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ABSTRACT

Spurred by the world’s attention to pollution emissions from commercial acro-
engines, the International Civil Aviation Organization (ICAQ) has made more
stringent emission regulations for civil aircraft engines, especially the NOx
emission.This paper develops a Five-Point lean direct injection (LDI) combustor
with three swirler schemes to reduce the emissions of commercial aircraft
engines. The flowfield of the combustor is studied numerically. Moreover, the
combustion efficiency and gaseous emissions in different inlet conditions and
fuel ratios of the main stage (a) are studied experimentally. The corresponding
results reveal that, under a fuel-air ratio (FAR) between 0.0130 and 0.0283 and
an o value between 30% and 60%, the combustion efficiency is 99.18%, 98.83%,
and 99.03% when the pilot stage works alone, and 99.69%, 99.23%, and 99.75%
when the pilot and main stage work simultaneously. Furthermore, the
experimental results suggest that the NOx emission decreases as o increases,
demonstrating that the convergent swirler has a tremendous advantage in
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1. INTRODUCTION

Spurred by the world’s attention to pollution emissions
from commercial aero-engines, the International Civil
Aviation Organization (ICAO) has made more stringent
emission regulations for civil aircraft engines, especially
the NOx emission (Lieuwen & Yang 2013; Zhu et al.,
2021). Therefore, modern civil aircraft engines have
developed towards reducing their emissions, and to date,
three main low-emission combustion concepts have been
proposed: Rich-burn Quick-quenching Lean-burn (RQL)
(Mckinney et al., 2007; Chen et al., 2019), Lean Premixed
Prevaporized (LPP) (Foust et al., 2013; Mongia 2013;
Wang et al., 2016), and Lean Direct Injection (LDI)
(Tacina & Wey, 2008; Heath et al., 2014, 2016). RQL
technology has a quick-quenching process with the
stoichiometry ratio conditions coming up, producing
many NOx emissions. Thus, RQL technology has the
limited potential to reduce emissions. However, lean burn
technology does not suffer from this problem and has
tremendous potential to reduce emissions. The LPP and
LDI technology are typical concepts of lean burn
combustion (Kyprianidis & Dahlquist 2017).

Although the LPP technology has a low emission level
with a practical design and development, it suffers from

several inescapable problems (e.g., auto ignition,
flashback, and combustion instability) due to the premixed
and pre-vaporized processes (Lieuwen et al., 2001; Hatem
etal., 2018). Furthermore, combustion instability has been
the most prominent restriction for developing LPP
technology. Unlike LPP, LDI fuel and air are directly
injected into the combustor without premixing and pre-
vaporizing. So, the autoignition and flashback will occur
in the combustor, making the combustion instability less
severe than LPP. Also, LDI and LPP are equally capable
of reducing emissions. Therefore, LDI technology has
become an effective way of reducing pollution. Many
studies on LDI technology have been conducted, such as
the flow field (Fan et al., 2020; Huang et al. 2020; Tian et
al. 2022; Xi et al. 2022), the NOx emission (Gugulothu &
Nutakki, 2019; Zargar, 2020; Raju & Wey 2020; Xu et al.,
2021), the spray characteristics (Wang et al., 2021), and
the ignition performance (Wang et al., 2020).

The key to the LDI technology is ensuring the perfect
fuel atomization and a uniform mixture with air. Then, the
lean combustible mixture is formed at the combustor’s
dome, reducing the NOXx emission by reducing the
temperature of the combustion zone (Fu, 2008).
Furthermore, the large-flow nozzle has been substituted
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NOMENCLATURE

FAR the fuel-air ratio of the combustor EINOx emission index of NOx

FARBAL the balance of the fuel-air ratio Mair total air massflow

FARemissions ~ the calculation value of the fuel-air ratio Mair,main air mass flow of the main stage
FARacility :‘?gwr?:tcés()f metered fuel and air mass Mair,pilot air mass flow of the pilot stage
FARsti stoichiometry of kerosene ms total fuel massflow

RQL Rich-burn Quick-quenching Lean-burn M# main fuel mass flow of the main stage
LPP Lean Premixed Prevaporized M pilot fuel mass flow of the main stage
LDI Lean Direct Injection P3 burner inlet pressure (BIP)

EICO emission index of CO Ts burner inlet temperature (BIT)
EIUHC emission index of UHC Ta burner outlet temperature

a fuel ratio of the main stage Deome local equivalence ratio of the dome
Prnain local equivalence ratio of the main stage Dpilot local equivalence ratio of the pilot stage

from multiple small-flow nozzles to achieve the above
objectives. This concept is referred to as Multi-Point Lean
Direct Injection (MPLDI), which is one of the significant
directions of low-pollution combustion technology. Many
scholars have conducted research on the MPLDI concept
science 1990s, with the most representative being the three
generations of the Swirl-Venturi Lean Direct Injection
(SV-LDI) proposed by NASA (National Aeronautics and
Space Administration).

