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A numerical calculation model of multihead twisted spiral tube was established.
In the range of Reynolds number from 5000 to 35000, the influence of different
twisted structure on the flow and heat transfer characteristics of the multihead
twisted spiral tube was studied by numerical calculation. Numerical calculation
results indicate that the Nusselt number and friction coefficient increase with the
increase in the ratio of outside and inside diameter of the cross-section, the in-
crease in the number of twisted nodes, and the increase in the number of twisted
spiral tube heads. Under the condition of the same spiral structure and the same
hydraulic diameter, the heat transfer performance of the multihead twisted spiral
tube is better than that of the spiral smooth tube. In addition, through artificial
neural network analysis, the ratio of outside and inside diameter of the cross-
section, number of twisted nodes, and the number of twisted spiral tube heads
were optimized to promote the comprehensive heat transfer performance. The
performance evaluation criterion is the highest when the ratio of outside and in-
side diameter of the cross-section is 25/22.5, the number of twisted nodes is 3,
and the number of twisted spiral tube heads is 3, which is 1.849 of the spiral
smooth tube.

Key words: multihead twisted spiral tube, heat transfer, numerical simulation,
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Introduction

Heat exchangers are widely used in petroleum, chemical, energy, and other fields.
With the continuous development of industrial technology, the mechanism of enhanced heat
transfer in heat exchangers has been extensively studied to save energy and improve heat ex-
change efficiency [1]. The enhanced heat transfer mechanism [2] is generally divided into ac-
tive enhanced heat transfer and passive enhanced heat transfer. Among them, the passive en-
hanced heat exchange does not use auxiliary power. The turbulence in the heat exchanger is
improved through the structure and arrangement of the heat exchanger to enhance heat ex-
change.

The multihead twisted spiral tube (MTST) heat exchanger has both a spiral structure
and a twisted tube structure. The spiral structure can generate counter-rotating vortex through
centrifugal force to enhance heat exchange. Mishra et al. [3] studied the pressure changes of
Newtonian fluid and non-Newtonian fluid-flowing through the spiral tube, and the calculation
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formulas of the friction factor in the spiral tube were given based on the experimental data.
Cioncolini et al. [4] experimentally studied the turbulent flow process in adiabatic spiral coils.
The results showed that when the smoothing effect of turbulence is equivalent to the trigger-
ing effect of the secondary flow, the enhancement effect of the secondary flow triggering will
be cancelled. Gupta et al. [5] experimentally investigated the influence of coil pitch and coil
diameter on the friction factor during the flow of spiral coils. The calculation formula of the
corresponding friction factor under different Germano number was proposed.

The heat transfer enhanced mechanism of twisted tubes are similar with spiral cor-
rugated tubes [6-11] and threaded grooved tubes [12]. Secondary flow is generated by variety
of tube shape, which periodically destroys the heat transfer boundary-layer of the tube wall.
Besides, twisted tubes generate more wall heat exchange area than smooth tubes, so the heat
exchange is more sufficient. Khoshvaght et al. [13] compared the flow and heat transfer char-
acteristics of corrugated channels, twisted channels, and corrugated twisted channels with a
rectangular cross-section. The calculation results showed that the hydrothermal performance
of corrugated channels and corrugated twisted channels decrease with the increase of Reyn-
olds number. The influence of the geometric structure of the three-lobed twisted tube on the
flow and heat transfer characteristics was experimentally studied by Tang et al. [14]. The ex-
perimental results showed that the larger the outer circle diameter, the higher the Nusselt
number and the larger the friction factor. The principle of field synergy was applied to ana-
lyze the enhancing heat transfer mechanism of the elliptical twisted tube by Yang et al. [15].
Synergy between the velocity vector and temperature gradient was improved, which enhanced
heat transfer efficiency. Kareem et al. [16] analyzed the flow and heat transfer characteristics
of water in a three-head spiral bellows under low Reynolds number, and the calculation data
was compared with a smooth tube. The results showed that the enhanced heat transfer range is
2.4~3.7 times, and friction factor is 1.7~2.4 times of smooth tube. Jin et al. [17] studied the
influence of the geometric parameters, flow characteristics and other factors of the six-start
spiral tube on its heat transfer characteristics. With the increase of the pitch of the six-point
spiral bellows, the pressure drop and the resistance coefficient were both decrease.

