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Abstract: Thermal hydraulic performance of the fin-and-tube heat exchanger is presented in this
paper. The purpose of this investigation was to investigate the heat transfer mechanism and flow
characteristics in the finned tube heat exchanger with streamline tube. The streamline tube in this
paper had the streamline cross section which was composed of a semicircle and a half diamond.
Three-dimensional numerical simulation was presented and validated by the experiment and the
other numerical simulation from public articles. The present simulation had good agreement with the
experimental results. The difference of the j factor and f factor between the experimental results and
present simulation results by k-e-enhance model was less than 7.6%. The geometrical parameters were
considered as every single variable to investigate the thermal hydraulic performance. The results
showed that smaller transversal and larger tube pitch provided greater compactness and better
thermal performance. Moreover, a larger angle was not only beneficial to enhance the thermal
performance, but also helpful to improve the overall performance. Secondly, the effects of angle
on the heat transfer performance and fluid flow characteristics were investigated as the perimeter
kept constant. It was shown that the overall performance of the streamline tube was better than the
circular tube. Lastly, the entropy generation including frictional entropy generation and the thermal
entropy generation were analyzed. It can be concluded that by using the streamline tube, the wake
region can be obviously reduced, and thermal performance can be improved.

Keywords: streamline tube; thermal hydraulic performance; comprehensive performance;
entropy generation

Highlights

1. Flow characteristics in the windward region and wake region flow characteristics
were investigated.

2. By decreasing wake region, the flow characteristic was improved and the overall performance
was enhanced.

3. The k-e-enhance model was employed to numerically investigate the overall performance.

1. Introduction

Due to the high effective thermal performance and compact structure, fin-and-tube heat exchangers
were widely used in various fields, mainly in air-conditioning and refrigeration system, petrochemical
industry, electronics cooling, thermoelectric sensors and so on. As known, the thermal resistance
in the shell side was almost up to 90% [1]. Thus, it was crucial to reduce the thermal resistance in
the shell side. In many articles, kinds of geometrical configurations were analyzed to enhance the
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heat transfer performance, increasing the flow resistance. However, the elliptical tube had better
aerodynamic shape than the circular one, and the total drag forces of the elliptical tube were much
smaller than the circular one. Nowadays, fin-and-elliptical tube heat exchangers are adopted to reduce
the pressure drop and the weak region of the fins behind the tube. Substantial experiments [2] and
numerical simulations [3-6] focused on fin-and-elliptical tube heat exchangers for energy conversion
and utilization. Compared with the fin-and-circular tube heat exchangers, the fin-and-elliptical tube
heat exchangers had small pressure drop and worse heat transfer performance [7,8].

As known, the laminar flow near the wall blocked the heat transfer due to the viscosity of the
working fluid. Moreover, the turbulence flow was beneficial to improve heat transfer performance. Thus,
some fins, including shaped fin [9], vortex generators [10], slit fin [11], louver fin [12], were adopted to
enhance the thermal performance by increasing turbulence intensity. However, fluid flow characteristics
became worse due to those internal insert parts, even though some researchers had focused on the
combination of these internal insert parts. Babak Lotfi [13] proposed a smooth wavy fin-and-elliptical
tube heat exchanger to research the three new types of vortex generators. R. Deepakkumar [14] had
combined the circular tubes and the elliptical tubes and conducted a three-dimensional numerical
investigation to research the heat exchanger performance. They both found that by using combination
of these internal insert parts, the heat transfer performance had been obviously improved.

Though the internal insert parts in the heat exchanger increased the heat transfer performance,
large cost of energy was inevitable. The elliptical tube had been adopted in the fin-and-tube heat
exchangers and was beneficial for improving the fluid flow characteristics. Due to the structure of
elliptical tube, less turbulence was produced, and a better comprehensive performance was obtained.
Hui Han [15] numerically investigated the fluid flow and heat transfer characteristics of finned tube
heat exchangers with oval and circular tubes, and the results revealed that using the oval fin-and-tube
heat exchanger can not only reduce the flow resistance but also improve the heat transfer capacity of
the heat exchangers that effectively improved the fin efficiency. In addition, Lei Sun [16] had proposed
a numerical model and found the overall thermal-hydraulic performance, which was quantified by the
heat transfer rate per unit power consumption, was better in the elliptical finned-tube heat exchanger.
Furthermore, Siavash Vaezi [17] carried out a numerical study for alternating oval double pipes to
analyze the suggested configurations under different conditions and concluded that heat transfer
rate of alternating oval double pipes had higher values than the circular type, and the pressure loss
effects were revealed to be dominant over the heat transfer improvement. J.V. Simo Tala [18] presented
unsteady-RANS simulations to investigate the effect of the iso-sectional tube shape modification on
the air-side thermal hydraulic characteristics. Obviously, in these studies, the elliptical finned-tube
heat exchanger had a better flow characteristic.

