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a b s t r a c t

A trapped vortex cavity with a radial V-gutter flameholder is adopted to expand the flame stability of an
augmentor. The improvement of flame stabilization limits is achieved experimentally by replacing the
traditional slotted air-jet with the discrete-hole air-jet. The atomization characteristics of the air-assisted
multi-point injector and the numerical fluid-structure are conducted to explain the results. Results
indicate that a remarkable enhancement of the flame stability with discrete-hole air-jet is obtained in all
conditions, while the slotted air-jet for the cavity leads to a failed ignition at 343 K except for the Mach
number of 0.3. As the same passing area of the air-jet, the larger the aperture of the discrete hole, the
better the flame stabilization performance. An increasing trend of lean blowout equivalence ratio is
contributed by the increased Mach number. Whereas, the Mach number growth will lead to a reduction
of lean ignition equivalence ratio at 343 K and 473 K, and a downward parabola is observed at 573 K.
Eventually, the optimal flame stability performance is achieved in by the larger discrete space distance,
which promotes the fuel/air mixture with the help of the recirculation zones between discrete holes.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Turbine-based combined cycle (TBCC) is undoubtedly regarded
as one of the most promising hypersonic propulsion power sys-
tems, which effectively increases national defense and military
deterrence [1]. The efficient and reliable ignition and reignition are
indispensable for the combined combustor at high speed and low
temperature [2]. The inlet conditions of the combustion may
deteriorate sharply with the pressing applications of the combustor
in high-altitude flights [3], so it is urgent to broaden the flame
stabilization limits of the combustor. Previous investigations indi-
cate that the cavity-based combustor can weaken the inlet distur-
bance and expand the operating range effectively [4].

A cavity-based combustor contains a cavity and several struts, in
which two opposed air-jets with different heights form a stationary
vortex over awide range of mainstream conditions [5] that can hold
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a stable flamewith the injected fuel [6]. In general, an improvement
of at least 40% in the operating range can be available when using
the cavity-based combustor, as compared with the traditional gas
turbine combustor [7]. Meanwhile, the ultra-compact and high-
efficiency augmentor shows good application prospects [8], and
the cavity-based augmentor has been demonstrated the charac-
teristics of low resistance and a high thrust/weight ratio [9]. Hence,
the promising cavity-based combustor deserves to be studied in
depth and detail, significantly extending the flame stability limit
[10].

As an advanced concept of the flameholder, the flow field [11]
and combustion characteristics [12] of the cavity based on the
slotted air-jets have been widely studied under the various inlet
Mach number and temperature conditions [13]. It has already
confirmed the benefits of a cavity-based combustor in aero-engines
[14], ramjets [10], and scramjets [15]. To evaluate the application of
the trapped vortex cavity (TVC), an encouraging result from the
National Energy Technology Laboratory revealed that only ~17% of
fuel-bound nitrogen was converted to NOx [16]. Besides, Meyer [5]
proved in his experiment that the lean blowout (LBO) limits were
50% below those for conventional combustors, and the relight
height could be reached at 12 km, whichwas 33.3% higher than that
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Nomenclature

AMI air-assisted multi-point injector
E, R combustor reference parameter
Cc, Cpz volumes of the combustor
H hight, mm
Hr lower calorific value
L length, mm
LPSA Malvern laser particle size analyzer
Ma Mach number
m mass flow rate, kg/s
PDPA phase doppler particle analyzer
P pressure, Pa
DP pressure drop, Pa
q fuel/air ratio
SMD Sauter mean diameter, mm
T temperature, K
TBCC turbine based combined cycle
TVC trapped vortex cavity
V velocity
lr effective evaporation
v velocity, m/s

f equivalence ratio
h combustion efficiency, %
b vortex angle of the critical point and fore-wall
s surface tension, N/m
r density, kg/m3

x, y, z axial, radial and spanwise coordinates, respectively
Z1, Z2, Z3 sections

Subscript
1 core stream inlet
2 bypass stream inlet
3 combustion section
a inlet of the after-wall
ac cavity
f inlet of the fore-wall
fuel RP-3 kerosene liquid fuel
Ig ignition
LBO lean blowout
main mainstream
sf flame propagation
B point B
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in conventional combustors. Then, numerous efforts were con-
ducted to expand the flame stability of the cavity-based combustor
by improving the ‘trapped’ vortex structure and fuel/air mixing,
such as adjusting cavity size [17], innovating the fuel supply mode
[18], and optimizing the jet flow [19,20].

Initially, the rules for sizing cavities were investigated to keep a
stable flame with a minimum drag [21]. The cavity surrounding the
casing with several struts radially hanging on the fore-wall can
reduce the equivalence ratio (f) of LBO and improve the combus-
tion efficiency (h) [22]. These results indicated that a stable vortex
or dual-vortex in the cavity stabilized the flame well, but the in-
jection problem was not solved. After that, the injector's optimum
locationwas found to be above the centerline of the fore-wall in the
cavity, and the lowest LBO limits were achieved by dual-vortex fluid
structure [16]. A rapid fuel/air mixing performed in the cavity leads
to higher combustion efficiency and lower NOx emission [23]. The
extraordinary distribution and mixing of the fuel and air were
facilitated by 54 injectors, which efficiently improved flame sta-
bility and combustion efficiency [5]. As mentioned above, the dual-
vortex in the cavity is directly affected by themomentum of the flux
ratio. Besides, Hsu et al. [24] found that the streamwise vortex
established in the cavity could be strengthened by injecting a high
momentum air-jet (or secondary air-jet) from the after-wall. Also,
the effect on the angle and height of the fore and after air-jets of the
cavity had been experimentally studied to improve the stability of
the vortex in the cavity [25].