Many studies have been carried upon the flow field
(Davoudzadeh, 2004; Fu, 2008; Chiming et al., 2007;
Villalva, 2013; Tedder et al., 2014), the emissions (Cali,
2006; Patel et al., 2007, Patel & Menon, 2008; Hicks et
al., 2012; Dewanji et al., 2012; Hicks & Tacina 2013;
Dewanji & Rao, 2015a,b), and the combustion instability
(Gejji et al., 2014; Huang et al., 2014). These studies
reveal that the MPLDI concept can reduce NOx emissions
effectively. Indeed, the NOx emissions of the three SV-
LDI generations, SV-LDI- I (Tacina et al., 2016), SV-
LDI-T (Huang et al., 2014), and SV-LDI-III (ISABE,
2017) are reduced by 60%, 75%, and 85% compared with
CAPE 6. Although the MPLDI concept has proven
considerable potential in reducing NOx emission, it is still
difficult to apply in engines, and therefore research on the
performance of the MPLDI combustion chamber is still of
great significance.

This paper considers a Five-Point LDI combustor to
verify the possibility of MPLDI application on aircraft
engines. This combustor is designed according to a
particular aircraft engine's landing take-off cycle
parameter. Moreover, three different schemes are studied
to find the optimal plan.

2. FIVE-POINT LDI COMBUSTOR

This paper proposes a Five-Point LDI Combustor. To
reduce the NOx emission, the combustion air is 65% of
the total air in the combustor. Therefore, the combustion
zone temperature can be reduced. The remaining air is
used for liner cooling and induction holes. The tangential
air inlet has already been used in the liner cooling holes
and has proven its efficient cooling capability (Yu et al.,
2016).

Figure 1 illustrates a dome comprising five similar
little swirler modules. The dome of the combustor

Pilot stage

Main stage

.
\

Fig. 1 Dome of the five-point LDI combustor

concludes the pilot and main stages, with the fuel of each
stage being independently controlled. The swirler module
at the center of the dome is the pilot stage, and the rest four
modules around the pilot stage comprise the main stage.
The pilot stage operates independently, having a rich
equivalent ratio to form the flame stability at low
conditions. The pilot and the main stages work together at
high conditions with a low equivalent ratio to reduce NOx
emission.

Figure 2 depicts the combustor’s flow characteristics,
with the flow field at the central section including three
typical vertex structures: the center recirculation zone, the
recirculation zone of the main stage, and the corner
recirculation zone. At low conditions, the center
recirculation zone plays a significant role in flame
stability.

There are two swirler modules presented in Fig.3.
One is the same as the SV-LDI dome, comprising an axial
swirler with a Venturi exit and a pressure-swirling nozzle
located in the throat of the VVenture exit. The other module
comprises an axial swirler with a convergent exit and a
nozzle at the export of the convergent exit. Without the
exit, the details of the swirler module are identical.
Moreover, the radial interval between the axial and
tangential velocity peaks, and the recirculation flow rate is
increased due to the Venturi exit (Fristrom & Westenberg
1965). The pilot swirlers with five-point LDI were mainly
responsible for stabilizing flames under low operating
conditions, hence the choice of 40° blade angle for better
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Fig. 2 Scheme of the five-point LDI combustor
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Fig. 3 Scheme of two different swirler modules

flame stability under low operating conditions. As for the
main swirlers, the goal was to reduce pollutant emissions
from the combustor. Therefore, the blade angle of 32° was
chosen to reduce pollutant emissions under high operating
conditions. This paper obtains the best combustion
performance by studying three dome programs, with
Table 1 presenting their basic structural parameters.