To provide better sustainability of enhancement of heat transfer performance, entropy generation
analysis was adopted. As known, the entropy generation was related to the geometrical parameters
and the thermophysical properties of the working fluid. The entropy generation reflected the exergy
loss. Entropy generation analysis on the fluid flow and heat transfer were published in some public
articles [19,20]. Amin Ebrahimi [21] numerically investigated conjugated heat transfer and hydraulic
performance for nanofluid flow in a rectangular microchannel heat sink with longitudinal vortex
generators. Entropy generation was analyzed and the results showed that using nanofluids as working
fluid can reduce the irreversibility level. Eyuphan Manay [22] researched the effects of presence of
nanosized TiO, particles in the base fluid on entropy generation rate in a microchannel heat sink.
It can be observed that frictional and total entropy generation rate increased as thermal entropy
generation rate decreased with an increase in particle volume fraction. J.A. Esfahani [23] analyzed the
entropy generation for the Cu-water nanofluid flow through a wavy channel over a heat exchanger
plate. The obtained results indicated that the thermal entropy generation was the main term in most
parts of the channel. M. Akbarzadeh [24] performed a numerical simulation on entropy generation
and thermo-hydraulic performance of a wavy channel with three corrugation profiles. It was found
that among wavy channels, the triangular channel provided the highest thermal entropy generation,
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followed by the sinusoidal and trapezoidal channels. However, most entropy generation analyses in
those articles focused on 2D computational models or empirical formulas.

Much research focused on the effect of different geometrical parameters on the thermal hydraulic
performance but did not elaborate on the reason to enhance the heat transfer performance and improve
the flow resistance characteristics. Clearly, it is crucial to acquire a better understanding of thermal
mechanism in the fin-and-tube heat exchanger. Furthermore, most articles investigated the entropy
generation on the two-dimensional model. In this paper, the thermal mechanism is revealed and
entropy generation on the three-dimensional model is studied. A streamline cross section that was
composed of a semicircle and a half diamond was adopted. This paper aimed to investigate the thermal
hydraulic performance of the streamline tube in the heat exchangers.

2. Model Description

2.1. Physical Model

The research object in the paper was a four-row staggered fin-tube heat exchanger. Figure 1
showed the definition of the circular tube and streamline tube geometrical parameters in the heat
exchanger. The circular heat tube was shown in Figure 1a, and the streamline tube was shown in
Figure 1b, which was composed of half circle and half diamond. The parameters of circular tube and
streamline tube fin-tube heat exchanger are shown in Table 1. The geometrical parameters of all the
cases are shown in the Table 2. The geometry parameters used in this study are adopted based on
the previous article [25]. The perimeter of the heat tube section was considered in the paper, defined
as follow:

C =2nR(180+ 0) /360 + 27tr(180 — 6) /360 4+ 2(R —r) / tan(6/2) 1)

where R is the radius of the heat transfer tube section, shown in Figure 1. R was the main geometry
parameter, and r is chamfer size, which can be neglected. In this paper, r is set as 0.1 mm, and R > r.
0 is the angle of heat transfer tube section.

R

(b)

Figure 1. Definitions of geometrical parameters of the circular tube and streamline tube plate fin-tube
heat exchanger: (a) circular tube plate fin-tube heat exchanger; (b) streamline tube plate fin-tube
heat exchanger
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Table 1. The parameters of circular tube and streamline tube fin-tube heat exchanger.

Value
Parameters
Circular Tube Streamline Tube

Tube outside radius (R) (mm) 4.75 4.75

The number of tube row (N) 4 4

Longitudinal tube pitch (LI) (mm) 22 22
Transverse tube pitch (Lt) (mm) 12.7 12.7
Fin thickness (Ff) (mm) 0.13 0.13

Fin pitch (Fp) (mm) 3 3

VG angle (a) (°) - 60

Table 2. The geometrical parameters of all the cases.

CASE No. LI (mm) Lt (mm) 0 (°) R (mm) C (mm)
Casel 22 21.4 60 3.99 29.85
Case2 22 154 60 3.99 29.85
Case3 22 174 60 3.99 29.85
Cased 22 194 60 3.99 29.85
Caseb 22 23.4 60 3.99 29.85
Caseb 16 214 60 3.99 29.85
Case7 18 21.4 60 3.99 29.85
Case8 20 21.4 60 3.99 29.85
Case9 24 214 60 3.99 29.85
Casel0 22 21.4 40 3.99 35.71
Casell 22 21.4 50 3.99 32.11
Casel2 22 214 70 3.99 28.33
Casel3 22 21.4 80 3.99 27.29
Casel4 22 254 90 4.48 29.85
Casel5 22 254 60 3.99 29.85
Casel6 22 25.4 30 2.90 29.85
Casel7 22 254 20 2.30 29.85
Casel8 22 25.4 10 1.52 29.85

In this model, the material of the heat exchanger was aluminum, of which the physical properties
were given as: py = 2719 kg/m3, Cpar = 871 J/(kgK), Aa1 = 202.4 W/(mK). The material of
the working fluid was air, of which the physical properties were given as: k;, = 0.0261 W/(mK),
ta = 1.831 x 107> Ns/m?, Pr, = 0.736, pa = 1.185 kg/m>. In order to pursue an efficient calculation,
the computational model considered was a periodic model, seen as in Figure 2. Figure 2 shows the
detailed boundary conditions of the computational domain.