In conclusion, there are many ways to strengthen the flame
stability of the cavity, among which the structural adjustment
[26,27] and fuel supply mode [12,21] are researched more exten-
sively, while the method of primary air-jet in the cavity is lacking
exploration. The flame stability has been significantly improved
with a rapid fuel/air mixing, achieved by injection hole [28]. Be-
sides, the turbulence caused by air passing through the holes pro-
motes the mixing of fuel and air [29], and fuel droplets move
around the primary vortex in the cavity provides a longer residence
time for the fuel/air mixing. Unfortunately, few attempts have been
made so far to unravel the effect of air-jet injected from slotted or
punched coupling with the fuel supply device of the evaporation
tube on the cavity flame stability, which may be beneficial for
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homogeneity of fuel/air mixture. Therefore, in order to fill in the
gaps of flame stabilization in different air-jet of the cavity, the effect
of primary air-jet form on lean ignition and lean blowout limits
need to be fully understood.

In this paper, a rectangular combustor with a cavity and a radial
V-gutter flameholder is designed as a part of the TBCC augmentor.
Three kinds of discrete-hole air-jet and one slotted air-jet were
adopted to experimentally investigate the effect of primary air-jet
form in the cavity on combustion characteristics. The test rig is
carefully designed and fabricated based on our previous work [30].
This paper focuses on improving the ignition and lean blowout
through the slight change of the primary inlet in the cavity. This
paper's remainder first introduces the experimental model, setups,
and primary air-jet forms in section 2. Detailed performance of
ignition, lean blowout, and discussion are then presented in section
3. The last section comes to the main conclusions.

2. Combustor and experimental/numerical setups

2.1. Combustor design

Fig. 1 shows 2-D schematics and the photograph of the
augmentor with a cavity and a radial V-gutter flameholder, which
draws the center section of a rectangle combustor with a size of
120 mm � 144 mm � 1360 mm. As shown, the augmentor consists
of a diffuser, a cavity, an air-assistedmulti-point injector (AMI), a V-
gutter flameholder, a spark plug, and two inlets, which are core
stream inlet1 and bypass stream inlet2, respectively. In this paper,
the TBCC is operating at ramjet operating mode. The ratio of the
diffuser is 1.38. The basal design of the cavity with a slotted inlet
has already been conducted by previous numerical simulations and
combustion tests [31]. Meanwhile, the air-assisted multi-point
injector (AMI) has also been investigated to match well with the
cavity combustion in the main chamber [32]. It makes sense to
combine the advantages of AMI with the cavity-based augmentor
and optimize it. The RP-3 liquid fuel is injected vertically onto the
splash plate by a plain orifice with a diameter of 0.5 mm. The
diameter of the multi-hole tube is 10 mm, inwhich the evaporating
tube has 20 holes of diameter 2 mm with a pitch of 5.7 mm.



Fig. 1. 2-D schematic and a photograph of augmentor at the center section: (a) schematic of the augmentor, (b) a photograph of augmentor, (c) schematic of the injector. All
dimensions in mm.
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The 2-D schematic of the cavity and AMI in section 20 mm from
the center is depicted in Fig. 1(c). The length of the cavity is
45.5 mm, and the depths of the fore-wall and the after-wall are
40 mm and 29.5 mm, respectively. The secondary air-jet flows
through a slot on the after-wall with a width of 1.6 mm. Besides,
one slotted air-jet and three kinds of discrete-hole air-jet are built
by a processed fore-wall plate with the slot or discrete holes, as
shown in Fig. 2. Here, the slot inlet with a width of 1.6 mm and
discrete holes with different diameters are set as 2.5 mm, 3.4 mm,
and 5.0 mm with the same inlet passing area. The slot inlet is
labeled as Case 1, and the discrete holes inlets are marked as Case 2,
Case 3, and Case 4, respectively. Then, the flame spread out from the
spark plug with 12 J (8 Hz) installed at the center of the bottomwall
with a z-axis distance of 20 mm to the center section. Additionally,
a successful ignition is marked by the observation, through an
optical quartz glass, that the steady flame fills the entire cavity.

As mentioned above, the primary and secondary air jets inject
into the cavity with a height difference that will form a dual-vortex
structure. The cavity is filled with the primary vortex, and the
secondary vortex appears in the corner of the fore-wall, meeting
the mainstream. Therefore, the secondary vortex separates the
primary vortex from the mainstream, protecting the stability of the
primary vortex and exchanging energy and composition [33].
However, the dual-vortex structure is destroyed into an incomplete
single vortex when the fluid in the cavity is attracted by the low-
Fig. 2. The inlet structures in the fore-wall inlet s
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pressure area behind the radial V-gutter flameholder at the cen-
tral section, as shown in Fig. 1(a). A noteworthy feature of the fore-
wall is that little air mixed with fuel will enter into the cavity from
AMI. The fuel/air mixture flows into the primary vortex and com-
pletes the ignition to establish a stable flame zone, igniting the
whole combustor.
2.2. Air-assisted multi-point injector

The 3-D structure of the air-assisted multi-point injector is
shown schematically in Fig. 3. The air inlet size is set to
8 mm � 16 mm as a reference for the computation of mass flow
rate. The diameter of the multi-holes tube is 10 mm, which dis-
tributes 20 holes of diameter 2 mm, and the pitch of holes is
5.7 mm. Two plates reached a thickness of 1 mm are installed at the
center of the inlet and multi-holes tube. The diameter of the plain
orifice is 0.5 mm, which is mounted inside the air-assisted multi-
point injector. The RP-3 liquid fuel is injected vertically into the
splash plate. Then, a part of fuel departs into droplets, and other
parts form the fuel film. Thereby, the fuel film, moving and mixing
with the airflow, gradually becomes thinner and breaks into
droplets (as schematically shown in Fig. 1(c)). Finally, the fuel/air
mixture enters the trapped vortex through multiple holes.
tructure of the cavity. All dimensions in mm.



