Applied Thermal Engineering 183 (2021) 116205

APPLIED
THERMAL
ENGINEERING

Contents lists available at ScienceDirect

Applied Thermal Engineering

FI. SEVIER

journal homepage: www.elsevier.com/locate/apthermeng

L)

Check for

A study on flow and heat transfer characteristics of a constructal bifurcation  [%&s
filler in the circular tube

Minjie Yu, Xiaotian Lai, Hui Xiao, Zhichun Liu, Wei Liu

School of Energy and Power Engineering, Huazhong University of Science and Technology, Wuhan 430074, China

ARTICLE INFO ABSTRACT

Keywords:

Constructal bifurcation
Porous media

Filler

Flow resistance

Heat transfer

Porous media are applied extensively in energy systems. However, the large flow resistance caused by porous
media restricts the energy utilization and conversion efficiency. To reduce flow resistance, a constructal bifur-
cation filler was proposed as an alternative to the porous media filler based on constructal concept and fluid
disturbance intensification idea. The two fillers were fitted in the circular tubes to investigate and compare their
thermo-hydraulic characteristics. The fluid flow and heat transfer mechanisms of the two types of tubes were
analyzed. The fluid disturbance intensification is the dominant mechanism of the heat transfer enhancement in
the tube with the constructal bifurcation filler. Moreover, the flow resistance of the tube with the constructal
bifurcation filler is decreased significantly, by 78.51-93.33%, compared to the tube with the porous media filler.
Meanwhile, in contrast to the traditional fluid disturbance intensification elements, an excellent temperature
uniformity similar to that of porous media is obtained for the constructal bifurcation filler. Furthermore, the
efficiency evaluation criteria value is 3.66-8.77. Thus, the constructal bifurcation filler was demonstrated to
exhibit superior comprehensive performance and is an effective solution for diminishing the flow resistance and
improving the energy utilization efficiency. Finally, the effects of structure parameters, such as the wire mesh
pitch s and inclined angle a, on the thermo-hydraulic performance of the tube with the constructal bifurcation
filler were investigated.

effectively increased by inserting porous media with a high porosity.
Mohammadi et al. [16] conducted a numerical investigation to analyze
the effects of the permeability, porosity, and baffle cut of porous baffles
on the heat transfer rate and pressure drop of a shell and tube heat
exchanger. The results demonstrated that a porous baffle with higher

1. Introduction

With the increasing demand for energy in recent decades, numerous
techniques have been developed to increase the heat transfer rate,

improve the energy utilization efficiency, and reduce the system size
[1]. These techniques have included the employment of fins [2,3], rough
surfaces [4], different inserts [5-9], micro/nanostructures [10,11],
porous media, and desiccant coating [12]. Among these, porous media
have attracted substantial attention owing to their light weight, low
cost, large heat transfer area, high effective thermal conductivity, and
excellent temperature uniformity [1,13]. As a result of the above-
mentioned advantages, porous media have been applied extensively in
energy fields such as waste heat recovery, electronic cooling, porous
media combustion, solar heat collection, and heat accumulation [14].
Various investigations on applying porous media as fillers to increase
the heat transfer rate of heat exchangers have demonstrated that such
materials play a significant role in heat transfer enhancement. Dehghan
et al. [15] enhanced the heat transfer of micro-channels by inserting
porous material. The comprehensive performance was found to be

* Corresponding author.
E-mail address: w_liu@hust.edu.cn (W. Liu).

https://doi.org/10.1016/j.applthermaleng.2020.116205

heat transfer generated larger pressure drop. Huang et al. [17] enhanced
the heat transfer in the core flow by inserting porous media in the duct.
The flow resistance and heat transfer performance of the airflow from a
laminar to a fully turbulent regime were experimentally and numerically
investigated for various porosities. The results revealed that porous
media inserts improved the heat transfer performance, however, greater
flow resistance was induced. Sheikholeslami et al. [18] accelerated the
solidification in a new thermal heat storage system by inserting porous
media. The heat transfer between the air and the phase change material
was enhanced by the insertion of the porous media. The energy storage
unit with porous media achieved a 21.4% faster solidification duration
compared to that without porous media.

The heat transfer and pressure drop characteristics of supercritical
CO4 through metal foam in a tube were experimentally investigated by
Liu et al. [19]. The effects of the CO2 mean bulk temperature, mass flow
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Nomenclature
A; inlet flow area, m?
Ci1,Co  turbulent model coefficients
Cy inertial resistance coefficient, m ™
cr friction factor based on hydraulic diameter
[ specific heat at constant pressure, J/(kg-K)
D tube diameter, mm
d; filler diameter, mm
dy central circular rod diameter, mm
ds wire diameter, mm
dy hydraulic diameter, m
EEC efficiency evaluation criterion
f friction factor of the T-CBF based on tube diameter
o friction factor of the T-PMF based on tube diameter
Gk generation of k due to mean velocity gradient
h heat transfer coefficient, W/(m?-K)
h heat transfer coefficient per unit length, W/(m3-K)
K permeability, m?
k turbulent kinetic energy, m/s>
L tube length, mm
Nu Nusselt number of the T-CBF
Nu, Nusselt number of the T-PMF
Pr Prandtl number
p pressure, Pa
q wall heat flux, W/m?
r radial position of specific point, mm
tube radius, mm
Re inlet Reynolds number
Rep Reynolds number based on hydraulic diameter
S convective heat transfer from solid to fluid, W/m?
Sf resistance source term, Pa/m
s wire mesh pitch, mm
T local temperature, K

