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Abstract: Heat transfer enhancement is always pursued in the industry to achieve high-
performance and low-energy-consumption heat exchange devices and systems. For
decades, various types of heat transfer-enhancing tubes with differing geometries and
wall configurations have been developed. In this paper, the heat transfer and pressure
drop characteristics of air inside an innovative heat transfer tube with regular wall dimples,
namely a vortex-enhanced tube, which has a great application prospect in the gas-gas
heat exchanger, are numerically studied with an experimentally validated model. The
effects of the depth, axial pitch, and radial rotation angle of the dimple in the tube wall on
the convective heat transfer coefficient and friction drag coefficient are comprehensively
analyzed. Based on the Performance Evaluation Criteria (PEC) of the tubes, the optimal
parameters of the vortex-enhanced tube are obtained. When Re ranges from 10,000 to
40,000, the comprehensive evaluation factor of the vortex-enhanced tube is 1.29 times
higher than the smooth tube. Dimple pacing, dimple depth, and dimple helical angle of the
optimal tube type are 8 mm, 6 mm, and 83°, respectively.

Keywords: the vortex-enhanced tube; enhanced heat transfer; numerical simulation

1. Introduction

Heat exchangers are widely used in power plants, petrochemicals, and food indus-
tries [1]. Tube shell-type heat exchangers are the most frequently utilized due to their
straightforward structure and capacity to withstand high-pressure applications. To en-
hance the efficiency of heat exchange and conserve energy resources, the development of
a high-performance heat exchanger device is imperative. Many high-performance heat
transfer components can be realized by studying enhanced heat transfer technology, which
currently, in practice, includes active and passive methods [2].

The active enhanced heat transfer technology needs to apply external force, which
increases the complexity of the heat transfer process and adds more instability to the heat
transfer process. The passive enhanced heat transfer technology, which is simple, energy-
saving, and high safety, is widely used in industry. The passive enhanced heat transfer
technology mainly includes processing rough surfaces, changing tube shape, and inserting
turbulence elements in the heat transfer channels [3-6]. Among all kinds of enhanced tube
structures used in convective heat transfer, the spiral structure has the advantages of saving
equipment space, low production cost, and superior heat transfer performance [7,8]. The
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principle behind the heat transfer enhancement of the spiral structure lies in the helical flow
and secondary flow induced by the twisted curved tube wall, which changes direction, and
the radial and tangential velocities that generate intense flow mixing, thereby destroying
the flow boundary, so as to achieve the purpose of disrupting the flow state. The application
of spiral structures, such as a twisted oval tube and a twisted tri-lobed tube, etc., [9,10] as
shown in Figure 1a,b, achieve heat transfer enhancement by applying a deformation to
the tube wall to change the shape of the flow section, such as an alternating cross-section
flattened tube, an alternating elliptical axis tube, and dimpled tubes [11-13], as can be seen
in Figure 1c,e.

Figure 1. Geometry of different tube surfaces: (a) twisted oval tube, (b) twisted tri-lobed tube,
(c) alternating cross-section flattened tube, (d) alternating elliptical axis tube, and (e) dimpled tubes.

The dimple tube has a special surface, which makes the flow medium produce a
vortex in the process of flow, to enhance the heat transfer of the heat exchange tube [13,14].
The pits arranged on the surface by the characteristics of golf balls have a relatively low
pressure drop [15-17]. The dimple tube not only enhances heat transfer performance but
also minimizes resistance loss, resulting in excellent comprehensive performance.

The vortex-enhanced tube represents a newly optimized heat exchange tube, built
upon the foundation of the dimple tube, featuring prominent convex and concave structures.
The dimples are spirally distributed across the tube’s surface, inheriting the drag-reduction
characteristics of the dimple tube. Vortex-enhanced tubes have been used in industrial
practice [18,19]. It has been proven that vortex-enhanced tubes can significantly increase
heat transfer rates, diminish pressure drops, reduce fouling, lower processing costs, and
operate without the need for additional components. In this paper, a computation model of
the vortex-enhanced tube was established based on structural mechanics, and the numerical
simulation was performed for different structure parameters. The findings indicated that
the heat transfer rate of enhanced tubes surpassed that of smooth tubes, especially, the
more excellent heat transfer enhanced performance at the low Reynolds number which was
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found [20,21]. But in industrial applications, the design parameters of the heat exchanger
still rely on the accumulation of experience; the structure selection of heat exchanger
tubes still needs to be supported by data, such as that related to the depth of the dimple
structures, pacing between the adjacent-staggered dimple structures, the intersection angle
of the dimple structure, etc.

