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Received: 10 March 2024

Revised: 13 April 2024

Accepted: 23 April 2024

Published: 26 April 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Article

Study on the Flame Transition Characteristics of a Gas
Turbine Combustor
Mingmin Chen 1, Li Wang 2, Xinbo Huang 1, Minwei Zhao 1, Lingwei Zeng 3, Hongtao Zheng 1 and Fuquan Deng 1,3,*

1 College of Power and Energy Engineering, Harbin Engineering University, Harbin 150001, China;
chenmm2@shanghai-electric.com (M.C.); 15895672761@163.com (X.H.); zhaominwei@hrbeu.edu.cn (M.Z.);
zhenghongtao9000@163.com (H.Z.)

2 Shanghai Marine Diesel Engine Research Institute, Shanghai 200237, China; 57819501@163.com
3 Department of Mechanical Engineering, The Hong Kong Polytechnic University,

Hong Kong SAR 999077, China; lingwei.zeng@connect.polyu.hk
* Correspondence: adsdengfuquan@hrbeu.edu.cn

Abstract: Gas turbines are widely used as important equipment for electricity generation on islands
and offshore platforms. During the operation of a gas turbine, the flame shape in the combustion
chamber undergoes variations in response to changes in parameters such as gas turbine load, fuel
distribution, and burner structure. These alterations in flame shape exert influence on combustion
instability, emissions, and load characteristics. This study explores the variations in flame transition,
emissions, and operating parameters among three distinct center stage structures: namely, the non-
premix center stage (NPCS), premix center stage (PCS), and enhanced premix center stage (PCSE).
The investigation is conducted using a heavy-duty gas turbine hybrid burner on a full temperature,
full pressure, and full-size single burner experimental bench. Simultaneously, a multi-parameter
numerical simulation regarding the influence of the central fuel split on flame shape analysis was
conducted using the PCS burner under the design point for a more in-depth understanding of the
mechanisms and for influencing factors associated with flame transition. The findings indicate
that variations in flame transition loads among different central stage structures: for the NPCS
burner, the transition occurs between 45% and 50% load; for the PCS burners, it takes place between
60% and 65% load; for the PCSE burners, it shifts between 55% and 60% load. Additionally, a
reduction in NOx emissions is observed during the flame transition process. Furthermore, it was
found that decreasing the central stage fuel results in a decline in flame angle for the same burner
structure. As the central stage fuel diminishes to a specific value, the flame shape undergoes a sudden
change. Further reduction in central stage fuel does not significantly affect the flame shape and
temperature distribution.

Keywords: gas turbine; premix combustion; flame transition; NOx; center stage structure

1. Introduction

Due to the high cost of electricity transmission infrastructure with the mainland, the
electricity of islands cannot be obtained from the mainland, which requires islands to
generate their own electricity [1]. Gas turbines, as one of the important power sources for
island power plants [2], have the advantages of high efficiency, high pressure ratio, and low
pollution [3], and the current modular structure of gas turbines is easy to be transported and
maintained [4], which makes it suitable for constructing power plants on the limited land
on islands. Offshore platforms have a very high demand for electricity [5] and usually use
gas turbines to generate electricity. Gas turbine electricity generation has the advantages of
high flexibility and small size [6], and the natural gas extracted from offshore platforms
can be used as the fuel for electricity generation, which saves the transportation cost of
fuel. The application of gas turbines in island and offshore platform electricity generation
is promising and has attracted wide attention.

J. Mar. Sci. Eng. 2024, 12, 719. https://doi.org/10.3390/jmse12050719 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse12050719
https://doi.org/10.3390/jmse12050719
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://doi.org/10.3390/jmse12050719
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse12050719?type=check_update&version=1


