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Abstract: To study the coupling mechanism between droplet evaporation characteristics
and flame propagation, in this paper, the ignition process in a single dome lean direct
injection combustor is simulated by the Large Eddy Simulation (LES) method. A new
concept, i.e., available droplet, and a new parameter, i.e., available equivalence ratio, are
innovatively introduced to accurately quantify fuel-air mixing characteristics and reveal
flame propagation mechanisms. Simulation results show that the temporal variations in
the locally available equivalence ratio during the ignition process can serve as a reliable
indicator to identify the flame propagation direction. Moreover, the results show that
during the ignition process, available droplets are mainly distributed in the regions where
temperatures range from 650 K to 1200 K. The number percentage of available droplets in
the combustor increases approximately exponentially to about 2.5% after 40 ms from the
ignition. Additionally, the temperature fields and distributions of the available equivalence
ratio at different moments during the ignition are also computed and analyzed. The
results show that the volume percentage of flammable regions gradually increases from
the ignition and eventually stabilizes at about 10% after 8 ms from the ignition. This
result shows that during the ignition, the increase in regions whose available equivalence
ratios fit flammability is a critical factor for ensuring stable flame development. The
available droplet and available equivalence ratio can bridge the gap between droplet-
scale evaporation and combustor-scale ignition dynamics, offering an analytical tool for
optimizing ignition criteria in aero engine combustors. By analyzing the distributions and
evolutions of available fuel rather than fuel vapor, this work can be utilized in design
strategies for reliable ignition in extreme conditions.

Keywords: Large Eddy Simulation; ignition process; droplet evaporation; transient flow
field

1. Introduction

The aero engine is a critical component in modern aircraft due to its significance
in both aircraft performance and safety. Among the performance parameters of aero
engines, ignition within the combustor has attracted increasing attention in recent years.
Studying the ignition processes is essential for aero engines to ensure reliable performance
under varying operating conditions. Ignition probability and stability not only affect aero
engine startup and stable operation but also play a significant role in emissions control and
overall performance [1]. Studies on combustor ignition can be categorized into studies on
ignition characteristics, ignition probability, and ignition process. Methodologies to study
combustor ignition include experimental approaches, theoretical analyses, and numerical
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simulations. Among numerical methods for computational fluid dynamics (CFD) to study
practical engineering devices, Reynolds-Averaged Navier-Stokes simulation (RANS) and
Large Eddy Simulation (LES) are widely used.

Esclapez et al. [2] utilized LES to calculate ignition probabilities at various locations
in a swirl combustor based on cold flow field parameters. The results were validated
by premixed, non-premixed, and jet combustion models. Jones et al. [3] utilized LES
combined with filtered probability density function (PDF) equations to simulate ignition in
an aero engine combustor and further highlighted that the spark size is a critical parameter
affecting ignition. Neophytou et al. [4] focused on flame development and estimated
ignition probabilities by calculating flame trajectories, which provided a new insight into
spark ignition in complex flow fields. Javier et al. [5] proposed local ignition criteria based
on the process from kernel formation to successful ignition. They compared the predicted
results by local ignition criteria with experimental results and found that the local ignition
criteria can be used to obtain acceptable predictions for ignition. Palanti et al. [6] developed
a low-order model to provide local ignition probability statistics. Generally speaking, the
low-order model may lower the prediction accuracy and affect physical consistency, but
the validations by LES simulation data and parameter sensitivity analyses show acceptable
performance. In two-phase combustion, droplet characteristics also affect the ignition
performances. Liu et al. [7] used the Euler-Lagrange method to simulate high-pressure
kerosene injection at environmental pressures ranging from 2.0 to 5.6 MPa using LES. Their
results showed that the droplet cluster velocity significantly decreased with increasing
environmental pressure. Bulut et al. [8] studied the ignition characteristics of dual-fuel (DF)
sprays by LES. In this study, the n-dodecane sprays are injected into methane—-air mixtures,
and the results showed that DF ignition characteristics are significantly influenced by
chemical reaction mechanisms and environmental temperature.

The ignition process is an important branch of studies of ignition characteristics. Tang
et al. [9] used a tabulation method to simulate the spark ignition in aviation aero engines
under turbulent fuel-stratified conditions. The simulation results for both successful and
failed ignition cases were obtained by varying initial spark energy. Thus, the result that
ignition characteristics are related to the dynamics of kernel pulses can be obtained. Dong
et al. [10] employed a 10 kHz 3D measurement method to study the forced ignition process
in liquid-fuel gas turbine model combustors. The key parameters, such as kernel dimen-
sions, structure, growth direction, velocity, and flame propagation speed, were varied to
characterize the dynamics of kernel development. Wang et al. [11] utilized RANS to study
flame propagation under different ignition positions, identifying the optimal ignition loca-
tion at the midstream edge of the recirculation zone. Zhao et al. [12] numerically simulated
the ignition process in a typical aero engine dual-swirl combustor under various high-
altitude flow conditions, fully reproducing the process from fuel atomization to ignition
and combustion. Xia et al. [13] used experiments and simulations to study the circumferen-
tial ignition process in a multi-nozzle swirl annular combustor, showing that numerical
methods can effectively simulate flame propagation in annular combustors. Machover
et al. [14] experimentally studied the circumferential ignition and flame propagation of
lean propane-air mixtures, comparing the morphological characteristics under two ignition
modes: fuel-first, spark-later (FFSL) and spark-first, fuel-later (SFFL).

Some researchers optimized combustor ignition models by improving ignition meth-
ods or developing new flame models. Liu et al. [15] used a plasma ignition system to
analyze the jet characteristics during plasma discharge based on optical experiments and
detailed numerical studies. Moreover, the effects of different plasma parameters on ignition
in gas turbine combustors are also explored. Hu et al. [16] implemented a newly proposed
similarity mapping spray flamelet/progress variable (SMFPV) model for turbulent spray
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combustion, showing that SMFPV is favorable to improving the numerical predictability
with acceptable computational cost.

