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Abstract: In this article, the BSL k-w model was chosen as the turbulence model to simulate the heat
transfer and flow characteristics of the proposed tubes inserted with internal spiral fins when the Re
was set as 3000 to 17,000. The numerical results agreed well with the empirical formula. The average
deviations of Nu and f between the simulation results and empirical formula results were 5.11% and
8.45%, respectively. By means of numerical simulation, the impact of three configurational parameters
on the thermal performance was studied, namely the pitch P, the height H, and the number N of
the internal spiral fins. The results showed that the Nu and f of the internal spiral finned tube were
1.77-3.74 and 3.04-10.62 times higher than those of smooth tube, respectively. PEC was also taken
into account, ranging from 1.038 to 1.652. When the Re was set as 3000, the PEC achieved the peak
value of 1.652 under the height H of the fins at 5 mm, the number N was 8, and the pitch P was
75 mm. However, with the increase of Re, the effect of pressure drop on the comprehensive perfor-
mance in the tube was stronger than that of thermal enhancement. However, the PEC gradually
decreased as the Re increased from 3000 to 17,000. In addition, the velocity and temperature fields
were obtained to investigate the mechanisms of heat transfer enhancement.

Keywords: internal spiral finned tube; heat transfer enhancement; secondary flow

1. Introduction

As heat exchange equipment, the heat exchanger plays an important role in the
chemical industry, petroleum, power, food and many other industrial productions [1].
The requirements for heat exchange equipment in various fields has become more and
more difficult to meet, and the demand for a heat exchanger with smaller, more compact
and stronger heat exchange capacity has been put forward to adapt to more severe heat
exchange situations. Therefore, the technology to enhance heat exchange attracted more
and more attention.

At present, there are three common methods [2] to enhance heat transfer in tubes:
active enhancement, passive enhancement and combined enhancement. Active methods im-
prove the heat exchange capacity of heat exchange equipment by setting additional power
devices to give specific excitation or disturbance to heat exchange equipment and consume
additional power. For example, jet impact strengthening, surface vibration strengthen-
ing [3], electrostatic field strengthening [4], and electromagnetic field strengthening [5]
were proposed. Active heat transfer enhancement technology has a demonstrable positive
effect on heat transfer enhancement, but it has not been widely used in daily life because of
the redundancy of equipment [6]. The other widely used method to improve heat transfer
is the passive enhancement, which requires no external power [2,6]. As the most common
heat transfer enhancement tool, fins attracted the extensive attention of scholars due to
their high heat transfer coefficient and large heat transfer area.

Lots of paper have investigated the external finned tube, which was externally con-
nected to the heat exchange tube. As early as the 1990s, scientists [7,8] studied the heat
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transfer and flow characteristics in tubes with external fins and confirmed that the hydro-
dynamics and temperature field were three-dimensional, and the heat transfer coefficient
strongly depended on local flow conditions. In 2000, M. Ouzzane et al. [9] carried out
a numerical study on an inclined tube with longitudinal outer fins. The results showed
that the secondary flow caused by buoyancy had a very significant effect on the axial flow
and the isotherm between fluid and solid. In 2012, Liu et al. [10] used the combination of
experiment and numerical simulation to study the flow and heat transfer characteristics
of finned tubes with inner and outer fins. They found that the height of fin had a strong
influence on heat transfer and flow characteristics, while the effect of pitch was relatively
weak. In 2021, Ding et al. [11] experimentally studied the heat dissipation characteristics of
external finned tubes under the condition of non-forced convection and concluded that the
height of fins had the obvious positive effect on the heat dissipation. Scholars performed
lots of work to research the external finned tubes and generally came up with the conclusion
that the thermal performance can be obviously improved by installing fins outside the heat
transfer tubes.

In addition, owing to the simple structure and high comprehensive performance,
the inner finned tube has drawn researchers’ attention. Recently, some articles generally
focused on the tube with embedded fins. Embedded fins can increase the heat exchange
area in the tube, so as to improve the heat exchange rate. However, at the same time,
the pressure drop in the pipe can also increase. Hence, both heat transfer efficiency and
pressure variation should be taken into account. In Fabbri’s paper [12], the effect of viscous
dissipation on the heat transfer of laminar cooling finned tubes under the condition of
external heating flow was studied by numerical simulation. The result showed that the
viscous dissipation effect reduces the heat transfer efficiency of finned tubes. Al-Sarkhi and
Abu-Nada [13] numerically investigated forced convective heat transfer in vertical inner
finned tubes. The results showed that the velocity and temperature distribution in the
tube depended on the number and height of radial fins. In order to achieve the excellent
heat transfer effect, the combination of fin number and fin height was recommended.
Foong et al. [14] carried out three-dimensional numerical simulation of microchannels
with variable fin height ratio. It was found that the fins made the flow mixing better and
the surface of heat transfer area larger. Wang [15] carried out a numerical study on the
heat transfer performance of inner finned tubes with core tube blockage. The relationship
between Nusselt number and friction coefficient of inner finned tubes with different shapes
was obtained. The results showed that the tube with S-shaped fin and Z-shaped fin
was better than the tube with V-shaped fin, and the tube with Z-shaped fin had the best
performance. It was not difficult to perceive from previous studies that internal fins also
played a positive role in the enhancement of thermal-hydraulic performance, and the fins
embedded in the tube became research hotspots.

