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A B S T R A C T   

The decrease of inlet flue temperature of denitrification reaction unit is a major challenge that restricts the low 
load operation of thermal power units. In this study, a new bypass flue heating technology based on multi-pipe 
and multipoint was proposed. The effect of different baffle openings (RA), directions and position distance (Db) 
on the mixing characteristics of multiple jets was quantitatively investigated by the experimental system. 
Combined with the simulation, the changes of the baffle on the multi-jet flow and mixing are revealed. The 
results show that the mixing temperature increases with increasing RA, but high RA leads to a significant increase 
in the thermal mixing temperature inhomogeneity (ζT). As RA increases from 0.4 to 0.7, ζT rises from the 
minimum 0.368 to the maximum 0.559. The mixing temperature and ζT of the baffle in the +x direction are 
higher than those in the − x direction. When Db increases from 70 mm to 130 mm, the maximum heating effect 
decreases from 25.97 ◦C to 18.89 ◦C, and ζT decreases gradually at y/Dh = 1.25. The findings provide guidance 
for bypass flue modification and low load denitrification in engineering.   

1. Introduction 

With the development of new energy, the thermal power flexibility 
transformation in China requires units to operate smoothly and reliably 
under low loads (less than 50 % of the rated power) [1]. A decrease in 
the inlet flue gas temperature of selective catalytic reduction (SCR) 
denitrification units is a major problem at low loads, resulting in the 
generation of ammonium bisulphate (ABS) [2]. ABS has a strong mois
ture absorption capacity and stickiness, and can adsorb fly ash deposited 
on the surface of the ammonia spray grid and catalyst, reducing the 
efficiency of the denitrification system [3]. It also leads to clogging and 
corrosion of the air preheater, causing unplanned boiler shutdowns and 
reducing the economic benefits of the power plant [4]. 

The flue gas bypass technology is widely used by power plants to 
solve the above problems caused by low load [5]. A bypass flue is 
opened at the outlet of a high-temperature reheater to extract high- 
temperature flue gas (HTFG). The HTFG with a temperature of 
approximately 400–500 ◦C is injected into the tail flue and mixed with 
the low-temperature flue gas (LTFG) to increase the inlet flue gas tem
perature of the SCR denitrification unit [6]. The thermal mixing of the 
bypass flue gases is based on the jets in the crossflow. This physical 
phenomenon is used in engineering practices in a wide range of fields, 

including aerospace fuel premixing [7], combustion instability control 
[8], component cooling [9], pollutant removal in thermal power gen
eration [10], and nuclear reactor cooling [11]. Researchers have con
ducted extensive experimental and numerical simulations [12] for this 
study. A comprehensive study of a novel injection of multi-hydrogen jets 
in a cavity type flame holder under supersonic free-flow conditions has 
been carried out by Edalatpour et al. [13]. Moradi et al. investigated the 
effect of different shaped cavities as flame holder on the internal mixing 
efficiency of scramjet [14]. The relationship between the acoustic 
pressure and the exothermic rate of a nonstationary flame under an 
oxygen-containing jet crossflow was revealed by Tao et al. [15]. A cor
relation analysis of an oxygen-fuel crossflow jet on a thermoacoustic 
unsteady flame was performed in a model gas turbine chamber. Zhou 
et al. [16] combined micro-thermocouples and optical measurement 
techniques to study the flow and thermal fatigue phenomena near the 
weld seam in a thermally mixed tube flow downstream of a 90◦ T- 
junction. Lin et al. [17,18] combined experiments and computational 
fluid dynamics (CFD) numerical simulations to investigate the thermal 
mixing and counterflow characteristics of cold-water branches and hot- 
water mains in T-junctions. The research on the application of single jet 
in engineering has been quite sufficient. The single-pipe bypass tech
nology based on the principle of single jet has drawbacks. This method 
causes large deviations in temperature and concentration after hot 
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mixing of high and low temperature flue gas (HLTFG), resulting in low 
load denitrification efficiency unable to meet the requirements. There
fore, we proposed a new flue gas bypass heating technology based on 
multi-tube and multi-point mixing, as shown in Fig. 1(a). At present, the 
multi-jet HLTFG flow and hot mixing characteristics of this technology 
are rarely studied. Similarly, this technology is limited by the onsite 
structural situation, resulting in several bends in the distribution of 
multiple branches. This results in a low volume of flue gas being 
extracted from the bypass flue with high resistance. By installing insert 
valves in the main flue and controlling the opening of the baffle doors, 
the resistance of the main flue is adjusted to increase the flow of the 
HTFG in the bypass flue and change the flow rate in the main and bypass 
flues. 

Baffles are common and effective tools in practical engineering ap
plications and play an important role in improving the structure of the 
flow field and enhancing the heat exchange effect [19]. Wu et al. [20] 
used CFD and virtual reality to optimize the chamber design using 
multiple baffles to reduce the formation of debris at the top of the urea 
decomposition chamber in a power plant. Boruah et al. [21] numerically 

analyzed the thermohydraulic and entropy production characteristics of 
hybrid convection in a backward-stepped duct with baffles. Chen et al. 
[22] studied the effects of baffle types on the heat transfer and fluid flow 
characteristics of shell-and tube-heat exchangers by a hot and cold- 
water heat exchange system. Our previous study explored thermal 
mixing methods applicable to low loads in bypass flue gas technology 
and the effect of temperature differences and flow rates of HLTFG on 
thermal mixing characteristics through experiments and CFD [23]. 
However, the multi-point thermal mixing method with baffles in the 
main flue has not yet been investigated. The parameters of the baffle will 
inevitably affect the flow and thermal mixing characteristics. Therefore, 
we are motivated to fill the gap in the research of this technology by 
exploring the effect of baffles on the flow and mixing of multi-jet 
streams. 