Based on the above review, aero engine combustor ignition is a complicated issue,
including the ignition process, ignition characteristics, and ignition probabilities. In the
previous studies, fuel-to-air ratio and equivalence ratio distribution in combustors based
only on kerosene vapor are calculated and analyzed [17]. However, some kerosene droplets
may show properties similar to vapor under certain circumstances [18]. Based on this
fact, LES is used to simulate the transient flow field during the ignition process in an aero
engine combustor. The parameters “available droplets” and “available equivalence ratio”
are introduced to study the effects of the distribution of kerosene vapors and droplets on
flame propagation. This analysis method provides a precise tool to study the effects of the
local equivalence ratio distribution on the ignition process.

2. Methods and Theories
2.1. Modeling and Meshing

The combustor model utilized in this study is based on the MERCATO test rig [19].
This test rig is utilized for the studies of two-phase combustion in aero engine combustors.
As shown in Figure 1, the model is composed of three main sections: a plenum, a combustor,
and a depression tube. The swirler is a radial type with 12 blades. The angle between
the centerline of the blade and the radial direction is 50°. The fuel nozzle is positioned in
the centerline of the combustor and 4 mm from the combustor dome. The combustor is a
rectangular structure whose cross-section is a square (129 mm x 129 mm) and length is
500 mm, respectively. Air enters through the plenum and is swirled by the swirler, mixing
with kerosene sprays from the nozzle before combustion occurs within the combustor. The
coordinate system is shown in Figure 1. The coordinate origin is located at the intersection
point of the centerline of the combustor and the plane of the combustor dome. The Z-axis
coincides with the centerline of the combustor.

\

Combustor ~_ _f__| &
i " —1—Plenum

' | X

Figure 1. Model of the combustor.
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Fluent meshing is used to generate the computational mesh for the combustor model.
Specifically, the polyhedral-hexahedral hybrid meshing approach is utilized. Due to the
significant variations in flow parameters in the region near the swirler and upstream of
the combustor, the mesh is refined in these regions. The mesh size in the refined regions
is set as 0.6 mm, while the mesh size in non-refined regions is 1.2 mm. The final mesh
distribution is shown in Figure 2.

Figure 2. Mesh of the combustor.

2.2. Mesh Independence Analysis

To balance computational accuracy and efficiency, the mesh independence analysis
is conducted. Specifically, the mesh in the refined regions is maintained, and the mesh
in the left regions is varied to evaluate the effects of the mesh on the flow field parame-
ters. Four types of mesh (total grid numbers are 2.9 million, 6.2 million, 9.3 million, and
12 million, respectively) are analyzed. The mesh independence is verified by comparing
the Z-velocity distribution along the Y-direction on the line X = 0 mm at plane Z = 56 mm,
as shown in Figure 3. The results indicate that the velocity profiles converge when the
grid number exceeds 9.3 million. Therefore, the meshes with the grid number exceeding
9.3 million are chosen for subsequent computations.
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Figure 3. Mesh independence analysis.
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2.3. Boundary Conditions and Numerical Methods

The cold flow field simulation of the combustor is first performed using the RANS
method. The inlet condition is set as a mass flow inlet with an air mass flow rate of
0.035 kg/s, while the outlet condition is a pressure outlet at 1 atm. Kerosene is used as
the fuel, and its atomization process is simulated by the discrete phase model (DPM). The
fuel mass flow rate is 0.00225 kg/s, with an injection velocity of 20 m/s, temperature of
300 K, and droplet sizes following a Rosin-Rammler distribution (maximum diameter of
100 pm, minimum diameter of 10 um, and mean diameter of 50 um). The atomization type
is set as a hollow cone spray with a spray half-angle of 40°. The boundary conditions are
summarized in Table 1.

Table 1. Boundary conditions.

Air Mass Flow Fuel Mass Flow Temperature Pressure
(kg/s) (kg/s) (K) (Pa)
0.035 0.00225 300 101,325

The LES method is utilized in this paper to simulate the ignition process in the
combustor. The filtered control equations are illustrated as follows:

9 , dpui _
9 (pus) n d(pusy + poy) (T + ) 2
ox; aX] N ax]
aph d(wh) Dp 9 (_ oh o
Bt oy Dt o | PMay ) Ty @)
pY, 9 oY u o) ~ JY.
e [SRALy 4)
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In this paper, the WALE model is utilized to model the sub-grid stress. In the WALE
model, the sub-grid stress TiSjGS is calculated as follows:

~ 1~ 2_
T = 2 (Sij - 35kk5ij) + gkaGséij (5)

In the WALE model, the eddy coefficient of viscosity u, is modeled as follows:

2 (S%S%)s/z
S

= = 15/2 5/4
(5iS4)""* + (siis)

(6)

ue = pL

Calculation methods for DPM can be categorized into the Eulerian method and the
Lagrangian method. In the Eulerian method, both air and fuel are treated as continuous
phases. In the Lagrangian method, the trajectory of the particles is directly traced. The
calculation method for DPM in this paper is the Lagrangian method. The trajectory of the
particles in the Lagrangian method is calculated as follows:

- - = —
o dupim ufup+m g(pp—p)
R TR L
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where my, is the droplet mass. T, is the relaxation time, which can be determined as follows:

o _opdp 24
e 18}1 CdRe

(8)

The droplet evaporation model used in this study is the discrete phase droplet evapo-
ration model by Fluent. The droplet convection/diffusion model is expressed as follows:

dm,,
dt = kcAppooln(1 + Bm) ©9)
where k. is the mass transfer coefficient. A;, is the droplet surface area. p, is the density of

bulk gas. By, is the Spalding mass number given by

Yis — Yico

B.. =
m 1Y

(10)
where Yj is the vapor mass fraction at the surface of the droplet. Y] , is the vapor mass
fraction in the bulk gas.

