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ABSTRACT 

A preheating exchanger is developed for improving acidic water degassing. Reasonable optimization of dual-

inlet swirl heating tubes is analyzed by computations of the flow and heat transfer. The comparisons of the 

swirl number and circumferential average Nusselt number between isobaric injection and isokinetic injection 

are performed. Inlet area ratios ranging from 0.1 to 0.9 exhibit an important influence on the flow phenomena 

and the heating performance. A lower value of inlet area ratio leads to the tendency for the fluid passing 

through inlet 2 to move upstream of inlet 2 and results in more vortex pairs between inlets 1 and 2. An inlet 

area ratio value of 0.5 exhibits the largest global average Nusselt number, normalized Nusselt number, and 

thermal performance factor. The optimized inlet area ratio is suitable for improving the degassing efficiency. 
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1. INTRODUCTION 

In recent years, dual-inlet swirl tubes have been 

developed for hydrocarbon stripping from acidic 

water by coupling with degassing cyclone 

separators. A dual-inlet swirl tube is commonly 

used to preheat acidic water and to improve the 

degassing efficiency. A typical process flow of 

acidic water degassing is shown in Fig. 1. Acidic 

water is produced in the fractionator top when the 

temperature is lower than the dew point. Then, the 

acidic water is cooled into a settler to remove the oil 

phase. Next, the reservoir is operated under a 

pressure of 0.2 MPa and a temperature of 25 °C to 

separate most of the hydrocarbons. However, the 

residual hydrocarbons in the acidic water lead to 

abnormal parameters for the stripper. For example, 

if hydrocarbons flow into the stripper, gaseous 

hydrocarbons are enriched at the top of the stripper 

tower. Then, the pressure and temperature at the top 

of the stripper tower rise sharply, leading to an 

unstable liquid level. As a result, a preheating 

system is essentially needed for degassing cyclones. 

Degassing cyclones have been discussed before (Xu 

et al. 2016, Xu et al. 2015). The pressure gradient, 

the centrifugal force acting on the gas-liquid 

interface, and the combination strategy of cyclones 

have been illustrated in the literature (Xu et al. 2018, 

Xu et al. 2019). To further improve the degassing 

efficiency, preheating before the degassing cyclone 

is a feasible solution. As illustrated by Biegger 

(Biegger et al. 2018), if one is interested in the 

maximum heat transfer caused by a high pressure 

loss, a swirl tube with one inlet is the best choice. If 

a lower but more homogeneous heat transfer with a 

lower pressure loss is desired, one should choose a 

swirl tube with multiple inlets. Here, we develop a 

preheating swirl tube with dual inlets and a 

degassing cyclone for removing residual 

hydrocarbons in acidic water. Optimization of the 

heating characteristics in the dual-inlet swirl tube 

has an important influence on the hydrocarbon 

removal from acidic water. 

Enhancing exchanger performance can produce 

more economical designs of heat exchangers, which 

can aid in producing energy, material and cost 

savings related to a heat exchange process (Awais 

and Bhuiyan 2018). Swirl flow devices have been 

widely used for increasing convective heat transfer 

in various industries (Hong et al. 2018). For 

example, the tangential cyclone heat exchanger is 

used for the for effective heat exchange between 

two medium (Mothilal et al. 2018). Kreith and 

Margolis suggested that surface heat transfer could  
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Fig. 1. A typical process flow of acidic water degassing in which the dual-inlet swirl tube is used to 

preheat the acidic water. 

 

 
Fig. 2. Structure of the dual-inlet swirl tube. 

 

 

be enhanced by introducing jets tangentially into a 

tube at various locations to generate vortex flow 

(Kreith and Margolis 1959). One of the schemes for 

inducing vortex flow is to use tangential injection 

holes. Swirl flow also forms resulting from other 

kinds of inducers, such as swirl vanes or curved 

rods (Sheikholeslami et al. 2015). The inlets 

locations play an influence on the heat transfer rate 

and the temperature uniformity (Khaleghinia et al. 

2019). The vortex motion can be maintained by 

repeated addition of fluid through appropriately 

spaced injection holes for any desired distance. For 

manufacturing convenience, the holes are 

commonly simplified as inlet slots located at the 

beginning and middle sections of the swirl chamber 

(Ling et al. 2006). The swirl flow induced by wire 

coil provides a more effective overall heat transfer 

efficiency compared to the non-swirl flow by rings 

insert which exhibits the potential advantages of the 

swirl heating tube (Vahidifar and Kahrom 2015).  

