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A B S T R A C T   

The reduced inlet flue gas temperature of the selective catalytic reduction (SCR) denitrification device is a 
significant problem during the low-load operation of boilers. In this study, an experimental system for turbulent 
thermal mixing of high and low-temperature flue gases was built to study the thermal mixing method in bypass 
flue gas technology and the effect of the temperature difference and flow rate variation of high and low- 
temperature flue gases at low load on the thermal mixing characteristics. The experiments evaluated the ther
mal mixing characteristics by measuring the temperature field distribution, calculating the inhomogeneity pa
rameters ζT , and investigate the multi-jet distribution characteristics. The investigation was carried out more 
accurately by combining the simulation results. The results show that the tube wall jet combined with the bottom 
jet method provides the highest warming effect and possesses the lowest mixing non-uniformity parameter. At 
the location which is 1.25 times the hydraulic diameter of the duct away from the jet pipe, the temperature 
difference between the mainstream and the jet drops from 270 ◦C to 180 ◦C, causing ζT to drop from 0.46 to 0.37. 
Decreasing the jet velocity and increasing the main flow velocity promote a decrease in ζT , indicating that the 
ratio of jet velocity to main flow velocity and the velocity ratio UJ

Um 
are crucial factors affecting the thermal mixing 

characteristics, which directly affects the heat transfer between hot and cold fluids. The ζT decreases from 0.52 to 
0.42 as UJ

Um 
changes from 3.58 to 2.15. This study provides a reference for ensuring the safe and stable operation of 

SCR denitrification system during the low-load operation of coal-fired boilers.   

1. Introduction 

Recently, carbon emission reduction has become a new requirement 
for industrial development. New clean energy sources are rapidly 
developing, with the percentage of installation and power output 
increasing annually [1–3]. However, new energy sources, such as solar 
power, wind power, and hydroelectric power generation, are charac
terised by unstable power generation. This is because they are subject to 
natural conditions, resulting in fluctuations in the of power generation 
capacity [4,5]. To meet electricity demand, the electricity grid must 
regulate the electricity production. Thermal power is the backbone of 
the power industry in China. As China remains the primary global coal 
producer and user, coal will continue to play an irreplaceable role in 
China’s energy consumption for some time in the future [6,7]. Following 
China’s energy development policy, coal-fired generating units must 
provide flexible peaking capabilities to guarantee the long-term stable 
and safe operation of coal-fired power plant systems under low loads[8]. 

However, during the operation of thermal power units under low-load 
conditions (generally below 50 % of the rated load), the flue gas tem
perature from combustion decreases. Selective catalytic reduction (SCR) 
denitrification technology is now widely used in power plants to remove 
pollutants from flue gases. The catalysts used in this technology operate 
in the temperature range of approximately 280 to 420 ◦C [9]. NH3 
produced by the reducing agent reacts with SO3 in the flue gas to form 
ammonia sulfate or ammonia bisulfate when the SCR inlet flue gas 
temperature is below the catalyst operating temperature. The ammo
nium salts generated block the catalyst’s active micro-pores, which 
causes abrasion and reduces catalyst activity, resulting in reduced cat
alytic efficiency, higher NOx emissions, and increased ammonia escape 
[10–13]. These problems can be solved by improving the inlet flue-gas 
temperature of the SCR device through a flue gas bypass or by devel
oping catalysts for the low-temperature range[14,15]. The conventional 
flue gas bypass method injects high-temperature flue gases directly into 
the low-temperature flue gases of the main tail flue, as illustrated in 
Fig. 1, but the high- and low-temperature flue gases fail to mix uniformly 
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over short distances. Because the reactivity of the catalyst is very 
temperature-sensitive, temperature deviations at the SCR inlet flue can 
still lead to higher NOx emissions [16]. Therefore, the flue gas injected 
into the SCR denitrification system must not only meet the specific 
temperature of the operating range but also ensure the uniformity of 
heat distribution to achieve safe and reliable functioning of coal-fired 
station systems under low loads [17]. 

The traditional bypass flue gases thermal mixing of hot and cold flue 
gas mentioned above is the essence of the physical phenomenon of jet 
into crossflow (JICF). This classical fluid motion is characterised by 
complex flow and mixing characteristics [18]. Researchers have con
ducted studies in related areas. Su et al. [19] measured the time- 
averaged turbulence values and velocity fields of round-hole jets in 
the developing region of the flow using planar laser-induced fluores
cence (PLIF) and particle image velocimetry (PIV) techniques and ana
lysed the scaling properties of the JICF. Naik-Nimbalkar et al. [20] 
studied the thermal mixing of the crossflow of double jets in the same 
row by experimental and numerical simulations, measured time- 
averaged speeds and temperature fields, and predicted the 

temperature undulations using temperature variance models. Ghahre
manian et al. [21] used PIV and laser doppler anemometry (LDA) to 
study the near-field confluence characteristics of a 6 × 6 inline circular 
nozzle arrangement at low Reynolds number. The flow field of the 
converging jets exhibited an asymmetrical distribution of Reynolds 
stress around the jet axis and highly anisotropic turbulent flow. Choi 
et al. [22] analysed the variation law of the intrusion performance of a 
secondary air injection system with the jet intrusion factor and momenta 
flux ratio through visualisation experiments. Zhou et al.[23] investi
gated the mixing process and distribution characteristics of a super
critical endothermic hydrocarbon fuel jet in a supersonic crossflow, 
using both experimental and numerical methods. The study reveals the 
effects of conditions such as the inflow Mach number, injection pressure, 
and injection temperature on the mixing efficiency. Wang et al. [24] 
conducted an experimental study of a water jet injected laterally into a 
subsonic crossflow using digital holographic imaging and explored the 
relationship between the jet column trajectory and downstream droplet 
distribution. Lv et al. [25] investigated the evolution of different vortex 
structures in cross-flow jets and their interaction mechanisms using 
high-precision numerical methods, and further investigated the effect of 
the velocity ratio on the vortex structure. 

