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The flow field structure and cooling medium of tubes have major influence on the
heat transfer performance of automotive radiator. In this study, two novel types
of radiator tube (wasp-waisted tube 2# and wasp-waisted tube 3#) are developed,
six types radiator tubes with different flow field structures and equal flow cross-
sectional area are numerically simulated. In addition, four nanofluids with dif-
ferent concentrations (AlOs-water, SiO.-water, TiO.-water, and CuO-water)
were studied in Reynolds number 2500-7500. The results show that the heat
transfer capacity of the wasp-waisted tube 2# and the wasp-waisted tube 3# is
significantly better than that of the other radiator tubes, followed by the wasp-
waisted tube. Compared with the wasp-waisted tube, the heat transfer coefficient
of the wasp-waisted tube 2# and the wasp-waisted tube 3# increased by 10.6%
and 3.5%, respectively. On the other hand, nanoparticles improve the heat trans-
fer efficiency of base fluid. When Reynolds number reaches 7500 and the volume
concentration is 3%, the Nun/Nuw of SiO.-water is 5.52%, 5.22%, and 8.70%
higher than that of Al,Os-water, TiO,-water, and CuO-water, respectively. The
comprehensive heat transfer capacity of SiO,-water-3% in the wasp-waisted tube
is the best.

Key words: wasp-waisted tube (radiator tube), CFD, flow field structure,
heat transfer capacity (performance), nanofluid

Introduction

Automobile radiator is an important part of automobile engine cooling system. It en-
sures that the engine is within the normal operating temperature range. Its heat transfer per-
formance not only has great influence on the service life of automobile engine, but also indi-
rectly affects the stability of automobile operation. The fin-and-tube radiator has good heat
transfer performance and manufacturing process, and is a commonly used automobile radia-
tor. As modern society demands more energy saving and consumption reduction, improving
the heat transfer efficiency and reducing the volume of automobile radiator has become the
focus of researchers. At present, there are two methods to solve this problem: active method
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and passive method. Active methods use external force or equipment to improve heat transfer
performance, which increases cost and energy consumption to a certain extent. The passive
method is realized by changing the flow field structure in the radiator tube or changing the
thermophysical properties of the cooling medium [1, 2].

Numerous studies have been done on the performance of radiators, particularly radi-
ator tubes [3-7]. Hussein et al. [8] numerically studied the heat dissipation and resistance
properties of three nano-fluids in three kinds of tubes by analyzing pressure drop, temperature
distribution, Nusselt number, and its sensitivity. In the comparison between the elliptic tube
and the circular tube, the elliptic tube has better heat transfer capacity and greater pressure
drop. Tala et al. [9] studied the effects of changes in the shape of equal-section tubes (from
circular to elliptical) on the heat dissipation characteristics and the entropic yield on the air
side under three radiator tube shapes and two air velocities. It was found that the thermal and
viscous entropies decreases significantly when the tube with equal section changes from cir-
cular to elliptical. The equal-section elliptical tube heat exchanger has a thermal-hydraulic
performance that is 80% better than the traditional circular finned tube heat exchanger. In
addition, the researchers found that heat transfer efficiency could be improved by placing
spoilers in the tubes. Chiam et al. [10] analyzed heat tube of different structures. It is proved
that the inserts can effectively increase the heat transfer capacity of the tubes.