In this work, tangential inlets are located at the 

beginning and middle sections of the swirl chamber. 

The outlet is located at the end sections of the swirl 

chamber. A deadman length of 5mm for actual 

installation is kept at both ends of the chamber.  

A large number of studies on swirling flow 

characteristics have been conducted in which 

experimental and numerical results have provided 

suitable and reasonable data (Chen et al. 2019, 

Jafari et al. 2017). This paper presents a numerical 

study of the heat transfer and hydrodynamic 

characteristics in dual-inlet swirl tubes. The fluid 

dynamics and heat transfer of swirling decaying 

flow for heating water are cited from the literature 

(Chen et al. 2016a). The computations of the flow 

and heat transfer in the swirl tubes are performed 

using the commercial software ANSYS CFX, which 

has been used in the literature (Chen et al. 2016b). 

To investigate the impacts of inlet chamber 

configurations on a swirl chamber, this paper 

introduces two different configurations of inlet 

chambers. When the two inlets have equal areas, 

isobaric injection and isokinetic injection are 

contrastively studied. When the two injection inlets 

have different areas, the effect of the ratio of the 

two inlet areas on heat transfer is verified. The 

injection configurations are improved in this work, 

which will be beneficial for the industrial 

application of heat transfer swirl tubes.  

2. NUMERICAL SETUP  

2.1   Geometrical Details 

A 400-mm-long circular tube with a diameter of 20 

mm is used as the main heating tube. The heating 

process occurs at the tube surface. The dual-inlet 

swirl tube has two tangential inlets and one 

tangential outlet, named inlet 1, inlet 2, and outlet, 

respectively. The sum of the inlet area, which is the 

sum of the areas of inlets 1 and 2, is equal to that of 

the outlet and remains constant. The heights of the 

inlets and outlet have the same value, 5h = mm. 

The sum of the inlet 1 width L1  and inlet 2 width 

L2  is equal to the outlet width, 10 mm.  
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2.2   Parameter Definitions 

(1) The chamber Reynolds number based on the 

hydraulic diameter of the swirl chamber is defined as: 

x
D

u D
Re




=                     (1) 

where xu  is the mean axial velocity of the swirl 

chamber and D  is the hydraulic diameter of the 

swirl chamber.   represents the liquid viscosity. 

(2) The swirl number ( S ) is defined as the ratio of 

the angular momentum to the axial momentum of 

the flow as follows(Lin et al. 2013): 

2
=

x
A

x xx A

u u rdAI
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D u u dAR I






•

•
=




                  (2) 

where I 
•

 is angular momentum with respect to the 

cylinder axis and xI
•

 is axial momentum. R  is the 

tube radius and D  is the tube diameter. u  is the 

circumferential velocity and xu  is the axial velocity. 

A  is the circular section area, 2dA rdr= .   

(3) The area average pressure is defined as follows: 

i

A

P PdA=                      (3) 

where iP  is the static pressure. 

(4) The global average Nusselt number is a measure 

of the convective heat transfer occurring at the 

surface. This parameter is expressed as: 

g

in w

qD
Nu

(T - T )
=                    (4) 

where q  is the target heat flux, inT  is the inlet total 

temperature of the fluid, wT  is the temperature of 

the target, D  is the diameter of the swirl chamber, 

and   is the thermal conductivity. 

(5) The circumferential average Nusselt number is 

defined as: 

c
c

c w

q D
Nu

(T - T )
=                   (5) 

where cq  is the circumferential average heat flux, 

cT  is the circumferential average temperature of the 

fluid, wT  is the temperature of the target, D  is the 

diameter of the swirl chamber, and   is the thermal 

conductivity. 

(5) The thermal performance factor,  , of a swirl tube 

is good if the device can reach a significant increase in 

the heat transfer coefficient with a minimum increase 

in the friction factor(Tamna et al. 2016). 

1/3

Nu

f
 =                     (6) 

where Nu  and f  are the Nusselt number and 

friction factor of a dual-inlet swirl tube, respectively. 