JICF is widely used in engineering practices such as combustion 
instability control [26,27], pollutant generation regulation [28–31], and 
cooling of gas turbine gas films [32]. Zhou et al. [28] investigated the 
impact of N2/O2 and CO2/O2 jets on the combustion instability, diluted 
premixed methane flame structures, and NOX emissions. The results 
showed that the CO2/O2 jet produced a more homogeneous temperature 
field than the N2/O2 jet, resulting in reduced NOX emissions. Stiehl et al. 
[29] investigated the effect of N2 and CO2 diluents contents on NO and 
CO emissions in crossflow premixed reaction jets, revealing a relation
ship between diluents addition, axial exotherms, and nitric oxide 
contamination generation. Zhu et al.[33] simulated and compared the 
influence of internal coolant crossflow in a novel film cooling hole 
design, called “sister holes”, and a baseline cylindrical hole, which found 
the air film cooling performance of the sister hole was better than that of 
the reference cylindrical hole under different blowing ratios, and the 
advantage of the sister hole was obvious with the increase of the blowing 
ratio. Ding et al.[34] introduced porosity into the Navier-Stokes equa
tion and developed a procedure to solve gas-particle two-phase flow in a 
supersonic flow field. The evolution of the vortex structure, hydrogen/ 
metal powder fuel distribution, jet penetration depth and mixing effi
ciency in single- and two-hole jet flow fields in a supersonic crossflow 
were analysed. Little research has been conducted on increasing the SCR 

Nomenclature 

Dh hydraulic diameter, mm 
W wetted perimeter, mm 
UJ jet velocity, m/s 
Um mainstream velocity, m/s 
ρJ jet gas density, kg/m3 

ρm mainstream gas density, kg/m3 

AJ cross-sectional area of jet inlet, m2 

Am cross-sectional area of the main flue, m2 

R velocity ratio, R = Um /UJ, dimensionless 
Rm flow ratio, Rm=ρJAJUJ/ρmAmUm, dimensionless 
Φ jet hole diameter, mm 
N number of the jet holes 
xn calculation results 
L length of jet pipe in the flue, mm 
Pr pressure to the right of the jet hole, Pa 
Pl pressure to the left of the jet hole, Pa 
K static pressure change factor 

λl friction coefficient inside jet tube 
Vl velocity to the left of the jet hole, m/s 
Vr velocity to the right of the jet hole, m/s 
D distance between adjacent holes, m 
DH jet hole diameter, m 
DP inner diameter of the jet pipe, m 
Pout external environmental pressure, Pa 
β local resistance coefficient 
VJ jet hole flow velocity, m/s 
ζT inhomogeneity parameter of temperature distribution 
T time-averaged temperature of each measurement point, ℃ 
T0 mainstream temperature, ℃ 
Tmax maximum temperature within the y/Dh = 1.25 cross- 

section, ℃ 
σT standard deviation of the measured temperatures on the 

surface 
θ dimensionless temperature in the measurement plane 
ΔT temperature difference, ℃ 
Reff effective velocity ratio  

Fig. 1. Schematic diagram of flue gas bypass heating technology.  
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inlet temperature by thermally mixing high- and low-temperature flue 
gases with multiple jet pipes in coal-fired power plants under low-load 
operation. Zhou et al. [35] proposed a multi-jet flue gas mixing 
method to preheat sintered flue gas and investigated its thermal mixing 
behaviour. Guo et al. [36]investigated the thermal mixing effect of a 
preheated sintering gas in perforated tubes with several inclined jet 
angles. The results showed that the best mixing performance was ach
ieved with an angular configuration of 120◦ between the jet holes. 
However, current studies do not apply to coal-fired boilers operating at 
low loads. The flue gas of pulverised coal furnaces at low loads contains 
a large amount of fly ash. The ash particles of the high-temperature flue 

gas that hit the low-temperature wall can be deposited and attached to 
the surface [37], continuously growing and eventually forming slag to 
block the openings of the jet pipe wall. 

In this study, two novel multi-jet structures were proposed for the 

Fig. 2. Schematic diagram of experimental setup.  

Table 1 
Experimental cases.  

Case Main flow temperature 
（℃） 

Jet flow temperature 
（℃） 

Temperature difference 
（℃） 

Main flow velocity 
（m/s） 

Jet flow velocity 
（m/s） 

R=
UJ

Um 
Rm=

ρJAJUJ

ρmAmUm 

(%) 

Type 

1 35 305 270 8 25  3.13  19.63 % a 
2 35 305 270 8 25  3.13  19.63 % b 
3 35 305 270 8 25  3.13  19.63 % c 
4 35 260 225 8 25  3.13  19.63 % a 
5 35 215 180 8 25  3.13  19.63 % a 
6 35 305 270 8 18  2.25  14.14 % a 
7 35 305 270 8 21.5  2.69  16.89 % a 
8 35 305 270 6 21.5  3.58  22.51 % a 
9 35 305 270 10 21.5  2.15  13.51 % a  

Fig. 3. Different types of jet mixing.  

