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To enhance the temperature uniformity and NOx reduction performance of the gas-
fired radiant tubes, we proposed a new multi-stage dispersed burner based on fu-
el-staging combustion technology in this study. The effect of fuel nozzle structural 
parameters, including secondary fuel nozzle distance, D, (30 mm, 50 mm, 70 mm), 
secondary fuel nozzle diameter, ds, (2-6 mm), and tertiary fuel nozzle diameter, dt, 
(2.5 mm, 5 mm, 7.5 mm, 10 mm) on the flow field, temperature distribution, NOx 
generation and thermal efficiency were analyzed by numerical simulations. The 
results show that the multi-stage dispersed fuel nozzle could slow down the com-
bustion rate and form a low oxygen dilution zone in the reaction process, reducing 
the maximum combustion temperature and NOx emission. With the increase of the 
secondary fuel nozzle distance, the NOx concentration at the outlet decreased from 
69.0 ppm to 54.6 ppm, and a decrease of 20.9%. When the secondary fuel nozzle 
diameter increased from 2-6 mm, the maximum wall temperature difference gradu-
ally increased 72.8-76.3 K. The NOx emission at the outlet first decreased, then in-
creased, and was as low as 45.6 ppm at a 5 mm diameter. Furthermore, increasing 
the tertiary fuel nozzle diameter could reduce the maximum wall temperature dif-
ference and NOx emission, and improve thermal efficiency. When dt = 7.5 mm, the 
overall performance of the radiant tube was the best, and the outlet NOx concen-
tration, wall temperature difference and thermal efficiency were 46.1 ppm, 73.0 K,  
63.7%, respectively.
Key words: radiant tube, fuel-staging, NOx emission, dilution combustion, 

temperature uniformity

Introduction

Metal heat treatment furnaces are a vital piece of equipment in mechanical manufac-
turing industries, and they play a prominent role in steel production. However, various pollut-
ants are also caused, especially NOx pollutants, harmful to the human body, environment and 
ecosystem [1, 2]. Some provinces and cities have issued a series of policies and standards for 
China’s iron and steel industries. For instance, Hebei requires that NOx emission of heat treat-
ment furnaces for steel rolling should not exceed 150 mg/m3 from January 1, 2019. Similar 
standards have been put forward and implemented later in Shandong and Henan provinces. 
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Moreover, the Outline of the 14th Five-year Development Plan of China’s Heat Treatment In-
dustry pointed that in five years, the proportion of fuel-fired furnaces for heat treatment must 
increase from 20-30%, and NOx emission must reduce by more than 10% [3]. Facing the in-
creasingly stringent environmental protection requirements, improving thermal efficiency and 
reducing NOx emission in industrial heat treatment furnaces is necessary.

