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Abstract

Large eddy simulations of turbulent swirl-stabilised flames gradually approach-
ing blow-off conditions in a gas turbine model combustor are undertaken. The
global equivalence ratio of the flames is reduced by increasing and decreasing
the air and fuel flow rates respectively. The filtered reaction rate for partially pre-
mixed combustion is modelled using a presumed joint probability density function
flamelet model. The average position of the flame is closer to the fuel nozzle when
the global equivalence ratio is decreased, contrary to what is expected. Compar-
isons are made with simultaneous particle image velocimetry, and acetone and OH
planar laser induced fluorescence imaging for the corresponding simulated case. It
is demonstrated that the mechanisms leading to local extinction are well captured
in the simulation and insufficient mixing induced by the precessing vortex core
leads to local extinction. Further analysis of the simulations shows that including

heat loss effects within the modelling is important for flames near or approaching
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blow-oft. The non-adiabatic simulation influences the re-stabilisation of the flame
after lift-off and shows that the flame leading edge follows the rotation of the
PVC. A blow-off correlation based on the Damkohler number is proposed using
the PVC rotation frequency and a chemical time scale. Analysis shows that the
simulated flames respond to the correlation and including non-adiabatic flamelets
is important for flames approaching blow-off.

Keywords:

Large eddy simulation, Local extinction, Partially premixed flames, Precessing

vortex core, Swirling flow

1. Introduction

Swirling flows are typically used in gas turbine (GT) combustors to achieve ro-
bust flame stabilisation over a wide range of operating conditions [1]. The central
or inner recirculation zone (IRZ) established through vortex breakdown mecha-
nisms in reacting flows with swirl contains hot combustion products including
radical species. Heat and mass is transported from the combustion products to
ignite the fresh reactant mixtures due to the high-intensity turbulence from the
vortex region [2]. However, swirling flows in GT combustors are highly turbulent
and often feature large fluctuations in fuel-air mixing. This makes flames suscep-
tible to local extinction at lean conditions, which may ultimately lead to complete
flame blow-off [3-5].

Swirling flows contain coherent flow structures, such as a precessing vortex
core (PVC), which play a prominent role in flame stabilisation [6, 7]. The PVC
is a distinctive feature of swirling flows and is a hydrodynamic instability, which

manifests as a coherent structure that oscillates on top of the mean base flow. It



exhibits a frequency that is uniform throughout the domain and is equal to the pre-
cession frequency [6]. Although it has been observed in some combustors that the
PVC is dampened under reacting conditions [8—10], the PVC highly influences
flame stabilisation in combustors, which has been observed in the GT model com-
bustor (GTMC) developed by the German Aerospace Centre (DLR) [11-13]. It
has been observed that the PVC enhances fuel-air mixing as well as mixing of
burnt and unburnt gases [3, 14, 15] and it can induce large scale flame stretch,
roll-up and local extinction, which can be severe for flames near the flammability
(specifically lean) limits [5]. It is essential to capture these transient phenomena
in combustion modelling and simulations to ensure that the overall flame blow-off
behaviour can be simulated with confidence.

Large eddy simulation (LES) with a physically consistent, well-tested and ro-
bust sub-grid scale (SGS) combustion model is suitable to capture these transient
processes. However, computational studies with the LES framework of flame
blow-off characteristics for burners where a PVC is observed are scarce. A rel-
atively simple configuration involving a single axial swirler and a bluff body
has been developed by Cavaliere et al. [16] to investigate blow-off and simu-
lations of the non-premixed configuration have also been conducted with some
success [17, 18]. This case is geometrically simpler compared to the GTMC
studied by DLR [12, 13, 19, 20], which contains two radial swirlers with fuel
injected between the central and annular swirling air streams. Hence, the fluid
mechanical processes in the GTMC are complex and challenging for numerical
modelling. However, recent studies [21-24] have demonstrated that these flow
features and flame characteristics can be captured well using a carefully designed

flamelet based SGS combustion closure. These simulations demonstrated that the



flame stabilisation and lift-off processes are highly influenced by the PVC. Fur-
thermore, it has been demonstrated that including heat loss effects can influence
the flame shape [25] and stability [24, 26, 27]. It is expected that the PVC at-
tributes will be affected by heat loss as previously hinted [24]. Nevertheless, the
role of the PVC on local extinction leading to flame blow-off in a burner with
a realistic geometry is yet to be investigated and the GTMC developed by DLR
serves as an ideal case to study this aspect carefully.

The objectives of this investigation are two-fold. The first is to elucidate the
role of flow structures and their interactions with the flame as blow-off is ap-
proached by analysing LES results and comparing those results with experimen-
tal observations made using simultaneous PIV (particle image velocimetry), and
acetone- and OH-PLIF (planar laser induced fluorescence) imaging. The second
is to explore if a flame blow-off correlation involving the PVC characteristics
can be deduced using the insights gathered from the LES results. These objec-
tives are addressed by considering a specific flame condition, referred to as flame
C [5, 12, 13], which is suggested to be close to the blow-off limit for the GTMC.
The fuel and air flow rates are carefully and systematically changed from the con-
ditions for flame C towards flame blow-off. The effects of heat loss are also in-
vestigated by including heat loss within the filtered reaction rate closure model
and through boundary conditions of the combustor wall, as previously described
by [24].

This paper is organised as follows. A brief description of the LES and com-
bustion modelling methodologies is presented in section 2. The GTMC and laser
diagnostics that are used in the previous study [15] are outlined briefly in sec-

tions 3.1 and 3.2. The flame conditions investigated in this study along with their



simulation details are described in section 3.3. The results are discussed in sec-

tion 4 and concluding remarks are drawn in section 5.

2. Large eddy simulation methodology

The filtered conservation equations for mass and momentum are solved, along
with the total enthalpy (sum of the sensible and chemical enthalpies) under the
low Mach number assumption. A Poisson equation is used to obtain the modified
filtered pressure p [28]. The Favre-filtered temperature T is obtained using the
filtered enthalpy transport equation and the filtered density p is obtained using the
equation of state. The SGS eddy viscosity v is obtained using the Smagorinsky
model [29] and residual scalar fluxes are modelled using gradient hypotheses [28].

The combustion modelling methodology that is used for this study is based
on the previous LES studies by Chen et al. [30] and Massey et al. [24]. The ap-
proach employs the mixedness-reactedness concept [31] and uses a mixture frac-
tion ¢ and a reaction progress variable ¢ to prescribe the local thermochemical
states in partially premixed flames. The mixture fraction is calculated using the
definition proposed by Bilger [32]. Scaled and unscaled progress variable ap-
proaches have been tested in the study by Chen et al. [33], where it is observed
that the scaled progress variable approach performs better in capturing local ex-
tinction and this approach is used here. The scaled progress variable is defined as
c =y /Yy, where Y = Yo + Yo, and the superscript ‘eq’ denotes the equilibrium
value for a given mixture fraction. Transport equations for the Favre-filtered mix-
ture fraction £ and progress variable ¢, and their sub-grid variances, 0'?,5 o and O'isgs
respectively, are used to describe partially premixed combustion. The molecular

diffusion terms in the aforementioned transport equations are taken to be the same



for each species, since the Lewis numbers are close to unity for methane—air mix-
tures. The sub-grid Scalar Dissipation Rate (SDR) terms ¢ s and Y, e require
modelling. The sub-grid SDR for Eis modelled using a linear relaxation model
Xeses = Ce(vr /Az)oésgs [34, 35]. This algebraic expression is suitable for pas-
sive scalars, since their gradients are generated through turbulence. The algebraic
model developed in the study by Dunstan et al. [36] is used to model Y ses, Which
includes the effects of chemical reactions, thermal expansion and the multi-scale
turbulence—combustion interactions [37].

