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Large-eddy simulation of fuel effect on lean
blow-out in gas turbines

By L. Esclapez, P. C. Ma AND M. Thme

1. Motivation and objectives

Motivated by the need for fuel-security and rising concerns regarding the impact of
pollutant emissions on the environment, significant research efforts have been made on
utilizing alternative fuels for aviation (Maurice et al. 2001; Edwards 2007; Blakey et al.
2011). Due to the long life of commercial aircraft and the required compatibility with
the present supply infrastructures, research efforts focus on the development of ‘drop-in”
fuels which can be used in the existing fleet (Blakey et al. 2011). The certification of
candidate fuels then requires to demonstrate the capability of the fuel to ensure safe and
reliable ignition at altitude and the stable combustion at very lean combustions (ASTM
2014). In particular, the lean blow-out (LBO) performance is especially important due
to recent emphasis on lean-combustion strategies for emission reduction.

Most of the early work on LBO focused on bluff-body flameholder configurations (Bal-
lal & Lefebvre 1979). Due to limited optical access and absence of high-speed imaging,
experiments were used to support the development of semi-empirical correlations to re-
late LBO-criteria to equivalence ratio and other operating conditions. The review by
Shanbhogue et al. (2009) describes the blow-off mechanism as a two-stage stochastic
process: as the overall equivalence ratio approaches the LBO-limit local flame extinction
occurrences increase, and very near blow-off the flame behavior is mainly dominated
by auto-ignition with successive extinction and re-ignition of the recirculation bubble.
However, studies of LBO-limits in swirl-stabilized burners, relevant for aviation gas tur-
bines, are limited. Correlations have been developed for gas turbine combustors (Lefebvre
1985) including the effect of swirl (Feikema et al. 1990), combustor design (Ateshkadi
et al. 2000) and two-phase flow. Indeed, studies in academic swirling burners (Marinov
et al. 2012; Cavaliere et al. 2013) emphasized the sensitivity of the LBO-behavior of lig-
uid fueled combustor. Recently, high-speed imaging of OH* (Muruganandam & Seitzman
2005) and simultaneous high-speed stereo-PIV and OH-PLIF measurements (Stohr et al.
2011) revealed that the LBO-behavior in swirled combustors is closely related to the
temperature of the recirculation zone and the flame root dynamics. Blow-out was shown
to have several precursor events, in which cold gases were captured by the recirculation
zone, resulting in a reduction of heat release and a change in the flame shape. LBO
was found to occurs when the flame root was extinguished by its interaction with the
precessing-vortex core (PVC) for a duration that exceeds a PVC-period. Several studies
have been performed to quatify the effect of fuel properties on the LBO-limit in model
combustors (Moses & Naegeli 1979; Lefebvre 1985; Lieuwen et al. 2008). These stud-
ies indicate the beneficial effect of lowering the flash point and the adverse effect of an
increase in viscosity on the LBO-performance.

Since LBO is a stochastic process, comparatively few attempts have been made to
evaluate the blow-out behavior through numerical simulations even though large eddy
simulations (LES) have been proven relevant for the study of transient processes such
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as thermo-acoustic instabilities (Selle et al. 2004) and gas turbine ignition (Esclapez
et al. 2015). LES of blow-out in a swirl-stabilized spray flame (Cavaliere et al. 2013) was
performed by Tyliszczak et al. (2014) using the LES-CMC model. LES was shown to be
able to capture the local flame extinction and the subsequent blow-out process following
a step increase of the air mass flow rate.

The objectives of the present work is to investigate the sensitivity of LBO triggered by
fuel depletion to fuel properties in a well controlled but realistic referee-combustor using
LES. To this end, three fuels are selected and the effect of their properties on relevant
physicochemical processes is analyzed. Then, two fuels are used to perform transient
simulations of LBO induced by a progressive reduction of the fuel mass flow rate. The
numerical setup is described in Section 2, followed by a description and an analysis of
three selected fuels in Section 3. Section 4 presents numerical results of LBO and a
description of the flame dynamics close to blow-out. The paper finishes with conclusions.