Ty fluid temperature, K

Tin mean temperature of fluid at inlet, K

T mean temperature of middle cross-section, K
Tout mean temperature of fluid at outlet, K

Ts solid temperature, K

Ty wall temperature, K

U fluid velocity vector, m/s

u local velocity, m/s

us fluid volume average velocity, m/s

Uin mean velocity of fluid at inlet, m/s

U mean velocity of middle cross-section, m/s
u dimensionless velocity

Yu contribution of fluctuating dilatation to overall dissipation
rate

b4 z coordinate, mm

Ap pressure drop between inlet and outlet, Pa

AT, logarithmic mean temperature difference between fluid
and wall, K

Greek symbols

a inclined angle, °

ay inverse effective Prandtl number for k

o, inverse effective Prandtl number for &

Pf fluid density, kg/m>

Pin mean density of fluid at inlet, kg/m>

Heff effective dynamic viscosity, Pa-s

Hr fluid dynamic viscosity, Pa-s

Hin mean dynamic viscosity of fluid at inlet, Pa-s

Aeff effective thermal conductivity, W/(m-k)

A fluid thermal conductivity, W/(m-k)

As solid thermal conductivity, W/(m-k)

[ dimensionless temperature difference

@ porosity

€ turbulent dissipation rate, m?/s°

rate, inlet pressure, porosity, and pore density on the thermo-hydraulic
characteristics were analyzed, and correlations for the heat transfer and
friction factor based on experimental data were presented. Tu et al. [20]
found that mesh cylinder inserts could achieve a higher heat transfer
rate at the same pumping power compared to other inserts. Baragh et al.
[21] experimentally investigated the effects of different porous media
arrangements on the thermal performance and pressure drop of single-
phase flow in a circular channel. Optimal heat transfer enhancement
was obtained in a fully filled channel with porous media in both laminar
and turbulent flows, whereas a channel filled with an annulus shaped
porous media exhibited the best overall performance in turbulent flow.
Subsequently, an experimental investigation was conducted on air mist
flow in the same channel fitted with porous media [22]. The results
demonstrated that mist cooling in porous media could further enhance
the heat transfer compared to that of single-phase flow. Cao et al. [23]
suspended consecutive conical-mesh inserts in a tube to modulate the
flow and temperature fields.

In addition to the heat transfer enhancement of heat exchangers,
researchers have focused on other promising applications of porous
media, such as porous media burners [24], battery electrodes [25], and
regenerators [26]. In those applications, the use of porous media leads to
an increased heat transfer area, higher effective thermal conductivity,
and greater heat capacity. However, it is worth noting that although
porous media offer significant potential for heat transfer and heat
accumulation, numerous investigations have indicated that large flow
resistance occurs with fluids flowing through the porous media, which
will result in a high pressure drop penalty, higher pump power con-
sumption, and consequently, diminished system efficiency. These

factors have limited the development and applications of porous mate-
rials to a certain degree. Therefore, it is important to design novel fillers
with lower flow resistance and moderate heat transfer performance as
alternatives to porous media.

A suitable alternative to porous media should exhibit several char-
acteristics, such as: (1) high heat transfer performance or excellent
temperature uniformity, (2) smaller flow resistance, (3) uniform spatial
distribution, and (4) adjustable porosity. An effective heat transfer
enhancement method is required for the first characteristic. Deshmukh
et al. [27,28] experimentally investigated the heat transfer and flow
characteristics of a circular tube with curved delta wing vortex gener-
ator inserts under laminar and turbulent flows, respectively. The fluid in
the tube was subjected to intensive disturbance by the vortex generator
inserts, which led to a heat transfer enhancement. A heat exchanger tube
with louvered strip inserts was proposed by Fan et al. [29]. The flow
resistance, heat transfer, and comprehensive performance of turbulent
flow through the tube were numerically investigated. The fluid mixing
and boundary disturbance inside the tube were substantially intensified,
and the temperature uniformity in the core flow region was thereby
significantly improved. Liu et al. [30] proposed the optimal flow field of
the longitudinal whirling flow with multi-vortexes. The fluid mixing in
the tube would be intensified under the optimal flow field, which led to
an improvement in the fluid temperature uniformity. Hence, the fluid
temperature gradient near the tube wall was increased and the heat
transfer performance inside the tube was enhanced. The above studies
demonstrated that intensifying the fluid disturbance is an effective
means of enhancing the heat transfer. Therefore, in this study, it is ex-
pected that excellent temperature uniformity would be obtained by



M. Yu et al.

Fig. 1. Structure schematic of the T-CBF.

intensifying the fluid disturbance.

To implement the fluid disturbance and the remaining characteristics
of the filler, constructal theory was introduced to guide the structure
design. Bejan proposed the famous constructal theory in 1997 [31] by
analyzing the street network theory of organization [32]. Over the past
two decades, the constructal method has been applied extensively in the
structure design and optimization of fluid flow channels [33,34], heat
conduction elements [35,36], and convection heat transfer elements
[37,38]. According to extensive constructal research and practice, the
bifurcation shaped structure offers significant potential for heat transfer,
and the constructal combination has repeatedly been proven as an
effective design method for achieving superior performance.

