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Abstract 
This study experimentally investigates the gas-particle two-phase flow charac-
teristics of an old-model burner (OMB) and a new-type swirl-stabilized com-
bustor (NTSTC) designed for a 350 MW opposed-fired coal boiler. Using a 
particle dynamic anemometry (PDA) system, the three-dimensional velocity 
field, turbulence intensity, and particle volume flux at the burner outlet were 
measured at nominal load cases spanning 20% - 100%. The results show that 
the NTSTC forms a distinct central recirculation zone (RZ) in the near-nozzle 
region (x/d = 0.1 - 0.5), where the axial velocity exhibits a bimodal distribution 
and the radial velocity indicates centripetal particle movement near r/d ≈ 0.2. 
These characteristics persist at low loads and promote particle residence and 
central accumulation. Compared with the OMB, the NTSTC exhibits higher 
turbulence intensity within central RZ and stronger gas-particle mixing, in-
cluding 20% load. The particle volume flux results further demonstrate central 
particle enrichment and particle backflow within the RZ. Overall, the NTSTC 
provides more favorable near-field gas-particle flow organization and better 
aerodynamic adaptability to load variation. The present study is limited to 
cold-flow measurements; combustion efficiency, gas composition, and NOx 
emissions were not directly evaluated. 
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1. Introduction 

As China’s power sector reforms deepen and its energy structure undergoes ac-
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celerated transformation, the proportion of renewable energy in primary energy 
consumption continues to rise. Large-scale integration of renewable energy sources 
into the power grid imposes stricter requirements on power system operation and 
control because of their intermittency and fluctuation. As the core support for 
peak shaving and frequency regulation in power grids, thermal power generation 
units play a vital role in ensuring the safe and stable operation of the power system 
[1]-[3], acting as the “ballast” for energy security. However, the peak regulation 
capacity of coal-fired units in China is currently inadequate, with the majority of 
units exhibiting a regulation depth of only 40% - 50% [4] [5], thereby complicat-
ing the fulfilment of flexibility demands in the context of high renewable energy 
integration. In response, the National Energy Administration released the Imple-
mentation Plan for the Special Action on Optimizing Power System Regulation 
Capabilities (2025-2027) in 2025. The plan stipulates that by 2027, all existing 
coal-fired units must undergo retrofitting to enhance their flexibility, in accord-
ance with the principle of “retrofitting all coal-fired units that are eligible for up-
grading”. Additionally, it explores avenues for implementing deep flexible peak 
regulation while ensuring safety [6] [7]. This means that specific coal-fired units 
must operate stably at 30% or even 20% of rated capacity while meeting low-emis-
sion requirements [8], to meet future power system demands for deep peak regu-
lation and frequent start-stop operations. 

From the standpoint of fuel makeup, China’s coal endowment includes sizable 
shares of lean coal and anthracite—about 5.5% and 11.5% of proven reserves, re-
spectively—and these fuels account for over 40% of what coal-fired plants actually 
burn, making them pivotal in the national energy mix [9] [10]. Bituminous coal 
with ash content above 40% or a lower heating value below 16.7 MJ/kg is desig-
nated low-grade bituminous coal; anthracite and lean coal are likewise categorized 
as low-quality coals [11]. Such fuels typically suffer from difficult ignition, incom-
plete burnout, and low combustion efficiency, and at low loads they are especially 
susceptible to instability or even flameout. Currently, units firing low-quality coal 
generally sustain a minimum stable load of only ~45%, which falls short of the 20% 
- 30% low-load, steady-combustion targets under high renewable integration. 
Therefore, improving the low-load stability and deep peak-shaving flexibility of 
boilers using low-quality coals has become a pressing technical priority. 

Under low-load operation conditions of the boiler, a significant reduction in 
furnace temperature occurs, which adversely affects the ignition and combustion 
processes of pulverized coal, thereby greatly increasing the likelihood of flameout 
[12]. Traditional approaches mainly rely on micro-oil or plasma-assisted combus-
tion to maintain flame stability. However, these ignition assistance techniques face 
challenges such as burner damage, extensive wear of oil and plasma equipment, 
and poor economic performance. Furthermore, when low-quality coal is blended 
in high proportions, the flame stabilization effect is limited, and the coal’s adapt-
ability is inadequate. In contrast to ignition assistance methods, self-stabilizing 
combustion technology improves the flow field and flame stability through the 
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optimization of burner design, thus providing better safety and cost-effectiveness. 
The fundamental principle of this technology is to effectively direct and regulate 
the recirculation zone (RZ) at the burner outlet. This RZ extends the residence 
time of particles and boosts energy and mass transfer with high-temperature flue 
gas, thereby enhancing ignition conditions and combustion efficiency. Especially 
under 20% - 30% rated load and with lean coal combustion, the optimized RZ 
significantly improves flame stability and reduces pollution during combustion. 

In recent years, numerous researchers have achieved significant results in opti-
mizing RZ design by improving burner structures. For instance, Yuan et al. [13] 
proposed a novel swirl combustor with a radial staged air supply. The results of 
the cold-state gas-solid two-phase flow modeling experiment indicate that under 
both single-layer and double-layer radial staged air configurations, parameters 
such as the three-dimensional mean velocity reveal a large central RZ in the fur-
nace. The double-layer configuration was found to impede gas-solid mixing, 
thereby further reducing NOx emissions and mitigating particle erosion on water-
cooled walls to a certain extent. Zhao et al. [14] developed a petal-shaped swirl 
combustor. Numerical simulation results indicate that this combustor forms a dis-
tinct RZ behind its petal structure, thereby improving pulverized coal ignition 
conditions and flame stability. The industrial testing of a 210 MW unit burning 
coal with Vdaf = 12% - 18% further validated its combustion stability performance, 
achieving a minimum stable load (MSL) as low as 55%. Yan et al. [15] investigated 
a novel swirl combustor through laboratory testing and industrial application. 
Their findings revealed that internal secondary air plays a critical role in combus-
tion characteristics and emission performance. By enhancing the mixing of fuel 
and air, this combustor attained low NOx emissions (364.9 mg/m3) and exhibited 
remarkable engineering adaptability without experiencing slagging issues during 
extended operation. Su et al. [16] combined numerical simulations with industrial 
tests to propose an optimization of the internal secondary air cone structure of 
low-NOx swirl combustors, thereby effectively enhancing aerodynamic charac-
teristics and combustion performance. The study demonstrated that an expanded 
cone design enhances the entrainment of primary and secondary air, forming a 
stable RZ that significantly improves combustion stability under low-load operat-
ing conditions. Experimental results closely matched numerical predictions, vali-
dating the feasibility of this optimization scheme. Through numerical simulations 
and full-scale tests, Song et al. [17] demonstrated that incorporating a blunt body 
into a reverse-jet swirl pulverized-coal burner improves recirculation and flame 
stability. The findings indicated that this measure led to a substantial reduction in 
fly ash carbon content, from 18.63% to 8.55%, and a notable decrease in NO con-
centration, by approximately 8%. These observations suggest a considerable im-
pact on enhancing combustion efficiency and reducing emissions. 