2. Large-eddy simulation setup
2.1. Configuration

The referee-rig combustor studied in this work is installed at Air Force Research Labo-
ratory (AFRL) and is designed to reproduce the main features of a realistic gas turbine
combustion chamber. The combustor is operated in a pressurized vessel with large optical
access to allow direct visualization of the flame. The four main components of the exper-
imental configuration are included in the simulation: the large pressurized plenum, the
complex injection system, the combustion chamber and the exhaust plenum. As shown
in Figure 1 the injection system comprises two outer axial swirlers and an inner radial
swirler with a pressure-swirl atomizer nested in the center. The combustor liner consists
of multi-perforated plates and 2 rows of dilution hole are located at two axial positions.
The domain is discretized using 20 million elements with regular hexahedral elements
inside the combustor and tetrahedral elements are used to represent a portion of the
injector geometry. The characteristic mesh size ranges from 0.15 mm in the swirlers
passages to 0.9 mm in the downstream part of the combustor.

Near blow-out condition, the burner is fed with air at 394 K and a relative pressure
drop of 3% at a total pressure of 2.07 atms corresponding to an air mass flow rate of 392
g/s. An initial fuel mass flow rate of 2.5 g/s at 322 K is supplied though the pressure-swirl
atomizer, corresponding to an overall equivalence ratio ¢ = 0.1.

2.2. Computational parameters

Simulations are performed with the low-Mach LES-solver Vidat. The instantaneous
Favre-averaged conservation equations for mass and momentum are solved on the LES
grid with a fourth/second-order accurate spacial discretization scheme on regular and
unstructured meshes, respectively. A second-order predictor-corrector scheme is used for
temporal integration. Turbulent subgrid stresses are modeled with the eddy-viscosity
model of Vreman (2004). Walls are considered adiabatic non-slip and the effusive cooling
is modeled through a homogeneous approach in which the effusive gas-phase velocity is
determined from the experimentally measured mass flow rates.

The spray is modeled using a Lagrangian approach where the droplet motion is de-
scribed by the Basset-Boussinesq-Oseen (BBO) equation and the evaporation rate is
based on equilibrium calculations of isolated droplets (Miller et al. 2001). Secondary

1 http://www.cascadetechnologies.com/pdf/VIDA. .pdf
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FIGURE 1. Computational domain (a) and details of the injection system in a z-normal central
cut plane (b). Main components: 1. Pressurized plenum, 2. Injection system, 3. Combustion
chamber, 4. Exhaust plenum.

droplet break-up of Lagrangian particles into smaller drops was found to be important
since the low injection velocity and the high flow velocity issued by the swirler result
in a large droplet Weber number (ranging between 2 and 20). Secondary breakup is
modeled by a stochastic approach where the radius of the droplets is assumed to be
a time-dependent stochastic variable with a given initial-size distribution (Apte et al.
2003). The critical Weber number is set to a numerical value of 6 based on experimental
observations (Kim et al. 2014).

Combustion is modeled with the flamelet/progress-variable (FPV) approach (Pierce &
Moin 2004; Thme et al. 2005) in which the thermochemical properties are parameterize as
a function of filtered mixture fraction Z, filtered reaction progress variable C' and mixture
fraction variance. The progress variable is defined as (Thme et al. 2012) C = Yo, +Yco +
Yi,0 + Yu,. The flame structure is obtained from the solution of steady laminar non-
premixed flamelet equations, which are solved along the entire S-shaped curve. Cooling
effect of the liquid phase on the flamelet solution is considered by computing an effective
gaseous fuel temperature (Moin & Apte 2006) Tryer,g = Truet,i — Ahy(Tevap)/Cpi(Tevap)s
where Ah, is the latent heat of evaporation and ¢, is the specific heat capacity of the
liquid.

3. Fuel description

The present study considers three fuels, namely a conventional petroleum-derived Jet-
A fuel (Designation: Cat-A2, POSF 10325) and two test fuels: a fuel with a very narrow
boiling characteristic (Cat-C5, POSF 12345) and a fuel with low cetane number (Cat-Cl1,
POSF 11498). Key properties and composition of the three fuels are given in Table 1.
Compared to Cat-A2, Cat-C5 and Cat-C1 have a similar and higher H/C ratio respec-
tively. All three fuels differ in term of molecular weight where Cat-C5 is low than the
conventional fuel while Cat-C1 is significantly higher.

