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Abstract: A dry, low-NOx (DLN) combustor for a heavy-duty gas turbine using lean premixed
technology was studied. A high-fidelity test model was built for the experimental study using
particle image velocimetry (PIV). The non-reacting flow in the DLN combustion chamber was
investigated experimentally and numerically. The numerical results are in good agreement with the
experimental data. The results show that recirculation zones were formed downstream of each swirl
nozzle and that the flow pattern in each section was self-similar under different working conditions.
For two adjacent swirl nozzles with opposite swirling directions, the entrainment phenomenon was
present between their two flows. The two flows gradually mixed with each other and obtained a
higher speed. If the two adjacent swirl nozzles had the same swirling direction, then the mixing of
the two flows out of the nozzles was not present, resulting in two separate downstream recirculation
zones. The interaction of swirling flows out of different nozzles can enhance the turbulent fluctuation
inside the combustion chamber. Based on the analysis of the recirculation zones and turbulent kinetic
energy (TKE) distribution downstream of each nozzle, it can be found that nozzle coupling results in

stronger recirculation and turbulent mixing downstream counterclockwise surrounding nozzles.

Keywords: DLN combustor; PIV investigation; numerical simulation; multi-nozzle coupling;
multi-premix modules

Highlights

> A dry low NOy combustor for a heavy-duty gas turbine using lean premixed technol-
ogy was studied, and a high-fidelity test model was built.

>  PIV technology was applied to measure the cold flow field in the high-fidelity
test model.

> Multi-nozzle coupling phenomena inside the DLN combustor chamber were analyzed
based on the experimental and numerical results.

1. Introduction

Pressure from strict regulations on pollutant emissions has pushed the designers
and manufacturers of gas turbine combustors to develop environmentally friendly and
efficient combustors. NOy emissions are considered as one of the main pollutants, and
the advent of dry low NOy (DLN) technology has provided a viable means for reducing
NOy emissions [1]. The principle of the DLN approach is to burn a substantial portion
of the injected fuel at a lean premixed condition to prevent high-temperature zones from
forming [2], since the production of NOy emissions rates scale exponentially with the
combustion temperature [3].

However, premixing the reactants before combustion results in fluctuations in the
flow field, which, in turn, interact with the pressure field, resulting in various kinds of
combustion instabilities [2,4]. Swirl-stabilized flame technology is one of the most effective

Energies 2022, 15, 9551. https:/ /doi.org/10.3390/en15249551

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15249551
https://doi.org/10.3390/en15249551
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-5196-5062
https://orcid.org/0000-0002-7172-1003
https://doi.org/10.3390/en15249551
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15249551?type=check_update&version=1

Energies 2022, 15, 9551

2 of 21

techniques for the lean premixed combustion, especially for gas turbine combustors. The
breakdown of the vortex formed from the swirling flow exiting the premixer tube, along
with the sudden expansion in the liner resulting in the required recirculation zones, are
mechanisms for flame stabilization [2,5]. The flow in the recirculation zones transports the
burned gas to the flame root, resulting in the mixing of hot burned gas and radicals with
the fresh gas and leading to continuous ignition and flame stabilization [6,7].

Therefore, the swirling flow in the combustor directly affects the stability and emission
characteristics of gas turbine combustors. In the past few decades, many researchers have
invested large amounts of effort into understanding swirling flow. Although experiments
under real working conditions would show more accurate data, such experiments are much
too difficult and costly due to the high-temperature and high-pressure conditions. Thus,
non-reacting cold flow tests are commonly used that can possibly characterize the real
reaction conditions [8]. Non-intrusive laser measurement techniques, such as particle image
velocimetry (PIV), can acquire planar velocity or stereo information without influencing
the flow field and have thus been widely used in swirling flow investigation. In addition,
the computational fluid dynamics (CFD) method is also commonly used in this area to
bridge the gaps in experiments, and the experimental data acquired can be used to verify
and validate the results from the CFD method.

Two main principles gas turbine combustor concepts have evolved over time: the
annular can combustor and the annular combustor [9]. Although the annular combustor
requires much less cooling air due to its smaller surface area than that required by the
annular can combustor, the development of an annular combustor for industrial heavy-duty
gas turbines is quite difficult and costly due to its large size. For annular can combustors,
many cylindrical cans are located circumferentially. Each can is relatively independent
from the others, allowing for modular designs. Thus, annular can combustors re commonly
adopted for the large-size industrial heavy-duty gas turbines. An annular can DLN com-
bustor has a set of multi-premixer modules located on the headend of each can, and each
premixer module contains a nozzle with a swirler and a premixer tube [2,5]. The premixer
tubes are part of the cap assembly [5]. The number of modules and the swirling direction
for each module can vary, making the flow structures in the liner complex and worthy
of exploration.

