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Abstract
The objective of this work is to simulate with

Large-Eddy Simulation and the Conditional Moment
Closure combustion sub-grid model the lean blow-
off (LBO) curve of a realistic liquid-fuelled flame.
The simulation provides sufficient detail to explore the
physics of LBO phenomena relating to: flame struc-
ture, intermediate species behaviour, fuel evaporation
and fuel starvation. Three kerosene spray flames stud-
ied previously experimentally in the Cambridge bluff-
body swirl burner are simulated and it is found that
LES-CMC reproduces the experimental LBO points
within 20% accuracy. The blow-off duration falls in
the range 10-30 ms and asymmetric flame structures
are observed before blow-off, both comparing well
with experiments. CH2O was observed to enter the
recirculation zone from downstream during LBO and
was present in regions of low to intermediate temper-
ature. The temperature is observed to reduce in the
recirculation zone, thus evaporation cannot keep up
in the flame region. Reduced temperature is also an
obstacle to the pyrolysis of the kerosene vapour, so
the flame is starved of fuel, causing the stoichiometric
mixture fraction isosurface to shrink down toward the
bluff body until it exists only around the injected spray.
Fuel starvation is a significant factor in the blow-off of
spray flames.

1 Introduction
Liquid fuels and lean combustion will be neces-

sary in the aviation industry for decades to come, thus
a strong fundamental understanding of spray flames of
realistic fuels at extreme conditions like lean blow-off
(LBO) must be pursued by combustion scientists to
improve stability and reduce emissions. Spray flames
are characterised by a wide range of scales and phys-
ical processes (Jenny et al., 2012) where both flame-
turbulence interaction and spray evaporation play a
strong role in determining local flame structure (Ol-
guin and Gutheil, 2014) and extinction behaviour. Re-
cently studied experimentally at laboratory-scale with
various liquid fuels (Cavaliere et al., 2013; Yuan et al.,
2018; Allison et al., 2018), non-premixed and spray
flames operated in the vicinity of blow-off are usu-

ally characterised by the presence of local extinctions
which eventually develop into the global extinction
of the flame. There is experimental evidence that
spray flame blow-off has some salient differences from
gaseous flame blow-off (Cavaliere et al., 2013), so a
better fundamental understanding of the coupling be-
tween the multi-physical processes involved in the lo-
cal and global extinction of spray flames is still neces-
sary. A numerical approach capable of capturing the
finite rate chemistry effects, with all the physical pro-
cesses leading to the extinction transient included, is
required to reliably predict the extinction behaviour.

This work aims to complement previous investiga-
tions of modelling LBO of kerosene spray flames (Es-
clapez et al., 2017) by using the Large Eddy Simula-
tion (LES) Conditional Moment Closure (CMC) ap-
proach with a focus on fuel evaporation and LBO phe-
nomena. The burner is the Cambridge lab-scale bluff
body swirl-stabilised spray burner numerically stud-
ied previously with n-heptane (Tyliszczak et al., 2014)
and ethanol (Giusti and Mastorakos, 2017). The LES-
CMC approach, which has had demonstrated suc-
cess capturing local and global extinction for gaseous
(Zhang et al., 2015; Zhang and Mastorakos, 2016) and
spray flames (Giusti and Mastorakos, 2016, 2017), is
used here with Lagrangian spray modelling and a de-
tailed Hybrid Chemistry mechanism for Jet-A (Wang
et al., 2018; Xu et al., 2018). Experimental evidence of
the extinction transient of heavy fuels (Pathania et al.,
2020) suggests significant low- and high-temperature
chemical effects during the LBO process. Hence, us-
ing a complex chemical scheme for kerosene allows
exploration of the full range of behaviours to be ex-
plored by simulation. The objectives of this work are:
(i) to predict lean blow-off phenomena such as local
extinction and fuel starvation, (ii) to investigate the
flame structure, species and the interaction between
turbulence and evaporation during global lean blow-
off, and (iii) to simulate the experimental blow-off
curve of Jet-A spray flames.

2 Methods and configuration
The lean blow-off behaviour of kerosene spray

flames is investigated using the LES-CMC ap-



proach (Klimenko and Bilger, 1999; Mortensen and
Bilger, 2009). This method is based on the solution of
conditionally filtered mass fraction of species and en-
thalpy. It allows for a direct computation of the tran-
sient of the local flame structure in mixture fraction
space, and as a function of time and physical space,
including turbulence effects, micro-mixing and evap-
oration. First order closure is used for the chemical
source terms with the reaction rate evaluated using the
detailed HyChem mechanism for Jet-A, consisting of
119 species and 843 reactions (Wang et al., 2018). The
CMC equations were solved using an unstructured in-
house code (Garmory and Mastorakos, 2015; Giusti
and Mastorakos, 2016) implemented in OpenFOAM
2.3.1 using an Eulerian-Lagrangian approach for di-
lute sprays (Sitte and Mastorakos, 2019), the Abram-
zon and Sirignano (1989) evaporation model and time
step of 1 µs. The same computational setup used
in Foale et al. (2021) for the solution of both the flow
field and CMC equations was adopted in this study.