(6) The friction factor f  is a measurement based 

on pressure loss. The friction factor of the tube can 

be calculated from 

2( / 2)( / )H

P
f

u L d


=                   (7) 

where 1 1 2 1

1 2

( ) ( )o oP P Q P P Q
P

Q Q

− + −
 =

+
 is the 

equivalent pressure drop across the test section,   

is the density of the fluid, Hd  is the hydraulic 

diameter of the tube, u  is the velocity of the 

fluid ， L  is the length of the tube， 1P  is the static 

pressure of inlet 1， 2P  is the static pressure of inlet 

2, 0P  is the static pressure of outlet, 1Q  is the 

volume flow of inlet 1 and 2Q  is the volume flow 

of inlet 2. 

(6) The sum of the inlet area, which is the sum of 

the areas of inlets 1 and 2, is equal to that of the 

outlet and remains constant. The heights of the 

inlets and outlet have the same value. The inlet area 

ratio, R , is equal to the ratio of the width of inlet 1 

to the outlet width. The inlet width ratio of the tube 

can be calculated from 

L1
R

L0
=                  (8) 

where L1  and L0  are the width of inlet 1 and the 

outlet width, respectively.  

(7) The normalized Nusselt number is defined 

as 0/gNu Nu , where gNu  is global average Nusselt 

number in this work and 0Nu is the Nusselt number 

in smooth channel. The normalized friction factor is 

defined as 0/f f , where f  is friction factor in this 

work and 0f is the friction factor in smooth channel. 

The Nusselt number and friction factor obtained 

from the present smooth channel are compared with 

the correlations of Dittus-Boelter and Blasius found 

in the literature for turbulent flow in ducts, 

respectively(Promvonge et al. 2010). 

The correlation of Dittus-Boelter is as follows: 

0.8 0.4

0 0.023 DNu Re Pr=                                   (9) 

The Prandtl number is introduced as the ratio of the 

diffusivity of momentum to the diffusivity of heat. 

The correlation of Blasius is as follows: 

0.25

0 0.316 Df Re−=                                 (10) 

2.3   Simulation Method 

The experimental data showed that the shear-stress 

transport (SST) turbulence model performs 

reasonably well(Luan et al. 2018, Medaouar et al. 

2019). The SST turbulence model was chosen due 

to its good capability for predicting the heat transfer 

performance in swirling flow systems with  
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Fig. 3. The mesh of the dual-inlet swirl tube. 

 

 

comparatively low computational costs. 

The continuity equation is: 

( ) 0U  =                                  (11) 

The momentum equation is: 

( ) MU U p S    = − + +                  (12) 

where   is the stress tensor and is related to the 

strain rate by 

2
( ( ) )

3

TU U U  =  +  −                            (13) 

The total energy equation is: 

( ) ( ) ( )tot M EUh T U U S S    =    +   +  +  
 (14) 

where toth  is the total enthalpy, 21
= +

2
toth h U , 

and ES  is the energy source. The term ( )U     

indicates the work due to viscous stress. In addition, 

the term MU S  represents the work due to external 

momentum sources. Taking the conditions in this 

study into consideration, MU S  is neglected in the 

computation. 

 

Table 1 Boundary conditions for isobaric and 

isokinetic injection 

 Isobaric injection Isokinetic injection 

Boundary 

name 
Inlet 1 Inlet 2 Inlet 1 Inlet 2 

Boundary 

condition 

Velocity 

inlet 

Velocity 

inlet 

Pressure 

inlet 

Pressure 

inlet 

1.5~7.5 m/s 2300~56000 Pa 

 

2.4   Simulation Conditions 

Steady-state three-dimensional numerical 

computations were performed. The boundary 

conditions are shown in Table 1. The swirl tube was 

heated from the tube wall at a uniform temperature 

of 473.15 K. The feed fluid was water with a 

temperature of 298.15 K. All wall surfaces are 

treated as no-slip boundaries. The computational 

model includes two adiabatic inlets and one 

adiabatic outlet.  

When the two inlets have equal areas, isokinetic 

injection and isobaric injection are initialized. For 

isokinetic injection, the average inlet velocity 

values are set to 1.5 m/s, 3.0 m/s, 4.5 m/s, 6.0 m/s, 

and 7.5 m/s, and the corresponding chamber 

Reynolds numbers are 5352, 10704, 16056, 21408, 

and 26760, respectively. For isobaric injection, the 

average inlet pressure values are set to 2300 Pa, 

9100 Pa, 20000 Pa, 36000 Pa, and 56000 Pa, and 

according to a series of exploration simulations, the 

corresponding chamber Reynolds numbers range 

from 5357 to 26206. 