Considering the repetitive nature of the lower branch structure of a 
bypass flue, this study focused on a single-branch pipe. Detailed ex
periments and numerical simulations were performed to investigate this 
phenomenon. In this study, adjustable baffles were added to a con
structed experimental system for the turbulent thermal mixing of 

Nomenclature 

Dh hydraulic diameter, mm 
W wetted perimeter, mm 
Am cross-sectional area of the main flue, m2 

AJ cross-sectional area of jet inlet, m2 

UJ jet velocity, m/s 
Um mainstream velocity, m/s 
ρJ jet gas density, kg/m3 

ρm mainstream gas density, kg/m3 

Ru velocity ratio, Ru = UJ /Um, dimensionless 
Rm flow ratio, Rm=ρJAJUJ/ρmAmUm, dimensionless 
Db distance between the baffle and the center of the jet pipe, 

mm 
RA ratio of baffle area in the main flue, RA = Ab/Am, 

dimensionless 
Rρ density ratio, Rρ=ρJ/ρm, dimensionless 
d jet hole diameter, mm 

ΔT temperature difference, ◦C 
ζT inhomogeneity parameter of temperature distribution 
T time-averaged temperature of each measurement point, ◦C 
T surface average temperature, ◦C 
T0 mainstream temperature, ◦C 
Tmax maximum temperature within the y/Dh = 1.25 cross- 

section, ◦C 
σT standard deviation of the measured temperatures on the 

surface 
θ dimensionless temperature in the measurement plane 

Abbreviations 
SCR selective catalytic reduction 
ABS ammonium bisulfate 
HTFG high-temperature flue gas 
LTFG low-temperature flue gas 
HLTFG high- and low-temperature flue gases 
CFD computational fluid dynamics  

Fig. 1. The multi-pipe bypass flue preheating technology. (a) Physical photo; (b) Schematic diagram; (c) and (d) Model.  
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different gases to simulate the adjustment of thermal mixing effect 
through the baffle valve. The effects of the baffle installation direction, 
baffle position and baffle door opening on the HLTFG flow and thermal 
mixing characteristics were investigated. Combined with contour plots, 
the direct change of baffles on multi-jet flow and thermal mixing is 
revealed. Through detailed parametric investigation, the relationship of 
each factor with the warming effect and temperature distribution in
homogeneity coefficient after thermal mixing of multi-jet high and low 
temperature gases is obtained, respectively. The study results provide an 
important reference for thermal power flexibility retrofitting and are 
equally significant for ensuring the stable low-load operation of SCR 
denitrification systems in thermal power units during peaking. 

2. Experimental setup 

2.1. Experimental systems 

A schematic diagram of the experimental setup is shown in Fig. 2(a). 
The system comprises a gas generation unit, measurement area, and data 
acquisition unit. The experimental procedure used air instead of flue gas 
in the simulation studies. The gas generation unit consists of a hot air 
blower and an induced draft fan. The outlet of the hot blower was 
connected to a jet pipe to maintain the temperature and velocity of the 
high-temperature jet gas. The induced draft fan was connected to the 
main flow duct in the measurement zone to maintain the cold flow gas 
velocity in the duct. A flow-straightening grid was installed at the main 
flue inlet to distribute the airflow evenly. Thermal mixing of HLTFG 
occurred in the main flow flue. The experimental model was scaled and 
simulated at a 1:10 ratio according to the engineering reality. The 
measurement zone had a cross section of 300 mm × 150 mm and a 
hydraulic diameter of Dh = 200 mm. The equation for Dh is as follows: 

Dh = 4
Am

W
= 4 ×

150 × 300
2(150 + 300)

= 200mm (1) 

where Am denotes the cross-sectional area of the measurement area, 
and W represents the wet perimeter. 

A measuring zone was established with four measuring surfaces 
along the gas flow direction. Three measuring holes were set on the side 
of each measurement surface, and five measuring holes were set above. 
The origin of the spatial coordinates of the experimental model was 
positioned at the intersection of the central axis of the multi-hole jet pipe 

and the side of the mainstream flue, as shown in Figs. 2(a) and 4(a). The 
four measuring planes were located at Y = − 220 mm, 250, 500 and 850 
mm. The first measurement plane was located before the thermal mixing 
zone and was used to verify the relative uniformity of the velocity dis
tribution of the gas as it entered the main flue. 

The physical and structural multihole jet pipes installed in the 
experimental system are shown in Fig. 3. A previous study showed that 
the pipe had excellent thermal mixing characteristics, and the open hole 
at the base of the jet pipe effectively prevented the jet hole from being 
blocked by ash accumulation [24]. 

