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This study presents an algebraic combustion closure for Large eddy simulation (LES)
exhibiting attributes of simplicity and simultaneous accuracy under realistic com-
bustion conditions. The model makes use of the interlink between the reaction and
dissipation rates in premixed turbulent combustion but relaxes the thin flame assump-
tion by considering finite-rate chemistry effects in the small-scale turbulence structure.
The core idea of the approach is to approximate the reaction progress in the unresolved
spectrum of wave lengths and to use it within a filtered reaction rate expression. The
model is implemented in OpenFOAM 4.0 and is tested on a turbulent, premixed flame
behind a bluff-body, applying an LES approach for turbulence modelling. The cross
comparison of velocity, temperature and composition data with experiments and a well-
investigated combustion model in literature reveals competitive performance of the new
model. Especially in the near-field of the bluff body flame, corresponding to thin and
moderately thickened flame regions, its ability to capture the flame structure is highly
promising. The chosen, partly explicit approach to recover the temperature from the
transported sensible enthalpy, involving a strong coupling between filtered reaction and
heat release rate, also shows advantages over obtaining the temperature from presumed
probability density functions.

Keywords: CFD; combustion; LES; progress variable; subgrid scale

1. Introduction

Computational fluid dynamics (CFD) plays an important role to study turbulent flames of
practical interest. Under premixed and partially-premixed conditions, the complex inter-
actions between chemistry and turbulence are important, and capturing these interactions
is a challenge for combustion models. Many models have been developed in past studies,
and the advent of computational hardware and methods has helped to use sophisticated
models with high fidelity for the interactions. These models were reviewed in many past
studies to highlight their strengths and weaknesses, for example see [1-3] for such a review
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specifically for premixed combustion. The presence of thin flames resembling laminar
ones was shown in many past investigations, which were reviewed by Driscoll [4]. Also,
the physical connections between the flame shape and premixed combustion models, and
among the models, were discussed by Veynante and Vervisch [1]. The flame-sheet mod-
els assume that the chemical kinetics are faster than turbulent mixing [5], which implies
that the flame thickness is almost zero. The Bray-Moss-Libby (BML) formalism, described
in [6-9], is a good example for this approach, which assumes a thin flame by taking the
burning mode PDF (probability density function), y f(c) [3], to be negligible. Alterna-
tively, this assumption implies fast chemistry or a high Damko6hler number limit, under
which, the back-mixing of hot and fresh gases becomes a rate-determining step. This mix-
ing is related to the turbulent dissipation in high Reynolds number flows with combustion.
Spalding’s Eddy Break Up model (EBU) [10] and Bray’s algebraic reaction rate model
[11] make use of the connection between reaction rate and turbulent dissipation rate. Both
of these models involve scalar dissipation rate of a reaction progress variable.

Sabelnikov and Lipatnikov [12] suggested that the BML approach may be limited to
moderate turbulence intensities because the burning mode PDF is non-negligible as a con-
sequence of flame thickening at large turbulence intensities, which may be of interest
to practical applications. Also, Pope and Anand [13] noted that the turbulent premix-
ing of unburnt and burnt mixtures gains importance for the onset of reactions under low
Damkohler number (Da) conditions.

Although the thin flame approximation holds quite well, it may not hold well for fuel-
lean combustion, which is of high interest for future combustion systems. Thickening of
the flame front has been observed in past experiments and high-fidelity combustion sim-
ulations, see for example [14] and [15]. These experimental studies were reviewed by
Driscoll [4], and he showed that small-scale turbulence can penetrate preheat zones lead-
ing to thin reaction zones combustion as articulated by Peters [5]. This flame thickening
may also be caused by curvature effects [16]. However, turbulent premixed combustion
in many applications is likely to involve a wide range of conditions, from flamelets to
thin reaction zones, and also to broken reaction zones, specified in turbulent combustion
regime diagrams [17,18]. The broken reaction zones regime may also be called as dis-
tributed flamelets [19]. Hence, it is becoming clear that the combustion model should cater
for these changes in sub-grid scale combustion conditions. One such model is proposed
here, which makes use of the interlink between the reaction and dissipation rates but does
not assume mixing-limited or fast chemistry combustion. This is achieved by making use
of the difference between the computed subgrid-scale (SGS) variance using its transport
equation and its maximum theoretical limit as explained in Section 2.2. Hence, the objec-
tive of this study is to test this novel SGS combustion closure, which is simple and of
algebraic form, by conducting Large eddy simulation (LES) of a turbulent premixed flame
established behind a bluff body and depicting combustion in various regimes, ranging from
wrinkled flamelets to distributed reaction zones. This burner was studied before using laser
diagnostics [20,21] and LES, applying other combustion models [19,22,23] and hence,
there is good data for model validation and cross-comparison.