Fig. 3. 3-D structure of air-assisted multi-point injector. All dimensions in mm.

Table 1
Summary of experimental conditions.

Ma1 T1/K Ma2 T2/K P/MPa

0.18 473 0.30e0.70 343e573 0.101
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2.3. Experimental setup

2.3.1. Experimental system
Experimental studies are conducted in a sector channel with an

air supply and exhaust system, which is schematically shown in
Fig. 4. The experimental system is divided into four parts: air supply
device, fuel supply system, pre-heater, and the test section. The air
supply device can provide the dehumidified air with a maximum
pressure of 0.8 MPa and amaximummass flow total rate of 1.5 kg/s.
The incoming air is divided into two paths, one of them is electri-
cally heated, and the other is pre-heated by combustion with RP-3
liquid fuel. The electric heater can raise the airflow temperature by
200 K, while the pre-burner can heat the room temperature air to a
maximum of 873 K. Here, the oxygenmass fraction is maintained at
23.20%e22.35%, as the combustion efficiency of the pre-burner
approaches to 99.8%. Besides, an orifice flowmeter with an accu-
racy of 0.57% is used to measure the total mass flow rate. The
pressure and temperature at the inlet are measured by the pressure
gauge and the K-type thermocouple, which are both mounted
50 mm upstream of the test section. The uncertainties of the K-type
thermocouple and pressure gauge are both 0.4%. Also, the unvi-
tiated air from the electrical heater and the vitiated air from the
pre-burner is supplied to the core inlet and the bypass inlet of the
test rig, respectively. The fuel is pressurized by the pump so it can
be injected into the experimental model, and the fuel mass flow
rate is determined by the pressure gauge. Furthermore, the rela-
tionship between the fuel mass flow rate and pressure drop is
Fig. 4. Experimental setu
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calibrated before the test. The uncertainties of the pressure gauges
and the electronic scale are 0.4% and 0.01%, respectively. Then, the
correlation is supplied as follows:

DPfuel ¼0:1249mfuel
1:9665 (1)

where the DPfuel is the fuel pressure drop, themfuel is the mass flow
rate of the fuel.

The combustor has two inlets: core inlet and bypass inlet,
denoted by subscripts 1 and 2. In this paper, the influence of inlet
structure on ignition and blowout performance is mainly studied.
Therefore, the core inlet parameters are kept the same, while the
parameters of the bypass inlet are changed within a specific range.
The detailed operational parameters for the combustor are listed in
Table 1.

The characteristics of fuel atomization and distribution in the
trapped vortex substantially affect the performance of ignition and
blowout limits. In order to understand the flame stability in-depth,
the atomization characteristics of AMI were studied experimen-
tally. Fig. 5 shows the experimental setup for the Malvern laser
particle size analyzer (LPSA), measuring particle size from 4.6 to
323 mmwith a maximum measurement uncertainty of 1.75%. LPSA
can measure the particle size and distribution within a laser beam
located 20 mm downstream of the AMI. The widely accepted R-R
distribution [34] is used to analyze the particle size distribution by
LPSA, and the results of AMI obtained by phase doppler particle
analyzer (PDPA) also conform to R-R distribution [32]. The particle
size and distribution on the three sections of Z1, Z2, and Z3 were
measured, as shown in Fig. 3. The air of AMI is provided by the high-
pressure cylinder, whose mass flow rate is obtained by the flow-
meter with an uncertainty of 1.5%. At the same time, the filtered
fuel is pumped into the AMI, and the fuel mass flow rate is calcu-
lated by pressure value before the plain orifice of AMI. Additionally,
the test was conducted at room temperature and pressure with the
inlet Mach number of AMI changing from 0.3 to 0.6. The equivalent
ratios are 0.4, 0.6, 0.8, and 1.0, respectively, and the pressure drop
can be calculated by Eq. (1).
2.3.2. Experimental uncertainty
Errors in the experimental value can be reduced by standard-

izing the experimenter and unifying the measurement. However,
inherent uncertainty exists in the measurement devices or mea-
surement environment, which can be weakened by repeated tests.
ps for combustion.



Fig. 5. Experimental setups for Malvern laser particle size analyzer (LPSA). All dimensions are in mm.

Y. Huang, X. He, H. Zhang et al. Energy 239 (2022) 121801
To evaluate the results' uncertainty more precisely, the T-distribu-
tion assumption is adopted indirect measurement with the confi-
dence factor z ¼ 1.96. Besides, the probability of confidence is 95%.
One of the repeatability tests is conducted in a manner by fixing the
airflow rate and temperature of two inlets at 0.457 kg/s, 0.137 kg/s,
and 473 K, respectively, and running the combustor at an equiva-
lence ratio of 0.2 for five times. The details of the uncertainty
analysis are shown in Table 2.
Fig. 6. Experimental procedures of (a) spark ignition and (b) lean blowout.
2.4. Experimental procedure

In order to accurately evaluate the effect of primary air-jet form
on the flame stability of the cavity, a series of flame stability limit
tests were performed. The numerical non-reaction fluid structure is
used to explain the change in flame stability. Also, the measured
characteristics of fuel droplets injected from AMI help understand
the lean ignition and blowout limits' development trend.

The detailed procedures of lean ignition and blowout limits are
conducted to evaluate the effect of inlet primary air-jet form on the
flame stability limits. Fig. 6 shows the experimental procedures of
the lean ignition and blowout of spray kerosene liquid fuel. The lean
ignition limit measurement procedure is shown in Fig. 6(a). Spe-
cifically, the spark plug begins to discharge continuously, and then
the fuel is supplied with the pressure drop increasing gradually.
Once the flame has been ignited successfully, the pressure drop DP0
is marked as the initial pressure drop. After that, the lowest pres-
sure drop of successful ignition can be obtained by continuously
reducing the fuel pressure drop DP. Here, the DP ¼ 0.005 MPa.
Similarly, the lean blowout procedure, shown in Fig. 6(b), is
calculated by the lowest fuel pressure drop. Besides, the lowest
pressure drop is determined by the minimum pressure drop DPj,
which cannot hold the flame. In this work, the ignition and
extinction criteria are determined by the flame image [36]. When
the observed flame image is generated and develops steadily, the
ignition is considered successful; otherwise, the flame is
extinguished.
Table 2
Physical quantities with their uncertainties.