According to the research, radiator tube heat transfer performance can be further en-
hanced by changing the flow field structure of the radiator tube. However, at present, there are
few studies in the flow field structure of new tubes, especially tubes with special flow field
structures, which should be further studied through experiments or numerical simulations. In
addition, in order to further enhance the heat transfer performance of the radiator, some stud-
ies have used nanofluids as the cooling medium of the radiator to further enhance the heat
transfer capability. Nanofluids are a new type of fluids which disperse metal or non-metal
nanoparticles (1-100 nm) in basic liquids such as water, glycol and glycerin. Because metals
generally have better thermal conductivity than liquids, metal particles are dispersed in liquids
and, due to Brownian motion, can theoretically improve their thermal conductivity [11-16].
Zhao et al. [17] quantitatively studied the heat dissipation performance of nano-fluid (Al.Os-
water) in a flat tube. The effects of Reynolds number, concentration, particle size and other
characteristics of nanofluids were analyzed. The results show that the nanofluid has better
heat transfer ability than the base fluid. Manca et al. [18] studied the distribution form of
required pumping power and the heat transfer coefficient of nano-fluid in the 2-D channel,
and concluded that the heat transfer capacity of nanofluid is proportional to the concentration
of nanofluid, but the required pumping power is also increasing. Namburu et al. [19] studied
the particle size of nanoparticles, and the particle size of nanoparticles is inversely propor-
tional to Nusselt number. The study of AlO, SiO, and CuO nanoparticles found that when the
CuO concentration was 6%, the Nusselt number of nanofluids increased by 35%. Mohammed
et al. [20] studied the flow properties and thermophysical properties of nanofluids in circular
tubes with tapered ring inserts. Four nanofluids with diameters of 20~50 nm were selected to
prepare nanofluids with concentrations of 1~4%. The effects of different Reynolds numbers
and tapered ring types are investigated. The results demonstrated that SiO.-water nanofluids
perform better in terms of heat transmission and have reduced resistance. Nusselt number is
proportional to concentration and Reynolds humber and inversely proportional to nanoparticle
diameter. Kumar et al. [21] studied the effect of heat transfer in tubes on the thermophysical
properties of Al and Cu oxide-based nanofluids. Compared with the 162% increase in Al,Os-
based nanofluids, the Nusselt number of CuO-based nanofluids increased by 174%. Kumar et
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al. [22] studies found that CuO/SiO; nanoparticles exhibit higher thermal conductivity. The
increase in thermal conductivity of nanofluids is 6.5% higher than that of water/EG coolants.
Nusselt number and heat transfer rate increased significantly by 48.24%.

In order to improve the radiation performance of automotive radiators, the cooling
flow field and cooling medium of radiator tubes are studied in this study. In terms of cooling
flow field of radiator tube, based on the existing wasp-waisted tube, this study designed wasp-
waisted tube 2# and wasp-waisted tube 3#. According to the actual length of radiator tube, the
relevant two-phase heat transfer model was established, and compared the performance of the
two new radiator tubes with that of traditional radiator tubes (circular tube, elliptical tube, flat
pipe, wasp-waisted tube). In terms of cooling medium of radiator tube, three kinds of metal
particle nanofluids (Al,Os-water, TiO.-water, and CuO-water) and one kind of non-metal
particle nanofluids (SiO.-water) were studied by using the wasp-waisted tube. Nussel number
and resistance coefficient of nanofluids with different concentration in the tube were also
studied. The optimal type and concentration of nanofluids in the wasp-waisted tube can be
obtained by comparing the comprehensive heat transfer capabilities.

Materials and methods

Theoretical analysis

Figure 1(a) shows the radiator tubes used in this study, which are circular tube, ellip-
tical tube, flat tube, wasp-waisted tube, wasp-waisted tube 2# and wasp-waisted tube 3#. On
the basis of the wasp-waisted tube, the wasp-waisted tube 2# is fitted with two aluminum
twist belts in the tube, and the wasp-waisted tube 3# enhances the degree of the waist collec-
tion. Figure 1(b) is the schematic heat transfer structure illustrating. The cooling medium
enters the tube from the inlet and is discharged from the outlet, while the air flows from the
outside of the tube. Table 1 lists the geometry of all tubes.

Circular tube Elliptical tube Flat tube

/ / A|r—ﬂ'owl ~Fluid outlet
| [ > I
Wasp-waist tube  Wasp-waist tube 2# Wasp-waist tube 3# Fluid inlet ||

-~

Figure 1. Problem geometry; (a) radiator tubes with different flow field structures and
(b) schematic of the wasp-waisted tube heat transfer structure

Table 1. Geometric dimensions of all radiator tubes

Type Cross sectional area [mm?] | Hydraulic diameter [mm]
Circular tube 11.23 3.78
Elliptical tube 11.23 342
Flat tube 11.23 2.74
Wasp-waisted tube 11.23 2.23
Wasp-waisted tube 2# 11.23 2.23
Wasp-waisted tube 3# 11.23 2.03




Ma, Z., et al.: Numerical Investigation of Effect of the Flow Field ...
4736 THERMAL SCIENCE: Year 2023, Vol. 27, No. 6A, pp. 4733-4746