Table 1 Parameter setup for the three cases

Parameter Case Case Case
A B C
Pilot swirl 40° 40° 40°
angle
Stru_cture of the Venturi | Convergent Venturi
pilot stage
Main swirl 30° 300 300
angle
Struct_ure of the Venturi | Convergent | Convergent
main stage

To facilitate the dome’s processing, the swirler blades
employed are straight, and the swirl angle is the deflection
angle between the vanes and the incoming flow direction.
In this paper, considering the flame’s stability when the
pilot stage operates alone and the requirement reducing
the pollution emissions when the pilot and the main stages
work together, we set the swirler blade angle of the pilot
stage at 40°and the main stage is 32°.

It should be noted that the nozzles of the pilot and
main stages are pressure atomized, the spray has a solid
cone mode, and the spray cone angle is 90°.

3. EXPERIMENTAL SETUP

3.1 TestRig

Figure 4 illustrates the single-tube combustor test rig,
which contains the inlet, combustion, and measurement
sections. The inlet section measures the test rig’s inlet
temperature (BIT) and inlet total pressure (BIP) and
introduces the fuel for both the pilot and the main stages.
The inlet temperature is arranged at 50mm, and the inlet
pressure is arranged at 150mm from the head of the
combustion chamber.
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Fig. 4 Test rig of the single-tube combustor

The combustion section, which completed the intense
physical and chemical reaction process, is the core of this
experimental research, containing the LDI dome, casing,
igniter, and liner. The igniter is located on the casing, and
seven K-type thermocouples are on the liner to monitor the
wall temperature. The liner is where the combustion
reaction occurs, with a length of 280mm and a diameter of
110mm.

The measurement section mainly realizes the outlet
temperature and total pressure measurement, with the
corresponding measurement points arranged at 130mm
from the combustion chamber’s outlet. A 7-point water-
cooled gas sampling probe was arranged 55mm
downstream of the combustor outlet to ensure the
consistency of the gas sampling composition with the
combustion chamber.

The inlet air mass flow is measured by the Rosemount
orifice flow meter (accuracy of +1%), and the fuel mass
flow rate is measured using the Kracht gear flow meter
(accuracy of £0.3%). The inlet and outlet temperatures are
measured using the K-type and S-type thermocouples
(accuracy of £0.25%). Finally, the inlet and outlet pressure
are measured using the Rosemount pressure transducer
(accuracy of +£0.5%). The fuel is aviation kerosene in all
the tests.

3.2 Test Conditions

For those formatting by hand, section and subsection
headings are numbered using Arabic numerals separated
by ‘.” Sections (heading 1, in Word) are 11 pt, boldface,
and flush left. They are hanging 0.63 cm (0.25 inches) and
are typed with small caps font effect. Subsections (heading
2, in Word) are 10 pt, boldface, and flush left. Further sub-
subsections (heading 3, in Word) are 10 pt, boldface, and
flush left. All levels below this are unnumbered, 10pt,
boldface, with text beginning immediately following the
heading on the same line.

The fuel-air ratio (FAR) of the combustor is defined
as follows:

FAR = £ (1)

Mair

Table 2 Test conditions

Parameter Unit Range
T3 K 449-700
P3 MPa 0.3-0.5
FAR N/A 0.0135-0.0283
o % 30-60

where mf and mair are the fuel and air mass flow,
respectively. The local equivalence ratio of the pilot stage,
main stage, and dome are:

_ (mgpilot/(Mair pilot) 2
qbpilot - FARwr ( )
stoi
¢ = (Mg main)/(Mair,main) (3)
main FARg(o;
_ (mf,pilot+mf,main)/(mair,dome) 4
qbdome - FARwr ( )
stoi

where mf,pilot and mf,main are the fuel mass flow of the
pilot and main stage, respectively, mair,pilot, mair,main,
and mair,dome are air mass flow of the pilot, main stage,
and dome, and FARstoi is the stoichiometry ratio of
aviation kerosene.

The main stage's fuel ratio (o) is defined as follows:

Mf main

(mf,pilot"‘mf,main)

x 100% (5)

All experiments are conducted for a certain type of
turboprop engine under typical LTO cycle conditions
(idle, climb, and take-off). Due to the limited capacity of
the test bench, the equal Mach number method is used to
simulate the depressurization of the climb and take-off
conditions and determine this paper’s research conditions,
as reported in Table 2.