Furthermore, in order to improve the heat transfer performance, various tube in-
serts have been proposed, including twisted tape [16-19], twined coil [20,21], fin [22],
baffle [23], winglet [24-26] and so on. The thermal performance of the plain tubes inserted
with alternate clockwise and counter-clockwise twisted tapes (TA) was obtained by K.
Wongcharee et al. [19]. It was found that the maximum thermal performance factor could
reach 5.25 when the Reynolds number was 830 and the twist ratio was 3. Dang et al. [20] nu-
merically investigated the convective heat transfer enhancement mechanisms in tubes with
twined coil inserted. It was obtained that the maximum JF could reach 2.16 when Re = 1000.
Later, Pongjet Promvonge’s research [22] concluded that the thermal performance of the
new turbulator which fitted angle-finned tapes with the angle of 30° was much higher than
that of the wire coil/twisted tape turbulator by experimental studies. Winglets were also
studied as common inserts in their paper [26]. After experiments on several types of tubes,
the results were obtained that delta-winglets had a thermal performance enhancement
factor in a range of 1.82-2.0 and the optimal point was obtained when the blockage ratios
was set as 1.5.
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From the relevant literature, it was found that the research on the enhanced heat
transfer characteristics of finned tubes has made some achievements. At the same time, the
fins with better comprehensive performance and more appropriate position still need to
be studied by future generations. In this article, an internal spiral finned tube is proposed
to optimize the synergistic effect between the heat transfer enhancement and the pressure
drop to obtain low resistance and efficient heat transfer performance. The thermohydraulic
performance of the finned tube was obtained by numerical simulation. The PEC, which is
widely used to quantify heat transfer devices performances [27,28], is discussed. In order
to determine the optimal fin structure corresponding to the maximum PEC of the tube,
three geometric parameters (such as the height, the pitch and the number of the fins) were
selected as variables. In addition, the temperature, velocity and streamlines distributions of
the internal spiral finned tube are discussed. Furthermore, the mechanism of heat transfer
and fluid flow in the internal spiral finned tube was obtained. Among them, all the work
was accomplished when the Reynolds number was in the range of 3000 to 17,000 and water
was chosen as the working fluid.

2. Methodology
2.1. Geometry of the Model

The geometric structure of the internal spiral finned tubes proposed in this paper are
shown in Figure 1. The model of the internal spiral finned tube was mainly composed
of three parts: inlet section, outlet section and test section. The inlet and outlet parts
were distributed at both ends of the pipe, and their lengths were 100 mm and 200 mm,
respectively. As the core area of the study, the test part was embedded with multiple
fins in rectangular cross-section, and the fins spiral through the whole test part. Specific
parameters related to internal spiral fins can be seen in Table 1.

Figure 1. Detailed view of the internal spiral finned tube.

Table 1. Geometrical structures and parameters used during numerical studies.

Tube Parameters Unit Value
Inner diameter of the tube (D;) mm 17.44
Outer diameter of the tube (D,) mm 18.44
Tube length (L) mm 600
Height (H) mm 4,45,5,55,6
Number (N) - 4,5,6,7,8
Pitch (P) i 50, 60, 75, 80, 100

Thickness (9) mm 0.5
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In this paper, 14 cases were considered to research the effect of internal spiral finned
tubes on thermohydraulic performance. Geometrical parameters, including the height, the
pitch, and the number of the fins, were adopted to be investigated, seen in Table 2.

Table 2. Geometrical parameters of different cases.