Many researchers have focused on the cold flow inside a single-premixer module.
For example, the impact of confinement [8,10,11], fuel spray [10], outlet contraction [12]
and swirl number [13] on the flow have been discussed based on the experimental data.
Strakey and Yip [14] carried out a two-dimensional (2D) PIV experiment under the cold
flow condition for a swirl-stabilized, land-based gas turbine combustor; a numerical study
using large-eddy simulation (LES) and Reynolds-averaged Navier-Stokes (RANS) methods
was conducted, and the results compared with the experimental data. Reichling et al. [15]
calculated the three-dimensional (3D) non-reacting turbulent flow of a swirled gas turbine
combustor model; the numerical results were compared with the measurement data, and
a comparison between the non-reacting and reacting flow fields was conducted. Gomez-
Ramirez et al. [16] performed flow-field measurements at both isothermal and reacting
conditions; the representative results suggest that the flame location follows the location
of the maximum isothermal turbulent kinetic energy. Park et al. [17] measured the flow
fields with the planar PIV for non-reacting and reacting flows in a lean, premixed and swirl-
stabilized can combustor, and the results of non-reacting and reacting flows were compared.

More recently, Jhon Pareja et al. [18] studied the non-reacting turbulent flow field
characteristics of a piloted premixed Bunsen burner designed for operational at elevated
pressure conditions using high-speed PIV. The findings show that similar levels of turbu-
lence intensities and turbulent length scales were obtained at varied pressures and bulk
velocities with turbulent Reynolds numbers up to 5300. Fujun Sun et al. [19] presented laser
diagnostic experiments and numerical simulations of the flow fields and fuel/air premixing
uniformities of S30 (injector with swirler-vanes angle of 30°) and 540. The results show that
the axial size and the radial size of main recirculation zone (MRZ) of S30 are both smaller
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than those of 540, which can decrease residence time and is beneficial to NOx reduction for
530. Kyle Twarog et al. [20] presented the method by which a high-quality Time-Resolved
Particle Image Velocimetry (TR-PIV) two-dimensional velocity dataset was established for
a counter-turning multi-swirlers (CTS) mixer. Proper Orthogonal Deconvolution structure
analysis was also presented for the dominant modes. Dmitriy K. Sharaborin et al. [21] inves-
tigated the turbulent transport and fuel mixing under nonreacting conditions for a model
gas-turbine swirl burner based on a design by Turbomeca. The data were processed using
the POD method to extract coherent flow structures and quantify large-scale variations in
the concentration produced by them.

Although research on single-module design is important, it cannot reflect the complex
interaction phenomena between the modules inside each can. Thus, multi-module coupling
effects should be studied.

Based on our survey, multi-nozzle coupling effects in the annular combustor, which
are mainly used in aircraft derivatives, have been discussed in the literature. The numer-
ical/experimental study by Cordier et al. [22] discussed the effect of nozzle spacing on
ignition characteristics. Worth and Dawson [23] reported on the effect of nozzle spacing on
azimuthal thermoacoustic instabilities. Kao et al. [24] conducted a study of non-reacting
flow in which the nozzle spacing was changed in a linear array of five nozzles. The study,
conducted using Laser Doppler Velocimetry (LDV), showed averaged velocity fields for
the mid-plane with five different spacings. The study noted that the size of the central
recirculation zone alternated between small and large along the swirler array. A numerical
study on swirler interactions by Cho et al. [25] focused on NOy formation as a function
of distance between two industrial swirl-stabilized nozzles. Other past studies have used
experiments [26] or numerical simulations [23] to study combustion oscillations in annular
combustors with multiple nozzles. It is evident that nozzle interaction strongly affects the
performance of a combustion nozzle, potentially modifying the performance that can be
expected based on single-nozzle tests [27].

However, there are few studies focusing on the multi-module coupling effect inside
the cans of annular can DLN combustors. In this paper, an annular can DLN combustor
for a 300 MW F-class heavy-duty gas turbine using the lean premixed technology was
developed. The cold flow field of a can with a sectorial external shell was measured using
a high-fidelity test model and PIV technology, and the interaction between the swirling
flows inside the can was studied. To the authors” knowledge, the swirl coupling effect
inside cans of a real annular can DLN combustor has not been discussed before, and this
is also the first application of a 2D PIV system performing velocity measurements on a
high-fidelity industrial test model in China. PIV measurements of fully featured industrial
annular can combustors are not commonly reported in the literature due to the high level
of measurement complexity. Demonstrating the application of this experiment is therefore
one of the aims of this work. To supplement the experiment data, numerical simulation
was performed, and the numerical results agree with the experimental data well. The
characteristics of the swirling flow inside the can are discussed in detail.