3.3 Gas Analysis Method and Data Analysis

The test rig is equipped with a standard gas bench
to measure the CO, CO2, NOx, and unburned hydrogen,

1941



P. Zhu et al. / JAFM, Vol. 16, No. 10, pp. 1938-1950, 2023.

Table 3 Introduction of gas analyzers

Gas Model Principle Range Accuracy
CO/CO2 | CAI 600 | Non-Dispersive Infrared Analyzer (NDIR) | 0-500ppm/0-10% 1%
UHC CAI 600 Flame lonization Detector (FID) 0-500ppm 1%
NOXx CAI 600 Chemiluminescent Detector (CLD) 0-1000ppm 1%
H20 Edgetech Chilled Mirror (CM) 0-20000ppm 1%

02 CAIl 600 Paramagnetic method 0-25% 1%
0T T T T T T T combustor outlet. The fuel-air ratio balance is calculated
00304 ¢ Testpoints based on (6). Furthermore, the target value is within +5%.

-5%FARBAL Figure 5 illustrates the FARBAL at all test conditions,
L +5%FARBAL ] highlighting that all results are valuable for the FARBAL
0.026 - - and all test conditions are within +5%.

é 0.024 B FARBAL = 100 X (FARemissions —FARfacility) (6)
.% 0.022 ] FARfacility

& 0020 ] ] 3.4 Uncertainty Analysis

£ The uncertainty analysis was conducted to evaluate

T T T T T T T T T T

0.012 0.014 0.016 0.018 0.020 0.022 0.024 0.026 0.028 0.030 0.032
FAR facility

Fig. 5 FARBAL of all the test conditions

carbon so that emissions can be measured according to the
ICAO regulations (SAE ARP 1256D (SAE, 2011). The
details of the gas analyzers are reported in Table 3, with
the gas analysis system comprising a sampling rank
pretreatment system, analysis system, and data collection
system. The 7-point water-cooled sampling rake employs
primary expansion and convection cooling to freeze the
chemical reaction effectively. This setup has appealing
thermal protection characteristics and pressure-bearing
capacity, ensuring a stable operation in the combustion
gas. Given that the gas enters the pretreatment system
through the transportation pipeline at 165+15°C by using
electric heat, the NOx and UHC condensation can be
prevented from affecting the results’ accuracy. Then the
gas flows in the analysis system, with the UHC analyzer
adopting a hydrogen flame ionization detection method,
the NOx analyzer adopting the chemiluminescence
method, and the CO and CO2 analyzer relying on the non-
dispersive infrared analysis principle. When the emission
data is obtained from the analyzers, the post-processing
stage considers the SAE ARP 1533 (SAE, 2013)
regulations.

The fuel-air ratio balance is an important parameter to
measure the effectiveness of gas analysis, as it reflects the
sampling rake’s arrangement rationality. The smaller the
relative deviation of the fuel-air ratio, the better the sample
gas collected at the sampling rake, representing the
average value of the gas component concentration at the

the data error of data, with the detailed calculation method
provided in the SAE ARP 1533 (SAE, 2013) and
described in the Appendix.

According to the analysis results, the emission index
(El, grams of emission product per kilogram fuel)
uncertainty and efficiency are within £1.8% and +0.008%,
respectively.

4, SIMULATION METHODOLOGY

4.1 Turbulence Model

We select the realizable k- & model to solve the
combustor’s flow field. Additionally, this model can well
predict the complex swirls of low and medium strength,
such as jet impingement, shear flow, separated flow, and
swirling flow, and can well match the calculation of swirl
and separated flow in the aero-engine combustion
chamber. This model is mainly calculated based on the
Boussinesq assumption, which first connects the Reynolds
stress with the average velocity gradient, then adds a
formula to the eddy viscosity coefficient and a new
transport equation to the dissipation rate to determine the
eddy viscosity coefficient. The transport equations of the
model’s turbulent kinetic energy and dissipation rate are
as follows:

2 ok _ 0 [( . ) ok e
at (pk) + 6xi - axi I:(H + 0'k> 0Xj] + Gk + Gb pg
Yy + Sk (7)
) 2pku) _ 0 [( ) e _
at (‘08) + 0x; - dax; [('u + 0'5) 6x]] + pClES

2
PCoirrme T Gusic CasGo + S5 ®)

The eddy viscosity coefficient formula is as follows:

He = pcu? ©)
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Fig. 6 Grid of multi-point injection combustor

4.2 Combustion Model

The combustion reaction in an aero-engine combustor
involves not only a turbulent flow and fuel atomization but
also the chemical reaction of the combustible mixture and
convection heat transfer of the high-temperature gas. The
reaction mechanism is very complex, with this paper’s
combustor model being a multi-point lean, direct injection
model. Thus, the non-premixed PDF model simulates the
turbulent combustion process. The PDF transport equation
model solves the conservation equation of the component
probability density function, which simulates a turbulent
flow and chemical interaction combustion process by
considering a detailed chemical reaction mechanism with
high calculation accuracy and reliable results. Therefore,
the PDF transport equation is suitable for non-premixed,
fully premixed, and partially premixed combustion. The
non-premixed PDF model assumes that the diffusivity of
each reaction component is the same. So the component
equation can be simplified into a single mixed
combination of equations, and the concentration of each
component can be derived by solving this equation set.
The average mixing fraction equation is as follows, which
has been widely used to simulate turbulent diffusion
flames:

%(Pf—) +V(pvf) = V(Z—in + S + Suser) (10)

where S, is the mass of liquid droplets or reaction
particles of liquid fuel transferred into the gas phase, and
Suser IS a user-defined source item, f is the mixture
fraction,v is the velocity.

4.3 Gridding

This paper combines the hexahedron and tetrahedron
grids to divide the single-tube combustor grids. At the
same time, to ensure good grid quality, the grid of the
hydrocyclone part is locally densified to improve the
calculation accuracy. The grid division is illustrated in Fig.
6.

The boundary conditions of the calculation model are
the same as the test conditions, and the turbulence control
equation is k- €. Moreover, the combustion model is the
PDF transport equation model, the second-order accurate
discrete format discretizes the control equation, the
second-order upwind format discretizes the convection
term, the pressure velocity coupling algorithm is SIMPLE,
and the fuel nozzle is the atomizing pressure nozzle.

— 6.5 million

Z=30mm

7.5 million

70F

35F

o
T

o
3]
:

~
o
T

w
n
T

(=]
T

axial velocity /(m/s)

&
&
;

Z=5mm

-~
(=]
T

w

(3]
R~
—

of u | N

-35¢ ; g i : : : :
50 -40 -30 -20 10 0O 10 20
Radial position /(mm)

30 40 5

Fig. 7 Distribution of the combustor’s axial velocity
along the radial position

4.4 Grid independence Verification

To eliminate the impact of grid division on the
calculations, this section conducts grid independence
verification.

Three calculation grids for the single tube combustor
model, 6.5 million, 7.5 million, and 8.5 million, from
sparse to dense, are established. The same boundary
conditions and turbulence model are used for the
calculations, and at the same time, the weighted average
axial velocity of the mass flow at the cross section at Z=30
mm is monitored. When the calculation residual is less
than 10-4, and the relative fluctuation of the monitored
axial velocity is less than 1% and remains more than 150
steps, the numerical calculation can be considered
convergent and stable.

The calculation results are illustrated in Fig. 7. In this
paper, the axial velocity distribution curves along the
radial direction at the combustor head outlet Z=5mm,
Z=15mm, and Z=30mm are selected, respectively, which
represent the velocity distribution at the cyclone outlet and
the velocity distribution in the core recirculation zone.

Figure 7 reveals that at the combustor head outlet
Z=5mm, the combustor’s axial velocity distribution curve
for the three calculation grids is the same. However, at the
axial positions Z=15mm and Z=30mm, the axial velocity
combustor’s distribution curve for the 6.5 million
calculation grids differs from the 7.5 million and 8.5
million. The velocity distribution curves of 7.5 million and
8.5 million are the same. Therefore, the subsequent grid is
divided into 7.5 million computational grids.
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distribution along the radial direction at different
axial positions

4.5 Verification of the Calculation Model

The PIV experimental results are used to verify the
numerical simulation method used in this paper. Figure 8
compares the numerical simulation and experimental
results of the axial velocity at different axial positions,
revealing that the axial velocity and radial distribution
curves are the same. Therefore, the proposed numerical
simulation method can predict the flow field in the
combustion chamber.