2.2. Experiment case 

The bypass flue extracts the HTFG from the final superheater outlet 
for heating the LTFG flowing through the economizer outlet. According 
to the actual measured data of a power plant boiler, when operating at 
low load (30 % boiler rated power), the temperature difference between 
the above two locations is 180–270 ◦C. The flue gas flow velocity in the 
tail flue between the economizer outlet and the SCR inlet was approxi
mately 8–12 m/s. Therefore, the temperature difference between HTFG 
and LTFG in the experimental conditions is maintained at 200 ◦C. The 
LTFG flow velocity in the main flue was set to 10 m/s, and the HTFG 
inlet velocity was 18 m/s, as listed in Table 1, where Ru represents the 
velocity ratio of the jet and the main flow, and Rm indicates the flow 
ratio of the jet and the main flow. 

To regulate the resistance in the main flue, the baffle doors installed 
in power stations are mostly of the installation valve type. Based on 
practical applications, experiments were conducted to investigate the 
effects of the baffle installation direction and, baffle position and 
opening on the HLTFG flow and thermal mixing characteristics, as 
detailed in Table 2. The baffle installation direction includes the x-axis 
positive and negative directions. The baffle position is determined by the 
distance (Db) between the baffle and center of the jet pipe. The baffle 
area ratio (RA) quantifies the baffle opening within the main flue cross- 
section. The equation for RA is as follows: 

RA =
Ab

Am
(2) 

where Ab and Am denote the baffle area and main flue cross-section 
area, respectively. 

The specific physical models and factor variations are shown in 

Fig. 2. Experimental system: (a) schematic diagram of the apparatus and (b) physical view of the measurement area.  
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Fig. 4. Case 1 was the original case in which no baffle was installed in the 
main flue. In practice, at small baffle door openings (RA < 0.2), the 
resistance of the main flue increases slightly, and the bypass pumping 
capacity increases slightly. When the baffle door opening is high (above 
0.7), the resistance is too high in practice, and the local flow rate is too 
fast, posing certain safety risks. Therefore, the experimental baffle area 
ratio in the main flue was set between 0.2 and 0.7. 

2.3. Scalar field measurement 

A hot-wire anemometer (KAMOMAX MODEL) was used to measure 
the flow distribution of the multihole pipe jet orifice with an accuracy of 
±3.0 % and a measurement resolution of 0.01 m/s. K-type 

thermocouples connected to an Agilent 34970A instrument were used to 
measure the time-averaged temperature. The temperature range of K- 
type thermocouples is 0–1100 ◦C with a measurement accuracy of 

Fig. 3. Physical structure of the multi-hole jet pipe.  

Table 1 
Experimental conditions.   

Temperature (◦C) Velocity (m/s) Ru =
UJ

Um  

Rm =

ρJAJUJ

ρmAmUm
(%) 

Jet flow 
220 UJ = 18 1.8 11.31 % 

Main flow 20 Um = 10  

Table 2 
Experimental cases.  

Case Baffle direction Db (mm) Dimensionless distance RA 

1 No baffle –  –  – 
2 +x 70  0.35  0.2 
3 +x 70  0.35  0.3 
4 +x 70  0.35  0.4 
5 +x 70  0.35  0.5 
6 +x 70  0.35  0.6 
7 +x 70  0.35  0.7 
8 − x 70  0.35  0.3 
9 − x 70  0.35  0.5 
10 − x 70  0.35  0.7 
11 +x 100  0.50  0.3 
12 +x 100  0.50  0.5 
13 +x 100  0.50  0.7 
14 +x 130  0.65  0.3 
15 +x 130  0.65  0.5 
16 +x 130  0.65  0.7  
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±0.75 %. The thermocouple used is 1 mm in diameter. The thermo
couple used is 1 mm in diameter. The thermocouple is uniformly fixed 
on a 2 mm diameter metal rod and assembled into a temperature 
measuring gun. The temperature field of the cross-section was measured 
by extending the gun into the measurement hole. Eighteen 

thermocouples were used to obtain the temperature distribution along 
the horizontal direction of the primary flow pipe. Similarly, 15 ther
mocouples were used in the vertical direction. The thermocouple is 
connected to the data collector (Agilent 34970A) for temperature signal 
acquisition. The average temperature was measured over a 120 s period 
to ensure accuracy. The Agilent data sampling frequency was set at 2 Hz. 

Fig. 4. Simulation geometry and boundary conditions: (a) model size, (b) baffle +x direction, (c) − x direction.  

Fig. 5. The grid structure used for the simulations in this study.  
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In total, 129 sampling points within each measurement plane were used 
for data processing. 