Governing equations and boundary conditions

In this study, it is assumed that the fluid has uniform axial velocity and temperature
at the inlet of the tube. Dispersions of low volume concentration nanoparticles in basic fluids
can be treated as single phase fluids. Basic fluids and nanofluids are incompressible and com-
pressive power and viscous dissipation is generally considered negligible for fluid flow inside
a radiator. Under these conditions, the governing equations for turbulent mean continuity,
momentum, and thermal energy are presented [23]:

Continuity equation:

(VW) =0 1)
Momentum equation:
PV ==VP + u(VV) - p(WV) @)
Energy equation:
PC,(W)T =k(VV)—pC, (W T') (3)

where V’ and T’ are turbulent fluctuations and V,P,T are the time averaged mean values.
The k-¢ model is used for the calculation and analysis in this paper. The model uses
the following additional transfer equations for the dissipation rates of turbulent and turbulent

energy:
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where o, and o are the effective Prandtl numbers that relate turbulent kinetic energy, «, and
rate of dissipation of turbulent energy, ¢, respectively, to the momentum eddy viscosity, .
The eddy viscosity is given as:

C,px*?

(6)

&

The egs. (4)-(6), contain five adjustable constants: o = 1.00, . = 1.30, C1. = 1.44,
C2, =1.92, and C, = 0.09.

In this study, the flow characteristics of six different flow structures and four differ-
ent volume concentration nanofluids were numerically analyzed, and turbulent viscous k-
values were used at high Reynolds numbers. The k-¢ Models (Re = 2500-7500) are used to
study the heat transfer properties. In the numerical simulation of all tubes, the interface be-
tween tube and fluid is coupled boundary condition; on the other hand, pressure outlet bound-
ary condition and velocity inlet boundary condition are adopted. The governing equations are
solved using the controlled volume method of FLUENT 2020. Use the convection term, dif-
fusion term, etc. of the second-order upwind discrete governing equation. Use SIMPLE for-
mat to handle pressure-velocity coupling. All calculations are performed with the double pre-
cision option. To solve linear systems produced by discretization, FLUENT combines the
format of the algebraic multigrid approach with a point-implicit (Gauss-Seidel) linear equa-
tion solver. Convergent solutions are considered when the iterative processes of all governing
equations produce normalized residuals.
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The specific boundary conditions are set:

— Inlet boundary conditions: The water area in the tube and the air area outside the tube are
both set as velocity inlet boundary conditions. The air inlet temperature is set to 293 K and
the velocity is fixed at 8 m/s. The inlet temperature of liquid coolant is set at 353 K. The
inlet velocity is calculated and set according to Reynolds number operating conditions.

— Outlet boundary conditions: The outlet conditions are set as pressure outlet boundary con-
ditions, which are a standard atmospheric pressure.

— Solid wall boundary conditions: The inner wall of the tube is set as the coupled heat trans-
fer surface, while the remaining surfaces are set as the wall boundary conditions.

Thermophysical properties of nanofluids

In this study, nanofluids are usually prepared by dispersing metallic nanoparticles or
non-metallic nanoparticles into water. CuO-water, Al,Os-water, TiO,-water, and SiO,-water
with different volume concentrations (0.5%, 1.0%, 2.0%, and 3.0%) were examined for their
heat transfer properties. The single-phase approach can be employed if the particle distribu-
tion is fairly homogeneous and the nanoparticle diameter is very tiny [24]. The influence of
temperature on the thermophysical properties of the mixture was considered. The following
equations are used to determine thermal physical characteristics of nanofluids [25-27].

Density:

Put = 9P, +(1-9) oy @)
Specific heat:
Cont =29,Cy 0 +(1=0) £ Cp e Pt (8)
Thermal conductivity:
kg 2Kk +2(k, —ky ) (14 8) 0
|k, 2k —2(k, —ky )1+ 8) 0

Ko 9)

nf

Dynamic viscosity:

t = (1+7.3p+1230% ) 1y (10)

where 8 (8 = 0.1) is the ratio of the nanolayer thickness to the original particle radius, ¢ — the
nanoparticles volume concentration, and the subscripts nf, bf, and p refer to nanofluid, base
fluid, and particle, respectively. The properties used in this study are listed in tab. 2.