The droplet temperature is updated according to a heat balance that relates the sensible
heat change in the droplet to the convective and latent heat transfer between the droplet
and the continuous phase:

mpcp% — hAp (Tew — Tp) — d%hfg + Apepo(0f —Th) (11)
where c;, is the droplet heat capacity, T, is the droplet temperature, h is the convective heat
transfer coefficient, To, is the temperature of the continuous phase, dmy, /dt is the rate of
evaporation, hg, is the latent heat, ¢, is the particle emissivity, o is the Stefan-Boltzmann
constant, and O is the radiation temperature.

When the droplet temperature reaches the boiling point, a boiling rate equation is
applied as follows:

d(d,) 4Keo

= (1 + 0.23\/RTd) In

dx  ppCpeodp

1 4 ST = Tp) Tp)} (12)
hig

where ¢p 0 is the heat capacity of the gas, p,, is the droplet density, and ke is the thermal
conductivity of the gas.

The reaction mechanism proposed by Franzelli et al. [20] is adopted, which employs a
two-step reaction scheme. The corresponding chemical equations are expressed as follows:

KERO + 100, — 10 CO + 10 H,O (13)

CO+050, = CO, (14)

In this study, the feasibility of the two-step reaction mechanism for simulating com-
bustor flow fields is verified by comparisons between experimental results and simulated
results by detailed chemical kinetic models. Two key parameters, i.e., adiabatic flame
temperatures and ignition delay times, are chosen as the evaluation criteria. The detailed
validation can be found in our previous study [21].

Subsequent simulations of the cold-flow field and ignition process in the combustor
are simulated by LES. The spark is modeled by an Energy Deposit Model (EDM) to replicate
realistic spark plug dynamics. The formation of the initial flame kernel is simulated by
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introducing a transient energy source term into the energy conservation equation. The
equation of this energy source term is expressed as follows:

T t=to

€ e_%(?s)zei%( ot )2 (15)

XY, Z,t)= ———
Qo ) 47203 oy

where ¢ is the total energy of the spark, r is the distance from the center of the spark, and
tp is the time at which the spark attains peak energy deposition. o5 and o} characterize
the temporal and spatial scales of energy distribution, respectively, which are determined

as follows: A
S

05 = 16

* " 4/In10 (16)
At

oy = 17

"7 4/In10 17)

where As presents the size of the spark, and At presents the duration of the spark.

In this study, the ignition process is determined by the following parameters: the
duration of the entire ignition event is At = 2 ms; the spark center is positioned at the
point (0 mm, 57 mm, 56 mm); the maximum diameter of the spherical flame kernel during
ignition can reach As = 20 mm; the spark is triggered after 40 ms from the initial fuel is
injected in the combustor.

In this study, the non-adiabatic steady diffusion flamelet model is utilized to calculate
the combustion. Under the assumption of equal diffusivities, the species equations can be
reduced to a single equation for the mixture fraction. The Favre mean (density-averaged)
mixture fraction equation is as follows:

%(pf) 1V (pvi) —v((éojut:)w) 4 Sm (18)
where k is the laminar thermal conductivity of the mixture, C;, is the mixture specific heat,
oy is the Prandtl number, and y, is the turbulent viscosity. The source term Sy, is due solely
to the transfer of mass into the gas phase from liquid fuel droplets.

For the LES method, the transport equation is not solved for the mixture fraction
variance. Instead, it is modeled as follows:

f? = CvarLg

v%\ (19)

where Cy,; is fixed at 0.5 in this study, and Ly is the subgrid length scale.

The mixture fraction variance is used in the closure model describing turbulence-
chemistry interactions. After diffusion flamelet generation, the flamelet profiles convoluted
with the 3-PDFs are shown in Equation (20):

& = {] & (Exa)P(F xat)dfdxe (20)

where ¢ represents the mass fractions and temperature of the species. f is the mixture
fraction, and Xy is the scalar dissipation at a stoichiometric ratio.

The dimensions of the non-adiabatic PDF tables are as follows: T(?, -, H, @),
Yi(f,fliz,ﬁ) forx =0, Yi<f,f/72,x75t) for x # 0 and §(f,f/72,ﬁ,xist).

2.4. Validation of LES Mesh Compliance

For LES, the mesh must be validated to meet the computational requirement by using
the dimensionless LRV number. The computational requirement is that the mesh can
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resolve over 80% of the turbulent kinetic energy. LRV number is defined as the ratio of the
turbulent integral length scale to the mesh cell size. The LRV number can be expressed as

L, £
LRV =0 — ¢ 21
L~ v (21)

where k is the turbulent kinetic energy, ¢ is the turbulent dissipation rate, V. is the mesh
cell volume.

The above parameters to calculate the LRV number can be determined based on cold
flow simulations of the non-reacting flow field in the combustor. The regions where the
LRV number exceeds 10 indicate that the turbulent integral length scale can include at least
10 grid cells, ensuring a resolution of over 80% of the turbulent kinetic energy [22].

The computational results show that the mesh with a grid number of 12 million can
achieve LRV > 10 throughout the core regions of the combustor except near-wall regions,
as illustrated in Figure 4. Near-wall regions exhibit smaller LRV values due to strong shear
forces that suppress turbulent integral length scales. In order to balance computational
cost and accuracy, the Werner—-Wengle wall function [23] is utilized to resolve near-wall
turbulence. Eventually, the mesh with a grid number of 12 million is adopted for the
following study.