The bluff-body spray swirl burner geometry used
in this study was previously explored experimentally
(Yuan et al., 2018; Sidey et al., 2017; Allison et al.,
2018) and numerically (Tyliszczak et al., 2014; Giusti
and Mastorakos, 2017; Foale et al., 2019, 2021). The
burner is enclosed in a quartz rectangular enclosure
that is open at the top, exposed to atmospheric pres-
sure. The fuel spray is injected as a hollow cone from
the centre of the 25 mm bluff-body at a 60◦ angle with
Sauter Mean Diameter of 60 µm. In this study the
flame is simulated at three fuel mass flow rates: 0.27
g/s, 0.30 g/s and 0.33 g/s. Air is swirled clockwise
through a 60o swirler in the annular duct with outer
diameter of 37 mm surrounding the bluff-body. Sta-
ble air bulk velocities from which blow-off was ini-
tiated corresponding to the respective fuel mass flow
rates were: 15.9 m/s, 18.6 m/s, and 22.1 m/s. The
stable 0.27 g/s case is the original, from which the
fuel and air mass flow rates were increased to generate
the successive 0.30 g/s case. From this case the ṁf

= 0.33 g/s case was similarly generated. The simula-
tions were run for 5 ms to stabilise before commenc-
ing blow-off. To initiate blow-off, the air mass flow
rates were increased in steps by 10% until matching
the blow-off air bulk velocities UBO,exp reported for
Jet-A in Allison et al. (2018). In the ṁf = 0.27 g/s
case, Ub = 1.05UBO,exp was high enough to bring
OH mass fraction and temperature levels low enough
to be considered extinguished. The 0.30 g/s and 0.33
g/s fuel mass flow rate cases required increased blow-
off velocities beyond experimental values due to their
rates of isosurface area, heat release and evaporation
being less sensitive to the increased air than the ṁf

= 0.27 g/s case. The time t = 0 ms in Section 3 fig-
ures indicates the beginning of the blow-off transient,
the first instance the experimental blow-off air velocity
was injected.

3 Results and discussion
After increasing the bulk air velocities to the exper-

imental values, the simulations underwent the blow-
off transient. In all cases, the air velocity was in-
creased beyond the experimental values to ensure
blow-off, to speeds 5-20% higher than those observed
in experiments. Final Ub values are recorded in Ta-
ble 1 and graphical comparison with the experimental
blow-off curve is in Fig. 1.

Figure 1: LBO curve comparing LES-CMC blow-off bulk
air velocities with experimental values for Jet-A
from Allison et al. (2018).

Table 1: Simulation fuel mass flow rates (ṁf ), final blow-
off bulk velocities (Ub), overall equivalence ra-
tio (φoverall), and comparison with experimental
blow-off velocities.

ṁf (g/s) Ub (m/s) φoverall Ub/UBO,exp

0.27 22.7 0.26 105%
0.30 25.7 0.25 115%
0.33 28.0 0.25 120%

The blow-off transients in the flame zone are vi-
sualised quantitatively using conditional stoichiomet-
ric temperature averaged over the stoichiometric mix-
ture fraction isosurface area in Fig. 2 and using the
volume integrated heat release (HR) from 3D cells lo-
cated along the stoichiometric mixture fraction isosur-
face in Fig. 3. Figure 2 shows both the conditional
stoichiometric isosurface-averaged temperature and

Figure 2: OH mass fraction and temperature (K) averaged
over isosurface area, conditioned on stoichiomet-
ric mixture fraction (ηst = 0.0637) during LBO.



Figure 3: Heat release (top) and evaporation rate (bottom)
integrated from cell volumes along the stoichio-
metric (ηst = 0.0637) isosurface.

OH mass fraction decrease fairly monotonically for
the three cases, before levelling out to values indicative
of an extinguished flame. The rates of decrease vary
between the cases; the length of the blow-off transient
appears to increase with increasing fuel mass flow rate.
Using an extinction temperature threshold of 1200 K,
determined using 70% of the temperature value in the
0D-CMC solution prior to extinction (see Zhang and
Mastorakos (2016) or Foale et al. (2021) for details).
Fig. 2 shows the flame blowoff event lasts between
about 7 to 17 ms for the three mass flow rates.