Variable Means Uncertainties

Core stream inlet mass flow rate, kg/s 0.137 0.0008
Bypass stream inlet mass flow rate, kg/s 0.457 0.002
Inlet temperature, K 473 1.33
Core stream inlet Mach number 0.08 0.0004
Bypass stream inlet Mach number 0.3 0.0015
Equivalence ratio 0.2 0.0005
Fuel mass flow rate, 10�3 kg/s 1.84 0.0019
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2.5. Numerical setups

Commercial CFD software is employed to perform computa-
tional fluid dynamics through the finite volume technique with a
second-order upwind discretization. Two inlets are both specified
as a mass flow inlet boundary and the outlet as a pressure
boundary. The Mach number of inlet1 and inlet2 are kept as 0.08
and 0.2, respectively. Besides, two inlet temperature values are
473 K. Additionally, the outlet's pressure is set at 0 Pa with the
operating pressure kept as 101,325 Pa. To match the experimental
environment, the no-slip wall boundary is adopted on all wall
surfaces. Moreover, an ideal gas is used for the present simulation.
2.5.1. Turbulence model
Two-equation models Shear stress transport (SST) k�u and k�ε

are widely adopted in the numerical calculation of the cavity flow
field [37]. Comparing numerical results of different turbulence
models and experimental data are performed to find the most
appropriate numerical method by Jin [33]. The results suggest that
the standard k-ε turbulence model can better predict the fluid
structure of a cavity-based combustor. The model structure in this
paper is similar to previous studies, the standard keε model is
adopted [21]. Besides, the standard wall functions are adopted with
the most y þ values larger than 30 and less than 100. The transport
equations of turbulence kinetic energy, k, and its rate of dissipation,
ε, can be expressed as:
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where, Pk is the generation of turbulence kinetic energy, Gb is the
buoyancy generation of turbulence kinetic energy, YM is the
contribution of the fluctuating dilatation incompressible turbu-
lence to the overall dissipation rate, -rε is the dissipation of the
turbulence kinetic energy; meanwhile, the C1εεkPk,C1ε

ε

kG3εGb, C2εrεk,
represent the generation term, the effect of buoyancy term, and the
dissipative term of the ε, respectively. The constants C1ε, C2ε, and C3ε
are 1.44, 1.92, and 0, respectively.
Fig. 8. Radial profiles of mean axial velocity at line 1.
2.5.2. Mesh generation
The grid topologies for the three-dimensional combustor, taking

the part of Case 1 for an example, are shown in Fig. 7. The flow field
is artificially locally encrypted in the cavity to satisfy the detailed
research. Therefore, fine meshes are used for fore-wall, after-wall
inlets, and air-assisted multi-nozzle injector of the cavity as seen in
the insert, which shows the cavity region marked by the white
rectangle. Also, all the structural parameters are consistent with the
experimental model.
2.5.3. Grid independent test and discretization error estimation
The fluid grids described previously are termed as standard

versionwith 9,473,105 mesh cells. Two dense versions of grids with
fine (11,747,907 mesh cells) and coarse (6,790,101 mesh cells) res-
olution are employed to calculate the steady flow field to study grid
sensitivity. The radial profiles of the mean axial velocity at line 1
(x ¼ 0.653 m and z ¼ 0) in the x-y plane calculated by all versions
are illustrated in Fig. 8. Two overlapping curves corresponding to
the standard version and fine version indicate that accurate pre-
diction can be achieved with both versions, except for several parts.
Then, the standard version is chosen and predicted the total pres-
sure recovery coefficient and temperature distribution to conduct
the comparison between the numerical and experimental results,
as shown in Fig. 9. The inlet parameters for comparison are detailed
in Table 3. The numerical convergence criteria for continuity is
10�4, while that for k and ε are 10�6 and 10�5. The predicted
temperature distribution reproduces the experimental results well
under the condition of Case 1, in which the maximum error is 5.3%.
Fig. 7. Unstructured meshes for Case 1 of cavity piloted augmentor.

Fig. 9. Comparison between test and numerical simulation with (a) total pressure
recovery coefficient in Case A and Case B, (b) outlet temperature distribution of Case A.
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Besides, the total pressure recovery coefficient errors in Case A and
Case B are 2% and 2.24%, respectively. Hence, the standard version's
mesh with the standard k-ε model is relatively valid in this paper.



Table 3
Conditions of the numerical calculation.

Parameters m1 [kg/s] T1 [K] P1*[MPa] m2 [kg/s] T2 [K] P2*[MPa]

Case A 0.472 343 0.166 0.472 790 0.157
Case B 0.869 602 0.186 0.124 602 0.158

Fig. 10. Ignition equivalence ratio of combustor with various Mach numbers at: (a)
T2 ¼ 343 K, (b) T2 ¼ 473 K, (c) T2 ¼ 573 K.
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2.5.4. Flow distribution
The inlet structure of the cavity is designed with the same

passing area, which demonstrates that the cumulative area of
discrete holes in Case 2 to Case 4 is the same as that of the slot in
Case 1. As mentioned in Fig. 2, the slotted-inlet is marked as Case 1,
and the discrete-holes inlets are labeled as Case 2, Case 3, and Case
4. The flow distribution of Case 1 to Case 4 for a cavity is calculated
to determine the proportion of the airflow rate of each part in the
bypass inlet airflow rate. The total inlet airflow into the cavity is
divided into primary airflow, secondary airflow, and AMI airflow,
which are listed in Table 4. The average total airflow rate of the
cavity is 3.66% of the bypass inlet airflow in all cases, and the flow
distribution perfectly meets the design requirements.