In summary, existing research has made some progress in optimizing the RZ 
through burner structural improvements, but significant limitations remain. From 
a design trend perspective, most burners tend to adopt complex structures such 
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as guide vanes, blunt bodies, and staged air channels to enhance the recirculation 
effect. While these approaches have partially improved low-NOx combustion and 
mitigated slagging, they have failed to integrate stable combustion enhancement 
with structural simplification. Instead, they have led to increased structural com-
plexity, maintenance difficulties, and manufacturing costs. Furthermore, existing 
evaluation systems primarily focus on combustion stability under medium-to-
high load conditions, with experimental objectives centered on achieving low 
NOx emissions and preventing slagging. However, against the backdrop of large-
scale grid integration of new energy sources and the requirement for thermal 
power units to undertake deep flexible peak regulation tasks, the aforementioned 
research directions exhibit limitations. Under low-load conditions, the air and 
coal feed rates for middle and lower burners must be significantly reduced, with 
some burners remaining inactive for extended periods. This causes significant de-
viations in the furnace temperature field and fuel concentration distribution from 
design conditions. Under these circumstances, focusing solely on combustion sta-
bility at medium-to-high loads no longer meets operational requirements. There-
fore, future burner design and low-load stable combustion research must be 
closely aligned with deep peak regulation requirements. The focus should shift to 
exploring novel structures and operational mechanisms that maintain flame sta-
bility and achieve low pollutant emissions at 20% - 30% of rated load or even 
lower. Only by incorporating low-load performance into the core objectives of 
burner optimization can we effectively support the flexibility retrofitting and 
clean, efficient operation of coal-fired power units. 

In order to address the issue of insufficient combustion stability during low-
load operation in a 350 MW opposed-fired coal boiler burning lean coal, this pa-
per proposes the adoption of a NTSTC to enhance its combustion performance 
under low-load conditions. The airflow structure at the burner outlet and the 
movement characteristics of pulverized coal are key factors in evaluating combus-
tion stability. Accordingly, a gas-solid two-phase flow experimental platform was 
established to measure the three-dimensional velocity field at the burner outlet 
under 20% - 100% of the rated load, and to analyze the distribution patterns of 
turbulence intensity and particle volumetric flow rate. The combustion character-
istics of NTSTC and OMB burners at different loads were systematically evaluated 
through experimental methods. The primary objective of this study was to inves-
tigate the mechanism by which NTSTC enhances boiler combustion efficiency, 
stability, and low-load adaptability. Experimental results revealed an intrinsic 
coupling relationship between burner design and combustion processes, thereby 
providing a scientific basis for optimizing boiler performance and ensuring stable 
operation. Through systematic experimental comparison and in-depth analysis of 
the two types of swirl combustors, this study not only expands the existing under-
standing of burner flow and combustion behavior but also deepens insight into 
the stabilization mechanism of swirl combustors. The research outcomes provide 
valuable theoretical and experimental support for the broader application of swirl 
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combustor technology, as well as meaningful references for the future optimiza-
tion and retrofitting of coal-fired boiler burners and deep peak-shaving opera-
tions. 

2. New-Type Swirl-Stabilized Combustor 

The structure of OMB is shown in Figure 1. The OMB employs a concentric 
multi-air-channel configuration to achieve staged air supply and swirl-stabilized 
combustion. The burner primarily consists of the following components: ignition 
device (1), swirl channel (2), internal secondary air inlet (3) connected to the in-
ternal secondary air channel (4), and internal secondary air guide vanes (5). The 
secondary air system further comprises tertiary air guide vanes (6), external sec-
ondary air guide vanes (7), and their corresponding channels (8 - 9). The inner 
secondary air guide vanes are axially arranged and adjustable to control axial mo-
mentum and swirl intensity. In contrast, the outer secondary air guide vanes are 
tangentially arranged with adjustable angles to generate strong circumferential ve-
locities. The tertiary air and central air guide vanes feature fixed axial structures, 
providing a stable axial flow field. 
 

 
Figure 1. The structure of OMB. 

 
The burner’s structural parameters are listed in Table 1. For the OMB, the 

cross-sectional area of the primary-air channel accounts for 32.6% of the total 
burner outlet area. For the NTSTC, the corresponding proportion is 29.7% be-
cause of the additional interstitial-air channel. In practical applications, this 
burner fails to maintain stable operation of the pulverized coal boiler at 20% of 
rated load. Field investigations and previous studies show that the coal-feed elbow 
alone cannot provide sufficient swirl (tangential momentum) to the primary air–
coal mixture. Moreover, pulverized coal is injected in a highly dispersed manner, 
which undermines combustion under low-load conditions. In addition, the inner 
secondary air guide vane is located relatively far from the primary air outlet; the 
swirl associated with the inner secondary air therefore hinders establishment of a 
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stable RZ in the burner outlet region, which is another critical contributor to low-
load combustion instability. 
 
Table 1. Structural parameters of OMB and NTSTC. 

Nozzle area/m2 NTSTC OMB 

Central air / / 

Primary air 0.2771 0.2771 

Interstitial air 0.0822 / 

Internal secondary air 0.2270 0.2270 

Tertiary air 0.1073 0.1073 

External secondary air 0.2391 0.2391 

 
To address the poor combustion stability of the OMB during low-load opera-

tion, this paper proposes a NTSTC. The structure of the NTSTC is shown in Fig-
ure 2. The structural parameters of the combustor are listed in Table 1. Unlike 
the OMB, the NTSTC primarily consists of the following components: a novel 
primary air channel (1), an interstitial air control valve (2), an interstitial air chan-
nel (3) equipped with interstitial air axial guide vanes (4), a three-stage fuel en-
richment ring (5) for central coal concentration, an interstitial air diffuser (7), and 
an inner secondary air diffuser (6). The remaining components are consistent 
with the OMB. 
 

 
Figure 2. The structure of NTSTC. 