When the two injection inlets have different areas, 

the ratio of the area of inlet 1 to the outlet area is set 

to 0.1, 0.2, 0.5, 0.8, and 0.9, while the sum of the 

areas of inlets 1 and 2 remains constant and the sum 

of the inlet areas is equal to that of the outlet. 

Because the heights of the inlets and outlet have the 

same value, the area ratio of inlet 1 to inlet 2 is 

equal to the width ratio of inlet 1 to inlet 2. 

2.5   Grid Independence Validation  

A proper number of grids guarantees the accuracy 

of numerical simulations. A careful grid 

independence check is performed for the 

computations by considering several grids with 

nodes ranging from 0.14 million to approximately 

1.90 million. For all investigated cases, a tetrahedral 

mesh is generated using the commercial grid 

generation software ICEM. The near-wall flow 

region is meshed with denser grids by using a 

boundary layer with 3 cell layers, as shown in Fig. 3. 

In this paper, we select a case with 16056DRe =  

and 0.5R =  to validate grid independence. The 

numbers of mesh nodes in the grid for analysis are 

0.14 million, 1.27 million, and 1.90 million. Figure 

4 shows the pressure distribution and the 

circumferentially averaged Nusselt number 

distribution versus axial length x . This figure 

shows that the numerical results are not sensitive to 

the number of grids when the number of grids is 

greater than 1.27 million. As a result, a grid with 

1.27 million nodes is employed. 

As denser grids were applied, the computations 

converged to appropriate values with deviations in 

the computed fluid outlet temperature and global 

Nusselt number of less than 1.0%, and these results 

suggested that the numerical solution is mesh-

independent as seen in Table 2. A grid system with 

approximately 1.27 million nodes was chosen for 

all computations. 
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(a) 

 
(b) 

Fig. 4. Grid independence calculation results. 

(a)The pressure distribution, (b)the 

circumferential average Nusselt number 

distribution. 

 

Table 2 Grid independence validation results 

 case 1 case 2 case 3 

nodes 144998 1268617 1904656 

elements 77788 730144 1217830 

gNu  210 319 317 

outlet temperature, 

K 
327.809 343.111 342.865 

 

3. RESULTS AND DISCUSSION 

3.1  Comparison Between Isobaric Injection 

and Isokinetic Injection 

The chamber Reynolds number ranges from 5352 to 

26760 for isokinetic injection and from 5357 to 

26206 for isobaric injection. Therefore, the chamber 

Reynolds number was kept similar for both feeding 

modes. 

The relationship between the inlet pressures and the 

chamber Reynolds number is shown in Fig. 5(a) 

when isokinetic injection is adopted. Both inlet 

pressures increase rapidly as the chamber Reynolds 

number rises. Inlet 1 has a higher static pressure 

than inlet 2. When isokinetic injection is used, the 

inlet velocity changes along with the chamber 

Reynolds number, as shown in Fig. 5(b). Both inlet 

pressures increase proportionally as the chamber 

Reynolds number rises. Inlet 1 has a lower velocity 

than inlet 2.  

The degree of swirl is usually characterized by the 

swirl number and, as already mentioned, is defined 

as the ratio of the angular momentum to the axial 

momentum of the flow; see Eq. 2. The distributions 

of the swirl number along the x axis for isobaric 

injection and isokinetic injection are shown in Fig. 

6. The swirl numbers in all configurations show 

similar values for each chamber Reynolds number, 

and most of the swirl numbers range from 0.5 to 2. 

The highest swirl number appears near inlet 1 for 

each chamber Reynolds number. First, the swirl 

number decreases within the tube length after inlet 

1. Then, the swirl number increases close to inlet 2, 

after which the swirl number continues to decrease 

along the x axis. The swirl number near inlet 2 is 

less than that near inlet 1. In addition, some 

fluctuations in the swirl number near inlet 1 and the 

outlet happen due to rapid changes in the velocity 

direction resulting from the tangential nozzle. The 

wall friction leads to a similar decreasing 

circumferential velocity for both isobaric injection 

and isokinetic injection. 

 

 
(a) 

 
(b) 

Fig. 5. Changes at inlet versus chamber Reynolds 

number. (a)for isokinetic injection (b) for 

isobaric injection is adopted. 