5. RESULTS AND DISCUSSION

5.1 Flow Characteristics of the Combustor

This paper employs the Realizable k-¢ model to
numerically study the basic reaction flow characteristics
of the three cases. The study is conducted for an inlet
temperature of 618K, FAR of 0.021, and inlet pressure of
500kPa, employing the same parameter setup of Section
4.3.

Figure 9 illustrates the axial velocity distribution of
the central section of the combustion chamber for the three
schemes. Figure 9 reveals that when the main and pilot
stages operate simultaneously, a stable recirculation flow
is generated downstream of the main and pilot stages. The
shape of the recirculation area in the center section is
different due to the differences in the domes. Specifically,
the size of the recirculation zone downstream of the pilot
stage of scheme B is the widest and longest among the
three schemes.

Comparing the flow patterns of the central cross-
section of the three schemes, the size of the recirculation
zone formed downstream of the Venturi structure is wider
and longer than that of the pure convergent structure under
the same working conditions. And the main stage of the
Venturi structure has a stronger influence on the shape of

Z Velocity

120
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Case C
Fig. 9 Axial velocity distribution cloud map of the
central section of the three cases
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Fig. 10 Combustion efficiency at low power conditions

the downstream recirculation area of the pilot stage,
limiting the development of the downstream recirculation
area of the pilot stage.

5.2 Combustion Efficiency and Emissions at Low
Conditions

At low conditions, two different conditions are
applied to catch the combustion performances of the three
cases. One condition studies the inlet temperature at 450K
and pressure at 320kPa, where the pilot stage works alone,
and the local equivalence ratio is rich, stabilizing the
flame. The combustion efficiency, EICO, and EIUHC of
the three cases are illustrated in Fig. 10.
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The results highlight that the three schemes'
combustion efficiency exceeds 98.5% when the pilot stage
works alone. The combustion efficiency of Case A is
99.18%, the highest among the three schemes. The second
is Case C, which affords a combustion efficiency of
99.03%, and the combustion efficiency of Case B is the
smallest, 98.83%. This is because the swirl intensity of the
Venturi cyclone is higher than the pure convergent outlet
cyclone with the same swirl angle. Therefore, the
recirculation zone formed by the pilot stage in Case C is
larger than that in B. Moreover, the size of the primary
zone is positively correlated with the recirculation zone,
while the larger size of the primary zone means sufficient
combustion. Therefore, the combustion efficiency of Case
C is higher than B. Compared with Case A, since the main
stage of Case C is a convergent outlet and its swirl
intensity is weaker than A, it is easier to entrain part of the
main mode swirl air into the primary zone, reducing the
equivalence ratio of the primary zone. Therefore, the
combustion efficiency of Case A is higher than C. In
modern civil aircraft engines, the combustion efficiency
should not be lower than 98.5% at low power conditions,
and the three schemes studied in this paper meet this
requirement.

Figure 10 infers that the outlet EICO and EIUHC of
the three schemes present an opposite trend with
combustion efficiency because the CO and UHC
generation will decrease as the flame temperature
increases.

Figure 11 illustrates the change in the pollutant
emissions at the combustion chamber outlet of the three
schemes. It can be seen from the figure that the NOXx
emission has an opposite trend to CO and UHC due to the
increase of flame temperature and the NOx generated by
the thermal mechanism. The research results show that
Case A has the highest EINOXx at the combustion chamber
outlet of the three schemes, which is 1.16g/kg. This result
is at a low level for advanced civil aviation engines. The
EINOx at Case B and C outlets is 0.34g/kg and 0.65g/kg,
respectively, 71% and 44% lower than A, both at a
deficient level.

From the above results, it can be concluded that the
cyclone with a pure convergent outlet can significantly
reduce the NOx emissions at the combustion outlet under
low working conditions when the pilot stage works alone.

Figure 12 depicts the outlet temperature distribution
of the combustion chamber in the three schemes. In this
paper, the total outlet temperature at 7 locations at the
combustion chamber outlet is measured, and the
measuring points layout is illustrated in Fig. 13, which
highlights the outlet temperature distribution trend of the
combustion chamber corresponding to different
combustion chamber schemes is the same. All three
schemes present the highest temperature at the center of
the combustion chamber.

As the measuring point moves to the flame tube wall,
the temperature at the combustion chamber outlet
decreases because only the pilot stage works at this
condition, and the high-temperature area is mainly
concentrated in the primary zone. Furthermore, when the

exit temperature of the combustion chamber is at section
A, it is higher than the average temperature of section B.
This is because only the pilot stage works at this condition,
and the swirling air of the main stage will interfere with
the central high-temperature zone and reduce the gas
temperature downstream of the main mode cyclone.