In this paper, on the basis of previous research, we optimized the tube structure by
integrating the dimple structure and spiral structure, hoping to obtain a more enhanced
heat transfer effect. The physical geometry model of the vortex-enhanced tube was devel-
oped through simulating the industrial production process using explicit dynamics, and
numerical methods were employed to solve the turbulent flow and heat transfer within it.
The objective of the study is to identify optimal design parameters that enhance the heat
transfer rate while maintaining an acceptable friction factor. An optimal design is identi-
fied by comparing the comprehensive performance rate of each design, which provides a
reference for the tube type selection in industrial design.

2. Numerical Model and Methods
2.1. Physical Model

Three structural parameter changes in the geometric model of the vortex-enhanced
tube are shown in Figure 2. These parameters include spacing in the axial direction between

the adjacent dimple structures, the depth of the dimple structure, and the rotation helix
angle in the radial direction between the two adjacent dimples. The structural parameters

calculated in the numerical simulation are shown in Figure 2a and Table 1.

Figure 2. Schematic diagram of the structural parameter (a) and the vortex-enhanced tubes with the
different spacing (b), depth (c), and helix angle (d).
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Table 1. Structure parameters of the tubes.

Spacing, p/mm Depth, s/mm Helix Angle, a/°
8 3 63
11 45 83
14 6 103
17 7.5 133

The vortex-enhanced tube has a complex deformation of the tube wall under the action
of external force. The geometric model is simulated by the explicit dynamic in ANASYS
program software (version number: ANSYS 18.2) according to the actual industrial produc-
tion process. It is mainly controlled by the mechanical equation, so the boundary conditions
need to be set. The boundary conditions mainly involved in the model include the stress
boundary conditions and the displacement boundary conditions. In this paper, the size of
the tube tested in the simulation experiment is 40 mm in diameter, 1.5 mm in thickness,
and 2600 mm in length. The tubular model is obtained by selecting the materials of the
tube, controlling the pressing position and displacement parameters of the rigid body, and
fixing the boundary conditions. A reverse flow heat transfer system is formed by adding
the fluid zone inside and outside the tube model, as shown in Figure 3.

water outlet

water inlet

air inlet

air outlet

Figure 3. Physical model of the vortex-enhanced tube heat exchange system.

2.2. Governing Equations and Boundary Conditions

According to the actual processing structure of the vortex-enhanced tube, the following
assumptions are made to ensure that the flow and heat transfer characteristics of the system
are not adversely affected: (1) the working fluid is considered incompressible and has
constant properties; (2) fluid physical parameters remain unchanged; (3) the effects of the
gravitational field and heat radiation are neglected.

The Reynolds-averaged Navier-Stokes (RANS) equations for the turbulent convective
heat transfer into the heat exchanger at the steady state are expressed with tensor form
as follows:

Continuity equation:

=0 )

Momentum equation:
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Energy equation:
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where A is thermal conductivity, W/(m-K), y is dynamic viscosity, and Pa-s, p is the
density. u; (I =1,2,3) is the time average velocity in Cartesian coordinate, respectively. The

additional term —pu;u; in Equation (2) is called the Reynolds stress, which is resolved
with the realizable k-¢ model [22,23]. y#; and Pr; in Equation (3) are the turbulent (or eddy)
viscosity and the turbulent Prandtl number, respectively.

The realizable k-¢ model is chosen to simulate turbulent flow. The enhanced wall
function method is used for the near-wall treatment. Liquid water is assigned as the fluid
outside the tube, while air is designated as the fluid inside the tube, and the following
boundary conditions are established. Given the pressure outlet and velocity inlet, the
air inlet temperature is 298.15 K, and the inlet temperature of liquid water is 363.15 K.
The velocity inlet of air is set as 5-15 m/s, which is the air velocity of the tube inside,
common in industry, the mass flow rate in the corresponding working condition is about
15-65 m3/h, and the velocity inlet of water is set as 1 m/s. Pressure-velocity coupling is
chosen for the SIMPLE scheme, spatial discretization is established as second-order upwind
for momentum, and turbulent kinetic energy is selected. The convergence absolute criteria
condition was set to less than 10 x 107°.

