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Large eddy simulation of turbulent premixed combustion behind a bluff-body is performed using un-
strained flamelet model with a presumed probability density function to calculate filtered reaction rate.
The subgrid variance of the progress variable required in this approach is calculated using its transport
equation to include contributions from reaction, turbulence and molecular diffusive and dissipative pro-
cesses at sub-grid scales. The dissipation rate of the variance is obtained using an algebraic closure, which
maintains physical consistency among turbulence, reaction and molecular diffusion. Various quantities
such as mean velocity, temperature and species mass fractions computed for two bluff-body flames ex-
periencing 2% and 24% turbulence intensities are compared to their respective measurements. These com-

SDR parisons are very good suggesting that the unstrained flamelet SGS closure works well for multi-regime

Unstrained Flamelet
LES

combustion. The demonstrated success of this modelling framework is explained on a physical basis.
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1. Introduction

The use of a bluff-body is common in practical combustors
because the recirculation zone containing hot products behind
the bluff-body provides a simple mechanism for flame stabilisa-
tion. Despite the simple geometry, the physical processes encom-
pass strong interplay among turbulent transport, combustion and
molecular diffusion. The shape and size of the recirculation zone
influence the performance of these burners in general and the fluid
dynamic attributes are governed by the bluff-body geometry, tur-
bulence level and equivalence ratio at the burner inlet.

Large eddy simulation (LES) has the potential to capture these
effects including transients such as local extinction and flame
blow-off. Typical LES resolves dynamic scales of turbulence and
scalar fields explicitly up to a cut-off scale, A, and the remain-
ing sub-grid scale (SGS) phenomena are modelled. Turbulent pre-
mixed combustion is usually a SGS phenomenon and it needs to be
modelled. This modelling must include the strong interplay among
turbulent transport, heat release effects and molecular diffusion.
Thus, developing a robust and accurate model for SGS premixed
combustion is challenging and a number of approaches have been
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proposed in the past which are reviewed in [1,2]. The simplest
of these approaches is the flamelet approach which has been ap-
plied successfully in many past studies, see [1-3] for a broad re-
view. This approach has also been advanced to include additional
complexities, for example dual-mode, non-premixed and premixed,
combustion [4] and flame stretch effects [5]. However, the un-
strained flamelet for SGS combustion closure can work well if vari-
ous sub-models used in this closure are consistent with each other
on a physical basis [6]. Thus, the objective of this study is to test
its applicability for multi-regime turbulent premixed combustion
established behind a bluff-body.

The combustion behind a triangular shaped bluff-body in a
rectangular channel, commonly known as Volvo experiment [7,8],
has been investigated using LES with various SGS combustion clo-
sures in the past, for example see [9-14]. Oblique turbulent pre-
mixed flames of propane-air mixture propagated in rectilinear ge-
ometry in the Volvo experiment, which is different from the flame
considered for this study.

The bluff-body methane-air flame considered here is cylindri-
cal and was investigated experimentally [15-19] and numerically
[20-22] in the past. Hu & Correa [20] simulated this methane-air
flame using Perfectly Stirred Reactor (PSR) model involving mix-
ture fraction and a residence time in their 2D axisymmetric com-
putation to cater for the distributed combustion. This flame was
also computed using RANS and RANS/PDF approaches [23-28]. It
has also been simulated using LES with a PDF SGS model [29],
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Fig. 1. Schematic of (a) experimental burner and (b) its computational model (Uy = 15m/s, Uy; = 0.2 m/s).

linear eddy model [21], and turbulent flame speed models avail-
able in FLUENT and OpenFOAM packages [22].

All of the above works used only a small subset of measure-
ments for the respective model validation and it appeared that
advanced models were needed to capture the multi-regime com-
bustion ranging from the corrugated-flamelets to distributed com-
bustion regime [15-17]. Thus, it is quite challenging for a sin-
gle combustion closure to capture this varied regime combustion.
Specifically, the unstrained flamelet closure is of interest for this
study and the aim is to test this closure for the multi-regime com-
bustion because this closure has been shown [6] to work well
for the flamelets regime combustion. Thus, its behaviour for dis-
tributed combustion regime is of particular interest for this study.
It could be quite contentious to use the unstrained flamelet clo-
sure for distributed combustion regime in the classical viewpoint
but earlier studies [30-35] have shown the presence of flamelets
in distributed or broken reaction zones regime combustion. Thus,
this regime of turbulent combustion can be seen as a situation
in which locally thin laminar flames (flamelets), with their in-
ternal structures unperturbed by turbulent eddies, are distributed
over a wider region yielding a thicker and more diffusive flame
brush compared to the classical flamelet regime. The flame brush
is the time- or ensemble-averaged structure resulting from these
flamelets. Hence, it is worthwhile to explore the applicability of
the unstrained flamelet closure but one must, as noted earlier,
carefully maintain physical consistency among various sub-models
used in this approach.

This paper is organised as follows. The next section describes
briefly the bluff-body burner used here along with its experimen-
tal procedure. The LES model, SGS closures, numerical method and
grid used, and boundary conditions employed are described in
Section 3. The results are discussed subsequently and the conclu-
sions are summarised in the final section.

2. Experimental case

The  bluff-body  configuration  studied experimentally
in [15-19] is chosen for this study and is shown in Fig. 1 along
with its computational model. A methane-air mixture at 294K
having an equivalence ratio of ¢ = 0.59 entered the combustion
chamber having a dimension of 79 x 79 x 284 mm?3. The bluff-
body had a base-diameter of D = 44.45mm, stem-diameter of
Dstem = 12.7mm and an apex angle of 6 =45°. It was placed at
the centre of a duct which also formed the combustion chamber
downstream of the bluff-body as shown in Fig. 1. A turbulence
generator having 3.46 mm diameter holes was placed at about
58 mm upstream of the bluff-body base and the flow entering
the combustor section had a bulk-mean velocity of U= 15 m/s
and turbulence intensity (TI), measured at r/D = 0.55 at the loca-
tion of bluff-body base, of 2% or 24% (two flames) as described
in [15-17]. The turbulent Reynolds number at the bluff-body base
is estimated to be of the order of 100 and 1000 respectively
for the two TI cases suggesting a substantial difference in their
combustion regimes. Laser Doppler Velocimetry (LDV), CARS
(Coherent Anti-strokes Raman Spectroscopy), spontaneous Raman
scattering, and Rayleigh techniques were employed to measure
velocity temperature and species variations inside the combustor
and these measurements are used to validate the LES results.