Case No. Type H (mm) N P (mm)
Case 1 Circular tube - - -
Case 2 Finned tube 4 6 75
Case 3 Finned tube 45 6 75
Case 4 Finned tube 5 6 75
Case 5 Finned tube 55 6 75
Case 6 Finned tube 6 6 75
Case 7 Finned tube 5 4 75
Case 8 Finned tube 5 5 75
Case9 Finned tube 5 7 75
Case 10 Finned tube 5 8 75
Case 11 Finned tube 5 6 50
Case 12 Finned tube 5 6 60
Case 13 Finned tube 5 6 80
Case 14 Finned tube 5 6 100

2.2. Mathematical Modeling

The following assumptions were extremely necessary for the calculation of the above
physical model:

(1) The working fluid was an incompressible fluid;

(2) The fluid flow was steady and there was no phase transition process in the tube;
(3) The physical parameters of the working fluid were constant;

(4) Thermal radiation was not considered.

Based on these assumptions, the governing equations of the turbulence model were
as follows:
Continuity equation:

) .
a—xj(puj) =0,(j=1,23) 1)
Momentum equation:
w_,0 %—i-% (i,j=1,2,3) 2
axi N yax] aX] axi b=

Energy equation:

a(uiT) A d aui %
axi ax]

+axi>,(i,j:1, 2, 3) 3)

Bx]-

where p represented the density of the working fluid, # denoted the viscosity and A was
defined as the thermal conductivity.

The two-equation model was usually used as the fundamental turbulence model
to explore the thermal performance of the heat exchange tubes. Choosing an agreeable
turbulent model was of great significance to the results. In this paper, several simulation
models (such as Standard k-¢, Realizable k-¢, Standard k-w, BSL k-w and SST k-w) were
used to calculate the heat transfer and flow characteristics in smooth circular tubes and
compared with the empirical formulas of the predecessors. Finally, the results of Figure 2
showed that the Nu and f of the BSL k-w and Standard k-w turbulence model both agreed
well with that of the smooth circular tube. The average errors of Standard k-w were 5.53%
and 9.33%, while the results of BSL k-w were 5.11% and 8.45%, respectively. Therefore, the
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BSL k-w was selected as the turbulence model in the internal spiral finned tube due to its
outstanding accuracy.

160 —®— BSL-k-w
I |—®@— Standard-k-¢
140 —A— Realizable-k-¢
—w— Standard-k-o
SST-k-w x
120 F Dittus-Boelter’s correlation

100
=
=
80
//
x”/
60 Ex“
‘AW/
@/‘/5/
40 7
V‘X“/
20 N 1 N 1 N 1 N 1 N 1
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Re
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Figure 2. Comparisons between numerical data and correlation data: (a) comparisons of Nu;
(b) comparisons of f.

In addition, the biggest advantage of the BSL k-w model developed by Menter [29]
was that the k-« model in the near wall region was effectively combined with the k- model
in the far end. In order to achieve this function, the k-¢ model could be transformed into
k-w model by introducing a coefficient “1 — F;”.
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The Transport Equations for the BSL k-w Model:
ag{?:aij(l“k;fj)+Gk+Sk+Gb 4)
Followed by:
a(;‘;t‘i) - ai] (Tw gx]) + G+ S +2(1 - Fl)p%wz aaf] g;‘; + Gu ®)

where G, represented the generation of turbulence kinetic energy. G, denoted the produc-
tionof w. Iy = pu+ % V tand T, = p + - were defined as the effective diffusivity of k and w,
respectively. oy and (Tw were the turbulent Prandtl numbers for k and w, respectively.
What needed to be noted was that the turbulence model equations could be applied in
the k-¢ model when the F; = 0, while it could be used as k-w model when the F; = 1.
The blending function F; was given by

Fy = tanh(¢{) ©6)

Sk and S, were user-defined source terms. G, and G, accounted for buoyancy
terms. 0y 1 = 2.0, 0,1 = 2.0, 0%» = 1.0, 0,2 = 1.168, B;1 = 0.075, B;» = 0.0828.

All other relevant parameters in fixed value were the same as those of the Standard
k-cw model.

2.3. Boundary Conditions

In fact, the wall temperature distribution was not uniform. However, similar studies [30,31]
showed that the uniformity of the wall temperature had little effect on the results, and
the corresponding nonuniform boundary conditions were difficult to be adopted in the
numerical simulation. Hence, a uniform wall temperature boundary condition was applied
in the present work. In addition, the turbulence intensity boundary condition, which was
applied in this paper, came from the relevant literature [32]. The boundary conditions
before calculation are shown in Figure 3 and the details set as follows:

Pressure

" outlet

Flow direction

: Computational :

~ > : domain :
Mass flow ¢ A L S :

inlet

Figure 3. Boundary conditions.

