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Effect of corrugation pitch on thermo-hydraulic performance of nanofluids
in corrugated tubes of heat exchanger system based on exergy efficiency
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Abstract: In this article, water and TiO,-H,O nanofluids are used as heat exchange
mediums. The heat transfer and resistance coefficient of corrugated tubes with
different corrugation pitches are studied by experimental method. The economy of
experimental system is evaluated from the aspects of quantity and quality of energy
by thermal and exergy efficiencies respectively. The heat transfer performance of
nanofluids in the smooth tube can be enhanced by 2.64-16.9% compared with water
under the same working conditions, while the corrugated tubes can improve the heat
transfer performance by 4.8-66.3%. When the mass fraction of the nanofluid is 0.5%,
the corrugated tubes with different corrugation pitches can increase the heat transfer
by 36.3% (P=6mm), 40.3% (P=4mm) and 44.5% (P=2mm) respectively. For thermal
efficiency, the results prove that when the Reynolds number is larger than 6000, the
comprehensive evaluation indexes of corrugated tubes are much larger than that of
smooth tube, and the maximum can reach 1.5637. For exergy efficiency, the research
results show that the exergy efficiency of the smooth tube is better than that of the

corrugated tubes.
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Nomenclature 67

A
bi
C1, C2
Cp

CQ.AP

Ap/AL

Om

cross-sectional area, m? 68
intercept of straight line 69
coefficient in equation 70
heat capacity of nanofluids,71
JkgtK™ 72
heat capacity of base fluid,73
Jkg K™ 74
heat capacity of nanoparticles, 75
JkgtK™ 76
the ratio of heat transfer rate77
between enhanced and7s
reference surfaces under 79
identical pumping power 80
the ratio of heat transfer rates1
between enhanced ands2
reference surfaces over the ratio 83
of friction factor betweensgs
enhanced and reference 85
surfaces under identical flowsge
rate 87
the ratio of heat transfer rate8s
between enhanced ands9
reference surfaces under 90
identical pressure drop 91
outer diameter of tube, m 92
equivalent diameter of tube, m 93
inner diameter of tube, m 94

frictional resistance coefficient 95

convective heat transfer 96
coefficient, W-m 2.K™* 97
thermal conductivity ofas
nanofluids, W-m *-K™* 99
slope of straight line 100
length of tube, m 101
Nusselt number 102
pressure, Pa 103

pitch of corrugated tube, m 104
pressure drop per unit length1os
Pa-m™* 106
heat absorbed by nanofluids, J 107
mass flow rate, kg-s* 108

109

outside-radius of tube, m
inner-radius of tube, m

Re Reynolds number

Tout outlet temperature of tube, K

Tin inlet temperature of tube, K

Ts average temperature of
nanofluids, K

Tw outside surface temperature of
tube, K

Tw inside surface temperature of
tube, K

u velocity of nanofluids, m-s™

Greek symbols

) thickness of tube,m

n relative heat transfer
enhancement ratios

A thermal conductivity of tube,
W-m K

U dynamic viscosity, Paes

& comprehensive  performance
index

D density of fluid, kg-m~

o density of nanofluids, kg-m~

Pob density of base fluid, kg-m™

Pop density of nanoparticle, kg-m™

7 volume fraction,%

1) mass fraction,%

Subscripts

mz, My exponent in equation

in import

out outport

0 circular tube

e enhanced tube
nanofluids

pb base fluid

pp nanoparticle

P under the same pumping power

Re under the same Reynolds
number

\Y under the same mass flow rate

Ap under the same pressure drop

w wall
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1 Introduction

In order to optimize the heat transfer efficiency of the heat exchanger, the
investigations mainly focus on two aspects. One is to heighten the thermal
conductivity of fluid and another is to optimize the surface of heat exchanger.

In the aspect of improving the thermal conductivity of fluids, nanofluids, as a
new kind working fluid, have been studied by many scholars and applied in many
industries, such as natural convection heat transfer [1, 2], forced convection heat
transfer [3, 4], solar absorption [5, 6], clean water [7], sunlight harvest and energy
storage [8], photo-thermal conversion [9, 10], CPU cooling [11, 12] and so on.

Li et al. [13] researched the thermophysical parameters of ZnO/EG nanofluids.
The results demonstrated that the thermal conductivity and viscosity of the nanofluids
increase with the concentration. In addition, it was proved that nanofluids exhibit
Newtonian behavior when the mass fraction of nanoparticle is less than 10.5%.
Ranjbarzadeh et al. [14] formulated the stable SiO,-water nanofluids and studied their
thermal properties, the results proved that the thermal conductivity of 3% SiO,-H,O
nanofluids is enhanced by 38.2%. According to the numerical simulation study of
Alnagqi et al. [15], it could be found that 6% concentration of Al,Os-water nanofluids
can increase the Nusselt number by 5.9%. In addition, many scholars have researched
the thermophysical parameters of oil-based nanofluids. Asadi et al. investigated the
thermal properties of different oil-based nanofluids, including ZnO engine oil
nanofluids and MgO engine oil nanofluids [16], Al,O3-MWCNT thermal oil hybrid