3. LES

The conservation equations for Favre-filtered mass, momentum
and energy (total enthalpy) are solved along with two additional
equations for combustion modelling. These equations and their
numerical treatment are described in this section. The sub-grid
stresses, thus the sub-grid viscosity, are modelled using a localised
dynamic Smagorinsky model [36,37].
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3.1. Combustion models

The thermochemical state of reactant mixture is described us-
ing a reaction progress variable, ¢, in flamelet approach. The
progress variable can be defined using temperature or an appro-
priate species mass fraction and the definition used for this study
is given in Section 3.2. A transport equation for its Favre-filtered
value, €, is [38]

ﬁ%f:V-[(pD—kps )Vc] (1)

in standard notations with D as the molecular diffusivity of c. The
eddy viscosity, v¢, and the Schmidt number, Sc;, are obtained using
dynamic procedures as noted above.

The filtered reaction rate, @, is modelled using

_e@) s, ~
b=7 fo LR Toly) dt, 2)

where ¢ is the sample space variable for ¢, P(¢: C. ogsgs) is
the marginal density weighted (Favre) subgrid probability density
function (PDF) of ¢, w(¢) is the flamelet reaction rate, and p is
the flamelet mixture density. The filtered density obtained in LES
is p. A Beta function is used to prescribe the shape of this sub-
grid PDF for given values of ¢ and SGS variance, oc%sgs, which are
obtained by solving their respective transport equations. The in-
tegral in Eq. (2) will give numerical difficulties when the PDF is
close to bimodal (large ogsgs), which is avoided by using integra-
tion by parts technique. This involves the CDF (cumulative distri-
bution function), C, rather than the PDF as detailed in [6]. Briefly,
Eq. (2) can be written for a generic quantity Q as

. 1 1
Q:/0 Q(§)P(§)d§:/0 Q d(©)
1
:Q(;:n_/o cQ de. (3)

The derivative Q' = dQ/d¢ is usually well behaved in the domain
0 < ¢ < 1 and thus the integral in Eq. (3) can be evaluated accu-
rately.

The transport equation for the SGS variance is

7D062,sgs
o~V [(pD+pS )Vocsgs] +2 (wc — @)

—2ﬁ8C+st—q(VE-VE) (4)

This equatlon is derived_using the transport equations for 2
and ¢* because 02 =2 —¢%. The third and fourth terms of
Eq. (4) need closures and the reactlon related term is closed us-

ing

PR 1 . ~
c'oc=ﬁ/0 (“;f) B¢) de, (5)

which is consistent with Eq. (2). This integral is evaluated using
integration by parts technique noted in Eq. (3) with the required
derivative obtained numerically. It is worth noting that the second
term in the RHS of Eq. (4) may lead to non-positivity or unbound-
edness when the integrals in Eqs. (2) and (5) are inaccurate. This
is not observed in this study because of the use of integration by
parts technique as noted earlier.

The sub-grid dissipation rate is p & = [pD(Vc- Vc) — pD(VC-
V©)] and is modelled using the algebraic closure investigated
in [39]. This closure used in earlier studies [6,40] is

= [1-exp(-0.75A%)]

2 C,Sgs
|:2K58 4 (G- rC4DaA)< ”A)}Uﬂf (6)

with AT = A/, as the normalised filter width. The SGS veloc-
ity scale is u/y, s; =12.2 cm/s is the unstrained planar laminar
flame speed with a thermal thickness of 8;;, = (Tyq — Tu)/| VT |max =
0.93mm, where T,; and T, are the adiabatic flame and reac-
tant temperatures respectively. The heat release parameter is 7 =
(Tyq — Tu)/Ty = 4.56 for the methane-air mixture used in the ex-
periments. The thermochemical parameter K. is 0.79t [39]. The
parameters C3 and C,4 are related to SGS Karlovitz number, Kay =
(W, /s1)*?(8p/A)V2, and they are given by C3 =1.5,/Kan/(1+
JKap) and G4 = 1.1/(1 4+ Kap )% [39]. The SGS Damkoéhler num-
ber is Daj = tsgs/tc where tc = 8,/s; is the chemical time scale and
tsgs = ksgs/€sgs is the SGS flow time scale which is related to u’A

and A. The symbols ksgs ~ 31/, /2 and €5gs ~ u/A3/A are the SGS
kinetic energy and its dissipation rate.
Following earlier studies [6,40], the SGS velocity scale u/, is

estimated using scale-similarity [41], -

Uy =Y U — 1], where =
refers to test filtering operation. The only adjustable parameter in
Eq. (6) is B¢ which is computed using dynamic approach described
in [40,42]. Thus, this dissipation rate model does not have a tun-
able parameter for this study.

The subgrid variance can also be prescribed using a common al-
gebraic model acz_sg&mod ~ AA? (V¢ VE), where A is a model pa-
rameter of order unity. This model was shown [6] to be inappro-
priate for premixed combustion and is also studied here by com-
paring aC sgs.mod 0 ol sgs N Section 4.2.

3.2. Numerical procedure

The simulations are conducted using PRECISE-MB [43], which is
based on finite volume method for low-Mach reacting flow equa-
tions. The Favre-filtered momentum equation is solved first fol-
lowed by the continuity equation for pressure correction through
SIMPLEC algorithm [44]. ~

The transport equation for Favre-filtered total enthalpy, h,

_Dh @ any d(puh—piih)
R L R )

is included to track the mixing of reactant and air streams en-
thalpies at the combustor exit, see Fig. 1b, and the require-
ment to include the air stream for the calculation is discussed in
Section 3.3. The turbulent transport term in this and other scalar
transport equations is modelled using a gradient hypothesis and
dynamic Schmidt number approach [37]. _ ~

The  temperature is  obtained T=Typ+ (h—
’A\ﬂ%mix)/fp’mix, where Ty =298.5K is the reference tempera-
ture. The formation enthalpy and specific heat capacity at constant

pressure of the gas mixture are ﬁvh?_mix and Ep,mix, respectively,
and this specific heat capacity is temperature dependent as de-
scribed in [45]. The mixture density is computed using the state
equation, p =p mlx/(ROT) where p is the pressure, Wle is the
mixture molecular weight and Ry is the universal gas constant. The

values for ’A\;l?’mix, fp‘mix and Wmix are obtained from flamelet so-
lution using equations similar to Eq. (2). These values tabulated as
a function of ¢ and agsgs are used for LES. The flamelet (unstrained
planar laminar flame) is computed using PREMIX code [46] and
GRI 3.0 chemical kinetic mechanism for methane-air combustion,

using
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Fig. 2. Histogram of A* = A /4, for (a) 1.8M and (b) 2.2M grids are shown for the entire combustor volume (green) and a smaller part of it (red). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

and the values for s;, 8y, and t obtained from this calculation are
used in Eq. (6). The progress variable is defined as

Y,

c=1- ycu““, (8)
CH4

where Yé‘H4 is the methane mass fraction in the reactant mixture.