Some metals need to be heat treated in a protective atmosphere to avoid surface chem-
ical damage, and gas-fired radiant tubes (RT) can meet this requirement well. Gas-fired RT, 
known for their high thermal efficiency and better protection, have been widely used as indi-
rect heating devices in heat treatment [4]. Since the 1930's in Germany, various RT have been 
developed, such as straight-, sleeve-, U-, W-, P-, double P-, O-, and M-type RT [5]. Compared 
with U-type and W-type RT, the double P-type radiant tube (DPRT) has more advantages in 
NOx emission and temperature uniformity due to their flue gas re-circulation channels, which 
have a broad application market prospect. In addition, the RT heating device usually contains 
a gas burner, a tube body, and a heat exchanger [6]. In particular, as the core component of the 
radiation tube, the structural design of the burner is crucial, which will significantly affect the 
tube wall temperature uniformity and NOx emission [7, 8]. In recent years, many scholars have 
reported a large number of numerical simulations and experimental studies on the performance 
indicators of gas-fired RT, including temperature uniformity [9], exhaust emission [10], ther-
mal efficiency [11], and service life [12]. Ahanj et al. [13] experimentally and theoretically 
studied the effect of excess air factor on burner efficiency. The results showed that the heater 
efficiency decreased as the excess air ratio increased from 1.1-1.5. Liu et al. [14] conducted 
an experimental study on the performance of a W-shaped regenerative RT burner. They ob-
tained that the wall temperature difference was less than 50 K, and the heat recovery rate was 
greater than 70%. Besides, they found that changing switching time had no dramatic effect on 
NOx emission. Vandadi et al. [15] proposed a porous burner that combined thermal cycling, 
the preheater’s external heat recovery, and efficient heat radiation transfer. The results showed 
that the burner thermal efficiency could increase by more than 45%. Tian et al. [16] designed 
a geometric structure of burner, which introduced moderate or intense low oxygen dilution 
(MILD) combustion into an I-shaped RT. Experimental data suggested that this combustion 
model could significantly reduce the wall temperature difference and NOx emission. Garcia  
et al. [17] evaluated a single-ended non-recirculating RT burner in different combustion mod-
els by CFD simulation. The numerical simulation results agreed with the experimental data in 
predicting the RT temperature. Wang et al. [18] numerically simulated the heating performance 
of a W-shaped RT with a flue gas circulation tube. They compared the effects of different gas 
compositions of coke oven gas on combustion and emission characteristics. The results proved 
the potential of the flue gas circulation structure in reducing NOx emission. In addition, many 
low NOx combustion technologies for burner geometric design have been paid much attention 
in the combustion field [19-21], such as exhaust gas re-circulation [22], dilution combustion 
[23, 24], and multi-zone and multi-stage combustion [25].

It is demonstrated that the fuel-staging combustion style can effectively extend the 
flame propagation and reduce the maximum flame temperature in the reaction zone. However, 
few studies so far on the influence of the fuel-staging on the tube wall temperature uniformity, 
which decides the heating quality to a great extent [26]. Additionally, although there have been 
some burner improvements in RT, how the nozzle main structural parameters influence the 
RT’s performance is still needed to be further investigated [27]. Therefore, this paper proposed 
a new multi-stage dispersed burner (NMSDB) for the radiation tube to improve the combus-
tion and emission characteristics. Then, a 3-D numerical model was established to present the 
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combustion phenomenon of the RT, and the reliability of the model was verified by comparison 
with the experiment. The effects of structural parameters, including the secondary fuel nozzle 
distance, the secondary fuel nozzle diameter, and the tertiary fuel nozzle diameter, on the flow 
field, temperature field, and NOx emission were studied and discussed in depth. In addition, the 
optimal structural parameters of the minimum NOx emission under different conditions were 
obtained, which could provide a reference for the development and application of RT burners 
with low NOx emission in the heat treatment industries.

Numerical calculation model and method

Physical model

The staging combustion principle shows that dividing the air or gas of the RT into 
multiple stages can make the combustible gas realize partition combustion. The two flue gas 
circulation tubes of the DPRT can cause flue gas re-circulation and reduce combustion tem-
perature. Figure 1(a) shows the overall structure of the NMSDB and DPRT. The length of the 
straight tube was 1400 mm, and the total length of the RT was 6750 mm. The diameters of the 
center and branch tubes were 244 mm and 196 mm, respectively. Besides, the distance between 
the center tube and the branch tube was 406 mm. The X = 0 mm position was the common tan-
gent between the two circulation tubes and the central line of the spindle. Based on the flow and 
heat transfer characteristics of the DPRT, the burner was installed at the tube port and coaxial 
with the central tube. 