Fig. 4. Schematic diagram of the multihole jet pipe (a).  
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Fig. 5. Simulated geometry and boundary conditions of the experimental subject.  

Table 2 
Grid independence test and verification results (Case 1).  

Grid y/Dh = 1.25 surface average 
temperature(K) 

Error 
（%） 

y/Dh = 2.5 surface average 
temperature(K) 

Error 
（%） 

y/Dh = 4.25 surface average 
temperature(K) 

Error 
（%） 

y +
Max. 

129,106  332.3656  –  328.6326  –  327.4716  –  236.51 
320,986  331.0990  0.38 %  328.0623  0.17 %  327.0295  0.13 %  191.43 
861,476  331.6189  0.16 %  328.8845  0.25 %  327.3786  0.11 %  120.28 
1,271,069  331.9955  0.11 %  329.0661  0.06 %  327.5379  0.05 %  104.01 
2,154,111  331.9452  0.09 %  328.9762  0.03 %  327.4409  0.04 %  91.08 
4,921,617  333.6555  0.52 %  329.5200  0.17 %  327.7025  0.08 %  74.34  

Fig. 6. The dimensionless jet velocity distribution characteristics along the jet pipe.  
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thermal mixing of high-and low-temperature flue gases, and the jet 
distribution characteristics were investigated. An experimental system 
was built to simulate preheating of the inlet flue gas of an SCR denitri
fication unit in a coal-fired power plant by extracting high-temperature 
flue gas through a bypass flue. This study compares the mixing perfor
mance of different hot flue jets with that of the mainstream. The influ
ence of the temperature difference and flow velocity variation of the flue 
gas in the main flue and bypass flue on the flue gas thermal mixing 
characteristics under low load conditions was investigated. In practical 
engineering applications, many injection stubs are installed at the lower 
end of the bypass flue and are inserted into the main flue. Due to the 
symmetrical nature of pipe placement, the present experimental and 
simulation studies focused on a single-branched pipe. This study pro
vides a reference for ensuring the safe and reliable operation of SCR 
denitrification systems for coal-fired boilers under low loads. 

2. Experimental setup 

2.1. Experimental device 

The experimental setup is illustrated in Fig. 2. The subject of the 
experimental model was a main flow duct with a rectangular cross- 
section, and the horizontal side position was installed with a multi- 
hole jet pipe. To simulate engineering reality, the experimental model 
size was scaled down to 1:10. The jet pipe was installed horizontally in a 
rectangular main duct attached to a hot-air blower at the rear end. The 
main flow duct has a cross-sectional area of 300 mm × 150 mm, with 
hydraulic diameter equal to Dh = 200 mm. The formula for calculating 
Dh is shown in Eq. (1). 

Dh = 4
Am

W
= 4 ×

150 × 300
2(150 + 300)

= 200mm# (1) 

where Am represents the transverse area of the main flue and W 
represents the wetted perimeter. 

In a hot-gas production system, high-temperature air is provided by a 
hot-air blower. The inlet air temperature was controlled by adjusting the 
heating power of the hot air blower, and the air valve regulated the 
airspeed (air volume). Upstream from the main pipe, a flow straight
ening grille was used to rectify and homogenise the main flow. The 
induced draft fan controls the airflow rate in the main duct. 

The measurement section contained four measurement planes along 
the main wind tunnel, with five sampled holes at the upper part of each 
plane and three sampled holes on the right side. The origin of the co
ordinate system of the device (0, 0) is located at the junction of the axis 
of the jet pipe and the left interface of the main windpipe. The X-axis is 
paralleled to the jet pipe, and the Z-axis is parallel to the altitude di
rection. The four measurement planes were positioned at Y = -220 mm, 
250 mm, 500 mm, and 850 mm. The first measurement plane is used to 
verify the uniformity of the gas-stream distribution before it passed over 
the jet pipes. 

2.2. Experiment case 

According to the available data for a coal-fired boiler, the flue gas 
temperature difference between the exit of the final superheater and the 
outlet of the economiser during low load operation is the lowest at 
180 ◦C and can increase to 270 ◦C. The locations are used for extracting 
high-temperature flue gas and low-temperature mainstream flue gas 
sources. Therefore, the following study cases were set up as detailed in 