Since partially premixed combustion is considered in this study, the reaction
rate closure should include the contributions from premixed and non-premixed
combustion modes. Early studies by Bray developed an LES approach for mod-
elling lifted flames, since partially premixed combustion is present at the flame
root. An expression for a flame index based on the scalar product of the fuel
and oxidiser normal vectors is proposed to quantify the contributions of premixed
and non-premixed combustion regimes [38]. It is often convenient to use a reac-
tion progress variable to mark the reaction zones by normalising a scalar variable,
which must increase monotonically across the flame. In addition, it is conve-
nient to use a probability density function (PDF) closure in mixture fraction and
progress variable space, since the lower and upper limits for both variables are
zero and unity respectively, as suggested in the study by Bray et al. [39]. How-
ever, the aforementioned study demonstrates that additional scalar dissipation rate
terms arise during the normalisation of the progress variable transport equation
and these must not be neglected to ensure physical consistency in partially pre-
mixed flames. Therefore, the filtered reaction rate source term for partially pre-

mixed combustion @* should include these additional terms and this is written



as [39]

Y ¢ A2y T dye
w* = + + 2 1
e PXE e a8 PXec o g (1)
~——
Premixed @y Non-premixed @pp Cross dissipation term @wegr

The three terms on the right-hand side of Eq. (1) represent the contributions
from premixed and non-premixed combustion modes, and their interactions result-
ing from the cross dissipation rate. These are denoted as Wy, Wy and ey, TESPEC-
tively. The cross dissipation term is neglected following previous studies [39, 40].

The first term of Eq. (1) signifies the contribution of the premixed combustion

mode, where the unscaled reaction rate is wy = wco + @Wco,. This term is modelled

as [40]
fp(n {)
P dnd 2
g = ffp({)(g“)n{ 2)

where 77 and ¢ are the sample space variables for the mixture fraction and progress

variable respectively. The flamelet reaction rate and density, denoted wr,(77, )
and p(n, {) respectively, are obtained from laminar flame calculations using Can-
tera [41] with the GRI-Mech 3.0 chemical mechanism. The density-weighted
joint PDF is approximated using statistically independent beta PDFs as F(n, ) =~
Ps(n; &, o-ésgs)xﬁﬁ(g ; ¢, 02,,,). The premixed combustion source term @y, can be
modified to include non-adiabatic effects at the flamelet level as demonstrated in
the study by Massey et al. [24], which applies a heat release damping approach by
scaling the source term in the one-dimensional energy equation [42]. The filtered

premixed reaction rate source term is modelled as [24]

wrp(m, ¢, H) =
P, 2, H) dndZ dH 3
oy = fffp(n,éﬂ) P&, H) dndg ©)

where P(1, &, H) ~ Fﬁ(n D, O-é,sgs)XF,B(g ;€07 g ) XO(H —h*) is the joint PDF of
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the mixture fraction, progress variable and normalised enthalpy and H denotes the
sample space variable for the normalised enthalpy 7" = [h — hpin(€, ©)]/[haa(E, €) —
hmin(€, )], where the subscripts ‘min’ and ‘ad’ denote the minimum and adiabatic
mixture enthalpies respectively at a given mixture fraction and progress variable.
A Dirac delta function is used for A*. The values of h.;, and A, are tabulated
as functions of ¢ and ¢ for the normalisation of the filtered enthalpy in the LES.
The laminar flame solutions are used for the integration of the PDFs to gener-
ate look-up tables containing the filtered quantities. These look-up tables have
four dimensions for adiabatic simulations and five dimensions for non-adiabatic
simulations; the complete details for generating these look-up tables and their di-
mensions are outlined by Massey [43].
The non-premixed contribution in Eq. (1) is modelled using [40]

_ o 1 1 d2 eq .
Wnp = PCXg fo v () ﬁnz(n)P(n) dn. 4)

The non-premixed contribution does not come from counterflow diffusion
flamelets and is instead a correction term for the premixed source term. This term
contains the filtered mixture fraction scalar dissipation rate, which is the sum of
the resolved and SGS contributions y; = f)(VE- VE) + Xeses- The non-premixed
contribution is only significant in the regions where there is a stochiometric fuel—
air mixture, since d*y°4/dn? approaches zero for mixtures that are far away from
stoichiometric conditions [40]. It has been observed that near-stroichiometric
mixtures are located far from the combustion chamber walls in the GTMC, as
observed in the experiments [12] and simulations [24]. Thus, this term is taken to

be unaffected by heat loss through the combustion chamber walls.
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Fig. 1: Schematic of the DLR gas turbine model combustor along with the regions for laser diag-
nostics [12, 13, 15].

3. Experimental methods and computational procedure

3.1. Gas turbine model combustor

The GTMC developed by DLR is illustrated in Fig. 1 [12, 13]. Dry air at at-
mospheric pressure and room temperature enters a single plenum and the flow is
split through two radial swirlers. The two co-swirling flows enter the combustion
chamber through a central nozzle of diameter 15 mm and an annular nozzle with
inner and outer diameters of 17 mm and 25 mm respectively, which is contoured
to a diameter of 40 mm. Non-swirling methane is fed through a nozzle ring con-
taining 72 channels (0.5 x 0.5 mm?), as shown in Fig. 1. The exit planes of the
central air and fuel nozzle ring are 4.5 mm below the exit of the annular divergent
air nozzle and the entrance to the combustion chamber. This location corresponds

to x = 0, as shown in Fig. 1. The combustion chamber has a square cross-section
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with an internal area of 85 x 85 mm? and a length of 114 mm. The side walls are
formed by 4 quartz plates that are held by 4 posts (diameter 10 mm) in the cor-
ners, in order to allow good optical access to the flame. A conical top plate with a

central exhaust pipe of diameter 40 mm forms the exit.

3.2. Measuring techniques

For assessment of the simulation, the study employs time-resolved, simulta-
neous measurements of flow field, flame structure and fuel distribution. The main
features of the experiment are described below, while further details are provided
in the study by Stohr et al. [15]. The diagnostic set-up consists of a PIV and
PLIF system with a repetition rate of 10 kHz. The PLIF systems enables the si-
multaneous measurement of OH and acetone, which is seeded in small amounts
into the methane in order to image the fuel distribution. For the measurements of
the flow field using PIV, titanium dioxide (TiO,) particles with a nominal diam-
eter of 1 um are added to the air flow. The purpose of the combined measuring
system is to qualitatively examine the interactions between the flow field, fuel—
air mixing processes and the flame. The measurements are obtained in the x—y
midplane at z = 0, where the PIV and PLIF laser sheets have a thickness of
0.7 mm and 0.4 mm respectively. The PIV measurements are limited to a region
bounded by —4 < y < 36 mm and 0 < x < 30 mm. The PLIF images are obtained
over the same height. The OH-PLIF field width is within =37 <y < 39 mm and
the acetone-PLIF field width is within —25 <y < 28 mm. These regions are illus-

trated in Fig. 1.
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3.3. Simulation details