This paper is organized as follows. Section 2 describes the experimental and nu-
merical methods. Section 3 shows the results and discussion. Finally, Section 4 draws
the conclusions.

2. Materials and Methods
2.1. The High-Fidelity DLN Combustor Test Model for a Heavy-Duty Gas Turbine

An annular can DLN combustor for a 300 MW F-class heavy-duty gas turbine using
lean premixed technology was studied. In order to investigate the non-reacting cold flow
dynamics in the liner, a high-fidelity single-can test model was proposed here for PIV
measurement, as shown in Figure 1. The test model mainly consisted of the external shell,
headend, swirl nozzles, can (combustion chamber) and transition piece. Except for the
headend and swirl nozzles, other parts were made of transparent material. The external
shell was made of polymethyl methacrylate (blue in the Figure 1c) with a side window
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Air outlet

made of quartz glass (purple in the Figure 1c), and the combustion chamber and tail
window were also made of quartz glass (purple in the Figure 1c) due to the requirement
of ultraviolet light transmission, which is important for the subsequent fuel/air mixing
field measurement experiment. There were 7 swirl nozzles assembled on the headend;
nozzles 2 and 5 swirled clockwise and the rest swirled counterclockwise, as shown in
Figure 1b. All parts were manufactured by 3D printing and manually assembled. One
should note that the can casing with impingement cooling holes was removed, since the test
was in the ambient temperature condition and cooling was not needed. A slightly modified
sectorial external shell was used to reduce the manufacturing effort and the workload of
modifying the test rig. Based on the CFD analysis, these modifications had little influence
on the flow characteristics, and the experiment based on this model can reflect the real flow
phenomenon inside the real can.

(b)

External shell

Headend

Fuel inlet

\ Holding

Air inlet
(c)

Figure 1. The high-fidelity test model. (a) Lateral view of the model; (b) Nozzle direction; (c) 3-D
schematic diagram.

The combustor uses a reverse-flow design. The air from the wind tunnel first enters
the external shell and enters the headend through the annular inlet. The swirler assembled
in the premixing tube generates swirling flows with different directions. The seven streams
of swirling flows couple with each other in the combustion chamber, then travel through
the transition piece and leave the combustor.

The side door of the external shell can be opened, and the headend with the swirl
nozzles can be removed. The design of these two components is vital for successful PIV
investigation. On the one hand, TiO, was used as tracer particles in this experiment; the
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Camera
(Laser)

windows, headend and chamber were contaminated after measuring each section. The
side door and removable combustor headend design enables the cleaning of the windows,
headend and chamber. On the other hand, the design of the two parts makes it possible to
spray black matte paint on the headend and the chamber’s inner face to eliminate flare and
blooming; further discussion of this design can be found in Section 2.3.

The tail window on the transition piece was designed according to the light path. The
tail window was located on the axis of the combustor, perpendicular to the axial direction,
and its position was carefully chosen to achieve the maximum measuring area. This design
is innovative because it partially solves the problem of transition piece blockage. The
geometric relationship between the tail window and the combustion chamber is shown
in Figure 2.

Combustion
chamber

Light path

Tail window

Figure 2. Light path inside the model.
2.2. PIV Measurement Scheme

Due to the complex structure of the test model, it was difficult to carry out the stereo
PIV experiment. The 2D-PIV method was selected in this study to obtain the velocity of the
cross-sections and longitudinal sections in the combustion chamber.

When measuring cross-sections, the laser penetrated the combustion chamber from
the side window, and the camera was placed behind the tail window. The laser plane
is perpendicular to the camera, as shown in Figure 3a. The laser passed through three
layers of glass to reach the camera, which recorded the particle signal. The cross-section
measuring scene is shown in Figure 3b.

(b) (c)

Figure 3. Optical scheme. (a) Location of camera and laser; (b) Cross section; (c) Longitudinal section.
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Experiment
model

Contraction
segment

Pressure
stabilizing
chamber

(a)

When measuring longitudinal sections, the laser enters the combustion chamber
through the tail window, and the camera captures images from the side window. The laser
needs to penetrate the tail window, and the particle scatter on the longitudinal sections
needs to pass through the combustion chamber and side window to enter the camera.
Therefore, the laser also needs to pass through three layers of glass. The longitudinal
section measuring scene is shown in Figure 3c.

In this paper, 8 cross-sections and 9 longitudinal sections were measured. The cross-
section positions H1-H8 are shown in Figure 4a, and longitudinal sections Z1-Z9 are shown
in Figure 4b. The cross-sections were parallel to the x—y plane, while the longitudinal
sections were parallel to the x—z plane. The longitudinal section crossed each nozzle’s
center to prove the generation of recirculation zones.

(a)
Figure 4. Section positions. (a) Cross sections; (b) longitudinal sections.

