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Abstract

In the present work the performance of a multipoint lean direct injection strategy for low emission aero-propulsion systems has been
experimentally and numerically investigated, and compared with the single point injection strategy. A swirler liquid fueled combustor was
designed and used in experiments to investigate the flame behavior in lean and ultra-lean conditions for both the single-point and the multi-
points injection strategies. Multipoint injection has been realized injecting an amount of fuel upstream the swirler inlet and using also the
central injector as a “pilot” injection.

As regarding the experimental facilities, the combustor is equipped with four optical accesses for high speed flame imaging and with pressure
and temperature sensors. Experimental data on flame characteristics and pollutant emissions are obtained. The characterization of the flame
was realized using intensified high rate CCD camera for the acquisition in the ultraviolet spectral range. In front of the camera various
combinations of optical filters were installed to selectively record the respective chemiluminescent species (OH* and CH*).

Computational fluid dynamic (CFD) simulations were also performed for a deeper understanding of the flame characteristics under the two
injection strategies. The typical combustor operations were reproduced to more deeply understand the differences between the injection modes
and the related flame patterns. The numerical results show different temperature and species fields predicted for the non-premixed and the
partially premixed cases and furnish relevant information about the fluid dynamics in the combustion chamber in both the injection conditions.
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(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The development of low NOx gas turbine engine combustors is a main research issue. The amount of NOx depends on the flame
temperature. Hence lean combustion strategy, which leads to reduction of combustion temperature, is of great interest [1].

The most remarkable problem of this combustion strategy is the insurgence of flame holding problems: instabilities, flashback or
blowout (LBO) ([2], [3]) with negative effects on the combustor endurance and performance ([4]-[6]).

The flame stability under lean conditions is a serious problem in particular for lean liquid fueled combustor ([8]-[10]).

Lean premixed combustion including lean direct injection [11] and lean premixed pre-vaporized [12] is known as a possibility to
reach lower NOx emissions.

In this context since multipoint injection leads to a fast and efficient mixing, this is also a good candidate for lowering combustor
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emissions. However, its dynamic has to be deep investigated in order to underline its impact on flame stabilization, which is yet
to be fully understood.

At this aim the signals experimentally acquired could be opportunely analyzed for extract useful information. Measurement
techniques could include mass flow meters, thermocouples, pressure transducers, and probes for exhaust-gas composition
measurements. However, more valuable and robust techniques, to provide direct information of the flame behavior, are based on
chemiluminescence imaging measurements ([7], [13]-[16]). Furthermore real-time LBO control takes advantages from the
acquisition of UV single specie emission images ([17]-[18]) or broadband emission [22]. Chemiluminescence signal from OH*,
CH* and CO,* species can be collected using an intensified camera equipped with different UV optical filtered and used for
different analysis on the flame behavior ([19]-[23]).

Numerical investigations could be also used to support the experimental observations and to better understand the effects of
operating conditions and injection strategies on the flame dynamics ([24]-[26]). Reddy et al. [27], used the CFD code Fluent-14.5
to develop a high intensity swirl based ultra-low emission flameless combustor with liquid fuels. Patel et al. [28] numerically
investigated a liquid-fueled lean-direct injection (LDI) individuating the features that influence the spray dispersion. Jones et al.
[29] numerically investigated the turbulent mixing, fuel spray dispersion and evaporation and combustion in a gas-turbine
combustor.

Tyliszczak et al. [30] realized some numerical simulations of combustion process in a gas turbine with a single and multi-point
fuel injection system.

In the present work, a liquid fuel burner was investigated under different operating conditions and two injection strategies, the
single point injection and multipoint injections. The flame behavior at conditions close to LBO has been investigated using high
speed imaging acquisitions. A high rate CCD camera, equipped with an intensifier and different optical filters, has been used for
acquisitions in the ultraviolet spectral ranges of the chemiluminescence emissions from OH* and CH*. Moreover CFD
simulations of the typical combustor operation conditions were also taken into account for a more deep analysis.