J. Mar. Sci. Eng. 2024, 12, 719 2 of 17

Most Aegean island electric power plants use gas turbines almost exclusively as power
units [1]. Lv et al. [7] also proposed a gas turbine island energy system burning biomass
gas with an electrical efficiency of 60.78%. With the continuous advancement of advanced,
efficient, and clean gas turbine combustion technologies [8], coupled with increasingly
stringent emission regulations [9,10], the development of the gas turbine encounters new
challenges and demands, including the imperative to simultaneously achieve for higher
efficiency, lower NOx and CO emissions, greater fuel flexibility, and a larger operation
window [11,12]. The wider operation window is characterized by lower park loads [13],
indicating the operational state of the gas turbine at lower loads, and higher ramp gra-
dients, denoting a greater rate of change when adjusting the load, which showcases the
greater flexibility and adaptability of gas turbines various operational conditions [14–16].
Specifically, increasing the equivalence ratio to enhance combustion is very effective in
extending the operation window. Nevertheless, this results in a trade-off—an increase in
NOx emissions, posing challenges to the goal of achieving lower emissions. Consequently,
it can be concluded that addressing the challenge of extending the operational window for
the heavy-duty gas turbine combustor while simultaneously ensuring stability, efficiency,
and environmental friendliness is crucial.

Traditional combustion chambers commonly utilize diffusive combustion technol-
ogy [17]. Despite demonstrating great operational stability, these chambers encounter
elevated temperatures in the primary combustion zone, leading to an increase in pollutant
emissions. The fundamental strategy for controlling NOx generation involves maintain-
ing a lean equivalence ratio in the combustion zone and ensuring uniformity in the local
equivalence ratio across all operating conditions [18]. In light of this, some gas turbine orig-
inal equipment manufacturers (OEMs) develop lean premix combustion technology and
multi-stage combustion to enlarge the operation window while simultaneously minimizing
NOx emission. As shown in Figure 1, the combustion chamber of heavy-duty gas turbine
developed by Siemens [19] is an annular combustor, featuring a coaxial center-staged
burner configuration, with the pilot stage located at the center and the main stage in the
outer [20,21]. This design is widely used in SIEMENS’s F class gas turbine and is also
performed in a lot of experimental tests [22,23]. The pilot stage primarily serves to stabilize
the combustion through diffusion combustion and a higher fuel concentration. In contrast,
the main stage is designed to achieve lower NOx emissions through lean premix combus-
tion [24]. General Electric developed an advanced Dry Low NOx (DLN) combustion system
for their heavy-duty gas turbine, which utilizes the multi-nozzle combustion approach
strategically arranged in the combustion chamber to optimize combustion efficiency and
reduce NOx emissions in their can-annular system [25–27]. Another typical stage fuel
combustion system is the GT24/GT26 heavy-duty gas turbines sequential combustion
system proposed by Alstom [28,29]. This system features an axial stage combustion design,
with the first stage utilizing a premix mode and the second stage integrating a reheat
combustor [30,31]. The sequential combustion technology improves both operability and
fuel flexibility of gas turbines, consequently facilitating stable combustion and minimizing
emissions across a broad range of engine loads [32,33]. For H-Class gas turbines, Gen-
eral Electric has innovated a new-generation Dry Low NOx (DLN) system by using axial
stages [34], which improves overall performance, ensures stable combustion, enhances
operability, fuel capability, reliability, and facilitates the maintenance of low emissions [35].
In the development of the SGT5-8000H by Siemens [36], axial stages and multi-nozzles are
also employed. Alstom proposed the GT36 as an evolution from the GT26, maintaining the
two-stage combustion system, in which the first stage features a multi-nozzle with a new
BEV burner, and the sequential combustor incorporates some new technologies [37].

During the development of Ansaldo Energia’s coaxial multi-stage lean premix burner,
an obvious sudden change in flame shape occurs during loading, and an inverse sudden
change takes place during deloading, which is recognized as “flame transition” or “flame
switch” [16,38]. As depicted in Figure 2, the left side shows the flame image before the
flame transition at the end of the flame chamber during the test, while the right side
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illustrates the flame image after the flame transition from the same perspective. Before
the flame transition, the first and second row ceramic tiles near the burner outlet are
brighter, indicating a higher temperature in this region. After the flame transition, the color
of the first and second row ceramic tiles turns crimson, indicating a lower temperature.
Additionally, the trails of the pilot flame in the left image are open, whereas they are closed
and slightly rolled around the chamber centerline in the right image. Rofi et al. [16,38]
employed both experiments and Reynolds Averaged Navier–Stokes (RANS) simulations to
explore the flame shape before and after flame transition in a single burner combustion
chamber developed by Ansaldo Energia. Their findings revealed distinctive flame shape
transitions during load ramps, providing valuable insights into the dynamics of combustion
stability and emission characteristics of their gas turbine combustor.
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Figure 2. Open flame and closed flame configuration [38].