 
Based on the OMB design, the ignition device and swirl device in the primary 

air channel were removed. A new primary air channel with a coal-feed elbow was 
adopted, while the nozzle area remained unchanged. Secondly, three-stage fuel 
enrichment rings were added to the primary air channel in the NTSTC to enhance 
the radial enrichment effect of pulverized coal. The inner diameter of the primary 
air channel is defined as dp. The spacing between each stage of the enrichment 
rings is L (L = 0.2dp). The diameter of the third-stage enrichment ring is d1 (d1 = 
0.5dp). The distance from the third-stage enrichment ring to the primary air noz-
zle is L1 (L1 = dp). In this design, the addition of a fuel enrichment ring effectively 
increases the pulverized coal concentration in the central region of the air channel, 
bringing several significant advantages. The enhanced coal concentration in the 
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central zone prolongs the particle residence time in the RZ. This allows for more 
thorough contact between the coal powder and high-temperature flue gas, thereby 
absorbing more heat and achieving a better preheating effect. This improved pre-
heating raises the combustion temperature of the coal powder, further promoting 
its complete combustion and enhancing combustion efficiency. Meanwhile, an in-
crease in pulverized coal concentration reduces the ignition heat required during 
startup. The elevated fuel quantity per unit volume facilitates easier and faster ig-
nition of the pulverized coal, thereby shortening the ignition time and ensuring 
rapid flame establishment. This enhancement significantly improves combustion 
stability and prevents unstable combustion phenomena caused by ignition delay. 
Through this optimized design, not only is the preheating efficiency of the pul-
verized coal improved, but the ignition characteristics are also enhanced, ensuring 
an efficient and stable combustion process. Furthermore, an interstitial air chan-
nel is introduced between the new and existing primary air channels, equipped 
with corresponding guide vanes to effectively regulate airflow distribution and 
promote momentum exchange. The interstitial air guide vanes are precisely posi-
tioned adjacent to the primary air nozzle, designed to impart sufficient swirl mo-
mentum to the interstitial air before it enters the burner nozzle region. This con-
figuration promotes the formation of a distinct RZ near the nozzle, enabling ef-
fective heating of the coal particles by the reflux of high-temperature flue gas. The 
primary function of the interstitial air nozzle and the inner secondary air inlet 
with an expanded structure is to enhance airflow stability and uniformity by re-
ducing airflow velocity and improving its distribution. The expansion allows for 
a smoother entry of air into the burner, reducing localized disturbances caused by 
uneven or excessive air speed. This helps prevent unstable airflow distribution 
while promoting uniform preheating of coal particles in the nozzle region. Fur-
thermore, the expanded structure facilitates the formation of a well-developed RZ, 
enabling high-temperature flue gas to effectively recirculate and heat the coal par-
ticles, thereby improving combustion efficiency and stability. This design opti-
mizes both the airflow and coal particle distribution within the burner, ultimately 
enhancing the overall stability and efficiency of the combustion process. 

NTSTC offers the following key advantages: 
1) low-load stable combustion 
In terms of swirl combustion stabilization mechanisms, Ti et al. [18] high-

lighted that the presence of a high-temperature, oxygen-deficient RZ at the burner 
outlet is crucial for achieving stable combustion. The structural improvements 
implemented in this study, through the synergistic effect of the primary air chan-
nel and the three-stage enrichment ring, create a region with a high concentration 
of coal particles, elevated temperature, and appropriate oxygen levels in the center 
of the burner outlet. This environment provides favorable conditions for stable 
combustion of the coal powder. The high concentration of pulverized coal ignites 
more readily under the influence of high-temperature flue gas carried by the re-
circulation flow. This improvement in the early ignition conditions of the com-
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bustion system effectively reduces ignition delay time. Additionally, the newly in-
troduced swirling gap air generates the necessary rotational momentum through 
guide vanes in the gap, inducing the primary air to swirl and enhancing the shear 
and mixing effect with the secondary air. This not only enhances the oxygen sup-
ply to the combustion zone but also facilitates rapid coupling between the fuel-
rich and oxygen-rich air streams, thereby optimizing combustion efficiency and 
stability. Numerous studies have indicated that the outlet RZ plays a pivotal role 
in enhancing boiler combustion stability and adapting to varying operating con-
ditions [19]-[21]. 

2) NTSTC and OMB have the same secondary air resistance 
In the design of the NTSTC, the layout of the inner secondary air, outer sec-

ondary air, and tertiary air channels along with their guide vanes was adopted 
from the OMB burner, ensuring that the velocity field and swirl characteristics of 
the secondary air remained unchanged. Consequently, the NTSTC maintains con-
sistent secondary airflow resistance with the prototype burner. After the retrofit-
ting of this technology on a selection of boiler burners, the secondary air velocity 
distribution between the new and old burners has been found to remain con-
sistent. This ensures the coordinated and stable operation of both types within the 
furnace, thereby preventing the generation of deleterious flow disturbance effects. 

3) Low NOx emissions and slagging prevention 
Studies have demonstrated that the high-temperature, low-oxygen reducing en-

vironment in the RZ at the outlet of swirl burners can significantly reduce the 
formation of fuel NOx [22] [23]. Within the NTSTC, pulverized coal is highly 
concentrated in the central outlet region. The particles demonstrate a substantial 
volume fraction and protracted residence time within the RZ, which further in-
tensifies the local reducing conditions. Within this enrichment zone, the combus-
tion process of pulverized coal is dominated by reducing conditions, which effec-
tively reduces pathways for fuel NOx formation and enhances overall emission 
reduction efficiency. In the NTSTC, after being progressively concentrated by 
three-stage fuel enrichment rings, pulverized coal is injected through the central 
primary air channel. The tangential and radial velocity components of the fuel jet 
are relatively negligible. This ejection characteristic serves to concentrate the ma-
jority of the pulverized coal in the burner’s central region following its exit from 
the outlet, thereby forming a distinct enrichment zone. This design effectively mit-
igates the propensity of pulverized coal to migrate toward furnace walls, thereby 
significantly reducing the risk of slagging and ash accumulation. 

3. Methodology 

The prototype boiler was a 350 MW supercritical opposed-fired pulverized-coal 
boiler, model HG-1146/25.41-PM1, equipped with 20 swirl burners arranged in 
five elevations on the front and rear walls. The boiler was operated with blends of 
Yangquan lean coal and Caojiahuochang bituminous coal. The Yangquan lean 
coal had Mad = 0.60%, Vad = 8.45%, Aad = 19.30%, FCad = 71.65%, and Qnet,ar = 27.12 
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MJ/kg. Under the full-load design condition, the primary-air and secondary-air 
temperatures were 94˚C and 313˚C, respectively. The primary-air and total sec-
ondary-air mass flow rates of each prototype burner were 5.46 kg/s and 11.79 kg/s, 
respectively. The airflow rates of the 1:7 cold model were derived from the plant 
operating records while preserving geometric similarity, operation within the sec-
ond self-similar Reynolds-number regime, and the momentum ratios among the 
air streams. All cold-model tests were conducted with the primary air and second-
ary air at 15˚C. For the OMB, the nominal 100%, 50%, 40%, and 20% cold-model 
cases represented the air-distribution schemes used at plant loads of 60% - 100%, 
47% - 50%, 30% - 40%, and approximately 20%, respectively. For the NTSTC, the 
nominal 100%, 40%, and 20% cold-model cases represented the air-distribution 
schemes applicable to plant loads of 50% - 100%, 30% - 40%, and approximately 
20%, respectively. 

3.1. Cold-Model Gas-Particle Flow Experiment System 

Gas-particle two-phase flow is universally present in processes such as pulverized 
coal combustion, pneumatic conveying, and dust removal, exhibiting highly com-
plex turbulence structures. In coal-fired utility boilers, the mixed flow of pulver-
ized coal and air represents a typical gas-particle two-phase flow phenomenon. 
Rational organization of the coupling process between coal particles and the air 
stream is a crucial prerequisite for achieving stable combustion in the furnace, 
high burnout efficiency, and low NOx emissions. However, due to limitations in 
field conditions, it is difficult to obtain the flow field characteristics of the burner 
under actual operating conditions. Therefore, most scholars employ cold gas-par-
ticle two-phase flow scaling experiments to study the flow characteristics of scaled-
down burners. Previous research indicates that the velocity and particle concen-
tration distributions in actual reactive flows are similar to those obtained from 
cold gas-particle two-phase experiments. Consequently, provided that similarity 
criteria are satisfied, results from cold-flow experiments can accurately reflect the 
actual gas-particle flow characteristics in the burner outlet region [24]-[26]. Thus, 
this study utilizes a three-dimensional Phase Doppler Anemometer (PDA) to meas-
ure the gas-particle flow characteristics in the burner outlet region, focusing on 
revealing the influence of primary air velocity variations on the gas-particle flow 
characteristics in the outlet regions of the OMB and NTSTC burners. 