Another way to estimate the blow-off transient
time is through the change in heat release. Figure 3
shows the heat release and evaporation rate in the re-
gions of stoichiometric mixture fraction for the three
cases. The simulations in Fig. 3 experienced 89.5%,
80.3% and 81.2% reductions in heat release for ṁf =
0.27 g/s, 0.30 g/s and 0.33 g/s respectively. Using a
threshold of 80% reduction in heat release to signify
blow-off of the flame, the blow-off times are 14.8 ms,
17.9 ms and 28.6 ms. These blow-off transient dura-
tions all fall within the expected range compared with
decane and dodecane spray flame experiment blow-off
times in Yuan et al. (2018).

Reductions in the heat release in the flame stoi-
chiometric region are linked to the evaporation rate,
shown in the bottom of Fig. 3. As evaporation rate
decreases over time, so does heat release. However
after a certain point evaporation rate increases again,
it does not necessarily mean the heat release will in-
crease, as seen in the ṁf = 0.27 g/s flame. Evapora-

Figure 4: Heat release (top) and evaporation rate (bottom)
integrated over entire chamber volume.

tion rate at stoichiometry is higher at larger fuel mass
flow rates. The physical understanding for the cause
of LBO in non-premixed flames is that local extinc-
tions, or holes, in the flame surface increase in size
and duration until the flame is extinguished globally.
In Foale et al. (2021) local extinctions of the ṁf =
0.27 g/s flame were identified to increase in number
during LBO, however their influence did not appear
to be the sole reason for blow-off of the flame, as
the flame isosurface shrank downward and inward to-
ward the centre of the bluff body. Decreased presences
of gaseous fuel and pyrolysis products were observed
during blow-off. In Fig. 3 the evaporation rate in the
flame zone decreases considerably, supporting the idea
proposed in Cavaliere et al. (2013) that fuel starvation
from reduced temperatures and evaporation is another
cause for the blow-off of spray flames.

The heat release and evaporation during the blow-
off transients behave quite differently taking the whole
combustion chamber volume into account, as seen in
Fig. 4. The mean evaporation rates in the chamber
range between 87-90% of the injected fuel mass flow
rates, indicating the presence of unburnt droplets in
the system. Despite similar proportions of evaporated
fuel in the three cases, the ṁf = 0.30 g/s chamber dis-
plays heat release close to the ideal heat of combustion
for kerosene (≈11 kW) early on in the blow-off tran-
sient, while the other two cases release significantly
less power initially. However as time progresses, the
other two cases interestingly increase in power during
most of the transient, while the heat release of the ṁf

= 0.30 g/s case decreases after about 10 ms. This in-



Figure 5: LBO time sequence of the 3D stoichiometric isosurface (ηst = 0.0637) coloured with temperature (K) for the
ṁf = 0.30 g/s case, showing an asymmetric flame shape characteristic of low-volatility fuels close to blow-off.

creasing heat release behaviour can be attributed to in-
creased strain rates and the presence of droplets down-
stream in the chamber, which continue to vaporise in
the warm temperatures of the recirculation zone, pro-
ducing gaseous fuel that reacts with increased quan-
tities of fresh oxidants from the higher air mass flow
rates.

Moving on to qualitative results and the struc-
ture of kerosene spray flames during LBO, Fig. 5
shows the stoichiometric mixture fraction isosurface
coloured with temperature of the ṁf = 0.30 g/s
flame during the blow-off event. The flame shape
is asymmetric with a single flame branch, which ro-
tates around the bluff body edge. This matches well
with the asymmetric spray flame structures observed
in Yuan et al. (2018) for decane and dodecane, where
low fuel volatility was suggested to cause a lack of
fuel vapour in the central recirculation zone. Signifi-
cant quantities of unburnt fuel vapour (pre-pyrolysis)
can also quench large regions of the flame, observed
in the ṁf = 0.27 g/s results in Foale et al. (2021), re-
sulting in a large local extinction which can travel with
the swirling air. Once the flame is extinguished at t =
18 ms in Fig. 5, stoichiometric mixture fraction iso-
surface still persists, although only in the vicinity of
the spray.

Heat release rate (HRR) during the blow-off event
for the ṁf = 0.27 g/s case is displayed in Fig. 6. At
first HRR is high along the shear layer and the flame
is solidly attached to the bluff body edge. As the tran-
sient progresses the peak levels of HRR decrease and
regions of very low HRR appear along both the in-
ner and outer flame branches. These results are simi-
lar to OH-PLIF results for decane and dodecane (Yuan
et al., 2018), where the inner and outer flame branches
were also often disconnected and fragmented, espe-
cially near LBO.