2. Detail of experimental methodology
2.1. The experimental set up and combustor geometry

The Green Engine Lab of University of Salento (Italy) is equipped with a 300 kW liquid-fueled swirling gas-turbine derived
combustor ([31], [32]), shown in Fig. 1. The combustion chamber, which is reported in Fig. 2, has an internal diameter of 0.14 m
and a length of 0.29 m. Preheated air enters from one site of the burner head and then splits in two ways: a coaxial one (primary
air) and a swirled one (secondary air, eight-septa 45° swirler). Two different injection strategies could be applied. In the single
injection (configurations 1A, 1B and 1C) the fuel is injected directly into the chamber using a central injector (one hole, 0.5 mm
diameter), while in the multipoint injection (configurations 2A and 2B) the fuel is injected also through eight holes, one for each
septa of the air swirler along a circumference of 0.075 m of diameter, 0.5 mm diameter. Figures 1b and 2b show the localization
of the injection points in the multipoint configuration.

(a (b)

Fig. 1. (a) The Green Engine burner and (b) the particular of the injection holes.
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Fig. 2. (a) Green Engine burner scheme; (b) Details of the multipoint injection holes.

2.2. The experimental conditions

The air may be preheated up to 700 K and the pressure in the chamber (without combustion) may reach 3.5 bar,, but in the
present work the air at the inlets was set at 500 K and 1 bar,. The fuel and air mass flow rates were set in order to investigate
ultra lean conditions.

The total air flow rate was fixed at about 85-107 kg/s with a ratio of 1:11 between primary and secondary air flow
respectively. The fuel was injected from the central injector and/or the eight swirler injectors in different amounts, as
summarized in Table . The ratio PR between the fuel mass flow rate in the premixing line (total flow rate of the 8 circumferential
holes) and the total fuel mass flow rate has been used to quantify the level of the premixedness. Each variation of the fuel/air
equivalent ratio was maintained for a 10 min interval, to ensure both stabilization of the equivalence ratio around the target value
and steady state thermal boundary conditions.

The equivalence ratio @ is defined as following:

o L) 0

Table 1: Test conditions.

stoichiometric

FUEL [g/s]
Injection AIR 8
CASE Configuration | [g/s] Central injection PR @
injector .
points

1A Single point | 83.92 1.81 0 0 0.348
1B Single point | 84.23 1.54 0 0 0.266
1C Single point | 86.10 1.30 0 0 0.219
2A Multipoint 84.45 1.58 0.42 21%  0.344
2B Multipoint 85.51 1.10 0.20 16%  0.219

2.3. Experimental measurements technique

The cooled optical accesses of the combustor, three circumferential and one frontal optical windows, permit to use imaging
technique for the flame characterization acquiring the visible and the UV chemiluminescence emissions.

OH* and CH* chemiluminescence emissions images were acquired from the frontal windows of the burner by using the
Phantom Miro M320S® High-Speed Digital Camera [33] equipped with an intensifier by Lambert Instrumentation® [34] and
two interference filters with central wavelength of 307 nm and 431 nm respectively, with a full width at half maximum (FWHM)
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of 10 nm. The intensifier gain was set to 250 for the CH* and 600 for the OH* emissions. The sensitivity and the quantum
efficiency (QE) of the Intensifier are respectively 70 mA/W e 28% for the OH* acquisition and 74 mA/W and 21% for the CH*.
The UV images were taken with a resolution of 651 pixels x 407 pixels, a frequency of 1 kHz and a flame view area of 59 mm
(h) and 36.8 mm (v).
Finally the pollutant emissions were also measured through a complete analyzer system (PG-350E Horiba) [35] equipped with
gas sampling, sample conditioning, analyzer and system control units was used.

3. Detail of computational modeling

The computational analysis was carried out using the ANSYS Fluent 14.5 code. 3-D double-precision pressure-based solver
was used with the Realizable k-¢ model and the steady state assumption. The computations were performed assuming a fully
developed combustion process, hence ignition and flame propagation processes were not taken into account. The spatial
discretization was performed using the second-order upwind scheme. The SIMPLER algorithm was used for pressure—velocity
coupling. The solution was assumed convergent when the scaled residual reached the level 107,