The conditions of the flames analysed in this study are listed in Table 1. The
first case, flame C, is investigated using the LES framework described in sec-
tion 2 and validated against the measurements [23]. The non-adiabatic flamelet
formulation is also tested for flame C in the study by Massey et al. [24] and is
referred to as flame C-NAD in this study. Measurements are only available for
the air and fuel flow rates used for flames C and C-NAD and comparisons with
time-averaged statistics are shown in previous studies [23, 24]. The measurements
obtained using the PIV and PLIF systems described in section 3.2 are used as fur-
ther validation for flame C. The air and fuel mass flow rates are rir,;, = 4.68 g/s
and riicy, = 0.15 g/s respectively giving a global equivalence ratio of ¢y, = 0.55
for flame C [12, 13]. The additional simulations have lower values of ¢q,, Which
is achieved by increasing the air mass flow rate or decreasing the fuel mass flow
rate. Flames C-F20 and C-F40 represent a decrease in ricy, by 20 % and 40 %
respectively, and flame C-A25 represents an increase in 7, by 25 %. The flow
rates are carefully chosen for flames C-A25 and C-F20, in order to decrease the

global equivalence ratio to approximately ¢go, = 0.45, and the global equivalence

Case Flow rates $q0b Adiabatic flamelets
C [23] Ty mcp, 0.55 Y
C-NAD [24] g mcy, 0.55 N
C-F20 e  0.8rcy, 0.45 Y
C-F40 e 0.6 rcy, 0.35 Y
C-A25 1.25 ring; ricy, 0.45 Y
C-A25-NAD  1.25 riny;, mcy, 0.45 N

Table 1: Mass flow rates and global equivalence ratios for the simulations undertaken.
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ratio for flame C-F40 is ¢, = 0.35. Flame C-A25-NAD is run under the same
conditions as flame C-A25, but uses the non-adiabatic flamelet formulation and
wall boundary conditions. The bottom plane of the combustion chamber is spec-
ified to be at 700 K and the temperature of the side walls increases from 700 K to
1000 K linearly over a height of 40 mm and beyond this height, the temperature is
held at 1000 K [24].

The computational grid is the same as used in previous studies [23, 24], which
is an unstructured grid with 20 million tetrahedral cells. Previous studies [21,
22] have shown that this numerical grid is adequate for a flame that has a higher
Damk®ohler number and mass flow rates than the cases studied here. The suitability
of this grid for the increased flow rates used for this study is also assessed through
Pope’s criterion for isothermal flows. The flames listed in Table 1 have global
equivalence ratios that are equal or less than in flame C and since the flames in
these cases are weaker, the grid resolution is adequate.

The computational model includes an air feed pipe, the plenum, both swirlers
and the combustion chamber; this is shown in Fig. 2. A large cylindrical atmo-
spheric far-field downstream of the combustion chamber is included with a coflow
air stream to prevent acoustic wave reflection. All 72 fuel injectors are included in
the mesh to provide an improved accuracy for the fuel-air mixing field. Five mesh
points with a uniform spacing of 0.1 mm are used for the fuel nozzle. There is also
refinement along the outer contoured wall of the annular nozzle to ensure that the
flow separation is accurately captured. At least two cells adjacent to the wall are
within y* < 5, in order to ensure that the velocity field in those regions is insen-
sitive to the use of a wall model. It is also demonstrated by Massey [43] that the

Smagorinsky model produced the best comparisons with the measured velocity
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Fig. 2: Computational model of the GTMC.

components for the isothermal flow case by investigating the sensitivity to various
sub-grid stress models, which include the k—equation [44] and wall-adapting local
eddy (WALE) [45] models. In particular, the flow separation along the contoured
wall of the annular divergent nozzle, which affects the jet opening angle and the
near-field recirculation zone structure, is captured best by the Smagorinsky model.
The studies on flame C [23, 24] also have demonstrated that the velocity fields are
well captured with this set-up. The minimum cell sizes around the fuel nozzle,
swirlers and shear layers are 0.1, 0.3 and 0.5 mm respectively. The mass flow

rates are imposed using the values in Table 1 with top-hat velocity profiles and the
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coflow velocity is 0.1 m/s. All walls have no-slip conditions imposed except for
the lateral walls of an extended far-field domain beyond the combustion chamber
exit, which have slip conditions imposed.

The simulations are undertaken using OpenFOAM 2.3.0 with the PIMPLE
algorithm for the pressure—velocity coupling. Second-order central difference
schemes with no blending factors are used for the velocity. To ensure numeri-
cal stability, an implicit Euler scheme is used for time marching, but with a small
time step of Az = 0.15us. This ensures that the CFL number remains below
0.4 across the whole domain with suitable accuracy for the time derivatives. The
simulations are undertaken using 1080 cores on the ARCHER high performance

computing service in the United Kingdom.

4. Results

4.1. Averaged flame features

The structure of the IRZ is highly sensitive to the incoming mass flow rate
and the global equivalence ratio, since the heat release strongly influences its
structure [46]. The IRZ contours are marked by using isolines of the time- and
azimuthally-averaged axial velocity (U) = 0, as shown in Fig. 3. These are shown
for the flames with lower global equivalence ratios and compared against flame C
and its non-adiabatic counterpart flame C-NAD [24]. Time-averaged contours
are not available for flame C-F40, since failed ignition occurred globally. The
time-averaged statistics are collected over a 45 ms period. It is observed that the
forward stagnation point is located at x = —5 mm for all of the cases. However,
the size and shape of the IRZ changes significantly in the downstream locations

beyond x > 10 mm. In general, it is seen that the IRZ is narrowest for flame C,
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since this case has the highest global equivalence ratio and therefore, the strongest
heat release. The competing effects of dilatation and turbulence influence the ra-
dial pressure forces acting on the IRZ [46], but also the effect of swirling flow
and pressure oscillations influence the volume and shape of the IRZ in this con-
figuration [22]. It is shown that including non-adiabatic effects for the SGS re-
action rate model causes the recirculation zone width to increase, as observed for
flame C-NAD in Fig. 3. The rear stagnation point is located further upstream
at x = 63mm for flame C-NAD compared to flame C, where this is located at
x =68 mm. The rear stagnation point is located at approximately x = 68 mm
for flame C-F20, whereas this point is located slightly upstream at x = 64 mm
for flame C-A25. This is caused by the increase in 7y, as increasing the flow rate
leads to a higher swirl number and leads to a wider recirculation zone [12]. The
recirculation zone in the non-adiabatic simulation, flame C-A25-NAD, is almost
the same as in flame C-A25 up to x = 30 mm. However, the recirculation zone is
wider downstream of x = 30 mm for flame C-A25-NAD and the rear stagnation
point is located at x = 69 mm.