This paper is organised as follows. The modelling theory is presented and discussed in
Section 2. The experimental test case along with its characteristic parameters are discussed
in Section 3. The LES details are discussed in Section 4 and the results are presented in
Section 5. The conclusions are summarised in the final section.
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2. Combustion model
2.1. Modelling theory

The thermo-chemical state of a mixture in a turbulent flame can be expressed using two key
quantities, the mixture fraction, Z, and the reaction progress variable, c, in a two-variable
formulation. The mixture fraction represents the fuel-air mixing, and the reaction progress
variable denotes the progress of chemical reaction towards the fully burnt state. A value of
Z = O implies air stream and Z = 1 represents the fuel stream. For lean premixed combus-
tion, the fuel and air are already mixed at the molecular level and thus, there is no need to
use the mixture fraction for studying premixed combustion. For the sake of completeness,
the transport equation for the filtered mixture fraction is given by

52 _ 7+ L) vz (1)
p dt a IL SCt ’
where , and Sc, are the SGS eddy viscosity and Schmidt number, detailed later in
Section 3. The filtered density of the mixture is denoted using p and, the over-bar and

tilde represent LES filtering and Favre-filtering operations, respectively. In its simplest
form, the mixture fraction may be defined as [1]

Y — Y, Y
7 vYE 0, T 02,2’ ?)
vYr1 + Yo,2

where Y; is the mass fraction of species 7, and v is the stoichiometric fuel to oxidiser mass
ratio. The subscripts 1 and 2 refer to pure fuel and oxidiser streams respectively.
The progress variable used in this work is defined as [24]

o Yo,u — Y0,0) Y0, — Yo,) + (YEw) YEu — Yp)

, (3)
(YOZ,u - YOz,b)2 + (YF,u)2
and its Favre-filtered transport equation is [1]
— =V — ) Ve We-
p dr ’ Scy

Chemical reactions occur at small scales, which typically are not resolved in LES and thus,

. requires modelling. Many models were proposed in past studies, and their details may

be found in [1-3]. The interest here is on a finite-rate chemistry eddy dissipation model

because of its simplicity and ease of use. The filtered reaction rate, as per this model, is

given by Dopazo et al. [3] - Aﬁaisgs /t¢, where 7 is the SGS turbulence timescale,
2

0 gs 18 the SGS variance of ¢, and A is a model parameter. In the mixing-controlled limit,

the SGS variance becomes ¢(1 — ¢) and the segregation factor, defined as

o2

€828
= tw—’ 5

8= Z1-9 o)

takes a value of unity. This implies that the SGS filtered density function (FDF) is bimodal
with two delta functions located at ¢ = 0 and ¢ = 1. Hence, for g = 1, there is no need
to solve a transport equation for SGS variance, as has been suggested by Bray [11] for
RANS (Reynolds Averaged Navier-Stokes) modelling. One must consider the progress
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variable variance if there is a departure from the mixing-controlled limit (known as finite-
rate chemistry), as shown by Bray et al. [25] in the context of presumed PDF models. Here,
we propose an alternative approach involving a simple algebraic closure for the filtered
reaction rate involving the SGS variance. The transport equation for this variance, defined

2 _ 2
as 0, o = €7 — 7, is [1]

_dO'CZ oS ~ Mt Mt ~ ~ — — T o~
pd—’;}’ =V. [(u + S_q> Vcrcz,sgsi| + ZS—Cl (Ve -VE) = 2pXcsgs +2 [wcc — wcc] . (6)

The modelling of SGS scalar dissipation rate X, and a chemical contribution @.c” =
[w.c — w.c] are discussed in Section 4.

2.2. Reaction rate model
The filtered reaction rate, used in this study, is formulated as

be=pla (¢ -9 + (1 —a) - )] /e g

involving the SGS turbulence timescale Ty = kgg/€sgs, Where kggs and €4 are the subgrid
kinetic energy and its dissipation rate. All the quantities, except for the timescale, in the
above equation are based on ¢ and Ucz,sgs' The factor a*, to be defined shortly, depends on
the departure of acz,sgs from the bimodal limit value of ¢(1 —¢) because of the finite-rate
chemistry effects or finite local Damkohler number.

Figure 1 illustrates graphically how the various quantities in Equation (7) are deter-
mined. The ¢* and ¢ are two plausible states of the reacting mixture at the SGS level,
which are marked using a black circle and an asterisk in the figure.