%‘4‘

LRV

10

8

6

4

L
Z

0

Figure 4. Distribution of LRV numbers in the computational mesh with the grid number of 12 million.

2.5. Definition of New Concept and Parameters

In this section, all the subsequent calculations are performed at an individual compu-
tational mesh cell level to resolve localized combustion dynamics. By introducing a new
concept, “available droplet”, and a new parameter, “available equivalence ratio”, the analy-
sis method proposed in this paper can accurately quantify fuel-air mixing characteristics
and reveal flame propagation mechanisms.

2.5.1. Available Droplet

During the ignition process, the stability and propagation of the flame are controlled by
the physical-chemical properties of the fuel in the high-temperature region. The mechanism
that maintains stable flame propagation is the heating and evaporation of kerosene droplets
in the high-temperature region to form kerosene vapor, which reacts chemically with the
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oxidizer. Generally, a high concentration of kerosene vapors in the high-temperature region
enhances the stability of flame propagation. However, during the initial stage of the ignition
process, a very low concentration of kerosene vapors is due to the insufficient evaporation
rate of kerosene droplets in the combustor. Thus, the traditional analyses based on the
distribution of kerosene vapors cannot provide an accurate assessment of flame propagation
at this stage. In addition, the kerosene vapors generated in the high-temperature region are
mainly located inside the flame zone. Therefore, the direction of flame front propagation
cannot be determined because the spatial gradient is not well defined.

The concept of “available droplet” is introduced to characterize droplets exhibiting
combustion behaviors similar to vapor-phase fuel. Further, the available droplet is defined
as a kerosene droplet whose evaporation timescale Tey, is much shorter than its ignition
delay time Tign (Teva < Tign)-

According to the d?-law for a single droplet at convective condition, the evaporation

time of T,y, is expressed as
do?
Teva = Ki
conv

(22)

where dg and Kcony are the initial droplet diameter and convective evaporation coefficient,
respectively. Then Kony is determined by
Df pg

4
Keony = o Nu In(1+By) (23)

where D is the diffusion coefficient of kerosene vapor. pg and p; are the air density
and droplet density, respectively. Nu is the Nusselt number, which is determined by
Equations (24)—(26). Additionally, By is the Spalding number whose expression is shown
in Equation (27).

Nu = 2 + 0.6Re2 Pr3 (24)

where Re and Pr denote the Reynold’s number and Prandtl’s number, respectively. Re and
Pr can be further expressed as

lug —ug| do py

Th
s (26)
kg

where ug and u, are the gas velocity and droplet velocity, respectively. yt is the turbulent
viscosity. Cp; and kg are the thermal capacity and conductivity of the droplet, respectively.

_Sp (Teo —To)

By
e

(27)
where q, is the latent heat of kerosene. T and Ty are the ambient temperature and
droplet temperature.

Therefore, the evaporation time Tey, for each droplet can be determined during the
ignition process. By comparing the evaporation time Teva with the local ignition delay time
Tign at the location of each droplet, all available droplets during the ignition process can
be determined.

2.5.2. Available Equivalence Ratio

The fuel-air ratio (FAR), which is defined as the ratio of fuel mass flow rate to the
air mass flow rate, is an important parameter in aero engine combustor. Generally, the
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fuel-air ratio, defined by the total mass flow rate of both fuel and air, has been widely
used in previous studies. For scientific analyses, normalized dimensionless parameters are
usually favored. Thus, the equivalence ratio is defined as the ratio of the actual FAR to
the stoichiometric FAR. Furthermore, the local equivalence ratio is introduced to evaluate
the fuel-air distributions within a small region, which is effectively used to analyze flame
propagation characteristics. In previous studies of liquid spray combustion, few researchers
have considered the contributions of small droplets whose combustion behaviors are similar
to vapor phase fuel (i.e., available droplets introduced in Section 2.5.1). Based on physical
intuition, the available droplet can be regarded as fuel vapor in many conditions relevant
to combustion. In this study, a new parameter, “available equivalence ratio”, is proposed to
include the effects of available droplets on flame propagation during ignition.
The available equivalence ratio ¢,y ajiapie is defined as

FAR v ailabl
Pavailable = ﬁ;:‘e (28)

where FAR y.ailable 1S the available fuel-air ratio. FARg; is the stoichiometric fuel-air ratio.
For the two-step reaction mechanism used in this study, the intermediate species only
includes carbon monoxide (CO). Thus, the available fuel consists of three distinct parts:
available droplets, kerosene vapor, and CO. Therefore, FARyailaple is determined as
M¢ available + mMf eya + mco

FARavailable = M (29)
air

where m¢ ,yailables Mfeva, Mco are the masses of all available droplets, kerosene vapor, and
CO, respectively.
Additionally, the stoichiometric fuel-air ratio FAR; is expressed as

M avaliable T Mfeva + MCO
Mair st

FARy = (30)
where m,j,  is the stoichiometric air mass.

For stoichiometric reaction, the correlations between the amount of fuel and oxidizer
are shown as

20
CioHpg ~ (10 + 4) (02 -+ 3.76N2) (31)
CO ~ %(OQ + 3.76N2) (32)

Specifically, 1 mol kerosene requires 15 mol of air for a stoichiometric reaction, whereas
1 mol CO requires 0.5 mol of air for a stoichiometric reaction. Therefore, m,; ¢t is deter-
mined as

20 1
Mair st = 10 + Z ng + EnCO

(Mo, +3.76My;,) (33)

where n¢ and nco are the total amount of available kerosene (available droplets and
kerosene vapor) and CO in an individual computational mesh cell. Mg, and My, are the
molar mass of O, and Ny, respectively.