The boundary conditions of the inlet section:

8i = 0,8 = 0,8 = constant, Ty = 333.15K, I = 0.16(Re)71/8
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The boundary conditions of the outlet section:

o _d_am_oT
ox  dy 0z 0z

Wall boundary conditions:
0 = 0, vj = 0,0 = 0~Twall = 353.15K

where, the mass flow gy were 0.0412, 0.0893, 0.1373, 0.1854 and 0.2334, respectively, and
the corresponding turbulence intensity I were set as 5.88%, 5.34%, 5.06%, 4.87% and 4.73%,
respectively. Water was selected as the working fluid in this article and thermo-physical
properties of water are shown in Table 3.

The commercial CFD software FLUENT was used to solve the governing equations
under the given boundary conditions, and its solution method was mainly based on the
finite volume method (FVM). For internal spiral finned tubes, the main settings in the soft-
ware included were as follows: The velocity—pressure coupling was calculated by coupled
algorithm and the second-order upwind scheme was applied to solve the momentum and
energy equations, except that the turbulent kinetic energy and specific dissipation rate
equations were settled by first order upwind. As for the minimum convergence criterion,
the continuity equation was set as 10~° while the energy equation was set as 10~7.

Table 3. Thermo-physical properties of water [33].

Thermo-Physical Properties Value
o 998.2 kg /m?3
U 0.6 W/(m-K)
A 1.003 x 1073 kg/(m-s)
c 41827/ (kg-K)

3. Computation Parameters and Its Validation
3.1. Data Reduction

Nu (Nusselt number), f (f factor) and Re (Reynolds number) [34], as the most important
indexes to measure heat transfer and flow characteristics of the internal spiral finned tube,
were expressed as:

Dh
Nu = o 7)
2DAP
fﬁ Lpuz (8)
eDu
Re ="— 9)
M

where D was the hydraulic diameter of the working fluid, & denoted the average heat transfer
coefficient, AP = p;, — pout represented the pressure difference between inlet and outlet, L
represented the total length of pipe and u represented the velocity vector of working fluid
in z-axis direction.

The mathematical expressions of the average temperature and pressure of the whole
cross-section were given as:

T = HA uTdA/ HA udA (10)

7= Jf, s J] a
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In addition, heat transfer coefficient /, heat transfer capacity Q and logarithmic average
temperature difference At,, were given as:

Q
h= 12
Apt Dt 12
Q= Cg|tin - tout| (13)
Atm: tmax —tyin (14)

[ntmax
tinin

where ¢, g, tiy, tout, Apr and Aty denoted specific heat capacity, mass flow, inlet temperature,
outlet temperature, the area of heated wall and logarithmic mean temperature difference,
respectively.

tmax and t,,;;,, were defined as:

tmax = max{tl ’ fz} (15)

Emin = min{tl, tZ} (16)

where t1 = |ty — twanl, t2 = |tout — twan|- tin Was the temperature of the inlet section. ¢y
was the temperature of the outlet section, while t,,,;; was the temperature of the wall.
The enhancement effect of heat transfer performance in the internal spiral finned tubes
needed corresponding evaluation indexes for professional evaluation, the performance
evaluation criterion (PEC) proposed by Webb [35,36] was selected as the index to measure
the strengthening degree of internal spiral finned tube, and its expression was given as:

PEC = M (17)

(f/ fo)!/3

where Nup and fy denoted the Nusselt number and friction factor, respectively, of an
ordinary circular tube in the given range of Reynolds number.

3.2. Grid Independence Verification

Mesh generation was an important segment in the simulation process, and its quality
played a decisive role in the final simulation results. Therefore, in order to facilitate the
analysis of heat transfer and flow characteristics in the internal spiral finned tube, the
main meshing methods included unstructured mesh and structured mesh. In this paper,
structured meshing was adopted in the computing domain. In order to improve the
accuracy of the simulation as much as possible, the grids on the tube wall and surface
of internal spiral finned tube were locally densified. The solutions of the thermal and
hydraulic boundary layer and the specific grid divisions are shown in Figure 4.

The change of grid number often led to a certain deviation in the simulation results.
When the grid number approached a specific interval, the simulation results tended to be
stable without change, which could prove that the grid number was appropriate. Hence,
in order to obtain the suitable value, the grid independence test was necessary. In this
paper, a total of five groups of grids were set to test the independence of grids, such as
8,065,419, 11,203,125, 14,407,200, 17,735,446 and 19,416,892, and the selected object was
the internal spiral finned tubes with N = 6. According to the variation range of Nu and f,
the optimal number of grids could be inferred. As the number of grids increased, it can
be seen from Table 4 that the deviations of Nu and f became smaller. It is worth noting
that the deviations of Nu and f tended to be constant when the element number reached
14,407,200. The proper grid system not only avoided wasting unnecessary time, but also
ensured accuracy of the simulation. Hence, the grid system with 14,407,200 grid numbers
was selected as the grid system for follow-up investigation.
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6

Figure 4. Grids generated for computation domain.

