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Abstract

Large Eddy Simulations of an unconfined turbulent lean practical flame stabilised behind a bluff
body burner are computed using structured and unstructured numerical solvers. Unstrained
flamelets are used as the sub-grid scale combustion closure using constant and dynamic for-
mulations to model the flame curvature parameter .. The model uses a presumed probability
density function to calculate the filtered reaction rate. The aim of this study is to determine
the numerical set-up that provides the most reliable results for the flame that is furthest from
blow-off conditions (A1). This work will lead to modelling the flame closest to blow-off (A4)
and the flame at blow-off conditions, since these flames are highly unstable. Comparisons will
be drawn with experimental data obtained using PIV, OH chemiluminescence and OH-PLIF
techniques.

Introduction

Bluff body burners with high reactant flow rates are often used in practical combustion systems,
which include gas turbines, industrial burners, afterburners and ramjets. The flame is stabilised
by an anchoring mechanism provided by the recirculation zone behind the bluff body. The
recirculation zone provides a continuous supply of heat to ignite the incoming reactant mix-
ture. However, achieving flame stabilisation for high-velocity flows is difficult and becomes
more complex through the use of lean fuel-air mixtures. Stringent emission legislations today
mean that more combustion system are moving towards operating under lean conditions, as
they provide efficiency and environmental benefits. These include increased fuel economy and
lower operating temperatures, which lead to reduction in NOy, SOy, particulate matter, CO and
hydrocarbon emission levels. Lean combustion is prone to combustion instabilities which can
lead to the occurrence of flame blow-off, which is treated here as the complete extinction of the
flame. Flame blow-off is detrimental to combustion systems and should be avoided. However,
the exact mechanism of blow-off in turbulent premixed flames is still not fully understood [1]
and a good understanding of the turbulence-flame interactions of stable flames close to blow-off
conditions is first required.

Practical combustors operate under turbulent conditions and this makes simulating this com-
bustion computationally expensive, as it is difficult to capture the turbulence-chemistry inter-
actions. Large Eddy Simulation (LES) has emerged as a powerful computational modelling
tool due to its potential to capture unsteady phenomena, such as ignition and blow-off. For
LES modelling, the larger scales are obtained by fully resolving the flow field down to a cut-
off scale, based on a filter width A, and the remaining sub-grid scales (SGS) are modelled.
The SGS closure models need to be chosen carefully since the reaction zone thickness of a
premixed flame is expected to be lower than A for the LES and hence the majority of the com-
bustion related processes occurs within the sub-grid scales. The main challenge with turbulent
premixed combustion research is to accurately capture the interactions between turbulence and
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the effects of chemistry in combustion. Various models for LES have been proposed to model
the filtered reaction rate ®, where some are built on algebraic expressions whilst others require
additional transport equations. Reviews for turbulent reaction rate modelling for LES have
been covered in [2—6] and these have been separated into flamelet and non-flamelet based mod-
els. Flamelet-based models are further subdivided into geometric and statistical models, where
statistical based models included presumed Probability Density Function (PDF) approaches,
which are considered here. The flamelet assumption treats the reaction zones as a series of thin
one-dimensional structures, which makes LES a more practical tool because computational re-
quirements are significantly reduced. These structures remain unperturbed by turbulent eddies
and it is assumed that the combustion chemistry occurs within these flamelets.

The scope of this work is to investigate whether a flamelet based model can accurately
capture the stabilisation of flames further away and close to blow-off conditions; this paper
deals with the former case. The paper is organised as follows. An overview of the LES model,
SGS closures, the experimental case to be studied and its corresponding computational model
and boundary conditions will be explained. A discussion of the results from the computations
will follow this and the final section will summarise the key findings from this work.