In terms of experimental design and parameter calculation, this study adheres 
to the following similarity criteria [13] [27]. Generally, it is very difficult to satisfy 
all these criteria completely; the usual approach is to neglect some non-determin-
istic criteria and perform approximate scaling: 

1) Geometric similarity between model and prototype: The geometric scale ra-
tio between the model and the prototype is 1:7. 

2) Flow in the second self-modeling zone: The Reynolds numbers of the model 
and the prototype are equal, or the Reynolds number of the model is within the 
second self-modeling zone. The Reynolds numbers of all nozzle airflows in this 
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experiment are greater than 10,800, allowing the flow to be considered within the 
second self-modeling zone. 

3) Equal momentum ratio: The momentum ratios between the primary air-coal 
particle flow and other air streams in the model are equal to the corresponding 
ratios in the actual prototype operation. 

4) Froude criterion: For most forced flows, the Froude number is not very im-
portant compared to other dimensionless numbers, such as the Reynolds number. 
In the scaling process of inertial separation equipment, if the particle size is below 
200 μm, the influence of the Froude number can be neglected. In this experiment, 
the density of the glass microspheres used is 2500 kg/m3, which is much greater 
than the gas density; thus, the effect of buoyancy on the particles is far less than 
that of gravity. Furthermore, all particle sizes used in this experiment are much 
smaller than 200 μm, allowing the Froude number to be neglected. 

5) Gas-particle two-phase slip similarity: To ensure that the velocity “slip” in 
the gas-particle two-phase flow of the model is consistent with the prototype, the 
velocity of the pulverized coal particles in the primary air is set to 0.8 times the 
primary air velocity. Further details on similarity criteria can be found in Refer-
ence [28]. 

The purpose of the present cold-model experiment is to compare the intrinsic 
near-field gas-particle flow characteristics of the OMB and NTSTC, rather than to 
reproduce the entire furnace flow field. In the near-burner region investigated in 
this study, the velocity field, RZ formation, turbulence intensity, and particle vol-
umetric flux are governed primarily by the burner geometry and the momentum 
distribution among the individual air streams. In the prototype opposed-fired 
boiler, the spacing between adjacent burners allows each burner jet to develop 
initially as an individual flow before substantial jet interaction occurs farther 
downstream. Therefore, a single-burner model is considered sufficient for identi-
fying the effects of burner structure and air distribution on the outlet flow char-
acteristics and for providing a consistent comparison between the OMB and NTSTC. 
Nevertheless, interactions with neighboring burners, the opposing-wall jets, the 
furnace walls, and the furnace-scale recirculating flow may alter the jet trajectory, 
RZ size, particle dispersion, and mixing behavior farther downstream. Conse-
quently, the present results should be interpreted as representing the intrinsic 
near-field characteristics of an individual burner, while their applicability to full-
furnace combustion performance requires furnace-scale verification. The cold 
gas-particle two-phase flow scaling experimental facilities and the arrangement of 
measurement points are shown in Figure 3. 

The two-phase experimental system consists of an induced draft fan, a cyclone 
separator, a PDA measurement system, a screw feeder, a model burner, a scaled 
furnace, and connecting ducts. A negative pressure is created within the scaled 
furnace by the induced draft fan to drive the gas circulation, drawing air from 
various wind ducts into the furnace. The experimental airflow channels include 
primary air, gap air, inner secondary air, and outer secondary air. The air mass 
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Figure 3. Experimental facilities and measurement points arrangement. 

 
flow rate is controlled by adjusting the opening of ball valves. U-tube manometers 
are installed on each air supply duct, and the actual airflow rate within the duct is 
obtained by converting the manometer readings. To simulate the gas-particle two-
phase flow in the experiment, glass microspheres are fed from an upper hopper 
into a screw feeding device and then uniformly conveyed into the primary air duct. 
After fully mixing with the carrier gas, they enter the model burner, forming an 
air-powder mixed airflow equivalent to the actual pulverized coal flow. After the 
gas-particle mixture passes through the model furnace, the particles are separated 
from the gas stream in a cyclone separator installed at the bottom. The collected 
glass microspheres can be recycled, ensuring the repeatability of experimental 
conditions and the reliability of the measurement results. To obtain flow field in-
formation within the furnace, multiple measurement sections are arranged down-
stream of the burner outlet. The measurement positions are expressed using the 
dimensionless distance x/d, where d is the nozzle diameter of the outer secondary 
air duct (d = 0.201 m). A total of seven measurement sections are set along the 
central axis of the burner, at positions x/d = 0.1, 0.3, 0.5, 0.7, 1.0, 1.5, and 2.5. The 
radial coordinate is denoted by r, defined as the radial distance from the measure-
ment point to the nozzle centerline. Considering the large gradients in gas-particle 
flow velocity and particle concentration near the nozzle, the measurement points 
in this region are arranged more densely to capture the detailed flow characteris-
tics under intense turbulent mixing. In regions farther from the nozzle, where the 
flow gradually stabilizes, the spacing between measurement points is appropri-
ately increased to reduce redundant measurements. To avoid interference from 
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the nozzle edge on laser measurements, the first measurement section is set at x/d 
= 0.1. This ensures the representativeness of the starting measurement point and 
allows for the acquisition of key data in the initial development stage immediately 
after the nozzle outlet. 

The experiment employed PDA to measure the particle velocity, size, and vol-
umetric distribution within the furnace. Its measurement ranges and accuracies 
are listed in Table 2: the velocity range is –500 to 500 m·s−1 with an accuracy of 
1%; the particle size range is 0.5 to 1000 μm with an accuracy of 4%; the particle 
concentration range is 0 to 106 particles·m−3 with an accuracy of approximately 
30%. The experimental uncertainty primarily stems from airflow fluctuations in-
duced by the draft fan, approximately 5%, caused by variations in voltage, ambient 
pressure, and temperature, yet it has a minor impact on the overall results. At each 
measurement point, the PDA measurements were independently repeated three 
times under the same operating condition. For each run, data were acquired for 
at least 60 s, and the measurement was continued until no fewer than 5000 vali-
dated particle signals had been recorded. The three-dimensional mean velocities, 
root-mean-square fluctuating velocities, turbulence intensity, and particle volu-
metric flux were calculated separately for each run and then averaged over the 
three runs. The gas-phase and particle-phase swirl numbers, Sg and Sp, were cal-
culated independently for each run using the velocity and particle-flux data meas-
ured at the x/d = 0.1 section, and the reported values represent the averages of the 
three runs. Repeatability was evaluated using the relative standard deviation of the 
repeated measurements. The maximum relative standard deviations did not ex-
ceed 5% for the mean velocities, 8% for the turbulence intensity, 10% for the par-
ticle volumetric flux, and 6% for both Sg and Sp. These results indicate that the 
PDA measurements and the derived parameters exhibited satisfactory repeatabil-
ity. It is noteworthy that since PDA can only measure the flow of particles, it is 
necessary to utilize particle-phase particles to track the gas phase. According to 
the scaling criteria, the Stokes number (St) reflects the influence of inertial forces 
on the flow. When St is much less than 1, the inertial forces of the particles are 
negligible, allowing the particles to effectively track the gas phase. The calculation 
formula for St is [29]: 