2.3. Auxiliary Systems

The air was supplied by two fans in this experiment, as shown in Figure 5a. Fan 1
blows the air into the system and fan 2 draws the air out of the system. Only fan 2 is used
when the air flow required for the experiment is less than 1 kg/s, and all fans are used when
the air flow required is larger. The air drawn out of the system produces less vibration than
the air blown in. Moreover, when only the suction fan works, the internal and external
pressure of the model’s external shell is basically the same, which reduces the strength
requirements of the shell and lowers the risk of damage. Between the pressure-stabilizing
chamber and the contraction segment, there is a honeycomb which serves to stabilize the
flow, as shown in Figure 5b.

Tracer
particles

(b)

Figure 5. Air supply system. (a) 3-D schematic diagram; (b) Honeycomb.
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Average of 50 transient results Average of 80 transient results Average of 100 transient results

Seeding of tracer particles was achieved using an air compressor and a fluidized-
bed-type solid particle seeder. TiO, particles with diameters of 0.3 pum were selected for
tracing. For the measurement data, Re, < 0.65 was found; thus, the slip velocity could be
calculated based on the assumption of Stokes flow [28]. The results show the uncertainty
due to slip to be negligible. In the early stage of the experiment, liquid particles, such as
olive oil and glycerin hydrate, were tested as tracer particles, but the measurement was not
successful. This is because the laser needs to pass through 3 layers of glass to record the
particle scatter, and multiple reflections on the glass surface will reduce the energy of the
laser and scatter, causing a lower signal-to-noise ratio. The reflectivity of solid particles is
higher than that of liquid particles, so the scatter obtained is much stronger, offering much
better data quality. However, the use of solid particles also has disadvantages. During
the experiment, TiO, particles can quickly contaminate the windows of the experiment
model and whiten the measuring background. Therefore, the experiment model needs to
be cleaned after each section measurement to ensure the quality of the data.

In the PIV measurement system, a NEWWAVE Nd: YAG laser pulse system was
selected to provide the laser beam, the maximum output energy of which was 200 mJ/Pulse.
The resolution of the camera was 2048*2048. A Nikon 28 mm F/2.8D lens was used. The
time interval between two frames was 10 us, and the shooting frequency was 3 Hz. Because
of the use of solid particles, the number of photos obtained per shot was limited by the
contamination of the experiment model. The average results of 50, 80 and 100 transient
velocity field results were very close, as shown in Figure 6. This indicates that average of
100 transient results was sufficient for mean velocity field acquisition.

VxyNref
0.66
0.55
0.44

s
b

Figure 6. Comparison of different average choices.

Shading measures were established to control the ambient light and background
scatter. Because the light path penetrates multiple layers of glass, and the experiment
model is transparent except for the headend, PIV measurement needs to be carried out in a
shading tent; otherwise, the ambient light will be scattered inside the experiment model,
resulting in saturation. The inside of the shading tent is shown in Figure 7. In addition
to setting the shading tent on the periphery of the experiment model, the background of
the experiment model also needs to be blacked-out for PIV measurement. Black matte
paint was sprayed on the background to absorb the excess laser energy, preventing it
from influencing the quality of the data. Brend et al. [29] used the polarization control
of background scatter in another PIV experiment for combustor. Although the shading
measures provided in this paper are simpler, the assembly of the model parts should be
carefully designed to provide the operational space needed for spraying.
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Combustion _
chamber 88

Headend

(b)
Figure 7. Shading system. (a) Shading tent; (b) Blackened surfaces inside the model.

The difficulties encountered in the experiment were multifaceted. All the model
components were carefully designed for 3D printing because the inner structure of the
combustor is very complex. The difficulty of implementing the optical measurement
scheme is greatly increased because the laser needs to pass through multiple layers of
glass, and the area of the sections to be measured is large. The addition of seeding particles
to the flow has a contamination effect on the windows. The saturation and blooming
phenomena used to be a huge problem before implementing shading measures. Despite all
these challenges, the researchers in this study managed to overcome all the difficulties and
successfully conducted a PIV measurement experiment of a high-fidelity, multi-nozzle DLN
combustor for the first time. The velocity data obtained in this study provide validation
for the development of CFD tools, and the experiment experience gained in this study can
offer guidance for other similar experiments in the field.

As for the uncertainty, the laser could have a time uncertainty of 500 ps between frames.
Because the time interval between frames was 10 ps, this error reached 500 ps/10 ps = 0.005%;
for the 2048 * 2048 camera we used, the 1-2 pixels on the edge could bring an error of
4/2048 = 0.2%; the error caused by the following behaviors of particles was less than 1%
after analyzing the forces exerted on the particles in the flow; the error caused by the
software calculation was less than 1% as the particles were evenly distributed in the flow.
The SRSS (Square Root of Summation of Squares) of these errors was 1.43%, which could
be regarded as the PIV uncertainty.