Inspired by the above-mentioned fluid disturbance intensification
method and constructal concept, a constructal bifurcation filler (CBF)
based on the secondary combination of a bifurcation shaped structure
was proposed for the first time in this study. The CBF was designed to
achieve low flow resistance with a high capacity to improve temperature
uniformity, with the intention of replacing the porous media filler (PMF)
in certain applications. To facilitate the analysis of the heat transfer and
flow characteristics of the CBF, as well as evaluate the improvement
when using the CBF compared to the PMF, the CBF and PMF were fitted
in circular tubes. The flow and heat transfer mechanisms of the two
fillers were analyzed. Furthermore, the thermo-hydraulic performances
of the two circular tubes with CBF and PMF under the same boundary
conditions were numerically investigated and compared. To demon-
strate the superiority of the CBF over the porous media further, a com-
parison was conducted with previous experimental works on heat
transfer enhancement by inserting porous media. Finally, the effects of
various inclined angles (40°, 50°, 60°, and 70°) and wire mesh pitches
(1.5, 2, 2.5, and 3 mm) on the fluid flow and heat transfer characteristics
were investigated.

2. Geometry model

The structure of the tube with the CBF (T-CBF) is illustrated in Fig. 1.
Dozens of layers of wire mesh are attached to the central circular rod at
an inclined angle, and each layer of wire mesh includes six independent
secondary combination units of bifurcation shaped structure. Longitu-
dinal whirling flow with multi-vortexes is expected to be generated by
the secondary combination units of bifurcation shaped structure,
therefore, it is anticipated that excellent temperature uniformity will be
achieved in the tube. Moreover, the inclined connection between the
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Table 1
Structure parameters of the T-CBF.
Structure parameter Value
Tube length L (mm) 100
Tube diameter D (mm) 20
Filler diameter d; (mm) 18
Central rod diameter d, (mm) 2
Wire diameter dz (mm) 1
Inclined angle a (°) 40, 50, 60, 70
Wire mesh pitch s (mm) 1.5,2,25,3
Gap
Porous medium d; |D
L
Fig. 2. Structure schematic of the T-PMF.
Table 2
Structure parameters of the T-PMF.
Structure parameter Value
Tube length L (mm) 100
Tube diameter D (mm) 20
Filler diameter d; (mm) 18
Porosity ¢ 0.69, 0.74, 0.81

wire mesh and central circular rod can not only guide the working fluid
to generate radial flow and improve the temperature uniformity of the
flowing space further, but can also eliminate most of the flow stagnation
points and effectively reduce the inertia resistance of the working fluid.
In addition, the filler is evenly distributed in space, and its porosity can
be adjusted by changing the geometrical parameters. The structure pa-
rameters of the T-CBF are listed in Table 1. The diameter of the CBF is 18
mm, which means that the fill radius ratio is 0.9.

To evaluate the comprehensive performance improvement of the T-
CBF, a tube with the PMF (T-PMF) at the same fill radius ratio and
porosity is constructed, as illustrated in Fig. 2. The commonly used
woven wire mesh is selected as the porous material. The structure pa-
rameters of the T-PMF are summarized in Table 2.

3. Numerical method
3.1. Governing equations and solution methodology

Helium is selected as the working fluid, which is assumed to be a
viscous, compressible, and Newtonian fluid with physical properties that
vary with the temperature. Copper is selected as the material of the CBF
and PMF due to its high thermal conductivity and large specific heat.
Convective heat transfer will occur constantly between the fluid and
filler as a result of the internal heat conduction of the filler. Therefore,
the following governing equations are used to describe the essence of the
flow and heat transfer for the T-CBF.

Continuity equation:

V-(pU) =0 )
Momentum equation:
2
VU-(pU) = =Vp =3V [,(V-U)| + V- (VO |+ V- [u(VO)] (2

Energy equations:
For the fluid:
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p;cU-NT =V [4(VT)] +U-Vp+5 (3)
For the solid:
VA(VT)]-8=0 ©)]

In the above, T denotes the temperature; A; denotes the thermal
conductivity of the solid; and py, U, p, jif, ¢, and Ay are the density, ve-
locity vector, pressure, dynamic viscosity, specific heat at a constant
pressure, and thermal conductivity of the fluid, respectively. Addition-
ally, S represents the convective heat transfer from the solid to fluid,
which is expressed as

S = (T, ~1y) ©)

where h; denotes the total heat transfer coefficient between the filler
surface and fluid per unit length, and T and Ty represent the solid and
fluid temperature, respectively.

The RNG k-¢ turbulent model is adopted for the computation of the T-
CBF because of its excellent prediction capability in a highly swirling
pattern and separation prevail flow [39]. The k and ¢ equations of the
RNG k-¢ turbulent model can be expressed as follows according to
Ref. [40]:

The k equation:

d 2 ok
a—Xi (pfku,») = a—x] (akﬂqﬁa—xf> + G}; - pfg — Yy (6)

The ¢ equation:

2

a% (pews) = a% (%m,,j—é) + Clssz - CZep/% —R, %)

In the above, Y), represents the contribution of the fluctuating dila-
tation in compressible turbulence to the overall dissipation rate, and a
and a, are the inverse effective Prandtl numbers for k and ¢, respectively.