Table 2. Thermal properties of nanoparticles

Nanoparticle | Density, [kgm™] | Specific heat, [Jkg”'K™!] | Thermal conductivity, [Wm™K-] | Reference
CuO 6000 551 33 2]
ALO3 3960 773 40 28]
Si0> 2220 745 14 [29]
TiO2 4175 692 8.4 [30]

Data reduction
The calculation for the convective heat transfer coefficient is presented:
_ mvcppnf (Tin _Tout)
nf — (11)
S (Ta —TW)
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where S [m?] is the inner wall area of the radiator tube and Tin and Tout represents the inlet and
outlet temperature of the heat dissipation tube respectively.
The pressure drop in the radiator is computed using:

AP = Pin - Pout (12)
Equation (10) is used to calculate the Nusselt number:
Nu = Dy (13)
knf

where Dy is the hydraulic diameter of the radiator tube and kqr is the thermal conductivity of

nanofluids:
_4A

D, = (14)
where A represents the cross-sectional area of the radiator tube and L is the cross-sectional
perimeter

The Reynolds number is obtained from:
Rey, = PuVDy (15)
U
The friction factor is obtained from:
‘ 2Dh%P (16)
pnfu L

The heat transfer performance cannot be simply considered and negative effects
such as pressure drop or flow resistance in the tube should also be comprehensively consid-
ered in practical engineering. The detailed evaluation of the comprehensive thermal perfor-
mance of nanofluids was done using the performance measurement evaluation method [10].
Under the Reynolds number conditions simulated in this study, the PEC comprehensive eval-
uation index is greater than 1 after the addition of nanoparticles, indicating that the addition of
nanoparticles is conducive to improving the comprehensive heat transfer performance. The
larger the PEC, the better the enhanced heat transfer effect. The PEC comprehensive evalua-
tion index is less than 1, indicating that the addition of nanoparticles is not conducive to the
improvement of comprehensive heat transfer performance. Equation (17) is used to calculate

the PEC value: 1
3
n= (%J / (h} (17)
Nubf fbf

Grid independence verification and experimental verification

In this paper, four kinds of meshes with different numbers were studied. Table 3
presents the pressure drop and temperature values applicable to different grids. When the
number of grids of the calculation model reaches 3764096, the deviation is within the allowa-
ble range of calculation accuracy, and the average deviation of the pressure drop and tempera-
ture values is less than 0.4% and 0.1%, respectively. At this point, the further improvement of
mesh number does not significantly improve the accuracy, various models with a grid number
of 3764096 were selected for simulation. Data from the simulation and those from Fotukian
and Esfahany [31] were compared in order to assess the simulation's accuracy. The results of
the simulation analysis are in agreement with the experimental results, as shown in fig. 2, with
a maximum deviation of 8.4%.
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Figure 3 displays the temperature con- Figure 2. Model validation

tours for the six tubes in the longitudinal section

under the same flow. Tubes with different flow field structures have significantly different
outlet temperatures. Wasp-waisted tube has the lower outlet temperature than circular tube,
elliptical tube, and flat tube, while wasp-waisted tube 2# and wasp-waisted tube 3# have a
lower outlet temperature than wasp-waisted tube. Figure 4 shows the contour lines of the
temperature of each tube on the cross section at the same position, the high temperature area
of the waist tube is obviously smaller in the four tube types on the left. Compared with the
wasp-waisted tube, the high temperature area of the wasp-waisted tube 3# is further reduced.
The change in cross-sectional shape will affect the contact area between fluid and tube wall.
Circular, elliptic, and flat tube types have hydraulic diameters that gradually get increasingly
smaller. The wasp-waisted tube's hydraulic diameter is further decreased, and the wasp-
waisted tube 3# has the smallest hydraulic diameter by strengthening the waist. Under the
same flow rate and area, the smaller the hydraulic diameter of the tube, the larger the heat
exchange area that the fluid in the tube contacts the inner wall when flowing. The wasp-
waisted tube 2# 's improved heat transfer performance is caused by the inclusion of two twist-
ed belts that increase the fluid's turbulence intensity and destroy the boundary layer, further
enhancing the heat transfer performance. The figures demonstrate that compared with the
wasp-waisted tube, the delamination of wasp-waisted tube 2# is not obvious, and the area of

the high temperature area is smaller.