_-Outlet
Wall N
! ' 1 ‘/ outlet part
| g ||
Fin Surface 4=~ J
\ \k Symmetry
Inlet inlét patt main domain

Figure 2. The schedule of boundary conditions on the plate fin-and-tube heat exchanger.
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2.2. Governing Equations

Some simplified assumptions were required before applying the conventional flow equations and
energy equations to model the heat transfer process in the tube-and-fin heat exchanger.
It was assumed as follows [26]:

(1) A steady state was assumed;

(2) The flow was three-dimensional and incompressible;

(3) The working fluid was in a single phase, and their properties kept constant;
(4) Effects of heat dissipation and thermal radiation were negligible;

The air flow was turbulent and steady. The equations governing the air flow and heat transfer can
be expressed as follows.
Continuity equation:

d
a—xi(Pui) =0 @)
Momentum equation:
0 8}7 0 aui —
o i) = =50 5 (a5 = i) ©
Energy equation:
d d (U w\dT
a—xj(P”jT) = (Q_JCJ-[(E G—t)a—xj} 4)
where the Reynolds stresses were
- 81/!,‘ 8u] 2 au,»
_puiu]‘ = yf(ax] + &xi)_ 3(Pk+#t&xi)5z] (5)

The present research adopted the k-e-enhance model. k is the turbulent kinetic energy, and ¢ is the
turbulent dissipation energy.
Turbulent kinetic energy:

0 0 _d e\ ok ,
Q(Pk) + a—(Pk“;) = o [(# + )&x]-] + Gy — pe (6)

X Ji O
Turbulent dissipation energy:

& 2

O¢

&

k+ ve

The values for constants oy, 0., C1, C and the expressions for variables p;, S can be found in the
Fluent handbook [3,27]. For flow in the near wall region, the near wall treatment is needed. The first
near wall grid is placed at y ™ less than unity so that the enhanced wall function can be employed [28].

)ﬁ] + pClss - pC2

dJd dJd J
@(PE) + a—xj(Pé“j) = &—x][(ﬂ + 2, 7)

2.3. Boundary Conditions

In order to reduce the effect of turbulence on the simulation, the turbulence intensity was
considered in the inlet part and outlet part, defined as follows [27,29].

[=0.16Re"/8 (8)

In this paper, the corresponding turbulence intensity in the inlet part and outlet part were fixed at
6.53%, 6.43%, 6.33%, 6.26%, and 6.19%, respectively.



Energies 2020, 13, 5408 6 of 28

Figure 2 shows the schedule of boundary conditions on the finned streamline tube heat exchanger.
The Reynolds numbers based on hydraulic diameter and inlet velocity were 1300, 1475, 1650, 1825, and
2000. A series of uniform velocities were set at the inlet part, revealed as Equation (9). The velocity
values were 3.16 m/s, 3.59 m/s, 4.02 m/s, 4.44 m/s, and 4.87 m/s, respectively. The temperature in the
inlet was set as 298 K. The side boundary condition and periodic conditions were adopted in this
paper. Generally, the computational domain was divided into three parts, including inlet part, outlet
part, and fin-coil part (main domain), as seen in Figure 2. The boundary conditions of inlet part, outlet
part, and fin-coil part were described as follows.

(1) Boundary conditions of inlet part were described as follows [4].

At inlet boundary condition:

u=u;y; =constant, v=w =0, T =T;, =298 K 9)

At side boundary conditions:

Ju Jdw oT
v=0, 8_y =0 (10)

ay - ay
At the top and bottom boundaries (periodic conditions):

Utop = Upottoms Ttop = Thottom (1)

(2) The boundary conditions of outlet part were described as follows.

At outlet boundary condition:

Ju Jdv Jdw JaT
Ml M " 12)

At side boundary conditions:

T
N _,0=0,2 =0 (13)
dy Iy Iy
At the top and bottom boundaries (periodic conditions):
Utop = Upottoms Ltop = Thottom (14)

(3) The boundary conditions of Fin-coil part are described as follows.

At side boundary condition:

., odu Jdw aT
Fluld.a—y—a—y—O,U—O,@—O (15)
Finsurface: u=v=w =0, &—T:0 (16)

Iy
Tube surface: u=v=w=0, T=T, =373K (17)

At the top and bottom boundaries (periodic conditions):

Utop = Upottoms Ttop = Thottom (18)
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3. Model Verification

3.1. Parameter Definition

In order to judge the thermal performance and flow resistance, two factors were adopted in
this paper, namely j factor and f factor. The overall performance JF factor was adopted to judge the
comprehensive performance of the heat exchanger. Before introducing these three factors, some basic
parameters should be presented.

Diameter-based Reynolds number, Nusselt number, and Prandtl number were defined as follows.