 
2

p p 1

g 118
d V

St
D

ρ
µ

=  (1) 

where: In the formula, pρ  and pd  are the density and particle size of the parti-
cle-phase particles, in kg/m3 and m, respectively; gu  is the dynamic viscosity of 
the gas phase, in kg/(m−1·s−1); 1D  and 1V  are the inner diameter of the primary 
air nozzle and the primary air velocity, in m and m/s, respectively. 

Considering variations in the primary air velocity, the maximum value corre-
sponding to the primary air velocity was selected for calculation. The Stokes num-
bers for the model burner are shown in Table 3. It can be observed that when the 
glass microsphere particle size is ≤10 μm, the maximum St value for the burner is 

https://doi.org/10.4236/epe.2026.188023


H. J. Li 
 

 

DOI: 10.4236/epe.2026.188023 495 Energy and Power Engineering 
 

Table 2. Measurement range and accuracy of PDA. 

Parameter Velocity (m·s−1) 
Particle diameter 

(μm) 
Particle concentration 

(particles·m−3) 

Measurement range −500 - 500 0.5 - 1000 0 - 106 

Measurement 
precision 

1% 4% 30% 

 
≤0.110, indicating that the glass microspheres exhibit good tracking characteris-
tics with the air and can serve as tracer particles for the gas phase. When the glass 
microsphere particle size is >10 μm, the minimum St value for the burner is 0.435, 
indicating that the glass microspheres are significantly influenced by inertial 
forces. Therefore, this experiment uses glass microspheres with a particle size of 
less than 10 μm as gas-phase tracer particles, and glass microspheres with a parti-
cle size of 10 - 100 μm as particle-phase tracer particles. 
 
Table 3. St value of the model burner. 

Particle diameter St value 

2 0.003 

5 0.029 

8 0.068 

10 0.110 

20 0.435 

30 0.975 

40 1.734 

50 2.714 

60 3.904 

70 5.314 

80 6.941 

90 8.875 

100 10.845 

 
The gas-phase and particle-phase RZ boundaries were determined inde-

pendently from their respective axial average velocity distributions. At each axial 
measurement section, the region with a negative axial average velocity was iden-
tified as an RZ. Each radial RZ boundary point was defined as the zero crossing of 
the corresponding axial average velocity profile. When the zero crossing was lo-
cated between two adjacent measurement points, its radial position was deter-
mined by linear interpolation between the two points with axial average velocities 
of opposite signs. The boundary points obtained at successive axial sections were 
then connected to form the upper and lower RZ boundaries. This procedure was 

https://doi.org/10.4236/epe.2026.188023


H. J. Li 
 

 

DOI: 10.4236/epe.2026.188023 496 Energy and Power Engineering 
 

applied separately to the gas-phase and particle-phase data, and no interpolated 
combined gas-particle velocity field was constructed. The RZ length and width 
reported in this study were determined from the gas-phase RZ boundary, whereas 
the particle-phase RZ boundary was presented separately to characterize the spa-
tial range of particle recirculation. 

3.2. Test Conditions and Parameters 

In this study, to quantitatively characterize the rotational characteristics of the 
gas-particle two-phase flow, the calculation of the swirl number (S) was intro-
duced. As an important dimensionless parameter describing the rotational inten-
sity of the flow field, the swirl number is widely used in the study of burner flow 
characteristics. Its magnitude directly relates to the flow stability, combustion ef-
ficiency, and pollutant emission characteristics within the furnace. The gas-phase 
swirl number Sg (Equation (2)) is calculated based on the velocity distribution and 
angular momentum of the airflow, reflecting the variation pattern of the gas rota-
tional intensity downstream of the burner nozzle. The particle-phase swirl num-
ber Sp (Equation (3)) is solved considering the inertia of pulverized coal particles 
and the forces exerted by the airflow, revealing the rotational response of coal par-
ticles under gas-particle coupling effects. The determination of both two-phase 
swirl numbers is based on synchronously measured experimental data in the near-
field region of the nozzle (this study selects the x/d = 0.1 cross-section), ensuring 
that the calculated results representatively reflect the initial flow characteristics at 
the nozzle. 

Through a comparative analysis of the gas-phase and particle-phase swirl num-
bers of the burner under different rated loads, the coupling characteristics of the 
gas and particle phases inside the burner and their impact on combustion perfor-
mance can be more clearly revealed. This method not only provides a quantitative 
basis for understanding the inherent laws of gas-particle flow at the burner outlet 
but also lays a theoretical foundation for the subsequent formulation of combus-
tion optimization and emission reduction strategies. 
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where: gρ  is the density of gas phase, kg/m3; p  ρ  is the density of particle phase, 
kg/m3; g  u  is the axial velocity of gas phase, m/s; p  u  is the axial velocity of par-
ticle phase, m/s; gω  is the tangential velocity of gas phase, m/s; pω  is the tan-
gential velocity of particle phase, m/s; Q  is the particle volume flow at the meas-
uring point, m3/(m2·s). 

The test conditions and relevant parameters for the gas-particle two-phase flow 
scaling experiment are listed in Table 4. For the OMB burner, the air distribution 
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scheme determined at 100% rated load is applicable not only to full-load operation 
but also stably covers operations down to 60% load. The air distribution method 
adopted at 50% rated load primarily targets low-load operation within the 47% - 
50% range. In contrast, the NTSTC burner incorporates a gap air channel in its 
structure, enabling the air distribution at 100% rated load to be flexibly adapted 
to a wider range of operating conditions, specifically from 50% to 100% rated load, 
demonstrating better operational adaptability. In the actual operation of utility 
boilers, combustion organization at low loads is often the most complex and sen-
sitive. Based on unit operational experience and results from multiple preliminary 
cold-state tests, this study determined the air distribution strategy suitable for 
deep peak shaving: when the unit operates within the 30% - 40% rated load range, 
the air distribution pattern for 40% rated load is adopted; during operation at 20% 
rated load, the 20% rated load air distribution is selected as the baseline condition. 
It must be emphasized that the OMB burner often suffers from insufficient com-
bustion stability and severe nozzle slagging issues at low loads, adversely affecting 
the unit’s flexible peak shaving capability. 