Numerical Modelling

Governing Equations for LES

The instantaneous balance equations for mass, momentum, reaction progress variable and to-
tal enthalpy are Favre-filtered to obtain the filtered transport equations for LES and are thus
presented below Continuity:
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The final term in Eq. (2) represent the SGS stresses. The constant Smagorinsky model [7],
the revised approach by Vreman [8] and a dynamic approach [9, 10] are used here to model the
SGS stresses. Gradient hypotheses are used for the scalar flux terms and the turbulent Schmidt
number is a constant value of Scz = 0.7, if not solved dynamically. The final term that requires
closure is the filtered mass-based reaction rate @ and is described next.

Combustion Closure

Flamelets are viewed as locally thin laminar flames, which remain unperturbed by turbulent
eddies, and are distributed in space and time yielding a thicker and diffusive flame brush. There
have been three methods proposed for using PDF-based methodologies for flamelet modelling



in LES. One of these uses an algebraic approach [11], whilst the strained flamelet and unstrained
flamelet models use a presumed PDF along with transport equation to solve for the SGS vari-
ance of the progress variable Gc%sgs. It was demonstrated that the unstrained flamelet closure
provided superior results compared to the algebraic and strained flamelets approaches [11, 12].
The unstrained flamelet approach has performed well under multi-regime turbulent premixed
combustion in a bluff body burner [13].

The unstrained flamelet model uses a reaction progress variable ¢ to describe how burnt a
fuel-air mixture is, where values of zero and unity represent reactant and fully burnt conditions
respectively. The unstrained flamelet closure for filtered reaction rate @ is therefore written as
[14]
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where P (C ;C, Gcz,sgs) is the density weighted PDF of ¢, { represents the sample space variable
for ¢ and the flamelet reaction rate and mixture density are denoted using @ (§) and p respec-
tively. The shape of the SGS PDF is assigned using a Beta function for given values of ¢ and
Ggsgs, which are obtained from their respective transport equations. Equation (3) is used to
obtain ¢ whilst its corresponding variance is obtained by the following transport equation
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Only the third and fourth terms in Eq. (6) require closure. The first part of the reaction
source term is closed as

ae=p [ (%) P ™

The fourth term represents the sub-grid dissipation rate of c¢. It is modelled using an al-
gebraic closure [15], which has been successfully applied for the unstrained flamelet model
[12, 13, 16]. The expression is given as
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with 85 = 0.75 being a constant and the LES filter width is normalised according to AT = A/ &,.
The unstrained flame thickness &y, is calculated beforehand, along with its planar laminar flame
speed sy, and the heat release parameter .7 = pr/p — 1.

The SGS Damkohler number is Dajy = 75/ Tc, Which is the ratio of the SGS time scale
Tsgs = Ksgs / Eses to the chemical timescale 7¢c = Om/sr- The SGS time scale can be related to the
ratio of the SGS velocity scale u’A, which needs to be modelled, and the filter width A so that
Togs = A/ u’A. Therefore the Damkohler number can be written in terms of normalised quantities
Daj = A" /u'}, with o'y = u!y /sy [15]. The remaining parameters signify influences of ther-
mochemical and turbulence processes. The thermochemical parameter K¢ is approximated as
K¢ =0.79.7 [12]. The other constants C3 = 1.5 v/Kaa /(14 /Kaa) and C4 = 1.1/(1 +Kan)**

are both functions of the parameter Kay, calculated as Kay = u’X3 /AT [15]. The SGS ve-
locity scale i/, is to be modelled. The scale-similarity approach has proved to be successful in




earlier studies [12, 16] and is given as [17]

uy=Cq) U= Ul ©)
J
where C; = 1 if a Gaussian test-filter in conjunction with an implicit Gaussian LES filter, and

U j represents the test-filtered velocity field. The final term that needs closure is the parameter
Bc, where the term Gc%sgs /Bc describes the flame curvature influenced by wrinkling. This can be
solved by using a constant value or using a dynamic procedure based on the scale similarity ap-
proach [16]. The test filter for the dynamic procedure is A ~ 2A, with the filter width estimated
as A= ¥1/3, where ¥ denotes the volume of a grid cell. B
The Favre-filtered temperature can be directly obtained from the enthalpy according to 7 =

To+ (h— Ah(}) /¢p, where Ah?c and ¢, represent the formation enthalpy and specific heat capacity
at constant pressure of the gas mixture and at a reference temperature 7o = 298.15K. The
mixture density is computed as p = pM/R°T, where M represents the Favre-filtered mixture
molecular weight and R is the universal gas constant.