Re = (uDe) /v (19)
Nu = (hDe)/A (20)
Pr= (uCp)/A (21)

Among these non-dimensional parameters, the hydraulic diameter and kinematic viscosity were
defined, respectively, as follows.
De = (4V) /Ay (22)

v=u/p (23)

The air-side heat transfer coefficient was defined as follows:
h=Q/(AATy) (24)
The total rate of heat transfer used in the calculation was defined as follows.
Q = mCp(Tout — Tin) (25)
Moreover, the log-mean temperature difference was defined as follows [30,31]:
ATm = (Tout = Tin) /((Tewarr = Tin) / (Tawant = Tout)) (26)

In this paper, f factor and j factor are adopted to judge the flow characteristic resistances and the
heat transfer performance.

(1) Friction factor f represented the friction characteristic, defined as follows.
f = (APDe)/ (2Lpu?) (27)
(2) Colburn factor j represented the heat transfer capability, defined as follows.
j = Nu/RePr~1/3 (28)

(3) In order to evaluate the overall performance of the tube-and-fin heat exchanger, the performance
evaluation JF is used to evaluate the thermal performance, suggested by Webb [32], defined in
terms of Colburn factor and Friction factor as follows.

]F:j/f1/3 (29)
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3.2. Entropy Generation Analysis

The entropy generation was due to heat transfer over a finite temperature difference and viscous
dissipation [33,34]. The three-dimensional local volumetric entropy generations rates, accounting for
thermal and friction effects in Cartesian coordinates, were respectively defined as follows [24].

k[(oT\* (oT\* [(oT\?
S =T (%) *(a—y) *(5) 0
2w \2 | (900N (o0, \2
o @) @)
ngf B T Jdv 811y 2 Jdv v, \2 v 3Uy 2 (31)
(a—;+ﬁ) +(% + %) +(a—;+ﬁ)
Sgen = Sght + ngf (32)

where Sgp,; and S ¢ are the local entropy generation rates due to heat transfer irreversibility and fluid

friction irreversibility, respectively. Se.y is the local volumetric entropy generations rate.
Furthermore, to assess the contribution of heat transfer and fluid friction in total irreversibility, a

non-dimensional parameter, Bejan number (Be), can be expressed as follows [22,24].

Be - Sght/Sgen (33)

3.3. Mesh Generation Technique

The whole geometry of the heat exchanger was symmetrical and periodical, which was modeled by
Design Modeler Ansys 13.0. The computational domain was part of the exchanger with simplification.
The structured hexahedral mesh was generated, and the governing equations along with the boundary
condition equations were solved by ANSYS FLUENT 13.0. The convective terms in the governing
equations for momentum and energy were discretized with the second-order upwind scheme.
The coupling between velocity and pressure was performed with the SIMPLE algorithm. To ensure
the computational convergence, the under-relaxation factors were 0.3, 0.7, and 0.8 for the pressure,
momentum, and energy, respectively. The typical CPU time for each case was about 2 h.

Larger numbers of grids would occupy larger CPU resources which means more time for
calculation. Meanwhile, smaller numbers of grid would lead to larger difference between numerical
and the experimental results. Thus, a reasonable grid number was necessary to guarantee CPU
operation speed and acceptable difference. In this paper, four different numbers of grids, including
490,628, 840,365, 1,584,653, and 2,794,732 elements, were considered to evaluate, as seen in Figure 3.
The results showed that the average j factor and f factor of the 1,584,653 mesh elements varied from
that of the 2,794,732 mesh elements by less than 2% and 1.08%, respectively. Therefore, the mesh
with 1,584,653 grid elements was adopted to conduct the numerical simulation. Moreover, the grid
independence of the other cases was also tested.
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Figure 3. The grid independence with Re = 2000.

3.4. Code Validation

The present simulation results were validated by Wang’s experiment [35] and Arafat’s
simulation [25], as shown in Figure 4, which revealed the comparison of numerical and experimental f
factor and j factor for the plate fin-tube heat exchanger. The boundary conditions of Wang’s experiment
and Arafat’s simulation were presented as the same as in this paper. The simulation was conducted by
k-e-enhance, and the k-c-enhance had a good agreement with the experimental results of the f factor.
Moreover, the resistance between fluid and solid was considered, and the thermal resistance value
was set as 8.91 x 1073 K/W. The procedure had been discussed in detail in the published article [36].
Some reasons accounted for the difference between the experiment and the simulation: the working
fluid was in a single phase, and their properties remained constant and smooth surface conditions
were adopted in the simulation. Additionally, the difference of the j factor and f factor between the
Arafat’s simulation [25] and the present numerical results was less than 3.82% and 4.90%, respectively.
The difference of the j factor and f factor between the experimental results and present simulation
results by k-e-enhance model was less than 7.6%. It can be observed that the present simulation had
good agreement with Arafat’s simulation [25] and Wang's experimental results [35].
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Figure 4. Comparison of numerically and experimentally obtained f factor and j factor for the plate
fin-tube heat exchanger.

4. Results and Discussion

As known, the elliptical tube had better comprehensive performance and worse thermal
performance. In this paper, the streamline tube was researched to explore the heat transfer mechanism
and fluid flow characteristics. As mentioned before, the 3D computational model was validated by the
experimental results from Wang [35] and the numerical results from Arafat [25]. Eighteen cases of
streamline tube were numerically investigated, as seen in Table 1. The discussed Reynolds numbers
were from 1300 to 2000 in this paper.