The load cases were not identical for the two burners because their applicable 
air-distribution ranges were different. A separate 50% case was retained for the 
OMB because its 50% air-distribution scheme was specifically required for oper-
ation within the 47% - 50% load range. In contrast, the 100% air-distribution 
scheme of the NTSTC was applicable over the wider 50% - 100% load range; there-
fore, an additional 50% NTSTC case would have represented the same air-distri-
bution scheme and was not included. Direct OMB-versus-NTSTC comparisons 
were conducted only at the common nominal loads of 100%, 40%, and 20%. At 
each common load, the primary-air flow rate and the secondary-air flow rate ex-
cluding interstitial air were identical for the two burners. The additional intersti-
tial-air stream was retained only for the NTSTC because it is an inherent compo-
nent of its structural design. Therefore, the comparison isolates the influence of 
the interstitial-air channel and the associated structural modification under equiv-
alent load and baseline airflow conditions. 

The experimental matrix included OMB cases at 100%, 50%, 40%, and 20% 
rated load and NTSTC cases at 100%, 40%, and 20% rated load. The 100% case 
was included as the full-load reference, whereas the 40% and 20% cases were se-
lected as the key low-load conditions. The 50% OMB case was retained because 
its corresponding air-distribution scheme was specifically used within the 47%-
50% load range. Direct OMB-versus-NTSTC comparisons were conducted at the 
common nominal loads of 100%, 40%, and 20%, with particular emphasis on the 
two low-load conditions. By comparing the gas-particle coupling flow character-
istics of both burners under low loads, the flow mechanisms leading to combus-
tion instability and nozzle slagging in the OMB burner are revealed, and the op-
erational advantages of the NTSTC burner under the same conditions are further 
evaluated, providing a theoretical basis for the optimized design and application 
of burners under deep peak shaving conditions. 
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According to the data in Table 4, the relationship between the swirl number 
and the burner structure becomes clearer. For the OMB burner, as the rated load 
decreases from 100% to 20%, the gas-phase swirl number (Sg) decreases from 0.07 
to 0.03, and the particle-phase swirl number (Sp) decreases from 0.19 to 0.09, 
which is closely related to the reduction in primary air flow rate. Although the 
primary air of the OMB burner is a rotating flow, the weak swirling effect of the 
swirl channel results in an almost complete loss of rotational capability after ejec-
tion. Particularly, the high axial velocity of the primary air in the low-airflow com-
bustion chamber leads to a low swirl number. 

In contrast, the swirl numbers of the NTSTC burner are consistently higher 
than those of the OMB. As the rated load decreases from 100% to 20%, the gas-
phase swirl number decreases from 0.30 to 0.23, and the particle-phase swirl num-
ber decreases from 0.31 to 0.27. Although the NTSTC burner eliminates the swirl 
channel, the introduced gap air and its guide vanes create a stable recirculation 
zone in the burner outlet region, enabling it to maintain high Sg and Sp values even 
under different unit loads. Overall, the burner structure significantly influences 
the swirl number. The NTSTC exhibits higher swirl numbers in these aspects, re-
sulting in higher swirl numbers across all load conditions compared to the OMB 
burner. 
 

Table 4. Gas-Particle two-phase experiment parameters. 

Burner Load 
Primary air flow 

rate (m3/h) 
Interstitial air 

flow rate (m3/h) 
Total secondary air 

flow rate (m3/h) 
Total air flow 

rate (m3/h) 
Sg Sp 

OMB 

100% 229.84 - 585.58 815.42 0.07 0.19 

50% 176.35 - 494.69 671.04 0.05 0.16 

40% 156.75 - 443.79 600.54 0.03 0.14 

20% 130.64 - 392.90 523.54 0.03 0.09 

NTSTC 

100% 229.84 44.75 630.33 860.17 0.30 0.31 

40% 156.75 34 477.79 634.54 0.29 0.31 

20% 130.64 24.25 417.15 547.79 0.23 0.27 

Note: The total secondary-air flow rate of the NTSTC includes the interstitial-air flow. 

4. Results and Discussion 
4.1. Velocity Field 

The axial velocity distribution at the outlet of OMB and NTSTC under different 
load conditions is shown in Figure 4. In the axial velocity distributions of NTSTC 
and OMB, the presence or absence of the RZ is the main difference in the flow 
characteristics of the two burners. A comparison of the outlet flow field charac-
teristics of OMB and NTSTC at different loads reveals significant differences be-
tween the two in terms of flow organization and stable combustion capacity. 

The axial average velocity distribution of the OMB burner is characterized by a 
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single peak along the radial direction, and there is no stable RZ is formed under 
any investigated load, with only a very small negative velocity band near the cen-
tral axis of the nozzle, which contributes limited to flame stabilization. Therefore, 
the overall flame stabilization performance of this type of burner is weak, espe-
cially under low load conditions. In contrast, NTSTC can form a clear central re-
circulation zone in the near-field area of the nozzle, whose axial velocities of the 
gas and particle phases show a bimodal distribution in the range of x/d = 0.1 - 0.5, 
with the main peak corresponding to the central rich combustion RZ and the sec-
ondary peak to the secondary air area, demonstrating the synergy of fuel and air 
at the outlet. As the flow moves downstream, the backflow intensity of NTSTC 
gradually weakens, the difference between the two peaks tends to decrease, while 
the overall gas-particle coupling remains good. Comprehensive analysis shows 
that the OMB outlet flow field lacks effective RZ, whereas the NTSTC exhibits a 
bimodal axial velocity distribution and forms a distinct central RZ in the near-
field region. These flow characteristics promote particle residence and central ac-
cumulation under low-load conditions and represent favorable aerodynamic fea-
tures for flame stabilization. However, the actual ignition and combustion perfor-
mance was not directly measured in the present cold-flow experiment. 
 

 
(a) OMB                                             (b) NTSTC 

Figure 4. Axial velocity distribution at the OMB and NTSTC outlet under different loads (m/s). 

 
The radial velocity distributions of OMB and NTSTC outlets under different 

load conditions are shown in Figure 5. By comparing the radial average velocity 
distributions of OMB and NTSTC under different loads, the following conclu-
sions can be drawn: the OMB outlet flow field always shows a unimodal structure, 
with the velocity peaks concentrated in the secondary air dominant area. With the 
reduction of load, only a limited attenuation occurs, and the downstream radial 
velocity rapidly decays to nearly zero, indicating that its radial diffusion capacity 
is limited and its overall stable combustion characteristics are poor. In contrast, 
NTSTC shows a distinct negative velocity band in the near-field region (x/d = 0.1 
- 1.0), and the gas-particle phase shows an inward aggregation tendency in the 
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central region, which corresponds to the axial RZ, indicating that it not only has 
reverse flow but also can promote the enrichment of particles in the central region, 
thereby significantly enhancing the heat transfer and mixing of pulverized coal 
with high-temperature flue gas. In the far-field region (x/d = 1.5 - 2.5), the velocity 
distribution of NTSTC fluctuates around 0 m/s, and the curve height is consistent 
under different loads, reflecting good load adaptability. Overall, OMB radial dif-
fusion is limited and there is a lack of effective reflow, while NTSTC achieves 
stronger steady-burning and variable load adaptability through reflow and aggre-
gation effects. 
 