Existing researches mostly take individual spiral structure and individual tubeline
shape as the research object. This paper combines the spiral structure with the multi-head
twisted structure. Numerical calculation was used to analyze the influence of the geometric
parameters of the MTST on the flow resistance and heat transfer characteristics. Additionally,
though using artificial neural network analysis, ratio of outside and inside diameter of the
cross-section, number of twisted nodes and the number of twisted spiral tube heads were op-
timized to promote the comprehensive heat transfer performance.

Numerical simulation

Physical model

The structure of the MTST is shown in fig. 1. The main parameters of the MTST
structure include the spiral diameter, D, and the pitch, H. Every 360 twisted degrees of the
MTST is called a twisted node, and the number of twisted nodes is represented by L. The
cross-sectional shape of the MTST is shown in fig. 2. The cross-sectional shape is composed
of circular lines distributed at different circumferential angles and curves tangent to the circle.
The a is the diameter of the outer circle of the section, b — the diameter of the inner circle of
the section, n — the number of twisted spiral tube heads, and r — the diameter of the head. The
outer diameter, a, is a fixed value of 25 mm, and the inner diameter, b, changes with the
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change in the head diameter, r. The physical model
shown in figs. 1 and 2 is a four-head twisted spiral
tube, and the distribution angle of the different
round heads is 90°. The wall surface of the MTST
adopts a copper tube with a wall thickness of 1 mm.
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Boundary conditions and governing equation
The working fluid is water. The Reynolds

7"/

number range of fluid-flow in the MTST is 5000-
35000. The initial velocity corresponding to the Figurel. Figure 2. Section shape of
flow inlet is calculated according to the Reynolds "¢ MTST Iﬂgg'head twisted spiral
number and hydraulic diameter. The inlet tempera-
ture of fluid is 303.15 K, and the wall surface is a fixed temperature of 333.15 K. The flow
outlet is set as a pressure outlet, and the ambient pressure is maintained at atmospheric pres-
sure. To simplify the calculation, the Prandtl number of water is 4, which is determined by the
average value of the inlet temperature and the wall surface temperature.

The continuous equation of fluid-flow is as follows, where p and u are the density
and inlet velocity of working fluid, respectively. The t is time, and u; represents the velocity
components along x;:

a(:Dui) =0 (l)
axi
The momentum equation of fluid-flow is:
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The energy equation of fluid-flow is:

axii[ui(pE+P)]=ai;in+CF§’—;‘tjj—ij+ﬂui [2—‘ij+%—§mj %:H @)
where T is temperature, E — the total energy, and C, — the the specific heat:
C,T-P
+u?
=S @

Based on the original Reynolds average Navier-Stokes equation, the k-¢ model in-
troduces equations related to turbulent kinetic energy, k, and turbulent energy dissipation rate,
&, to simulate the turbulent process and predict the flow state of bending and rotation. In k-¢
models, the standard k-¢ model is widely used to simulate the boundary-layer of flow. How-
ever, the eddy viscosity value calculated by the standard k-¢ model in high shear rate and se-
vere flow conditions is often higher than the actual value. The realizable k-¢ model is more
suitable for shear flow, boundary-layer flow on a flat plate, and flow in channels with pressure
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gradients. The flow process involves curved streamlines, vorticity, and extreme rotation. Thus,
this study uses the realizable k-¢ model for calculation [18].
Data calculation

The average convective heat transfer coefficient, h, represents the convective heat
transfer rate per unit heat transfer area under unit temperature difference. It is defined:

_9
AT ®)

where q is heat flux generated by the fluid-flow process and AT — the logarithmic mean tem-
perature difference, which is defined:

_ (TW _Tf,in) _(Tw _Tf,out)
In TW _Tf,in
Tw _Tf,out

where Ty is the average temperature along the wall surface and Tsin and Trou are the average

inlet fluid temperature and average outlet fluid temperature respectively. The Nusselt number
are surface-averaged values which are calculated:

_hd
A
where A is the thermal conductivity of the working fluid which represents the ability of a ma-

terial to transfer heat. The friction coefficient, f, is the dimensionless number that characteriz-
es the flow resistance in the flow process:

AT

(6)

Nu (7

_ 2APd
pu2C

f (8)

where AP is the pressure change of the fluid-flowing in the tube and C - the length of the
spiral tube. The performance evaluation criterion (PEC) [19] is used to measure the degree of
energy saving and enhanced heat transfer of the enhanced heat transfer structure compared
with the smooth tube. The expression of PEC is:

NU .,
Nu,

1
fon |2
fS

where Numh, fmn, and Nus, fs are the Nusselt number and friction coefficient of the MTST and
the spiral smooth tube with the same hydraulic diameter, respectively. When the PEC value is
greater than 1, the enhanced heat exchange structure can improve the heat exchange efficien-
cy on the basis of saving pump power.

PEC =

9)
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Grid independent and model validation

The grids of the MTST are shown in fig. 3. The grids of the MTST adopt the tetrahe-
dral unstructured method. The grids of tube wall are refined by adding a boundary-layer, and
the number of boundary-layers is seven. The fluid temperature distribution in the tube is used
as the standard to measure independent grids. Figure 4 shows the temperature distribution in
the tube when the number of grids is 445082, 651268, 1072942, 1193858, and 1315984. As
shown in fig. 4, as the number of grids increases, the fluid temperature rises slightly. When the
number of grids is greater than 1.07 million, the deviation in temperature change is less than
1%. The numerical calculation is performed with 1.07 million grids, considering the calcula-
tion accuracy and calculation time.
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Figure 3. Grids of multi-head twisted spiral tube Figure 4. Grid independent validation

The model validation are conducted with the Table 1. Empirical formula for comparison
available empirical formulas on turbulent flow and
heat transfer in smooth spiral tube. The Nusselt
number and friction coefficient of a smooth spiral [20] Nu = 0.023 Re%8 Pro+ (d/D)0
tube with D = 100 mm, H = 125 mm, and equivalent [21] |F=0.076 Re®% +0.00725 (d/D)*5
diameter d = 25 mm are calculated. The calculation
results are compared with the empirical formulas of Roger and Mayhew [20] and Ito [21]. The
calculation results are compared with the empirical formulas [20, 21] are shown in tab. 1. As
shown in figs. 5 and 6, the calculation results of Nusselt number and friction coefficient are

Empirical formulas
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Figure 5. Comparison of Nusselt number Figure 6. Comparison of friction coefficient
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consistent with the calculation results of the Roger formula and Ito formula. The maximum de-
viations are 15.898% and 12.362% which indicates that the calculation results are reliable.

Results and discussion

Influence of the ratio of outside and inside diameter
on the flow and heat transfer characteristics

The twisted tube structure and the spiral structure generate a disturbing effect on the
fluid-flow. Figure 7 shows the fluid-flow velocity distribution in the four-head twisted spiral
tube with different ratio of outside and inside diameter of the cross-section at the same posi-
tion under the condition of a Reynolds number of 15000. The velocity of the fluid at the head
is slower than that of the mainstream area. A violent swirling flow is generated in the main-
stream area within the inner diameter of the cross-section.