4.1. Discussion of the Effect of Geometrical Parameters

In this section, three parameters, including transversal tube pitch Lf, longitudinal tube pitch LI
and angle 6, were respectively considered as single variables to research the effect on the thermal
hydraulic performance. The discussed ranges of these geometrical parameters were 15.4-23.4 mm
(transversal tube pitch), 16-24 mm (longitudinal tube pitch), and 40-80° (angle), respectively.

4.1.1. The Effect of Transversal Tube Pitch

Five different transversal tube pitches were displayed. The transversal tube pitches of Case 2, Case
3, Case 4, Case 1, and Case 5 were 15.4 mm, 17.4 mm, 19.4 mm, 21.4 mm, and 23.4 mm, respectively.
Among these cases, Case 1 was considered as baseline.

As seen in Figure 5a,b, with the increase of the transversal tube pitch, the j factor was increased.
Case 2, Case 3, and Case 4 had a 13.89%, 11.1%, and 4.45% higher j factor and 55.45%, 25.61%, and
11.99% higher f factor, when compared with the Case 1, respectively. Besides, compared with Case 1,
Case 5 had a 0.26% lower j factor and 9.64% lower f factor. Clearly, the transversal tube pitch had great
influence on the f factor than the j factor. Yet, as seen in the Figure 5¢, the increase rate of the JF factor
was less than 4%. Compared with Case 1, Case 2 had a 1.67% lower JF factor. Case 3, Case 4, and Case
5had a 2.97%, 0.58%, and 3.17% higher JF factor than Case 1, respectively. Figure 5d revealed the flow
field of different transversal tube pitches.
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Figure 5. (a) j factor of different transversal tube pitches on Reynolds number, (b) f factor of different
transversal tube pitch on Reynolds number, (c) JF factor of different transversal tube pitch on Reynolds
number, (d) The flow field of different transversal tube pitch.
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Obviously, smaller transversal tube pitch provided greater compactness and better thermal
performance at the cost of worse flow characteristics, but the overall performance was not
evidently improved.

4.1.2. The Effect of Longitudinal Tube Pitch

In order to investigate the effect of longitudinal tube pitch on the thermal hydraulic performance,
five cases with different longitudinal tube pitches were investigated. The longitudinal tube pitches of
Case 6, Case 7, Case 1, Case 8, Case 9 were 16 mm, 18 mm, 20 mm, 22 mm, and 24 mm, respectively.
Case 1 was considered as baseline.

As revealed in Figure 6a, Case 6 and Case 7 had 33.28% and 18% higher j factor than Case 1,
respectively, while the f factor of Case 6 and Case 7 was 6.14% and 6.25% higher, as seen in the Figure 6b,
resulting in the JF factor of Case 6 and Case 7 being 30.68% and 15.67% higher than Case 1, as shown
in the Figure 6¢. In addition, Case 8 and Case 9 had a 0.44% and 2.87% lower f factor than Case 1.
However, Case 8 had almost the same j factor and Case 9 had 2.42% lower j factor when compared
with Case 1. As a result, the JF factor of Case 8 and Case 9 were both almost the same as that of Case 1.
As seen in the Figure 6¢, Case 8 and Case 9 had 0.35% higher and 1.47% lower JF factor than Case 1.
Figure 6d showed the flow field of different longitudinal tube pitches.

0.023 . . . ’ ’ ’ . : .
] ' ' ‘ ' ' —«—'Cabe9, LIZ16mm
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Figure 6. Cont.
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Figure 6. (a) j factor of different longitudinal tube pitch on Reynolds number, (b) f factor of different
longitudinal tube pitch on Reynolds number, (c) JF factor of different longitudinal tube pitch on
Reynolds number, (d) The flow field of different longitudinal tube pitch.

Smaller longitudinal tube pitch was beneficial for the improvement of thermal performance and
comprehensive performance. The configuration of the streamline heat tube was beneficial to reduce the
influence of Karman Vortex Street behind the tube. Compared with circular tube, the streamline tube
had smaller wake region which was harmful to the heat transfer and fluid flow. Therefore, appropriate
longitudinal tube pitch was helpful for the enhancement of the heat transfer performance and the
improvement of the comprehensive performance.

4.1.3. The Effect of Angle

Similarly, five cases with different angles were researched to discuss the influence of the angle on
the thermal hydraulic performance. The discussed angles were in the range of 40° and 80° . The angles
of Case 10, Case 11, Case 1, Case 12, Case 13 were 40°, 50°, 60°, 70°, 80°, respectively. Still, Case 1 was
considered as baseline.