The sensitivity of results to c definition is explored in Section 4.5.

3.3. Computational domain, grid and boundary conditions

The computational domain began at 58 mm upstream of the
bluff-body base as shown in Fig. 1b and this boundary was spec-
ified as the inlet using measured reactant mass flow rate. The in-
tricate geometry of the turbulence generating device used in the
experiments was excluded. However, turbulence at this inlet was
specified using digital filter technique [47] and its level was ad-
justed to get TI of about 24% at the combustor entry (base of the
bluff-body, see Fig. 1) as in the experiments. There was no turbu-
lence grid for the 2% case in the experiment and thus no synthetic
turbulence was specified for the simulation of this case. An addi-
tional domain of 4.5D x 4.5D x 17.5D(= 778 mm) was added at the
combustor exit as in Fig. 1b to avoid numerical waves reflected
by the exit if this additional domain was absent. This treatment
improved the numerical stability of the simulations. The no-slip
combustor walls were specified to be adiabatic whereas the walls
of the additional domain were treated to be slip walls. All vari-
ables were specified to have zero gradients at the computational
domain outlet. It is worth noting that heat losses were observed
to be small in the experiments [16] and thus it is reasonable to
treat the walls as adiabatic.

Since the boundary layer is not expected to be fully developed
behind the turbulent generator, a flat velocity profile with Uy =
11.5m/s was specified at the inlet boundary based on the mea-
sured mass flow rate and this gave U, = 15m/s at the combustion
chamber entrance (see Fig. 1a). A small velocity of U,;; = 0.2m/s
was specified as illustrated in Fig. 1b for the additional computa-
tional domain to mimic the air entrainment at the burner exit. The
computational domain was discretised using two block-structured
meshes having 1.8 and 2.2 M cells in total and these two grids had
about 47 cells for D. The main difference between these two grids
was in the near-wall resolution used for the bluff-body boundary
layers.

The wall refinement can be characterised using dimensionless
wall distance, y* = yu*/v, where y is the local distance normal to
the wall, v is the kinematic viscosity and u* is the friction ve-
locity defined as u* = ./Tw/p with T, as the wall shear stress.
The dimensionless wall distance estimated from the experimental
data [18,19] was used to guide the grid distribution. Approximately

2 cells were placed in the viscous sublayer (y* <5) for 2.2 M grid
and the near-wall cell size was y* ~ 9 on the sides of bluff body
and 90 on its base for the 1.8 M grid. The larger y* was used for
the bluff body base because the recirculation zone was expected
to reduce the velocity gradients there. Since the first cell was out-
side the viscous sub-layer, the wall functions were employed for
simulations using the 1.8 M grid.

A representative filter size may be calculated as the cube root
of numerical cell volume and histogram of this filter width, nor-
malised using 8, is shown in Fig. 2 for both grids. This histogram
illustrates the cell size distribution in the entire combustor volume,
0 < x < 6D with r < 0.89D, and in a smaller part, r < 0.5D, for
the two grids. The peak is at A™ ~ 1 for both grids and there is a
long tail with A* <1 for the 2.2 M grid. Although these grids are
relatively small compared to what is commonly used for LES of
combusting flows, they are adequate to yield accurate results for
the modelling framework used here as one shall see in the next
section.

The simulations were run using 80 cores of Darwin cluster at
Cambridge University for a period of ten flow-through times and
this took about 12 h on a wall clock for 2.2 M grid. The flow-
through time, 7y, was defined as twice the length of the combustor
divided by Upr. The samples were collected for 67 after allowing
47y for initial transients to escape the computational volume and
this time was observed to be sufficient to reach a stationary state
in the recirculation zone and in other parts of the computational
domain for the combustor. The 6 flow-through time corresponds to
a physical time of 0.18 s. The time step for simulations was set to
have a maximum CFL (Courant-Friedrichs-Lewy) number of 0.3 in
the entire computational domain.

4. Results and discussion
4.1. Cold flow

Non-reacting flow was simulated first to assess the computa-
tional model and characteristics such as recirculation zone size are
used for this assessment. Figure 3 compares the computed and
measured normalised mean axial velocity, (U)/Us, along the cen-
treline for the 2% and 24% TI cases. No synthetic turbulence was
specified at the inlet for the 2% case since there was no turbu-
lence grid present in the experiment [17]. The recirculation zone
length, L., is underestimated in the 1.8 M grid and the amount
of this under-estimation is independent of near-wall treatment as
seen in Fig. 3. The computed recirculation zone length for 2.2 M
grid agrees well with the measured value for both TI cases. Since
there was no full experimental characterisation of the turbulence,
its level at the computational domain inlet was adjusted, by about
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references to colour in this figure legend, the reader is referred to the web version of this article).

3%, for the results shown in Fig. 3. Overall, the comparison shown
in this figure confirms that the grid and numerical conditions used
to simulate the burner flow and its attributes are excellent. Based
on these results, the reacting flow results discussed in the follow-
ing sections are shown for the 2.2 M grid without the wall func-
tions. The 1.8 M grid results with the wall functions will be shown
only for comparison purposes when specified.