The time-averaged filtered mixture fraction contours at (E) = 0.04, 0.055 and
0.08 are shown in Fig. 4 using coloured lines for the same four cases shown in
Fig. 3. The top row shows flames C and C-F20 in Figs. 4a and 4b respectively,
while the bottom row shows flames C-A25 and C-A25-NAD in Figs. 4c and 4d
respectively. It is observed that the isoline of (E) = &y = 0.055 for flame C extends
up to x = 10 mm. However in the other three cases, this isoline is closer to the
fuel nozzle region, which is due to a decreased global equivalence ratio. This
is also indicated by the mixture fraction contour (E) = 0.04 spanning a greater

area for flame C in Fig. 4a. The stoichiometric mixture fraction contours for
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Fig. 3: Isolines of the time-averaged axial velocity contour (U) = 0 for the simulations listed in
Table 1.

the other three cases are similar, suggesting that the near-field mixing region is
unaffected by the change in the fuel or air flow rates to achieve a given global
equivalence ratio, or by heat loss effects. The (E) = 0.04 contour for flame C-
F20 does cover a larger area, suggesting that increasing the air flow rate gives a
locally leaner mixture around the flame compared to reducing the fuel flow rate.
The black lines in Fig. 4 indicate the averaged flame position using 0.8 (@* ).
It is shown in Fig. 4 that the flame brush is closer to the fuel nozzle in flames
C-F20 and C-A25 than in flame C, since stoichiometric mixtures are closer to

the fuel nozzle. The mean lift-off height (based on the flame leading edge on the
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T = 1500 K iso-surface above the fuel injectors within » < 10 mm) over a 300 ms
sample for flame C is determined to be 8.32 mm for flame C, whereas this value is
marginally further upstream for flames C-A25 and C-F20 at 7.46 mm and 7.89 mm
respectively. The use of T = 1500K to locate the flame brush leading edge is
based on the suggestion in previous studies including lifted jet flames [23, 30].
The leading edge in flame C-A25-NAD is further downstream in comparison to
flame C-A25 and has a mean lift-off height of 8.99mm. However, the flame base
is typically in the same region for all cases, despite the differences in the mass
flow rates and inclusion of non-adiabatic effects.

The canonical lifted jet flame has different stabilisation mechanisms, which in-
clude premixed flame propagation [47], flame quenching due to high scalar dissi-
pation rates [48], edge flame phenomena [49] and neighbouring large-scale eddies
supplying hot products to the edges of the jet [SO]. When the fuel jet is diluted with
air for a given jet velocity (reducing the global equivalence ratio), the mean flame
base is located further downstream [51, 52]. For the configuration studied here,
the mean flame lift-off height is similar even when the global equivalence ratio is
changed. It is intriguing that for the adiabatic cases where the global equivalence
ratio is smaller, the average position of the flame moves further upstream in com-
parison to flame C. However, the stabilisation mechanisms are different due to the
swirling flow field and the presence of the PVC. In addition, flame C-A25-NAD
moved downstream compared to flame C-A25, suggesting the important role of
including heat loss effects. Therefore, the local mechanisms of flame stabilisation

are investigated in the following sections.
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Fig. 4: Isolines of the time-averaged flame position (black lines) and the mixture fraction (coloured
lines). The flame position is marked using 0.8 (@w*).x. The control volume CV1 that is marked is
used to calculate the volume integrated heat release rate in the nozzle region.

4.2. Comparisons with planar image measurements

As observed in the experimental studies, the flame stabilisation mechanisms
are closely coupled to the PVC that rotates periodically at a frequency set by
the incoming air flow rate [19]. Its presence enhances fuel-air mixing [15], and

can also induce flame roll-up and local extinction [5], which has also been ob-
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served numerically for flame C [23]. In addition, pressure fluctuations induced
by thermo-acoustic instabilities can cause the PVC to extend axially and retract,
as observed in experimental [53] and numerical [22] studies. Frequent disappear-
ance of the flame root is also observed during large pressure fluctuations, and the
root of the PVC contracts and expands radially for high and low pressures re-
spectively. The flame root is observed to reform when the pressure fluctuations
become smaller, which is also observed in the experimental study by Boxx et al.
[54]. Flame C uses the same air mass flow rate as the case with thermo-acoustic
instabilities, referred to as flame B, but the lower fuel flow rate used in flame C
causes the flame to be close to the lean blow-off limit. Since the pressure fluc-
tuations are small for flame C [55], the stoichiometric mixture fraction remains
further away from the PVC and mixing enhancement is weakened. This occasion-
ally leads to local extinction during a later flame roll-up process [5]. If the flame
root is not present and flame roll-up does not occur over a critical length of time,
which has been estimated to be equal to the time period of one rotation of the
PVC, then the flame lifts off (recedes downstream).

As previously mentioned, the flame root and its azimuthal position are highly
influenced by the PVC. The PVC frequency f,,. can be obtained through a power
spectral analysis of the axial velocity field. The Fast Fourier Transform (FFT) is
applied to the axial velocity obtained over a 300 ms period at a point where the
PVC is expected to be present; the total duration of the PIV sample is 800 ms with
a repetition rate of 5 kHz [5]. This is shown for flame C in the inset of Fig. Sa for
a probing point located within the inner shear layer at x = 13.5 mm and y = 9 mm.
The PVC frequency for the LES case is 390 Hz, whereas the frequency obtained

using the PIV measurements is 510 Hz. It is observed in the study by Massey et al.
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Fig. 5: Spectral behaviour of the azimuthal movement for the flame root using the azimuthal
position fluctuations 8’ for flames (a) C, (b) C-F20, (c) C-A25 and (d) C-A25-NAD. The inset of
(a) shows the power spectral density signal of the axial velocity for a point located within the inner
shear layer at x = 13.5 mm and y = 9 mm in the flame C simulation and the PIV measurements.

[23] that the spreading angle of the swirling flow in flame C is slightly over pre-
dicted, which is due to the flow separation along the contoured wall of the annular
divergent air nozzle being delayed. This most likely causes the PVC frequency to
be under predicted. This has also been observed in previous studies on a flame that
has a higher global equivalence ratio and no thermo-acoustic instabilities present,
referred to as flame A [21, 22]. A significantly finer grid is required to accurately
capture the flow separation, which is not the aim of this work. It has been shown
in the LES study by Chen et al. [22] that the PVC is the essential stabilisation
mechanism and the spectral behaviour of the flame leading edge movement gives
a frequency equal to the PVC frequency. The FFT of the azimuthal position fluc-

tuations 6" about the mean on the transverse (y—z) plane is applied to the same
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Fig. 6: Time series of the lift-off height above the fuel nozzle for flame C after the transient period
from ignition #) = 104 ms.

four cases analysed in section 4.1 and these are shown in Fig. 5. For flame C, the
FFT in Fig. 5a shows a peak that is at 390 Hz with an amplitude of 0.36. This
amplitude is significantly lower than the peaks observed for flames A and B in
the study by Chen et al. [22], which are not close to the lean blow-off limit. This
peak frequency corresponds to a time period of 7, = 2.56ms. As the air mass
flow rate is the same for flame C-F20, the peak frequency is 394 Hz, as seen in
Fig. 5b. For flames C-A25 and C-A25-NAD, the peak frequencies are seen to be
485 Hz and 482 Hz respectively, as shown in Figs. 5c and 5d. These frequencies
are greater than those reported for flames C and C-F20 because the air flow rate is
increased by 25 %.