 
 

The circumferential average Nusselt number 

distributions along the x axis for isobaric injection 

and isokinetic injection are shown in Fig. 7. The 

circumferential average Nusselt number increases 

as the chamber Reynolds number increases. A 

higher inlet velocity and higher inlet pressure will 

lead to a higher circumferential average Nusselt 

number. 

The circumferential average Nusselt numbers show 

similar changing trends along the x axis. First, the 

circumferential average Nusselt number decreases 

within the tube length after inlet 1. Then, the 

circumferential average Nusselt number increases 

close to inlet 2, after which the circumferential 

average Nusselt number continues to decrease along 

the x axis. The wall friction leads to a similar 

decreasing circumferential velocity for both isobaric 

injection and isokinetic injection. 
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Fig. 6. Swirl number distribution along the x axis. 

(a)For isokinetic injection, (b) for isobaric 

injection. 

 

The circumferential average Nusselt number near 

inlet 2 is similar to that near inlet 1 for isokinetic 

injection, while the circumferential average Nusselt 

number near inlet 2 is higher than that near inlet 1 

for isobaric injection. Inlet 2 has more inlet velocity 

with isobaric injection as illustrated above. 
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Fig. 7. Circumferential average Nusselt number 

along the x axis. (a)For isokinetic injection, (b) 

for isobaric injection. 

 

3.2   The Effect of the Inlet Area Ratio 

Isokinetic injection is used when the effect of the 

inlet area ratio on heat transfer is studied. Because 

the sum of the inlet areas remains constant, the 

corresponding chamber Reynolds number also 

ranges from 5352 to 26760. The inlet area ratios of 

the tube are 0.1, 0.2, 0.5, 0.8 and 0.9. 

3.2.1   Flow Phenomena  

The area pressure at various locations of the swirl 

tube is recorded from the simulation results. The 

average inlet velocity values are selected as 1.5 m/s, 

4.5 m/s, and 7.5 m/s. The corresponding chamber 

Reynolds numbers are 5352, 16056, and 26760, 

respectively. The area average pressure at each 

location is shown in Fig. 8 when the chamber 

Reynolds number is 5352, 16056, and 26760, 

respectively. Inlet 1 has the largest area average 

pressure, followed by inlet 2 and the outlet in turn. 

The area average pressure close to inlet 1 exhibits a 

larger value when R  increases. 
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Fig. 8. Area average pressure distribution. (a) 

the chamber Reynolds number is 5352, (b) the 

chamber Reynolds number is 16056, (c) the 

chamber Reynolds number is 26760. 

 

Near the outlet, the area average pressure increases 

suddenly because of the cyclic dead zone of the 

streamline. In addition to the position after inlet 2, 

the area average pressure decreases along the axial 

direction. The positions between inlet 1 and the 

outlet exhibit a downward, upward, downward and 

then upward tendency along the axial direction. For 

lower values of R , the area average pressure is 

lower than that for higher values of R  in most 

cases. 
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Fig. 9. Swirl number distribution. (a) R=0.1, (b) 

R=0.2, (c) R=0.5 , (d) R=0.8 , (e) R=0.9. 
 

The swirl number in the cross-section area and the 

continuity equation investigated here are 

independent of the chamber Reynolds number for 

each condition of R , as shown in Fig. 9. The swirl 

numbers vary at different axial positions for all five 

investigated inlet area ratios. The swirl numbers at 

inlet 1 have the highest values because the 

tangential inflow begins to convert to axial velocity. 

The swirl number in most cases exhibits a similar 

range from 0.5 to 2, approximately. However, the 

swirl number close to inlet 2 has a larger value for a 

smaller R . 

Figure 10 shows the three-dimensional streamline 

in the swirl chamber when R  is 0.8. The color 

represents the ratio of the liquid local velocity to the 

inlet velocity, inu .  

The water is injected into the swirl chamber and 

forms a high-velocity swirling flow close to inlets 1 

and 2. Because of the viscosity, the liquid velocity 

decreases gradually as the water flows downstream. 

As the centrifugal force is not enough after inlet 1, 

the additional injection through inlet 2 provides a 

supplement for the swirling flow. The great 

momentum transport at inlet 2 contributes to an 

increase in the flow centrifugal force. Therefore, the 

water in the swirl chamber maintains a suitable 

swirl number from inlet 1 to the outlet. 