4.2. Combusting flow

The experimental study [16] divided the combusting flow into
three regions, viz., (i) flamelet region, 0 < x/L; < 0.12, where
the flame was thin with combustion time scale was shorter than
turbulence time scale; (ii) thin reaction zone region, 0.12 < x/L.
< 1, where the flame was thickened by coherent structures and
the combustion in this region was identified to be in the thin
reaction zones regime of turbulent premixed combustion; and
(iii) distributed combustion region, located further downstream of
the rear stagnation point, where turbulent eddies distribute the
flamelets over a broader region and influence at least the pre-
heat layer structure. This definition is different from the classical
viewpoint for this combustion regime. Since the turbulence level is
large near the bluff-body base and decays in the downstream re-
gion the Damkoéhler number increases with downstream distance
suggesting that the combustion condition moves from distributed
to flamelet regime as was shown experimentally in [19]. The three

regions discussed above are marked in Figs. 7 and 12 as R1, R2
and R3 respectively for visualisation purpose, and these figures
are to be discussed later. It is unclear how well the flamelet as-
sumption holds in these regions because of the different combus-
tion regimes. This is assessed by comparing measurements and LES
statistics. The experimental data are available for the first two re-
gions in both, 2% and 24%, TI cases but the measurements in the
third region are available only for the 24% TI case.

Before discussing these results in detail, it is worth to make
some remarks on the modelling of SGS variance. It is quite com-
mon to use an algebraic model, agsgsvmod ~ AA?(V¢ - VC), where
A is the model parameter, for the SGS variance. Typical value for
A is about 0.5 and if one uses a dynamic procedure then it has
some variations over this value. This model was derived for a pas-
sive scalar by balancing the dissipation and turbulent production of
the variance, the last two terms of Eq. (4), ignoring contributions
from the reaction rate, the third term in that equation. The order
of magnitude analysis in [6] showed that the reaction term can-
not be ignored and indeed the variance transport equation must be

solved. In the light of this analysis, it is useful to compare aczsgs mod

with ogsgs obtained using Eq. (4). This comparison is shown in
Fig. 4 for both TI cases at an arbitrary time and A is taken to be 1
for simplicity. If the two variances are similar then the data would
lie around the diagonal line, but the scatter observed in the figure
suggests that the algebraic model overestimates the variance for
€< 0.4 and it underestimates for ¢ > 0.4 in comparison to those
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obtained using the transport equation. A similar behaviour was re-
ported for piloted [6] and non-piloted [48] Bunsen flames. How-
ever, one must be careful in drawing any conclusion from this re-
sult because LES data is used and it is more appropriate to use
direct numerical simulation (DNS) data for this type of analysis.
Nevertheless, based on the order of magnitude analysis presented
in [6] one may expect a similar behaviour for the algebraic model
even with the DNS data because it ignores the reaction rate con-
tribution. Hence, the SGS variance computed using its transport
equation is used for further analysis presented below.

The species mass fractions and temperature were measured us-
ing CARS and spontaneous Raman scattering techniques in the ex-
perimental investigations [16-19] and these were suggested [16] to
be the Reynolds-averaged values. The LES statistics are Favre-
averaged and hence one must convert this into Reynolds-averaged
values (indicated by an over-bar below) and this is achieved
using [49]
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where (T‘*):((T)—TO)/(TM—TO) is the normalised Favre-
averaged temperature. The total variance UT2+ is the sum of
resolved and SGS variances:

O-'l?+ = 07?+.res + (O-Ig+,sgs>~ (10)

Since the Lewis number for the reactant mixture used is close to
unity the mean SGS part is approximated as (GT{_SgS) ~ (085s)-
The resolved part is 07, . = (f+2 —(T*)2).

Equations similar to Eqgs. (9) and (10) can be written for
€ [49] and hence the Favre- and Reynolds-averaged progress vari-
able can be compared. The influence of (agsgs) can be understood
by calculating (c) with and without this variance. The results are
shown in Fig. 5 for the 24% TI case as contours of joint nor-
malised histogram of Favre-averaged, (¢), and Reynolds-averaged,
(c), progress variable fields in the entire combustor. The contours
will follow the diagonal line shown if 7 =0 or acz =0, which is
not the case for turbulent combustion. Note that the total vari-
ance is the sum of resolved and SGS variances as in Eq. (10).
Figure 5 shows that the contours move far from the diagonal line
when the SGS variance is included in the calculation of (¢) show-
ing that (ac%sgs) contribution is large. This is because combustion
is a SGS phenomenon playing a central role in the generation of
sub-grid fluctuation of c. Hence, the contribution of the SGS vari-
ance cannot be ignored and due care is required while comparing
LES statistics with measurements.

Typical variation of the ratio between the averaged resolved
and SGS variances, 02 es/{0sgs). With (¢) shown in Fig. 6a for
the 24% TI case suggests that the SGS variance is nearly 2-3 times
larger than the resolved part for most part of the flame brush. Val-
ues larger than 0.75 are rare and they occur in the mixing layer
between the burning mixture and cold reactant, and hence for low
values of (C) as seen in Fig. 6a. The total variance, 62, at various
streamwise locations shown in Fig. 6b follows the typical quadratic
variation with (¢). The maximum possible value of (¢)(1 — (¢)),
is also shown using a dashed line for comparison. This maximum
value would be obtained in the limit of very large Damkohler num-
ber (BML limit) [50,51]. Thus, the results suggest that the combus-
tion is flamelet-like in the region up to x < 3D (almost maximum
variance with small scatter) and the combustion is likely to be of
distributed reactions (as intended in the beginning of this section)
for other downstream locations (smaller variance with large scat-
ter). There may be just mixing without reactions inside the recircu-
lation zone and thus the variance can increase moving downstream
for x < 3D. These observations agree with the experimental obser-
vations in [16,19]. The variations in the 2% TI case are very similar
to that shown in Fig. 6.
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Fig. 6. (a) Contours of normalised histogram of the ratio between time-averaged resolved and SGS variances, Ugres/(of_sgs), versus Favre-averaged progress variable, (¢), and

(b) scatter plot of total variance, 07 = 02 e + {0

), versus (C) at various axial locations for 24% TI case. Colours indicate histogram values in (a) and normalised axial

position, x/D, in (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 7. Stream lines of (a) filtered and (b) averaged velocity fields along with the corresponding reaction rate contours (in colours) for the 2% TI case in the mid-plane. The
reaction rates are shown as 10g(10005+), where & = @8,/ (pust). The contours of log(1000 ]5\aA) is shown in colours in (c) along with (¢) = 0.1 and 0.9 iso-lines. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 8. Typical variations of inverse of SGS (a) turbulent timescale and (b) chemical timescale with y/D for the results shown in Fig. 7a.