Since the peaks and their corresponding frequencies for the four cases are
consistent with the flow rates of each case, this suggests that the PVC is the domi-
nant mechanism for the stabilisation of this flame and the azimuthal position of the
flame follows the rotation of the PVC. However, there is significant low-frequency
noise for the four cases, particularly for flames C and C-A25-NAD. Flame C is

studied in further detail, since additional PLIF measurements are available for
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Fig. 7: Time series of the lift-off event for flame C showing (a) the lift-off height above the fuel
nozzle and (b) the volume integrated heat release rate near the fuel nozzle region (CV1 in Fig. 4).
The normalised time is Tpye = f fove, Where f=1t—1tyand fy = 104 ms. The red crosses indicate the
frames in Fig. 9a and the blue crosses represent the time interval for the analysis in Fig. 13.

validation of the observed local extinction and lift-off phenomena. A time se-
ries of the lift-off height for flame C is shown in Fig. 6 against a normalised
time axis Tpye = f Jove> Where f =1t -ty and the transient period from ignition is
to = 104 ms. In general, it is seen that the flame root fluctuates around its mean
value of 8.32mm. There are two short lift-off events at Tp,. = 93 and 98. Fur-
thermore, it is shown in Fig. 6 that an extended lift-off event is present between
Tpye = 7 and 16. Two time series are shown for this lift-off event in Fig. 7a and 7b
of the lift-off height and the volume integrated heat release rate within a volume
of size 10 x 20 x 20 mm?> around the nozzle region that is centred at x = 0; this
volume is marked in Fig. 4 as CV1. It is shown in Fig. 7 that the flame experi-
ences transients during the interval 2 < T}, < 7, since the lift-off height increases

and the nozzle integrated heat release rate periodically approaches zero with a pe-
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Fig. 8: Arbitrarily chosen snapshots of flame C showing the simultaneous PIV, and acetone- and
OH-PLIF measurements (top) and the LES results of the velocity vectors, and the filtered reaction
rate and mixture fraction (bottom). The colour bars are for the LES results. The control volume
CV2 is used for the analysis in Fig. 18.

riod of 2 Ty, and the maximum heat release rate is smaller than at the start of the
sample. The flame is lifted between T, = 8 and T, = 16, since the integrated
heat release rate in the nozzle region is small during this time interval.

It has been shown experimentally [5] and numerically [23] that local extinc-
tion occurs before a lift-off event. The flame lift-off event is triggered due to local
extinction at the flame root, which is caused by the entrainment of inflammable

mixtures into the region near the forward stagnation point of the IRZ. Although
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this has been previously identified using OH-PLIF measurements [5], further in-
sights into the lift-off event using acetone-PLIF are presented to understand the
fuel—-air mixing processes and their influence on local extinction events. An ar-
bitrarily chosen snapshot with a stable flame is shown in Fig. 8. The measure-
ments and LES results are shown respectively at the top and bottom of Fig. 8.
The acetone-PLIF measurements are shown from white to blue, where regions of
a strong blue colour denote pure fuel. The OH-PLIF measurements are shown
from white to red and the flame front is located in the region where the colour
changes from pale blue to red. For the LES snapshot, the mixture fraction within
0< E < 0.1 (white to blue) is plotted for mixtures that have progress variable val-
ues of ¢ < 0.5, in order to represent the acetone-PLIF measurements. The flame is
marked using the filtered reaction rate in the range 40 < @ < 200kg/m?> s (white
to red).

As observed in the study by Stohr et al. [15] using combined acetone- and
OH-PLIF measurements, the PVC is known to pass through unmixed fuel and
air. The PVC is crucial to flame stabilisation because it induces strong mixing of
the unburnt fuel, air and hot products, which leads to ignition within these vortex
structures. In Fig. 8, these are identified by the circular patterns of the velocity
vectors and such regions have high vorticity magnitudes. In the LES snapshot in
Fig. 8, a mixing region is developing at x = 8§ mm and the flame is attached to the
outer part of the structure. The fuel-air mixture is expected to be entrained into
the centre of the vortex structure. Further downstream on the left-hand side, a
reacting region is located at x = 12 mm with a flammable mixture, suggesting that
the vortex is well-mixed and combustion is sustained.

It has been observed in the experimental study by Stohr et al. [5] on flame C
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that frequent extinction and re-ignition occurs over short time durations (< 1 ms).
However, if this extinction persists for longer than the time required for one ro-
tation of the PVC, then the flame lifts off. It has also been observed that local
extinction must occur within the vortex structures along the inner shear layer to
initiate the lift-off process. The measurements are used to identify when local
extinction within the vortex structures occurs, since these give insights into the
fuel—air mixing processes induced by the PVC and the subsequent flame roll-up
process. The time series of the lift-off height and integrated heat release rate in
the nozzle region in Fig. 7 are used to identify a lift-off event, as the nozzle heat
release rate is low for the range 20 < 7 < 40ms (approximately 7. = 8 to
Ty = 16). There are oscillations in the nozzle heat release rate during the in-
terval 2 < T, < 7. The last cycle is analysed, since the integrated heat release
rate is small after this cycle and the lift-off height then increases. Snapshots of
the simulations are shown in Fig. 9a at intervals of 0.6ms and the total duration
of the sequence exceeds one PVC rotation period 7, = 2.56 ms. The selected
PLIF images, shown in Fig. 9b, are 0.6ms apart and a time series of the integrated
OH-PLIF signal is used to identify when the flame is lifted.

In the first frame in Fig. 9a at 7 = 18.825 ms, the pale red colour close to the
centre at x = 8 mm indicates the flame root region. The time series of the volume
integrated heat release rate in the nozzle region at the first red point in Fig. 7b
shows a lower value of 68 W compared to the maximum observed value of 128 W
and with the observations in the first snapshot of Fig. 9a, it is demonstrated that
the flame root is weak. This is also shown in the first PLIF image in Fig. 9b, as the
OH-PLIF planar image signal is considerably weaker in comparison to Fig. 8. In

the LES snapshot at 7 = 19.425 ms, a vortex region is located at x = 5 mm near the
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velocity vectors, and PVC induced mixing of the fuel and air is expected to occur.
The next snapshot at 7 = 20.025 ms shows the aforementioned vortex that is cen-
tred at x = Smm and y = 8 mm. It is shown that the mixture fraction is close to 0,
as indicated by the white colour and this suggests that insufficient PVC induced
mixing has occurred. This is also seen by the very pale blue colour in the corre-
sponding acetone-PLIF image in Fig. 9b. A fuel-rich reacting mixture can be seen
in Fig. 9a at x = Smm and y = 2 mm, which is due to the flame root igniting the
PVC induced mixture. It is observed in the entire sequence of simultaneous PIV
and PLIF measurements (not shown here) that the flame root ignites a well-mixed
region within the vortex and leads to PVC induced flame roll-up, which must oc-
cur to keep the flame stable. However, the next snapshot at 7 = 20.625 ms shows
that the flame and its root have lower reaction rate values and no flame roll-up is
seen. The flame is instead present further downstream and a flammable mixture
located at x > 20 mm is ignited. In the snapshot at 7 = 21.225 ms in Fig. 9a, it is
seen there is no reacting mixture within the vortex because the fuel-air mixture is
too lean and hence, no flame roll-up has occurred. This is referred to as a local
extinction event. In addition, there is a pocket of a rich fuel-air mixture that is be-
yond the flammability limits at x = 10 mm and y = =2 mm, which is at the flame
root region. This suggests that the PVC induced mixing on the left-hand side is
weak and the variation of the mixture fraction in the flame root region is highly
intermittent, which indicates a precursor to a lift-off event. The last snapshot in
Fig. 9a shows local quenching of the reaction zone, as there is a very rich fuel-air
mixture around the flame root region and the local reaction rates are lower. In ad-
dition, no reacting vortex structures can be seen. If there is PVC induced mixing,

the absence of flame roll-up and the presence of fuel-rich mixtures in the flame
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Fig. 10: Snapshots of flame C experiencing lift-off using the simultaneous PIV and PLIF measure-
ments (top) and the simulation results (bottom). The LES results use the same scales as in Fig. 8.

root region for one PVC rotation period, then the flame experiences lift-off, as
observed in the study by Stohr et al. [5].