3. Simulation 

To further investigate the local flow and thermal mixing character
istics, model building and meshing were performed using by Gambit 
software, and numerical simulations were performed by using ANSYS- 
FLUENT. The flows were treated as steady-state flows of incompress
ible fluids. The influence of radiative heat transfer was ignored. A 
pressure-based solver is used to solve the nonlinear governing equations. 
The governing equations are as follows: 

The continuity equation: 

∂(ρui)

∂xi
= 0 (3) 

The momentum equation: 

∂
(
ρuiuj

)

∂xi
= −

∂P
∂xi

+
∂

∂xi

[

(μ + μt)

(
∂uj

∂xi
+

∂ui

∂xj

)]

(4) 

The energy equation: 

∂(ρuiT)
∂xi

=
∂

∂xi

[(
μ
Pr

+
μt

Prt

)
∂T
∂xi

]

(5) 

The physical model is modeled according to the measured part of the 
experimental system. The size of the model is shown in Fig. 4(a), with a 
total length of 1615 mm. The outlet is connected with the flue pipe of the 
induced draft fan. So, the section is reduced. The positions of the jet 
pipe, baffle and measuring surfaces are exactly the same as those of the 

experiment. The bottom of the jet pipe is 30 mm away from the tube 
wall. The structure size of the jet pipe is shown in Fig. 3. The compu
tational cases are the same as the experimental situations. The boundary 
conditions are shown in Fig. 4. The high-temperature jet and low- 
temperature main flow inlets are set to the “velocity inlet” condition, 
and the computational domain outlet is set to the “outflow” condition. 
Other wall surfaces including baffles and pipe walls are set as no-slip 
adiabatic walls. 

The Realizable k-ε model with standard wall functions was used as 
the turbulence model in the simulations. The model was able to accu
rately predict the spreading of circular hole jets.[25,26] The standard 
wall function was used for boundary layer problems, and can be accu
rately solved for wall boundary flows with extremely high Reynolds 
numbers [27]. The SIMPLE algorithm was used to solve the finite dif
ference equations for the coupling of velocity and pressure. The mass, 
momentum and energy equations were discretized using the second- 
order upwind scheme. The first-order upwind scheme was used for 
turbulent kinetic energy and turbulent dissipation rate. The residuals of 
all governing equations during the iteration are less than 10-5, which is 
considered as the criterion for computational convergence. 

The grid structure used for the simulations in this study is shown in 
Fig. 5. Structural meshing was performed in relatively regular areas, and 
unstructured meshing was performed on parts of the jet pipe. The grid 
was refined for the area where the baffle and jet pipe are placed. The 
average size of the mesh in the structured area is 10 mm. The size of the 
refined mesh is 2 mm, which is much smaller than the rest of the 
structured area. The average size of the mesh in the structured area is 10 
mm. The transition area is segmented to achieve smooth mesh division 
and ensure mesh quality. The maximum Aspect Ratio of the mesh is 9.8, 
and most of the meshes are less than 5, which proves that the mesh 

Table 3 
Grid independence test and verification results (Case 1).  

Grid T1.25(◦C) Error (%) T2.5(◦C) Error (%) T4.25(◦C) Error (%) y + Max. 

861,476  31.725  –  29.928  –  29.234  –  111.40 
1,271,069  31.356  1.16 %  29.941  0.04 %  29.245  0.04 %  131.30 
1,700,518  31.111  0.78 %  29.804  0.46 %  29.137  0.37 %  152.68 
2,154,111  31.617  1.63 %  29.920  0.39 %  29.210  0.25 %  112.75 
4,921,617  30.814  2.54 %  29.247  2.25 %  28.719  1.68 %  150.33  

Fig. 6. Distribution of jet flow along a multi-hole jet pipe. (The ordinate axis is the ratio of jet hole flow to total flow in the pipe).  
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quality is excellent. The y+ values were counted in the grid- 
independence validation and are shown in Table 3. The results are 
consistent with the range of applicability of the high Reynolds number 
turbulence model. 

The initial model (Case 1) was selected as the grid independence 
verification object. Three cross sections y/Dh = 1.25, 2.5 and 4.25 were 
used as detection planes to verify the mesh independence results. By 
increasing the number of nodes, the total mesh is uniformly increased. 
According to Eq. (6), the result error is calculated, and the statistical 
results are shown in Table 3. 

error =
|xn − xn+1|

xn
× 100% (6) 

where xn indicates the calculation result, and n indicates the n-th 
calculated case. As shown in Table 2, when the number of grids increases 

from 861,476 to 1,700,518, the surface-averaged temperature error of 
y/Dh = 1.25 decreases. The error value is less than 1 %. When the 
number of grids increases from 1,700,518 to 4,921,617, the face- 
averaged temperature error increases significantly and the computa
tional stability deteriorates. When the grid is less than 2,154,111, the 
average surface temperature errors of the other two sections are less 
than 1 %, which meets the requirement of calculation accuracy. In 
summary, the number of simulation grids used is 1,271,069, which 
ensures the accuracy and saves the calculation time. 

4. Results and discussion 

Using UJ = 18 m/s as the initial velocity of the jet inlet, experimental 
measurements and simulations were performed on the flow distribution 
of the multi-hole jet pipe. The statistical results are shown in Fig. 6. The 

Fig. 7. Temperature distribution for case 1 (No baffle) at y/Dh = 1.25, y/Dh = 2.5 and y/Dh = 4.25.  
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flow distribution of the jet holes in the jet pipe tended to increase and 
then decay along the direction of the flow in the pipe. The maximum 
flow value occurs between x/L = 0.6 and 0.8 in the middle and rear 
sections of the jet pipe. This result is consistent with that of a previous 
study [23]. 