4.2.1. 2% approach turbulence case

Pan et al. [16] observed that the flame (also the flame brush)
was thin near the base and the flame brush became thicker as
one moved downstream. The flame brush at x ~ 2D (the rear stag-
nation point), was noted in this experimental study to be almost
12 times thicker compared to that near the base. The flame brush
thickness was estimated using the radial gradient of averaged tem-
perature in [16] and the same approach was employed for LES.
Similar variations are observed in Fig. 7 showing the variations
of filtered and averaged reaction rates, and local SGS Damkohler
number Da =& A/(pyuy). in the computational domain mid-
plane. The contours of (¢) = 0.1 and 0.9 are also shown in Fig. 7c
to denote the flame brush. Just to remind ourselves, the three re-
gions observed in the experimental study [16] (see Section 4.2) are
marked as R1-R3 in Fig. 7. The filtered reaction zone is very thin
close to the bluff-body but its width increases as one moves down-
stream. This behaviour is also seen for the averaged reaction rate
and the width of this zone does not seem to increase much for
x > 2D which is quite clear with the contours of (¢). The reaction
zone structure in this region is likely to be influenced by turbu-
lence and the finite rate chemistry effects become non-negligible.
These effects appear through patches of high and low filtered re-
action rate. This is clearer in Fig. 7c showing DAaA which is the ra-
tio between SGS turbulent and combustion time scales and thus
it is easy to see the relative importance of these two scales in
different regions of the combustor. Typical variations of inverse

Table 1 .
Typical ranges of f = log(lOOOdTF), d =10g(1000Da, ). 7 and 77 in the
three regions.

Region f d Tc(ms) 75(ms)
R1 23-3 0.3-1.2 7.6-38.2 0.08-0.12
R2 2.2-2.7 0.9-1.8 15.2-48.1 0.38-0.95
R3 19-2.3 1.4-2.0 38.2-96.0 2.4-3.8

of SGS turbulent timescale, Tf = (A/u’A), and chemical timescale,
T = (p/@), with y/D are shown in Fig. 8. The Damkohler num-

ber (see Fig. 7c) is related to these two timescales through ]SEA =
T7/Tc. These curves in Fig. 8 are 1D cuts of the results given in
Fig. 7 and are shown for three locations x/D = 0.15, 1.0 and 2.5.
These locations are respectively in the regions R1, R2 and R3. Since
the results in Fig. 8 are for specific locations, typical ranges for
these quantities are given in Table 1.

Relatively low values of lﬁA near the edges of bluff-body are
probably due to high level of mixing and low chemical activ-
ity which is consistent to the experimental observations [16,19],
but could also be due to some intermittency in the axial velocity
fluctuation as the flame in this region is expected to be quasi-
laminar. The value of Da ~ 0.01 is because of spatio-temporal in-
termittency effects and a value for ]/)EA of order unity is not ob-
served in regions of flame suggesting that the SGS fluid dynamic
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Fig. 9. Centreline variation of (a) (U)/U, and (b) (T*) in 2% TI case for 1.8 M (-~ —) and 2.2 M (——) grids. Experimental data [16,17] are shown as symbols.
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Fig. 10. Radial variations of (T+) (— —) and (T+) (
line) rms values are compared to the measurement in the bottom row.

time scale is typically shorter than the chemical timescale as noted
in Table 1. This suggests that the finite rate chemistry effects are
important in these flames, which must be noted while comparing
the LES statistics with measurements. The l/)\aA increases down-
stream because turbulence decays and the combustion is almost
complete (see Table 1).

Figure 9a compares the centreline variation of mea-
sured [17] and computed averaged axial velocity, (U), normalised
using U, (see Fig. 1). The adiabatic condition imposed on the
bluff-body caused the flow to accelerate more leading to the un-
derestimate of (U) for x < D. However, the computed recirculation
zone length, L, ~ 2D, agrees well with the measured value. The
centreline variation of computed and measured normalised mean
temperature is compared in Fig. 9b and this comparison is very
good apart for some small overestimates resulting from the adi-
abatic condition used for the bluff-body. Overall, the predictions
are good and the grid sensitivity is small.

The radial variations of (T+) and (T+), obtained using Eq. (9),
are compared to measurements in Fig. 10 for three axial locations.

) for 2.2 M grids are compared with experimental data [16,17] (symbols). The resolved (dashed line) and total (solid

The burnt mixture temperature is over predicted by about 6-8%
and this over prediction decreases as one moves from x/D = 0.1-2.
It is also worth to recall that the combustion is flamelet like for
x/D < 4.5 from Fig. 6b and thus the over prediction in tempera-
ture is because of the adiabatic condition used for the bluff-body
in the simulation. This over prediction is consistent with about 5-
8% heat losses observed in experiments [16]. The temperature vari-
ation inside the flame brush is predicted quite well and also the
influence of density weighting is seen for the flame brush region,
which is consistent with the results in Fig. 5. The normalised tem-
perature rms increases inside the flame brush because of combus-
tion effects which is quite strong for x = 2D location and this trend
is predicted well in the computations. The resolved rms, o7+ s,
is quite close to the experimental data, but including the SGS
contribution of (o7+ g5) ~ (0csgs) results in a large over predic-
tion although the trend is captured. The above approximation for
OT+ sgs SEEMS to overestimate this contribution and one may have
to transport it. However, the comparison shown in this figure is
satisfactory.
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Fig. 11. Centreline variation of computed (lines) and measured [16,17] (symbols)
(U)|Uye for 24% TI case.

4.2.2. 24% approach turbulence case

An increase in the turbulence level at the inlet will change the
flow and combustion characteristics behind the bluff-body. The re-
circulation zone length was observed to decrease from 2D to 1.3D
when the incoming turbulence intensity was increased from 2%
to 17% and increasing the turbulence level further by 5% resulted
in a recirculation zone length of 1.1D, i.e., the length decreased by
about 15% [16,17]. This high sensitivity to the incoming turbulence
and a lack of its full characterisation in the experiments pose
challenges for simulations. Despite this, an attempt is made here
to simulate the 24% TI case (as referred in the experimental
studies) because a good set of scalar measurements were reported
in [16-19], which are useful for model validation.