The dashed line represents the maximum variance value, given by ¢(1 — ¢), and the
solid line denotes the SGS variance, azsgs, when the segregation factor is g = 0.8, as an
example for the variance obtained using its transport equation. The dash-dotted line shows
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Figure 1. Graphical overview of the reaction rate expression presented for ¢ = 0.72 as an example.
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the difference between the maximum and calculated variances, which is given by
Ol =T =0 =0l =TU =0 (1 - g). @®)

This quantity is called as mixing factor by Bray [26]. If one writes ac%diff =c*(1 —¢*), the
resulting quadratic equation gives two roots for ¢* as

L =055 f025 oy o

This is consistent with the notion of Pope and Anand [13] suggesting that the mixing factor
is related to premixing (of hot and cold gas) outside the fast reaction limits and thus, c*
must depart from 0 and 1 for the mixture, which will be reacting subsequently. In the limit
of mixing controlled reaction, oc%diff = 0 and thus ¢* must take a value of either O or unity
as indicated by Equation (9). When there are finite-rate chemistry effects, ocz, siee 7 0 and
hence ¢ and ¢’ must deviate from O and 1, and the level of these deviations allows us to
define the weighting factor a* by using a lever rule, as

T —c*
at=—— (10)
ch =t

Itis straightforward to verify that the EBU reaction rate expression, w, = A ple1 =0/t
with A = 2, is recovered from Equation (7) when aﬁdiff is zero. Following the arguments
of Bray et al. [25], the factor (1 — g) is inversely proportional to the local Damkd&hler num-
ber and hence the departure of ¢* and c%, respectively, from 0 and 1 will increase if the
local chemical timescale is larger than t; (low Damkohler number or finite-rate chemistry).
This directly influences the filtered reaction rate given by Equation (7). As stated earlier,
the aim of this work is to test this model by conducting LES of lean premixed combus-
tion with local combustion conditions spanning across corrugated flamelets to thickened
reaction zones combustion regimes and comparing the simulation results with experimen-
tal measurements. Before presenting the simulation details, the experimental candidate
considered for this study is described next.

3. Description of test case

A fuel-lean turbulent premixed flame of a methane-air mixture having an equivalence ratio
of ¢ = 0.586 at a temperature of 294 K, established behind a bluff body, is considered for
this study. Despite this simple set-up, complex flow and flame conditions arise because of
the shear layers, recirculation zones and their interactions with the flame as depicted in
Figure 2, see [27] for elaborate discussions on these flow and flame attributes. The turbu-
lence level at the bluff body base is known to affect the recirculation zone size [22] and
combustion conditions in the wake region [19,28]. Hence, this experimental case serves
as a good candidate to test the objectives of this study. Also, this flame has been investi-
gated experimentally in [20,21] and using LES in [19,22,28] and thus cross-comparisons
of statistics can also be made.

The various dimensions of the combustor relevant for the computational model are
marked in Figure 2. The 284 mm long combustor has a square cross-section of 79 x
79 mm?. The characteristics of the incoming flow were measured at the base of the bluff
body, marked as the axial location B in the figure. The bulk-mean velocity measured at this
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58 mm

Uref:: 45°

79 mm

®A e3
> X

284 mm

Figure 2. A schematic showing salient flow features and geometry attributes.

location was U, = 15 m/s, which is taken to be a reference value for discussing results in
the later sections. The turbulence intensity at this location was TI = /Uyt ~ 24%, where
u’ is the root-mean-square value of axial velocity fluctuations. The radial variations of mea-
sured statistics for temperature, axial velocity, and various species were reported for a few
axial locations, up to x = 2D, where D is the bluff body diameter. These measurements
are shown elaborately in [19,28] and were used for comparisons in this study. The reacting
flow in this burner was computed using LES and its details are described next.

4. Large eddy simulation
4.1. Combustion closure

The philosophy of LES has been described in many books, see for example [29]. For
premixed combustion, Favre-filtered transport equations for mass, momentum, sensible
enthalpy, reaction progress variable and its SGS variance are solved along with SGS clo-
sures for sub-grid stresses, fluxes and reaction rates. The variance equation, Equation (6),
also needs closures for its dissipation rate and for the influence of chemistry on its evo-
lution. There are various approaches to model the sub-grid stresses, and the one-equation
approach of Yoshizawa [30] involving the SGS kinetic energy, ks = (gt — upy) /2,
was used for this work. In this approach, the eddy viscosity is calculated using u, =
Cvo A\/Fgs , where C; = 0.094 is a model parameter, and A is the filter width estimated as
the cube root of the local numerical cell volume. The sub-grid scalar fluxes were obtained
using gradient approximation involving the SGS eddy diffusivity, which was obtained as
Wi/Sc with a value of 0.7 for the sub-grid eddy Schmidt or Prandtl number.