As seen in Figure 7a—c, Case 10 and Case 11 had 5.92% and 4.77% lower f factor and 5.08% and
3.17% higher j factor, which led to 7.24% and 4.87% higher JF factor when compared with Case 1,
respectively. Besides, Case 12 and Case 13 had 2.1% and 3.75% higher f factor than Case 1, but the j
factor of Case 12 and Case 13 was a little lower than that of the Case 1. Eventually, the JF factor of Case
12 and Case 13 was 0.01% and 1.01% lower JF factor than that of Case 1. The flow field of different
angle as the radius remained constant can be observed in Figure 7d.
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Figure 7. (a) j factor of different angle on Reynolds number, (b) f factor of different angle on Reynolds

number, (c) JF factor of different angle on Reynolds number, (d) The flow field of different angles as the

radius keep constant.
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When the angle became smaller, the heat exchange area was increased with the increasing of
the tube cross section perimeter. Besides, the wake region became smaller as the angle increased
and it was beneficial for the enhancement of heat transfer performance and improvement of fluid
flow characteristics. Obviously, decreasing the angle was not only beneficial to enhance the thermal
performance, but also helpful to improve the flow characteristics.

In the previous analysis, the tube radius R remained constant. Under this condition, the heat
exchange area, which had great influence on the thermal hydraulic performance, was variable versus
angle. The following analysis on the angle would be investigated under the condition that the tube
section perimeter kept constant. As a consequence, the heat exchange area between hot fluid and cold
fluid could also keep constant.

4.2. Analysis on the Thermal Hydraulic Performance

Five cases with the perimeter kept constant were investigated in this section. In order to keep the
perimeter constant, the diameter varied with the angle. The angles were in the range between 10°
and 90°.

4.2.1. Analysis on the Flow Characteristics and Thermal Performance

Figure 8a shows the effect of different angle on the j factor at different Reynolds numbers.
It can be observed that the j factor of the circular tube was higher than that of the streamline tube.
As mentioned above, the perimeter of the tube section remained constant, and in order to keep it
constant, the windward area of the streamline tube was smaller than the circular tube when the angle
was between 10° and 90°. As known, the windward area was the main heat transfer region. As the
angle decreased, the windward area of the streamline tube was also decreased which caused that the
heat transfer performance of the circular tube was better than the streamline tube.

0.0140 : : : . : . — ,

] ' ' ' ' ' " =" circular tube |
001357 e Case 18, 6=107]
0.0130 A —&— Case 17, 0=204

- —_— &1
0.0125 | v Case 16, 6=307

- <4 Case 15, 6=60¢
0‘0120'_ > Case 14, 6=907]
0.0115 i

J 001104 i
0.0105 - i
0.0100 _
0.0095 i
0.0090 i
0.0085 - i
0.0080 — T ‘T T T T T T~ T T T T+ T T T

1200 1300 1400 1500 1600 1700 1800 1900 2000 2100
Re
(a)

Figure 8. Cont.



Energies 2020, 13, 5408

JF

0.070 . : : : . . : , .
] ' ' ' ' ' "m— circular tube |
0.065 - —e— Case 18, 6=109]
— —a— Case 17, 6=207
| —w— Case 16, 6=309
0.055 —AN
_ .\-\'\ < Case 15, 6=607]
0.050 P —» Case 14, 6=902)
] N - —_— ]
0.045 - : -
+_ —
] el —p 1
0.040 - e =
J - - ‘ i -
0.035 — i
0.030 i
0.025 4 A 'v - .
e T
. e _ A v T
0.020 - T e e R 5
| S o S |
0.015 L) I L I L I T I L I L | ' I ' I X
1200 1300 1400 1500 1600 1700 1800 1900 2000 2100
Re

(b)

0.045 — — .
0.044 = circular tube

0.043 ] e Case 18, 0=107
0.042 — A Case 17, 6=209
0.041 v Case 16, 0=30
dial= < Case 15, 6=607

0.039 »  Case 14, 6=90
0.038 -

0.037
0.036
0.035
0.034 4
0.033
0.032 ]
0.031 4
0.030
0.029
0.028 -]
0.027 +———

1200 1300

P I I T I I I T I I e )

2000 2100

T T T T T T
1400 1500 1600 1700 1800 1900

Re

(©)
Figure 8. Cont.

19 of 28



Energies 2020, 13, 5408 20 of 28

Velocity
14.0

12.4

10.9

e

—

o3 Case 18, 0=10°

7.8
6.2
4.7
3.1

1.6

0.0
[m s*-1]

Case 16, 0=30° " Circular Tube

(d)

Figure 8. (a) Effect of different angle on the j factor at different Reynolds numbers, (b) Effect of different
angle on the f factor at different Reynolds numbers, (c) Effect of different angle on the JF factor at
different Reynolds numbers, (d) The flow field of different angle as the perimeter keep constant.

As shown in Figure 8a, Case 14 had 1.8% lower j factor than the circular tube. Due to the little
difference of dimension, the difference of j factor between the circular tube and the Case 14 was small.
Case 15, Case 16, Case 17, and Case 18 had 3.94%, 8.72%, 11.14%, and 11.30% lower j factor than the
circular tube. It can be observed that the j factor decreased as the angle decreased. When the angles
were between 20° and 90°, the j factor decreased rapidly, but when the angle was less than 20°, the j
factor drop was negligible.