A NMSDB was developed for the DPRT, and its structure is shown in fig. 1(b). A 
fuel inlet was provided at the rear end of the burner’s shell, and an air inlet was provided at the 
upper end of the shell. The air was divided into two-stages, and the fuel was mainly divided 
into three-stages. There was a variable diameter fuel pipe, which contained a plurality of nozzle 
ejection holes. The primary fuel nozzle was designed in the tapered section of the fuel pipe. In 
addition, a gradually shrinking annular nozzle of the burner was designed to form a high speed 
gas flow (at a velocity of 100 m/s) and suck a portion of reflux flue gas to the flame combustion 
reaction region through the circulation tubes. As illustrated in this view, the secondary fuel noz-
zle contained multiple ejection holes located in the fuel pipe’s middle portion. The tertiary fuel 
nozzle was at the end of the fuel pipe. The specific engineering process of the burner was first, 
the primary air and the primary fuel burnt in the combustion chamber, mainly for ignition. The 
nozzle of the combustion chamber produced a high speed flow to entrain part of flue gas from 
the circulation tubes and return it to the combustion center. At the same time, the reflux flue gas 
would dilute the local oxygen concentration field. Then the secondary fuel and secondary air 
participated in the combustiongether, forming high temperature and low oxygen combustion in 

Figure 1. Schematic diagram of the physical structure of the DPRT and NMSDB;  
(a) schematic diagram of NMSDB and DPRT's assembled structure and  
(b) schematic diagram of the DPRT and NMSDB
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the central tube. After that, the flame propagated forward and encountered the unburned fuel, 
namely the tertiary fuel, and the combustion reaction occurred. In this way, the flame length 
was extended to form dilution combustion during the reaction process, which could prolong the 
burning time and reduced the local high temperature zone of the RT. 

For the NMSDB, changing the fuel nozzle structural parameters fundamentally affects 
the combustion flame. In this work, we evaluated the flame characteristics by three structural 
parameters, including secondary fuel nozzle distance D (30 mm, 50 mm, and 70 mm), second-
ary fuel nozzle diameter ds (2 mm, 3 mm, 4 mm, 5 mm, and 6 mm), and tertiary fuel nozzle 
diameter dt (2.5 mm, 5 mm, 7.5 mm, and 10 mm). The structure was represented by the dashed 
black lines in fig. 1(b).

Mathematical model

The numerical simulations were carried out by FLUENT version 16.0 [28], and the 
main governing equations solved for a 3-D domain are: 
 – Continuity equation
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Non-premixed combustion model (PDF model):
 – f ¯ fequation: 
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 –  f ¯′2 equation: 
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where f ′ = f – f ¯, are 0.85, 2.86, 2, repectively.
Radiation equation (discrete ordinates model):
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where r→ is the position vector, s→ – the direction vector, s→′ – the scattering direction vector, s – the 
path length, a – the absorption coefficient, n – the refractive index, σs – the scattering coefficient, σ 
[Wm–2K–4] – the Stefan-Boltzmann constant, I – the radiation intensity, T – the local temperature, 
ϕ – the phase function, and Ω′ – the solid angle. In addition, the scattering coefficient, the scatter-
ing phase function, and the refractive index are assumed independent of wavelength.

The NOx formation models (thermal and prompt NOx):
 – Thermal NOx formation (Zeldovich mechanism)

2O N N NO+ + (9)

2N O O NO+ + (10)

N OH H NO+ + (11)
 – Thermal NOx reaction rate:
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 – Prompt NOx formation:

2CH N HCN N+ + (13)

2N O O NO+ + (14)

2HCN OH CN H O+ + (15)

2CN O NO CO+ + (16)
 – Prompt NOx reaction rate:
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Mesh division and boundary conditions

