium mass fractions of CO and H,.

predictions of CO and H, in Fig. 11 are expected to be mainly
caused by the increased ¢ with non-unity Le. With unity Le, CO
and H, are under-predicted because the increased ¢ can not be
captured. The higher ¢ predicted by case ZZ2PV-Le with stretch
leads to slightly improved CO and H, predictions in Fig. 11. But it
only plays a minor role, since CO and H, are well reproduced over-
all even without stretch effects in the manifold. RMS results of the
two species are shown in Appendix B.

Accordingly, one previous conclusion that the under-predicted
CO is due to the over-predicted temperature can be corrected [1,6].
The higher temperature is merely another consequence of the in-
creased ¢. It needs to be addressed that, the slow oxidation rate of
CO is not the main cause of the under-prediction, as mentioned in
[36,49], since with unity Le, the transported CO can not improve
its prediction significantly (Fig. 10). With non-unity Le, the tabu-
lated value of CO is accurate enough.
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4. Conclusions

Non-adiabatic LES-FGM simulations for the Cambridge/Sandia
stratified flame (SwB5) were performed. The influence of reduced
and detailed transport properties was investigated by comparing
the results of two FGM manifolds with unity and non-unity Le, re-
spectively. Stretch effects were examined by using another mani-
fold tabulated with stretched flamelets. Satisfactory agreement was
found between simulation and experimental results of the velocity
fields, species mass fraction, equivalence ratio ¢ and temperature.
The main conclusions are as follows:

1) The inclusion of non-unity Le and stretch shows nearly no ef-
fect on the velocity statistics. Most of the scalars can be well
predicted with a unity Le assumption, except for CO, H, and ¢
in the IRZ.
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Fig. A13. Effect of Le on the species mass fractions in the adiabatic laminar flames (¢ = 1.0, T,=300 K).
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Fig. B.14. RMS results of the scalars of all the simulated cases.

2) With non-unity Le, the experimentally measured higher ¢ in
the IRZ can be reproduced. It can not be captured with unity Le.
Meanwhile, inclusion of stretch further increases the simulated
¢ in the IRZ.

However, with non-unity Le, the simulated high ¢ deteriorates
the near-wall temperature modeling even with heat loss. With
stretch, the prediction can be improved even without heat loss.
The high ¢ also leads to deviations of equilibrium CO, and H,0
in the IRZ.

It is proposed that accounting for non-unity Le is crucial for
both H, and CO predictions. This mainly benefits from the well
reproduced ¢. With unity Le, an additional transport equation
will not significantly improve the CO prediction, which indi-
cates that the slow oxidation of CO is not the main problem.
Stretch is found to slightly improve the major species and tem-
perature predictions except for CO, and H,O in the IRZ, due to
its contribution to the increased ¢ there.

w
—

&

9]
~

Based on this study, the equivalence ratio (or mixture fraction
Z) modeling seems very important, since several non-unity Le ef-

17

fects can all be explained by the increased ¢ especially in the IRZ.
Note that it should not be enough to only calculate the flamelets
with non-unity Le. The Lewis number effects also need to be ac-
counted for in the transport equations of the CVs to predict better
results, as performed in this study. With non-unity Le, although
the equivalence ratio, H, and CO predictions are evidently im-
proved, the near-wall temperature, CO, and H,0 are deteriorated
(but not too seriously). The underlying reason is that the FGM may
not capture all the physical-chemical-thermal processes as a re-
duced model. A more complete model to include all the heat loss
(also radiation), preferential diffusion and stretch effects, etc., is ex-
pected to further improve the results. This remains to be explored
in the future.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.



W. Zhang, S. Karaca, J. Wang et al.

Combustion and Flame 227 (2021) 106-119

z=10 mm z=30 mm z=50 mm z=T70 mm

1504 .

] . 2

— 0
.8 0.2

P~

=01

O -

— 0

-20 0 20 -20 0 20 -20 0 20 -20 0 20
r (mm) r (mm) r (mm) r (mm)
« Exp ZhPV e ZhPV-Le - - - - ZZ2PV-Le =-=-=--ZZ2PV-Le(Finer)
Fig. B.15. RMS results of CO and H,.
Acknowledgment [9] R. Mercier, T. Schmitt, D. Veynante, B. Fiorina, The influence of combustion

This study is financially supported by China Scholarship Coun-
cil (No. 201906280334) and National Natural Science Foundation of
China (No. 51776164).

Appendix A. Species mass fractions in the flamelet

Please see Fig. A.13, the species production can be modified by
non-unity Le within the laminar flamelets. However, it shows no
effects on the equilibrium mass fraction of the species (around Y =
1).

Appendix B. RMS results of the scalars

Please see Fig. B.14, rms results of the scalars are well predicted
except for in the downstream region, probably due to a larger un-
resolved SGS term. The asymmetric error still appears for the ex-
perimental results. Meanwhile, rms result of the equivalence ratio
is slightly under-predicted.

RMS results of CO and H, mass fraction are shown in Fig. B.15.
The result of CO is well predicted whereas some deviations appear
for H, when r — 0.
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