With the decrease of the streamline tube angle 0, the flow characteristics were much better than
the circular tube. In Figure 8b, it can be seen that Case 14 had 11.48% lower f factor than the circular
tube. Though the dimension difference between the circular tube and the streamline tube was small,
the flow resistance of the streamline tube was much lower than that of the circular tube. In addition,
the Case 15, Case 16, Case 17, and Case 18 had 25.25%, 52.13%, 58.45%, and 63.44% lower f factor
than the circular tube, respectively. It can be observed that the f factor was obviously decreased as the
angle decreased.

Compared the j factor and the f factor in the Figure 8a,b, the improvement of the flow characteristics
was much remarkable than the loss of heat transfer rate. As mentioned before, the section of streamline
tube can improve the flow characteristics. Moreover, the flow resistance became smaller because the
channel between the tubes became smaller as the angle decreased.

The JF factor was adopted to judge the thermal hydraulic comprehensive performance. As the
angle decreased from 90° to 60°, the comprehensive performance of the streamline tube was much
better than the circular tube. The effect of different angles on the JF factor at different Reynolds numbers
is shown in Figure 8c. It can be revealed that streamline tube had higher JF factor than the circular
tube. Case 14, Case 15, Case 16, Case 17, and Case 18 had a 3.29%, 6.55%, 15.22%, 16.93%, and 20.25%
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higher JF factor than the circular tube, respectively. As the angle was between 20° and 60°, the JF factor
obviously increased with the decrease of angle, as seen in the Figure 8c. Figure 8d presented the flow
field of different angle as the perimeter remained constant.

In this section, the perimeter was kept constant to ensure the heat exchange area was constant.
Under this condition, the radius decreased as the angle decreased. Moreover, with the deceasing of
angle, heat transfer performance was decreased, and the flow characteristics were enhanced, eventually,
improving the comprehensive performance.

4.2.2. Analysis on Turbulence Kinetic Energy

Due to the better aerodynamic shape, the streamline tube had less turbulence than the circular
tube, as seen in Figure 9. Figure 9 revealed the turbulence kinetic energy distribution of the circular
tube and streamline tube. It can be seen that the circular tube had larger turbulence kinetic energy
than the streamline tube, especially in the channel between the tubes. Besides, with the decrease of the
angle 0, the turbulence was obviously decreased, and the wake region was decreased. When the tube
fin heat exchanger adopted the streamline tube, the windward area and the weak region were both
smaller than that of the circular tube, which can effectively reduce the flow resistance. As the windward
face decreased, turbulence decreased, resulting in a worse heat transfer performance and a better
comprehensive performance, seen in Figure 8a,c. Hence, when the perimeter remained constant, the
streamline tube can effectively reduce flow resistance and improve the comprehensive performance.

Turbulence Kinetic Energy
1.00

0.90
0.80
0.70
0.60
0.50
0.40
0.30 streamline tube, 0=90
0.20
0.10

0.00
[J kgh-1] Ce)

(a) circular tube

streamline tube, 0=60

(d)

streamline tube, 0=30

(e) streamline tube, 0=20

¢
(f) streamline tube, 6=10 X

Figure 9. Turbulence kinetic energy distribution of the circular tube and streamline tube.
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4.2.3. Analysis on the Entropy Generation

The entropy generation consists of two parts, including thermal effect and friction effect. In this
paper, the thermal entropy generation Sght was defined as Equation (31), and the frictional entropy
generation Sgff was defined as Equation (30). The Local Sgff distribution around the tube at different
angles was shown in Figure 10. As the second law of thermodynamics states, the total entropy always
increases, and the process is irreversible. The frictional entropy generation reflected irreversibility
degree of the conversion of kinetic energy into thermal energy. Therefore, the frictional entropy
generation can be used to reflect the energy loss. As it can be observed in Figure 10, the frictional
entropy generation was mainly focused on the first half of the tube and extended behind the tube.
The irreversibility degree of the frictional entropy generation became smaller as the angle decreased.
In addition, Figure 11 showed the effect of different angle on Sgff at different Reynolds numbers. It can
be seen in Figure 11 that Case 14, Case 15, and Case 16 had 4.31%, 8.90%, and 19.91% lower Sgff than
the circular tube, respectively. Besides, The Case 17 and Case 18 had been 22.92% and 24.64% lower
Sgff than the circular tube, respectively. Evidently, the streamline tube had better flow resistance than
the circular tube, and with the decrease of angle, the frictional entropy generation gradually decreased.

The thermal entropy generation is an index to reflect the irreversibility of heat transfer from high
temperature object to low temperature object. Actually, in the heat exchanger, the heat is transferred
from high temperature object to low temperature object, and this endeavor was done to enhance
the heat transfer efficiency. Thus, greater thermal entropy generation indicates better heat transfer
performance [37]. As it can be seen in Figure 12, the main thermal entropy generation was concentrated
around the tube. The thermal entropy generation of the circular tube was mainly focused on the first
half of the tube, while in the second half of streamline tube, the thermal entropy generation gradually
increased with the decrease of angle. Figure 13 showed the effect of different angle on Sght at different
Reynolds numbers. It can be seen in Figure 13 that Case 14, Case 15, and Case 16 had 2.75%, 6.21%,
and 18.31% higher Sght than the circular tube, respectively. Besides, Case 17 and Case 18 were 23.57%
and 32.40% higher Sght than the circular tube, respectively. It can be observed that the streamline
tube had higher thermal entropy generation than the circular tube, and with the decrease of angle, the
thermal entropy generation was gradually increased.