Table 4. Grid independence test.

Total Element Number Nu f
8,065,419 20.135 0.0481
11,203,125 20.943 0.0501
14,407,200 21.901 0.0514
17,735,446 21.966 0.0516
19,416,892 21.989 0.0519

In the process of mesh generation, the velocity and temperature boundary layers
should be captured by the grids. According to the Fluent users’ guide [37], the value of
non-dimensional y+ parameter should be less than 1. In this article, the value of y+ varied
from 0.58 at Re = 3000 to 0.86 at Re = 17,000. It was obtained that the boundary layers of the
computational domain had been well captured. In addition, local convection coefficient
and Nu were two important indexes to measure the capture ability of grids.

3.3. Reliability Verification of Simulation Technology

By comparing the calculated results of Nu and f with the empirical formulas proposed
by predecessors, the reliability and accuracy of the simulation results were verified. This
article compared the calculated result of Nu with the result predicted by Dittus—Boelter’s
formula. The formula of Dittus—Boelter which was used to predict for Nu is as follows:

Nu = 0.023Re8pr04 (18)

Similarly, the simulation results of f were compared with the results calculated by
Blasius’s empirical formula. The formula of Blasius which was used to predict for f is as
follows:

f=03164Re 0% (19)

for 4 x 103 < Re < 10°.

Both of these correlations were obtained from the literature for heat exchange tubes [38].
In this paper, the internal spiral finned tube (N = 6, H = 0 and no pitch), which was similar
to the straight tube, was chosen to compare with the empirical formulas. The comparisons
of the Nu and f between the simulated results and formulas above are displayed in Figure 5.
From the line chart, it was not difficult to observe that the fitting degree of Nu and f were
both rather high. In detail, the arithmetic mean errors of Nu and f were 5.11% and 8.45%,
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respectively. Obviously, the mean errors of both Nu and f were less than 9%, and these
errors might be caused by the uncertainty of calculation parameters. In summary, the
numerical method adopted in this paper was reasonable and authentic.

0.16
10 || —®— numerical data(Nu)
-~ o Dittus-Boelter’s correlation(Nu)
~—A— numerical data(f) 5. 205 O 14
120 F Blasius’ lati Y
| v Blasius’s correla ion(f) =
6.30% — 1012
100 &
| - d
9 0.10
3 80 “~
1 0. 08
60
-1 0. 06
40 5
-1 0.04
20 , - o 9.31% 8. 47%
I — 1777777;;;1;7—;;7—;7—x ]
N 1 N 1 N 1 N 1 N 1 N 0. 02
2.50x10*  5.00x10° 7.50x10° 1.00x10* 1.25x10* 1.50x10* 1.75x10*

Re

Figure 5. Verification between numerical result and correlation data.

4. Result and Discussion

The reliability of the BSL k-w model was verified before. As the main research object
of this paper, the internal spiral fins could change the flow path of the working fluid and
form a secondary flow to enhance the heat transfer and flow characteristics in the tube. The
secondary flow could produce additional force because it was perpendicular to the primary
flow. This hydrodynamic force was usually related to the inertial flow state. Compared
with the primary flow, the secondary flow was relatively small, but it could displace the
particles and affect the manipulation of the particles. Secondary flow was widely used in
the mixing, trapping, focusing and separation of fluids and particles [39—-41]. The secondary
flow could greatly improve the heat transfer coefficient on the inner and outer surfaces of
the tube.

In this section, the temperature, velocity and streamlines distributions in circular
tube and internal spiral finned tubes were proposed and solved by commercial software
FLUENT. Moreover, the present works were mainly considered from three influencing
factors, namely, the pitch P, the height H and the number N of the internal spiral fins. The
range of Re was set as 3000 to 17,000.

4.1. Analysis of Influence of RWV Gs on Temperature and Streamlines Distributions

Figure 6 mainly shows the temperature and velocity distribution in the internal spiral
finned tube when N = 6, H =5, and P =75. It is not difficult to obtain from the figure that
the velocity distribution in the central area of the pipe was very uniform, and the velocity
near the center of the circle was relatively high. The main cause of this phenomenon was
that the fluid in the central region of the tube was in a complete turbulent state, which was
consistent with the velocity distribution in the ordinary circular tube, as shown in Figure 7.
In the spiral region, the average velocity was slightly higher than that in the central region.
The velocity distribution in the spiral region was affected by the centrifugal force of the
spiral flow to produce a vortex, and its velocity distribution was asymmetric.
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Figure 6. The velocity, temperature and streamlines distributions of five intercepted sections.
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Figure 7. The velocity distribution of the ordinary circular tube.