2.3. Parameter Definitions

The flow and heat transfer characteristics of the fluid inside the vortex-enhanced tube
were evaluated using the following dimensionless parameters.
Reynolds number

Re :WZD 4)
Nusselt number D
Darcy friction factor
= ApD ©6)
303, L

Here, & is the heat transfer coefficient, W/(m2-K), D is the vortex-enhanced tube
equivalent diameter, mm. The thermal performance factor was utilized to assess the overall
performance of the tube [24]. The subscript “0” indicates the value obtained from the
smooth tube.

= (Nu/Nug)/(f/fo)'> 7)

2.4. Grid Details and Grid Mesh Independent Test

This model adopts a Mesh module of ANASYS program for discretization. Since the
geometric model was obtained through explicit dynamics calculation, it will produce drastic
geometric structure changes on the surface of the dimple. Unstructured grids were adopted
for discretization of the geometric model and mesh refinement. A refined boundary layer
grid was generated near the basin wall to satisfy the application requirements of the wall
function method. The size of the tube inside the grid was set as 1 mm, the size of the
vortex-enhanced tube grid was set as 1 mm, and the size of the tube outside the grid was
set as 2 mm. The surface mesh of the vortex-enhanced tube is shown in Figure 4a. Set the
boundary layer: the inner tube coupled with tube wall faces inward expansion, the outer
tube coupled with the wall faces outward expansion, and the outer faces inward expansion.
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Set the transition ratio of expansion parameters as 0.9, the maximum layers as 4, and the
growth rate as 1.2. The generated mesh is shown in Figure 4b.

(@) (b)

Figure 4. (a) Surface mesh of the vortex-enhanced tube, (b) mesh system of the cross-section.

Through the grid mesh independent test, the reasonable mesh design is selected.
Table 2 shows the calculation parameters of mesh independence verification. When
the number of grids is greater than 9.21 x 10°, the relative error of heat transfer coef-
ficient h and resistance coefficient f is less than 4%, so this grid setting is selected for

subsequent calculation.

Table 2. The calculation parameters of mesh independence verification.

Grid Nu f
35,569,065 43.508 0.110772432
21,585,632 43.092 0.110762432
9,211,630 42.561 0.110743776

5,322,560 28.673 0.110532707

2.5. Validation

To validate the numerical method used in this study, the thermal-hydraulic perfor-
mance of a vortex-enhanced tube was calculated and compared against experimental data
under identical boundaries and geometrical conditions. The experimental platform’s pri-
mary components of the system include a fan, a thermostat-controlled hot water tank, a
circulating pump, and an annular tube heat exchanger. The heat exchanger is composed of
an annular tube and the experimental tube. Hot water at 95 °C flows through the shell side,
while cold air passes through the tube side. The air inside the experimental tube is warmed
by the hot water circulating outside the tube. The range of Re is 10,000 to 40,000, the Nu
comparison results as shown in Figure 5, the calculated values of Nu are slightly higher
than the experimental results. However, the variation trends with Re remain consistent,
with a maximum relative error of 3.0%. The comparison results are shown in Figure 6. The
variation trends with Re are consistent, and the maximum relative error for f is 6.3%. This
comparison demonstrates that the numerical results align well with the experimental data.
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Figure 5. Comparison of the Nu of numerical and experimental results.

0.09
—w— Experimental results
—#— Numerical results

0.08 .

=0.07+
0.06 1
0.05 T T T T T T T
5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000 45,000

Re

Figure 6. Comparison of the f of numerical and experimental results.

3. Results and Discussion
3.1. Influence of the Dimple Spacing

Axial dimple spacing is the distance between two adjacent vortices along the tube axis,
The smaller the dimple spacing, the more compact the axial dimple arrangement. When
the dimple spacing is changed, the other two structural parameters remain unchanged: the
dimple depth is 6 mm, and the dimple helical angle is 103°.

Figure 7 shows that Nu increases with Re (10,000—-40,000) and is consistently higher
for vortex-enhanced tubes compared to smooth tubes, highlighting their superior heat
transfer. The 8 mm spacing achieves the highest Nu, 35.11% higher than the smooth tube,
while the 17 mm spacing shows the smallest improvement (28.45%). Smaller spacing does
not always guarantee better performance, as the 14 mm spacing outperforms the 11 mm
spacing. The magnitude and direction of the fluid velocity continuously fluctuate, with the
velocity increasing in radial flow. As a result, the flow boundary layer experiences constant
disruption, maintaining a thin and discontinuous state. This dynamic interaction promotes
strong mixing between the mainstream fluid and the near-wall fluid. The flow field
alterations caused by the dimple structure disturb the boundary layer, thereby enhancing
heat transfer.
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Figure 7. Variation in Nu with Re for the vortex-enhanced tubes with varying dimple spacing.