Elliptical tube

Temperature
352

350
348
346
344
342
340
338
336
334
332
330

Circular tube

g g

Wasp-waist tube

Flat tube

Wasp-waist tube 2# Wasp-waist tube 3#

Figure 3. Temperature contours for the six tubes in the longitudinal section
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Figure 4. Temperature contours of the six tubes on the cross section at the same position

Numerical simulations were performed at six Reynolds numbers from 2500 to 7500
(step size 1000). The influence of different tube flow field structure and Reynolds number
variation on fluid flow characteristics is analyzed. Figure 5(a) shows the convective heat
transfer coefficient of each tube, and fig. 5(b) shows the pressure drop in each tube. With an
increase in Reynolds numbers, the pressure drop and convective heat transfer coefficient rise,
in the case of the same Reynolds numbers, the circular tube has a slightly lower heat transfer
coefficient than elliptical tube. Compared with the two kinds of tubes, the heat transfer coeffi-
cient of the flat tube is greatly improved. But the heat transfer coefficient of the three tubes
(circular tube, elliptical tube, and flat tube) is smaller than the wasp-waisted tube. When the
Reynolds numbers reaches 7500, the heat transfer coefficient of the wasp-waisted tube in-
creases by 66.3%, 45.6%, and 23.5%, respectively, compared with the circular tube, elliptical
tube and flat tube. The two new tube types based on the wasp-waisted tube have enhanced
heat transfer performance than the wasp-waisted tube. When the Reynolds numbers reaches
7500, the heat transfer coefficient of wasp-waisted tube 2# and wasp-waisted tube 3# increas-
es by 10.6% and 3.5% compared with that of wasp-waisted tube, while the pressure increased

T T T T T | | T T ] T T
180001 4 Gircular tube ¢=0 1] 180000 [N Circular tube c=0
® Elliptical tube ] Elliptical tube =
160007 & Fiat tube 1 1600007 [ Fiat tube
v & 1 ¥ s
~14000{ Suadh ot e 2# ° 1400001 e Wenhwaitube 2¢ )
i 10000 < Wasp-waist tube 3# . v ] E 1200004 ] Wasp-waist tube 3#
4
3 o ¥ T
10000+ g s 0%
g ‘ o
8000 v a : .
A L ]
60001 o ' " L] _
$ A
4000 & . 1
5 |
2000 T T T T T L — — =l | —
2000 3000 4000 5000 6000 7000 8000 b 2500 3500 4500 5500 6500 7500
(a) Re (b) Re

Figure 5. Fluid-flow properties in tubes with different flow field structures;
(a) variation of fluid-flow heat transfer coefficient with Reynolds numbers in tubes and
(b) variation of pressure drop with Reynolds numbers in tubes
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157.3% and 34.3%, respectively. The results of six comparisons of circular tube, elliptical
tube, flat tube, wasp-waisted tube, wasp-waisted tube 2#, and wasp-waisted tube 3# show that
changing the fluid flow shape under the condition of equal section enhances the heat transfer
coefficient of the fluid, but the pressure drop inevitably increases. The maximum heat transfer
coefficient and highest pressure drop are found in wasp-waisted tube 2#.

The change of flow field structure not only affects the flow pattern of the fluid in the
tube, but also changes the air flow shape outside the tube. Figure 6(a) illustrates the flow ve-
locity around the tube at the same inlet velocity. It is clear that the air velocity is greatest
around the circular tube, second by the elliptical tube, and then the flat tube. As the shape of
the tube changes, the wasp waist tube further slows the air around it. The air velocity of wasp-
waisted tube 3# in the windward is slightly higher than that of wasp-waisted tube. When the
air velocity outside the tube is too high, inadequate heat exchange between air and the outer
wall of the tube, and the heat transfer efficiency is reduced. The illustration shows that in the
wasp-waisted tube, wasp-waisted tube 2# and wasp-waisted tube 3#, the air velocity decreases
as it passes through the wasp-waisted area, and through observing the comparison results
between the wasp-waisted tube and the wasp-waisted tube 3#, enhancing the degree of waist
retraction can further reduce the air velocity in this area. In the process of heat exchange, the
air inevitably produces gas vortex behind the tube, which will increase the air resistance and
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Figure 6. Velocity contours around tubes with different flow field structures;
(a) air flow outside the tube and (b) coolant flow in the tube
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the energy consumption of the radiator to a certain extent. The vortex area of circular tube is
the largest, followed by elliptical tube, flat tube, wasp-waisted tube, wasp-waisted tube 2# and
wasp-waisted tube 3#. With the change of tube shape more in line with the air flow direction,
the air vortex decreases significantly. The wasp-waisted tube and wasp-waisted tube 2# have
the same vortex area due to they have the same aerodynamic shape, the vortex area of the
wasp-waisted tube 3# is similar to that of the wasp-waisted tube, but the strength is reduced.
Under the same inlet velocity in the tube, the flow state in the radiator tube with different flow
field structures differs greatly. Figure 6(b) shows the velocity profiles of cross sections in
different tubes at the same position, with the lowest average velocity in a circular tube, fol-
lowed by an elliptical tube and a flat tube. The wasp-waisted tube, wasp-waisted tube 2# and
wasp-waisted tube 3# have generally higher fluid velocity inside the tube, which is due to the
fact that the waisted shape will reduce the hydraulic diameter of the radiator tube while ensur-
ing the same cross-sectional area, and this shape will increase the fluid pressure drop inside
the tube and the fluid velocity, meanwhile, the wasp-waisted tube 2# will further aggravate
this effect due to the setting of the twisted belt in it.