 
(a) OMB                                             (b) NTSTC 

Figure 5. Radial velocity distribution at the OMB and NTSTC outlet under different loads (m/s). 

 
The tangential velocity distributions of OMB and NTSTC outlets under differ-

ent load conditions are shown in Figure 6. A combined comparison shows that 
the average tangential velocity distribution of the OMB burner under different 
loads presents a bimodal feature, with both primary and secondary air maintain-
ing strong rotation in the near-field region, resulting in a higher overall tangential 
velocity level at the outlet. However, there is local counter-swirling near the cen-
terline, forming small-scale vortices, and this unstable flow pattern makes it more 
difficult for the gas-particle phase to maintain stable blending at low loads. As the 
load decreases, the overall tangential velocity of OMB decays significantly, and the 
swirl intensity is insufficient, further weakening the support for combustion sta-
bility. In contrast, the tangential velocity distribution of NTSTC has always been 
a single-peak structure, with peaks concentrated in the swirl secondary air zone, 
while the tangential velocities of the primary air and the RZ are close to zero, in-
dicating that the flow field is dominated by axial backflow. Because the primary 
wind is organized in a direct current form, this structure avoids complex tangen-
tial vortices and helps to form a stable central RZ in the near field, providing con-
ditions for pulverized coalescing, retention, and preheating. As the flow develops 
downstream, the tangential velocity of NTSTC gradually decays and approaches 
zero, but maintains a highly consistent distribution pattern under different loads, 
demonstrating good adaptability to various operating conditions. 
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(a) OMB                                             (b) NTSTC 

Figure 6. Tangential velocity distribution at the OMB and NTSTC outlet under different loads (m/s). 

4.2. RZ Boundaries 

No stable gas-phase RZ is formed at the OMB outlet at any rated load, although a 
narrow region with slightly negative axial average velocity appears near the burner 
centerline. The gas-phase and particle-phase RZ boundaries at the NTSTC outlet 
under different rated loads are shown separately in Figure 7. Unless otherwise 
stated, the RZ length and width discussed below refer to the gas-phase RZ bound-
ary, whereas the particle-phase RZ boundary represents the spatial range of parti-
cle recirculation. At 100% rated load, the RZ is 0.9d in length and 0.34d in width. 
The lower boundary of the RZ is located below the burner centerline, indicating 
that the RZ is the central RZ. When the rated load drops from 100% to 40%, the 
length of the RZ remains at 0.9d and the width is reduced to 0.24d. The position 
of the upper boundary of the RZ remains largely unchanged, while the lower bound-
ary moves above the burner centerline, indicating that the recirculation zone is a 
longer annular recirculation zone. When the rated load drops from 40% to 20%, 
the length of the RZ decreases to 0.6d and the width increases to 0.32d. The length 
and width of the RZ are closely related to the airflow distribution in each air duct 
of the burner. As the rated load decreases, the volume of both the direct current 
primary air and the swirl secondary air decreases.  
 

 
Figure 7. Gas-phase and particle-phase RZ boundaries at the 
NTSTC outlet under different rated loads. 
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The reduction in the velocity of the direct current primary air is beneficial for 
the swirl secondary air to draw in the primary air. At the same time, a decrease in 
the velocity of the swirl secondary air reduces its rotational capacity. Under the 
combined effect of these factors, the length and width of the RZ may show differ-
ent trends of change. However, the overall range of the RZ shrinks due to a de-
crease in the burner swirl number. The results show that as the rated load de-
creases, there is a tendency for the central RZ to transform into an annular RZ, 
and there is a tendency for the length of the RZ to shorten. It is notable that even 
at 20% load, the outlet of the new stable combustion burner still has a relatively 
large RZ, ensuring that there is sufficient high-temperature recirculation flue gas 
at the burner outlet under low-load conditions, which is conducive to stable com-
bustion of the burner under low-load conditions. 

4.3. Turbulence Intensity 

To evaluate the amplitude of turbulence fluctuations at the burner outlet and its 
influence on the stability of the flow field under different working conditions, the 
turbulence intensity T is calculated based on the root mean square pulsating ve-
locity and average velocity measured by PDA. The calculation formula is [30]: 

 
0.52 2 21

3
f f fu v w

T
U
 + +

=   
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 (4) 

where, fu , fv  and fw  are axial pulsating velocity, radial pulsating velocity 
and tangential pulsating velocity, m/s, respectively; U  represents the magnitude 
of the resultant three-dimensional mean velocity vector, m/s. 

The turbulence intensity distribution at the OMB burner outlet under different 
rated loads is shown in Figure 8(a). In the near-field region (x/d = 0.1 - 0.7), the 
radial distribution curve shows bimodal characteristics, with a smaller peak near 
the centerline (r/d ≈ 0) and a higher peak in the jet boundary region (approxi-
mately r/d ≈ 0.6). In combination with Figure 5(a) and Figure 8(a), it can be 
determined that the small peak at the center line is mainly due to the local vortex 
area formed at the center of the primary wind, but the influence range of this vor-
tex area is limited and basically disappears at the x/d = 1.0 section. In the mixed 
area of primary and secondary air, the overall level of turbulence intensity is low 
that results in weakened flow field pulsation, which is related to the relatively uni-
form mixing and gentle velocity gradient between the swirl primary and second-
ary air. As the jet moves downstream, the peak turbulence intensity gradually de-
cays and basically to near zero in the far-field region (x/d = 1.5 - 2.5). It should be 
noted that the position of the peak turbulence intensity at the OMB outlet remains 
highly consistent under different loads, indicating that the flow field structure is 
somewhat stable under variable loads, but the overall turbulent kinetic energy 
level is relatively low, which is not conducive to enhancing the gas-particle two-
phase blending. In contrast, the turbulence intensity distribution of the NTSTC 
burner is shown in Figure 8(b). In the near-nozzle area, the turbulence intensity 
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distribution of the jet is significantly uneven, showing a high level of fluctuation 
in the r/d = 0 - 0.4 range, and this area is basically consistent with the range of the 
RZ shown in Figure 7. This indicates strong velocity fluctuations and enhanced 
gas-particle momentum exchange within the RZ. This feature is closely related to 
the introduction of gap wind, which promotes the coupling of the primary and 
secondary air while drawing in the primary air, resulting in a significant increase 
in the intensity of turbulence in the near field at the outlet. As the flow developed, 
the peak of turbulence intensity gradually decreased, but the peak and fluctuation 
amplitude were basically the same under different loads in the x/d = 0.1 - 0.5 
range, indicating that the burner could maintain a strong near-field blending ca-
pacity under different load conditions. After entering the far-field region (x/d = 
0.7 - 2.5), the peak turbulence intensity gradually decreases as the load decreases. 
Nevertheless, a relatively high turbulence level is maintained within RZ even at 
20% load, indicating that the NTSTC preserves strong gas-particle mixing under 
low-load conditions. 

The combined analysis shows that the OMB maintains a relatively low turbu-
lence intensity over the investigated load range, whereas the NTSTC preserves 
stronger turbulence and gas-particle mixing through the combined effects of the 
RZ and interstitial air. The implications of these flow characteristics for ignition 
and combustion stability require further verification under reactive-flow condi-
tions. 
 