The phenomena associated with flame transitions are crucial yet intricate. To reveal
the underlying mechanism and influencing factors of flame transition, this article examined
the flame transition characteristics of three different central stage structures using a full
temperature and full pressure single burner experimental bench under different operating
parameters. During the experiment, the changes in flame shape were determined by
monitoring the temperature and pressure distribution along the flame tube near the wall.
Additionally, the influence of fuel distribution in the premixed central stage on flame
morphology was analyzed through Computational Fluid Dynamics (CFD) calculations for
the PCS burner.

2. Experimental
2.1. Full-Scale High-Pressure Test Rig

The configuration of the full-pressure, full-temperature, and full-size signal combustor
used in this study is shown in Figure 3. The test rig includes an air system, pressure casing,
combustion chamber, and so on. The test rig body features a dual-casing design, with the
outer casing serving as the primary pressure-bearing component and the inner casing being
designated for combustion. Ceramic tiles are arranged on the inner side to provide thermal
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protection, and cooling air is present between the inner and outer casings to cool the metal
and tile holders.
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2.2. Combustor

Figure 4 depicts the general burner configuration used in this study. The burner
consists of a central stage positioned at the center and a main premix stage located at the
periphery. Most of the air and fuel enter the combustion chamber through the main premix
stage for combustion. Both the central stage and the main premix stage contain a swirler,
with the central stage swirler being an axial swirler and the main premixed stage swirler
being diagonal. An orifice plate is installed upstream of the central stage to adjust the air
flow area in the central stage. In the main premix stage, air enters the burner upstream of
the diagonal swirler blade, while the fuel enters the fuel cavity through the pipeline and is
then injected from the holes on the blade, forming a transverse jet to enhance the mixing.
For the central stage, air enters through the annular gap formed by the orifice plate and
the peripheral circular tube before entering the channel of the swirl blade. There are two
different injection modes for the central stage fuel. One is injected from the pipe between
the swirler blades (Figure 5a) and is aligned with the direction of airflow to prevent the
formation of a transverse jet, resulting in a poor mixing effect. This mode is referred to
as non-premix central stage (NPCS). Another injection mode involves fuel injection from
the holes on the axial swirler blade (Figure 5b), directed perpendicular to the incoming
airflow, which forms a transverse jet to enhance mixing. This model is called the premix
central stage (PCS). A modified injection mode, premix central stage enhanced (PCSE), is
similar to PCS, but without the orifice plate to increase the air into the central stage so as to
improve the mix quality between the fuel and the air. This article explores the influence of
central stage combustion mode and fuel split between the main stage and the central stage
on the flame transition by testing three different configurations (NPCS, PCS, and PCSE).
The fuel used in the test is natural gas.
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2.3. Measurement Apparatus

This study mainly measures the experimental measurement data of static pressure, tem-
perature, and NOx emissions. The K-type thermocouples produced by DUCHIN Co., Ltd.
(Chongqing, China) were used for the temperature measurement, featuring a wire diameter
of 1.5 mm and a length of 5000 mm. Static pressure and differential pressure were measured
using the PSI9216 pressure scanning valve produced by PSI company, supporting a maximum
of 16 channels. To measure the temperature and pressure of hot gas inside the combustion
chamber, K-type thermocouples and static pressure sensors are inserted deeply into the com-
bustion chamber by drilling holes in its wall. There are 11 thermocouples and 10 differential
pressure sensors along the axial direction of chamber, as shown in Figure 6. The 0 position
corresponds to the combustion chamber inlet and serves as the reference point for differential
pressure (defined as Pm-P0, where m denotes the position of the pressure sensor and 0 means
the reference position). A flue gas analyzer is installed at the outlet of the combustion chamber.
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Figure 6. Thermocouple and static pressure sensor position.

2.4. Experimental Results and Analysis

The experimental test is started from the ignition point and loaded up to full speed
no load (FSNL) with an increase in fuel mass flow, air mass flow, air temperature, and
pressure, which is the same as the operation of real gas turbine. After reaching FSNL, the
test continues with loading up and modulating the fuel split between the central stage and
the main premix stage at every 10% relative load.