Moreover, n¢ and nco can be expressed as

Zi Mf avaliable,i +Yf/g P Vcell
N¢ = Nfavaliable + NEeva = M; . (34)
Y, \Y%
_ mco __ YCOPgVeell
NCO = Mo = ~ Mo (35)
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where ) ; m¢ ,yaiable,i iS the total mass of the available droplets in an individual computa-
tional mesh cell. Y¢g and Yo are the mass fractions of kerosene vapor and CO, respectively,
in an individual computational mesh cell. Mo is the molar mass of CO.

Above all, by calculating the available equivalence ratio for each computational mesh
cell, the spatial and temporal distributions of the available equivalence ratio in the combus-
tor can be obtained.

3. Results and Discussions
3.1. Validation of the Reliability of the Numerical Simulation

The reliability of the numerical simulation method is validated by comparing the cold
flow field results of the combustor with experimental data from Rosa et al. [24]. Figure 5
shows the cold flow field at the X = 0 mm plane of the combustor. As shown in Figure 5,
a recirculation zone forms in the upstream region of the combustor. The black curves
represent the contour curves of v, = Om/s. It can be observed that the high-speed air
ejected from the swirler can form swirling jets and divide the recirculation zone into two
parts: the inner recirculation zone (IRZ) and the corner recirculation zone (CRZ). These
results agree well with the experimental results from Rosa et al. [24].

P 1
/ Z Velocity
90

’ 80

70
60
Figure 5. The contour of the cold flow field.

50
40
30
20
10
0
-10
—20

Besides the comparisons of the cold flow field results, the reliability of the numerical
simulation method is further verified by comparing the Z-direction velocity along the
intersecting line of the plane X = 0 mm and planes Z = 26 mm, Z = 56 mm, and Z = 86 mm,
respectively, with experimental data [25], as shown in Figure 6. The comparison results
show that in the upstream region of the combustor, the numerical simulation results slightly
deviate from the experimental results due to the intense changes in the flow characteristics
near the swirler. However, as the flow develops downstream, the numerical simulation
results gradually agree well with the experimental data. Therefore, the validation of the
reliability of the numerical simulation has been completed.
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Figure 6. Comparison between experiment and simulation of the cold flow field.

3.2. Pulsation Period

To characterize the flow pulsation frequency in the combustor by LES, temporal
variations in axial velocity are monitored at the ignition center (0 mm, 57 mm, 56 mm)
before the spark initiation, as shown in Figure 7a. The Fast Fourier Transform (FFT) is
utilized to extract frequency information. The result obtained by the FFT is shown in
Figure 7b. The spectrogram reveals a dominant pulsation period frequency f = 126.8Hz.
The corresponding pulsation period is calculated as 1/f ~ 8ms, agreeing with the observed
experimental combustion pulsation timescale.

80 T T T T 6 T v T v T T T T
| (126.8, 5.95)
60 - st -
40 . 4+ -
[}
—~ el
7] =
g 20} . —‘;; 3t .
= g
0F { < 2} -
=20 | E 1k ]
—40 - ok u
N 1 N 1 . 1 N 1 L 1 2 1 = 1 1 N 1 N
0.09 0.10 0.11 0.12 0.13 0.14 0 5000 10,000 15,000 20,000 25,000
t/(s) Frequency (Hz)
(a) (b)

Figure 7. Calculation of pulsation period: (a) axial velocity variations at the ignition position;
(b) Spectrogram of FFT.
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C Swirling direction

3.3. Ignition Process Simulated by LES

The ignition process in the combustor is simulated and analyzed by LES. Figure 8
shows the temperature distribution in the combustor at different moments after ignition.
Based on the color scale, some typical corresponding relationships between color and
temperature can be determined. The colors of red, yellow, and white represent 1000 K,
1500 K, and 2000 K, respectively. Additionally, in this study, t = 0 ms is defined as the
moment when the spark is triggered.
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Figure 8. Ignition process simulated by LES: (a) t =1 ms; (b) t =2 ms; (¢) t =3 ms; (d) t = 5 ms;
(e) t=8ms; (f) t=9ms; (g) t =10 ms; (h) t =16 ms; (i) t = 32 ms.

At t =1 ms (Figure 8a), a spherical flame kernel is formed near the combustor wall
(this position is chosen based on the ignitor location in the real combustors). The highest
temperature occurs in the center of the flame kernel, and the temperature decreases with
the increase in the radial distance from the center. The red arrow represents both the
swirling direction of the airflow in the combustor and the primary propagation direction of
the flame.
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At t = 2 ms (Figure 8b), the forced ignition phase ends, and the flame kernel begins to
expand. The trajectory of flame kernel expansion initially aligns with the swirling airflow
in the combustor.

At t = 3 ms (Figure 8c), the flame exhibits expansive and rotational behavior and
subsequently propagates both upstream and downstream in the combustor.

At t = 5 ms (Figure 8d), the flame front further propagates and impinges on the
combustor side wall.

At t = 8 ms (Figure 8e), the flow time exceeds one pulsation period since the trig-
ger of ignition. The flame front propagating downstream has propagated to the section
near Z = 110 mm. Moreover, the axial propagation speed of the flame front propagating
downstream increases due to the swirling jet flow development in the downstream region
in the combustor. During this period, the flame front propagating circumferentially has
rotated 90° in the swirling direction. The flame volume significantly increases compared
to the previous moment. Additionally, the flame front propagating upstream spirals to
the swirler exit. This phenomenon indicates that during the initial ignition phase, i.e.,
within one pulsation period, the flow in the combustor is accelerated by the expansion of
high-temperature gases. The accelerated hot flow promotes the flame front to propagate
quickly towards the downstream region in the combustor.