Fig. 7. Temperature contours of the transverse section in the centre of partial jet holes.  
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Table 1. 
Cases 1–3 compared three different types of high-temperature flue 

gas injection methods, including two types of multi-jet and a single jet 
injected as a jet in crossflow. The actual structure is shown in Fig. 3. The 
diameter of the jet pipe was 60 mm, and 24 jet holes were opened on the 
wall of the pipe. The inner diameter of the jet holes was Φ = 15 mm, and 
the jet holes on the wall of the pipe were staggered in two rows at equal 
distances. The angle between each row and the centre axis of the pipe 
was α = 45◦, and the adjacent jet holes were separated by 20 mm. When 
installing the jet pipe, keep the central surfaces of the two rows of jet 
holes horizontal. The dimensions are shown in Fig. 4. A flange was 
welded to the base of the jet pipe as a connection to an inlet pipe 
mounted on the side of the pipe. Jet pipe (a) contains a bottom centre jet 
hole with an inner diameter of 15 mm in addition to the jet holes in the 
wall, which is a total of 25 holes. These bottom centre jet holes are 
employed in engineering practice to blast the ash particles in the flue gas 
from the jet pipe, preventing the jet holes in the pipe wall from 
becoming clogged by ash accumulation. Jet pipe (b) has only jet holes in 
the pipe wall. Type (c) is a single jet. The main flow duct was 300 mm 
wide, and the length of the jet pipes (a) and (b) deep into the main flow 

duct accounted for 90 % of the duct width, which was 270 mm, to reduce 
the production cost and ensure adequate outflow of the bottom jet. A jet 
pipe was installed in the main flow duct, with jet holes on the backwind 
side. The centres of the two lines of the jet holes were maintained in the 
same vertical section. 

2.3. Scalar field measurement 

The flow distribution through the jet holes of the multihole pipes was 
measured using a hot-wire anemometer (KAMOMAX), which provided a 
measurement accuracy of ± 3.0 % and a measurement precision of 0.01 
m/s. The time-averaged temperature was measured using K-type ther
mocouples attached to Agilent with an accuracy of ± 1.5 ◦C. Fifteen 
thermocouples were used to obtain the vertical temperature distribution 
within the mainstream pipe. Similarly, 18 thermocouples were arranged 
horizontally to measure the average temperature over two minutes. The 
Agilent data-acquisition frequency was 2 Hz. Up to 129 measurement 
points in each measurement plane were available for the data 
processing. 

Fig. 8. Velocity contours and streamlines inside the jet pipe.  
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3. Simulation 

To ensure the accuracy of the experimental results, further in
vestigations employing computational fluid dynamics (CFD) numerical 
simulations were performed. The steady-state flow of an incompressible 
fluid was considered, and the effect of radiative heat transfer was 
neglected. Therefore, the governing equations are expressed as follows. 

The continuity equation: 

∂(ρui)

∂xi
= 0# (2) 

The momentum equation: 

∂
(
ρuiuj

)

∂xi
= −

∂P
∂xi

+
∂

∂xi

[

(μ + μt)

(
∂uj

∂xi
+

∂ui

∂xj

)]

# (3) 

The energy equation: 

∂(ρuiT)
∂xi

=
∂

∂xi

[(
μ
Pr

+
μt

Prt

)
∂T
∂xi

]

# (4) 

Numerical simulations were performed using the commercial soft
ware ANSYS-FLUENT 2020 R2, and the pressure-based solver was used 
to solve the nonlinear control equations. The computational model was 
based on the measurement part of the experimental system, and the 
inner diameter of the front tube of the jet port was 50 mm, which was the 
same as the inner diameter of the air supply end of the experimental 
system where the hot air fan and the porous jet tube were connected. 
The computational cases are consistent with the experimental condi
tions. The specific model structure and boundary conditions are shown 
in Fig. 5. In this simulation, the viscous model used the standard k–ε 
model with standard wall functions for the boundary layer problem, 
which provided reasonably accurate results for wall boundary flows 
with very high Reynolds numbers. The other wall surfaces were set as 
non-slip adiabatic walls. The SIMPLE algorithm solves the flow field. 
The second-order upwind scheme was used to discretise the convection 
term. 

Three cross sections in the model with y/Dh = 1.25, y/Dh = 2.5 and 
y/Dh = 4.25 were selected as check surfaces in the grid independence 
verification. The calculated values were compared and the errors were 
calculated. The total mesh size was increased by increasing the number 
of nodes. In the grid-independent validation, the jet pipe type of the 
model is as shown in (a). Table 2 lists the errors for the three cross- 
sections. The error was calculated using the following Eq. (5), 

error =
|xn − xn+1|

xn
× 100%# (5) 

where xn denotes the calculation result, and n indicates the n-th 
calculated case. 

Table 2 shows that as the grid number increases from 129,106 to 
2,154,111 the surface average temperature errors of the three cross 
sections become smaller and smaller. When the number of grids in
creases to 4921 1617, the error of the calculation results increases. When 
the number of grids increases from 861,476 to 2154111, the errors in the 
calculation results for all three inspection surfaces are within 0.2 %. 
Furthermore, the errors in the calculations are all within 0.1 % when the 
number of grids increases from 1,271,069 to 2154111, which is small 
enough to be negligible. Therefore, the grid number for all simulations 
was 1,271,069 to ensure accuracy while reducing computational time. 

4. Results and discussion 

4.1. Jets stream distribution features 

The flow distribution of jet holes is influenced by factors such as the 
hole size, hole spacing, and location of the jet hole [35,36]. Differences 
in the flow distribution characteristics of different structural jet pipes 
can affect the penetration intensity of the jet in the mainstream [22], 
leading to changes in the thermal mixing performance of the high- and 
low-temperature flue gases. Therefore, an analysis of the jet stream 
distribution features of the different jet pipes is required. The results are 
shown in Fig. 6, where the dimensionless jet speed of the jet orifice tends 
to increase and then decays along the jet pipe. The extreme values 
appear between x/L = 0.6 and 0.8 in the middle and rear sections of the 
jet pipe. 