Burner and Flame Conditions

Post-flame Flame U, (m/s) ¢

Al 216 075
A2 215 0.70
Flame A3 214 0.67

A4 21.4 0.64
Recirculation
zone
U, bT

Table 1: Conditions for the burner.
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Figure 1: Schematic of the burner. Figure 2: Blow-off curve [18, 19].

The burner to be studied here was developed by Balachandran et al. [18] and experimental
data has been obtained in [19, 20], which will be used to validate the computations performed
here. This burner has been recently studied from a computational perspective in [21-23]. A
conical bluff body with diameter D = 25 mm and apex angle 8 = 90° was mounted to a circular
rod with a stem diameter Dy = 6.35mm. The bluff body was fitted within a concentric pipe
with diameter D, = 35mm and the bluff body base was exposed to open air at atmospheric
conditions, as illustrated in Fig. 1. Methane and air at ambient conditions were premixed and



entered the annular section at a constant mass flow rate in order to provide the required bulk
velocity U, at the bluff body base. The burner was run at four conditions, displayed in Table 1
where the fuel-air equivalence ratio was decreased starting from far away from blow-off (A1)
to just prior to blow-off (A4), as shown in Fig. 2. Experimental measurements were obtained
using PIV, OH* chemilluminescence and OH-PLIF techniques, as described in [19].

Computational Solver and Grid

Two numerical solvers will be used for this case, namely PRECISE-MB and PRECISE-UNS
and these codes are used for structured and unstructured grids respectively. PRECISE-UNS
inherited part of the combustion modelling framework from the structured code PRECISE-
MB [24] and uses the numerical infrastructure based on DOLFYN for unstructured grids. The
gradients are calculated through the use of second-order accurate central difference schemes
[25]. A constant time step is specified in order to satisfy the Courant-Friedrichs-Lewy (CFL)
condition by ensuring the CFL number does not exceed 0.3.

6D,
........................ outlet
8, \ /
@ Slip walls Parameter Value
~
D 25 mm
D, 35 mm
Dy 6.35mm
T 298 K
Uair 0.1 m/S
Uy 21.6m/s
Ub,in 10.9 l’Il/S
0 90°

Figure 3: Computational grid and boundary Table 2: Parameters for the LES of the bluff
conditions for the burner (not to scale). body burner [19].

The computational grid starts 70 mm upstream of the bluff body base and a region of 10D, x
6D, x 6D, is added from the bluff body base as depicted in Fig. 3. The mesh for -MB had 3
million cells in total, using refinement at the bluff body and shear layers with a minimum cell
size of 0.2 mm. The mesh for -UNS comprised of 4 million hexahedral cells with refinement
towards the flame’s location and the shear layers, where the minimum cell size was 0.3 mm.
The operating parameters for the burner are shown in Table 2. A flat velocity profile at the
pipe inlet with magnitude U, ;, was specified with a value to give the required reference bulk
velocity at the bluff body base. An additional velocity stream U, 4 is included to mimic the
ambient air entrainment around the bluff body. Slip wall conditions are included downstream
of the bluff body to the outlet of the domain. The GRI 3.0 chemical mechanism was used
to determine the properties for an unstrained laminar flamelet. The desired equivalence ratio is
obtained by setting the correct mixture fraction & at the pipe inlet in order to obtain the chemical

. . ~0 -~ . ~ .
properties of the mixture, such as Ah, ¢, and M as functions of ¢ and Gésgs. The resolution



in the table for ¢ and Gc%sgs are 101 and 51 evenly distributed points from O to 1 respectively.
The progress variable is based on the sum of the mass fractions for CO, and CO. The flame
curvature parameter for Eq. (8) uses a value B, = 0.4 when it is not modelled dynamically. The
time-averaged statistics were taken across eight flow-through times, where the reference length

was taken to be 100 mm.