The 3-D modelling and meshing of NMSDB and DPRT use ICEM software. Due 
to the symmetrical structure of DPRT, the central section and the symmetrical surface of the 
central tube were taken as the two symmetrical surfaces of the model, and 1/4 of the whole 
structure was selected as the research object. The 1/4 calculation model and mesh division of 
NMSDB and DPRT are shown in fig. 2. The burner and exhaust gas outlet were meshed us-
ing unstructured grids because of their complex geometries, while the central tube, circulation 
tube, and branch tube were meshed using structured grids. Moreover, the local mesh refinement 
method was adopted for the burner and fuel nozzle and their surroundings, as shown in the local 
magnification in fig. 2. The 3-D model grid was verified independently to ensure the model’s 
reliability and the accuracy of the calculation results. When the number of grids gradually in-
creased from 1000000-3500000, the calculation showed that the gas temperature change was 
below 5%, and the change rate of NOx concentration at the outlet was less than 3.5%, which 
verified the grid independence. The maximum length of the grid element was 6 mm, the total 
number of grids was 1200357, and the whole grid quality was above 0.35. Besides, the SIMPLE 
algorithm and the second-order upwind scheme were used to discretize the governing equations 
[29]. The gravity was considered in the simulation, and the acceleration vector pointed to the 
negative direction of the Y-axis. The convergence criterion was that the residual errors of all 
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parameters were less than 10–6, and the maximum allowable difference of gas temperature and 
mass-flow rate at the outlet were less than 10–3.

Figure 2. Mesh division and local magnification

The inlets for air and fuel were mass inlet boundary conditions, and the outlet was 
pressure outlet condition [30]. The used fuel was natural gas (92.7% CH4, 5.5% C2H6, 1.0% 
C3H8, 0.4% C4H10, and 0.4% N2), and its low calorific value was 38002.6 kJ/Nm3 with a density 
of 0.77 kg/m3 under standard conditions. The nominal power capacity of the burner was de-
signed to be 160 kW. The distribution ratio of primary air and secondary air was set to 1:9, and 
the primary, secondary, and tertiary fuel distribution ratio was 1:4.5:4.5. The specific boundary 
conditions are listed in tab. 1. 

Table 1. Simulation boundary conditions
Type of boundary condition Parameter Value (unit)

Inlet
Fuel Temperature (298 K), mass-flow 2.93 ⋅ 10–3 kg/s

Air Excess air coefficient (1.1),  
temperature (873 K), mass-flow 5.47 ⋅ 10–2 kg/s

Outlet Exhaust gas Pressure –100 Pa

Wall surfaces No slip boundary condition [31] Convection and radiation 
heat transfer coefficient

α = 1 W/(m2K), 
ε = 0.85

Environment Standard wall function treatment Average measured temperature 1223 K

Model verification 

To verify the accuracy of the calculation model, the simulation results and the cor-
responding experimental data were compared and analyzed. The experimental system and the 
monitoring points installation lay-out for wall temperature measurement are shown in fig. 3. 
Sixteen K-type thermocouples were welded along the tube wall surface to measure the wall 
temperature along the tube’s length. The exhaust gas concentrations were measured in the ex-
haust pipe-line using a VARIO PLUS flue gas analyzer (an uncertainty of ± 1% by volume). 
Besides, the gas analyzer was calibrated and checked before the experiment to ensure the ac-
curacy of the measurement. Figure 4 depicts the comparison of tube wall temperature between 
the experimental and simulated results. In the experiment, we set the burner power to 160 kW 
and adopted the same parameters as the simulated boundary conditions, as shown in tab. 1. 
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The relative error of wall temperature between 
the experimental and simulated results was less 
than 2% through comparative analysis. The out-
let CO and NOx concentrations of the experimen-
tal results were 10.0 ppm and 164.5 ppm (8% 
O2), while the outlet CO and NOx concentrations 
of the simulation results were 9.1 ppm and 170.6 
ppm (8% O2). Notably, the NOx concentration 
error between the experimental and simulat-
ed results was less than 3.7%. Thus, the errors 
between the simulated and experimental results 
were consistent with the accuracy requirements 
of the engineering simulation, which proved that 
the numerical model was suitable and accurate.