Figure 10 shows the flame at its maximum lift-off height at 7}, = 13.46 in
Fig. 7a. The velocity vectors in Fig. 10 from the experiment and the LES indi-
cate that the opening angle of the IRZ is narrower in comparison to the stabilised
flame shown in Figure 8. This is due to the absence of heat release and hot prod-
ucts around the typical flame root region. The measurements shown at the top of
Fig. 10 indicate that the continuous supply of fuel and air pushes the flame root
further downstream and the flame is known to stabilise at a downstream location
outside of the measurement region, as seen with OH-PLIF measurements [5]. The
measured lift-off event lasts for approximately 150 ms. For the simulation, the
flame reaches a maximum lift-off height of approximately 19 mm above the fuel

nozzle. Re-ignition around the flame root region is prevented, since PVC induced
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mixing is also seen to be weak, since no vortices (circular patterns of the velocity
vectors) can be identified. The flame is able to re-stabilise when sufficient mix-
ing takes places between the fresh reactants and hot products near the fuel nozzle
region. This occurs after approximately 20 ms in the simulation, as suggested by
Fig. 6. As seen in the LES snapshot in Fig. 10, a flame is present at x > 20 mm
and y > 25 mm and is stretched horizontally towards the walls. This is different
in comparison to the experimental image, where OH zones only exist along the
centreline. It is expected that reducing the global equivalence ratio and including
non-adiabatic effects within the modelling should increase the duration of lift-off

events. This is explored next.

4.3. Effects of heat loss

The comparisons in Fig. 4 show that the average flame lift-off heights are sim-
ilar for all cases. Flames C-A25 and C-F20 stabilised closer to the fuel nozzle,
whereas flame C-A25-NAD is positioned slightly further downstream in compari-
son to flame C. This behaviour is reflected in the lift-off height PDFs for these four
cases in Fig. 11a; the PDF for flame C-NAD from the previous study [24] is also
included. It is observed that the PDFs for flames C and C-A25 have similar shapes
with peaks at approximately 6.5 mm. However, the PDF of flame C-A25 is shifted
towards lower lift-off height values. For flame C-F20, the PDF is shifted towards
higher lift-off height values, but the maximum values are similar to flame C-A25,
which are less than the values for flame C. The PDFs for flames C-A25 and C-
F20 are narrower in comparison to flame C, as the lift-off height does not exceed
15 mm, whereas the lift-off height is seen to be greater in the other cases. Fig-
ure 11b shows that the PDF of the heat release rate in the near-field of the nozzle

region (CV1 in Fig. 4) is broader for flames C-A25 and C-F20, in comparison to
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Fig. 11: Probability density functions of the (a) lift-off height, (b) integrated nozzle heat release
rate, and the volume-averaged (c) mixture fraction and (d) mixture fraction sub-grid variance
within the nozzle region across a 300 ms time sample.

flame C. This suggests that flames C-A25 and C-F20 stabilise closer to the fuel
nozzle and are more stable.

The volume-averaged filtered mixture fraction and its sub-grid variance PDFs
within the nozzle region (CV1 in Fig. 4) are shown in Figs. 11c and 11d respec-
tively. It is seen that the mixture fraction PDF for flame C is at higher values than
the cases with a lower global equivalence ratio. The PDFs of the other three cases
are at lower values and the sub-grid variance is also decreased, as seen in Fig. 11d.

Flame C-F20 has the lowest sub-grid variance, since the air flow rate is lower com-
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pared to flames C-A25 and C-A25-NAD. The SGS variance is increased when the
air flow rate is increased due to the stronger (and also faster rotating) PVC. As
seen in Fig. 4 and by the heat release rate PDF in Fig. 11b, the flame is positioned
closer to the fuel nozzle in flames C-A25 and C-F20, which is due to the fuel-air
mixtures being leaner, as shown by the mixture fraction PDFs in Fig. 11c. The
lift-off heights for flame C are observed to be similar when heat loss effects are
included, as seen for the PDFs of flames C and C-NAD in Fig. 11a. The PDFs
are similar for the nozzle heat release rate, but the peak values for flame C-NAD
are lower, as seen in Fig. 11b. The sensitivity to heat loss effects is substantially
higher when the global equivalence ratio is lowered. For flame C-A25-NAD,
the lift-off height PDF covers higher values and the PDF of the heat release rate
within the nozzle region is at lower values compared to flame C-NAD. The oppo-
site behaviour is observed for flames C and C-A25 and this suggests that heat loss
effects should be included within the combustion modelling framework to capture
the unstable flame behaviour for flames approaching blow-off.

Analysis of the lift-off height time series for flame C-A25-NAD shows that a
lift-off event occurs. Time series of the lift-off height and integrated heat release
rate in the nozzle region for this lift-off event are shown in Fig. 12. The flame
root reaches its maximum observed position during the interval 66 < Ty, < 71,
whereas the maximum lift-off height is observed during the interval 10 < T}, <
14 for flame C, as seen in Fig. 7. However, the flame root in flame C re-stabilises
after approximately one rotation period of the PVC, whereas this process requires
approximately four PVC rotation periods in flame C-A25-NAD. The inclusion of
non-adiabatic flamelets causes the reaction rates to decrease and hence, the prop-

agation speed of the flame is reduced for flame C-A25-NAD in comparison to
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Fig. 12: Time series of the lift-off event for flame C-A25-NAD showing (a) the lift-off height
above the fuel nozzle and (b) the volume integrated heat release rate near the fuel nozzle region
(CV1 in Fig. 4). The normalised time is Tpye = 7fpye, Where 7 =t — fy and #y = 120 ms. The blue
crosses represent the analysis in Fig. 14.

flame C. Since no lift-off event is observed in flame C-A25, which has the same
mass flow rates, including heat loss is important to capture the re-stabilisation pro-
cess, since this process requires three more PV C rotation periods than as observed
for flame C, as seen in Fig. 7.

The re-stabilisation processes are analysed for flames C and C-A25-NAD and
these are shown in Figs. 13 and 14 respectively. The start and end times for this
analysis are marked using blue crosses in Figs. 7 and 12 for flames C and C-
A25-NAD respectively. The three-dimensional visualisation of the flame leading
edge (based on the upstream point of the T = 1500K iso-surface above the fuel
injectors) trajectory for flame C is shown in Fig. 13a and the top view is shown
in Fig. 13b. It is shown that in the first interval of 14.5 < T,,,. < 14.8, the flame

leading edge is located at a radius of » > 7 mm and follows a circular arc in the
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Fig. 13: Flame leading edge trajectory in (a) three-dimensional space and (b) top view during the

re-stabilisation stage in flame C, as marked in Fig. 7.

same direction as the PVC. The flame leading edge then moves back and forth
towards the centre and then the leading edge remains near the centre, as seen
in Fig. 13b. As shown in Fig. 13a, the flame leading edge propagates upstream
towards a lift-off height of approximately 6 mm after 7}, = 14.9. This process

requires approximately one PVC rotation period and the leading edge remains
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Fig. 14: Flame leading edge trajectory in (a) three-dimensional space and (b) top view during the

re-stabilisation stage in flame C-A25-NAD, as marked in Fig. 12.

close to the centre.