From the five intercepted sections, it can be concluded that the average temperature of
the cross-section increased gradually along the flow direction of the working fluid. The
temperature distribution in the central region was relatively uniform and the temperature
rose slowly, while the temperature distribution in the spiral region was affected by cen-
trifugal force, and the thermal boundary layer on the inner wall of the pipe was destroyed,
which sped up the heat exchange between the external environment and the fluid in the
pipe. Its distribution was spiral, and the temperature rose fast. For the ordinary circular
tube, the heat exchange of the fluid in the tube mainly came from the boundary layer, while
a large number of fluids in the non-boundary layer could only exchange heat with the
boundary layer fluid due to the lack of radial flow. Therefore, as shown in Figure 8, the
heat transfer performance of the ordinary circular tube was relatively poor.
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Figure 8. The temperature distribution of the ordinary circular tube.

Furthermore, the vorticity distributions of the internal spiral finned tube are dis-
played in Figure 9. Owing to the internal spiral fins, the fluid in the spiral region flew
counter-clockwise, while the fluid in the central region was mainly axial flow. Hence,
the secondary flow could probably be formed near the boundary where the two regions
contacted each other.

Figure 9. The vorticity distributions of the internal spiral finned tube at Z = 50 mm.

4.2. Effect of the H on Heat Transfer and Flow Characteristics

Figure 10 compares the heat transfer between ordinary circular tube and internal
spiral finned tubes (H =4, H=4.5, H =5, H =5.5, H = 6). In Figure 10, the relationship
between Nu and Re is presented. It can be observed from the figure that the change trend
of Nu in each tube was almost the same. Moreover, the numerical relationship between
Nu and Re was positively correlated when Re is in the range of 3000 to 17,000. In addition,
the Nu of five different specifications tubes were much higher than that of plain tube
under the same Reynolds number. This phenomenon directly reflected that the insertion
of internal spiral fins greatly enhanced the heat transfer performance in the circular tube.
What is more, as Figure 10 shows, with the increase of Re, the deviations of Nu between
spiral finned tubes and plain tube became larger and larger. It can also be analyzed from



Energies 2022, 15, 648

13 of 23

Temperature
350.00

345.00
| 000

]
3

329.99
324.99
319.99
314.99
309.99
304.99
299.99

Velocity
052
Huu
042
0.36
0.31
026
021
0.16
0.10
I 0.05
0.00

[m s7-1]

Figure 11 that the increase of H increased the heat transfer area in the tube, the heat
transfer performance in the tube was significantly improved, and the temperature of the
interface between the spiral region and the central region was higher. From a physical
point of view, as the height decreased, the spiral region was compressed, while the central
region expanded inch by inch. Consequently, the local and on-way resistances of the spiral
channels continuously decreased in the spiral region. Owing to the double strengthening
effect of enhanced secondary heat transfer area and spiral structure channels in the spiral
region, the enhancement of heat transfer was much more obvious.
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Figure 10. The Nu of the internal spiral finned tube and plain tube under different H.
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Figure 11. The temperature and velocity distributions of the internal spiral finned tube under different H.

Figure 12 shows the relationship of f and Re between five kinds of internal spiral
finned tubes (H =4, H=4.5,H=5,H = 5.5, H = 6) and a circular tube. In general, the change
trends of f among five internal spiral finned tubes were roughly the same, while the change
trend of the plain tube was relatively gentle. Generally, the values of f gradually decreased
as the Re increased. In detail, as the Re increased, the downward trend of f became more
and more gentle. This phenomenon could be also explained by Darcy’s theory [32]. Similar
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to the Nu, the f of the internal spiral finned tubes was significantly greater than that of
the circular tube under the same Reynolds number. Additionally, with the increase of
Re, the difference of f between the internal spiral finned tube and circular tube became
smaller and smaller. Combining this phenomenon with Figure 11, it can be inferred that
with the increase of H, the degree of turbulence in the spiral region of the tube gradually
increased, and then most of the fluid flew through the central region, making the velocity
in the central region significantly higher than that in other parts.

—®—H=4mm

o4k —® H=4.5mm
v — A H=5mm
I — v H=5.5mm
H=6mm
plain tube
V—
e .
0.1
0.0 ———t———
2.50x10° 5.00x10° 7.50x10° 1.00x10* 1.25x10* 1.50x10* 1.75x10*

Re
Figure 12. The f of the internal spiral finned tube and plain tube under different H.