The porous model in Fluent 16.0 is employed to simulate the porous
zone of the T-PMF. The local thermal equilibrium is adopted by
neglecting the temperature difference between the fluid and solid.
Therefore, the governing equations for the T-PMF can be expressed as
follows:

Continuity equation:

V-(pp,U) =0 8)

Momentum equation:

VU-(pp,U) = —pVp — %v [ou(V-U) ] + V- [ou, (VU + (VU)" ) | + 98¢
©)

where the final term Sy is composed of the viscous loss part and inertial
loss part:

2} C
8 = f(?fw{pfww) (10)

in which K and C, represent the permeability and inertial resistance
coefficient, respectively.
Energy equation:

P U-VT = V[ (VT) ] a1
where /.5 denotes the effective thermal conductivity.

The permeability K and inertial resistance coefficient C, are gener-
ally calculated from the Darcy-Forchheimer and Darcy equations.

Ap Wy G o,

A S 12)
Ap _ crppu

=27 1

L 2d, as
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where Ap and uy represent the pressure drop and fluid volume average
velocity through the porous media, respectively, d; denotes the hy-
draulic diameter, and cy is the friction factor based on the hydraulic
diameter.

Tanaka et al. [41] obtained the empirical correlation of the friction
factor for a conventional woven wire mesh, which was usually used to
calculate the permeability K and inertial resistance coefficient Ca.

175

Re,,

¢ =5+ 1.60 (14

The Reynolds number Rep is calculated based on the hydraulic

diameter.

_ Pyligdy
Hr

Re,, (15)

By combining Egs. (12)-(15), the permeability and inertial resistance
coefficient can be calculated as follows:

22
— = 1
175 16
1.6
C == 17
2= a7)

The governing equations are discretized using the finite volume
method (FVM). The second-order upwind discretization scheme is
selected for the continuity, momentum, and energy equations. The
pressured-based solver is employed and the SIMPLE algorithm is used to
achieve pressure-velocity coupling.

3.2. Boundary conditions and parameters definition

To highlight the temperature uniformity of the two types of fillers,
the fully developed distributions of the velocity and temperature are
employed as the inlet boundary condition. The outlet boundary condi-
tion is defined as the pressure outlet to eliminate backflow at the outlet.
Moreover, a constant temperature of 500 K and no-slip boundary con-
dition are imposed on the wall, and a thermally coupled wall condition
is set at the interface between the solid and fluid.

In this work, the inlet Reynolds number (Re) is defined as

_ uinDpin
Hiy

Re 18)

where uj,, pin and p;, are the mean velocity, density, and dynamic vis-
cosity of the fluid at the inlet of the tube, respectively.

The logarithmic mean temperature difference between the fluid and
wall is calculated as follows:

Tom — TL
l}’l((Tw - Tx )/(Tw - Tuur))

AT, = 19

where the subscripts in, out, and w indicate the inlet, outlet, and wall,
respectively.
The heat transfer coefficient is expressed as

q

h=
AT,

(20)

where q is the heat flux through the wall.
The Nusselt number and friction factor are defined based on the tube
diameter using the following formulas:

Nu = h—D 21
A
2ApD
=2 (22)
Lpyuy

To evaluate the improvement in the comprehensive performance of
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(b)

Fig. 3. Grid systems: (a) T-CBF and (b) T-PMF.
the T-CBF compared against the T-PMF, the efficiency evaluation cri-
terion [30,42] is defined:

_ Nu/Nu, _ Nu/Nu,
 Ap/Ap, - It

EEC (23)

where Nu and Nu, are the Nusselt numbers, and f and f, are the friction
factors for the T-CBF and T-PMF, respectively.

The power consumption caused by the flow resistance is expressed
as:

P = ApusA; 24

where A; represents the flow area for the tube inlet.

The dimensionless velocity and dimensionless temperature differ-
ence at the middle cross-section of the tube are defined to highlight the
uniformity of the velocity and temperature distributions along the radial
direction, and are expressed by the following formulas, respectively
[17].

U
T,-T
_tw 2
0 T,—T, (26)

where u and T are the local velocity and local temperature at the middle
cross-section, respectively, and u, and T, are the mean velocity and
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Table 3
Grid independence tests.

Grid numbers Ap (Pa) Deviation of Ap q (Wm2) Deviation of q
T-CBF
8,200,000 642.88 - 37,477 -
10,860,000 566.49 —11.88% 36,158 —3.52%
13,000,000 568.35 0.33% 36,196 0.11%
17,950,000 575.14 1.2% 36,330 0.37%
T-PMF
2,830,000 3328.7 - 7930 -
4,070,000 3528.3 6% 8019 1.12%
6,480,000 3553.3 0.71% 8067 0.6%
/L
77/
20r 4028
18
A 4024
16 |
14 -4 0.20
12 . . .
—=u— Nu — numerical simulation 4 0.16 “—
< 10} —O0— Nu — empirical correlations
sk —A— f— numerical simulation 10.12
6 V’\ —v— f— empirical correlations
r 4 0.08
4r Q=Q=Q;§¥GEQ
) ¢ w——ge——gge—g—y | 0.04
0

1 1 ! S/ 1 1 1 0.00
0 500 1,000 1,500 4,500 5,000 5,500 6,000

Re

Fig. 4. Comparison of the Nu values and f values between the numerical
simulation and the empirical correlations for the tube without filler.

mean temperature at the middle cross-section, respectively.