3. Results and discussion

Repetitive experiments of ignition and lean blowout are carried
out to obtain the average value of the equivalence ratio. Besides, the
numerical fluid structure is calculated to help understand the flame
stabilization in the cavity. Simultaneously, detailed results of drop-
size distribution and volumetric cumulative distribution are used to
understand the evolution of the flame stability limits.

3.1. Combustion tests results

Four types of the inlet structure on the fore-wall are designed to
investigate the effect of the inlet structure on the lean ignition and
blowout performance of a cavity piloted augmentor. The effect is
directly explored by the combustion test in terms of ignition and
lean blowout limit. Additionally, the equivalence ratio corre-
sponding to the lowest fuel pressure drop, in which the fuel/air
mixture can be ignited, is regarded as the lean ignition equivalence
ratio [38]. Besides, the lean blowout equivalence ratio is corre-
sponding to the lowest fuel/air ratio, at which point the flame
disappears due to decreased fuel mass flow rate and cannot be
reignited when increasing the fuel mass flow rate. The fuel/air ratio
and the equivalence ratio are expressed as qLBO ¼ mfuel/mac and
f ¼ qLBO/qst. Here, the qLBO is the fuel/air ratio, mfuel is the fuel flow
rate for AMI, mac is the total airflow rate in a cavity, f is the
equivalence ratio, and qst is the stoichiometric fuel/air ratio, which
is 0.0672 for the RP-3 liquid fuel.

3.1.1. Lean ignition limits
The lean ignition limits of the inlet structure parameters in the

cavity piloted augmentor were evaluated using the equivalence
ratios plotted in Fig. 10. The tendencies of the lean ignition equiv-
alence ratio at T2 ¼ 343 K and 473 K decrease with the Mach
number increasing. In comparison, the ignition equivalence ratio at
Table 4
The flow distribution for the cavity by numerical computation.

Parameters Cavity air/% Driving air/% AMI air/% Total/%

Case 1 1.66 1.47 0.56 3.69
Case 2 1.57 1.54 0.56 3.67
Case 3 1.55 1.52 0.56 3.63
Case 4 1.61 1.49 0.56 3.66
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T2¼ 573 K has a parabola tend under the condition of Case 1 to Case
3. A successful ignition can only be achievedwith theMach number
less than 0.3 at the temperature of 343 K in Case 1 and Case 2.
Overall, a decreasing trend of the lean ignition equivalence ratio has
been contributed by the change of inlet structure from slot to
discrete holes. The worst performance of lean ignition occurs at
T2¼ 343 K andMa2¼ 0.3, corresponding to Case 1, whose fIG is 1.23
and 7.32%, 23.82%, and 36.14% larger than that in Case 2 to Case 4,
respectively. Besides, the increased inlet Mach number leads a



Fig. 11. Lean blowout equivalence ratio of combustor with various Mach numbers at:
(a) T2 ¼ 343 K, (b) T2 ¼ 473 K, (c) T2 ¼ 573 K.
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diminution in equivalence ratio of lean ignition, in which the
fIG ¼ 0.686 in Case 4 at T2 ¼ 343 K andMa2 ¼ 0.5 is 12.72% and it is
smaller than that at T2 ¼ 343 K and Ma2 ¼ 0.3. Four similar curves
appear at T2 ¼ 473 K, which is strong evidence that the equivalence
ratio of lean ignition becomes smaller with a growth of the Mach
number. Furthermore, the averaged lean ignition equivalence ratio
in Case 4 is 0.629, which is 20.79%, 20.14%, and 14.03% smaller than
that in Case 1 to Case 3, respectively. However, a different tendency
of the lean ignition equivalence ratio appears at T2 ¼ 573 K, where
the equivalence ratios of Case 1 to Case 3 decrease after increasing.
Compared to Case 1, the worse performance points of the lean
ignition of Case 2 and Case 3 are obtained when the Mach number
is less than 0.50, while the better one happens when the Mach
number is larger than 0.55. It is worth noting that the lowest lean
ignition equivalence ratio with an increasing trend occurs in Case 4,
which means that the inlet structure of discrete holes can effec-
tively improve the ignition performance. The larger the hole is, the
better the optimization will be. Additionally, the approximate
ignition equivalence ratio atMa2¼ 0.7 in Cases 1 to 3 is about 0.599,
which is 3.28% larger than that in Case 4.

3.1.2. Lean blowout limit
Fig. 11 shows the lean blowout equivalence ratio with the vari-

ation of inlet Mach number, temperature, and inlet structure of the
cavity. As expected, the maximum LBO equivalence ratio is
contributed by Case 1, while the minimum LBO equivalence ratio is
acquired by Case 4. This phenomenon indicates that the discrete
holes inlet is more beneficial to reduce the LBO equivalence ratio
than the inlet structure of the slot. The increase in Mach number
increases the LBO equivalence ratio, whereas the growth of the inlet
temperature will lead to a drop in the LBO equivalence ratio.
Fig. 11(a) shows that the LBO equivalence ratio corresponding to
Case 3 and Case 4 has a linear growth with the increase of the inlet
Mach number. As mentioned above, only atMa2¼ 0.3 can the flame
keep be stabilized in the cavity of Case 1 and Case 2. Also, the
biggest LBO equivalence ratio of Case 1 is 0.860, which is 2.87%,
32.31%, and 45.76% larger than that in Cases 2 to 4, respectively. At
the same time, the LBO equivalence ratios of Case 3 and Case 4
increase 46.07% and 50.07% with the Mach number varies from 0.3
to 0.5. Three LBO equivalence ratio curves with the same trend and
approximate value appear in Case 1 to Case 3, which is mainly
caused by the evaporation of the fuel droplets, as shown in
Fig. 11(b) and (c). When the temperature is more significant than
473 K, the fuel droplets start to evaporate, which weakens the
mixing effect of the primary air-jet form. However, the LBO
equivalence ratio in Case 3 still has a slight advantage, which
averagely reduces 4.60% and 6.31% than that in Case 1 at T2 ¼ 473 K
and T2¼ 573 K, respectively. Besides, the lean blowout performance
of Case 4 has been significantly improved compared with Case 1.
The lowest LBO equivalence ratio is measured at T2 ¼ 573 K and
Ma2¼ 0.3, which is 0.240 and 68.25% smaller than that in Case 1. All
the above descriptions have proved the optimization effect of the
discrete-hole inlet on the lean blowout performance.