Figure 8 shows the influence of varying dimple spacing on Nu/Nug, and Nu/Nu
shows a decreasing trend with Re, indicating that when Re is lower, the variation in dimple
spacing has a more obvious influence on heat transfer performance. The effect of dimple
spacing on Nu/Nug is the same as that on Nu.

1.6
3 —=— spacing 17mm
1.54 T~y —®— spacing 14mm
o —A—  spacing 1lmm
spacing 8mm
1.4 1
:Q
=
Ei
2 1.3

T T T T T T T
10, 000 20, 000 30, 000 40, 000

Re
Figure 8. Variation in Nu/Nug with Re for the vortex-shaped tubes with varying dimple spacing.

Figure 9 shows that the friction factor decreases with increasing Re. The smooth tube’s
friction factor ranges from 0.019 to 0.030, while the vortex-enhanced tube ranges from 0.022
to 0.053 due to increased surface roughness. The difference in friction factors is minimal,
varying between 0.36% and 4.94%.

As shown in Figure 10, f/fo decreases with the increase in Re, indicating that the
change in dimple spacing has a more obvious influence on the resistance when Re is in a
low range. The change in f /f is negligible between different spacing. It shows that the
structure parameter of dimple spacing has little influence on the resistance.

Figure 11 shows that the efficiency factor (1) varies with dimple spacing and Re. The
8 mm dimple spacing tube achieves the highest # (1.12-1.27), decreasing slowly with Re
until 17,000, after which it declines significantly. For the 11 mm and 17 mm tubes, # initially
increases, peaking at higher Re (17,000 and 25,000, respectively), before decreasing. The
14 mm tube shows a trend similar to the 8 mm tube but with slightly lower #. Across all
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cases, 77 first rises and then declines, with lower # tubes requiring higher Re to reach their
peak efficiency.

0.06 7 —&— smooth tube
—e— spacing 17mm
—A— gpacing 14mm
0. 05 —v¥— spacing 1lmm
spacing 8mm
% 0. 04
0. 03
0. 02
T T T T T T T
10, 000 20, 000 30, 000 40, 000
Re

Figure 9. Variation in f with Re for the vortex-enhanced tubes with varying dimple spacing.
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Figure 10. Variation in f /f with Re for the vortex-enhanced tubes with varying dimple spacing.
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Figure 11. Variation in 1 with Re for the vortex-enhanced tubes with varying dimple spacing.
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The 7 values of the vortex-enhanced tube are greater than 1, indicating that it effectively
enhances heat transfer. As the fluid flows through the dimple structure on the tube surface,
its velocity direction changes radially, which increases turbulence intensity. As the dimple
spacing increases, the resistance of the vortex-enhanced tube decreases, along with a
reduction in Nu. This occurs because, as the fluid passes through the dimple, the change
in cross-sectional area generates local resistance at the dimple. When dimple spacing
increases, fewer dimple structures are present per unit length, leading to reduced flow
resistance. Simultaneously, as the number of vortices decreases, the fluid experiences fewer
disturbances, weakening the heat transfer enhancement effect.

3.2. Influence of the Dimple Depth

When the dimple depth is changed, the other two structural parameters remain
unchanged; the dimple spacing is 11 mm and the dimple helical angle is 103°.

Figure 12 shows that as dimple depth increases from 3 mm to 7.5 mm, the Nu of the
vortex-enhanced tube increases, indicating stronger heat transfer performance. The Nu of
the vortex-enhanced tube is consistently higher than the smooth tube, especially at high Re.
The deepest dimple (7.5 mm) shows the most significant improvement, with a Nu increase
of 43.3% to 48.8%, compared to the smooth tube. Smaller dimple depths (3 mm, 4.5 mm,
and 6 mm) show increases ranging from 13.0% to 40.5%, highlighting the positive effect of
deeper dimple structures on heat transfer performance.

Figure 13 shows that Nu/Nuy increases slightly before Re exceeds 17,000 and then
remains nearly constant, with changes ranging from 0.4% to 2.1%. Deeper dimple depths
result in higher Nu/Nu values.