3.3. Grid generation and independence test

The three-dimensional grid systems for the two types of tubes are
generated using the commercial software ICEM, as illustrated in Fig. 3.
Tetrahedral grids are applied for the T-CBF considering its complex
structure, while hexahedron grids are employed for the T-PMF, as
depicted in Fig. 3 (a) and (b), respectively. For the T-CBF, the maximum
sizes of the grids in the fluid and solid domains are set to 0.5 and 0.4 mm,
respectively. The grids are refined near the wall and interface between
the fluid and solid domains, with the maximum grid sizes being 0.05 and
0.3 mm, respectively. For the T-PMF, the maximum grid sizes in the fluid
gap and porous region are 0.13 and 0.25 mm, respectively. The grid sizes
near the wall and interface between the fluid and porous regions are set
to 0.03 mm.

To eliminate the influence of the grid numbers, grid independence
tests are conducted for both tube models, the results of which are listed
in Table 3. The grid systems with 13 million elements for the T-CBF and
6.48 million elements for the T-PMF are considered to fulfill the
computation requirements.

3.4. Model validation

Since it is difficult to find published experimental work with similar
geometrical and operating parameters to those in this work, the flow and
heat transfer characteristics for a tube without a filler are simulated to
verify the accuracy of the numerical method. The Nu and f values of the
numerical simulation are compared with those obtained from the
empirical correlations, which are presented in Egs. (27) to (30).
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- 210,000
70 - —m— Nu — numerical simulation /V
—O— Nu — experimental work
—A— Ap/L — numerical simulation
—v— Ap/L — experimental work

- 180,000
60
= 150,000
50 F

m)

/

= 120,000
40

Nu

90,000
30 F

Ap/L (Pa

20k 60,000

30,000

0 1 1 1 1 1 L 1 1

0
50 7.5 10.0 125 15.0 17.5 20.0 225 25.0 27.5

U,

Fig. 5. Comparison of Nu and Ap/L values between numerical simulation and
experimental work for the tube filled with porous media.

Table 4
Main geometrical and operating parameters of the tube filled with porous media
in experimental work.

Parameter L D @ K (m?) Cz Uin T;
(mm) (mm) (m™h (ms™h) X
Value 400 10 0.93 1x 444 7.0-26.0 373.2
1078
Nu = 3.66(laminar) @7
8)(Re — 1000)P
u = J/8)(Re )Pr_ urbulent) (28)
1+ 127 F/8(PRS — 1)
64

= — (lami 29
f Re( aminar) 29

1
— = 2lg(Re+/f) — 0.8(turbulent (30)
7 (Re\/f) ( )

Owing to the lack of theoretical or experimental values with suffi-
cient precision under transitional flow, the comparison is conducted
under laminar and turbulent flows, as shown in Fig. 4. The numerical
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simulation results are in good agreement with the empirical correla-
tions, with maximum relative deviations of 6.24% for the Nu value and
8.45% for the f value.

To validate the reliability of the numerical method further, a nu-
merical simulation of the thermo-hydraulic characteristics in a tube
filled with porous media using the same numerical method is performed
and compared with the results of existing experimental work [43], as
shown in Fig. 5. The main geometrical and operating parameters of the
tube filled with porous media in the experiment are listed in Table 4.
According to Fig. 5, the errors of the Nu and pressure gradient Ap/L
values between the numerical simulation and experimental work are
smaller than 19.9% and 8.6%, respectively. Therefore, in combination
with the above validation of the tube without the filler and the tube
filled with porous media, it can be concluded that the numerical method
presented in this study offers high reliability and accuracy.

4. Results and discussion
4.1. Analysis of flow and heat transfer mechanisms

Prior to discussing the flow resistance and thermal performance, it is
necessary to analyze the flow and heat transfer mechanisms of the two
types of tubes, to understand the causes of the differences in the
comprehensive performance. Fig. 6 shows the flow characteristics of the
T-CBF at ¢ = 0.74 and Re = 600. As indicated in Fig. 6 (a), a moderate
radial velocity component for the fluid is generated by the inclined wire
mesh in the entire flow field. This flow pattern will result in a global
fluid mass exchange between the boundary flow and core flow region,
which intensifies the fluid mixing and leads to an improvement in the
fluid temperature uniformity. According to the streamlines at different
cross-sections in Fig. 6(b), an obvious local longitudinal whirling flow
with multi-vortexes is formed in the entire tube, which is beneficial to
the intensification of the local fluid mixing, and hence further improves
the temperature uniformity of the flow field.