Generally, increased Mach number would lead to two opposite
effects. First, the acceleration of the air stream shortens themixture
residence time, which may reduce flame stability. Secondly, it may
also increase the aerodynamic force and hence enhance the broken
effect of fuel droplets. Here, a novel fuel supply device, an air-
assisted multi-point injector, was designed for the cavity. The fuel
droplet size is highly correlated with the inlet temperature and
Mach number. Therefore, the lean ignition and blowout equiva-
lence ratios show different trends with the increase of the inlet
Mach number at the different inlet temperatures. At the low tem-
peratures of 343 K and 473 K, the poor fuel evaporation happens
during the ignition process, and the ignition equivalence ratio
8

gradually decreases with the increase of Mach number, as shown in
Fig. 10(a) and (b). When the inlet temperature maintains 573 K,
effective fuel evaporation can be achieved in the ignition process.
As shown in Fig. 10 (c), the increased Mach number in the lower
range leads to an increasing trend of the lean ignition equivalence
ratio; whereas, a continued increase in the higher range will cause
the decreasing trend. In the lean blowout process, the fuel droplet
evaporated efficiently by the pre-heated evaporation tube, indi-
cating that the lean blowout performance worsens with the inlet



Y. Huang, X. He, H. Zhang et al. Energy 239 (2022) 121801
Mach number growth, as shown in Fig. 11. The specific analysis can
be seen in section 3.2.
Fig. 13. Schematic of flame stability in a trapped vortex cavity.
3.2. Numerical results and analysis

The ignition and lean blowout are complex processes, the
coupling of energy, atomizer characteristic, and flow field, analyzed
by the non-reaction flow field [33] or spray characteristic [39].
Previous studies have proved the time-scale theory can explain the
flame stability of the cavity with dual-vortex well. The reason for
ignition and lean blowout changes can be legitimately analyzed by
the numerical flow field [40]. Here, the numerical calculation with
the theoretical analysis can help to understand the results better.

The velocity vectors in the cavity of Case 1 are plotted in Fig. 12.
Fig. 12(a) shows that the fluid injected from the AMI and primary
inlet in the cavity flows to the negative direction of the y-axis.
However, the classical dual-vortex structure inside the cavity ap-
pears in the section of z ¼ 20 mm, as shown in Fig. 12(b), which is
identical to the study of Jin [41] and Li [40]. Obviously, the primary
vortex with the clockwise curl occupies the most space of the
cavity. The secondary vortex appears between the primary vortex
and mainstream, a tiny corner vortex with a counterclockwise
rotation.

Fig. 13 demonstrates the schematic of flame stability in the
Fig. 12. The velocity vector graph of the cavity in the Case 1 at different sections of: (a)
z ¼ 0, (b) z ¼ 20 mm.
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trapped vortex cavity in the z¼ 20mm section. It can be considered
that the fuel/air mixture is thoroughly mixed when it enters the
trapped vortex zone with the help of an AMI fuel supply device. A
section a-b with the profile of velocity A-A is randomly selected in
the trapped vortex. There must exist a point B that can stabilize the
flame, where the airflow velocity is the same as the flame propa-
gation velocity and the direction is opposite, denoted as

Vsf ¼VB (4)

where Vsf is the flame propagation velocity, VB is the airflow ve-
locity of point B.

It is worth noting that point B will move downstream along the
streamline of the tapped vortex to the critical point of flame sta-
bility as the inlet velocity, Vf, gradually increases. The critical point,
namely the separation point of the primary and secondary vortices,
is located at the boundary of the primary vortex and forms an angle
of b between the vortex core and the inlet of the fore-wall. Then, the
lean blowout will occur if the Vf continues to increase. Hence, if the
droplets are thin enough and evenly distributed, the growth of
Mach number can lead to an offensive performance of lean ignition
and lean blowout, which means that the increase of Mach number
will contribute to the enlarged lean ignition and lean blowout
equivalence ratios.

For completeness, four approximatively overlapping radial
profiles of the axial velocity at x ¼ 653 mm in the section of
Fig. 14. Radial profiles of axial velocity at x ¼ 653 mm in the plane of z ¼ 20 mm.
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z ¼ 20 mm are painted to evaluate the size of the primary vortex in
Fig. 14. The four velocity profiles fluctuate in the y-axis range of
0.163 me0.203 m, marked as the fore-wall height, Hb, in the cavity.
Besides, the distance between the point of the maximum and
minimum Vx can commendably reflect the height of the primary
vortex size. It is noteworthy that the axial velocity increases from
0 to ~35 m/s in the y-axis range of 0.203 me~0.20 m, while the Vx

has a rapid drop for y ¼ 0.20e0.17 m, then the axial velocity
changes from the negative to the positive and finally approaches
the value of mainstream velocity with the y-coordinate moving
from secondary vortex to the mainstream. In the z ¼ 20 mm sec-
tion, the sizes of the primary vortex in Case 1 to Case 4 are the same,
in which the largest and shortest heights of the primary vortex are
26.9 mm and 26.3 mm, respectively. This strongly indicates that the
time-scale theory based on the flow field structure cannot explain
the variation in the lean ignition and lean blowout performance at
the same inlet Mach number. Thus, the atomizer's characteristics
must be excavated to understand the effect of the inlet structure
parameter on flame stabilization.
3.3. Characteristic of atomizer and analysis