Figure 7 shows the temperature variation with the load change monitored with ther-
mocouples at different positions of the NPCS burner. It can be noted that T1, located
upstream of the chamber close to the burner outlet (seen in Figure 6), exhibits a relatively
small variation with load. T3 and T5, positioned in the middle of the chamber, experiences
a slight temperature increases during the process of 40% to 45% load due to the increase in
the global equivalence ratio, followed by a significant decrease in temperature amounting
to nearly 500 K during the process of 45% to 50%, and a gradual rise as the load further
increases. At the downstream of the combustion chamber, T7 undergoes a slightly decrease
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during the 45% to 50% process, then gradually increases with the further load increase.
Meanwhile, T8 shows a gradual increase with the increase of load.
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Figure 8 illustrates the variation in differential pressure, with the load measured at
different positions. ∆P1, positioned upstream of the chamber near the burner inlet, exhibits
a relatively small variation with load. In addition, the differential pressures ∆P3 and ∆P5,
situated in the middle of the chamber, exhibit nearly constant values during the process of
40% to 45% load. However, in the process of 45% to 50% load, ∆P5 undergoes a significant
decrease, and its value changes from positive to negative, while ∆P3 significantly increases
with the load. At load > 50%, the differential pressures ∆P3 and ∆P5 remain stable with the
increasing loading. The differential pressures, ∆P7 and ∆P8, situated downstream of the
combustion chamber, both exhibit a slight increase with the increase in load.
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Figure 8. The variation in differential pressure with the loads at various positions for the
NPCS burner.

It is noteworthy that that T3 and T5, as well as ∆ P3 and ∆ P5, display great changes
during 45% to 50% load, indicating substantial alterations in the combustion chamber.
Therefore, the near-wall temperature distribution along the axis was extracted for 45–50%
load, as shown in Figure 9. NPCS-before represents the condition at 45% load, and NPCS-
after indicates the condition at 50% load. At 45% load, the temperature in the middle of the
combustion chamber significantly rises, forming a prominent protrusion. Meanwhile, the
temperature decreases significantly from T6 to T7. In general, the temperature distribution
shows a pattern of high in the middle and low on both sides along the axis. At 50%
load, in the middle of the combustion chamber, the temperature distribution is relatively
smooth, and increases in a stepped pattern along the axial direction, while the temperature
shows minimal changes along the axial direction downstream of the combustion chamber.
This indicates a noticeable change in the flame shape changes, temperature distribution,
and differential pressure as the load increases from 45% to 50% load, which signifies a
flame transition. For NPCS, the thermocouples measuring showing significant temperature
changes before and after the flame transition, which are T3~T6.
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Figure 9. Near-wall temperature distribution of the NPCS burner at 45% and 50% load.

Figure 10 shows the variation in temperature with load monitored by thermocouples
at different positions for the PCS burner. At load ≤ 60%, the temperature monitored by
each thermocouple gradually increases as the load rises from 40% to 60%. During the
process of 60% to 65% load, temperatures at the midstream of the combustion chamber
(T3 and T5) and downstream of the combustion chamber (T7) exhibit a significant decrease
(seen in the shadow area of Figure 10). This trend is consistent with the NPCS burner trend,
indicating that the PCS burner undergoes a flame transition during the process of 60% to
65% load. Figure 11 shows the variation in differential pressure at different positions of
the PCS burner with loads. Notably, ∆P3 and ∆P5 show notable changes, ∆P5 changes
from positive to negative, while the absolute value of ∆P3 markedly decreases, and ∆P7
experiences a slight decrease.

Figure 10. The variation in temperature with the loads at different positions for the PCS burner.
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Figure 11. The variation in differential pressure with the load at different positions for the PCS burner.

Figure 12 shows the near-wall temperature distribution along the axis before and
after the flame transition for the PCS burner. The distribution pattern of the flame before
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and after transition is similar to that of the NPCS burner. Before the flame transition (at
60% load), there is a significant protrusion in the near-wall temperature distribution at the
midstream of the combustion chamber (T1–T7), and the near-wall temperature distribution
becomes smoother at the downstream of the combustion chamber (T8–T10). After the
flame transition (at 65% load), the near-wall temperatures T1–T9 increase gradually along
the axial positions, but then the temperature slightly decreases. For the PCS burner, the
thermocouples measured indicate significant temperature changes before and after flame
transition, which are T3~T7. And compared to the NPCS burner, T7 has a more significant
temperature change before and after the flame transition.