The effect of the CBF on the thermal performance of the tube is
analyzed by means of the fluid temperature distribution of the T-CBF.
Fig. 7 displays the temperature distribution characteristics of the T-CBF
at ¢ = 0.74 and Re = 600. Combining the temperature field at the axial
section in Fig. 7 (a) and the temperature fields at different cross-sections
in Fig. 7 (b), it can be observed that the fluid radial temperature gradient
is relatively large near the tube inlet. However, as the distance of the
fluid flowing through the CBF increases, the fluid temperature unifor-
mity is rapidly improved due to the longitudinal whirling flow with

z=50 mm

Fig. 6. Flow characteristics of the T-CBF at ¢ = 0.74 and Re = 600: (a) streamline at axial section and (b) streamline at different cross-sections.
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Temperature

z=50 mm
4119 420.7 4295 438.3 447.1 4559 464.8 4736 4824 491.2 500.0

z=10 mm

[K]

Fig. 7. Temperature distribution characteristics of the T-CBF at ¢ = 0.74 and Re = 600: (a) temperature field at axial section and (b) temperature fields at different

cross-sections.

(a)
7 -
oL —=—1cBF p=069
—A— T-CBF ¢=0.74
5t —e—T-CBF 9= 0381
—O0— T-PMF ¢=10.69
AT ——T-PMF =074
12 5[ —<—1PMF p=081
2 L
1 L
O L
_l 1 1 1 1 1 1

/R

(b)

1.8+
16 FEEFILE LA LT LAIN
14+
12+
1.0
D (g = TCBF p=0.69
' —A— T-CBF ¢=0.74
0.6 ——T-CBF ¢p=0.381
04F —O—T-PMF ¢=0.69
ool YT TPMF =074
: —<—T-PMF ¢=0.81
0.0F Re=600
_0~2 1 1 " 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
/R

Fig. 8. Dimensionless velocity and dimensionless temperature difference profiles at middle cross-sections of the two types of tubes along radial direction.

multi-vortexes, which leads to a decrease in the fluid temperature in the
core flow region. Therefore, the fluid temperature gradient near the
boundary is significantly increased and the heat transfer is enhanced.
The dimensionless velocity and dimensionless temperature differ-
ence profiles at the middle cross-section of the two types of tubes under
various porosities (0.69, 0.74, and 0.81) and a constant Reynolds
number of Re = 600 are calculated to demonstrate the uniformity of the
velocity and temperature distributions along the radial direction, as
illustrated in Fig. 8. Fig. 8 (a) presents a comparison of the dimensionless
velocity distribution at the middle cross-section along the radial direc-
tion for the two types of tubes. Most of the fluid flow through the annular
channel near the wall in the T-PMF, which means that there is large flow
resistance for the fluid flowing through the PMF. However, the velocity
distribution at the middle cross-section of the T-CBF is more uniform

overall, indicating that the flow resistance for the fluid flowing through
the CBF is relatively small. Fig. 8 (b) presents a comparison of the
dimensionless temperature difference distribution of the two types of
tubes. In both cases, the fluid temperature distribution inside the fillers
is highly uniform and the temperature gradient near the boundary in-
creases rapidly, leading to the generation of an equivalent thermal
boundary layer and heat transfer enhancement. Therefore, it can be
argued that the CBF exhibits excellent temperature uniformity similar to
that of the PMF.

The local wall heat flux distributions along the axial direction for the
T-CBF and T-PMF at a porosity of ¢ = 0.74 and Reynolds number of Re =
600 are displayed in Fig. 9. The local heat flux for the T-PMF exhibits a
peak value near the inlet and subsequently decreases monotonically
along the flow direction. This is because a uniform temperature
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Fig. 9. Local wall heat flux distribution along axial direction for the two types
of tubes at ¢ = 0.74 and Re = 600.

distribution for the fluid is developed quickly near the inlet of the T-
PMF, causing the maximum temperature gradient in the boundary flow
at this point, following which the temperature gradient gradually
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declines along the flow direction. However, for the T-CBF, the temper-
ature uniformity of the fluid near the inlet is poor, thus, the temperature
gradient in the boundary flow is small at this point. When the fluid flows
through the filler, the temperature uniformity is rapidly improved,
hence, the temperature gradient quickly increases. Thereafter, with the
temperature uniformity tending to be steady, the increase in the fluid
temperature along the flow direction leads to a decrease in the tem-
perature gradient. As a result, the local wall heat flux for the T-CBF first
increases and then decreases along the flow direction. The local heat flux
of the T-CBF is less than that of the T-PMF in the front of the tube,
whereas there is no significant difference in the local heat flux between
the two in the back of the tube. Therefore, in further studies, special
attention will be paid to improving the temperature uniformity near the
inlet of the T-CBF by ameliorating the CBF structure.

4.2. Performance comparison between the T-CBF and T-PMF

After analyzing the flow and heat transfer mechanisms of the two
types of tubes, a performance comparison is conducted. The flow
resistance characteristics of the T-CBF and T-PMF are illustrated in
Fig. 10. Fig. 10 (a) presents a comparison of the pressure drop for the
two types of tubes. The pressure drop of the T-CBF decreased signifi-
cantly compared to that of the T-PMF. The pressure drop ranges are
274-8715 Pa for the T-CBF and 2247-49,497 Pa for the T-PMF within
Reynolds numbers of 600-5400. Moreover, the pressure drops of both

(b) 0.24

0.16

VA

0.12 f

0.04 1 1 1 1 1
0 1,000 2,000 3,000 4,000 5,000

Re

6,000

Fig. 10. Comparison of flow resistance characteristics of the two types of tubes at different porosities: (a) pressure drop and (b) friction factor ratio.
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Fig. 11. Comparison of heat transfer performance for the two types of tubes at different porosities: (a) wall heat flux and (b) Nusselt number ratio.
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Fig. 13. EEC values at different porosities.

tubes increase with a decrease in the porosity, and the pressure drop
difference between the two types of tubes increases as the porosity de-
creases. Fig. 10 (b) presents the friction factor ratio (f/f,) of the two
types of tubes at different porosities. As shown in Fig. 10 (b), the f/f,
ranges from 0.0667 to 0.2149 within the specified porosity values and
Reynolds numbers. Furthermore, f/f, decreases with decreasing porosity
and Reynolds numbers. Thus, it can be concluded that there is lower
flow friction for the CBF compared to the PMF, and this advantage is
more significant at lower porosity values and Reynolds numbers.