 
(a) OMB                                             (b) NTSTC 

Figure 8. Turbulence intensity distribution at the OMB and NTSTC outlet under different loads. 

4.4. Particle Volumetric Flux Distribution 

The particle volume flow distribution at the OMB burner outlet under different 
rated loads is shown in Figure 9(a). In the near-field region (x/d = 0.1 - 0.7), the 
radial distribution curve has a single peak near r/d = 0.3, corresponding to the 
secondary air dominant zone. This is because when the primary air carries parti-
cles through the rotating device, a large number of particles are ejected along the 
tube wall and rapidly diffuse into the secondary air area after leaving the nozzle, 
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resulting in a higher particle volume flow rate in this area, while the particle vol-
ume fraction near the centerline is very low. This indicates that the small-scale 
vortex near the nozzle center differs from a typical RZ because it has a limited 
spatial extent and contains very few particles. After entering the middle and far 
field (x/d = 1.0 - 2.5), the particles gradually gather towards the center with radial 
diffusion, but the overall volume flow peak shows a decreasing trend both radially 
and axially and the decreasing rate increases with the reduction of the rated load. 
This change is mainly due to the reduction in air distribution volume. Overall, the 
OMB maintains a relatively stable radial distribution pattern when the load is re-
duced, indicating that its particle transport pattern is somewhat robust. 

The volume flow distribution of particles at the outlet of NTSTC under different 
rated loads is shown in Figure 9(b). Unlike OMB, NTSTC shows a significant 
negative value near r/d = 0.2 in the near field (x/d = 0 - 1.0), indicating backflow 
of particles in this area. As shown in Figure 7, the negative particle volumetric 
flux region largely coincides with the particle-phase RZ, indicating particle back-
flow and accumulation within the RZ. As the rated load decreases, both the posi-
tive and negative peaks of the particle volume flow rate weaken, but the peak po-
sitions remain stable and the distribution curve shape remains almost unchanged, 
indicating that NTSTC can still maintain stable particle flow characteristics under 
load changes. In the x/d = 1.0 - 1.5 range, the particle volume flow rate increases 
as the load decreases, which is closely related to the reduction in the scale of the 
recirculation zone and the convergence of particles into the RZ. And the particle 
volume fraction in the area far from the nozzle decreased, further highlighting the 
enrichment of particles in the central area. 

Overall, the particle distribution of the OMB is concentrated mainly in the sec-
ondary-air region, with a relatively low particle volumetric flux near the burner 
centerline. In contrast, the NTSTC produces pronounced central particle accu-
mulation and particle backflow within the RZ. These cold-flow characteristics in-
dicate enhanced particle residence and gas-particle interaction in the near-burner 
region and remain relatively stable as the load decreases.  
 

 
(a) OMB                                              (b) NTSTC 

Figure 9. Powder volume flux distribution at the OMB and NTSTC outlet under different loads. (Particle volumetric flow rate × 
10−4 (m3·m−2·s−1)). 
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5. Conclusions 

Based on PDA measurements, this study comparatively investigated the gas-par-
ticle two-phase flow characteristics at the outlets of the OMB and NTSTC under 
different nominal load conditions. The three-dimensional velocity field, turbu-
lence intensity, RZ boundaries, and particle volumetric flux were obtained, reveal-
ing the differences in near-field flow organization between the two burners. The 
conclusions of this study are limited to non-reacting gas-particle flow character-
istics and do not directly represent combustion efficiency, gas composition, or 
NOx emissions. The main conclusions are as follows: 

1) Axial and radial velocity distributions 
The axial velocity at the outlet of the OMB burner shows a unimodal distribu-

tion under different loads. Only a very narrow negative-velocity region appears 
near the nozzle centerline, and no stable RZ is formed. The radial velocity distri-
bution is concentrated in the secondary air area, showing only a limited attenua-
tion as the load decreases, and the velocity in the downstream area rapidly decays 
to near zero. In contrast, NTSTC can form a distinct central RZ in the near-nozzle 
area (x/d = 0.1 - 0.5), and the axial velocity shows a bimodal distribution, with the 
main peak corresponding to the central RZ and the secondary peak in the second-
ary air area. The radial velocity is negative at r/d ≈ 0.2, indicating the centripetal 
aggregation effect of the particles. These characteristics remain at low loads, indi-
cating that the NTSTC can maintain enhanced particle residence and central ac-
cumulation over a wide range of load conditions. 

2) Tangential velocity and swirl characteristics 
The OMB outlet tangential velocity has a bimodal structure, with the peaks cor-

responding to the primary and secondary wind regions respectively, and there is 
counter-swirling near the centerline, forming a small-scale vortex region. As the 
load decreases, the rotational capacity of the burner rapidly decays, and the sta-
bility of gas-particle two-phase blending is insufficient. The tangential velocity 
distribution of NTSTC shows a single-peak structure, with peaks concentrated in 
the secondary air zone, while the tangential velocities of the primary air and the 
RZ are close to zero, thereby avoiding the formation of unstable vortices and keep-
ing the near-field center recirculation stable. As the flow moves downstream, the 
tangential velocity gradually decays and approaches zero, and the distribution pat-
tern is highly consistent under different loads, showing good operational adapta-
bility. 

3) Turbulence intensity and blending characteristics 
The peak amplitude of the turbulence intensity of OMB is limited in the near 

zone of the nozzle (x/d = 0.1 - 0.7), mainly distributed in the jet boundary region 
where r/d ≈ 0.6 and basically decays after x/d = 1.0. The overall turbulent kinetic 
energy level is low, which is not conducive to the enhanced mixing of particles 
with the airflow. The turbulence intensity of NTSTC in the near-nozzle r/d = 0 - 
0.4 range is significantly enhanced and highly coincides with the central RZ, indi-
cating that the air flow and particles are well mixed in this area. As the flow devel-
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ops downstream, the turbulence intensity gradually decreases but remains rela-
tively high within the RZ at 20% load, indicating persistent gas-particle mixing 
and momentum exchange under low-load conditions. 

4) Particle volume distribution characteristics 
The peak particle volume distribution of OMB occurs in the secondary air re-

gion (r/d ≈ 0.3), while the concentration in the central region remains extremely 
low, indicating that its particle transport is mainly driven by the secondary air. As 
the load decreased, the attenuation of the particle volume distribution accelerated, 
but the overall shape remained stable. The NTSTC exhibits negative particle vol-
umetric flux values near r/d ≈ 0.2 in the near-field region (x/d = 0.1 - 1.0), reflect-
ing particle backflow and accumulation within the RZ. This feature remains con-
sistent across different loads, indicating that the NTSTC can maintain particle 
backflow and central accumulation within the RZ and exhibits better particle-flow 
adaptability to load variation than the OMB. 

The conclusions obtained from the present cold-model experiment are primar-
ily applicable to the intrinsic near-field gas-particle flow characteristics of an in-
dividual burner; neighboring-burner interactions and furnace-scale effects should 
be considered when extending these findings to the overall combustion perfor-
mance of the opposed-fired boiler. 
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