Results and Discussion

Isothermal Flow Results

{U)/U
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Figure 4: Variation of (U) /U, for the isothermal LES calculations (lines) and measured data
(o) [19] along the centreline. (—) represents the results from PRECISE-MB, and (—-) and
(—) represent the results from PRECISE-UNS using the constant Smagorinsky model and
and revised Vreman approach.

An isothermal flow simulation was performed first to validate the numerical set-up and the flow
field, in order to ensure that the correct turbulence model was used. The simulations were com-
pared against the velocity PIV measurements obtained in [19]. It was necessary to initially
validate the length of the recirculation zone and the results are depicted in Fig. 4. The two
curves from -UNS compare the two constant Smagorinsky approaches, where the recirculation
zone lengths were 1.35D and 1.27D for the constant Smagorinsky model and Vreman model
respectively. The approach by Vreman gave superior results because the recirculation zone
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Figure 5: Radial variations of (U) /U, using the same legend as in Fig. 4.
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Figure 6: Radial variations of (u,,,) using the same legend as in Fig. 4.

length was closer to the experimentally observed value of 1.21D. In addition the positive veloc-
ity gradients were captured more accurately with this approach. This would support the view
that the Vreman approach gives improved results for turbulent flows in engineering applications
[8]. The calculation performed using -MB produced a recirculation zone length of 1.13D, al-
though velocity profile in the recirculation zone was captured better than those from -UNS. The
-MB run used the dynamic Smagorinsky resulted in the expected improvements. The dynamic
approach for UNS is under development.

Some further analysis of the recirculation zone is conducted by studying the radial varia-
tions of axial velocity and its root-mean-square (rms) values, illustrated in Figs. 5 and 6. These
streamwise locations were close to the bluff body base (a), within the wider region of the re-
circulation zone (b) and downstream of the recirculation zone (c). It was chosen to omit the
constant Smagorinsky approach for analysis, due to the improved results produced by the Vre-
man model. Both simulations captured the axial velocity profiles well and this was also the case
for the axial rms velocity profiles. The calculation using -MB underpredicted the rms velocity,
as in Fig. 6b.

Reacting Flow Results

{U)/U

x/D

Figure 7: Variation of (U) /U, for the reacting computations performed using PRECISE-MB
(lines) and measured data (o) [19] along the centreline. (——) and (—-) represent constant and
dynamic f3, approaches respectively.
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Figure 8: Radial variations of (U) /U, using the same legend as in Fig. 7.

The flame chosen to be computed here was flame A1, which was the flame furthest from
blow-off conditions, as illustrated in Fig. 2. This was to determine which of the turbulence
SGS closure and code could capture the flame’s flow field the best since there was little to
differentiate between the results for the isothermal calculation. The work for the computation
using -UNS is still ongoing due to the higher computational costs and thus only results are
shown from -MB from this point onwards. The centreline axial velocity variation is shown in
Fig. 7, where the two computations compared static and dynamic modelling approaches for 3
in BEq. (8) for €. The value B, = 0.4 for the static case closely matched the results from the
dynamic formulation and thus it was decided to bound the dynamic formulation for a minimum
value of . = 0.4 to ensure that the scalar dissipation rate doesn’t fall below zero and the flame
remains fully turbulent. The radial variations for axial velocity at different locations are shown
in Fig. 8, where the comparison is only made between the results from the computation using
the dynamic approach with the previously mentioned modification for .. It can be seen that
there is a very good agreement between experimental data and the computation. However,
the recirculation zone here has to be estimated from the computations because data was not
obtained for the whole of the recirculation zone. It is noted though that the recirculation zone
length is sensitive to the effect of combustion since there was an increase in length from 1.13D
to 2.02D.
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Figure 9: Radial variations of (1, ). Symbols denote the experimental data and lines represent
the LES calculations. Blue and red represent isothermal and reacting conditions respectively.
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Figure 10: Radial variations of (v., ) using the same legend as in Fig. 9.