Influence of cooling medium

Figure 7 demonstrates that the variation of Nun/Nups of nanofluids with different
concentrations (0.5%, 1.0%, 2.0%, and 3.0%) in the wasp-waisted tube at 2500 < Re < 7500.
According to the results, nanofluids perform better at heat transfer rate as concentration rises,
while Reynolds number has little of an impact. At the specific Reynolds numbers, there is a
large difference in Nuni/Nups between different kinds of nanofluids with the same concentra-
tion. In metal particle nanofluids, TiO>-water performed better in terms of heat transfer than
the other two metal particle nanofluids. When Reynolds numbers reaches 7500 and the vol-
ume concentration is 3%, the Nun/Nuys of TiOo-water is 3.31% and 2.92% higher than that of
CuO-water and Al.Os-water, respectively. The heat transfer capacity of metal particle
nanofluid of each concentration is lower than that of non-metal particle nanofluid SiO,-water.
When Re = 7500 and the volume concentration is 3%, the Nun/Nups of SiO2-water is 8.70%,
5.52%, and 5.22% higher than that of CuO-water, Al,Os-water and TiO-water, respectively.
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Figure 7. Comparison of Nunt/Nupr of different kinds and concentrations of nanofluids at
specific Reynolds numbers

Although they enhance heat transfer efficiency, nanoparticles also make a fluid more
viscous. Figure 8 depicts the impact of nanofluid concentration at the same inlet velocity on
midline velocity. Due to the special structure of the wasp-waisted tube, the midline velocity
reaches the peak at the geometric center of the circle at both ends and decreases at the wasp-
waisted. Al,O3 and water flow at different concentrations have similar velocities close to the
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wall, the midline velocity rises as the concentration of the nanofluid increases, and the differ-
ence is greater near the geometric center at both ends of the wasp-waisted tube. The results
shown in fig. 8 indicated that that when the inlet velocity is the same, the nanofluid with higher
concentration needs greater flow velocity in the tube. In addition, the friction coefficient of vari-
ous nanofluids in fig. 9 is proportional to the concentration of nanofluids and inversely propor-
tional to Reynolds numbers. With an increase in concentration, the SiO2 nanofluid's friction
coefficient slightly rises. When the Reynolds numbers reaches 7500, it increases by 1.0%, 1.7%,
2.9%, and 4.1%, respectively. The Al,Osz-water and TiO2-water have similar friction coefficient
increases, both smaller than CuO-water. The CuO-water increased by 2.9%, 5.4%, 10.6%, and
15.5%, respectively, with the largest increase. On the other hand, the increase of the coefficient
of friction of the fluid in the tube increases the fluid pressure drop of the overall radiator, which
increases the pumping power of the radiator, and the higher the concentration of nanofluids, the
greater the pumping power burden of the overall radiator.
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Figure 9. Comparison of friction coefficients of different kinds and concentrations of
nanofluids at specific Reynolds numbers

Research was conducted on the flow resistance and heat transfer properties of
nanofluids, respectively, but in practical engineering, the performance of cooling medium
should be evaluated comprehensively. To verify the comprehensive heat transfer perfor-
mance of nanofluids, a comprehensive evaluation factor based on liquid water is intro-
duced in this study. Figure 10 shows the comprehensive evaluation of nanofluids with
different concentrations. Generally, the evaluation standard of the comprehensive evalua-
tion factor is to see whether its value is greater than 1. When the value is greater than 1,
the addition of nanoparticles enhances the comprehensive heat transfer capacity of the
base liquid. The PEC comprehensive evaluation indexes of SiO,-water, Al,Os-water and
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o Cuowater TjQ,-water are all greater than 1 and increase
Tio.water  With the concentration increases. The com-
SO prehensive performance of SiOz-water with

mass fraction of 3% is the best. The figures
demonstrate that the comprehensive perfor-
mance evaluation indexes of CuO-water are
less than 1, indicating that the use of 0.5-
3.0% mass fraction CuO-water nanofluid in
the wasp-waisted tube cannot offset the in-
crease of friction coefficient compared with
the base fluid water.