4.1. Effect of different baffle area ratios in the positive x-direction (+x) 
on flow and thermal mixing characteristics 

Fig. 7 shows the temperature field distributions of the three mea
surement surfaces under the no-baffle condition. The jet pipe has a 
disturbing effect on the low-temperature main flow. The low- 
temperature mainstream flow through the jet pipe was faster on both 
sides and there was a local low-speed area behind the pipe wall. The 
high-temperature jet was ejected from two rows of jet holes in the jet 
pipe and was subjected to the disturbance and wrapping effect of the 
low-temperature mainstream, and intense convective heat transfer 
occurred behind the pipe wall. Therefore, as shown in Fig. 7, the low- 
temperature zone around the cross-section has the shape of a ring sur
rounding the high-temperature zone, and the low-temperature zone is 
larger in the area on the left and right sides. The high-temperature zone 
without baffles is concentrated in the middle of the measuring surface 
between x/Dh = 0.5 and 1.1, corresponding to the maximum jet pipe 
flow zone. The highest temperature in the high-temperature zone is only 
54.8 ◦C in the y/Dh = 1.25 plane. From y/Dh = 1.25 to 4.25, the tem
perature distribution contours became increasingly sparse with 
increasing mixing displacement (i.e., mixing time), and the high- and 
low-temperature zones gradually decrease, indicating a deepening of the 
thermal mixing process. 

Fig. 8 shows the effect of different baffle area ratios in the main flue 
on the average axial temperature after mixing and after inserting the 
baffle in the +x direction. As the baffle area ratio increased, the average 
axial temperature gradually increased after the thermal mixing. The 
highest average surface temperature of 45.97 ◦C was achieved at the 0.7 
working condition. The warming effect reached a maximum value of 
25.97 ◦C, an increase of up to 89.06 % relative to the no-baffle condition. 
The dashed line in Fig. 8(b) represents the temperature results for the 
no-baffle case (Case 1). A lower baffle area ratio had a very weak effect 
on the average temperature increase behind thermal mixing, and the 
average temperature increase on some of the measurement surfaces was 
even lower than that of the no-baffle case in the case for RA = 0.2. 

The distribution of the time-averaged temperature field after thermal 
mixing in the y/Dh = 1.25, y/Dh = 2.5, and y/Dh = 4.25 measurement 
surfaces with different baffle area ratios in the main flue after installa
tion of the baffle in the +x direction is shown in Fig. 9. Compared with 
Fig. 7, the installation of the baffle increased the temperature on the left 

side of the measured section and reduced the extent of the low- 
temperature zone. The area of the local sub-high-temperature zone 
increased as the area ratio of the installed baffle increased, whereas that 
of while the surrounding low-temperature zone gradually decreased. 
The high-temperature zone is very pronounced for RA = 0.6 and 0.7, 
with a maximum temperature of 67.8 ◦C in the high-temperature zone. 
However, within y/Dh = 1.25, the low-temperature zone was more 
pronounced on the right-hand side in the presence of a baffle than in the 
absence of a baffle. The presence of the baffle narrowed the flow cross 
section in the main flow tube, the local flow velocity increased and the 
flow rate of the low-temperature gas through the region increased per 
unit time; thus, the low-temperature zone was obvious. As the flow 
proceeded, the cross-sectional area recovered and the thermal mixing 
process increased. Within y/Dh = 4.25 plane, the right-hand low-tem
perature zone gradually decreased. In the y/Dh = 1.25 and 2.5 mea
surement planes, the temperature contours became denser as the ratio of 
baffle area in the main flue increased, indicating that the higher the 
temperature distribution gradient, the more uneven the thermal mixing. 

The effects of the baffles on the local flow and thermal mixing 
characteristics were analyzed in conjunction with the simulation results. 
Fig. 10 shows a partial cross-section of the temperature distribution at 
the center of the jet hole, including the no-baffle condition with different 
baffle area ratios in the main flue (i.e., cases 2–7). In the region without 
baffles,the high-temperature zone behind the pipe wall tended to in
crease and then decrease in the center cross-section of jet holes, corre
sponding to the flow distribution characteristics along the jet hole. 

The thermal mixing process between fluids is closely related to the 
state of the jet injected into the main flow [28]. After the jet was injected 
into the main flow at a certain initial velocity, the original flow direction 
was changed by the disturbance of the main flow, forming a new jet 
trajectory. The change in the jet trajectory significantly affected the 
macroscopic heat and mass transfer processes between the high and low- 
temperature fluid elements and the thermal mixing process. Several 
related studies have shown that the jet trajectory is mainly determined 
by the velocity ratio (Ru), density ratio (Rρ) and compressibility of the 
flow [29]. Eq. (9) is typically used to correlate the jet trajectories. 

Ru =
UJ

Um
(7)  

Rρ =
ρJ

ρm
(8)  

y
Ru

= A
(

x
Rud

)B

→y = AxB(Rud)1− B (9) 

where UJ and Um denote the jet and mainstream velocities, respec
tively, ρJ and ρm represent the densities of the jet and main flow fluids, 

Fig. 8. Effect of baffle area ratios (RA) in the +x direction on the axial average temperature and warming effect of thermal mixing.  
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respectively, and d is the diameter of the jet orifice or nozzle. Parameters 
A and B were factors determined by the experimental conditions, and ρJ, 
ρm, and d remained constant during the experiment. The flow velocity 
ratio (Ru) determines the trajectory of the jet in the main flow. 