Chemically, Cat-C5 has a significantly higher content of branched hydrocarbons and
aromatics than Cat-A2, but has almost no cycloparaffins. Cat-C1 is composed only of
iso-Paraffins with about 16% of highly branched-chain hydrocarbon (isocetane). The
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MW  H/C LHV Composition (mass fraction [%)])
[kg/kmol] [MJ/kg] Aromatics iso-Paraffins n-Paraffins Cycloparaffins
Cat-A2 159 1.90 43.1 18.66 29.45 20.03 31.86
Cat-C5 135 1.93  43.0 30.68 51.58 17.66 <0.001
Cat-C1 178 2.16 43.8 <0.001 99.63 <0.001 <0.001

TABLE 1. Properties of fuels studied.
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FIGURE 2. Comparison of injection SMD given by Lefebvre (1989) as function of liquid
temperature.

physicochemical properties and combustion chemistry models for all fuels are obtained
from studies conducted within the context of the National Jet Fuel Combustion Program
(NJFCP) and implemented in the LES solver.

An a-priori analysis is performed to examine effects of fuel properties on droplet,
combustion characteristics and LBO-behavior. Viscosity and surface tension of the liquid
fuel affect the spray preparation during the primary and secondary breakup. To assess the
effect of fuel properties on the spray characteristics we employ the dimensional correlation
of Lefebvre (1989) for the Sauter mean diameter (SMD)

dsyp = 2.250 02 ) B2 AP, 08 p 025 (3.1)

where o, is the liquid surface tension, pr is the liquid viscosity, mp is the liquid mass
flow rate, APy, is pressure drop across the injector nozzle and pg;- is the surrounding
gas density. The results are provided for both fuels as a function of temperature in
Figure 2. In the conditions of the present study, the lower viscosity of the Cat-C5 results
in a smaller SMD while Cat-C1 is very close to the reference fuel. Note that for higher
injection temperature, Cat-C1 progressively diverges from Cat-A2, resulting in a lower
SMD.

As the droplets are advected downstream, heat-transfer with the surrounding gas-
phase leads to evaporation. The effect of the fuel properties is evaluated in an isolated
0D droplet evaporation code, where the evaporation time is computed for a range of
initial droplet diameters and gas temperatures. Results for isolated droplets initially at
322 K in an environment at 2.07 atm and 1000 K are shown in Figure 3. This comparison
shows that, compared to Cat-A2, the evaporation rate for the Cat-C5 is about 35% faster
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F1GURE 3. Comparison of evaporation time at various initial droplet diameter for a droplet
initially at 322 K in a P = 2.07 atms and Ty = 1000 K environment.
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FIGURE 4. Comparison of maximum temperature in counterflow diffusion flamelets as function
of scalar dissipation rate.

while the difference is only 16% for Cat-C1. Similar differences are observed over a [700
K-1400K] temperature range.

The combustion chemistry models are developed following a hybrid approach (Wang
et al. 2015), in which fuel pyrolysis is described by six lumped reaction steps yielding
primary pyrolysis products. The kinetics of these pyrolysis products are obtained from
time-history data of shock tube and flow reactor studies. A foundational fuel chemistry
model (USC Mech IT) (Wang et al. 2010) is used to describe the oxidation kinetics of the
pyrolysis products. By considering a counterflow diffusion flame configuration, relevant
to the FPV-combustion model adopted in this study, chemical effects are evaluated by
comparing the S-shaped curves for the three fuels as reported in Figure 4. Through
this study, only marginal differences on the flamelet response to strain are evidenced
between Cat-A2 and Cat-C5 where both fuels have an extinction scalar dissipation rate
of Xewt = 105 s~1. In contrast, a significant difference is observed between Cat-A2 and
Cat-C1 with the extinction rate of the latter around ye,; = 18 s™1.