The re-stabilisation process is different in flame C-A25-NAD as this process
occurs over multiple rotations of the PVC, which is shown in Fig. 14. In general,
it is shown that the flame root gradually approaches the centre with an azimuthal

variation following the PVC rotation. This behaviour is not seen for flame C and
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this further suggests that the flame leading edge paths are different because the
propagation speed of the flame is reduced, due to heat losses in flame C-A25-
NAD and the leading edge path is highly influenced by the PVC. It is shown in
Fig. 14 that from T}, = 70.9 for one rotation period, the radial position of the
flame leading edge remains in the region at a radius of 8 mm and its azimuthal
position changes by 90°. The flame leading edge moves upstream by 8 mm during
this stage. From T, = 72, the azimuthal position of the leading edge changes
by 1.5 rotations, as seen in Fig. 14b, which is equal to approximately 1.5 PVC
rotation periods. This time period is observed to be the same for flame C-NAD,
as observed previously in the study by Massey et al. [24]. This suggests that the
re-stabilisation process is highly influenced by the dynamics of the PVC. This is
not seen in flame C because the chemical time scales are shorter in comparison to
the PVC time scale (see Fig. 18), as adiabatic flamelets are used for the reaction
rate source term. Hence, heat loss effects must be included at the flamelet level

for the simulation of flames near or approaching the blow-off condition.

4.4. Blow-off correlation analysis

The interactions between the flow and chemical time scales for flames ap-
proaching blow-off can be characterised using dimensionless parameters, such as
the Damkdohler number Da = 74/7., which is the ratio of a turbulent flow time
scale 7, to a chemical time scale 7. [56]. Correlations that are based on the
Damkohler number have been proposed and applied to different burner config-
urations to characterise blow-off. A correlation for blow-off in turbulent premixed
flames has been proposed by Radhakrishnan et al. [57] and has been applied to

swirl-stabilised bluff body flames in the study by Cavaliere et al. [16]. This corre-

35



lation is written as

1 _ Ub v 172
D_a_(f (SL)Z) > K )

where U, is a bulk-mean velocity at the entry to the combustion chamber, D is the
bluff body diameter, R is a constant representing the limit for blow-off correlation
for the burner, and v and s;, are the kinematic viscosity and the laminar flame speed
respectively for a stoichiometric fuel-air mixture. The values for the correlation
in Eq. (5) are within 0.87 < 1/Da < 1.34 for the swirl-stabilised bluff body flames
studied by Cavaliere et al. [16].

This correlation is applied to the present case with more complex flow fields,
since air enters the combustion chamber through central and annular passages
with swirlers. Using the inner and outer diameters of the annular nozzle, the
value of 1/Da is 0.36 for flame C. This value is the same for flame C-F20, as
the bulk air flow rate is the same, whereas the value of 1/Da for flame C-A25
is 0.40. The limitation with this correlation is that it does not change when the
global equivalence ratio is decreased by changing the fuel mass flow rates for a
given air mass flow rate. Moreover, it is based on the bulk flow characteristics and
geometrical parameters of a simpler flow configuration. The sensitivity of this
correlation to the operating conditions of the flames is small.

The study by Ciardiello et al. [58] applied this correlation to a multi-burner
configuration and it is shown that the correlation cannot capture the blow-off
limits, since the burner exhibits more complex phenomena related to the inter-
action between adjacent flames. Blow-off correlations have been developed to
characterise blow-off limits for non-premixed unconfined jet flames [50, 59]. In
addition, correlations have been used for non-premixed configurations that con-

tain co-axial air and fuel streams with non-swirling flows [60] and with swirling
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Fig. 15: Computed PVC frequencies as functions of the air mass flow rate and the swirl number
S. The symbols represent the simulation results.

flows [61]. Each configuration requires a different correlation, since the blow-off
limits in the aforementioned studies are substantially different; these are reviewed
by Shanbhogue et al. [4] and Driscoll [62]. Hence, care must be taken when ap-
plying these correlations to different burners.

It has been shown in sections 4.2 and 4.3 that the PVC plays crucial role in
flame stabilisation mechanism. Hence, the time scale of its rotation is chosen to
be the flow time scale 1, = 1/fpy and the Damkd&hler number for this case is
defined as Da = 7,,./7. [20] with the chemical time scale 7. = ,5/5. Figure 15
shows the PVC frequency as a function of the air mass flow rate and the swirl

number. The swirl number is given as [63]

JpUU dr

§= R
Rfo pU?rdr

; (6)

where U and U, are the axial and azimuthal velocities respectively. The swirl
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Fig. 16: Snapshots of Da = 7,,./7. when flame C is (a) stabilised (the same snapshot as Fig. 8)
and (b) before the lift-off event (the fourth snapshot in Fig. 9a).

number for this case is calculated following the previous experimental studies [12].
The results for flame A, observed to be stable with ¢, = 0.65, are obtained from
the study by Chen et al. [22]. It is seen that the PVC frequency increases linearly
with the air mass flow rate and this has also been reported in the experimental
study by Stohr et al. [19] and in other studies [3, 64-66].

Snapshots of the local Da values when the flame is stabilised and just prior to
lift-off are shown in Fig. 16 and 17 for flames C and C-A25-NAD respectively.
These are shown to identify values of Da in the regions of local extinction. The

value of 7, is the critical time period that leads to lift-off, since it is observed in
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Fig. 17: Snapshots of Da = 7p,./7, when flame C-A25-NAD is (a) stabilised and (b) before the
lift-off event (Tpye = 67.6 in Fig. 12).

the study by Stohr et al. [S] that lift-off occurs if local extinction and quenching
of the flame root simultaneously occur during this period, and this is influenced
by the PVC. Local extinction is a prelude to flame blow-off [4] and 1s observed
in all cases. However, local extinction must occur continuously across this time
period and it is influenced locally by the PVC. The frequency of the PVC and its
rotation period are not local and are influenced by global parameters, such as the
mass flow rate, swirl number and the geometry of the annular divergent air nozzle.
This time scale is chosen as the flow time scale to correlate local extinction, since

the PVC is the stabilisation mechanism for this configuration. The values of Da
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are larger than unity in regions with strong reactivity and this is seen in the flame
root region when the flame is stabilised, as shown in Fig. 16a. The values of Da
decrease substantially below one when the flame starts to lift-off and suggests that
the flame root becomes weak (see Fig. 9a), as shown in Fig. 16b. This is also
seen in regions of the flame and on the right-hand side of the flame root, which
is the region where failed PVC flame roll-up is identified, as shown in Fig. 9a,
and values of Da in this region are below 0.25. Similar snapshots are shown for
flame C-A25-NAD in Fig. 17. It is seen that the flame root has values of Da
around unity and the values within the flame and vortices are within the range
0.6 < Da < 1 when the flame is stabilised, as seen in Fig. 17a. However, the right-
hand side of the flame root shows a weaker flame with Da < 0.5. The flame is also
seen to be weak in Fig. 17b, where Da < 0.3. For the snapshots shown, the PVC
and chemical time scales are of the same order of magnitude and the interactions
between the PVC and the flame are closely coupled, since it is observed for this
case that the flame is weaker when Da < 0.5 and prone to local extinction when
Da < 0.25.