2.4. Numerical Method

Numerical investigation was performed in this study in order to acquire a deeper
understanding of the flow inside the combustion chamber. STARCCM + was used as
the mesh generator and FLUENT as the solver. The realizable k-¢ turbulence model
was adopted.

Two geometry models were studied in this study, namely the overall model and the
partial model. In the overall model, the computational domain was perfectly consistent
with the experimental model, with 58.25 million tetrahedron cells. In the partial model, the
complex structure of plenum and headend was removed to simplify the computational do-
main, and the premixing tube was prolonged to ensure a completely developed turbulence
upstream the swirler. The cell number in the partial model dropped to 51.86 million. The
two selected models are shown in Figure 8.
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(@)

(@ (b)

Figure 8. Geometry and mesh of the two models. (a) Overall model geometry and mesh; (b) Partial
model geometry.

The partial model was built because, in the overall model’s calculation, the plenum and
headend can distribute the air flow evenly to the surrounding nozzles. The surrounding
nozzle mass ratio fluctuated within —3.1%~2.94% of the average, and the central nozzle
mass ratio was 9.99% larger than the average value of surrounding nozzles, as shown in
Table 1.

Table 1. Mass ratio of surrounding nozzles in the overall model’s calculation.

Nozzle Number 1 2 3 4 5 6 C
Mass ratio(%) 13.82 14.41 13.56 14.28 13.74 14.18 15.40
Deviation from the surrounding nozzle _125 2904 ~310 1.98 _1.86 1.29 9.99

average(%)

In order to testify the grid independence, 3 different meshes were built for the partial
model under the separate cell base sizes 0.22 mm, 0.2 mm and 0.18 mm. The total cell num-
bers for these meshes are 40.54 million, 51.86 million (mentioned above) and 65.87 million.
In addition, 2-D velocity distributions on a selected diameter on H4 were used to compared
with each other, as shown in Figure 9. The mesh with 51.86 million cells was sufficient for
the simulation since the compared results were close to each other. (Vyy stands for velocity
on the x—y plane, V. stands for the velocity magnitude in the premixing rube and D stands
for the diameter of the central nozzle).

With appropriate strategies for domain reduction, simulations were carried out with
various turbulence models to find the most appropriate model for capturing the flow
characteristics. The various turbulence models tried were namely the standard k-¢, RNG k-¢,
Realizable k-¢, SST k-w, RSM Stress-BSL and LES. Comparisons of ny and the surrounding
nozzle recirculation zone size are shown in Figure 10. Although the LES model provides
generally better results compared to RANS models, the realizable k-¢ model was chosen
for further simulation after balancing accuracy and cost.
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H4 —— 40.54 million
51.86 million
035 65.87 million

0.3

025

0.2

Vxy/Vref

0.05

I T S R
-1 0.5 0 0.5 1
R/D

Figure 9. Grid independence.

H4

—— - RSM

. Experiment
— — — - Standard K¢
035~ ——————— RNG k-
5 — — — - Realizable k-
5 ———~- SSTk-w
03
\

(@)

Surrounding-nozzle recirculation zone length

Standard k-
RNG k-
Realizable k-
SST k-

RSM

LES

1 Exp

Ratio

(b)

H5

0.35

03

0.25

0.1

0.05}

. Experiment
— — — - Standard k-

------- RNG k-
— — — - Realizable k-
———- SSTko
——— - RSM

Surrounding-nozzle recirculation zone width

Ratio

Standard k-
RNG k-¢
Realizable k-z
SST k-0

RSM

LES

Exp

Figure 10. Comparison of different turbulence models. (a) Vyxy on selected diameter of H4 and H5;

(b) Surrounding nozzle recirculation zone size.

The simulation results obtained under both overall model and partial model using
realizable k-¢ model are in good agreement with the experiment data. The flow pattern
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is similar, and the absolute value on the selected diameter of the calculation is very close
to that of the experiment results. The comparison is shown in Figure 11. This suggests
that the design of partial model is successful, and the results obtained in the partial model
are persuasive. In the partial model, the surrounding nozzle mass flow can be adjusted
independently, and different cases can be designed to further study the coupling effect of
the nozzle flow.

H4

Overall model

Partial model

Vxy/vref: 0 0.11 0.22 0.33 044 0.55 0.66

Figure 11. Comparison of the numerical simulation and experiment results.

3. Results and Discussion
3.1. Cross-Section Measurement Results and Analysis

The velocities for five working conditions and eight cross-sections were obtained in
this experiment; some of the velocity contours are shown in Figure 12. There were four
main characteristics within the combustion chamber:

(1) The two clockwise flows merged with the respective surrounding counterclockwise
flows, forming a structure of two central symmetrical flows.