From an analysis of lean blowout data acquired from a large
number of aircraft combustion chambers, the following equation
for lean ignition and lean blowout fuel/air ratios, qIG and qLBO, was
derived by Lefebvre [42].

qIG ¼
�
E
Cc

�
�
"

_ma

p1:53 expðT3=300Þ
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�
"
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0
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#
(5)

qLBO ¼
�
R
Cpz

�
�
"

_ma

p1:33 expðT3=300Þ

#
�
"
D2
0

lrH

#
(6)

where E and R are the combustor reference parameter, Cc and Cpz
are the volumes of the combustor, _ma is the mass flow rate of air, P3
and T3 are the pressure and temperature of combustor respectively,
D0 is themean drop size, also Sautermean diameter (SMD),Hr is the
lower calorific value, and lr is the effective evaporation.

Here, Cc and Cpz are constant, which are only related to the
combustor structure. Besides, P3 and Hr are 0.101 MPa and
43,145 kJ/kg, respectively. The fuel/air ratio thus becomes

qIG&LBOf
_maSMD2

LBO
lr expðT3=300Þ

(7)

If the inlet temperature and Mach number of the combustor
remain unchanged, then the temperature of the fuel/air mixture
ignited remains intact, so lr is approximately constant. According to
Eq. (7), The relationship between the equivalence ratio and SMD is

fIG&LBOfSMD2 (8)

Many factors affect SMD, including nozzle structure, physical
properties of the fuel, pressure drop and aerodynamic force, etc.
[42]. Multitudinous studies of plain orifice have proved that the
SMD of primary spray is negatively correlated with the pressure
drop, while the SMD of secondary spray can be characterized by
Weber number, expressed as

SMDf
1

DPfuel
a (9)
10
Wecrit ¼
rairu

2
air

sfuel

.
Dmax

(10)

where rairuair
2 is the disruptive aerodynamic force, sfuel/Dmax is the

consolidating surface tension force.
According to Lefebvre, Wecrit ¼ 1.04. Hence

Dmax ¼1:04sfuel
.
rairuair

2 (11)

The principle of fuel drop atomization in AMI is mainly the
interaction between airflow and fuel pressure drop. Keeping the
equivalence ratio unchanged, the growth of Mach number will lead
to an increase in the fuel mass flow rate, and the fuel pressure drop,
DPfuel will enlarge, which has excellent effectiveness in SMD.

Simultaneously, the enhanced aerodynamic force, rairuair
2,

contributed by the increase of Mach number, promotes the sec-
ondary atomization, reducing the SMD. Similarly, the rise in fuel
pressure drop is directly provided by increasing the equivalence
ratio, causing a diminution of the SMD.

The droplet-size distribution and volumetric cumulative distri-
bution at different Mach numbers with various equivalence ratios
at the Z2 plane are depicted in Fig. 15. As expected, the SMD cor-
responding to the maximum value of the probability density dis-
tribution and 100% of the volumetric cumulative distribution drops
with the increase of Mach number. Besides, the distribution of SMD
narrows as the Mach number increases, which indicates that the
percentage of the small size of fuel droplets increased in the total
droplets. Concretely, with the growth of Mach number from 0.3 to
0.6 at f ¼ 0.4, the peak value of the SMD probability density dis-
tribution curve gradually moved from 133.21 mm to 38.55 mm,
illustrating that the most SMD reduces 71.06%. Meanwhile, the
point, corresponding to the volumetric cumulative of 100%, de-
creases from 323 mm (the capacity of LPSA) to 207.43 mm with the
Mach number varies from 0.3 to 0.6, which indicates that the Dmax
descends at least 35.78% with the increase of Mach number. It is
worth noting that the probability density distribution of SMD is not
sensitive to the influence of equivalence ratio, meaning that the
impact of fuel pressure drop on SMD at the sameMach number can
be ignored in all cases. Therefore, the increased Mach number leads
to a decrease in SMD, which is also one of the reasons for improving
the performance of lean ignition.

Fig. 16 shows SMD characteristics in three planes with Mach
number measured by the AMI at 343 K with f ¼ 0.4. The distri-
bution of SMD profiles maintains the same trend in all three planes,
which decreases as the Mach number increases. It is evident that
the SMD gradually rises as the measurement position moves from
section Z1 to Z3, which indicates that the SMD will be enlarged
when the measurement position is away from the central section.
The biggest SMD is 79.90 mm, happening at Ma2 ¼ 0.3 and section
Z3, which is 22.08% and 30.06% larger than that in section Z2 and Z1.
The reason is that the tiny droplets moving inside the evaporation
tube can form aggregation quickly to become the big droplets so
that the SMD is the largest in section Z3. Besides, the SMD in sec-
tions Z1 and Z2 are almost the same at a Mach number, and the
maximum difference is 6.993 mmatMa2¼ 0.4. As theMach number
varies from 0.3 to 0.6, the SMD in section Z2 decreased from
65.45 mm to 21.14 mm, reducing by 67.70%, reflecting that Mach
number is opposed to the lean ignition and lean blowout equiva-
lence ratio.

The relationship between Mach number and SMD with four
equivalence ratios in section Z2 is plotted in Fig. 17. Similarly, the
SMD follows similar curves of monotonically decreasing with the
Mach number. Moreover, the SMD reduced from 81.11 mm to



Fig. 15. Drop-size distribution and volumetric cumulative distribution at different Mach number with various equivalence ratios: (a) f ¼ 0.4, (b) f ¼ 0.6, (c) f ¼ 0.8, (d) f ¼ 1.0.