Figure 12. Near-wall temperature distribution before and after the flame transition for the PCS burner.

Figure 13 shows the temperature variation with the load monitored at different posi-
tions for the PCSE burner. Especially at loads ≤ 55%, the temperature monitored by each
thermocouple gradually increases as the load increases. During the process of 55% to 60%
load, T3 and T5, located in the midstream of the combustion chamber, as well as T7, situated
downstream of the combustion chamber, exhibit a significant decrease in temperature, as
shown in the shadow area of Figure 13. This suggests that the PCSE burner undergoes a
flame transition between 55% and 60% load. Figure 14 shows the variation in differential
pressure with the load at different positions for the PCSE burner. It is noteworthy that the
differential pressure at different positions showed significant changes. ∆P1 and ∆P3 experi-
ence a significant decrease as the load increases from 40% to 55%, then rapidly increases
as the load rises from 55% to 60%, followed by a minor change as the load changes from
60% to 70%. Specifically, ∆P3 transitions from negative to positive. ∆P5 remains relatively
stable at loads below 50%, gradually decreasing as the load increases from 50% to 60%, and
remaining essentially unchanged after 60% load. ∆P7 and ∆P8 exhibit a similar trend to
that observed in ∆ P1 and ∆ P3 with load, but with much smaller magnitudes of change.
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Figure 13. The variation in temperature with the loads at different positions for the PCSE burner.
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Figure 14. The variation in differential pressure with the load at different positions for the
PCSE burner.

Figure 15 shows the near-wall temperature distribution along the axis before and after
the flame transition for the PCSE burner. The distribution pattern of its flame before and
after transition is similar to that of NPCS and PCS burner. Before the flame transition (at
55% load), a significant protrusion is observed in the near-wall temperature distribution at
the midstream of the combustion chamber. And after the flame transition (at 60% load), the
near-wall temperature distribution firstly remains unchanged for T1–T3. With the increase
in axial position (T3–T5), the temperature rapidly increases and then slightly decreases.
In the axial position for T5–T7, there is only a slight variation, and from T7 to T8, there
is another rapid increase, with the temperature finally slightly decreasing. For PCSE, the
thermocouples with significant temperature changes before and after the flame conversion
are T3~T8, and compared to PCS, the influence of the flame conversion on T7 and T8
temperatures is much more pronounced, implying a longer flame for PCSE.

Figure 15. Near-wall temperature distribution before and after the flame transition for the PCSE
burner.

Figure 16 depicts the influence of central-stage fuel on the NOx emission under various
loads for the three tested burners; the central-stage fuel quantity is normalized by the total
fuel at the design point. Notably, the quantity of the central stage fuel under different loads
shown in the Figure represents the value that achieves the lowest NOx emissions while
maintaining stable combustion. For the load ranging from 45% to 70%, the variations in the
quantity of central stage fuel are evident among the three tested burners. As illustrated
above, the central-stage combustion mode differs among the three burners. Specifically, the
NPCS burner adopts a diffusion combustion mode, resulting in a higher temperature that
promotes the formation of NOx. Conversely, the central-stage combustion mode of PCS
burner is premix combustion. As a result, the mixing quality of the central stage for PCS is
significantly enhanced. This improvement results in a reduction of the central-stage flame
temperature, thereby contributing to the mitigation of NOx emissions. To achieve low NOx
emission, the central-stage fuel quantity of the NPCS burner is lower than the PCS burner,
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with the difference becoming more pronounced at high load (60% to 70%). Conversely, by
removing the orifice plate to increase the air mass flow rate of the central stage so as to
enhance the mixing quality further, the central-stage fuel is higher than the PCS burner,
and the NOx emissions of the PCSE burner are slightly smaller compared to that of PCS.

Figure 16. NOx emission under various central stage fuel for different burners.

The gray dashed line with the arrow connecting the red point and blue point represents
the flame transition process. Here, the red point signifies the load before the flame transition,
while the blue point corresponds to the load after the flame transition. Remarkably, the
flame transition load for the NPCS burner is much lower than that of the PCS burner. And
the alteration in the quantity of central-stage fuel before and after the flame transition is
almost 1.5%, significantly exceeding that of the PCS, whose change is approximately 0.6%
before and after the flame transition. The flame transition load for the PCSE burner is also
lower than the PCS burner, and the change in quantity of central-stage fuel before and after
the flame transition is almost 1.4%, exceeding that of the PCS burner. Overall, the NOx
emission for the three burners decrease after flame transition.