The temperature was obtained using the transported sensible enthalpy /. The transport
equation is given by

_dil - ~ Mt = o
PE—V'KM—FP—H) Vh]+Q, (11

Here, the heat release rate per unit volume, (_2 = J)CYf,u Ahy v, is related to the lower
heating value of the fuel, unburnt fuel mass fraction and the reaction rate of the progress
variable. The temperature calculation using % followed the approach described in [31].
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Table 1. Parameters for the SGS scalar dissipation rate closure in Equation (12). St ¢ is the laminar
flame speed, &, the thermal flame thickness, 7,; = 1637 K the adiabatic flame temperature and
Tp = 294 K is the initial temperature, Kan = (\/2ksgs/3/S10)>/*(8t/ A)'/2.

Parameter B K} T Cy Cs SLo Sth
Related to — thermo-chemistry global heat release Kaa laminar flamelet
_ _ (Tu=Toy) 1.1 1.5\/Ka (Ta—=To)
Formula - K:=0797 T = dT() o (ES N 1+\/ﬁ - ﬁ
Dimensions  [] [ [ [ [ [m/s] [m]
Value 3.0 3.55 4.5 - - 0.1 0.001

The SGS scalar dissipation rate, )’Zc,SgS, in Equation (6) for the progress variable variance
was modelled using an algebraic expression

2
Xeses == [1 —exp (—0.75A /8)] [(21(;‘ —1Cy) Sto + 03@} U—g (12)
8th ksgs :3/
This model was proposed by Dunstan et al. [32] and used in many past studies, see for
example [19]. The various parameters appearing in the above model are defined along
with their values in Table 1. The value of B’ = 3 used here is close to the modal value of
this parameter distribution obtained using a dynamic procedure in [19,28].
The variance equation, Equation (6), also needs a model for w.c, which is related
to chemical reactions. Following the arguments in [11], a simple model used for this
quantity is

[Gec — B8] & (e — &) does (13)

where ¢, is a model parameter with a value ranging from 0.7 to 0.8. Although this model
is strictly valid when the local Damkohler number is very large, it is shown to hold quite
well for moderate and low Damkdohler number situations as well [33,34].

4.2. Boundary conditions, numerical detail and grid

The computational volume used for this study is shown in Figure 3, which is the same as
the one used in [19,22]. The flame was observed to extend beyond the 284 mm long com-
bustor in the experiments and thus an additional domain of length 778 mm was included for
the computations, so the boundary conditions at the exit could be specified unambiguously.
A small co-flow velocity of U¢, = 0.2 m/s was specified to include the effects of room air
(at 294 K) entrainment into the hot flow exiting the combustor. To track this entrainment,
a fluid marker signifying the premixed mixture having a mixture fraction value of 0.0331
coming through the inlet was also carried in the simulation following the earlier stud-
ies [19,22]. This fluid marker had a value of O in the co-flowing air stream. The progress
variable and its variance were specified to be zero for the co-flow, and the sensible enthalpy
was specified to be consistent with this stream temperature and composition.

To allow a proper boundary layer development on the bluff body stem, which can affect
the behaviour of the recirculation zone behind the bluff body, the inlet for the computation
domain was specified to be at 296 mm upstream of the combustor exit. A uniform inflow
velocity of Uy = 11.3m/s was set at this inlet so that the measured Uys = 15m/s was
achieved at the bluff body base. Also, the measured TI at this location was achieved by
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using the synthetic inflow turbulence generator described in [35]. An outflow boundary
condition (zero gradient for all the quantities except pressure) was specified at the exit of
the computational volume. The adiabatic walls were specified to be no-slip.

The open-source software OpenFOAM 4.0 [36] was employed for conducting LES using
the above computational model. The spatial derivatives in the governing equations were
discretised by a second-order accurate Gauss linear scheme, and these discretised equations
were advanced in time using an Euler time-stepping algorithm. Adaptive time-stepping
was used for simulations to keep the maximum CFL number below 0.2. Two different
grids with cell count of 2.1 M and 3.1 M hexahedral cells were used to test for the grid
dependency of the computed statistics. The distribution of cell sizes for these two grids are
shown in Figure 4, and one can see that the majority of the cells in 2.1 M grid is 10% larger
than the thermal thickness, whereas it is 20% smaller for the 3.1 M grid. Furthermore,
both of these grids satisfy the grid requirement condition suggested by the Pope criterion
[37]. Furthermore, no undue differences in the statistics, to be discussed in results section,
computed using these two grids were observed. The 3.1 M grid was used for most of the
results discussed in the results section.