The energy equation was solved considering 20 intermediate species equilibrium chemistry and a non-premixed droplet
combustion model for simulating the combustion of the liquid fuels. Compressible flow was considered and the viscosity was
calculated using Sutherland’s law. A P1 radiation model was used. Constant mass-flow inlet condition normal to the boundary
surface was applied at air inlets, and a pressure outlet based boundary condition was applied at the exit. No-slip wall and constant
temperature boundary conditions were applied at the walls, based on experimental temperature values. The discrete phase
trajectory for evaporating droplets is found by a Discrete Particle Model (DPM) using a Lagrangian formulation. Mass,
momentum and energy exchanges for the droplets are calculated by integrating across control volumes while the interaction of
the droplets with the continuous phase is also taken into account. A single component surrogate, C;oH,, was used to simulate the
fuel with a density of 730 kg/m®. Fuel injection was simulated as a solid cone type spray with a cone half-angle of 20° and a
radius of 0.00025 mm and a Rosin-Rammler drop size distribution with maximum, minimum and mean-droplet diameter’s
equal to 0.0005m, 0.0002m and 0.000001m respectively. Turbulent dispersion of particles is modelled with a discrete random
walk model.

A number of computations were carried out using hexahedron mesh, shown in Fig.3, with approximately 2.15 million of cells,
which was considered sufficient to obtain grid-independent results. The grid convergence was calculated based on the Grid
Convergence Index (GCI) criteria. Three grids with different refinement levels (1149980, 2150167 and 3254033 cells) were
compared. If the GCI for two successive grid sizes was below 3%, it was considered that grid convergence has been achieved.

Fig. 3: Computational grid

4. Results
4.1. Results of the numerical investigations

Preliminary CFD simulations have been done to deeper investigate the differences between the two injection configurations at
different fuel/air ratio.

Figure 4 reports the predicted contours of the temperature, mean mixture fraction, C;oHy, mass fraction and OH* mass fraction in
a vertical mid-plane for the two injection strategies at the same fuel/air ratio (case 1A and case 2A). Results underline that the
flame is established closest to the main central fuel injector in case 2A. The location of the flame root is significant for the flame
stability, hence this could lead to a better flame stability to blowout in the case of multipoint injection strategy.

A conical flame is predicted extending around the recirculation zone. This flame produces hot gases at a temperature close to
2200 K for the case 1A and approximately 2000 K for the case 2A. These gases do not mix immediately with the surrounding
cold flow, resulting in a radially inhomogeneous temperature distribution in the first half of the chamber. Hence as expected, the
temperature increased from the walls to the center line of the combustor.

In the second half part of the combustion chamber the computed mean temperature profile is relatively flat, the temperature
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become more uniform in radial direction, due to the mixing with the cold flow, this leads to a significant decrease of the
temperature at the chamber exit. with rising distance from the injection location. In the case A the overall temperature of the

combustor as well as the maximum temperature is higher in the case 1A due to locally richer mixture.

Looking at the mean mixture fraction, it is evident where the vaporized fuel exists in the gas phase. It is significant in the fuel-
rich portions of the flame. The small regions of fuel vapour close to central injector suggest that the vaporized fuel rapidly mixes

with the oxidizer before undergoing chemical reactions.

Furthermore although the central region close is richer in the case 1A, moving axially downstream the mean mixture fraction is

higher for the case 2A. The OH* emission contours are in good agreement with the temperature fields.
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Fig. 4: Predicted contours of the temperature, mean mixture fraction, C,oH,, mass fraction and OH* mass fraction in a vertical mid-plane for the two injection

strategies at the same fuel/air ratio (case 1A and case 2A)
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Experimental results

The CO and NOx emissions were measured for the operating conditions that are reported in Table 1 and the measured values
are shown in Fig.6.

In presence of a leaner combustion strategy the NOx emissions are sensibly reduced, this is in agreement with the overall
reduction of the temperature, as shown also by the numerical simulations. The reduction of the fuel/air ratio permits a decrease of
25% and 34% in NOx emissions for respectively the non-premixed and partially premixed modes. Hence the main goal is better
achieved by the partially-premixed combustion mode with multipoint injection.

As regarding the CO emissions, also in this case a decrease with the fuel reduction is recorded. For the multipoint injection the
CO emission is always higher than in the single injection strategy. Hence the strong reduction (about 70%) that can be obtained
with the fuel/air ratio reduction appears very interesting. With a higher availability of oxygen in the mixture the reaction can be
completed more easily.