Velocity Velocity Velocity Velocity
Contour 1 Contour 1 Contour 1 Contour 1
8.950e-001 1.045e+000 1.132e+000 1.422e+000

7.160e-001 8.362e-001 9.053e-001 1.137e+000

5.370e-001 6.272e-001 6.790e-001 8.530e-001

3.580e-001 4.181e-001 4.526e-001 5.686e-001

8.950e+002 2.091e-001 2.263e-001 2.843e-001

0.000e+000 0.000e+000 0.000e+000 0.000e+000
[ms~1] [ms™] [ms™] [ms™]
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Figure 7. Velocity distribution under different section diameter ratio; (a) a/b = 25/17.5, (b) a/b = 25/15,
(c) a/b = 25/22.5, and (d) a/b = 25/20

Figures 8 and 9 show the changes in the Nusselt number and friction coefficient of
the four-head twisted spiral tube, respectively, under the conditions of different ratio of out-
side and inside diameter of the cross-section. Figure 8 shows that the Nusselt number of the
four-head twisted spiral tube increases with the increase in Reynolds number. In addition, the
Nusselt number increases with the increase in the ratio of outside and inside diameter of the
cross-section. The Nusselt number increased by 26.4% on the average when the ratio of out-
side and inside diameter of the cross-section is 25/22.5-25/15.
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Figure 8. Nusselt number under different section Figure 9. Coefficient of friction under

diameter ratios different section diameter ratios
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Compared with fig. 7, a strong swirling flow generated from the curvature wall takes
the fluid continuously and flushes the tube wall to take away heat. The violent fluid mixing
and secondary flow effectively destroy the heat transfer boundary-layer. Thus, the heat ex-
change efficiency is significantly improved.

Figure 9 shows that the friction coefficient in the four-head twisted spiral tube also
increases with the increase in the ratio of outside and inside diameter of the cross-section.
When the ratio of the outside and inside diameter of the cross-section is 25/22.5-25/15, the
friction coefficient increases by 76.59% on the average. The twisted tube causes an increase
in flow pressure dissipation due to the flow resistance caused by the violent fluid mixing.

Influence of the number of twisting nodes on the flow
and heat transfer characteristics

Figure 10 shows the fluid-flow velocity distribution in a four-head twisted spiral
tube with different twisting nodes at the same position under the condition of 15000 Reynolds
number. The figure also shows that as the number of twisted nodes increases, the flow veloci-
ty of the liquid flow at the head of the twisted spiral tube is significantly reduced. The fluid
gathers at the head position under the twisting effect. The fluid-flow concentrates on the main
flow area, where the inner diameter of the cross section is located.

Velocity Velocity Velocity Velocity

Contour 1 Contour 1 Contour 1 Contour 1
1.018e+000 1.018e+000 1.045e+000 1.018e+000
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Figure 10. Velocity distribution under different number of twisted nodes; (a) L =2, (b) L =4, (¢) L = 6,
and(d)L=8

Figure 11 shows the variation of the Nusselt number in the four-head twisted spiral
tube with different twisted nodes. Figure 11 shows that under the same Reynolds number, the
Nusselt number increases with the number of twisted nodes. When the number of twisted
nodes is 2 to 8, the Nusselt number increases by an average of 9.05%. The increase in the
number of twisted nodes increases the twisted degree of the twisted spiral tube. Thus, the in-
tensity of the vortex flow increases and becomes disordered.

Figure 12 shows the variation of the friction coefficient of the four-head twisted spi-
ral tube with different twisting pitches. Figure 8 shows that the friction coefficient increases
with the number of twisted nodes. When the number of twisted nodes is 2 to 8, the friction
coefficient increases by 32.08% on the average. When the number of twisted nodes is in-
creased from 6 to 8, the friction coefficient of the four-head twisted spiral tube increases sig-
nificantly. The fluid-flow at the edge of the tube was slightly stagnated when the number of
twisted nodes increased to 8. Therefore, the pressure loss of fluid-flow is significantly in-
creased.

Influence of twisted structure on PEC

The PEC is used to measure the degree of enhanced heat transfer. Figure 13 shows
the PEC variation of twisted spiral tubes with different ratios of outer and inner diameters.
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Figure 11. Nusselt number under different Figure 12. Coefficient of friction under
different numbers of twisted nodes different numbers of twisted nodes

When a/b is 25/22.5, the PEC of the twisted spiral tube is the highest, and the PEC can reach
up to 1.22 of the spiral smooth tube with the same hydraulic diameter.