Figure 10. The PEC of nanofluids of different
types and concentrations Conclusions
In the study, six numerical models of

equal flow cross-sectional area radiator tubes
are investigated, tubes with different flow field structures were studied by two-phase flow and
the influence of flow field structure changes on hydrothermal characteristics was analyzed. In
the wasp-waisted tube, four nanofluids were studied, and the comprehensive performance
evaluation indexes of nanofluids with different concentrations under specific Reynolds num-
ber were analyzed. The following conclusions are made based on the results of this study.

e The comparison results of five models including circular tube, elliptical tube, flat tube,
wasp-waisted tube and wasp-waisted tube 3# show that changing the cross-section shape
of fluid-flow in the case of equal cross-section significantly improves the convective heat
transfer coefficient of fluid, and the convective heat transfer coefficient of radiator tube
with equal cross-section increases with the decrease of hydraulic diameter. Due to its
smaller hydraulic diameter and better aerodynamic shape, the heat transfer coefficient of
wasp-waisted tube increases by 66.3%, 45.6%, and 23.5%, respectively, compared with
circular tube, elliptical tube and flat tube. The heat transfer performance of the wasp-
waisted tube 3# is better than that of the wasp-waisted tube. When the Reynolds numbers
reaches 7500, the heat transfer coefficient of wasp-waisted tube 3# increases by 3.5%.

¢ In the case of the equal flow cross-sectional area, the addition of twisted tape in the wasp-
waisted tube can further enhance the turbulence intensity and the convective heat transfer
coefficient in the wasp-waisted tube, but the pressure drop is significantly increased at the
same time. When the Reynolds number reaches 7500, compared with the wasp-waisted
tube, the heat transfer coefficient of the wasp-waisted tube 2# is increased by 10.6%.

¢ In the wasp-waisted tube, both the flow resistance coefficient and the heat transfer coeffi-
cient of the nanofluid are enhanced with the increase of the concentration of the nanofluid.
At the same concentration, the heat transfer performance of non-metallic particle nanoflu-
ids (SiO-water) is better than that of metal particle nanofluids (Al?O3%-water, CuO-water,
and TiO?/water). When Reynolds numbers reaches 7500 and the volume concentration is
3%, the Nuni/Nups of SiOz-water is 8.70%, 5.52%, and 5.22% higher than that of CuO-
water , Al,Oz-water and TiO.-water, respectively.

e The PEC comprehensive evaluation index is used to evaluate various nanofluids in the
wasp-waisted tube, SiOz-water, Al.Os-water, and TiO,-water can improve heat transfer at
a certain volume concentration, and SiO,-water with 3% mass fraction has the best com-
prehensive performance.
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Nomenclature

A — tube cross sectional area, [m?] Jol — density, [kgm-3]

Cp — specific heat, [Jkg1K™] 10) — nanoparticle volumetric

Dn — hydraulic diameter, [mm] concentration, [%]

f — friction coefficient, [-] n — comprehensive performance index, [-]

h — convective heat transfer coefficient, K — Boltzmann constant, (= 1.381x10-2% J/K)
[Wm=2K1] .

k — thermal conductivity, [Wm—K] Subscripts

L — cross-sectional perimeter, [mm] a — atmopshere

my — mass-flow, [m3s1] in —inlet

Nu — Nusselt number, [-] out  —outlet

P — pressure, [Pa] ave  —average

Re — Reynolds number, [-] w —wall

S — area of inner tube wall, [m?] p — particle

T — temperature, [K] nf — nanofluid

u — average fluid velocity, [ms ] bf — base fluid

\% — velocity vector, [ms]

Greek symbols

u

Superscript

- — average over the tube length
— dynamic viscosity, [kgms]
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