The streamline radial contraction is not obvious 

downstream, as has been reported in the 

literature(Wu et al. 2019). This is a result of the 

lower momentum loss of a tangential outlet than 

that of a symmetrical outlet(Liu et al. 2019). 

Moreover, it can be seen that the streamline axial 

stretch distance from inlet 1 remains almost 

constant downstream as DRe  increases. This result 

suggests that the dual-inlet swirl structure may 

result in stable cross flow, which is beneficial to the 

uniform heat transfer distribution of the swirl 

chamber. Generally, the trend of the streamline 

distribution is roughly similar at various DRe . 

Figure 11 provides the three-dimensional streamline 

in the swirl chamber when DRe  is 16056. When R  

has a lower value, most of the fluid passing through 

inlet 2 tends to move upstream of inlet 2 due to the 

lower pressure loss facing inlet 1. As R  increases, 

the streamline axial stretch distance lengthens 

downstream of inlet 1 and shortens downstream of 

inlet 2. In addition, the streamline radial contraction 

becomes more obvious close to inlet 1 when R  is 

0.1. This is a result of low momentum, which is 

caused by the impacts of little mass flow from inlet 

1. When R  has a higher value, the streamline axial 

stretch distance is more uniform, and inlet 2 

provides opportune assistance to maintain a suitable 

tangential velocity. 

Figure 12 displays the streamline and velocity 

contours in the longitudinal section when DRe  is 

16056. It is noteworthy that vortex pairs are clearly 

shown in the images. The number and intensity of 

vortexes at locations between inlets 1 and 2 are 

obviously affected by R . More vortex pairs appear 

between inlets 1 and 2 with decreasing R . This 

effect leads to the turbulent kinetic energy 

becoming enlarged here. The back-forward 

streamline is enriched with a small value of R  and 

provides back mixing of fluid that contributes to 

more heat transfer at locations between inlets 1 and 

2. As shown in Fig. 22, when the inlet area ratio 

increases, the vortex intensity tends to decrease at  
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Fig. 10. Three-dimensional streamline in the. 

 
 

 
Fig. 11. Three-dimensional streamline in the swirl chamber when ReD is 16056. 

 

 

 
Fig. 12. Streamlines in the longitudinal section for different configurations of R when ReD is 16056. 

 
 

locations between inlet 1 and the outlet. 

Nevertheless, there is a larger velocity upstream of 

inlet 2 when R  is smaller because little mass flow 

is injected into inlet 1. This tendency relieves as R  

increases.  

3.2.2   Thermal Performance 

Figure 13 shows the distributions of Nu contours at 

different R  values when DRe  is 16056. It is clearly 

shown that the high heat transfer intensity region 

corresponds to the inlet location, and the high heat 

transfer intensity decreases gradually along the axial 

direction. The lower velocities away from the inlets 

weaken the impacts of fluid scouring on the target 

wall boundary layer. As a result, the thickening 

thermal boundary layer contributes to decreasing 

the heat transfer intensity. 
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Fig. 13. Contours of the Nusselt number on the target for different configurations of R when ReD is 

16056. 

 

 

When R  has a lower value, the main region for 

heat transfer is symmetrically distributed on both 

sides of inlet 2. Part of the fluid passing through 

inlet 2 flows back toward the upstream and then 

flows downstream along the x-axis direction. Thus, 

back mixing happens when R  is lower. When R  

has a higher value, the main region for heat transfer 

is located downstream of inlet 1. 

The variations in the circumferential average 

Nusselt number in the swirl chamber along the axial 

direction for different R  values are shown in Figs. 

14~18. For each figure, five kinds of inlet velocities 

are used to obtain the relationship between the inlet 

velocity and the circumferential average Nusselt 

number. Inlets 1 and 2 exhibit peak values of the 

circumferential average Nusselt number. This is 

because the tangential velocity of the water 

increases and vortices appear, which contribute to 

high turbulence and mixing. The circumferential 

average Nusselt number increases when the water 

flow has a high tangential velocity ejected from the 

inlets. The injected water not only violently washes 

the wall of the swirl chamber, reducing the 

thickness of the thermal boundary layer, but also 

generates vortices that enhance the turbulence and 

mixing. As the inlet area ratio increases, the 

circumferential average Nusselt number at inlet 1 

rises, and the circumferential average Nusselt 

number at inlet 2 decreases. The mass flow 

dominates the circumferential average Nusselt 

number near the inlets. 
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Fig. 14. Circumferential average Nusselt number 

along the axial direction for different chamber 

Reynolds numbers when R is 0.1. 