Fig. 7 presents the temperature distribution in the centre transverse 
section of some jet holes during the thermal mixing of high and low- 
temperature gases in the (a)-type pipe. It can be visually observed that 
the high-temperature zone behind the jet pipe steadily expands from the 
1st to the 19th jet hole, correlating with the gradually increasing jet flow 
from the jet hole at this point. From the 19th to the 24th jet hole, the 
high-temperature area behind the jet pipe gradually decreases, corre
sponding to a gradual decay of the jet flow from the jet hole at that 
location. The relative position of the 19th jet hole was x/L = 0.704, 
which was located between x/L = 0.6 and 0.8. 

In comparison to pipe (b), pipe (a) had an additional bottom jet 
orifice. When the flow distributions of the (a) and (b) jet pipes are 
compared, the flow distribution of the (a) pipe deviates more meanwhile 

Fig. 9. Effect of thermal mixing of different jet types on the axial temperature. (a) The average temperature of each section after thermal mixing; (b) the average 
warming effect of each section after thermal mixing. 
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the dimensionless jet velocity of the bottom jet orifice (No.25) of the (a) 
pipe is the greatest. The trend seen in the simulation calculation results 
is similar to that found in the experimental results. This feature is ad
vantageous in engineering applications because the ash particles in 
high-temperature flue gas are blown out from the bottom jet orifice, 
preventing the ash particles from blocking the jet orifice on the tube 
wall. 

The structure of the multihole jet pipe was similar to that of the 
manifold pipe. To infer the flow distribution in the manifold pipe, the 
flow distribution of the multi-hole jet pipe was analysed using the 
discrete model proposed by Lu et al. [38]. The discrete model is 
expressed by Eq. (6) below. 

Pr(i) − Pr(i − 1) = ρK
[
V2

l (i) − V2
r (i)

]
− ΔPx − λl(i)

L − DH

DP

1
2

ρV2
l (i)#

(6)  

1
2
[Pdl(i) + Pdr(i) ] = Pout + [1 + β]

1
2

ρVJ# (7) 

where r and l represent the right and left sides of the i th jet hole, 
respectively, and K denotes the static pressure conversion factor, which 
is a correction coefficient for the pressure loss. λl indicates the friction 
coefficient inside the tube. L, DH, and DP represent the spacing between 
adjacent holes, jet hole diameter, and inner diameter of the jet pipe, 

Fig. 10. Temperature distribution of case 1 (Type a) at y/Dh = 1.25, y/Dh = 2.5 and y/Dh = 4.25.  
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respectively. 
In the above Eq. (6), the left side denotes the pressure drop between 

the adjacent jet holes, and the right side expresses the three factors that 
cause the pressure drop in this zone. The first term on the right is the 
pressure change induced by jet splitting, and the second and third terms 
represent the pressure change due to frictional resistance at the jet hole 
and non-opening section, respectively. The static pressure in the tube 
decreased with the along-stream resistance but increased with the jet- 
splitting effect. The frictional resistance to gas flow due to the smooth 
pipe walls can be neglected. Therefore, the change in the static pressure 
in the tube was mainly due to the splitting effect of the jet. The internal 
flow velocity of the pipe decreased along the jet direction, and the static 

pressure increased. By applying Bernoulli’s equation to the jet hole, β in 
Eq. (7) represents the local resistance coefficient of the jet hole and Pout 
is the external pressure. The jet hole flow velocity increased with the 
static pressure inside the pipe, which means that the flow velocity of the 
jet hole increased along the direction of the jet in the pipe. Zhou et al. 
[35] studied the flow distribution characteristics of a multi-hole jet pipe 
with a flat bottom, and the experimental results were consistent with 
theoretical analysis. 

The bottom of the jet pipe used in the experiment had a circular bore 
structure. According to the simulation results for analysing the path lines 
of a fluid particle in the tube, the front section between x/L = 0–0.6 had 
a path line distribution similar to that of the multi-hole jet tube with a 

Fig. 11. Temperature distribution of case 2 (Type b) at y/Dh = 1.25, y/Dh = 2.5 and y/Dh = 4.25.  

Y. Zhang et al.                                                                                                                                                                                                                                   



Applied Thermal Engineering 224 (2023) 120049

10

flat bottom; therefore, the dimensionless jet velocity distribution of the 
jet hole in this region shows an increasing trend along the jet direction. 
Fig. 8 shows that in the latter section, between x/L = 0.6 and 1.0, an 
apparent recirculation zone appears, which affects the splitting effect of 
the jet hole and causes the jet hole flow velocity to decrease. This is an 
important reason why the dimensionless jet velocity distribution of the 
jet orifice tends to first increase and then decay. 

4.2. Jets stream temperature field distribution features 

Fig. 9 shows the effect of the three different jet types on the average 
axial surface temperature after mixing. At y/Dh = 1.25 cross-section, the 
surface average temperature of types (a) and (b) after mixing is higher 

than that of type (c). However, the temperature after the thermal mixing 
decreased as the distance increased. At y/Dh = 4.25 cross-section, the 
temperature after thermal mixing of type (b) was lower than that of type 
(c), while the warming effect of type (a) remained the highest. 