Results and discussion

Effect of the secondary fuel nozzle distance on the performance of DPRT

The purpose of the NMSDB was to mitigate the tube wall temperature difference 
by fuel dispersion combustion. Therefore, the structural parameters of the fuel injector have 
a significant impact on the temperature uniformity of the DPRT, especially the secondary fuel 
nozzle. To explore this hypothesis, we set the nozzle distance range to 30 mm, 50 mm, and  
70 mm, respectively. Figure 5 shows the temperature distribution of the RT for different nozzle 
distances. It is showed that the smaller nozzle distance generated a higher combustion tempera-
ture than the larger nozzle distance in the central tube, which may be due to the change of resi-
dence time in the combustion reaction zone. With the increase of nozzle distance, the flame res-

Figure 3. Experimental test system and monitoring points installation lay-out [mm];  
(a) position distribution of monitoring points for tube wall temperature and  
(b) experimental test system and data acquisition system control screen

Figure 4. Comparison of the simulation and 
experimental results
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idence time increased, resulting in dilution combustion. As the distance increased from 30 mm  
to 70 mm, the secondary fuel made combustion more dispersed, and the peak temperature in the 
high temperature region of the central tube gradually decreased. The gas temperature in the cen-
tral tube decreased by 20 K, while that in the branch tube decreased by 5 K. At the same time, 
the tertiary fuel would move backwards along the flue gas-flow direction, thereby delaying the 
reaction time and avoiding the concentration of the high temperature reaction region.

Figure 5. Gas temperature distributions of the DPRT under  
different nozzle distances

Thermal efficiency is one of the significant properties of a RT. Therefore, to quantify 
the heating efficiency of the DPRT, is defined: 

c a f e

c

Q Q Q Q
Q

η
+ + −

= (18)

where η [%] is the thermal thermal efficiency and Qc, Qa, Qf, and Qe [kJ] are the combustion 
heat, the heat brought by air, the heat brought by fuel, and the heat taken away by the exhaust 
gas, respectively. 

To compare the performance of DPRT under different nozzle distances, the tube wall 
temperature characteristics and thermal efficiencies are listed in tab. 2. The change of the sec-
ondary nozzle distance hardly affected the thermal efficiency of DPRT. The increase of the 
nozzle distance caused the rise of the three-way tube wall temperature, so the wall temperature 
difference rose by 3.5 K, which demonstrated that the nozzle distance increase was insufficient 
to improve the overall performance of DPRT observably. 

Table 2. Performance parameters of the DPRT with 
different secondary nozzle distances

The secondary nozzle distances 30 mm 50 mm 70 mm
Maximum wall temperature [K] 1333.1 1335.9 1335.9
Minimum wall temperature [K] 1260.3 1261.0 1259.6
Average wall temperature [K] 1285.3 1285.0 1285.1
Wall temperature difference [K] 72.8 74.9 76.3
Wall heat transfer [kW] 99.3 98.8 99.1
Thermal efficiency [%] 62.1 61.8 61.9

Figure 6 shows the velocity magnitude distribution of the DPRT. When the distance 
increased, the flow velocity magnitude in the central tube along the gas-flow direction de-
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creased by 1 m/s. The gas-flowed from the central tube to the branch tube, and was blocked 
by the wall at the position of the three-way tube, resulting in the decrease of the flue gas speed 
and the formation of the flow stagnation zone at the tail of the three-way tube. These could be 
explicated that increasing the nozzle distance may delay the confluence of the unburned fuel 
stream and the oxidant stream, thus promoting more heat flux distribution along the tube length, 
which was also the result of kinetic energy and pressure energy conversion [32]. In the branch 
tube, the flow state was close to the central tube. Due to the increase in the total cross-sectional 
area of branch tubes, the flow velocity decreased to as low as 26 m/s at the circulation tube.