As shown in Fig. 10, the presence of the baffle caused a significant 
change in the trajectory of the high-temperature jet behind the baffle 
when compared to the temperature distribution in the cross-section at 
the center of the jet hole at the same location. The blocking effect of the 
baffle caused a rapid drop in the flow velocity in the flow field behind. 

This area lacks the main flow, and the high-temperature jet retains its 
initial flow path, which is ejected from the jet holes in the pipe wall at a 
certain inclination angle. The jet orifice flow gradually increases along 
the direction of the jet flow. The amount of generated jet flow increases, 
and the high-temperature jet hits the tube wall and flows against it. Part 
of the fluid changes its direction and flows back towards the main
stream. When the flow rate of the high-temperature jet produced by the 
jet orifice increases to a certain level, the reverse flow of the high- 
temperature fluid forms a disturbance around the wall of the jet pipe, 
extending the residence time in this region. 

Fig. 9. Temperature distributions for cases 2–7. (a) Case 2–4, +x, RA = 0.2, 0.3, 0.4; (b) Case 5–7, +x, RA = 0.5, 0.6, 0.7.  
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Meanwhile, the high-temperature jet retained its initial velocity 
along the direction of the jet pipe (+x-direction) and converged towards 
the low-temperature mainstream, which enhanced the thermal mixing 
effect at local positions to some extent. For the frontmost jet hole, the 
high-temperature jet flow generated is small and insufficient to hit the 
main flue wall, but still creates a high-temperature zone behind the flow. 
Because the main flue outlet has a necking structure, the main flow is 
faster on the unbaffled side. When the flow passes through the necking 
structure, it creates a backflow to the non-mainstream area on the 
baffled side. The generated return flow is close to the other side of the 
main flue wall. Therefore, the cold return flow is wrapped around the 
high-temperature jet from the front jet hole and flows in the opposite 
direction. 

In Fig. 10, the presence of the baffle directly changes the flow tra
jectory of the rear high-temperature circular hole jet. Compare the 
temperature contours of the cross section at the center of jet holes at the 
same position in different cases, such as the high temperature zone 
formed by the 24th round hole jet. The high-temperature zone formed is 
continuously reduced with an increase in the baffle area. As the baffle 
area ratio increases, the flow cross section narrows, the local flow ve
locity of the cold flow gas increases and the wrapping effect on the high- 
temperature jet is enhanced. The flow of the LTFG for heat exchange 
with the HTFG increases per unit time, causing the high-temperature 
zone to shrink significantly. The baffle blocks part of the main flow, so 
that the jet ejected from the round hole behind it retains its original flow 
trajectory, and flows at an angle to both sides, as presented by the third 
and sixth round holes in case 2 in Fig. 10. At the same time, the circular 
hole jet has the velocity of the HTFG in the original pipe along the +x 
direction. The circular hole jet flow at the edge of the baffle exists in a 
transitional state. For example, the 9th hole of case 2 in Fig. 10(a), the 
RA of case 2 is 0.2 and the baffle is 60 mm long, and its edge position is 
exactly the same height as the center section of the 9th hole in 3D space. 
Therefore, only a small part of the LTFG through this location, and the 
ability to wrap the HTFG at this location is limited. The trajectory of the 
high temperature jet is changed to a certain extent, but it is not 
completely converged, and there is separation in the middle of the 
formed high temperature region. Similar transition state exists in every 
case, such as the 12th round hole in case 3. 

As the baffle increases, the blocking of the main flow covers a wider 
area. The circular hole jet with higher flow rate is no longer trapped by 
the low temperature main stream and ejects to both sides of the pipe 
wall. After hitting the inner wall of both sides of the flue, the direction 
and momentum of the jet change significantly, and it will flow along the 
wall. he partially rebounded high temperature jet converges between 
the jet tube and the baffle, forming a local reflow high temperature area, 
which enhances the thermal mixing effect to a certain extent. 

The dimensionless parameter ζT is used to evaluate the degree of 
temperature distribution non-uniformity in the flue cross-section to 
visually compare the temperature distribution non-uniformity in the 
measurement plane after thermal mixing. The parameter is based on the 
overall calculation of the time-averaged temperature at all measurement 
points within the measurement plane. Its validity has been verified in 
studies by Lou [30] and Gou et al.[31] The formulas are shown in Eqs. 
(10)–(12): 

θ =
T − T0

Tmax − T0
(10)  

σT =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[∑n

i=1
(θi − θ)2

]

n

√
√
√
√ (11)  

ζT =
σT

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

θ(1 − θ)
√ (12) 

where Tmax is the highest temperature within the y/Dh = 1.25 cross- 
section, T0 is the main flow temperature, and T represents the time- 
averaged temperature at each measurement point. θ is a dimensionless 
parameter indicating the temperature in the measurement plane and θ 
indicates the average value of the dimensionless temperature θ. Clearly, 
θ ranges from zero to one. σT is the dimensionless total standard devi
ation of the measured temperature. σT has a maximum value of 
σT = θ(1 − θ) indicating that the hot and cold gases are completely un
mixed and are at a minimum value of σT = 0 at complete mixing. ζT 

takes values from 0 to 1. When ζT = 0, the temperatures at each point in 
the section are exactly equal to achieve perfect mixing. When ζT = 1, the 
hot and cold gases are completely unmixed, and the temperature 