nanofluids [17], Mg(OH),/MWCNT-engine oil hybrid nano-lubricant [18],
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MWCNT/MgO-SAE50 hybrid nano-lubricant [19]. Results showed that oil-based
nanofluids exhibit Newtonian behavior at a certain temperature and the thermal
conductivity and viscosity all show an increase to varying degrees. Esfe et al. used the
artificial neural network to reckon and optimize the viscosity of MWCNTs-ZnO/
5W50 nanolubricant [20] and MWCNT-AI,03/5W50 nanofluids [21], which saves the
cost of experimentally measuring viscosity. Asadi et al. researched the thermal
conductivity of MgO-MWCNT/thermal oil hybrid nanofluids [22] and the dynamic
viscosity of MWCNT/ZnO-engine oil hybrid nanofluids [23]. Results proved that the
thermal conductivity of MgO-MWCNT/ thermal oil hybrid nanofluids is improved by
65%. The dynamic viscosity of MWCNT/ZnO-engine oil hybrid nanofluids decreases
with the increase of temperature, and it can be reduced by up to 85% in the
experimental temperature range. Sheikholeslami et al. [24] researched the effect of
thermal radiation on nanofluids and the results showed that the thermal boundary
layer decreases with thermal radiation. They [25] also used numerical simulation to
study the effect of Hartmann numbers on heat transfer. It was found that the
temperature gradient becomes smaller as the increasing Hartmann number. Afrand et
al. researched the physical properties of different nanofluids. Research content
includes whether the nanofluids are Newtonian fluid [26], the changes of viscosity [27]
and thermal conductivity [28] with temperature. Finally, the corresponding
mathematical models are proposed. Qi et al. [29] researched the heat transfer of
TiO,-H,0 nanofluids in a triangular tube and summarized that Nu can be improved by

52.5% when nanoparticle mass fraction is 5%. Hu et al. [30] also applied nanofluids
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in boiling heat transfer and obtained the similar results. When the mass fraction of
graphene nanosheets nanofluids is greater than 0.02%, the critical heat flux remains
unchanged essentially. Qi et al. [31] researched the influence of different nanoparticle
radius on heat transfer properties using the LBM method. It was found that the small
particle size has the positive effect on heat transfer. They also [32] researched the heat
transfer performance of Al,O; nanofluids with different base fluids by numerical
simulation. The results showed that Al,03-Ga and Al,03-H,O nanofluids can improve
heat transfer by 86.0% and 24.5%. Allouhi et al. [33] researched the effects of various
nanofluids on parabolic trough collectors. The results indicated that CuO nanofluids
can improve the exergy efficiency by 9.05%. Imani-Mofrad et al. [34] researched the
application of nanofluids on cooling towers. It could be found that compared with
water, the graphene/water nanofluids can enhance the cooling tower characteristics by
36%, while the alumina/water nanofluids weaken the cooling tower characteristics by
14.7%. Loni et al. [35] researched the application of carbon nanotube/oil nanofluids in
solar energy systems. It was found that carbon nanotube/oil nanofluids can reduce the
heat loss of the experimental system and enhance the thermal efficiency. Asadi [36]
researched the heat transfer performance of MWOCNT-ZnO nanofluids in
microchannels. Results indicated that MWCNT-ZnO nanofluids can increase the heat
transfer coefficient by 42%. Rostami et al. [37] used CuO nanofluids as a coolant to
study the cooling performance of PV modules. The results showed that the CuO
nanofluids can reduce the surface average temperature of PV modules by 57.25% at

best. Bellos et al. [38] discussed the influence of CuO nanofluids with different base



176  fluids on heat transfer. The results indicated that oil-based nanofluids improve the
177  thermal efficiency by 0.76% and molten salt-based nanofluids only improve it by
178  0.26%. Sadeghinezhad et al. [39] researched the heat transfer of graphene
179  nanoplatelets (GNP) nanofluids in heat pipes, and investigated the influence of heat
180  pipe tilt angle on heat transfer. Results showed that the heat transfer can be enhanced
181 by 28.3% when the tilt angle is 60< Mehrali et al. experimentally researched the heat
182  transfer of graphene nanosheet (GNP) nanofluids in a laminar flow [40] and turbulent
183  flow [41]. Results proved that GNP nanofluids can increase the heat transfer by 15%
184  and 200% under laminar and turbulent flow respectively. In addition, Mehrali et al.
185  [42] studied the thermal properties and heat transfer performance of nitrogen-doped
186  graphene (NDG) nanofluids. It was indicated that the thermal conductivity of 0.06 wt%
187  NDG nanofluid can be increased by 36.78%.