Figs. 10-12 represent the time-averaged temperature distribution 
after the thermal mixing of the three different jet types within the 
measuring surfaces of y/Dh = 1.25, y/Dh = 2.5 and y/Dh = 4.25. Fig. 12 
shows that thermal mixing with type (c) formed a distinct local high- 
temperature region near the jet injection position in the flue cross- 
section. In contrast, a distinct low-temperature region (x/Dh > 1.1) is 
formed away from the jet inlet side, indicating that the jet is deflected 
prematurely by the action of the main flow, resulting in an uneven 
temperature distribution with high local temperatures and low average 

Fig. 12. Temperature distribution of case 3 (Type c) at y/Dh = 1.25, y/Dh = 2.5 and y/Dh = 4.25.  
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surface temperatures. 
As shown in Figs. 10 and 11, the high-temperature zones formed by 

the two methods of injecting high-temperature gases using multi-hole jet 
pipes are relatively distributed centrally in the middle of the cross- 
section, and the secondary high-temperature zones are uniformly 
distributed around, avoiding the existence of significant low- 
temperature zones. The multi-hole jet pipe prevents the hot gas stream 
from being prematurely wrapped by the main flow, as confirmed by 
Zhou et al.[35]. Fig. 10 shows that the high-temperature zone formed by 
thermal mixing of type (a) is mainly concentrated from x/Dh = 0.8 to 
1.0, corresponding to the position of x/L = 0.6 ~ 0.8 in the middle and 
rear sections of the jet pipe, which proves that the flow of high- 
temperature flue gas ejected from the jet hole at this location is high. 
The temperature gradient gradually increases between x/Dh = 0 and 0.8, 
indicating that the flow rate of the jet hole increases with increasing x/ 
Dh. This phenomenon is similar to that described above for the flow 

distribution characteristics of the jet pipe. A further comparison of 
Figs. 10 and 11 shows that in the range of x/Dh > 1.1, a partial low- 
temperature region still exists, as shown in Fig. 11. This proves that 
the thermal mixing effect is better for the a-type pipe, and the opening of 
the jet holes at the bottom of the pipe plays a positive role in the thermal 
mixing process. 

Fig. 13 shows the velocity distribution for types (a) and (b) at y/Dh =

1.25, where it can be observed that the presence of the jet pipe leads to a 
low-pressure recirculation zone in the middle of the cross-section. 
Comparing (a) and (b), the low-velocity zone is more prominent in 
type (a) and reaches along the right edge of the main flue because the jet 
produced by the jet hole at the bottom of this position obstruct the main 
flow, causing a reduction in the axial flow velocity at this location. 
Therefore, the high-temperature zone in (a) can cover the right side of 
the pipe, and the temperature distribution effect is better than that in 
(b). 

To investigate the inhomogeneity of the temperature distribution in 
the measurement planes after thermal mixing, the dimensionless 
parameter ζT was introduced to measure the inhomogeneity of the 
temperature distribution in the cross-sections within the flue. 

This parameter is obtained by calculating all measurement points in 
the measurement plane. This enables an overall evaluation of the time- 
averaged temperature distribution, the validity of which has been 
verified in experiments by Lou et al. [39] and Guo et al. [36] The 
formulae are shown in Eqs. (8)–(10): 

ζT =
σT

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

θ(1 − θ)
√ # (8)  

σT =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

[∑n

i=1
(θi − θ)2

]

n

√
√
√
√
√
√

#

(9)  

θ =
T − T0

Tmax − T0
# (10) 

where Tmax denotes the maximal temperature within all measured 
cross-sections., T0 refers to the mainstream temperature, and T is the 
time-averaged measured temperature of each measuring point. θ rep
resents the non-dimensional temperature in the measurement planes, 
and θ is the average value of the non-dimensional temperature θ. θ takes 
values in the range 0–1. σT represents the overall standard deviation of 
the measured temperatures on the surface. When the hot and cold gases 
are entirely unmixed, σT is at its maximum value, σT = θ(1 − θ), and 
when they are completely mixed, σT is at its minimum value, σT = 0. 
Therefore, the value of ζT is considered to range from 0 to 1. ζT = 0 
indicates that the temperature values are the same at all locations within 
the cross-section, achieving perfect mixing. ζT = 1 indicates that the hot 
and cold gases are entirely unmixed and exhibit the most inhomoge
neous temperature distribution. 

According to Fig. 14, the experimental results indicate that type (a) 
has the lowest temperature non-uniformity coefficient among the three 
injection methods after mixing, with ζT = 0.18 for type (a) and the 
highest temperature non-uniformity coefficient for type (c) within the y/ 
Dh = 4.25 cross-section, which is consistent with the simulation results. 
The ζT decreases as the mixing distance increased. Further comparing 
the experimental mixing results of type (a) and type (b), type (a) shows 
lower inhomogeneity coefficients than type (b) in all three measurement 
planes, and the results of the simulations indicate that the ζT of both are 
very close to each other, and the ζT of type (a) is below type (b) in the y/ 
Dh = 1.25 and 4.25 measurement planes. Therefore, it is reasonable to 
believe that thermal mixing in type (a) is the most effective and that the 
opening of the jet hole at the bottom contributes to the thermal mixing 
of high- and low-temperature flue gases. In addition, the temperature 
non-uniformity coefficients values calculated from the simulation 

Fig. 13. Velocity distribution contours for case 1 (Type a) and case 2 (Type b) 
at y/Dh = 1.25. 