The PDFs of the Damkohler number and the chemical time scales are shown
in Fig. 18 when the flame is stabilised. These are shown to identify the time scale
range for each case. The volume chosen for data sampling to construct these PDFs
is from the nozzle up to a streamwise location of x = 20 mm and within a radius
of 20 mm, since the flame stabilises within this region and the flame—vortex inter-
actions are present; this control volume is marked in Fig. 8 and labelled as CV2.
For the simulations listed in Table 1, the PDFs for flames C, C-A25, C-A25-NAD
and C-F40 are analysed, since significant differences are seen among these four

cases. It is shown in Fig. 18b that the PDF for flame C is between flames C-A25
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Fig. 18: Probability density functions of (a) Da and (b) 7, in the simulations for an arbitrary time
whereby the flame is stabilised within the control volume CV2, as marked in Fig. 8. The inset of
(a) shows the filtered mixture fraction PDF within CV2. The time chosen for flame C is the same
as in Fig. 8.

and C-A25-NAD, where flame C-A25-NAD has the longest chemical time scales
in these three cases. This further suggests that including heat loss is important,
since the inset of Fig. 18a shows that the mixture fraction is smaller in flames C-
A25 and C-A25-NAD than in flame C. The PDFs of the Damkohler are similar
for flames C and C-A25. This is because flame C-A2S5 has a shorter PVC time
scale, but also shorter chemical time scales, as seen in Fig. 18b. The PDF for
flame C-A25-NAD has lower values of Da because the chemical time scales are
longer, which implies this case is more unstable and prone to local extinction.

The averaged chemical time scale (7.) within CV2 for each PDF is obtained and
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Case fove H2) (1) = (/@) () (Da) = Tpue/(Te)  (87/59),, (5)

C[23] 390 0.013 0.20 0.0027
C-NAD [24] 390 0.015 0.17 0.0047
C-F20 394 0.013 0.20 0.0051
C-F40 394 0.048 0.05 -

C-A25 485 0.009 0.22 0.0046
C-A25-NAD 482 0.014 0.15 0.0058

Table 2: Frequency of the PVC, first moment of the chemical time scale PDF in Fig. 18 and the
average Damkdohler number for the simulations listed in Tab. 1.

these are shown in Table 2. The average Damkohler number (Da) = 7p,./(7.) 18
calculated and these are also listed in Table 2. Flame C-A25-NAD has the low-
est value of (Da) in the cases analysed thus far, suggesting that this case is the
most unstable and closest to blow-off, which is consistent with the observations in
section 4.3. It is mentioned in section 4.1 that flame C-F40 did not stabilise after
ignition and the PDFs of an instant during this event are shown in Fig. 18. The
chemical time scale PDF for flame C-F40 is shifted towards larger values of the
chemical time scale and the peak of the PDF for Da decreases by approximately
an order of magnitude. The average value of (Da) of flame C-F40 is 0.05. As
indicated by the values of (Da), the critical Damkohler number Da” is within the
values for flames C-A25-NAD and C-F40. Therefore, a blow-off correlation can

be written in a similar form as the correlation shown in Eq. (5) as

1

m ~ fpvc(Tc> =

Do (7

The correlation shown in Eq. (7) is in a simple form, but since this config-

uration is more complex, both time scales are sensitive to various parameters.
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The flow time scale 7, is sensitive to the bulk flow velocity, swirl number and
the geometry, as these affect the recirculation zone structure [67] and the PVC
frequency [64]. Obtaining a chemical time scale is more challenging with exper-
imental measurements, since the heat release rate and reaction rate are not read-
ily available. Therefore, chemical time scales based on bulk properties are pre-
ferred, which typically include the laminar flame speed and flame thickness. Since
the mixture fraction varies locally within the flame in this configuration, using a
bulk chemical time scale based on the global equivalence ratio is not correct (e.g.
67/s9). It is attempted to calculate 67 /5% using the first moment of the mixture
fraction PDF shown in the inset of Fig. 18a to get the corresponding equivalence
ratio (¢) and finding the value of (52 / sg) @ These values are listed in Table 2 and
the effects of heat loss are included for flames C-NAD and flame C-A25-NAD
by using the mean normalised enthalpy. As expected, the values of (69/s%) @ in-
crease for the cases where the global equivalence ratios are lower. The values of
(62 / sg) (@) are also higher for the cases containing heat loss effects. It is seen in
Table 2 that the value for flame C-F40 could not be determined because its mean
equivalence ratio from the mixture fraction PDF in Fig. 18a is below the lean
flammability limit. However, the simulation shows that although failed ignition
is observed, a weak flame is still present. This also demonstrates why a global
chemical time scale is not suitable for this case, as it does not account for the
local reacting regions. In addition, it is shown that including heat loss affects the
values of (52 / sg) @ and it is demonstrated in this work that heat loss modelling
is important to consider for flames approaching blow-off. This makes obtaining
a chemical time scale more challenging, since the amount of heat loss cannot be

estimated a priori. More simulations would need to be undertaken at different
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global equivalence ratios and mass flow rates (and hence, swirl numbers) in order

to determine the behaviour of these time scales approaching blow-off.

5. Concluding remarks

Large eddy simulations of swirl-stabilised flames in a GTMC gradually ap-
proaching lean blow-off are undertaken. These flames approach lower global
equivalence ratios, which is achieved by increasing and decreasing the air and
fuel flow rates respectively. A presumed joint PDF approach with unstrained pre-
mixed flamelets and tabulated chemistry is used for SGS combustion modelling.
The mixture fraction and progress variable are used to prescribe the local thermo-
chemical states in partially premixed flames. The normalised enthalpy is included
in the joint PDF to introduce heat loss effects within the combustion modelling.
Analysis of the time-averaged fields shows that the IRZ volume is increased when
the global equivalence ratio is decreased. The time-averaged flame base is closer
to the fuel nozzle for the two cases with the lower global equivalence ratio that
use adiabatic flamelets, which is confirmed by the averaged values of the vol-
ume integrated heat release rate near the fuel nozzle. Comparisons between the
computational results, and the PIV and PLIF measurements for the baseline case,
referred to as flame C, show that the mechanisms leading to local extinction are
well captured in the simulation. Insufficient PVC induced mixing of the fuel, air
and hot products is observed to be the main mechanism for local extinction before
the lift-off event. Further analysis of the simulations shows that including heat loss
effects within the modelling is important for flames near or approaching blow-off.
Simulations with the adiabatic flamelet model show that the flames with lower

global equivalence ratios stabilised closer to the fuel nozzle. However, the non-
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adiabatic simulation with a lower global equivalence ratio shows that the flame is
more unstable and a lift-off event is captured. It is also seen that the re-stabilisation
of the flame root when the flame is lifted occurs over several PVC rotations in the
non-adiabatic simulation, whereas flame C re-stabilised after one rotation. This
is attributed to the adiabatic flamelet model over predicting the propagation speed
of the flame, since the local filtered reaction rates are higher. The simulations are
used to propose a blow-off correlation based on the Damkohler number. The flow
time scale is based on the PVC rotation period and the chemical time scale uses
the local filtered reaction rate and density. It is demonstrated that the simulations
have low Damkohler numbers and the non-adiabatic flamelet simulation with a
lower global equivalence ratio has the lowest Damkohler number for the flames
that stabilised. A simulation with failed ignition is used to qualitatively indicate
a critical Damkohler number for blow-off. It is of interest to quantitatively find
limits for the correlation and to explore using geometrical and thermochemical
information to represent the chemical time scale, but additional simulations are
needed at higher swirl numbers (or higher air flow rates) at different global equiv-

alence ratios.
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