Figure 3. Computational geometry used for LES.

254

% Cells
% Cells
-
w

-
o

i 0.4 0.6 0.8 1.0 1.2 14 i 0.4 0.6 0.8 1.0 1.2
A/6y A/ben

(2) (b)

Figure 4. Histogram of numerical cell size normalised by the laminar flame thermal thickness for
the (a) 2.1 M and (b) 3.1 M grids.
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2.0

1.54

(U)/Uref

-1.0 T
0 1 2 3 4
x/D
Figure 5. The centreline variation of normalised mean axial velocity in cold flow. Blue solid lines
and dot-dashed magenta lines —.—. denote the current results using the 3.1 M and 2.1 M
grids, respectively. Orange dashed lines — — — — denote the results of [19]. The symbols (s ) are the

measurements of Nandula, Pan and collaborators [20,21], used in [19].

5. Results
5.1. Cold flow

Cold flow simulations were performed first to assess the numerical grid, turbulence mod-
els and boundary conditions employed for the computational model. This was conducted
by comparing the computed and measured centreline velocity variations. At the inlet of
the computational volume, homogeneous turbulence with a characteristic length scale of
Igc = 0.0035 m was initialised using the inflow turbulence generator as noted earlier. This
length scale corresponds to the spacing width of the turbulence grid used in the exper-
iments. The turbulence intensity, 77, at the inlet was specified to be about 14%, which
yielded the 77 value at the bluff body base reported in the experimental studies [20,21].
Also, this procedure gave a good comparison between computed and measured centre-
line variation of axial velocity as shown in Figure 5. The experimental data is shown as
green dots (also in the subsequent plots) along with results from another computational
study [19,28]. It is clear the mesh did not influence these statistics, but the recirculation
zone length is slightly underestimated in the current study, while the previous LES has
slightly overestimated it. These differences are within about 0.5 to 0.6D while the exper-
imental uncertainty for the recirculation zone length is typically about £0.5D. Hence,
one may say that both LES results are equally good, and differences between the two
computations could arise from the SGS stress models used. The previous study [19,28]
used the localised dynamic Smagorinsky model, whereas the current study employed the
one-equation Kggs-model.

5.2. Reacting flow
5.2.1. Flame specifics

The performance of the combustion model introduced earlier was tested using reacting flow
simulations. For comparative evaluations, the measured and computed, using unstrained
flamelet approach [19], velocity, temperature and species mass fraction data were avail-
able. The cold flow results discussed in the previous section showed that the computational
model, in terms of boundary conditions, numerical methods, SGS models, etc., was good
to capture the flow characteristics in this burner. Both experimental [20,21] and past



Combustion Theory and Modelling 905

LES [19,22,28] studies showed that the turbulent flame considered for this study under-
goes a structural change as it evolves from the flame anchoring point into the wake region
behind the recirculation zone because of the changes in local combustion conditions. It was
shown in the past LES studies [19,28] that the SGS flow timescale can increase by an order
of magnitude from the bluff body base to about mid-length of the combustor, and hence,
the local Damkohler number changes as one moves away from the bluff body base in the
axial direction. This will alter the mixing factor given by Equation (8), and the filtered
reaction rate will respond to this change as described in Section 2.2. This was tested by
comparing the computed and measured statistics in the following discussion. The statistics
computed directly from quantities transported in the LES are presented in Section 5.2.2
and those deduced from the computed quantities using a presumed PDF are presented in
Section 5.2.3.

5.2.2.  Comparison of velocity and temperature

The centreline variations of normalised axial velocity and temperature are shown in
Figure 6. From the mean axial velocity variations in Figure 6a it can be seen that both
modelling approaches overpredicted the recirculation zone length, L, compared to exper-
iments. The unstrained flamelet model used in [28] yielded the recirculation zone length
to be within the expected experimental uncertainty of 0.5 D. The length estimated in the
present study was closer to the upper limit of experimental uncertainty for the 3.1 M
grid, whereas the 2.1 M mesh showed improved agreement with experiments, which may
arise from the differences in the resolution near the bluff body boundary. In addition to
L,, the negative velocity inside the recirculation zone, along the centreline, was captured
well in the current study, within 5 — 10% deviation from measurements, compared to the
unstrained flamelet model used in the earlier study.