Sqff
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(b) streamline tube, =90 (e) streamline tube, 0=20

L.
(¢) streamline tube, =60  (f) streamline tube, 0=10 *

Figure 10. Local Sgff distribution around the tube at different angle.
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In order to quantize the contribution of each term in the total irreversibility, the Bejan number was
considered. Figure 14 showed the effect of different angle on Be at different Reynolds numbers. It can
be found that the contribution of the thermal entropy generation was much higher than that of the
frictional entropy generation. Besides, with the decrease of the angle, the frictional entropy generation

decreased, and the thermal entropy generation increased. Thus, the total entropy generation was more

affected by the latter, resulting in a higher Bejan number, as seen in the Figure 14.
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5. Conclusions

The streamline tube was investigated to discuss the effect of streamline tube on the thermal
hydraulic behavior of fin-and-tube heat exchangers by numerical simulations. 3D computational
models were validated by experimental results from Wang and the numerical data from Arafat. Some
conclusions can be obtained.

Based on the simulation, it was found that transversal tube pitch, longitudinal tube pitch, and
angle had great influence on the thermal hydraulic performance. When the radius R remained constant,
both small transversal tube pitch and small longitudinal tube pitch can improve the heat transfer
performance and generate large flow resistance. However, increasing the angle was not only beneficial
to enhance the thermal performance but also helpful to improve the flow characteristics. In addition,
compared with circular tube, the streamline tube had a smaller wake region. Streamline tube in the
fin-and-tube heat exchanger was helpful for the enhancement of the heat transfer performance and the
improvement of the comprehensive performance.

As the perimeter of tube cross section remained constant, the heat exchange area between hot
fluid and cold fluid also kept constant. When the angle decreased, the windward area and wake region
were both decreased, leading to a lower f factor and j factor. However, the drop of the f factor was
larger than that of the j factor, which resulting in a better comprehensive performance as the streamline
angle decreased.

An analysis of the entropy generation was conducted in this paper. As the streamline angle
decreased, the frictional entropy generation decreased, but the thermal entropy generation increased.
It can be found that the contribution of the thermal entropy generation was much higher than that of
the frictional entropy generation. Thus, the total entropy generation was more affected by the thermal
entropy generation which had a positive effect on the Bejan number.
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Nomenclature

A The total area of heat transfer (m?)

Ay The wetted surface area (m?)

Be The Bejan number (Sgp,; / Sgen)

Crar Heat capacity of aluminum (J/(kgK))

Cp The heat capacity of working fluid (J/(kgK))

C The perimeter of the heat transfer section (mm)
De The hydraulic diameter (mm)

Fp Fin pitch (mm)

Ft Fin thickness (mm)

f The friction factor ((APDe)/ (2Lpu?)

h The air — side heat transfer coefficient (W/(mZ2K))
I The turbulence intensity (0.16Re™1/8)

j The Colburn factor (Nu/RePr~1/3)

k Turbulent kinetic energy (m? s=2)

kq Thermal conductivity of air (W/(mK))

L The length of flow direction (m)

Ll Longitudinal tube pitch (mm)

Lt Transverse tube pitch (mm)
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m The mass flow of working fluid (kg/s)
Nu The Nusselt number ((hDe) /)
P Pressure (Pa)
JF The performance evaluation (j/ f 1/3)
Pr Prandtl number
Pr, Prandtl number of air
Q The total rate of heat transfer (w)
Re The Reynolds number ((uDe) /v)
R The large radius of the heat transfer tube (mm)
7 The small radius of the heat transfer tube (mm)
Seht The local thermal entropy generation rate
Seff The local frictional entropy generation rate
Sgen The local volumetric entropy generations rate
Tout The temperature of the outlet (K)
Tiy The temperature of the inlet (K)
Towall The temperature of wall (K)
T Temperature of the working fluid (K)
u The velocity of working fluid (m/s)
Uiy The velocity of the inlet (m/s)
|4 Volume of working fluid (m3)
yT Non — dimensional variable in the turbulence model
Greek Symbols
AP The pressure drop between the inlet and outlet (Pa)
ATy The temperature difference (K)
€ Dissipation rate of turbulent kinetic energy of the k- ¢ model (m2s73)
A Thermal conductivity (W/mK))
Aap Thermal conductivity of aluminum (W/mK))
U Dynamic viscosity (kg/m-s™1)
Ha Dynamic viscosity of air (Ns/m?)
v Kinematic viscosity (m2s71)
Density of working fluid (kg/m?)
Pa Density of air (kg/m3)
PAl Density of aluminum (kg/m?)
0 The streamline angle (°)
Subscripts
a Air
Al Aluminum
in Inlet
out Outlet
wall Wall
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