(2) The flow pattern of each cross-section in the combustion chamber was self-similar
under different working conditions, which means the increase in air mass flow only
resulted in the increase in the absolute velocity without changing the flow trend in
each section.

(3) The flow inside the combustion chamber was constantly rotating counterclockwise.

(4) The swirling velocity was gradually dissipating.
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0.55kg/s 0.69kg/s 0.83kg/s 0.96kg/s 1.16kg/s

H1

H3

HS5

H8

Vxy/Vxy-max: 0 0.10.20.3 0.4 0.50.60.70809 1

Figure 12. Experiment results: Cross-section contour.

Section H1 was the most upstream section of the combustion chamber and was closest
to the headend. As a result, the background scatter affected the receiving of the particle
scatter, and part of the velocity information was therefore missing. Nevertheless, it can still
be seen that seven streams of swirling flow formed downstream of the seven premixing
tubes, with a high Vyy. The central area Vyy of each swirl was low, indicating the existence
of recirculation zones.

Velocity data from section H3 reveal the interactions between the rotating flows. On
the left side of the section, counterclockwise swirls generated by nozzles 1 and 3 and the
central nozzle surrounded the clockwise swirl generated by nozzle 2. The clockwise flow
merged with the surrounding counterclockwise flows, forming a large continuous flow
structure. The right side of the section had the same phenomenon. The low Vyy area
remained downstream of counterclockwise nozzles 1, 3, 4 and 6 and the central nozzle,
while the Vyy values downstream of clockwise nozzles 2 and 5 were larger, indicating the
early disappearance of the recirculation zone. The coupling phenomenon on plane H3 is
shown in Figure 13.

Figure 13. Flow coupling in section H3.
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H5

The flow in the combustion chamber was constantly rotating counterclockwise because
there were five counterclockwise nozzles and only two clockwise ones; thus, the momentum
of the counterclockwise flow was greater. The x—y plane velocity in the combustion chamber
was constantly decreasing, which suggests the dissipation of the swirling flow.

To quantify the self-similarity of the cross-sections, the velocity data of cross-sections
H5-HS8 were taken for analysis. Data on a selected diameter moving through the high-
velocity area were selected in different working conditions, as shown in Figure 14a, where
the red line represents the position of the data sampled. The comparison shows that
the Vyy trend of the cross-section H5-H8 sampling points was consistent under different
working conditions. The average Vyy on the plane against the inlet mass flow rate was
plotted, as shown in Figure 14b. The average velocity on the extracted line from each
cross-section was basically linear with the mass flow rate. These comparisons suggest
that, in the experimental model, the flow pattern remained constant, and the increase in

mass flow only changed the magnitude of the absolute velocity, suggesting the stability of
the flow.

H6 H7 H8

0.55Kg/s
0.69kg/s
0.83kg/s

0.96kg/s
04F 0.4t 1.16kgls
g g 0.3f ".'2_7 0.3f
> 3050 3ol
3 o2 \ go2
0.1F 0.1F _
i 7 0 i
RID
(a)
0.24
0.22f
. 02f
o i
Ems;
S 7
0.16f
0.14f
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Figure 14. Self-similarity of cross-sections. (a) Velocity on a selected diameter for each working
condition. (b) Average velocity-Mass Flow Rate.
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71

73

3.2. Longitudinal Section Measurement Results and Analysis

Velocity data for five working conditions and nine longitudinal sections were taken in
this experiment; some of the velocity contours are shown in Figure 15. The longitudinal
section measurement results also show the self-similarity in x—z velocity distribution in the
combustion chamber. Another phenomenon of flow in the combustion chamber is shown:
the swirling flows form recirculation zones downstream of each nozzle.

0.55kg/s 0.69kg/s 0.83kg/s 0.96kg/s 1.16kg/s

75

77

79

Vxz/Vref: 0 0.10.20.3040.50.60.70809 1

Figure 15. Experiment results: Longitudinal section contour.

The recirculation zones of sections Z1, Z5 and Z9 were obvious where the nozzle was
located in the middle of the measuring section. The recirculation zones formed in Z3 and Z7
emerged at the top right and bottom right corners of the cloud map. Though not complete,
they were still sufficient to prove the existence of the recirculation zones downstream each
nozzle, which play a key role in flame stabilization.

3.3. CED Results and Analysis

To better contrast the results of the single-nozzle and multiple-nozzle flow, different
cases were set under the partial model, as shown in Table 2. Four single-nozzle cases were
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calculated, in which the mass flow of the surrounding nozzles chose the average of the
surrounding nozzles, and the flow of the central nozzle was 10% higher than the average
of the surrounding nozzles. The comparison of the single-nozzle calculation results and
multiple-nozzle calculation results can reflect the influence of the flow coupling.