The synthetic turbulence level fed at the inlet was varied by
about 3% as noted in Section 4.1 to match the cold flow charac-
teristics and this inlet condition was maintained for the reacting
flow simulations investigated below. This produced an average TI
of about 19% at entry to the combustor, x = 0, and gave a reason-
able centreline variation of (U)/U shown in Fig. 11 although there
is a small overestimate (~12%) of the recirculation zone length.
However, overall estimate of the flame and flow characteristics ob-
tained using the above approach is reasonable as one shall see
next.

A. Reaction rates

Typical contours of filtered and time-averaged reaction rate are
shown in Fig. 12 on the mid-plane of the computational domain.
The reaction rates are normalised using py, s; and &, and are
shown in logarithmic scale. The filtered flame is much more wrin-
kled and corrugated than for the 2% TI case shown in Fig. 7a be-
cause of the increased turbulence level. Also, the peak & forx >
1.5D is reduced significantly compared to those for the upstream
locations, which suggests that the combustion is nearly complete
in the recirculation zone as was observed in the experiments [18].
The three regions, R1-R3, with combustion occurring in flamelet,
thin reaction zones and distributed combustion regimes are also
marked in the figure. The typical attributes of these combustion
regimes is seen in the filtered reaction rate contours. The reac-
tion rate is confined to a very thin layer in the R1 region and
is spread over a thicker flame, represented approximately using
@ =01 contours, but the intense reactions are confined to thin
zones in region R2. The later attribute is lost in the R3 region with
moderate reactions distributed over the whole width. This agrees
with the qualitative description provided in [16]. Streamlines of the
mean flow in the right half of Fig. 12 show that the recirculation
length is about 1.23D. The flame brush is thin in the R1 region

3_

2.5

y/D

Fig. 12. Contours of log(1000$+) and log(1000 (LT)) for 24% TI case (in colours)
in the mid-plane of the computational domain. The reaction rate is normalised us-
ing pyS./8. Isolines having the respective normalised value of 0.1 are shown as
bold black lines and the streamlines of averaged flow field are shown in the right
half. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article).

and it thickens gradually as one moves downstream. The presence
of the three regions is much more distinct for the large TI case
compared to the low TI case shown in Fig. 7.

B. Comparison of velocity and temperature statistics

(1) Centreline variations

The centreline variations of (U)/U,s was discussed in
Fig. 11 and (T+) shown in Fig. 13 is almost constant through-
out the combustor, and it is under predicted by a small amount
when athsgs is included. The solid line in the figure included only
o2

T+ res and a significant improvement is observed when the SGS
variance is included in Eq. (10). An earlier study [22] showing
similar underestimate (difference between symbols and solid line
in Fig. 13) suggested that this could arise from fluid dynamic
strain effects, which is contrary to the expected influence - the
strain will not change peak flamelet temperature for unity Lewis
number unless its magnitude is so large to cause local extinction,
see Fig. 10.3.3 of [52]. Similar influence of the SGS variance is also
seen for the radial variation of mean temperature to be discussed
next. Hence, the SGS variance plays an important role and its
influence should not be ignored for LES of premixed combustion.

(2) Comparison of radial variations

The radial variations of (U)/Us and (V) /U, where V is the ra-
dial velocity, are shown in Fig. 14 for six axial locations covering
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Fig. 13. Centreline variation of computed (lines) and measured [16,17] (symbols)
normalised mean temperature. The influence of time-averaged sub-grid variance,
(0. 5s) is shown; solid line - excluding (0. ) contribution and dash-dotted line
- including its contribution.

L, ~ 1.2D. As noted earlier, there is a small difference in the mea-
sured and computed L, which leads to the small differences in (U)
and (V) observed for locations x/D = 1 and 1.2 in Fig. 14. These re-
sults are shown for regions of flamelet combustion marked as R1
and R2 in Fig. 12 and, the corresponding variations of normalised
mean temperature and rms are shown in Fig. 15 along with the
measurements obtained using Rayleigh [18,19] and CARS [16] tech-
niques. The difference between these two measurements is negligi-
ble and the measured rms values were reported only for x < 0.6D.
The normalised mean temperature does not vary with the axial po-
sition for r < 0.4D [16] and a similar behaviour is observed for the
computed (T+), which also agrees well with the measurements for
all the axial locations. The Favre averaged normalised temperature
is substantially lower than the measured values, specifically in the

z/D =0.1 0.3

0.8

©
[
T
T

flame region, 0.4 < r/D < 0.7 and is related to (T+) through Eq. (9).
Hence, the total variance of temperature must be calculated with
care. The computed radial variation of normalised temperature rms
is compared to the experimental data in Fig. 15; the solid line is
for the resolved part and the dash-dotted line is for the total rms
given by Eq. (10). The agreement is improved when the SGS part
is included confirming the importance of 0T2+_Sgs. The rms values
measured using Rayleigh and CARS techniques do not differ much
as seen in Fig. 15. Overall, the comparisons shown in this figure
are very good.

4.3. Comparison for post-recirculation region

The filtered flame in this region is thickened by turbulent
eddies and the combustion is in the distributed combustion
regime [16,17] (see Section 4.2). Figure 16 compares the mea-
sured [17] and computed normalised mean velocities for x/D =
1.5,1.7 and 2 locations. A small over prediction of L, (see Fig. 11)
yields some underestimation for the mean axial velocity and the
computed radial velocity agrees well with measured values.

The radial variation of normalised time and Favre-averaged
temperatures (see Eq. 9) are shown in Fig. 17 along with the mea-
surements [18,19]. The two averages differ substantially in regions
with increase in mean temperature. The normalised temperature
rms is reported [18,19] only for x = 6D and the comparison shown
is good. The peak value is captured well when the SGS contribu-
tion is included and there is some overestimation for 0.4 < r/D
< 0.6. The reason for this is unclear at this time, perhaps one
may have to transport o%tsgs in the simulations rather than tak-

; 2 _
ing o7, o=

02sgs» Which is to be explored in future.
4.4. Comparison of species mass fractions

The measured values of time-averaged species mass fractions
were reported for CHy, O,, CO,, H,0, CO, Hy, NO and OH [18,19].
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Fig. 14. Comparison of measured (symbols) [16,17] and computed (lines) radial variation of (U) /U and (V)/Us for 24% TI case in flamelet combustion region marked as R1

and R2 in Fig. 12.
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Fig. 15. Computed radial variation of normalised mean temperature and its rms (

) are compared with measurements using Rayleigh [18,19] (co) and CARS [16] (+ +)

techniques for 24% TI case in the region of flamelet combustion. Both o1+ and o7+ s are shown.
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Fig. 16. Radial variations of (U)/U,s and (V)[Uef (——) are compared with mea-
surements [16,17] (symbols) for 24% TI in the post-recirculation region.