Fig. 16. The influence of inlet Mach number on SMD at different planes at f ¼ 0.4. Fig. 17. The influence of inlet Mach number on SMD at plane Z2.

Y. Huang, X. He, H. Zhang et al. Energy 239 (2022) 121801
20.14 mmwith the increase of Mach number from 0.3 to 0.6 overall.
It is worth noting that the SMD in f ¼ 0.4 is 15.66 mm (23.93%)
smaller than that in f ¼ 1.0 at Ma2 ¼ 0.3, while that value becomes
to 3.32 mm (15.71%) atMa2¼ 0.6. This phenomenon reflects that the
effect of fuel pressure drop on the atomization quality is weaker
than that of aerodynamic force. In other words, the SMD is greatly
affected by the Mach number at the AMI inlet.

According to Eq. (8), there is a positive correlation between the f
and SMD2. Hence, when the inlet temperature is lower than the fuel
evaporation temperature, such as T2 ¼ 343 K and T2 ¼ 473 K, in

which the SMD is mainly affected by aerodynamic force, rairuair
2,

the lean ignition equivalence ratio drops with the increase of Mach
11
number, as shown in Fig. 10(a) and (b). However, Eq. (7) shows that
when the inlet temperature is higher than the fuel evaporation
temperature of 573 K, the effective evaporation, lr, increases

rapidly, and the aerodynamic force, rairuair
2, has less influence on

SMD. Simultaneously, an increase in Mach number will lead to a
rapid shortening of fuel/air mixture residence time in the primary
vortex, which is not conducive to flame stability. Therefore, a ten-
dency of increasing first and then decrease has occurred in
Fig. 10(c). Inversely, the exceptionally high temperature at the
aglowwall of the evaporation tube is provided by the ignited flame,
resulting in the highly effective evaporation, lr. Then, an excellent
performance of evaporation and the small SMD is produced so that



Fig. 18. The velocity vector graph in-plane Y1 with four inlet structures of the cavity in the fore-wall. (a) Case 1, (b) Case 2, (c) Case 3, (d) Case 4.
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the influence of SMD on LBO can be eliminated. Therefore, the
increased LBO equivalence ratio can be achieved by a shortened
fuel/air mixture residence time, resulting in the growth of inlet
Mach number.

As discussed above, the investigation of Jin [41] shows that the
dual-vortex structure in the cavity with the strut is a three-
dimensional feature. Fig. 18 shows the velocity vector graph in-
plane Y1 with four inlet structures. The length of the arrow rep-
resents the magnitude of the local fluid velocity. The straight blue
line is the boundary of the cavity structure, and the red arrow in-
dicates the flow trend of the local fluid. As expected, the fluid's
spiral movement in the cavity, flowing from both sides to the
center, is attracted by the low-pressure area downstream of the
ventral and radial V-gutter flameholder. The fluid on both sides of
the cavity has a remarkable tendency to flow towards the center,
which can be proved by the direction of the velocity vector. It can be
seen that the unperturbed parallel-vectors appear near x ¼ 0.63 m
in Case 1, while the rotational velocity vectors happen in Case 3 and
Case 4. The vector of Case 2 is slightly deflected, but no closed
swirling vortex is formed. Besides, the scope of the reflux velocity
vector gradually enlarges with the variation from Case 3 to Case 4,
which indicates that the increase of distance between holes is
conducive to the formation of recirculation zones downstream of
plates. Furthermore, the perturbation of recirculation zones
downstream of plates between holes can improve the quality of
atomization and fuel/air mixing under the same condition, which
can effectively optimize the performance of flame stabilization.
Consequently, the velocity vectors near x ¼ 0.63 m in Case 2 hold
the same distribution as that in Case 3, leading to a virtually
identical value of the lean ignition and lean blowout equivalence
ratio, as shown in Figs. 10 and 11. Additionally, the lean ignition and
lean blowout equivalence ratios in Case 4 are smaller than those in
Case 1 to Case 3, which is contributed by the prominent recircu-
lation zones. Then the increase of the size of the recirculation zone
coincides with the increased ability of flame stabilization, which is
very convictive evidence that the discrete holes in the fore-wall
inlet structure of the cavity are beneficial to the improvement of
the performance of the lean ignition and lean blowout.
4. Conclusions

Experiments and numerical calculations are conducted with
12
four types of primary air-jet in the cavity. The lean ignition and
blowout limits are discussedwith an accepted analysis attributed to
the numerical fluid-structure. The droplet characteristics of air-
assisted multi-point injector are measured for assistant analysis.

Compared with the benchmark scheme (slotted inlet), the
largest Mach number, at which the flame can be stabilized, will be
extended from 0.3 to 0.5 at the inlet temperature of 343 K if the
discrete-hole inlet can be employed. Meanwhile, the lowest
equivalence ratios of ignition and blowout are achieved by utilizing
the discrete-hole inlet with the diameter and interval of 5.0 mm
and 11.7 mm, respectively. These results indicated that the flame
stability could be improved significantly by changing the primary
air-jet form from slotted inlet to discrete-hole inlet. The lower
equivalence ratios of ignition and lean blowout were obtained by a
larger aperture under the same inlet passing area condition.

The decreasing trend of the lean ignition and blowout equiva-
lence ratios, produced by the decreased inlet Mach number and
temperature growth, is analyzedwith the numerical fluid-structure
and droplet-size distribution. This is evidence that the novel
method optimizes the combustion performance by promoting the
mixture of fuel and air, which has great reference value to
combustor design.

The improvement of flame stability in the cavity by replacing
the primary inlet structure from slotted to discrete-hole is techni-
cally feasible based on the experimental data. Future work aims to
verify the effectiveness of the discrete-hole air-jet inlet under more
realistic operating conditions, such as wider Mach number and
lower pressure.
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