Figure 6. The velocity magnitude distributions of the DPRT

The maximum combustion temperature dominates the thermal NOx formation in the 
DPRT. To explore the NOx emission characteristics of the overall RT, the NOx concentration 
distribution of DPRT was shown in fig. 7. It is noticed that as the nozzle distance increased, 
the NOx concentration gradually decreased. With the increasing distance from 30-50 mm, the 
NOx emission concentration at the outlet reduced from 69.0-54.6 ppm, a decrease of 20.9%. 
As aforementioned, the peak of combustion temperature decreased when the nozzle distance 
decreased. This contributed to a lower thermal NOx formation inside the tube. When the nozzle 
distance was between 50 mm and 70 mm, the NOx formation concentration had a slightly de-
creasing trend, but it was not significant.

Figure 7. The NOx concentration distributions of the DPRT 

Effect of the secondary fuel nozzle diameter on the performance of DPRT

This section studied the secondary fuel nozzle diameter effect on NOx emission, 
which was severally set to 2-6 mm. The flow field and the temperature field in the tube were 
mainly caused by the combustion of primary and tertiary fuel, so there was little effect on the 
gas temperature field in the DPRT. The results were similar to those in the previous section 
and would not be repeated here. Table 3 shows the variation in the wall temperature at differ-
ent secondary fuel nozzle diameters. As the secondary fuel nozzle diameter increased from  
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2-6 mm, the average wall temperature was almost no change, and the thermal efficiency gradu-
ally increased from 61.9-62.3%. This indicates that the increased diameter of the secondary fuel 
nozzle weakened the flue gas circulation in the tube and increased the exhaust gas temperature, 
resulting in an increase in heat loss [33]. However, the maximum wall temperature difference 
gradually increased from 72.8-76.3 K, which proved that the better thermal efficiency of the RT 
came at the cost of uniformity performance.

Table 3. Performance parameters of the DPRT with different secondary fuel nozzle diameters
The secondary fuel nozzle diameter ds = 2 mm ds = 3 mm ds = 4 mm ds = 5 mm ds = 6 mm

Maximum wall temperature [K] 1333.1 1333.6 1334.0 1334.5 1335.9
Minimum wall temperature [K] 1260.3 1260.2 1260.1 1259.3 1259.6
Average wall temperature [K] 1285.2 1285.2 1285.0 1285.3 1285.1
Wall temperature difference [K] 72.8 73.4 73.9 75.2 76.3
Wall heat transfer [kW] 99.1 99.0 99.4 99.5 99.7
Thermal efficiency [%] 61.9 61.9 62.1 62.2 62.3

Figure 8 shows the NOx concentration distribution of the DPRT on different secondary 
fuel nozzle diameters. As shown in the figure, as the diameter increased, the NOx concentration 
tended to decrease. The NOx concentration of the central tube was always lower than the NOx 
concentration of the branch pipe. In the range of 2-5 mm, the NOx concentration in the central 
tube gradually decreased and diffused to the branch tube. Especially when ds = 4 mm and 5 mm,  
a transparent W-shaped area in the three-way tube. Figure 9 shows the NOx variation at the 
outlet and the highest combustion temperature under the different secondary fuel diameters. 
We observed that the NOx concentration at the outlet dramatically decreased in the case with 
the increase of secondary fuel nozzle diameter. Basically, the NOx concentration first decreased 
and subsequently increased. As the diameter changed from 2-5 mm, the NOx concentration de-
creased from 55 ppm to the lowest value, 45.6 ppm, a decrease of 17.1%. This phenomenon can 
be explained by the diffusion mixing of secondary fuel and air to form dilution combustion and 
by providing relatively high dispersion combustion eliminate the formation of potential local 
thermal stresses [34]. When the diameter increased by 6 mm, the fuel velocity magnitude was 
too small, leading to a decrease in the rate of dilution combustion. In turn, it also caused the 
combustion high temperature region move backwards and expand. 