Figure 14 shows the PEC of different numbers of twisted nodes. The figure also
shows that the PEC of the twisted spiral tube is the highest when L = 4. When the number of
twisting nodes is 8, the PEC of the twisted spiral tube is worse than that of the spiral smooth
tube with the same hydraulic diameter because the number of twisted nodes has a greater ef-
fect on pressure drop than heat transfer coefficient. The enhancement of the heat transfer effi-
ciency by the increase in the number of twisted nodes cannot compensate for the pressure loss,
decreasing in its overall performance.
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Figure 13. The PEC under different section Figure 14. The PEC under different number of
diameter ratio twisted nodes

Influence of the number of twisted spiral tube heads
on the flow and heat transfer characteristics

Figure 15 shows the fluid-flow velocity distribution in the twisted spiral tube under.
The increase in the number of twisted spiral tube heads strengthens the twisting degree of the
twisted spiral tube to a certain extent. As shown in the figure, when the number of heads of
the twisted spiral tube increases, more fluid is induced to the head area, and the main flow ar-
ea in the tube produces evident vortex.
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Figure 15. Velocity distribution under different number of twisted spiral tube heads; (a) n =3, (b) n =4,
(c)n=5,and (d)n=6

Influence of the number of twisted spiral tube heads
on the flow and heat transfer characteristics

Figure 16 shows the variation of the Nusselt number under different twisted spiral
tube heads. As the Reynolds number increases, the Nusselt number of the twisted spiral tube
with a larger number of twisted spiral tube heads increases faster. The Nusselt number in-
creased by 7.49% on the average when the number of twisted spiral tube heads is 3 to 6. The
vortex intensity in the mainstream area is strengthened by the increase in the number of twist-
ed spiral tube heads. The fluid mixing caused by the vortex leads to more effective thermal
boundary-layer destruction, and the Nusselt number increases.

Figure 17 shows the variation of friction coefficient under different numbers of
twisted spiral tube heads. As the number of twisted spiral tube heads increases, the friction
coefficient increases. When the number of twisted spiral tube heads is 3 to 5, the friction coef-
ficient increases by an average of 30.39%. The vortex generated by the increase in the number
of twisted spiral tubes greatly increases the pressure loss during fluid-flow.
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Figure 16. Nusselt number under different Figure 17. Coefficient of friction under different
number of twisted spiral tube heads number of twisted spiral tube heads

The influence of the number of twisted spiral tube heads on PEC

The PEC of different twisted spiral tube heads is shown in fig. 18. The number of
twisted spiral tube heads increases, and the PEC value decreases. When the number of spiral
tube heads is 3, the comprehensive heat transfer performance of the twisted spiral tube is the
highest, and the PEC can reach up to 1.121 of the spiral smooth tube with the same hydraulic
radius. The increase in the number of spiral tube heads greatly affects the friction coefficient.
Therefore, the increase in the number of twisted spiral tube heads reduces the PEC value.
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Figure 18. The PEC under different number of
twisted spiral tube heads

to count the number of neurons stimulated. In
each layer, the set of neurons performs certain
transformations on the input parameters and
distribute these parameters to the next layer.
The input of the ANN model [22] is obtained

from numerical calculation results. Under the condition that the spiral structure parameters
remain unchanged (H = 125 mm, D = 100 mm), the ratios of the outside and inside diameters
of the section, the number of twisted nodes, and the number of twisted spiral tube heads are
selected as variables, as shown in fig. 19. The inlet Reynolds number is 15000, and the out-
puts of the two submodels are Nusselt number and friction coefficient. Some data are shown

in tab. 2.
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Figure 19. Scheme of neural network model

Table 2. Partial training data

Number Ra.tio_of ogtside N_umber of Number of twisted spiral Nusselt Fric_tipn
and inside diameter | twisted nodes tube heads number coefficient