4.3. Effect of the P on Heat Transfer and Flow Characteristics

In order to investigate the effects of internal spiral fins on thermohydraulic characteris-
tics of flow in smooth tubes, Nu and f factors are plotted in Figure 13 for a range of pitch P.
The results were similar to those in Figure 10, as the Nu was nearly proportional to the Re
in all the cases. The Nu and f in the spiral finned tube were 1.89-3.62 and 5.03-10.62 times
higher than that in the plain tube. The deviation of Nu between internal spiral finned tubes
and the plain tube was proven in that the enhancement of heat transfer was achieved in all
cases with different pitches under the same Re. This was also confirmed by the temperature
distribution in Figure 14. The average temperature in the tube was significantly higher than
that in the flat tube. Attributed to the secondary flow formed near the boundary where
the two regions contacted each other, the temperature near the boundary was extremely
higher than the other parts in the tube. It should be noted that when the value of P was 80
and 100, the heat transfer performance in the tube was obviously better than other types of
tubes. Furthermore, it was observed that maximum Nu and f are achieved for P = 80 and
not for P = 100. The possible reasons for these phenomena were that with the increase of
P, the area of secondary heat transfer gradually decreased. Although the spiral channels
became wider and more fluid as they flew through the channels, the overall heat transfer
performance in the tube was not significantly improved. The pitch P directly determined
the spiral period and heat transfer area of the spiral region in the tube. Obviously, both of
them increased with the decrease of P. When the spiral channel narrowed gradually, the
flow resistance in the channel increased accordingly, resulting in most of the fluid flowing
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from the central area. As shown in Figure 14, the velocity in the central region increases
with the decrease of P.
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Figure 13. Comparison of heat transfer and flow resistance between plain tube and internal spiral
finned tube in different P. (a) Nu, (b) f.
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Figure 14. The temperature and velocity distributions of the internal spiral finned tube under different P.

4.4. Effect of the N on Heat Transfer and Flow Characteristics

The influence of N on heat transfer and flow characteristics of internal spiral finned
tubes was investigated when H =5, P = 75. The enhancement of heat transfer in the tube
was predicted. In addition, it can be seen in Figure 15 that the increase of number N caused
the upward trend of Nu to be more and more pronounced, and the angle of inclination
was also larger and larger. At the same time, f also increased with the increase of N. Such
phenomena could be attributed to the gradual compression of the spiral region due to
the increase of the number N, which increased the local resistance and on-way resistance
of the region. Thus, most of the fluid would flow through the central area of the pipe,
while a small part of the fluid would flow through the spiral area. In addition, the area
of heat transfer in the tube was definitely enlarged with the increase of N. There was no
doubt that the total heat exchange increased significantly and heat transfer performance
was greatly enhanced. Naturally, it can be seen in Figure 16 that the average velocity in
the central region was significantly higher than that in the spiral region. In terms of heat
transfer performance, the increase of heat transfer area and the decrease of fluid in the tube
significantly strengthened the heat transfer effect in the tube. Therefore, it can also be seen
from Figure 16 that the average temperature in the tube increased with the increase of N.
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Figure 15. Comparison of heat transfer and flow resistance between plain tube and internal spiral
finned tube in different N. (a) Nu, (b) f.
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Figure 16. The temperature and velocity distributions of the internal spiral finned tube under different N.

4.5. Analysis of the Influence of Internal Spiral Fins on Heat Transfer Performance

On the basis of the previous research, Figure 17 illustrates the PEC value distribution
of internal spiral finned tubes under different variables. Owing to the excellent turbulence
structure in the tube, the heat transfer and flow performance of the tube under all variables
had positive effects. The PEC was in the range of 1.03 to 1.652. As shown in Figure 17a,
the internal spiral finned tube achieved the most ideal heat transfer performance when
the value of N was 8, in this paper. In addition, H = 6 mm was recommended when
the Re < 3750, while H = 4.5 mm was more appropriate when the Re > 6250, according to
Figure 17b. Regarding pitch P as a key factor affecting the internal structure of internal
spiral finned tubes, it can be seen from Figure 17c that when the Reynolds number was
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lower than 7000, the P with value of 100 had the best strengthening performance, and
the strengthening trend increased with the decrease of Reynolds number. If the Reynolds
number was higher than 10,000, the P with a value of 60 was more suitable to enhance the
heat transfer and flow characteristics in the tube.
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Figure 17. Cont.
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Figure 17. Effect of different factors on heat transfer and flow performance: (a) the angle «, (b) the
height H, (c) the number N.