Table 2. Different cases under the partial model.

Case Name Description
Case 2 Only nozzle 2 is opened
Case 3 Only nozzle 3 is opened
Case 4 Only nozzle 4 is opened
Case C Only the central nozzle is opened
Case 7 All nozzles are opened

The CFD results of the four planes were focused on, as shown in Figure 16. Planes
C14, C25 and C36 crossed the axes of two surrounding nozzles and the central nozzle.
For example, plane C14 indicated that the plane went through the axes of nozzles C, 1
and 4. Iso-surface R/D = 1.6 crossed the axes of six surrounding nozzles. Because the
flows of surrounding nozzles 2 and 5 were clockwise (looking from the back) and the other
nozzles flowed counterclockwise, the coupling effect between the surrounding nozzles
with different directions and the central nozzle can be obtained by comparing variables on
plane C14, C25 and C36. Iso-surface R/D = 1.6 passed through the surrounding nozzle axes,
and the information on the curved surface reflected the interaction between surrounding
nozzles with different directions. The curved surface was expanded into a 2D plane for
easier expression. Three variables are discussed. Vyy (velocity on the x-y plane) is used
to reflect the swirl velocity, V, (velocity on z direction) gives velocity information about
recirculation and TKE (turbulent kinetic energy) is analyzed to reveal the turbulent mixing
between the recirculation zone and the mainstream area.

Y
plane-C14 plane-C36
- X

iso-surface
R/D=1.6

Figure 16. Relation between nozzles and selected planes.

As can be seen from Figure 17a, when the two adjacent nozzles had the opposite
direction, the swirling flow between nozzles reached a higher speed and gradually fuses;
when the two adjacent nozzles had the same direction, there was no fusion between the
separate flows, and the swirl was relatively independent. Taking nozzles 2, 3 and 4 as
examples, nozzles 2 and 3 flowed in opposite directions while nozzles 3 and 4 flowed in the
same direction. When Z/D = 1.5, there was only one high-velocity peak between nozzle 2
and 3 after coupling (Case 7), as shown in Figure 17b, while two low-speed peaks remained
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between nozzle 3 and 4 after coupling, as shown in Figure 17c. The coupling of nozzle flows
of different directions generated a swirl whose speed was much higher the original, while
the coupling of the nozzle flow with the same direction generated a swirl whose speed was
at the same level as the original swirl. This phenomenon did not appear at the entrance
of the combustion chamber. At Z/D = 0.5, the nozzle flow was quite similar before and
after coupling. The coupling effect manifested when the flow further developed. The same
phenomenon can be observed between the central nozzle and the surrounding nozzle.
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Figure 17. Vyy on planes. (a) Vxy on Iso-surface R/D = 1.6 in different cases; (b) Viy between nozzle
2 and 3 in Case 2, Case 3 and Case 7; (c) Vxy between nozzle 3 and 4 in Case 3, Case 4 and Case 7.
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The central symmetry of the flow in the combustion chamber was further proven. In
Figure 17a, the flow downstream of nozzles 1, 2 and 3 was similar to that downstream
of nozzles 4, 5 and 6. In Figure 17b,c, the Vxy deviated from the nozzle’s center. This
suggests that the flow in the combustion chamber was constantly rotating counterclockwise
because the total momentum of the counterclockwise rotation was greater than that of the
clockwise rotation.

The generation of the recirculation zone is one of the main phenomena inside the
combustion chamber, which is important for stabilizing the flame. Figure 18a,c,d shows the
z-velocity on each plane, and Figure 18b shows the length and width of the recirculation
zones downstream of nozzles 2, 3 and 4 before and after coupling.

The recirculation zone of clockwise nozzle 2 was narrower than those of other nozzles
after coupling, whereas the coupling enlarged the recirculation zones of counterclockwise
nozzles 3 and 4, as shown in Figure 18a,b. This indicates that the swirl strength around
the clockwise nozzles was smaller, with less recirculation. Given that the flow rate of each
surrounding nozzle was the same, and the only difference in the geometry of the surround-
ing nozzles was the rotation direction, the difference in the strength of recirculation was
the only result of flow coupling. In the coupling process, the clockwise swirl generated by
nozzles 2 and 5 strengthened the surrounding counterclockwise flow, and its own intensity
was weakened. In this DLN combustor, stronger recirculation was formed downstream of
the surrounding counterclockwise nozzles compared to the surrounding clockwise nozzles.

On planes C14 and C36, the recirculation zone of the surrounding nozzles expanded
outward from the central nozzle, while on plane C25, the surrounding recirculation zones
deviated inward, as shown in Figure 18d. This indicates that adjacent nozzles with the
same direction repelled each other, while swirls from nozzles with different directions
attracted each other.