Fig. 11 depicts the wall heat transfer performance of the two types of
tubes at different porosities. The wall heat fluxes and Nusselt number
ratios of the T-CBF to T-PMF are displayed in Fig. 11 (a) and (b),
respectively. Due to the poor temperature uniformity near the inlet, the
wall heat flux and Nusselt number of the T-CBF are slightly lower than
those of the T-PMF. Furthermore, the effect of the porosity on the heat
transfer performance is small, particularly at low Reynolds numbers.
This may be because the porosity has little effect on the temperature
uniformity at sufficiently low porosity.

The efficiency evaluation criterion (EEC), which represents the ratio
of the benefit (flow resistance reduction) to the cost (heat transfer per-
formance deterioration) is introduced to compare the comprehensive
performance of the two types of tubes. As displayed in Fig. 12, because
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Fig. 14. Relationships of wall heat flux and power consumption for the two
types of tubes.

the reduction in the flow resistance is significantly greater than that of
the heat transfer performance for the T-CBF, the EEC value is 3.66-8.77,
which is substantially higher than 1, meaning that the comprehensive
performance of the T-CBF is substantially improved compared to the T-
PMF. Moreover, at alow Reynolds number, the EEC value decreases with
the increase of the Reynolds number, while at a high Reynolds number,
the EEC value tends to be constant due to the synchronous increases of
the flow resistance and heat transfer ratios for the two types of tubes.

As can be observed from Fig. 12, the EEC values are significantly
different under various porosities. To understand exactly how the
porosity affects the EEC value, the EEC value versus porosity at Re = 600
and 2400 is plotted, as shown in Fig. 13. Under different boundary
conditions, the EEC value appears to decrease with the increase of the
porosity, particularly at a low porosity. This is because the advantage of
the low flow resistance of the T-CBF compared to the T-PMF decreases at
a high porosity. Therefore, a greater improvement in comprehensive
performance for the T-CBF is expected to be obtained at a lower
porosity.

The relationships between the wall heat flux and power consumption
for the two types of tubes are investigated and displayed in Fig. 14. It can
be observed that the wall heat flux of the T-CBF is higher than that of the
T-PMF under the same power consumption, that is, lower power con-
sumption is required for the T-CBF compared to the T-PMF when the
wall heat fluxes are identical. For instance, the wall heat flux of the T-
CBF increases by approximately 26% compared to that of the T-PMF at a
power consumption of P = 200 W and porosity of ¢ = 0.69, or the power
consumption of the T-CBF decreases by 71% compared to that of the T-
PMF at a wall heat flux of ¢ = 25,000 W/m? and porosity ¢ = 0.69.
Consequently, it is concluded that the sacrifice of the heat transfer rate
in the T-CBF is cost-effective due to the considerable reduction in the
power consumption.

4.3. Comparison with previous experimental works

To demonstrate the superiority of the CBF over porous media further,
a comparison with previous experimental works on heat transfer
enhancement by filling with porous media, such as wire mesh [44] and
metal foam [43], is conducted, as illustrated in Fig. 15. The information
regarding the works used in the comparison is listed in Table 5. It can be
observed that the thermal performance of the T-CBF is moderate
compared to that of the channels filled with porous media in the pre-
vious experiments. However, the flow resistance of the T-CBF is much
smaller than that of the experimental works, even though the former has
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Fig. 15. Comparison between present work and previous experimental works:
(a) Nusselt number, (b) friction factor, and (c) Nu/f value.

a smaller porosity. Hence, the comprehensive thermo-hydraulic per-
formance (Nu/f) of the T-CBF is higher than that of the experimental
works. In summary, the comparisons between the CBF and porous media
in section 4.2 and this section both indicate that the CBF is an effective
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Table 5
Porosity and configuration comparisons between present work and previous
experimental works.

Works Porosity Filler configuration
Dyga’s experiment [44] 0.764 Wire mesh

Wang’s experiment [43] 0.93 Metal foam
Present work 0.74 CBF

solution for replacing porous media and diminishing the power
consumption.