The results for the axial and radial rms value variations for flame A1 are shown in Figs.
9 and 10 respectively and these are compared to the isothermal results. It was shown that the
effect of combustion at x/D = 0.2 caused little difference to the turbulence levels since this lo-
cation was close to the bluff body. The discrepancy between the results at x/D = 0.8 was caused
by the difference in the structure of the recirculation zone since the sizes were different. The
turbulence levels were higher for isothermal conditions at this location since the recirculation
zone here was significantly smaller. The turbulence levels at x/D = 1.6 were different since this
location was within the recirculation zone for reacting conditions and hence the turbulence lev-
els increased downstream from the bluff body. The turbulence levels decreased at this location
for the isothermal results since this location was beyond the recirculation zone.
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(a) OH-PLIF [19]. (b) LES

Figure 11: Comparison of the experimental flame photograph with the time-averaged reaction
progress variable field from the LES for flame A1. Contours are at increments of ¢ = 0.1.

Some additional qualitative comparisons are made by the use of the OH-PLIF data collected
in [19]. Fig. 11 shows the mean reaction progress variable field and Fig. 12 shows a comparison
of normalised OH and normalised mean reaction rate from the experiment and LES respectively.
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Figure 12: Comparison of the normalised OH-PLIF and normalised filtered reaction rate.

The flame thickness increases downstream from the bluff body base due to turbulent eddies
perturbing the flame brush. This is also shown in Fig. 12 since the normalised quantities are
highest in the region closest to the bluff body base. The contour spacing for Fig. 11 was larger
at the furthest downstream point from the bluff body base examined, showing a thicker flame
and consequently caused a lower reaction rate as shown in Fig. 12b. Nonetheless the contour
spacing in Fig. 11 is still small, showing that the flame is stable. It can also be seen in Figs. 11
and 12 that the width between the flame brushes for the computations is higher from y > 40 mm,
suggesting the flame length is overpredicted in computation.

Conclusions and Suggested Further Work

Large Eddy Simulations using structured and unstructured CFD codes were undertaken to
model a turbulent lean premixed bluff body stabilised flame. The flame furthest from blow-
off conditions (A1) was modelled. The SGS closure performance was first evaluated using a
non-reacting flow and it was found that the Vreman closure gave improved results for the cold
flow compared to the dynamic Smagorinsky model. This relative evaluation for the reacting
flow is on-going and will be discussed in the presentation. The combustion model involves a
parameter, [, related to flamelet curvature/wrinkling, which can be evaluated dynamically. The
reacting flow results obtained using -MB with dynamic Smagorinsky closure and both static and
dynamic approaches for 3, are presented and discussed for the flame Al as a first step towards
predicting the flame blow-off behaviour. It was seen that the recirculation zone length was
highly sensitive to combustion, since the levels of turbulence were low. In addition, it was seen
in both isothermal and reacting calculations that the turbulence levels increased downstream of
the bluff body base within the recirculation zone. The isothermal results also showed that the
turbulence levels decreased downstream from the recirculation zone.
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Nomenclature

Roman

reaction progress variable
bluff body diameter
molecular diffusivity

total enthalpy per unit mass
PDF

turbulent Schmidt number
laminar flame speed

heat release parameter

U, reference bulk velocity

)y sub-grid scale velocity

Greek

SR AR
ﬂ

o thermal diffusivity

B.  flame curvature parameter

A LES filter width

0y, unstrained laminar flame thickness
€. sub-grid scalar dissipation rate

4 sample space variable for ¢

vr  kinematic residual eddy-viscosity
¢ mixture fraction

p mixture density

O¢.sgs SUb-grid scale variance of ¢

() fuel-air equivalence ratio

@  mass-based reaction rate

Superscripts
+  normalised quantity

Subscripts

A sub-grid scale quantity

P product (fully burnt) conditions

R reactant (fully unburnt) conditions
sgs sub-grid scale quantity

T turbulent quantity

Operators

¢  simple filtering of @
¢  Favre filtering of ¢
@ testfiltering of @
() time-average of @
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