 
The global average Nusselt number distributions for 

different structures and chamber Reynolds numbers 

are shown in Fig. 19. The global average Nusselt 

number increases with increasing chamber 

Reynolds number. For a certain chamber Reynolds 

number, different values of R  lead to variations in 

the global average Nusselt number, as shown in 

each line in Fig. 19. In most cases, the global 

average Nusselt number increases with R  and then 

decreases with R . An R  value of 0.5 exhibits the 

largest global average Nusselt number for each 

chamber Reynolds number. 
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Fig. 15. Circumferential average Nusselt number 

along the axial direction for different chamber 

Reynolds numbers when R is 0.2. 
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Fig. 16. Circumferential average Nusselt number 

along the axial direction for different chamber 

Reynolds numbers when R is 0.5. 
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Fig. 17. Circumferential average Nusselt number 

along the axial direction for different chamber 

Reynolds numbers when R is 0.8. 
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Fig. 18. Circumferential average Nusselt number 

along the axial direction for different chamber 

Reynolds numbers when R is 0.9. 

 

According to the changes in the normalized Nusselt 

number with R  shown in Fig. 20, an R  value of 

0.5 exhibits the peak value of the normalized 

Nusselt number for each chamber Reynolds 

number. This result means that an equal area 

distribution of the inlets is advantageous over the 

other configurations. 

The dual-inlet swirl tube yields considerable heat 

transfer compared with the plain tube. According to 

the values of normalized Nusselt number 

( 0/gNu Nu ), the global average Nusselt number of 

the tube insert( gNu )  is much higher than that of 

the plain tube( 0Nu ). This result is due to stronger 

vortex strength helping to increase the turbulence 

intensity and a thinner boundary layer, resulting in 

higher convection. For chamber Reynolds numbers 

ranging from 10704 to 26760, the normalized 

Nusselt number with an R  value of 0.1 is lower 

than that with an R  value of 0.9, and the 

normalized Nusselt number with an R  value of 0.2 

is lower than that with an R  value of 0.8. For a 

chamber Reynolds number of 5352, the normalized 

Nusselt number with an R  value of 0.1 is higher 

than that with an R  value of 0.9, and the 

normalized Nusselt number with an R  value of 0.2 

is higher than that with an R  value of 0.8.  

 

 
Fig. 19. Changes in the global average Nusselt 

number with R for different chamber Reynolds 

numbers. 

 
The influences of using the dual-inlet swirl tube on 

the friction factors and normalized friction factors 

are displayed in Figs. 31 and 32, respectively. These 

figures show that the application of the swirl tube 

leads to a substantial increase in the friction factor 

above that of the plain tube.  

As shown in Fig. 21, the friction factor shows a 

downtrend and uptrend with increasing R  for DRe  

values of 5352, 10704, 16056, 21408, and 26760. 

As shown in Fig. 22, the normalized friction factor 

increases with increasing chamber Reynolds 

number, with the exception of cases in which R  is 

equal to 0.1. This has some difference from the 

ideal fact that the friction factor will increases with 

the R  value. This may result from the fact that the 

large resistance of tangential inlet 1 due to small 

equivalent diameter of inlet 1 when R  is equal to 

0.1 or 0.2. The normalized friction factor exhibits a 

greater value for higher values of DRe .   

 

 
Fig. 20. Changes in the normalized Nusselt 

number with R for different chamber Reynolds 

numbers. 

 

 
Fig. 21. Changes in the friction factor with R for 

different chamber Reynolds numbers. 

 

 
Fig. 22. Changes in the normalized friction 

factor with R for different chamber Reynolds 

numbers. 

 
Figure 23 portrays the effect of the inlet area ratio, 

R , on the thermal performance factor,   . For 

chamber Reynolds numbers of 10704, 16056, 

21408, and 26760, the thermal performance factor 

shows an uptrend and downtrend with increasing R  

from 0.1 to 0.9. According to flow phenomena and 

heat transfer characteristics, more fluid through 

inlet 1 will result in higher temperature at outlet and 

higher pressure loss. More fluid through inlet 2 will 

result in lower temperature at outlet and lower 
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pressure loss. The maximum value of the thermal 

performance factor happens with an R  value of 0.5. 