Spontaneous Raman scattering was used for the first six species
and Laser Induced Fluorescence (LIF) was used for OH and NO [18].
The species, except CO, NO and OH, mass fractions at x/D = 6 were
found to be the equilibrium values and super equilibrium values
were found for OH and CO in the measurements (sub-equilibrium
for NO).

s
_oo

-0 00O

Fig. 17. Radial variations of normalised mean temperature and its rms in the post-
recirculation region are compared with measurements [18,19] (symbols).

The mean mass fractions are post processed

1 s
) = (p) /0 %P(@@of) dz. (1)

which is similar to Eq. (2) except that the PDF above is not the
sub-grid PDF. The PDF in the above equation involves the time-
averaged statistics of the progress variable. One can compute the
filtered mass fractions, Y;, using the sub-grid PDF first and then
time averaged to yield (Y;). This procedure has to be followed
within LES, which will incur additional computational expenses.
Since the difference between (Y;) computed using the above two
approaches is found to be small (not shown here) and the former
approach saves some computational efforts, the results obtained
using Eq. (11) are studied here. These mass fractions are compared
to measurements in Figs. 18-21 along with the influence of ¢ defi-
nition, which will be discussed in detail in Section 4.5.

The comparisons shown for (Ycy,) and (Yo,) in Fig. 18 are very
good for all streamwise locations considered. These results are also
shown for distributed combustion region downstream of the recir-
culation zone. The methane mass fraction can also be computed
as (75H4) =(1- (E))YC“I_I4 using the definition of ¢ and these val-
ues (not shown) compare well with those obtained using Eq. (11).
The predictions of (Yco,) and (Yy,o) are compared in Fig. 19 and
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Fig. 19. Comparison of measured [18,19] (symbols) and computed time-averaged mass fractions of CO, and H,0 using ¢ =1 — Ycuq /Y&, (
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Fig. 21. Comparison of measured [18,19] (symbols) and computed time-averaged mass fraction of OH using c =1 — Yena /Yy, (

Yeo)/ (Y, +Y&) (— . =) for six axial locations.

the predictions are good for water mass fraction. There is, how-
ever, some under prediction (solid line) for CO, which is related
to the definition of ¢ and further insights are given in Section 4.5.
The equilibrium value at x/D = 6 is also well captured in the LES.
Overall, the agreement shown is very good for the major species.
The results for intermediates and a minor species are shown in
Figs. 20 and 21, respectively. The error bars are shown when the
measurement error is larger than the symbol size. There is sub-
stantial over prediction of CO for upstream positions and compar-
ison with the measurements improve as one moves downstream.

100 - (You) %

), €1 =Yuo/Y5 o (= =) and ¢ = (Yoo, +

However, the final equilibrium value is over estimated. These be-
haviours are similar to that observed in earlier studies [6,49] on
Bunsen flames suggesting that a flamelet parameterised using ma-
jor species may be inadequate to capture the CO variation since
its time scale is relatively larger and, this can be partially taken
into account by using an appropriate definition for c as discussed
in the next subsection. Alternatively, one can transport CO in the
LES or use unsteady flamelet, which are to be explored in a fu-
ture study. The predicted H, mass fractions are well within the
error bars except for x = 6 D location. The OH mass fractions in the
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Fig. 22. Variations of major and minor species mass fractions with different definitions of progress variable.
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Fig. 23. Favre PDF of ¢ from LES (——) at two axial locations x/D = 0.6 (top row) and x/D = 2.0 (bottom), and three radial positions of r/D = 0.4, 0.5 and 0.6. The time-
averaged progress variable (C) at these locations along with the corresponding resolved, 02 ,. and SGS, (62,). variances are given. The dashed line is the S-PDF obtained

using () and 0Z;. The dash-dotted line is the S-PDF obtained using () and (072).

flame regions 0.35 < r/D < 0.6 are predicted reasonably well for
locations x/D = 1, 1.5 and 2. However, the burnt side values inside
the recirculation region and for x/D = 6 location are over estimated
severely (solid lines), which is related to the choice of ¢ definition.

4.5. Sensitivity to the choice of progress variable

The progress variable is defined using CHy, see Eq. (8), for the
above analysis. One can also define c using other species as
_ Yuo

Yh,0 (Yco2 +Y5)
where the superscript b refers to the burnt mixture value. The def-
inition employed for ¢, has also been used in the past [53-57].
Figure 22 shows the variation of flamelet mass fractions, Y;(¢), of
major and minor species with ¢ for the three definitions of c. Gra-
dients of Yco, Yco, and Yoy are very strong near { =1 for the
methane-based progress variable. This strong gradient will cause
numerical issues while evaluating the integral in Eq. (11) and the
severity is reduced for ¢; and this is not an issue for c,.

(] (12)

c.sgs

If 02 — 0 then €— ¢ and (Y;) — Y;(¢). Under this condition
(specifically for the burnt side temperature), an error of 0.01% in
¢ will produce an error of 90% in Ypy. The value of (c) is ex-
pected to be 1 for x/D = 0.1 and r/D = 0 but the computed value is
(c) ~ 0.9998, which is comparable to 1. However this 0.02% er-
ror can yield more than 300% error yielding poor prediction of
OH mass fraction (solid lines) seen in Fig. 21. This also applies
to CO and H, mass fractions in the burnt mixtures. When the
progress variable c¢; or ¢, is used the computed mean mass frac-
tions agree well with the measurements, except for H, mass frac-
tion at location x/D = 6. Overall, the major species mean mass
fractions are insensitive to the choice of ¢ but the minor and
intermediate species are sensitive and it seems that c¢ based on
(CO +CO,) is a good choice for the flames investigated here. This
sensitivity is large for minor species exhibiting large gradients
near the burnt side of the flamelet (see Fig. 22), indicating that
the most of this sensitivity comes from the numerical issues be-
cause of this gradient as noted earlier. A small sensitivity observed
for major species could result from some difference in the fields
of local reaction rate and density for different progress variable
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Fig. A2. Comparison of measured [18,19] (circles) and computed time-averaged mass fractions of CO, and H,O: present study (solid line), [21] (A) and [29] (OJ).

definitions. However, this sensitivity is observed to be negligibly
small.