From t = 9 ms (Figure 8f) to t = 10 ms (Figure 8g), the flame front propagating upstream
has reached the swirler exit and ignited the kerosene droplets near the swirler exit, which
represents successful ignition.

At t = 16 ms (Figure 8h), the flame front propagating downstream further develops
and rotates along the swirling direction. At this moment, the flame is fully filled in the
entire combustor. High-temperature regions are mainly distributed near the walls, while
the central region of the combustor remains in the low-temperature situation.

At t = 32 ms (Figure 8i), the flame achieves full development. The temperature in
major regions is stabilized at around 2000 K except for the dome region. The temperature
in the dome region remains relatively lower due to the low-temperature incoming flow of
both air and fuel.

Figure 9 shows the comparison of the flame propagation between the experiment by
Rosa [24] and the simulation by this study. The iso-surface with a temperature of 1300 K is
utilized to describe the flame structure. As the plots show, the simulation results agree well
with the experimental data. Thus, the turbulent combustion model used in the simulation
is reliable. The validations by comparisons between experimental and simulation results
prove the reliability of the computational method and modeling in the present study.

The reaction flow field parameters of stable combustion obtained by numerical simu-
lation and experiment are also compared. Specifically, the Z-direction velocity along the
intersecting line of plane X = 0 mm and planes Z = 26 mm, Z = 56 mm, and Z = 86 mm,
respectively, are compared with experimental data [25], as shown in Figure 10. The com-
parison indicates that in the upstream region of the combustor, the numerical simulation
results slightly deviate from the experimental results due to the intense changes in the
flow characteristics near the swirler. As the flow develops, the simulation results gradually
agree well with the experimental data in the downstream region in the combustor. These
results further verify the reliability that LES can be utilized to simulate and analyze the
ignition process.
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Red color: iso-surface of 1300K

(b)
Figure 9. Validation in flame structure: (a) experiment results; (b) simulation results.
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Figure 10. Comparison between the hot flow time-averaged field obtained by LES and experimen-
tal results.
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3.4. Ignition Process Analyses Based on Available Equivalence Ratio

The available equivalence ratio can significantly affect the local combustion stability
in the combustor. Then, the local combustion stability directly determines the result of
ignition, success or failure. In this study, the ignition performance is analyzed based on the
available equivalence ratio at various moments after the trigger of the spark.

Figure 11 shows the distribution of the available equivalence ratio and temperature
field in the combustor at different moments after the trigger of the spark. Similar to
Figure 8, the warm color scale represents temperature, and the cold color scale represents
the available equivalence ratio. The discrete blue regions represent kerosene droplet clusters
and kerosene vapors around them, whereas the continuous blue regions mainly represent
the gaseous fuel (kerosene vapor and CO).
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Figure 11. Variation in the distribution of available equivalence ratio during the ignition process:
(a)t=1ms; (b) t=2ms; (c) t=3ms; (d) t =5ms; (e) t =8 ms; (f) t =9 ms; (g) t = 10 ms; (h) t = 16 ms;
(i) t=32ms.

(h)

At t = 1 ms (Figure 11a), a spherical flame kernel is formed. At this early stage, no
kerosene vapor or intermediate product CO is generated in the flame kernel. However,
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discrete blue regions near the 1000 K iso-surface occur, which indicates the existence of
available droplets. The available droplets can rapidly evaporate within the ignition delay
time, ensuring the flame kernel expands outwards and ignites the surrounding region.

At t = 2 ms (Figure 11b), the forced ignition phase ends. The high-temperature
region begins to generate available gaseous fuel, including kerosene vapor and carbon
monoxide. There is sufficient combustible gas in the regions enclosed by the 2000 K
iso-surface, indicating that stable reactions in this region can release sufficient heat and
then significantly enhance the environmental temperature and further generate more
available droplets.

From t = 3 ms (Figure 11c) to t = 5 ms (Figure 11d), the flame propagates further
along the recirculation zone to the dome of the combustor. The flame propagates to the
regions near the flame where the high available equivalence ratio exists before the flame
front arrives. The development of high-temperature regions leads to an increase in the
high available equivalence ratio regions. In Figure 11d, the range of high temperature
decreases on the plane X = 0 mm as the flame propagates circumferentially. However,
sufficient available droplets still exist on this plane to ensure stable combustion. At these
moments, the high-temperature region is mainly distributed near the walls, and sufficient
combustible gas exists in the region enclosed by the 2000 K iso-surface. There are sufficient
clusters of available droplets to support flame propagation along the walls.

At t = 8 ms (Figure 11e), the flame fully propagates along CRZ to the side wall and
upstream regions in the combustor. The high-temperature region is mainly located near
the side wall in the CRZ. Thus, heat accumulates in the CRZ and enhances the temperature
in the CRZ. This process can generate sufficient available droplets to support the flame to
propagate to the dome of the combustor through the CRZ.

Att =9 ms (Figure 11f), the flame will soon arrive at the swirler exit. At this moment,
there are high available equivalence ratio regions between the swirler exit and the flame
front, which ensures that the flame propagates to the swirler exit.

At t =10 ms (Figure 11g), the flame front arrives at the swirler exit, leading to intense
and full mixing of the high-temperature burned gas and the unburned incoming mixture
near the flame stabilization zone. Once the flame stabilizes at the stabilization zone, suffi-
cient available droplets can form continuously, thus increasing the available equivalence
ratio in the IRZ.

At t = 16 ms (Figure 11h), the flame front propagating circumferentially rotates nearly
a full circle, and the flame almost fills the entire combustor. However, the flame does
not achieve full development at this stage, with the low-temperature CRZ containing a
large number of available droplets. At this moment, high temperature as well as high
concentration combustible gas regions are mainly located at the downstream region, dome
region, and near wall region.