The structure parameter, R , should be selected as 

0.5 as far as possible to obtain more heat transfer 

with a lower pressure loss. The correlation curve 

between thermal performance factor and inlet area 

ration shows symmetry basically around R =0.5 for 

chamber Reynolds numbers ranging from 10704 to 

26760. The minimum value of the thermal 

performance factor happens with R  values of 0.1 

and 0.9 which should be avoided for industrial 

application. For chamber Reynolds numbers of 

5352, the thermal performance factor shows a 

downtrend with increasing R  from 0.1 to 0.9.  

What should be noticed that the thermal 

performance factor exhibits within the range from 

0.510 to 0.570 for all cases. When DRe  is equal to 

26760 exhibits a maximum of the thermal 

performance factor for all the values of R . To 

guide economic designs of heat exchangers, an inlet 

area ratio value of 0.5 is preferred. The heated water 

temperatures at outlet are shown in Table 3. The 

water is preheated from 25 °C to 70 °C 

approximately which would be benefit to the 

degassing of acidic water. 

 

Table 3 Water temperatures at outlet with an 

inlet area ratio value of 0.5 

Chamber 

Reynolds 

number 

water temperatures 

at outlet (K) 

thermal 

performance 

factor 

5352 348.93 0.544 

10704 345.87 0.561 

16056 343.11 0.555 

21408 341.91 0.560 

26760 341.23 0.567 

 

When the swirl tube is used to preheating water, the 

handling capacity is controlled with chamber 

Reynolds number closed to 26760. The thermal 

performance factor shows similar trend basically 

with chamber Reynolds numbers of 10704, 16056, 

21408, and 26760 which indicates that the heat 

transfer performance keeps stable within this range 

of handling capacity.  

 

 
Fig. 23. Variation in η with R for the dual-inlet 

swirl tube. 

 

4. CONCLUSION 

In this paper, numerical simulations are performed 

to investigate dual-inlet swirl heating 

characteristics. Detailed grid independence analysis 

validation is conducted to acquire proper calculation 

results. The influences of the feeding mode and 

inlet area ratio are investigated for further study of 

the details of swirl heating. 

When isokinetic injection is used, inlet 1 has a 

lower velocity than inlet 2. The circumferential 

average Nusselt number near inlet 2 is similar to 

that near inlet 1 for isokinetic injection, while the 

circumferential average Nusselt number near inlet 2 

is higher than that near inlet 1 for isobaric injection. 

The inlet velocity dominates the local Nusselt 

number.  

The inlet area ratio R  has a remarkable influence 

on the flow and heat transfer behavior of swirl 

heating. When the chamber Reynolds number is 

kept unchanged, the swirl number close to inlet 2 

has a larger value for a smaller R . A lower value 

of R  leads to the tendency for the fluid passing 

through inlet 2 to move upstream of inlet 2 and 

results in more vortex pairs between inlets 1 and 2. 

The back-forward streamline is enriched with a 

small value of R  and provides back mixing of fluid 

that contributes to more heat transfer.  

Larger chamber Reynolds number will lead to 

larger global average Nusselt number. An R  value 

of 0.5 exhibits the largest global average Nusselt 

number and the peak value of the normalized 

Nusselt number for each chamber Reynolds 

number. Additional fluid through inlet 2 provides 

and opportune assistance to maintain a more 

uniform swirl number for a value of 0.5. For the 

DRe  values ranging from 5352 to 26760, the inlet 

area ratio, R , should be kept as 0.5 as far as 

possible to obtain more heat transfer with a low 

pressure loss. Inlet area ration values of 0.1 and 0.9 

will lead to bad thermal performance which should 

be avoided.  

Preheating exchanger is widely used in petroleum, 

chemical industry, electric power, metallurgy, 

shipbuilding and other industrial fields. It is not 

only essential equipment in industrial production 

but also one of the main equipment to improve 

energy efficiency. Moreover, deep-sea probes, 

offshore drilling platforms and space vehicles are in 

harsh environments (high-pressure difference and 

high-temperature differences), which demand 

higher requirements on the volume, weight, strength 

and heat transfer performance of the preheating 

exchanger. In recent years, the preheating 

exchanger industry has also shown a trend of 

miniaturization, high efficiency and energy saving 

in terms of products and technologies. The 

preheating exchanger has a great impact on the 

national economy, so it has a bright future. 
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