Fig. 10. Temperature contours of the transverse section in the center of partial jet holes. (Cases 2–7).  
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distribution is the most uneven. 
Fig. 11 shows the thermal mixing inhomogeneity coefficients for 

different baffle area ratios in the main flue. The dashed line in Fig. 11(b) 
indicates the calculated temperature inhomogeneity coefficient without 
baffles. As the ratio of the baffle area increases, the temperature in
homogeneity after thermal mixing decreases and then increases in the y/ 
Dh = 1.25 cross-section. The temperature inhomogeneity reaches a 
minimum value of ζT = 0.3682 for the case of RA = 0.4, which is 14.16 % 
lower than that of the no-baffle case. Meanwhile, the temperature dis
tribution inhomogeneity coefficients forRA = 0.6 and 0.7 are higher in 
the three measurement surfaces, indicating that the large ratio of the 
baffle area in the main flue leads to the extremely inhomogeneous 
temperature distribution. The temperature inhomogeneities for RA =

0.3, 0.4, and 0.5 are lower than those for the no-baffle case at the y/Dh =

1.25 section but higher than that of the no-baffle case at the y/Dh = 4.25 
section. This indicates that the upstream flow field created by the baffle 
is, to some extent, not conducive to promoting the thermal mixing of 
HLTFG during the flow mixing process. As the distribution of the flow 
along the jet hole tends to increase and then decreases slightly, the jet 
flow generated by the jet hole in the right-hand region within the 
measurement plane accounts for most of the HTFG, as shown in Fig. 6. 
The installation of the baffle into the flue from the +x direction con
centrates the low-temperature mainstream gas on the right side of the 
flue cross-section, enhancing the thermal mixing process between the 
LTFG and HTFG. Therefore, when the baffle area is 0.3–0.5 in the main 
flue, the temperature inhomogeneity coefficient within the y/Dh = 1.25 
cross-section is reduced relative to the case without baffles. The baffle 

area ratio of 0.2 has a relatively small effect on the main flow deflection, 
so the temperature inhomogeneity coefficient at the 1.25 section is very 
close to that of the case without baffles. 

4.2. Effect of different baffle installation directions on flow and thermal 
mixing characteristics 

Fig. 12 shows the effect of different baffle area ratios in the main flue 
on the average axial temperature after thermal mixing when baffles are 
inserted in reverse (− x) direction from the x-axis. Fig. 12(b) shows a 
comparison of the warming effect of inserting baffles in the +x direction. 
The experimental results showed that the average surface temperature 
increased as the baffle area ratio increases, with the same variation law 
for the three measurement surfaces. However, Fig. 12(b) shows the 
warming effect of inserting the baffle in the − x direction is lower than 
that of inserting the baffle in the +x direction and is most obvious for 
theRA = 0.5 and 0.7 cases. 

Comparing Fig. 7 and Fig. 13, it can be seen that after installing the 
baffle in the − x direction, the right side of the low-temperature zone in 
the section shrinks, and the high-temperature zone increases signifi
cantly. Simultaneously, the temperature on the left side of the low- 
temperature zone increases. As the area of the baffle increases, the 
overall low-temperature zone on the measurement surface decreases, 
and the local high-temperature zone increases significantly, resulting in 
a denser temperature distribution contour. On the right side of the 
temperature distribution cloud, two local high-temperature zones are 
symmetrically distributed along the central axis. Because the baffle 

Fig. 11. Thermal mixing temperature inhomogeneity for different baffle area ratios in the +x direction (a) with y/Dh and (b) RA.  

Fig. 12. Effect of baffle setting directions on the axial average temperature and warming effect of thermal mixing.  
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Fig. 13. Temperature distribution for cases 8–10 (− x) at y/Dh = 1.25, y/Dh = 2.5 and y/Dh = 4.25.  

Fig. 14. Temperature contours of the transverse section in the center of partial jet holes. Case 8–10 (− x, RA = 0.3, 0.5, 0.7).  
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inserted in the − x direction blocks the main flow in this area, the bottom 
of the jet pipe and the jet hole at the end of the pipe wall retain the initial 
flow trajectory, and after hitting the inner wall of the main flue, a high- 
temperature return zone is formed. The backflow phenomenon of the 
described jet trajectory is shown in Fig. 14 and is the most evident forRA 
= 0.7. Owing to the lack of high-speed cold-flow gas wrapped in the area 
behind the baffle, the high-temperature gas flow is relatively large, and 
the flow velocity from the jet hole is faster. After hitting the main flue 
wall, the effect of the jet reflection is enhanced, and the hot gas flow 
remains and gathers toward the back of the flow and flows toward the 
area where the baffle is not set. The overall jet velocity is low, the flow 
ratio to the main flow is reduced, and the temperature inhomogeneity 
coefficient after thermal mixing is reduced. As shown in Fig. 15, the 
installation of the baffle from the − x direction increases the baffle area 
ratio from 0.3 to 0.7, and the temperature inhomogeneity after thermal 
mixing gradually decreases. Compared with inserting the baffle from the 
− x axis in the positive direction, the temperature inhomogeneity co
efficients decrease for the same baffle area ratios. 