At t = 32 ms (Figure 11i), the flame achieves full development. Available fuels whose
main component is combustible gas are mainly located in the CRZ. However, few avail-
able fuels exist in the downstream high-temperature regions. For stable combustion, the
droplets rapidly evaporate and form a combustible mixture once they are injected into
the combustor. The combustible mixture burns and generates high-temperature gases
as they flow downstream with the main flow stream. On the other hand, a part of high-
temperature gases is entrained into the recirculation zone by turbulence and flow upstream
to serve as a heat source to promote the evaporation and combustion of the subsequent
unburned incoming mixture. This self-sustaining process is the key to flame propagation
and stable combustion.

In summary, compared to the traditional equivalence ratio, the variation in the avail-
able equivalence ratio during the ignition process provides a more insightful understanding
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of the effects of fuel distribution on flame propagation. The spatial and temporal distribu-
tion of the available equivalence ratio, coupled with the flow field and temperature field, can
give reasonable explanations for flame development during the ignition process. The above
analysis methods provide an important tool for optimizing ignition strategies, improving
combustion efficiency, and ensuring stable combustion in practical combustion systems.

3.5. Analyses of Available Droplet Characteristics

In order to study the characteristics of the new concept, i.e., available droplets during
the ignition process, the diameter distribution of available droplets at each moment after
ignition is obtained, as shown in Figure 12. In these bar charts, each bar represents the
percentage of available droplets within a specific diameter range relative to the total number
of available droplets in the combustor at each moment after ignition. As shown in these
subfigures, the diameters of the majority of available droplets during the ignition process
are below 70 um. At t =1 ms (Figure 12a), the diameters of the highest percentage of
available droplets in the combustor range from 20 pm to 30 um, with a percentage of
about 26.8%. As the flame develops, the increased flame volume allows larger droplets to
evaporate rapidly within the ignition delay time, making larger diameter droplets available.
At t =3 ms (Figure 12b), the diameters of the highest percentage of available droplets in
the combustor range from 30 um to 40 pm, with a percentage of about 18.5%. Att=>5ms
(Figure 12c), the diameters of the highest percentage of available droplets in the combustor
range from 40 pm to 50 um, with a percentage of about 16%. After t = 8 ms (Figure 12d),
the diameter distributions of available droplets remain almost unchanged.
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Figure 12. Diameter distributions of available droplets at moments after ignition: (a) t = 1 ms;
(b) t=3ms; (c) t=5ms; (d) t =8 ms.

Figure 13 shows the relationship between the diameters of available droplets and
temperature distributions in the combustor at t = 5 ms. Most of the available droplets
(about 89.2%) concentrate in the regions where temperatures range from 650 K to 1200 K.
Moreover, larger diameter available droplets (i.e., the diameter is larger than 40 um)
exist in regions with the same temperature ranges, i.e., range from 650 K to 1200 K. In
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the regions where T > 1200 K, available droplets account for only about 3% of the total
droplets, which is attributed to the ignition delay time decreasing exponentially with the
increasing temperature. When the ignition delay time is very short, only small droplets
can evaporate completely and participate in combustion, whereas large droplets cannot
evaporate completely and are classified as unavailable. In the regions where T < 650 K, the
droplets evaporate slowly and cannot generate enough combustible mixture in a relatively
big region in the combustor. The flame can only occur near the droplets and be sensitive
to the low-temperature flow around it. In the regions where the temperatures range from
650 K to 1200 K, small and medium droplets (dy < 40 pm) dominate the fuel vapor
supply, as they evaporate fully before ignition. Thus, optimizing atomization can ensure
more droplets reach the “available” range and further enhance the ignition reliability. In
high-temperature regions, ignition occurs almost instantaneously, leaving insufficient time
for large droplets to evaporate. Unevaporated large droplets act as heat sinks, locally
reducing temperatures and disrupting flame propagation. Large droplets entrained into
high-temperature regions are either convected away or broken up into smaller droplets
due to aerodynamic shear.
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Figure 13. Relationship between diameters of available droplets and temperature distribution at
t=>5ms.

Figure 14 quantifies the dynamic evolution of the number percentage of available
droplets with time after ignition in the combustor. It reveals that the number percentage
of available droplets M,yailaple increases nonlinearly (approximately exponentially) as the
flame develops. As shown in Figure 14, at the end of the first pulsation cycle, i.e., 8 ms,
Navailable 15 Still below 0.5%. Then, the increased speed of Muyajlable iNCreases with the
flame development. Eventually, n,yajiapie Stabilizes at about 2.5% with small fluctuations
at t = 24 ms, which can be attributable to the achievement of thermal equilibrium in the
combustor when the combustion sustains stably after ignition. From t = 0 ms to t = 8 ms,
temperatures rise from approximately 800 K to 1200 K in the preheating zones. Tigy
decreases slowly, leading to a slow increase in Muyajjaple- From t = 8 ms to t = 24 ms,
temperatures in the preheating zones rise to approximately 1500 K. Under this condition,
Tign decreases exponentially, while Teva decreases linearly, leading to a rapid increase in
Navailable- After t = 24 ms, temperatures reach the nearly stable values. Under this condition,
the smaller droplets fully evaporate, while larger droplets transport into the “available”
size range due to continuous evaporation. Thus, Mayailaple reach a nearly stable value due to
evaporation—-combustion equilibrium. This result verifies that the approximate exponential
number percentage of available droplets is a requisite for a successful ignition.
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Figure 14. Variation in number percentage of available droplets with time after ignition.