It should be noted that both modelling approaches compared in Figure 6a used adia-
batic wall boundary conditions, which is acceptable since the heat loss through the walls
in the experiments was argued to be less 10% in [19]. From the normalised mean tem-
perature variations in Figure 6b, a slight decrease of temperature (T") ~ 0.94, where the

2.0 1.2
1.5
1-0'5'1&'-'&.—'\
10/ e
8 —_
=) +
< 0.51 0.8
S =
0.0+
0.6 1
_0'5.
-1.0 T T T T 0.4 T r
0 1 2 3 4 0 2 4
x/D x/D
(a) (b)

Figure 6. The centreline variations of time-averaged and normalised (a) axial velocity, (U), and
(b) temperature, (TT). Blue solid lines and dot-dashed magenta lines —.—. denote the current
results using the 3.1 M and 2.1 M grids, respectively. Orange dashed lines — — — — denote the results
of the unstrained flamelet model in [28]. The symbols (s ) show experimental results from [20,21],
which are used in [19] for comparison.
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normalised temperature is defined as (T1) = ((T) —Ty)/(Tyq — Tp) with T,y = 1637K,
towards the bluff body is observed in the experimental data, suggesting some heat loss
through the bluff body base. This heat loss influences the turbulence conditions in the
boundary layer of the bluff body through the temperature-dependence of transport proper-
ties, increasing the importance of viscous effects. This could be relevant at the bluff body
edge because the shape of the recirculation zone is strongly influenced by the boundary
layer shedding.

Downstream of the recirculation zone, the confined turbulent flame causes an accelera-
tion of the flow due to gas expansion [27], which is observable from all simulations and
experiment. This can be seen by comparing Figures 5 and 6a. In the reacting case, the
mean axial velocity shows a continuous increase along the centreline whereas it levels
off and reaches almost a constant value in the non-reacting case shown in Figure 5. The
results for our model indicate that it had difficulties to predict the onset and strength of
the velocity increase measured by experiments and predicted by the unstrained flamelet
model. One reason for the slightly delayed onset of velocity increase along the centreline
is obviously the comparatively longer recirculation zone predicted by the current model.
Another potential reason for a too slow and too weak acceleration of the centreline flow
could be a slight underprediction of heat release in the downstream thickened regions of
the flame.

The normalised mean temperature variation along the centreline is shown in Figure 6b,
where the temperature is obtained using the sensible enthalpy transported in the LES. The
mixture averaged specific heat capacity at constant pressure, required to calculate the tem-
perature from the transported sensible enthalpy, was obtained using the procedure in [31]
as noted earlier. Langella et al. [19] used the total (chemical + sensible) enthalpy to obtain
the temperature in their unstrained flamelet model. The reason for the differences seen in
Figure 6b is unclear at this time.

The experimental data suggests that the mixture in the recirculation zone is close to
fully burnt state with the temperature almost equal to the adiabatic flame temperature. The
centreline temperature variation computed in the current study showed a weak sensitivity
to the numerical grid as seen in Figure 6b. A slight overestimate of the mean temperature
in the region very close to the bluff body base may be due to the adiabatic condition used
for the bluff body.

Radial profiles of the mean axial and radial velocity ((U), (V)) are also available for
comparison. The measurement region spans from x/D = 0.1 to 2.0 in the axial direction
and from r/D = 0 to 0.8D in the radial direction. Good agreement is observed for the mea-
sured and computed normalised axial velocity for the near field as shown in Figure 7. There
are also only minor differences with the unstrained flamelet results of Langella et al. [28] in
this region. For x/D = 0.3 to 0.6, our model gave a slightly better prediction of the negative
velocity variation in the recirculation zone, which matches the observations from Figure
6a. The different recirculation zone lengths between the simulations and experiments are
expected to influence the discrepancies in the velocity profiles in the region downstream
of x/D = 1.0. The recirculation zone length L, from the experimental reacting flow mea-
surements was around 1.1D. The profiles of the radial velocity component are shown in
Figure 8, and good to satisfactory agreement is observed depending on the axial location
of interest.