4.4. Effects of structure parameters on flow and heat transfer

The T-CBF with different wire mesh pitches (1.5, 2, 2.5, and 3 mm) is
investigated at the same inclined angle of o = 60°. Fig. 16 presents the
temperature distribution of the axial section of the T-CBF with different
wire mesh pitches. As the wire mesh pitch increases, the disturbance of
the CBF to the fluid is weakened. Meanwhile, the effective heat con-
ductivity decreases due to the increasing porosity. Consequently, as
illustrated in Fig. 16, the average temperature and temperature unifor-
mity of the T-CBF decrease with an increase in the pitch. The gradually
improved temperature uniformity increases the temperature difference
between the fluid and wall, thereby enhancing the heat transfer per-
formance in the T-CBF, as indicated in Fig. 17 (b). However, as can be
observed from Fig. 17 (a), the increasingly intensified disturbance also
increases the mechanical energy loss of the fluid, leading to an increase
in the pressure drop in the fluid flow. Therefore, it is concluded that the
T-CBF with smaller wire mesh pitches exhibits a higher heat transfer rate
at the expense of greater flow resistance.

The variation in the wall heat flux with the power consumption is
determined to evaluate the comprehensive performance of the T-CBF
with different wire mesh pitches, as displayed in Fig. 18. It can be
observed that, under the same power consumption, the heat flux of the
T-CBF exhibits no significant difference at various pitches. Hence, it can
be considered that the thermal performance and power consumption of
the T-CBF vary synchronously with the increase of the wire mesh pitch,
and the wire mesh pitch has little effect on the comprehensive perfor-
mance of the T-CBF.

The effects of the inclined angle on the flow resistance and heat
transfer characteristics of the T-CBF are investigated at a wire mesh
pitch of s = 3 mm. Fig. 19 depicts the temperature distribution of the
axial section of the T-CBF with different inclined angles. The average
temperature and temperature uniformity of the tube first increase and
then decrease slightly with an increase in the inclined angle. This may be
for two reasons: as the inclined angle increases, on one hand, the fluid
mixing intensifies, resulting in an improvement of the temperature
uniformity; on the other hand, the heat transfer area between the fluid
and wire mesh is diminished, thereby weakening the temperature uni-
formity to a certain extent. These two opposite effects simultaneously
affect the heat transfer performance of the T-CBF.

Fig. 20 shows the pressure drop and wall heat flux of the T-CBF with
different inclined angles. As illustrated in Fig. 20 (a), as the inclined
angle increases, the pressure drop first increases, and then decreases
slightly. The peak value for the pressure drop appears at an inclined
angle of a = 60°. This should be owing to the inconsistent variations in
the viscous resistance and inertial resistance making up the pressure
drop. With an increase in the inclined angle, the inertial resistance in-
creases because of the increase in the fluid acceleration, whereas the
viscous resistance decreases owing to the reduction in the contact area
between the fluid and wire mesh. Therefore, the variation in the pres-
sure drop is dependent on which resistance change is dominant. Before
the inclined angle reaches 60°, the inertial resistance change is domi-
nant, leading to an increase of the pressure drop. Thereafter, the viscous
resistance change is dominant, resulting in a decrease of the pressure
drop. Fig. 20 (b) shows that the wall heat flux of the T-CBF varies
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Fig. 16. Temperature distribution of axial section of the T-CBF with different wire mesh pitches at Re = 600.
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Fig. 17. Effects of wire mesh pitch s on pressure drop and wall heat flux for the T-CBF.
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Fig. 18. Effect of wire mesh pitch s on comprehensive performance of the
T-CBF.

similarly to the pressure drop. This change is dependent on the variation
in the temperature uniformity inside the tube, as illustrated in Fig. 19.

The effects of the inclined angle on the comprehensive performance
of the T-CBF is reflected by the relationships between the wall heat flux
and power consumption, as shown in Fig. 21. The comprehensive per-
formance remains almost unchanged with the inclined angle under low
pump power, whereas it increases with an increasing inclined angle
under high pump power. Thus, it is reasonable to consider that the

Applied Thermal Engineering 183 (2021) 116205

inclined angle of @ = 70° is the optimal value among the four inclined
angles investigated.

5. Conclusions

A CBF was proposed as an alternative to the porous media based on
constructal concept and fluid disturbance intensification idea. The flow
and heat transfer characteristics of the two fillers were numerically
investigated and compared. The following conclusions can be drawn:

(1) An obvious longitudinal whirling flow with multi-vortexes is
generated by the CBF in the entire tube, which is beneficial for
intensifying the fluid mixing and improving the fluid temperature
uniformity of the T-CBF. The excellent temperature uniformity
leads to a lower fluid temperature in the core flow region and a
greater temperature gradient in the boundary flow, resulting in
the generation of an equivalent thermal boundary layer and an
improvement in the heat transfer performance.

(2) The friction factor ratio of the two types of tubes is
0.0667-0.2149. The flow resistance of the T-CBF is reduced
substantially at the cost of a slight reduction in the heat transfer
rate. The EEC value ranges from 3.66 to 8.77, and the wall heat
flux of the T-CBF is higher than that of the T-PMF under the same
power consumption. Therefore, the T-CBF exhibits superior
comprehensive performance over the T-PMF. The CBF has been
proven as a suitable alternative to the PMF for higher energy
utilization efficiency.

(3) As the wire mesh pitch increases, both the flow resistance and
heat transfer rate of the T-CBF decrease. However, the wire mesh
pitch has little effect on the comprehensive performance. As the

411.9 4207 4295 438.3 4471 455.9 464.8 4736 482.4 4912 500.0

Temperature

(K]

Fig. 19. Temperature distribution of axial section of the T-CBF with different inclined angles at Re = 600.
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