B ——————r— A 350 iz # CO2 (Single injection) 12
4 CO2 (Multipoint Injection)
ingl 300 11 A 02 (Single injection ) 11
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— 110 = = E
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Fig. 6: Exhaust gas emissions
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Fig. 7: Experimental time averaged values maps for (a) CH* and (b) OH* chemiluminescence emissions.

The maps obtained by the time averaged chemiluminescence emissions data are shown in Fig.7. As said before, the images
are taken from the frontal windows. Hence, taking the longitudinal axis of the combustion chamber as reference (position [0,0] in
the images), the coordinates are reported as distance from that axis in mm. It should be said that the protrusion, visible in the
ICCD map, is a thermocouple.

The OH* and CH* intensities exhibit a strong concentration on the peripheral region while the central zone appears less
interested by the reaction evolution. This trend may be remarked by the profiles in Fig.8 that makes evident this effect. This
behaviour is also underlined by the numerical simulations, as shown in the OH* profiles in Fig.5. It is possible to observe that
this effect may be connected with the swirl functioning.

Fixing the air mass flow rate, the radial profiles of OH* chemiluminescence intensity from the temporally averaged images
are well correlated with the total fuel mass flow rate ( or fuel/air ratio). Increasing the fuel mass flow rate the total heat release
should also increase. Regarding the cases with the same injection strategy and different fuel/air ratios (case 1A vs case 1C, and
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case 2A vs case 2C), Fig. 8 shows that, lowering the fuel/air ratio, there is a decrease of the OH* chemiluminescence intensity in
the inner part of the flame and a slightly increase of the intensity close to the wall.
Regarding the time averaged CH* radial profiles, the CH* is radially more uniform for the cases at highest fuel/air ratio,
while a relevant rise of the intensity in the peripheral zones is evident for the lean cases, in both the injection configurations.
Table 2 reports the spatially average values of the OH* and CH* emissions. It is evident the decrease of OH* and CH*
lowering the fuel/air ratio as well as the reduction of these emissions if an amount of the total fuel is injected in the swirler vanes,
with respect to the single point injection.

——1A + 1C 38 —— 28 —— 1A ¢ IC——28——-28

0 1 L L L L 1
i} 01 02 03 04 05 06 07 08 08 1

Radial position rﬂ‘Rmax 1

L I L
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Fig. 8: (a) OH* and (b) CH* integrated chemiluminescence emissions profiles

Table 2: Spatially averaged OH* and CH* chemiluminescence emissions

CASE | OH* CH* 4
1A 1.07 1.13 0.348
1B 1.01 1.02 0.266
1C 0.99 1.022 0.219
2A 1.02 1.06 0.344
2B 0.98 0.91 0.219

4. Conclusions

The paper presented an experimental and numerical study on a swirler liquid fueled in order to investigate the flame behavior
in lean and ultra-lean conditions for both the single-point and the multi-points injection strategies.

Experimental data on flame characteristics and pollutant emissions are obtained. Experiments underline that for both the
injection strategies, if the fuel/air ratio is lowered there is a decrease of the OH* chemiluminescence intensity in the inner part of
the flame and a slightly increase of the intensity close to the wall. Furthermore the average values of the OH* and CH* emissions
also decrease. Regarding the comparison between the two injection strategies the reduction of these emissions is higher if an
amount of the total fuel is injected in the swirler vanes, with respect to the single point injection. Furthermore the reduction of the
fuel/air ratio permits a decrease of 25% and 34% in NOx emissions for respectively the non-premixed and partially premixed
modes.

Simulations were also performed for a deeper understanding of the flame characteristics under the two injection strategies.
The numerical results show different temperature fields predicted for the single point and the multipoint injection cases and
furnish relevant information about the fluid dynamics of the fluids ways in the combustion chamber in both the injection
conditions.

The computations underline that the flame is established closest to the main central fuel injector in case of multipoint
injection, this could lead to a better flame stability to blowout. Furthermore the maximum temperature is higher in the single
injection due to locally richer mixture. The predicted OH* emission contours are in good agreement with the temperature fields
and the experimental observations.
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