The radial variations of normalised mean temperature are shown in Figure 9 and excel-
lent agreement of our results with measurements is observed, which is better than for the
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Figure 9. Normalized mean radial temperature profiles in the flame and post-flame region. For
legend, see Figure 6.

unstrained flamelet model prediction. Also, a close observation of the results in this figure
suggests that the unstrained flamelet model predicted a thicker flame brush, when defin-
ing the flame brush thickness as § = d(T")/dr [21]. The computed temperatures for both
models agree quite well with measurements in the near field, which may be because the
combustion timescale is shorter than the turbulence timescale in these regions. Farther
downstream, the unstrained flamelet model gave a slower increase of mean temperature
in the radial direction compared to the current algebraic model. In comparison, our model
captured the transition of the flame structure from the bluff body base x/D = 0 to the rear
stagnation point x/D < 1.5 through various combustion regimes very well. However, a
noticeable difference between measured and computed temperature is observed for outer
radial positions at x/D = 1.5 and 2.

The growth of the flame brush downstream of the bluff body is shown in Figure 10 for
the 2.1 M and 3.1 M mesh. It is based on the radial temperature gradient [21] as noted ear-
lier. The black solid line shows the flame brush thickness ét normalised by laminar flame
thickness 8y,. The two dotted lines are isolines of the normalised temperature (7) at 0.1
and 0.9. In an analysis of the flame brush thickness in [19], it was noted that experimental
measurements available for the flame indicated a growth of the flame brush thickness in
the post-flame region to roughly 12 times its size at the bluff body base. For the simulations
presented here, the ratio between 1 close to the bluff body and at x/D = 3 was approxi-
mately 10. Quantitatively, the flame brush thickness shows slight differences between the
used meshes, which is to a certain extent expected due to the mesh dependence of explicit
LES filtering as applied in this study. Qualitatively, both simulations show very similar
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Figure 11. Normalized mean radial temperature variance profiles. For legend, see Figure 6.

trends for the flame brush thickness and no major differences in their behaviour, which is
satisfactory.

The good performance of our model in the near field is also underpinned by results
in Figure 11. The normalised temperature variance shown in this figure includes both
the resolved and subgrid variances and is computed using (07) = (07 o) + (07 ). The
mean resolved temperature variance (GTZ’ES) can be obtained using the computed temper-
ature field where <072",sg5> is estimated using the SGS variance of the progress variable
following the procedures described in [28], hence, (0%) ~ (O'%,res> + (af’sgs). Both mod-
elling approaches give very similar normalised temperature variance for the near field as
shown in Figure 11a. The current model seems to give improved agreement for down-
stream locations as seen in Figure 11b,c. Unfortunately, no experimental data is available
for axial location beyond x/D = 0.6 for further assessment and to draw a wider conclusion.

5.2.3.

A presumed PDF approach is used to obtain statistics of other thermo-chemical quantities.
A Favre-filtered quantity of interest, ¢, is obtained from

Comparison of mass fractions

dX,1) =//¢(z,c)13(z,c;x,t)d2dc, (14)
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where X denotes the position vector and ¢ is time. This formulation is typically known
as a two-variables approach. The PDF i’(Z, c; X, t) incorporates statistical information on
the reacting flow and is determined from the resolved fields of mixture fraction, progress
variable and the progress variable variance. Since a lean turbulent premixed flame is con-
sidered, the joint PDF becomes the marginal PDF, P(C;X ,1), of the reaction progress
variable for which a bimodal interior flamelet PDF, as presented in [25], is presumed.
The application of the interior flamelet PDF is limited to normalised variance values large
enough to indicate bi-modal behaviour [25]. A detailed derivation for a one-step and a
systematically reduced mechanism are given by Bray et al. [25] and Bray, Champion and
Libby [24]. The mass-weighted PDF,

Pe;X,n)=as(c)+ B8 —c)+7f(©), (15)

is based on two delta functions for fully burnt and unburnt state. The strength of the delta
functions is described by & and 8 respectively. The internal PDF f(c) is determined from
a premixed laminar flame and considers an intermediate reacting state due to finite-rate
chemistry. The strength of the function f (¢) is given by 7. The strength of 7 and 8 are
determined based on functional relations with ¢ and ocz,sgs, and « is obtained using @ +
B+7=1.

A comparison of radial variations of mass fractions is done for the major gas components
CHy, CO,, H,0, O, and CO, which are shown in Figures 12—15. The ability of the current
modelling approach to predict the main species mass fractions is excellent for the region
upstream of the rear stagnation point. It is interesting to note that the discrepancy between
measurements and our simulations in the region downstream of the rear stagnation point is
more pronounced for the species mass fractions than the temperature. A comparison to the
unstrained flamelet results suggests that this might be related to the use of presumed PDF
involving delta functions, as the unstrained flamelet results are also based on Equation (14)
but with a Beta-PDF instead of Equation (15).