Figure 14 shows that the friction factor (f) is higher at low Re and decreases gradually
with increasing Re. The friction factor of the vortex-enhanced tube is greater than that of the
smooth tube, with deeper dimple depths resulting in higher friction factors. For a dimple
depth of 7.5 mm, f ranges from 0.078 to 0.111, 73.3% to 75.1% higher than the smooth tube.
For 6 mm, f ranges from 0.049 to 0.071, 58.2% to 60.3% higher; for 4.5 mm, f ranges from
0.033 to 0.048, 38.4% to 41.7% higher; and for 3 mm, f ranges from 0.024 to 0.033, 10.3% to
18.4% higher.

As shown in Figure 15, f /f( at each dimple depth changes gently with Re. The deeper
dimple depth tube has a higher f/f with the smooth tube. The f of the 7.5 mm dimple
depth tube is significantly higher than that of other tubes.

160

—=&— smooth
140 7 —— depth 3mm

—4A— depth 4. 5mm ///’
120 —v— depth 6mm -
—— depth 7. 5mm . V

100

Nu

80

60 4

40

20 1

T T T T
10, 000 20, 000 30, 000 40, 000
Re

Figure 12. Variation in Nu with Re for the vortex-enhanced tubes with varying dimple depth.
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Figure 13. Variation in Nu/Nug with Re for the vortex-enhanced tubes with varying dimple depth.
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Figure 14. Variation in f with Re for the vortex-enhanced tubes with varying dimple depth.

Figure 16 shows that 7 is low at low Re and levels off after Re reaches 17,000. The
highest 17 occurs with a dimple depth of 6 mm, with a change range of only 0.51% after
Re 17,000 and an average value of 1.23. The # of 7.5 mm and 4.5 mm dimple depth
tubes after Re 17,000 are 1.22 and 1.20, respectively. The 3 mm dimple depth tube has the
lowest 7, with an average value of 1.16 after Re 17,000. The dimple depth’s effect on
increases significantly until reaching a critical value between 3 and 4.5 mm, after which the
impact diminishes.

As the dimple depth increases, the Nu and f of the vortex-enhanced tube also increase.
The vortex depth of 6 mm has the highest 7. With the dimple depth increasing, the
resistance continues to increase, while the heat transfer increases to a lesser extent, thus
its n decreases. Therefore, when the dimple depth is 6 mm, the vortex-enhanced tube has
the extreme value of 1. The dimple depth has a large impact on the flow heat transfer
performance; the reason is that when the dimple depth increases, the cross-sectional area of
the heat exchanger tube decreases and the flow channel becomes narrower, thus increasing
the resistance, and at the same time, because of the existence of the vortex, its disturbance
increases, and heat transfer is enhanced.
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Figure 15. Variation in f /f with Re for the vortex-enhanced tubes with varying dimple depth.
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Figure 16. Variation in # with Re for the vortex-enhanced tubes with varying dimple depth.

3.3. Influence of the Dimple Helical Angle

The dimple helical angle has a complicated influence on the structure of the vortex-
enhanced tube. The structural parameters commonly used in industrial design are selected
for comparison, so as to select the optimal dimple helical angle parameters. When the
dimple helical angle is changed, the other two structural parameters remain unchanged:
the dimple depth is 6 mm and the dimple spacing is 11 mm.

As shown in Figure 17, Nu increases positively with Re. The Nu of the dimple helical
angle of 63° and 83° is similar and relatively higher, and the Nu of the dimple helical
angle of 103° and 133° is similar. The heat transfer performance of the tube is stronger at
high Re. With the increase in Re, Nu of the vortex-enhanced tube was increased relative
to the smooth tube. the dimple helical angle of 63°, 83°, 103°, and 133° were increased,
respectively, by 41.0-43.7%, 39.6-43.7%, 36.5-40.2%, and 34.9-40.1%.

As shown in Figure 18, each dimple helical angle tube has an obvious increase trend
with Re at low Re range of 10,000 to 17,000, and a gentle increase trend at high Re.

Figure 19 shows that the friction factor (f) is higher at low Re and decreases gradually
with increasing Re. The tube with a 63° dimple helical angle has the highest f, ranging from
0.054 to 0.080, 63.21% to 63.71% higher than the smooth tube.
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Figure 17. Variation in Nu with Re for the vortex-enhanced tubes with varying dimple helical angle.
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Figure 18. Variation in Nu/Nuy with Re for the vortex-enhanced tubes with varying dimple
helical angle.
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Figure 19. Variation in f with Re for the vortex-enhanced tubes with varying dimple helical angle.

As shown in Figure 20, f /f( at each dimple helical angle changes gently with Re. The
influence of dimple helical angle on f/fj is consistent with the influence trend on the Nu
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ratio. The tube with large Nu/Nu has relatively large f /fo, and the average f /f of the
63-103° tube is 2.77, 2.61, 2.48, and 3.37, respectively.