Figure 8. The NOx concentration distribution on different secondary  
fuel nozzle diameters
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Figure 9. Variation curves of the NOx 
concentration at the outlet and maximum 
combustion temperature

Figure 10. The NOx concentration  
distribution along the axial direction

Figure 10 shows the NOx concentration distribution along the axial under different 
secondary fuel nozzle diameters. At 0-800 mm, the NOx concentration gradually decreased, 
reaching a minimum of 800 mm. At 800-4000 mm, with the flame constantly moving forward, 
the secondary and tertiary fuel burnt continually, resulting in a high temperature zone, and 
then the NOx concentration increased simultaneously. As the secondary fuel nozzle diameter 
increased, the NOx concentration dropped first quickly, then decreased slowly. The NOx concen-
tration at the outlet reached a minimum when ds =5 mm. It is probably due to the reduced fuel 
velocity and stronger secondary combustion of unburned fuel downstream of the flame [35]. 

Effect of the tertiary fuel nozzle diameter on the performance of DPRT

The tertiary fuel nozzle diameter was set to 2.5 mm, 5 mm, 7.5 mm, and 10 mm, respec-
tively. Figure 11 shows the gas temperature distribution of the DPRT. With the increase of tertiary 
nozzle diameter, fishtail temperature zones of different sizes were formed at the three-way tube, 
whose area first decreased and then increased. There was a rectangular-shaped high temperature zone 
in the main tube when dt = 2.5 mm while a cone-shaped high temperature zone when dt = 10 mm.  
The gas temperature field after the tertiary fuel nozzle in the central tube changed significantly, and 
the average gas temperature increased in the range of 5-20 K. This was due to the reaction time of the 
fuel decreased while the combustion intensity decreased simultaneously [36]. The combustion area 
was relatively enlarged, and the high temperature area gradually changed from an axial long-pointed 
shape to a short-blunt shape, which increased the average temperature of flue gas.

Figure 11. Gas temperature contour on different  
tertiary fuel nozzle diameters of the DPRT
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Table 4 shows the changes in wall temperature, wall temperature difference, wall heat 
transfer and thermal efficiency of the DPRT based on different tertiary fuel nozzle diameters. 
For all the aforementioned cases, the thermal efficiency of RT increased with the increase of 
nozzle diameter. However, when the nozzle diameter increased from 2.5-7.5 mm, the wall tem-
perature difference decreased, and the change rate of wall temperature dropped significantly. 
On the contrary, the wall temperature difference increased when the nozzle diameter increased 
from 7.5-10 mm. This indicates that the combustion rate at the tertiary nozzle decreased with 
the increase of nozzle diameter, which released more heat to the local inner wall. When the di-
ameter was 7.5 mm, the wall temperature difference was 73.0 K with the best wall temperature 
uniformity. At this time, the thermal efficiency was 63.7%.

Table 4. Performance parameters of the DPRT with different tertiary fuel nozzle diameters
The tertiary fuel nozzle diameter dt = 2.5 mm dt = 5 mm dt = 7.5 mm dt = 10 mm

Maximum wall temperature [K] 1344.6 1334.5 1332.9 1341.0
Minimum wall temperature [K] 1263.4 1259.3 1259.9 1260.6
Average wall temperature [K] 1285.2 1285.3 1285.1 1285.0
Wall temperature difference [K] 81.2 75.2 73.0 80.4
Wall heat transfer [kW] 99.6 99.5 102.0 105.0
Thermal efficiency [%] 62.2 62.4 63.7 65.6

Figure 12 shows the outlet NOx variation and the maximum combustion temperature 
under different tertiary fuel nozzle diameters. Noteworthy is that the NOx concentration at the 
outlet progressively declined from 54.6 ppm at dt = 2.5 mm to 46.1 ppm at dt = 7.5 mm, a de-
crease of 15.6%, bespeaking that NOx emission could be reduced by increasing the tertiary fuel 
nozzle. However, when the diameter increased from 7.5-10 mm, the NOx concentration was no 
longer changed significantly. The results showed that the tertiary fuel nozzle diameter affect-
ed the maximum combustion temperature of the DPRT, but it was not significant. Figure 13  
shows the NOx concentration distribution along the axial direction under different tertiary fuel 
nozzle diameters. Along the flue gas-flow direction, the NOx concentration increased obvious-
ly faster at 750-1800 mm, and decreased at 1800-3800 mm. It can be attained from fig. 13  
that the change of the diameter slightly affected the distribution trend of NOx generation in the 
flame propagation process. With the increase of the diameter of the tertiary fuel nozzle (in the 