In summary, the analysis indicates that the difference of physicochemical properties
between the reference fuel Cat-A2 and the candidate test fuels primarily affects the
physical processes and the chemical kinetics for Cat-C5 and Cat-C1, respectively.
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Effusion plates | Dilution holes Swirler

Row 1 Row 2| Total Radial Axial int. Axial ext.
Experiments 61.6 10.5 119 | 16.0 3.3 5.9 6.6
Simulation 58.3 10.9 11.9 | 189 3.6 6.3 9.0

TABLE 2. Comparison of measured and computed flow split [%)] between swirler, effusion plates
and dilution holes.

4. Results

LES-calculation of the referee-rig are performed with Cat-A2 and Cat-C5 at a stable
operating point and during LBO triggered by fuel depletion. Before investigating the
reactive flow in the referee combustor rig, statistics of velocity are collected from a non-
reacting flow simulation during two flow-through-times in the primary zone and the
flow split between the swirler, the dilution holes and the effusive plates is compared
to experiments. Results are summarized in Table 2, showing that the LES is able to
accurately reproduce the flow split between the primary zone and the secondary zone.

4.1. Flow characteristics at stable operating condition

The flow field showed in Figure 5 is typical for modern combustor designs where the
strong swirl induced by the injection system results in a large inner recirculation zone
(IRZ), which extends upstream within the injection system and interacts downstream
with the first row of the dilution holes (highlighted in dark in Figure 5(a)). The flow-
through-time in the primary zone (upstream of the first dilution row) is evaluated as
6 ms. The IRZ advects hot gases toward the injection nozzle acting as a strong flame
stabilization mechanism, but the lack of pre-vaporized fuel and the high velocity within
the injection system result in a lifted flame. The low boiling temperature of the Cat-C5
is found to allow evaporation within the injection system resulting in a global shift of the
flame front toward the injector nozzle. The flame mostly lies in the shear layer between
the hot recirculating gases of the IRZ and the incoming fresh gases where the droplet
evaporation is enhanced by the flame temperature (as shown by the white iso-contour of
heat release in Figure 5(a)). The flame is found to be significantly longer for the Cat-A2,
with droplets penetrating further downstream in the primary zone as a result of the
extended droplet life time. The temperature of the IRZ is much lower than the flame
temperature due to the lean equivalence ratio of the primary zone (¢prim = 0.18) and
the intermittent emission of fresh gases from the dilution holes.

The flame root, defined as the most upstream reacting flame front, undergoes a periodic
oscillation due to the presence of the PVC. Because of the very low liquid mass flow
rate near the LBO limit, the droplet injection velocity is low and droplets are rapidly
entrained by the swirling air. The spray then interacts with the PVC forming clusters of
droplets, which leads to a periodic variation of the evaporation rate. The PVC frequency,
fpve = 1056 Hz, is evaluated using a probe (see cross in Figure 1) and this frequency is
insensitive to the fuel or equivalence ratio.

4.2. Lean blow-out

Similarly to the experimental procedure, LBO is induced by progressive fuel depletion.
However, the reduction of the fuel mass flow rate in the experiments extends over tens
of seconds and a larger fuel reduction rate is adopted in the LES, owing to the computa-
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FIGURE 5. Axial velocity (a) and temperature field (b) in the combustion chamber z-normal
central plane for Cat-A2 fuel. Superimposed on the velocity field are iso-contours of heat release
(white) and the iso-contour of zero axial velocity (black). Droplets within a 1 mm slab around
the central plane colored by their temperature are overlapped with the temperature field.

tional cost of the simulations. Over three flow-through-times in the primary zone of the
combustor, the overall equivalence ratio is linearly decreased from ¢ = 0.1 to ¢ = 0.07
(corresponding to a rate of change of -45 g.s72). The latter is below the experimental
LBO-limit for both fuels, but is used to ensure that LBO is triggered in the LES.