Furthermore, Fig. 13 highlights that the outlet
temperature of Scheme A is the highest, followed by
Scheme C and B, which also verifies the above difference
in combustion efficiency and outlet pollution emissions.
Case A's average outlet temperature rise is

EICO
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EINOx
42.33
40 38.46
3247
304 |
o
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W
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Fig. 11 Gaseous emission at low power conditions

1050 T T T T T T T

1000

950

900

850

T, (®)

800

750

700

650

T T T T T T T

Location
Fig. 12 T4 at low power conditions

Section 1\4

Fig. 13 measuring points of T4

1945



P. Zhu et al. / JAFM, Vol. 16, No. 10, pp. 1938-1950, 2023.

greater than C, which further verifies that the main stage
using the Venturi outlet structure has more potent
interference with the pilot stage, affecting the pollution
emission at the combustion chamber outlet.

5.3 Combustion Efficiency and Emissions at High
Conditions

Given an inlet temperature of 618K, FAR of 0.021,
and inlet pressure of 500kPa, we study the changes in
combustion performance of the three schemes when the
main and pilot stage works simultaneously.

Figure 14 illustrates the combustion efficiency,
EICO, and EIUHC of the three cases at this condition,
inferring that when the main and pilot stages are working
simultaneously, the combustion efficiencies of the three
cases exceed 99%. The combustion efficiency of scheme
C is 99.75%, the highest among the three schemes, as
scheme A attains 99.7% and scheme B has a combustion
efficiency of 99.23%, the smallest among all schemes.
This result differs from the laws of the three schemes when
the pilot stage works alone. For a higher swirl intensity of
the Venturi cyclone, the central recirculation zone and the
recirculation zones downstream the main stage are the
smallest in Case B, so the primary zone of Case B is
smaller than the competitor schemes. Hence, the
combustion efficiency is the lowest.

When the main and pilot stages work simultaneously,
due to the heat release of the combustion reaction, the size
of the main stage recirculation zone increases. At this
time, the size of the center recirculation zone for Case A
is affected by the interference of the main stage, which is
stronger than C. In addition, due to heat release, the
swirling flow of the main stage in Case A is not easy to
entrain into the central recirculation zone. Therefore,
compared with Case A, the size of the primary zone in
Case C will be larger, and the combustion will be more
thorough.

When the main and pilot stages work simultaneously,
due to the heat release of the combustion reaction, the size
of the main stage recirculation zone increases. At this
time, the size of the center recirculation zone for Case A
is affected by the interference of the main stage, which is
stronger than C. In addition, due to heat release, the
swirling flow of the main stage in Case A is not easy to
entrain into the central recirculation
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Fig. 14 Combustion efficiency at FAR=0.021

zone. Therefore, compared with Case A, the size of the
primary zone in Case C will be larger, and the combustion
will be more thorough.

It can also be seen from the figure that the outlet EICO
and EIUHC of the three schemes present an opposite trend
to combustion efficiency because the CO and UHC
generation decrease as the flame temperature increases.

Figure 15 shows the emissions from the combustor
outlet of the three cases, revealing that the NOx emissions
have an opposite trend with the CO and UHC emissions
due to the increased NOx produced by the thermal
mechanism because of the flame temperature increase.
The results in this paper highlight that among the three
cases, the EINOx of the combustion chamber in Case C is
the highest at 1.86g/kg, which is already relatively low for
advanced civil aviation engines. The export EINOx of
Case A and B are 1.68g/kg and 1.09g/kg, respectively,
reduced by 10% and 41% compared to Case C.

From the above results, it can be concluded that the
cyclone with a pure convergent outlet can significantly
reduce NOx emissions at the combustion outlet when the
main and pilot stages work simultaneously.
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Figure 16 shows this condition's outlet temperature
distribution in the three cases. Compared with the
condition when the pilot stage works lonely, the outlet
temperature distribution no longer presents a distribution
trend of the highest center, as the lower the temperature,
the closer the wall. However, the distribution trend in
section B is preserved, except for the highest temperature,
which is at the center of Section A. The temperature at the
downstream position of the main stage also has an
inevitable increase. Since the main and pilot stages work
together, a stable recirculation zone is formed downstream
of the main stage to produce a combustion reaction,
increasing the outlet temperature downstream of the main
stage. The center temperature of Case C is not the highest
outlet temperature distribution, but the highest outlet
temperature is located downstream of the main stage
cyclone outlet. This is due to the flow and fuel distribution
changes in the combustion chamber caused by different
dome structures. This result also verifies that Case C’s
main swirl has less disturbance to the pilot, resulting in a
larger size of the center recirculation zone of Case C.