4.6. PDF of progress variable

The PDFs of the progress variable are shown in Fig. 23 for three
radial locations at two axial positions and these locations are cho-
sen to cover the flame brush. The density weighted time-averaged
progress variable, resolved and sub-grid variances are given in the
figure. These statistics are obtained using 450 snapshots of three
dimensional data sampled over about 180 ms and these snapshots
are separated by about 0.4 ms. Three curves are shown for each
location. The solid line is the PDF from LES constructed using ¢

and the corresponding Beta PDF obtained with () and o2 is
shown using the dashed line. A good agreement observed sug-
gests that the resolved field PDF is captured well by the Beta func-
tion and this PDF is monomodal. The broad distribution seen for
r/D = 0.5 suggests a broad flame brush. If one is interested in com-
parison with the experimental PDF of c¢ then the total variance,
02res + (0Zsgs), must be used for the Beta PDF.

The dashed dotted line is the Beta PDF constructed using (c)
and (acz_sgs). Thus, this PDF is for the subgrid processes. The time-
averaged SGS variance, (oc%sgs), is typically larger than ogres as
noted earlier in Fig. 6. Thus, this PDF is typically bimodal ex-
cept for locations where reaction rate is expected to be very
low, see for example the PDF at r/D = 0.6 with (¢) = 0.21 shown
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Fig. A3. Comparison of measured [18,19] (circles) and computed time-averaged mass fractions of CO and OH: present study (solid line), [20] (x), [21] (A) and [29] (O0).

in Fig. 23. The bimodal behaviour is strong for locations with
large reaction rate and thus this behaviour suggests that the com-
bustion is flamelet-like. The presence of flamelets in distributed
regime combustion has been observed in previous experimen-
tal (see for example [30,31,34,35]) and numerical (see for exam-
ple [4,58,59]) studies. Thus, the good performance observed here
for the unstrained flamelet model is not surprising. Furthermore,
the distributed combustion may have to be seen as a regime
where (continuous or broken) flamelets with structures unper-
turbed by turbulent eddies are distributed over a larger region
yielding a thick and diffusive flame brush. In the classical view-
point, large-scale turbulence has scales smaller than the lami-
nar flame scales and so the turbulence can disturb the flamelet
structure in both preheat and reaction zones. This would also
give a thick flame brush and there is not enough evidence in
the literature to support this classical viewpoint, but there are
ample evidences to support the alternative viewpoint expressed
above.

5. Summary & Conclusion

Turbulent lean premixed methane-air flames stabilised behind
a bluff-body are simulated using LES and, the results are analysed
and compared to measurements. The filtered reaction rate is
modelled using unstrained flamelet with a presumed subgrid PDF
for reaction progress variable. This closure needs a model for the
subgrid variance and its dissipation rate. The former is obtained
using its transport equation to include all the relevant physical
processes while the latter is modelled using an algebraic closure
with its scale dependent parameter evaluated dynamically. The

commonly used algebraic model for the SGS variance and a linear
relaxation model involving SGS flow time scale for the dissipation
rate are shown to be inadequate, which was also shown for piloted
Bunsen flames in another study [6]. If the various closures involved
are physically consistent with one another then the unstrained
flamelet model performs well for multi-regime combustion as
shown here and in a previous study [6].

Comparisons of cold flow statistics from LES with those from
measurements demonstrate that the model setup, boundary con-
ditions and numerical grid used represents the experimental con-
ditions well. The reacting flow results show that the mean axial
velocity is sensitive to the level of approach turbulence while the
mean temperature has reduced sensitivity to this parameter as ob-
served in the measurements. The recirculation zone length and
mean flow velocities are captured well. The time-averaged tem-
perature is captured quite well for both flames with 2% and 24%
turbulent intensity. The subgrid variance of normalised tempera-
ture is approximated to be the same as the subgrid variance of
mass fraction based progress variable because the Lewis number is
unity for the lean methane-air mixture. The predictions of mean
mass fractions of various species agree well with measurements if
the progress variable is chosen carefully to avoid numerical error
while constructing the lookup table. This error is quite significant
for fuel based progress variable. The subgrid PDF of progress vari-
able is observed to be bimodal even in regions expected to have
distributed combustion characteristics and this supports the good
performance of the flamelet model shown in this paper. In sum-
mary, the unstrained flamelet closure with physically consistent
closures for subgrid variance of progress variable and its dissipa-
tion rate is shown to work well for a quite common burner con-
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figuration for practical combustors. However, further assessment of
this model’s capabilities for more complex flow and flame config-
urations, for example swirling flames, is required to establish its
robustness and accuracy. This will be investigated in future works.
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Appendix A. Typical comparisons with previous LES studies

The current LES results for the 24% IT case are compared with
previous LES results along with measurements in this Appendix
to show the relative performance of different combustion mod-
els. The results obtained using the unstrained flamelet model
in this study for the progress variable based on CO, + CO are
compared with those in [20-22,29]. Hu & Correa [20]| used a
presumed PDF approach with perfectly stirred reactor library
and Cannon et al. [21] performed 2D LEM-LES computations.
Andreini et al. [22] compared different combustion models
available in commercial softwares and their LES results using
Zimont’s model available in Fluent are used for comparison here.
Liu et al. [29] used a transported PDF method for their calcu-
lations. All these models have their advantages and limitations
and it is worth to note that the computational cost for presumed
PDF methods is significantly lower than that for LEM-LES and
transported PDF methods. Typical comparisons are shown for
temperature, two major and two minor species at various axial
locations reported in the previous studies cited above.

Although the results of unstrained flamelet model compare
well with those in previous studies, they seem to show improved
accuracy in comparison to computationally expensive models
like LEM-LES or transported PDF. A complete assessment of the
relative accuracy of the results in this study with those in [20] and
[22] cannot be done because of the very limited data available
in those works. It is worth noting that the modelling constants
were selected carefully in both of these works [20,22]. A very
good comparison is shown for OH mass fraction for the transport-
PDF approach [29] but it is unclear how other minor species
compared with measurements as they were not reported for the
transport-PDF calculation.
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