3.2
3.0
2.8
2.6
2.4
45 |
~ 2.2
4 ]
2.0
1 —a— helical angle 63°
1.8 —o— helical angle 83°
. 6—- —4&— helical angle 103°
] —v— helical angle 133°
1.4
1.2 T T T T
10, 000 20, 000 30, 000 40, 000

Re

Figure 20. Variation in f /f with Re for the vortex-enhanced tubes with varying dimple helical angle.

As can be seen from Figure 21, with the Re increase, 7 firstly increases and then flattens.
The # of the tube with 83° dimple helical angle is stronger than that of other tube types,
and the average # is 1.26. 5 of the tube with 103° and 133° dimple helical angle is low, and
7 are both 1.22. However, the 7 of the tube with a 103° dimple helical angle is higher when
the Re is below 17,000. With the increase in Re, the 7 of the tube with a 133° dimple helical
angle is higher than that of 103°.

1.4
—a&— helical angle 63°
—e— helical angle 83°
—A— helical angle 103°
—v— helical angle 133°

1.3

=
1.2 1
v’
1.1 T T T T T T T
10, 000 20, 000 30, 000 40, 000

Re
Figure 21. Variation in 57 with Re for the vortex-enhanced tubes with varying dimple helical angles.

With the decrease in the dimple helical angle, the spacing between the adjacent dimple
structure is narrowed and the overall dimple distribution is dense. At this time, the spiral
channel inside the tube is more compact and obvious, and the degree of the mainstream
helix and the rotational secondary flow are enhanced, causing stronger perturbations
to the inner tube fluid and further strengthening the effect of heat transfer. Meanwhile,
the circumferential densification of the dimple structure leads to the increase in surface
roughness and the decrease in cross-sectional area, which increases flow resistance in the
tube. Notably, the effect of the dimple helical angle is complex. When the helical angle is a
special angle, such as 30°, 45°, etc., the dimple pits are arranged in a straight line in the axial
direction and the spiral structure becomes invalid, decreasing in flow field disturbance and
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deteriorating heat transfer. And when the dimple helical angle is closer to the special angle,
the heat transfer enhancement will also be weakened.

4. Conclusions

In this paper, the explicit dynamic module of ANSYS was adopted, and highly realistic
physical models of the vortex-enhanced tube were established by simulating the real
processing of the vortex-enhanced tube with the finite element method. The influence of
the structural parameters and operating conditions on heat transfer characteristics and
flow resistance in the vortex-enhanced tube was studied by using the control parameter
method. On the basis of the previous research, the new tube type combined with the dimple
structure and the spiral structure were studied. When the comprehensive evaluation factor
is almost the same, the resistance is greatly reduced, which plays a favorable optimization
role in industrial applications that value total resistance. Finally, the optimal tube type was
determined. The main conclusions of this paper are as follows:

1. Due to the unique dimple structure, the vortex-enhanced tube yields superior heat
transfer performance and a higher comprehensive evaluation factor compared to the
smooth tube. In the heat exchanger design, the vortex-enhanced tube was able to
replace the smooth tube in the heat exchange equipment at normal temperature and
pressure, thereby reducing total resistance and enhancing heat transfer by increasing
the heat transfer coefficient while minimizing the required tube length.

2. When Re ranges from 10,000 to 40,000, and within the tested dimple spacing range,
the Nu, f and comprehensive evaluation factor of the vortex-enhanced tube was
1.12-1.54 times, 1.13-1.18 times, and 1.07-1.27 times higher than the smooth tube,
respectively; within the tested dimple depth range, the Nu, f, and comprehensive
evaluation factor of the vortex-enhanced tube was 1.15-1.95 times, 1.11-4.02 times,
and 1.11-1.24 times higher than the smooth tube, respectively; within the tested
dimple helical angle range, the Nu, f, and comprehensive evaluation factor of the
vortex-enhanced tube was 1.54-1.78 times, 2.32-2.82 times, and 1.16-1.29 times higher
than the smooth tube, respectively.

3. Several important structural parameters of the vortex-enhanced tube were experi-
mented and the simulation results were compared with the experimental data. The
optimal independent structure parameter was determined when the other two param-
eters were fixed through the comparative analysis, and the dimple spacing, dimple
depth, and dimple helical angle of the optimal tube type were 8 mm, 6 mm, and
83°, respectively.
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