To investigate the influence of the used PDF on the results for mean species mass
fractions, we have post-processed mean CO, mass fractions, shown as red dash-dotted
lines in Figure 14, by means of Beta-PDFs generated from the first and second moment
(c) and (o.) of the progress variable c. The Beta-PDF has the general form P(c;X) =
Cc@ D (1 = ¢)P~!, where a and b are functions of the first and second moment of ¢, and C
is a constant ensuring that the integral of P(c;X) is unity. A description of the Beta-PDF
for progress variable is given in [25].

As becomes clear from Figure 14, the choice of PDF had a prominent effect on the
predicted CO, mass fractions in the burnt regions of the flame. This could, to a certain
extent, explain the differences in centreline temperature variation observed in Figure 6b
between our and Langella’s model, with the latter obtaining temperature data by means of
the Beta-PDF. In Figure 14, the maximum CO, mass fraction post-processed from Beta-
PDFs resulted in an approximately 7% reduced value compared to the result of the bimodal
interior flamelet PDF. In the near-field of the flame x/D < 0.6, the predicted flame brush
was not affected noticeably by the choice of PDF. Good agreement between the bimodal
interior flamelet PDF and Beta-PDF results were achieved in this region. Farther away from
the bluff body, the predicted burnt side ((Yco,)>0.5 (Yco,)max) of the flame brush was also
noticeably changed by applying Beta-PDFs. The gradients characterising the flame brush
became less steep departing considerably from experimental measurements and results
using the bimodal interior flamelet PDF.
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Finally, mean species mass fraction profiles for the minor species CO were available
for comparison. The CO profiles close to the bluff body (x/D = 0.1 to x/D = 0.6) in
Figure 15 show good agreement between experimental data and the results of our model.
In this region, thin reaction zones of order of laminar flame thickness &y, indicate fast
chemistry largely uninfluenced by turbulence, for which the PDF used here provides very
good results. Interestingly, while our model and the unstrained flamelet model performed
equally well in this region for velocity, temperature and main species, very different varia-
tions between the two approaches can be observed for CO. A possible explanation could be
the different choice of presumed PDF between our study and [19]. In Figure 14 it has been
observed that the usage of the Beta-PDF resulted in lower predictions of CO, in burnt
regions, which will naturally affect the presence of CO as well. The unstrained flamelet
approach noticeably overestimated the presence of CO close to the bluff body, in the flame
zone as well as in the burnt gas. Farther away from the bluff body, x/D > 0.6, the presence
of large amounts of CO can be observed from experiment. For comparison, the equilib-
rium CO mass fraction for burnt gas at equivalence ratio 0.586 is approximately 6.8 ppm,
its maximum value in a laminar unstrained premixed flame, reached at around ¢ = 0.81 is
approximately 1.5%. It is described in [20] that the intermediate species can be in super-
equilibrium state in the investigated type of flame due to short residence times. The CO
mass fraction in the region x/D = 0.8 to 1.5 is well captured by the unstrained flamelet
model but not very well captured by our model. The influence of the choice of presumed
PDF will have to be investigated further to better understand the different predictions of
both compared models.

6. Conclusion

A simple algebraic closure for filtered reaction rate is proposed and tested for a lean tur-
bulent premixed flame established behind a bluff body. The model is dissipation based but
relaxed the thin flame assumption by including the finite-rate chemistry effects in small-
scale turbulence structures. Statistically this corresponds to allowing for an intermediate
state between the two extreme limits, unburnt and fully burnt states of the mixture. The
test case is compared to measurements and to past numerical results for a careful analysis
to assess the reaction rate closure proposed in this study.

The direct comparison with a well-investigated combustion model revealed competi-
tive performance in terms of computational effort as well as the accuracy of the results.
Especially along the recirculation zone, the ability of our model to capture the flame struc-
ture is quite well. The current model has a number of advantages that stood out in the
comparison. First, for thin and moderately thickened flame brush the model provides excel-
lent results. Second, the reaction rate closure has no tuneable constant. Third, the partly
explicit approach to recover the temperature from the transported sensible enthalpy shows
advantages over obtaining the temperature using presumed PDFs. Encouraging results are
obtained for the near-field region behind the bluff body. The model yielded satisfactory
results for the downstream regions, nevertheless, the comparison to the measured statistics
is good showing the potential ability of this simple reaction rate closure. Further extensive
tests using other flow and flame configurations with partial premixing and swirling flow
conditions would be required to draw conclusions on the ability of this reaction rate closure
in a wider context.
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