The length and width of the central nozzle recirculation zone were greatly limited
after coupling, as shown in Figure 18c. This further proves that the results obtained in
the single-nozzle model were no longer persuasive in the multi-nozzle case. Moreover, a
region of low axial velocity appeared downstream of each recirculation zone, as shown in
Figure 18a. This low-velocity region was beneficial to the stabilization of the flame. The
low-velocity regions downstream of counterclockwise nozzles 3 and 6 were longer.

The velocity gradient between the recirculation area and the mainstream area was
considerable, which could promote turbulence exchange between burned and unburned
gas. At the boundary of recirculation zone and mainstream area, the velocity gradient and
turbulence disturbance were the strongest, resulting in the highest turbulent kinetic energy
(TKE). The TKE under isothermal conditions is related to the flame position under reacting
conditions. Gomez-Ramirez et al. performed a PIV investigation for an optical combustor
under isothermal and reacting conditions, where the flame location followed the turbulent
kinetic energy contours for the isothermal measurement. High TKE is indicative of strong
mixing, the location where the hot recirculated gases mix with the fresh incoming mixture
is where ignition will occur and where the flame front will be established [16].

In the present study, the high-TKE area distributed downstream of counterclockwise
nozzles 1, 3, 4 and 6, as shown in Figure 19a,b. This further proves that the recircula-
tion downstream of the surrounding counterclockwise nozzles was stronger and that,
in the coupling process, the counterclockwise swirl was enhanced, and the clockwise
swirl was weakened. The coupling of nozzle flow resulted in higher TKE values, as
shown in Figure 19¢,d. In particular, the TKE between nozzles with the same direction
was higher than that between nozzles of different directions. Nozzle flow coupling en-
hanced the turbulent fluctuation in the combustion chamber, particularly downstream of
counterclockwise nozzles.
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Figure 19. TKE information. (a) TKE on Iso-surface R/D = 1.6 in different cases; (b) TKE on different
planes in Case 7; (c) TKE between nozzle 2 and 3 in Case 2, Case 3 and Case 7; (d) TKE between
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Because the TKE distribution under isothermal conditions was correlated with the
flame position, in the actual working process of the combustor, the flame may be mainly
distributed downstream of the counterclockwise surrounding nozzles, where the recircu-
lation zone is wider and the low z-velocity area is larger. The high TKE area was located
outside the premixing tube, which suggests that flame front will not be established inside
the premixing tube, reducing the risk of flashback.

4. Conclusions

In this paper, a dry, low-NOy (DLN) combustor for a heavy-duty gas turbine using
lean premixed technology was developed, and a high-fidelity test model was proposed
for experimental analysis using particle image velocimetry (PIV). The combustor had one
central nozzle and six surrounding nozzles, in which two nozzles flowed clockwise and
four nozzles flowed counterclockwise. Eight cross-sections and nine longitudinal sections
were measured to obtain the cold flow information inside the combustion chamber. The
biggest problems encountered during the experiment were saturation and background
scatter, which were solved by implementing shading measures. The experience gained in
this study could be helpful for other similar experiments in the field.

The velocity data acquired through PIV investigation revealed several characteristics
within the combustion chamber. The clockwise swirls generated by the clockwise nozzles
merged with the respective surrounding counterclockwise swirls, forming two large contin-
uous flow structures. Because there were more counterclockwise nozzles in the combustor,
the flow inside the combustion chamber constantly rotated counterclockwise. The swirls
formed recirculation zones downstream of each nozzle and gradually dissipated as the
flow develops. The flow pattern of each section in the combustion chamber was self-similar
under different working conditions, suggesting the stability of the flow.

Numerical simulation was carried out to supplement the flow information and enable
a more comprehensive and detailed analysis about the swirl coupling. The simulation
results were very close to the experiment both in the flow pattern and absolute velocity.
According to the CFD results, when the two adjacent nozzles had the opposite direction,
the swirling flows between nozzles reached a higher speed and gradually fused, and the
recirculation zones attracted each other. However, when the two adjacent nozzles had
the same direction, there was no fusion between the separate flow, and the recirculation
zones repelled each other. After analyzing the recirculation zones and TKE distributions
downstream of each nozzle, the general result of nozzle coupling was that recirculation and
turbulent mixing downstream of the counterclockwise surrounding nozzles was stronger.

Nozzle flow coupling enhanced the turbulent fluctuation in the combustion chamber,
and the TKE distribution suggests that the flame should be located downstream of the
counterclockwise nozzles under actual working conditions. Future studies will focus on
the relationship between the cold flow and reacting flow to further prove this conclusion.
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