Fig. 14. Temperature mixing non-uniformity for different jet types.  
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results are higher than the values calculated from the experimental re
sults because the number of simulated temperature data points derived 
within the cross-section is much higher than the number of experimental 
measurement points. Therefore, the temperature difference in the 
simulation result statistics is much greater significant than the experi
mental result, and the calculated ζT is inevitably higher than the 
experimentally calculated result; however, the more the number of data 
points, the more reliable the calculated results are when used as a 

reference. 

4.3. Effect of flow parameters on thermal mixing features 

4.3.1. Effect of the temperature difference between main flow and jet flow 
on thermal mixing features 

Fig. 15 shows the effect of the temperature difference between the 
mainstream and the jet on the axial temperature after mixing. The 

Fig. 15. Effect of the temperature difference between the main flow and the jet on the axial temperature after mixing. (a) The average temperature of each section 
after thermal mixing; (b) the average warming effect of each section after thermal mixing. 

Fig. 16. Temperature distributions for case 4 (ΔTJ-m = 225℃) and case 5 (ΔTJ-m = 180℃) at y/Dh = 1.25, y/Dh = 2.5 and y/Dh = 4.25.  
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experimental and simulation results show that the average axial surface 
temperature after thermal mixing increases with an increase in the jet 
temperature. When the temperature of the high-temperature jet rises 
from 215 ◦C to 305 ◦C, the warming effect at y/Dh = 1.25 increases the 
surface average temperature from 16.40 ◦C to 24.98 ◦C, which is a 52.30 
% increase in warming. At y/Dh = 4.25, the average surface temperature 
increases from 14.63 ℃ to 21.68 ℃, which is an increase of 48.15 %. 

From Fig. 17, it can be seen that the temperature distribution in
homogeneity coefficient decreases with the temperature difference be
tween the high- and low-temperature flue gases, which means that it 
decreases with the reduction in the jet temperature for a constant main 
flow temperature. When the high-temperature jet was reduced from 305 
to 215 ◦C at y/Dh = 1.25, ζT decreased from 0.4649 to 0.3681, a 
decrease of 26.29 %. With an increase in the thermal mixing distance, at 
y/Dh = 4.25, ζT decreased by only 9.80 %. From Fig. 10 and Fig. 16, it 
can be observed that as the temperature of the high-temperature jet 
decreases, the local high-temperature region within the cross-section 
shrinks and the temperature gradient contour distribution becomes 
sparser. Therefore, in engineering applications, the location of the 
bypass flue extraction and the temperature of the extracted gas must be 
comprehensively considered according to the required warming effect, 

allowed mixing distance, and temperature deviation range. 

4.3.2. Effect of jet velocity on thermal mixing features 
Fig. 18 shows the effect of different jet velocities on the axial tem

perature after mixing. The experimental and simulated results showed 
that the axial average surface temperature after thermal mixing 
increased with increasing jet velocity. The increase in the jet velocity 
increases the total enthalpy of the high-temperature gas entering the 
main flue per unit time, which increases the average surface tempera
ture. Combining Figs. 10 and 19, it can be seen that the areas of the high- 
temperature and sub-high-temperature regions within the cross-section 
expand as the jet velocity increases. 

The jet trajectory determines the penetration capacity of the jet. Eq. 
(11) and (12) are typical formulas for describing the trajectory of a jet in 
a crossflow [40]. 

y
Reff Φ

= A
(

x
Reff Φ

)B

→y = AxB( Reff Φ
)1− B

# (11)  

Reff =

̅̅̅̅̅ρJ

ρm

√ (
UJ

Um

)

# (12) 

where UJ and Um are the jet and main flow speeds separately; ρJ and 
ρm are the densities of the jet and mainstream gases, respectively, and Φ 
is the diameter of the jet hole. Parameters A and B are coefficients 
determined by the experimental conditions, and ρJ, ρm and Φ are kept 
constant during the experiment. The trajectory of the jet in the main 
flow was jointly determined by UJ and Um. 

Increasing the jet velocity improves the initial velocity of the jet hole 
to improve while increasing the initial momentum, which enhances the 
penetration ability of the jet in the crossflow and reduces the interfer
ence of the mainstream with the jet. The most important heat exchange 
mode in high and low-temperature gas thermal mixing is convection. 
The mixing of fluids creates a significant disturbance from the vortex 
generation to their breaking, which results in severe convective heat 
transfer along with heat conduction and thermal radiation. The pene
tration ability of the jet improves to avoid being wrapped by the 
mainstream in the low-speed backflow area formed after the wall. In the 
low-speed recirculation zone, the generation and breaking of the vortex 
can be accompanied by forced convective heat transfer, which improves 
the thermal mixing characteristics of the gas and reduces the tempera
ture distribution non-uniformity coefficient. A jet with a strong pene
tration ability can retain an intense convection heat exchange effect in 
the direction of the jet, namely in the axial direction, but does not have a 

Fig. 17. Effect of jet-to-mainstream temperature difference on temperature 
mixing non-uniformity. 