1 25/22.5 1 8 382.653 0.06346

2 25/22.5 2 8 430.743 0.0645

3 25/22.5 3 8 546.723 0.07318
3988 25/15 8 2 754.559 0.458937
3989 25/15 2 778.153 0.474191
3990 25/15 10 2 803.096 0.483035
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Establishment of neural network regression model

As shown in fig. 20, a higher fitting accuracy rate is obtained after the model is
trained. In the training process, the fitting accuracy rates of NN; and NN are 96.308% and
95.094%, respectively. In the verification process, the fitting accuracy rates of NNz and NN
are 97.409% and 99.358%, respectively. In the test process, the fitting accuracy rates of NN
and NN are 97.643% and 94.114%, respectively. In the overall process, the fitting accuracy
rates of NNz and NN are 96.271% and 93.78%, respectively.
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Figure 20. Regression performance

The deviation histograms of the two neural network submodels are shown in fig. 21.
The error distributions of the two neural network models follow the Gaussian distribution rule,
which proves the representativeness of the training data.
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Figure 21. Error histogram

Errors = Targets = Outputs

The ratio of outside and inside diameter of the cross-section (1.11, 1.12,..., 1.67), the
number of twisted nodes (1, 2,..., 10), and the number of twisted spiral tube heads (2, 3,..., 8)
are regarded as variables for data prediction. The number of data is 57-10-7 = 3990. An opti-
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mal structure is selected for all calculation data on the basis of a smaller friction coefficient to
obtain a larger Nusselt number. The PEC is calculated to determine enhanced heat transfer
performance of optimal structure. When the ratio of the outside and inside diameters, the
number of twisted nodes, and the number of twisted spiral tube heads are 1.4, 3, and 3, re-
spectively, the optimal structure is the best.

Table 3 shows the comparison between the best calculation data and the worst uni-
formity data after ANN model optimization. The table shows that the worst structure is more
complicated whose heat transfer efficiency is higher. Its Nusselt number is only increased by
8.9% relative to the optimal structure. However, its friction coefficient is increased by 56.18%
compared with the optimal structure. The PEC of the best optimal structure is increased by
36.89% compared with the worst structure. Therefore, the optimization of parameters can im-
prove the bucket effect by improving the worst-performing monomer. The overall enhanced
heat transfer performance has been improved.

Table 3. Performance comparison

Comparison of best and worst structure

Ra_tio_of ogtside and N_umber of Nur_nber of twisted | Nusselt Fric_tign PEC
inside diameter | twisted nodes | spiral tube heads | number | coefficient
Worst 1.67 5 6 747.430 0.1832 1.066
Best 1.4 3 3 685.886 0.1173 1.849
Optimization - - - 8.9% 56.18% | 36.89%

Conclusions

Numerical analysis of the flow and heat transfer mechanism in the MTST is carried
out. The vortex generated by the twisted structure and the secondary flow generated by the
spiral structure effectively destroy the flow boundary-layer. The heat exchange efficiency of
the MTST is significantly enhanced. In addition, the complex twisted flow structure increases
the friction coefficient, thereby increasing the required pump power significantly.

The MTST has stronger comprehensive heat transfer performance than the spiral
smooth tube. In the MTST, the Nusselt number increases as the Reynolds number increases,
and the friction coefficient decreases as the Reynolds number increases. The Nusselt number
and friction coefficient increase with the increase in the ratio of outside and inside diameter of
the cross-section, the number of twisted nodes, and the increase in the number of twisted spi-
ral tube heads.

The ANN model is used to optimize the ratio of outside and inside diameter of the
cross-section (1.11, 1.12,...,1.67), the number of twisted nodes (1, 2,...,10), and the number of
twisted spiral tube heads (2, 3,..., 8). A total of 3990 sets of data are trained, tested, and veri-
fied. When the ratio of outside and inside diameter of the cross-section is 1.4, the number of
twisted nodes is 3, and the number of twisted spiral tube heads is 3. In addition, the PEC of
the MTST can reach the best under the condition of the same hydraulic diameter. The PEC
value can reach 1.849.
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