4.6. Comparison with Previous Work

In this section, three representative enhanced heat exchange tubes were selected to com-
pare with the internal spiral finned tubes proposed in this paper. The references [15,42,43]
were all utilized for the passive methods in the same Reynolds range. As shown in
Figure 18, the three kinds of enhanced heat exchange tubes were internal finned tube [15],
internal coiled square wires tube [42], and internal twisted tape tube [43], respectively.
It can be obtained from the picture that the comprehensive thermal performance of the
present tube was much better than that of the relevant published works, especially when
the Re was less than 13,500. In general, the internal spiral fins not only effectively enhanced
the heat transfer in the tube, but also brought little flow resistance, therefore the overall
heat transfer performance is significantly improved.
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= —&— [nternally twisted tape
Lok \\\ —o— [nternally finned tube
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Figure 18. Comparisons with previous work.
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5. Conclusions

In this paper, the internal spiral finned tube was studied by numerical simulation.
The comparisons of heat transfer and flow characteristics between internal spiral finned
tubes and flat tube were analyzed. The structural variables of the pipe included the height,
number, and pitch of the internal spiral fins. The comprehensive performance was obtained
under five different Re (Re = 3000, 6500, 10,000, 13,500, 17,000). The mechanism of heat
transfer enhancement was analyzed for the internal spiral finned tube. According to the
results obtained, the following conclusions can be summarized:

(1) With the increase of Reynolds number, the Nusselt number in the tube increased,
while f decreased. The Nu and f of the internal spiral finned tubes were 1.77-3.74
and 3.04-10.62 times higher than those of smooth tube, respectively. The average
deviations of Nu and f between the simulation results and empirical formula results
were 5.11% and 8.45%, respectively. It was illustrated that the results of the simulation
agreed well with the empirical formula, and the heat transfer capacity of internal
spiral finned tubes was much better than that of flat tube.

(2) The velocity distribution in the spiral region was affected by the centrifugal force of
the spiral flow to produce a vortex, and its velocity distribution was asymmetric. The
temperature distribution in the spiral region was affected by centrifugal force, and
the thermal boundary layer on the inner wall of the pipe was destroyed, which sped
up the heat exchange between the external environment and the fluid in the pipe.

(3)  The three variables had positive effects on the enhanced heat transfer performance in
internal spiral finned tubes. It was found that N was the factor that had the greatest
impact on the heat transfer performance among the studied parameters. The results
showed that the maximum value of PEC under the five Re numbers was 1.652, while
the PEC of the pitch P and the height H were 1.581 and 1.566, respectively.

(4) When the Re was set as 3000, the PEC achieved the highest value of 1.652 in this paper.
The height H of the RWVG was 5 mm, the number N was 8, and the pitch P was
75 mm, while the PEC gradually decreased as the Re increased. The possible reason
for this phenomenon might be that the effect of pressure drop on the comprehen-
sive performance in the tube was stronger than that of thermal enhancement as the
Re increased.
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Highlights:
1. The flow and heat transfer of internal spiral finned tubes were investigated by numerical
simulation.

2. The effects of structural parameters on the flow and heat transfer were studied.

3. The comprehensive performance was obtained and optimum parameters for the internal spiral
finned tube were reported for practical applications.

4. The mechanism of heat transfer enhancement was analyzed for the internal spiral finned tube.
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Nomenclature
Apy The area of heated wall (m?)
c The heat capacity of working fluid (J/ kg~K’1)
D The hydraulic diameter (mm)
f The friction factor
g The mass flow of working fluid (kg/s)
h The heat transfer coefficient (W /m?-K)
I The turbulence intensity
k Turbulent kinetic energy (m?s~2)
L The length of flow direction (m)
Nu The Nusselt number
P Pressure (Pa)
PEC The performance evaluation
Pr Prandtl number
Q The total rate of heat transfer (w)
Re The Reynolds number
tout The temperature of the outlet (K)
tin The temperature of the inlet (K)
Topall The temperature of wall (K)
T Temperature of the working fluid (K)
Vi The x-axis velocity of working fluid (m/s)
Vi The y-axis velocity of working fluid (m/s)
Vi The z-axis velocity of working fluid (m/s)
Uiy The velocity of working fluid (m/s)
14 Volume of working fluid (m3)
Greek symbols
AP The pressure drops between the inlet and outlet (Pa)
Aty The temperature difference (K)
€ Dissipation rate of turbulent kinetic energy of the k- ¢ model (m?s~3)
A Thermal conductivity (W/ m-K™1)
U Dynamic viscosity (kg/m-s~1)
v Kinematic viscosity (m2-s71)
P Density of working fluid (kg/m?)
Subscripts
a Air
in Inlet
out Outlet
T Turbulence
wall Wall
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