Fig. 18. Effect of jet velocity on the axial temperature after mixing. (a) The average temperature of each section after thermal mixing; (b) the average warming effect 
of each section after thermal mixing. 
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violent convection effect in the circumferential heat exchange process, 
and the heat transfer mode is dominated by heat conduction and heat 
radiation. As a result, the temperature non-uniformity coefficient within 
the thermal mixing cross-section increases with increasing jet velocity, 
as shown in Fig. 20. 

4.3.3. Effect of main flow velocity on thermal mixing features 
Fig. 21 shows the effect of different main flow velocities on the axial 

temperature after mixing. The experimental and simulation results show 
that the axial surface temperature decreases after thermal mixing with 
mainstream velocity improvement. The main flow is low-temperature 
gas, and the increase in mainstream velocity results in an additional 
amount of low-temperature gas being thermally mixed with the high- 
temperature gas per unit time, which reduces the temperature after 
thermal mixing. However, as shown in Fig. 23, increasing the main
stream velocity can reduce the temperature non-uniformity coefficient 
after thermal mixing. By combining the temperature distribution con
tours of case 7 in Fig. 19 and the other cases in Fig. 22, it can be visually 
observed that as the main flow velocity increases, the local high- 
temperature zone within y/Dh = 1.25 shrinks, the temperature 
gradient slows down, and the contour distribution becomes sparse. 

According to the analysis in Section 4.4, combined with Eqs. (11) and 
(12), it can be seen that the change in the main flow velocity Um affects 
the jet trajectory in the crossflow, resulting in the attenuation of the 
penetration effect of the jet. Improving the main flow velocity increases 
the main flow momentum, which enhances the disturbance effect and 
entrainment ability of the jet and promotes the jet to deflect more 
quickly into the low-pressure recirculation region behind the tube wall. 
The high- and low-temperature flue gases produce intense convective 
heat transfer in the low-pressure recirculation zone, which helps thermal 
mixing and reduces the temperature inhomogeneity coefficient after 
mixing. 

Combining the results of 4.4 and 4.5 reveals that both the reduction 
in jet velocity and mainstream speed acceleration can promote the 
decrease in ζT. The velocity ratio, UJ

Um
, was changed by the change in the 

jet and main flow velocities. Therefore, for the process of thermal mixing 
with a multi-hole jet pipe, the temperature distribution non-uniformity 
coefficient ζT after thermal mixing decreases with a reduction in the 

Fig. 19. Temperature distributions for case 6 (UJ = 18.0 m/s) and case 7 (UJ = 21.5 m/s) at y/Dh = 1.25, y/Dh = 2.5 and y/Dh = 4.25.  

Fig. 20. Effect of jet velocity on temperature mixing non-uniformity.  
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velocity ratio UJ
Um

. As shown in Fig. 24, the results of the studies in Sec
tions 4.4 and 4.5 are consistent with this conclusion. 

5. Conclusion 

In this study, the thermal mixing characteristics of three different 
high-temperature flue gas injection methods were experimentally 
investigated using an experimental system that simulated a bypass flue 
reheat unit at the tail end of a boiler. The flow distribution in the multi- 

hole jet pipe and the temperature distribution after thermal mixing were 
measured using a hot-wire anemometer and thermocouples, respec
tively. By adjusting the temperature difference and flow rate of the main 
flow and jet, the effect of temperature and flow rate variation on the flue 
gas thermal mixing characteristics in the main and bypass flues at 
different low loads were investigated. Numerical simulations of the 
research work were performed using CFD. The main findings are sum
marised as follows. 

Fig. 21. Effect of main flow velocity on the axial temperature after mixing.  

Fig. 22. Temperature distributions for case 8 (Um = 6 m/s) and case 9 (Um = 10 m/s) at y/Dh = 1.25, y/Dh = 2.5 and y/Dh = 4.25.  
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(1) The dimensionless jet velocity of the jet holes of the new multi- 
hole jet pipe with a hemispherical bottom structure first in
creases and then decays along the jet direction. The extreme 
values occur between x/L = 0.6 and 0.8 in the middle and rear 
sections of the jet pipe. The opening of jet holes at the bottom 
leads to an increase in the deviation of the dimensionless velocity 
distribution. The main reason for this is that the hemispherical 
bottom structure creates a large recirculation zone at the back 
end of the jet pipe, which affects the diversion effect of the jet 
holes and results in velocity decay.  

(2) Among the three different jet mixing methods, type (a) has the 
highest average surface heating effect and the lowest temperature 
non-uniformity coefficient of 0.18 after mixing at the y/Dh = 4.25 
cross-section, indicating the best thermal mixing effect in this 
method  

(3) The inhomogeneity after thermal mixing decreases significantly 
with a reduction in the temperature difference between the 
mainstream and the jet. At the y/Dh = 1.25 cross-section, when 
the temperature difference decreases from 270 ◦C to 180 ◦C, ζT 
descends from 0.46 to 0.37. 

(4) The temperature distribution non-uniformity parameter ζT de
creases with a reduction in the velocity ratio UJ

Um
. For a change in UJ

Um 

from 3.58 to 2.15, ζT diminishes from 0.52 to 0.42. Adjusting the 
velocity ratio UJ

Um 
improved the non-uniformity of the temperature 

distribution. 
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