The LBO sequence in the same 2D plane with OH
mass fraction for the ṁf = 0.33 g/s case is shown
in Fig. 7. The asymmetric flame branch is visible
with medium to high values of OH as the start of
LBO, but as time increases the peak OH reduces and
shrinks down toward the bluff body where peaks even-
tually reduce to extinguished flame values. At blow-
off (t =28 ms), very little OH is present in the conical

HRR
0 800

t =  0  ms t =  3  ms t =  6  ms

t =  9  ms t =  12  ms t =  15  ms

t =  18 ms t =  21 ms t =  22 ms

Figure 6: 2D cut-planes of the LBO sequence showing HRR
(MW/m3) for ṁf = 0.27 g/s flame.
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OH
0 0.0025

Figure 7: 2D cut-planes of the LBO time sequence showing
OH mass fraction, ṁf = 0.33 g/s flame.
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Figure 8: 2D cut-planes of the LBO time sequence of tem-
perature (K), ṁf = 0.33 g/s. White iso-lines in-
dicate stoichiometry (ηst = 0.0637).

central recirculation zone and none whatsoever is lo-
cated around the outer corners of the chamber.

Figure 8 shows the temperature field for the same
flame. The colour scale emphasises the intermedi-
ate temperature range, 1050 K being the temperature
when pyrolysis of the parent fuel begins, according
to shock tube experiments with Jet-A in Han et al.
(2019). From time t = 0 ms to about 11 ms the re-
circulation zone contains regions hot enough to enable
the full pyrolysis of the evaporated fuel, and OH is
present in these corresponding regions in Fig. 7. In
Fig. 8 the temperature of the recirculation zone during
blow-off decreases over time due the increased amount
of cold air, to the point where its temperature is at the
lower threshold 1000-1050 K, below which pyrolysis
of the fuel does not occur. The stoichiometric iso-lines
show how the flame shrinks during the transient, after
t = 28 ms the only location stoichiometric mixture can
be observed is along the fuel spray.

CH2O mass fraction, a marker of incomplete com-
bustion, is shown in Fig. 9. Prior to blow-off and be-
tween t = 0 to 11 ms CH2O peaks are near stoichiom-
etry (white iso-lines) and the air shear layer. How-
ever as the blow-off transient progresses, peak CH2O
tends to appear more in regions of low to intermedi-
ate temperature, between the 500 K and 800 K tem-
perature iso-lines, especially in regions of large gradi-
ents like the air shear layer where the iso-lines come
close together. CH2O presence gradually builds up
both in the recirculation zone and the outer corners of
the chamber during the blow-off transient, where tem-
peratures are either low or decreasing from interme-
diate levels. This is due to the corresponding lack of
OH presence in these regions, as reaction with OH is
a primary CH2O consumption pathway (Paxton et al.,

t =  0  ms t =  2  ms t =  5  ms

t =  8  ms t =  11 ms t =  14 ms

t =  17 ms t =  20 ms t =  23 ms

t =  26 ms t =  27 ms t =  28 ms

CH2O
0 0.00015

Figure 9: 2D cut-planes of the LBO time sequence of CH2O
mass fraction, ṁf = 0.33 g/s. White iso-line con-
tours indicate stoichiometry (ηst = 0.0637), cyan
lines indicate T = 500 K, and red lines indicate
T = 800 K.

2019). Similar behaviour of CH2O entering the re-
circulation zone from downstream during LBO was
observed in pre-vapourised kerosene experiments by
Pathania et al. (2020), where it was also suggested
that CH2O could act as a marker for low-temperature
chemistry regions during LBO.

These LES-CMC results demonstrate the matu-
rity of the LES-CMC turbulence-combustion model
in its ability to capture finite-rate extinction and low-
temperature phenomena of practical fuels.

4 Conclusions
The LES-CMC approach is used to simulate

kerosene spray flames in a bluff-body swirl burner
for three fuel mass flow rates at lean blow-off condi-
tions. A high-temperature detailed mechanism devel-
oped specifically for Jet-A using the HyChem method-
ology is deployed. LES-CMC is able to capture asym-
metric flame structural behaviour and global blow-off
events at multiple fuel mass flow rates within 5-20%
of experimental blow-off velocities. Heat release var-
ied in different regions of the chamber, but was noted
to decrease by at least 80% in the stoichiometric flame
zone. The blow-off transient lasts between about 10-
30 ms for the flames, in the same duration range as past
experiments with low-volatility heavy hydrocarbon fu-
els. CH2O is noted to build up in low-temperature
regions between 500-800 K in the bottom corners of
the chamber as well as in the recirculation zone from
downstream during LBO. The effects of fuel starva-
tion are shown to contribute to the blow-off of spray
flames. Fuel starvation is caused by reduced temper-



atures in the recirculation zone, which both decreases
evaporation rates as well as reduces pyrolysis of the
vaporised fuel.

This work extends the LES-CMC approach capa-
bility to include modelling lean blow-off of heavy hy-
drocarbon liquid fuels and, by allowing the simulation
of the full blow-off curve of a realistic fuel, can assist
the combustion engineer in assessing operability at the
design stage.
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