Figure 12. The variation of the outlet NOx  
and the maximum combustion temperature

Figure 13. The NOx concentration  
distribution along the axial direction
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range of 2.5-7.5 mm), the maximum combustion temperature was relatively stable, and the 
range of combustion high temperature zone was narrowed, thereby resulting in a decrease in the 
NOx concentration. However, when the diameter of the tertiary fuel nozzle was in the range of  
7.5-10 mm, the NOx concentration maintained a relatively uniform distribution. It is most like-
ly that the dispersion combustion effect near the tertiary fuel nozzle was increased, and the 
reaction time was increased to increase the maximum combustion temperature because of the 
decreased tertiary fuel velocity [37].

Conclusions

 y The multi-stage dispersed fuel nozzle could extend the flame length and increase the dilu-
tion degree of the combustion high temperature zone, thereby improving the uniformity of 
the tube wall temperature and the performance of NOx emission reduction.

 y As the secondary fuel nozzle distance increased from 30-70 mm, the gas-flow velocity grad-
ually decreased, and the wall temperature uniformity of the RT slightly deteriorated. Nev-
ertheless, the NOx concentration remarkably decreased to its lowest level of 54.6 ppm and 
decreased 20.9% when D = 50 mm.

 y When the secondary fuel nozzle diameter was in the range of 2-5 mm, increasing the sec-
ondary fuel nozzle diameter could improve thermal efficiency, slightly decrease maximum 
combustion temperature, and restrain NOx generation. When ds = 5 mm, the NOx concentra-
tion at the outlet reached the lowest value of 45.6 ppm, a decrease of 17.1%.

 y When the tertiary fuel nozzle diameter was in the range of 2.5-7.5 mm, increasing the ter-
tiary fuel nozzle diameter could reduce the maximum wall temperature difference and NOx 
emission. When the tertiary fuel nozzle diameter was 7.5 mm, the wall temperature unifor-
mity was the best, and the NOx concentration at the outlet reached a minimum of 46.1 ppm.
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Nomenclature

Cd, Cg  – constants of the transport equations
Cp  – specific heat, [Jkg–1K–1] 
C1, C2, C1ε, C3ε – constants of the k-ε model
Gb – generation of turbulence kinetic energy due 

to buoyancy
Gk – generation of turbulence kinetic energy due 

to the mean velocity gradients
H  – total enthalpy, [Jkg–1]
I  – radiation intensity, which depends on 

position ( r→) and direction ( s→)
k  – thermal conductivity, [Wm–1K–1]
keff – effective thermal conductivity, [Wm–1K–1]
kf,1, kf,2, kf,3 – rate constants, [m3mol–1s–1]
kr,1, kr,2, kr,3 – reverse rate constants, [m3mol–1s–1]
n – refractive index
p  – static pressure, [Pa] 
Q – heat, [kJ] 
→r  – position vector
S  – path length, [m]

Sm  – radiative heat source, [J]
Suse  – user-defined source term
s→′ – scattering direction vector
s→ – direction vector
T  – local temperature, [K]
v→ – fluid velocity vector, [ms–1]
YM – fluctuating dilatation of dissipation rate 

term

Greek symbols

α – absorption coefficient
η – thermal efficiency
µ – dynamic viscosity, [Pas]
µt – turbulent (or eddy) viscosity, [Pas]
ρ – fluid density, [kgm–3]
σ – Stefan-Boltzmann constant, [Wm–2K–4]
σk, σε – Prandtl numbers for k-ε equations
σs – scattering coefficient
σt  – Prandtl number for transport equations
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