Figure 6 shows three instantaneous temperature fields in the combustor z-normal cen-
tral plane along with droplets within a 1 mm slab around this plane for both Cat-A2 and
Cat-Cb. The first snapshots are taken shortly after the start of fuel ramping, so that the
flame is not yet affected by the change in injection rate. Comparison between Cat-A2 and
Cat-C5 highlights the fact that the latter flame is sitting closer to the injection system.
As the fuel flow rate decreases, the temperature of the primary zone and in particular of
the IRZ is decreased. It is found that the reduction of the averaged temperature in the
IRZ slows the droplet heating and delays the evaporation, which reduces the gaseous fuel
availability. Finally, complete extinction of the primary zone is illustrated for Cat-A2 in
Figure 6(e) after 27 ms and the number of droplets in the combustion chamber progres-
sively increase. The atypical flame structure shown in Figure 6(f) is observed close to
blow-out where flame fronts are distributed throughout the primary zone but the flame
is no longer stabilized at the injector nozzle.

To better characterize the transient evolution of the combustor state during blow-out,
the temporal evolution of four key indicators is recorded: the total evaporation rate, the
heat release integral, the mean temperature in the IRZ and the flame root distance from
the pressure-swirl injector nozzle. The last two indicators are selected since experiments
indicate that blow-out and its precursors are strongly related to the hot-gas recirculation
(Muruganandam & Seitzman 2005; Stohr et al. 2011). Results are plotted in Figure 7
and the injection rate is added on top of the evaporation rate. The latter is found to
oscillate in stationary conditions due to the interaction of the spray with the PVC and
similar oscillations are also observed at the flame root position. The LBO sequences can
be split in three successive phases highlighted by the gray region in Figure 7:
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FIGURE 6. Instantaneous temperature fields in a z-normal central cut plane along with droplets
colored by the liquid temperature at three instant after the start of fuel ramping for both Cat-A2
(left) and Cat-C5 (right). Time labels correspond to the time after the start of injection ramping.

e Initially, the combustor response to the change in injection rate exhibit an initial
delay of 5 ms, corresponding to the residence time in the primary zone.

e Subsequently, the combustor response is characterized by a linear decrease of the
evaporation rate, heat release and mean IRZ temperature while the flame root is progres-
sively shifted downstream toward the primary zone. Both Cat-A2 and Cat-C5 are found
to respond similarly. Note that due to strong oscillations of the stationary simulations,
the small time advance of the Cat-C5 response is not considered to be an indication of
its LBO behavior.
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FIGURE 7. Temporal evolution of the total evaporation rate (a), heat release integral (b), flame
root distance from the pressure-swirl nozzle (c) and mean IRZ temperature (d). Gray region
corresponds to the linear change phase of the LBO sequence.

e Finally, after 16 ms, although the fuel injection rate is maintained at a constant
value of 1.75 g/s (¢ = 0.07), the combustor exhibits large variations of the evaporation
and heat release integral. This behavior is associated with partial recovery of the flame
in the primary zone (Figure 6(f)), but the change in the IRZ temperature and position
prevent the flame stabilization on the injector.

Overall, no significant differences are observed between Cat-A2 and Cat-C5 in terms
of behavior during a LBO sequence. This result is in agreement with the experiments
which show no substantial differences between the LBO-limit of the conventional Cat-A2
fuel and the Cat-C5 test fuel. The direct evaluation of the LBO-limit through LES is
however difficult due to the long time scales of the experimental procedure.

5. Conclusions

The goal of the present study was to evaluate the LBO-behavior sensitivity to the fuel
properties through LES. Besides a conventional Jet-A fuel, two test fuels were selected.
Fuel effects on the relevant physicochemical processes were evaluated and have shown
that the Cat-C5 test fuel primarily differs in terms of physical properties, while the Cat-
C1 test fuel has a significantly lower chemical reactivity. Subsequently, LES of a LBO
sequence was performed for two fuels (Cat-A2 and Cat-C5) and insignificant differences
were observed between the LBO-behavior of the two fuels. This is in accordance with
experimental observation. The flame blow-out is found to result from the weakening of
the evaporation process induced by a change in the recirculating gas temperature and
position. The fuel availability decreases, eventually leading to a complete extinction of
the flame in the primary zone of the combustor.

Future work will include LES investigation of the Cat-C1 fuel, for which experimen-
tal data suggest an appreciable fuel effect on the LBO-limit. The analysis of the flame
structure also indicates strong interactions between the spray and the flame front. Thus,
the sensitivity of the results to the combustion modeling must be assessed and the de-
velopment of accurate spray flamelet model will be investigated.
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