3.6. Analyses of Available Equivalence Ratio Characteristics

Based on LES coupled with a simplified two-step reaction mechanism, when the
global equivalence ratio is set as 0.95, the computational adiabatic flame temperature in
the combustor is approximately 2300 K, which is approximately equal to the theoretical
value of adiabatic flame temperature. Based on the correlation between the temperature
gradient and the chemical reaction process, the internal regions in the flame can be further
divided into the burned region and the preheating region, as shown in Figure 15. The
burned region, where temperatures are about 2300 K, can achieve complete combustion
and sustain a thermal equilibrium state. Thermal equilibrium analyses can reveal that
the burned region is filled with a lot of fully oxidized products and a small amount of
unreacted intermediates, which means that kerosene vapors are entirely consumed in this
region. The preheating region, where temperatures range from 650 K to 2300 K, serves
as the precursor for intense reactions and is characterized by significant coupling of heat,
mass transfer, and phase changes. When the temperatures range from 650 K to 1300 K,
the generation of kerosene vapor from available droplets is dominated by evaporation,
coupling closely to turbulence in the flow field. When the temperatures range from 1300 K
to 2300 K, kerosene vapor undergoes the following processes, i.e., premixing, oxidation,
producing intermediate product CO, and releasing heat.

2300K ~

Red: 2300K

Blue: 650K .
® : Davaitapie = 1

Figure 15. Schematic of burned zone and preheating zone.

The flammable limit of a fuel is a critical parameter to determine whether the stable
combustion can be maintained under specific conditions. Generally, the flammable limit
consists of the upper and lower fuel vapor concentration thresholds at which combustion
can be sustained by the analyses of both conservation of energy and chemical reaction
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kinetics [26]. For a hydrocarbon fuel with the chemical formula C,Hy,, the volume fraction
of oxygen required for complete combustion, denoted as Cst, can be expressed as follows:

_ 100
C1+4773(n+ D)

Cst (36)

The upper flammable limit at 25 °C Ups and lower flammable limit at 25 °C Lys are
expressed as follows:

1

Uss = 5013370 1 0.05151 (37)

Lys = 1 (38)
257 0.1347n + 0.04343

In this study, the chemical formula of the kerosene is C19Hyg. Based on Equations (36)—(38),
the flammable limits [L, U] can be quantitatively expressed as follows:

Uyp  5.399
- =277 _39 9
U=C, " 1375 ° (39)

Lys 07192
=2 _ 70 o5 40
Ce 13775 (40)

Thus, based on the analyses of flammability in the combustor, the variation in vol-
ume percentage of flammable regions Ngammaple With time after ignition can be shown in
Figure 16. In the early ignition stage, after the trigger of the spark, Ngammanle grows slowly
and reaches 1.72% at t = 3 ms, indicating that most regions in the combustor are in fuel-lean
conditions. At this moment, the flame kernel starts to expand and does not fully develop;
the spatial-temporal non-uniformities of droplet evaporation and fuel-air mixing lead to
the discrete local equivalence ratio distributions. After t = 3 ms, the flame reaches a self-
sustained propagation phase, and the flammable region grows rapidly to 10.21%. During
this stage, the increased heat release elevates the flow field temperature and improves
the droplet evaporation. Moreover, turbulence enhances fuel-air mixing, enabling more
regions to reach the flammable condition. After t = 8 ms, Ngammable Stabilizes at about 10%
with small fluctuations. Then, high-temperature regions and droplet evaporation achieve a
dynamic balance state and further sustain the stable combustion. This study shows that
the rapid growth and subsequent stabilization of the flammable region are key indicators
of the transition from initial ignition to stable flame propagation.
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Figure 16. Variation in volume percentage of flammable regions with time after ignition.
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4. Conclusions

In this paper, the LES method is utilized to study the transient flow field characteristics
during the ignition process in an aero engine combustor based on the MERCATO test rig.
Firstly, the simulation results of the cold flow field and the stable combustion flow field
are compared with experimental results to validate the analysis methods. Furthermore, a
new concept, i.e., available droplet, and a new parameter, i.e., available equivalence ratio,
are introduced innovatively to analyze the effects of the droplet characteristics on flame
propagation during the ignition process. Some conclusions can be obtained as follows:

(1) Flame propagation during ignition is closely related to the regions with high available
equivalence ratios. In the early ignition stage, available droplets rapidly increase
around the flame kernel, ensuring the development of the flame kernel. As ignition
progresses, sufficient combustible gases, including kerosene vapor and CO, are gradu-
ally generated in the flame region to maintain the flame expansion and finally fill in
the whole combustor to achieve stable combustion.

(2) Most of the available droplets (about 89.2%) concentrate in the regions where the
temperatures range from 650 K to 1200 K. Moreover, larger diameter available droplets
(i.e., the diameter is larger than 40 pm) also only exist in the regions with this same
temperature range. Apart from this temperature range, just a few of the available
droplets exist.

(3) The number percentage of available droplets increases approximately exponentially
as the flame develops and eventually stabilizes at about 2.5%.

(4) The volume percentage of flammable regions increases slowly at the early ignition
stage and then increases rapidly at the flame self-sustain propagation stage and
eventually stabilizes at about 10%.

(5) The new concepts proposed in this paper (available droplet and available equivalence
ratio) bridge the gap between droplet-scale evaporation and combustor-scale ignition
dynamics, offering an analytical tool for optimizing ignition criteria in aero engine
combustors. By analyzing the distributions and evolutions of available fuel rather
than fuel vapor, this work can be utilized in design strategies for reliable ignition in
extreme conditions.
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Abbreviations

The following abbreviations are used in this manuscript:

LES Large eddy simulation

RANS  Reynolds-Averaged Navier—Stokes simulation
DPM Discrete phase model

EDM Energy deposit model

CRZ Corner recirculation zone
IRZ Inner recirculation zone
FFT Fast Fourier transport
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