5.4 The Effect of Fuel Ratio on Combustion Efficiency
and Emissions

Next, we study the three combustion chamber
schemes'  pollutant  emission and  combustion
performances at an inlet temperature of 700K and inlet
pressure of 500kPa. Figure 17 illustrates the combustion
efficiencies and outlet EICO and EIUHC emissions of the
three combustion chambers under different main fuel
ratios (a). Figure 17 reveals that the combustion
efficiencies of the three schemes are very close and are the
same for the CO and UHC emissions because the inlet
temperature of the combustion chamber at this condition
is relatively high. Under this condition, the change in the
swirl intensity has a minor effect on the combustion
performance of the combustion chamber. Under this
condition, the combustion efficiencies of the three
schemes exceed 99.99%. It can be further seen from the
figure that as the proportion of o increases, the combustion
efficiency of the three schemes remains unchanged,
including the CO and UHC emissions, because the fuel
can be well atomized and evaporated

and can burn completely in the combustion chamber. The
change of a has little effect on combustion efficiency.

Figure 18 depicts the changes in the gas pollutant
emissions of the three schemes with o, highlighting that as
a increases, the outlet EINOx of the combustion chamber
decrease. This is due to the increase in the ratio of main
fuel, and the equivalent ratios of the main and pilot stages
are getting closer, and the combustion chamber is less
likely to generate local hot spots so that the outlet NOx
emissions can be reduced.

The longitudinal comparison of the three schemes
reveals that when o is less than 50%, the NOx emission
presents Case A's lowest and B's highest emissions. When
a is 60%, Case B has the lowest export NOx emission,
while it is the highest for Case A because when a is lower
than 50%, the stronger the swirling intensity, the larger the
recirculation zone, and the larger the high-temperature
zone, less likely generating hot spots localization. As a
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increases, fuel and gas distribution in the combustion
chamber become more uniform. At this time, a smaller
recirculation zone means less gas residence time, leading
to less NOx generation. Therefore, the NOx emission of
the combustion chamber of the three schemes shows the
law as mentioned above.

6. CONCLUSION

This paper conducts experimental research on the
combustion  efficiency and  pollution  emission
characteristics of the five-point LDI combustor and
obtains the following conclusions:

® When the pilot stage works alone, all three
schemes have a combustion efficiency higher
than 98.5%, with Case A having the highest
efficiency and Case B having the lowest NOx
emissions due to different swirling intensities.

® When the pilot and main stages work together,
all three schemes have a combustion efficiency
higher than 99.9%, with Case C having the
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highest efficiency and Case B having the lowest
NOx emissions due to different swirling
intensities.

® NOx formation is sensitive to the a parameter,
so the ®main parameter should be close to
®pilot to reduce NOx formation.

® The cyclone with a convergent outlet has a
greater advantage in reducing NOXx emissions
than the cyclone with a Venturi outlet.
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APPENDIX
MEASUREMENT UNCERTAINTY ANALYSIS

The uncertainty analysis method is given in the SAE
ARP 1533 (SAE, 2013). For the dependent variable y=f
(x1, x2, ...xn), the uncertainty in y due to the xi is shown
in Eq.(Al).

Ay 2 dlny 2 rax\2
) =26 G (AD)

y dinx; xi

The emission indices and efficiency equations are
shown in Eq.(A2-Ab).

EICO = () (%) (1+3) (A2)
o= (S (E)(14)
EHC = (5 (ae) (1+77) (A%)
n= (1.00 — 4346 - EII{CO - Ellgfoc) £100 (A5)

The values and definitions of the parameters in the
above equations can be found in the SAE ARP 1533 (SAE,
2013). Furthermore, the measurement uncertainty of each
test data could be obtained by solving Eq. (A1-A5), where
the accuracy of each analyzer is presented in Table.3.
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