4.3. Effect of baffle position to jet pipe center distance (Db) on flow and 
thermal mixing characteristics 

Fig. 16 shows the effect of different baffle positions on the axially 
oriented face-averaged warming effect after thermal mixing, with the 
baffle inserted in the +x direction. As the baffle position moves away 
from the center of the jet pipe, that is, Db increases from 70 to 130 mm, 
the surface-averaged warming effect after thermal mixing decreases. 
The same trend was observed exists for different baffle area ratios. At 
lower baffle area ratios e.g., RA=0.3, the baffle at Db = 100 and 130 mm 
had a lower heating effect than the unbaffled condition at the y/Dh =

1.25 and 2.5 cross sections. As shown in Fig. 17, as the distance between 
the baffle and the center of the jet pipe increased, the high-temperature 
zone within the measurement surface gradually decreased, and the 
surrounding low-temperature zone expanded significantly for the same 
percentage of baffle area. The temperature distribution contours became 
sparse and the temperature gradient decreased. According to the 
calculation results shown in Fig. 18, the temperature-distribution in
homogeneity coefficient gradually decreased. When the main flow flows 
through the baffle position, the flow cross section in the tube suddenly 
decreases owing to the presence of the baffle. After passing through the 

Fig. 15. Thermal mixing temperature inhomogeneity for different baffle setting directions (a) with y/Dh and (b) RA.  

Fig. 16. Effect of different baffle positions on the average warming effect of each section after thermal mixing.  
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baffle, the flow cross-section in the tube is quickly restored, and the 
main flow tends to shift towards the non-main flow area behind the 
baffle while retaining the original local flow. Consequently, most of the 
main flow passes through the zone of relatively concentrated flow in the 
jet pipe. A small part then passes through the jet orifice where the 
original jet flow is small, promoting hot mixing. In this case, the thermal 
mixing effect is improved, the surface heating effect is reduced, and the 
temperature inhomogeneity coefficient of the measuring surface 

becomes lower. 
Compared to the studies in the previous sections, the effect of Db on 

flow and thermal mixing is by intervening in the mainstream fluid 
earlier in the direction of incoming flow. Baffle installation mode and 
baffle opening both interfere with the flow by directly changing the flow 
section state. Early intervention of the flow enhances the disturbance 
effect of the fluid itself and develops more rapidly in the process of hot 
mixing with high temperature gas. The hot mixing process is accelerated 

Fig. 17. Temperature distributions for cases 11–16 at y/Dh = 1.25, y/Dh = 2.5 and y/Dh = 4.25. (a) Cases 11–13, Db = 100 mm; (b) Cases 14–16, Db = 130 mm.  
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and the temperature mixing inhomogeneity is decreased obviously. 

5. Conclusion 

Based on the built experimental system, this study investigated the 
flow and thermal mixing characteristics of a multijet bypass flue with a 
main flue baffle during low load operation. The results were analyzed in 
conjunction with CFD numerical simulations. Several interesting 
research conclusions were drawn as follows:  

(1) The average axial surface temperature after thermal mixing 
increased with increasing baffle area ratio (RA) in the main flue. 
The increase in the average temperature was more evident at 
higher area ratios. The same trend was observed for different 
baffle setting directions (+x and − x directions) and baffle 
positions.  

(2) With the same baffle position, the temperature inhomogeneity 
(ζT) after thermal mixing decreased and then increased in the y/ 
Dh = 1.25 cross-section as the baffle area ratio increased. ζT 
reached its minimum value in the case of RA = 0.4. At the same 
time, higher baffle area ratios led to a nonuniform temperature 
distribution after thermal mixing, with ζT being higher on all 
three measurement surfaces for RA = 0.6 and 0.7.  

(3) The baffles were set in different directions to create different 
thermal mixing effects. The average temperature of the thermally 
mixed surface after the installing of the baffle in the − x direction 
was lower than that in the +x direction, and the warming effect 
was not as effective as that in the +x direction. However, the 
temperature inhomogeneity coefficient after thermal mixing with 
the same baffle area ratio was lower than that of the +x direction 
installation. The temperature distribution was more uniform, and 
the thermal mixing characteristics were better.  

(4) The presence of a baffle significantly altered the flow trajectory of 
the high-temperature jet ejected from the rear jet pipe in the low- 
temperature main stream region. The jet retains its flow state 
when ejected from the jet hole, and after striking the wall of the 
main flue, it creates a localized backflow, extending the residence 
time. A high-temperature zone was formed on the front side of the 
jet pipe, which affected the thermal mixing characteristics.  

(5) With the same baffle area ratio in the main flue, as the distance 
from the baffle to the center of the jet pipe increased from 70 mm 
to 130 mm, the average axial surface temperature after thermal 
mixing decreased and the warming effect weakened, while the 
temperature inhomogeneity (ζT) gradually decreased. This phe
nomenon indicates that the earlier occurrence of the baffle- 
blocking effect over this distance results in better thermal mix
ing in the downstream flow field; however, the warming effect is 
reduced. 
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