Based on the full-pressure and full-temperature test, even with the adoption of differ-
ent combustion modes (diffusion combustion or premix combustion) in the central stage, it
was found that there is an abrupt change in near-wall temperature distribution for the three
burners when loading up to a certain threshold, indicating a transition in the flame behavior
inside the chamber. However, the flame transition load and central-stage fuel quantity
differ for each burner. It is crucial to emphasize that, owing to the elevated air pressure,
it is difficult to set up a glass window on the combustion chamber. Therefore, capturing
the changes in flame morphology through visual measurements in the full temperature
and full pressure test becomes challenges. Thereby, numerical simulation methods were
used to further analyze the changes in flame morphology during the flame transition for
the PCS burner.

3. Numerical Simulation
3.1. Simulation Setting

The numerical simulation was performed using the widely used combustion simula-
tion software Fluent 14.0. The polyhedral mesh, with a total mesh number of 8.29 million,
was used, and three prismatic layers were added at the fluid–solid interface in order to ac-
curately evaluate the flow near the wall. The computational domain is shown in Figure 17;
the types of air inlet boundary condition and fuel inlet boundary condition are the mass
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flow inlet, while outlet boundary condition is assigned as the pressure outlet. Both the
top and bottom walls are adiabatic with additional cooling air slots, employing mass flow
inlets for the cooling air. The side wall adopts periodic boundary conditions. In this study,
the interior of the combustion chamber is a strong swirl with shear flow, so the turbulence
calculation uses the realizable k-ε model with scalable wall function. The realizable k-ε
model adds rotation and curvature-related items to the turbulence viscosity calculation,
so it can provide superior performance for flows involving rotation and recirculation and
ensure the accuracy of the numerical calculation results. The combustion model adopted
the partially premixed combustion model and chemical equilibrium models. The Partially
Premixed Combustion (PPC) system combines both the concept of a non-premixed model
and a pre-mixed model in Ansys Fluent. It solves a transport equation for both the mean
reaction progress variable C (to determine the position of the flame front) and the mean
mixture fraction f (and its variance f ’). The Chemical Equilibrium model assumes that the
species are in a state of dynamic equilibrium and that the details of chemical kinetics are
neglected. With the Chemical Equilibrium model, fuel properties are calculated through
non-adiabatic equilibrium calculation and they only depend on mean mixture fraction,
mixture fraction variance, and enthalpy levels. In this study, the SIMPLE algorithm is used
for the coupling of speed and pressure, and the discreteness of the governing equations
adopts the second-order precision upwind interpolation format. The boundary condition
was consistent with the experiment.

Figure 17. Mesh and boundary set up.

3.2. Simulated Results and Analysis

In this study, the effect of the central-stage fuel quantity on the temperature field using
the PCS burner was explored. Figure 18 shows the temperature counters of PCS burner
under different central-stage fuel quantities in a cross-section plane. Here, CSF means
central-stage fuel, which is normalized by the total fuel at the design point. When the CSF
decreased from 10% to 8%, a significant change occurs in the temperature distribution.
And the flame angle became much smaller, accompanied by a decrease in the temperature
within the central recirculation zone. Further decreasing the central-stage fuel, the flame
angle remained almost unchanged, while the temperature within the central recirculation
zone gradually decreased further.

Figure 19 shows the axial position in the chamber, and the near-wall temperature
variation along the chamber axis is shown in Figure 20. When the CSF decreases from
10% to 8%, the near-wall temperature and its distribution trend along the axis show a
significant change. At CSF = 10%, the near-wall temperature exhibits a slight decrease as the
axial position increases when positions ≤ 0.3. Subsequently, as the axial position rises from
0.3 to 0.6, the near-wall temperature undergoes a rapid increase from 850 ◦C to 1230 ◦C.
Then, as the axial position continues to increase up to 0.8, the near-wall temperature
experiences a gradual rise. At CSF ≤ 8%, due to the flame transition, the overall distribution
trend of the near-wall temperature remains stable; however, significant variations are
apparent when compared to the conditions at CSF = 10%. At axial distances ≤ 0.15, the
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near-wall temperature exhibits a fluctuating upward pattern due to the influence of the
cooling air from the combustion chamber heat shield. At axial distance > 0.15, the near-wall
temperature steadily increases with the axial distance. Notably, the near-wall temperature
and distribution trend remain almost unchanged as CSF changing from 6% to CSF = 5%,
while at CSF = 8%, it is relatively lower than those at CSF = 5–6%.

Figure 18. Temperature for different CSFs (blue means low temperature and red means high temper-
ature): (a) CSF = 10%; (b) CSF = 8%; (c) CSF = 6%; (d) CSF = 5%.

Figure 19. Line axial position and reference 0 position in chamber.

Figure 20. Near-wall temperature variation along the chamber axis.
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Figure 21 illustrates the distribution of differential pressure along the axis of the
combustion chamber for the PCS burner under various central-stage fuel quantities; the
static pressure in the 0 position (as shown in Figure 19) is the reference value for calculating
the differential pressure, which is consistent with the experimental test. As was similarly
observed in the experimental measurement, there was a notable decrease in the differential
pressure and its distribution patterns in the midstream of the combustion chamber when
CSF decreased from 10% to 8%, which could be attributed to the significant change in the
flame shape. At CSF ≤ 8%, minimal changes are observed in both the differential pressure
and its distribution trend, as the flame morphology remains virtually unaltered.

Figure 21. Differential pressure distribution along the chamber axis.

Figure 22 shows the radial temperature distribution at different axial positions. At L1
near the burner outlet, both the flame angle and temperature distribution remain consistent
for different CSFs, except for a great temperature difference in the central recirculation
zone. At L1 near the burner outlet, both the flame angle and temperature distribution
remain consistent for different CSFs, except for a great temperature difference in the central
recirculation zone. Here, an increase in CSF corresponds to elevated temperatures due to
the heightened enrichment of central fuel. In addition, a gradual decrease in CSF results in
a reduction in temperature in the central recirculation zone. L2 and L3 are located upstream,
where the flame angle begins to differ. While L4~L6 is positioned in the midstream of the
combustion chamber, as the CSF decreases from 10% to 8%, there emerges a substantial
difference in temperature distribution, with a sharp expansion of the central recirculation
zone and a significant increase in temperature in the corner recirculation zone. L8 and L9
are situated near the outlet of the combustion chamber, where the combustion is sufficient,
thereby they are less affected by the recirculation zone. The temperature distribution
remains consistent under different CSFs. Further decreasing the CSF from 8% results
in unchanged temperature distribution at different axial positions, with differences in
temperature between the central recirculation zone and the corner recirculation zone.
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4. Conclusions

This study tested three different burner structures—NPCS burner, PCS burner, and
PCSE burner—on a full-temperature, full-pressure, and full-size single burner test bench
using both experimental and numerical simulation methods. Two flame shapes were ob-
served in the combustion chamber with variations in gas turbine load and fuel split between
the main remix stage and central stage. A transition in flame shape, shifting from an “open”
flame to a “closed” flame, occurred during the increase from low load to high load and/or
the reduction in the fuel quantity of the central stage. The temperature profiles near the wall
and the differential pressure profiles were identified for various flame shapes. The impact
laws of the central stage combustion mode and premixing effects on flame transition loads
were unveiled: (1) The transition from diffusion to premixing in the central combustion
stage results in delayed flame transition loads, occurring as the loading process transitions
from the range of 45% to 50% to the range of 60% to 65%. (2) Flame transition loads are
comparatively lower in the diffusion central stage, necessitating a reduced amount of fuel.
(3) The amplification of premixing effects in the central stage marginally accelerates the
flame transition load, shifting it from the range of 60~65% to 55~60%, which concurrently
leads to an augmented demand for fuel in the central stage. In numerical analysis, reducing
the center stage fuel (CSF = 10% to CSF = 8%) to a certain extent, the near-wall temperature
distribution and the radial temperature distribution at different axial positions will undergo
significant changes, leading to a sudden change in flame shape. The combustion mode of
the central stage and the fuel distribution of the central stage are the main factors affecting
the changes in flame shape.
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