188 In the aspect of improving the surface of the heat exchanger, many scholars have
189  done lots of researches. Sundar et al. [43] researched the heat transfer and resistance
190  coefficient of strip inserts in tubes with ND-Ni nanofluids. It was summarized that the
191  heat transfer capacity of ND-Ni nanofluid is increased by 35.43% compared with base
192  fluid and the strip inserts in tubes can enhance the heat transfer by 93.3%. They [44]
193  also researched the heat transfer capacity of Fe;O,/water nanofluids flowing in
194  U-bend heat exchangers with inserted coils. Results demonstrated that the heat
195  transfer can be heightened by 32.03% while the friction loss is also increased by 16.2%
196  when Re=28954. Ranjbarzadeh et al. [45] reported the heat transfer capacity of

197  water/graphene oxide nanofluids in a smooth copper tube. Results proved that the
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thermophysical parameters of nanofluids can be increased by up to 28%, and the heat
transfer capacity can be increased by 40.3%. Goodarzi et al. [46] discussed the heat
transfer capacity of Nitrogen-doped graphene (NDG) nanofluids in a double-tube heat
exchanger and it was found that the nanofluids with mass fraction 0.06% can improve
the heat transfer by 15.86% compared with water at a small expense of pump work.
Ranjbarzadeh et al. [47] reported the heat transfer and resistance coefficient of
water/graphene oxide nanofluids. The results proved that Nu of the nanofluids can be
increased by 51.4% and f can be increased by 21% compared with water. Shahsavani
et al. [48] discussed the heat transfer capacity of F-MWCNTs/EG-water nanofluids in
a smooth tube. Results could be summarized that the heat transfer performance is
enhanced with the increasing concentration of the nanofluids and the temperature of
the experimental system. Xu et al. [49] numerically researched the flow of nanofluids
in a tube filled with metal foam. Results proved that the interposition of foam metal in
the tube improves the heat transfer, but the flow resistance is also increased greatly,
and the increase of flow resistance is bigger than that of heat transfer. Sheikholeslami
et al. [50] numerically reported the heat transfer capacity of nanofluids in a circular
tube with helical twisted tape. Results proved that the heat transfer capacity is
observably improved with the reduction of pitch ratio. They [51] also researched the
heat transfer capacity of R600a/oil/CuO nanofluids as refrigerants by experimental
method. The results showed that the performance evaluation parameter is enhanced
with the increasing concentration of the nanofluids. Naphon et al. researched the

effects of magnetic fields strength [52] and direction [53] on the flow of TiO;
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nanofluids in spiral coils tubes. Li et al. [54] reported the heat transfer of Al,Os-water
nanofluids and analyzed the entropy generation. Results showed that the entropy
generation decreases with height ratio and Reynolds number, but it increases with
height ratio. Sheikholeslami et al [55, 56] used numerical simulation to investigate the
exergy loss and the second law efficiency of nanofluids in a pipe. Conclusion was that
exergy loss increase as the decreasing Re. Qi et al. [57] discussed the heat transfer
capacity of nanofluids in elliptical tubes. Experimental results showed that nanofluids
flowing in the elliptical tube with mass fraction 0.5% can enhance the heat transfer by
27.9%. Zhai et al. [58] experimentally measured the heat transfer capacity of
nanofluids in spiral tubes and found that spiral tube with screw pitch s=10 cm can
enhance the heat transfer efficiency by 62%. Mei et al. [59] researched the heat
transfer capacity of Fe3O4-water nanofluids in a corrugated tube under the magnetic
field. Results indicated that Fe3O4-water nanofluids under the magnetic field enhance
the heat transfer by 17.6%. Karimi et al. [60] discussed the influence of cross-section
and other factors on the efficiency of heat exchanger by numerical simulation. The
results showed that Nu of elliptical tube is 10% higher than that of round tube, but the
pressure drop is also increased by 25%. Bahiraei et al. [61] presented an analysis on
the thermal characteristics of graphene nanofluids in a spiral heat exchanger and
found that nanofluids increase the performance index by 142% when the Reynolds
number is from 1000 to 3000. Sharshir et al. [62] and Bahiraei et al. [63] revealed the
significance of nanofluids in heat transfer systems from the second law of

thermodynamics.
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The above scholars have made outstanding contributions in the application of
nanofluids and enhanced heat transfer. However, there are few studies on the
influence of the corrugation pitch of symmetrical corrugated tube on the heat transfer.
In addition, the heat transfer area of corrugated tube is larger than that of the ordinary
tubes. In this paper, the heat transfer and resistance coefficient of TiO,-H,O
nanofluids in corrugated tubes with three different corrugation pitches (P=2, 4, 6mm)
are studied and compared with smooth tube. This article uses two evaluation methods
to analyze the overall efficiency of the system. One is the thermal efficiency (criteria
comprehensive evaluation index) [64], and the other is the exergy efficiency criteria
[65]. The two evaluation methods are adopted to analyze the system from the quantity
and quality of energy.

2 Method
2.1 Experimental system

Compared with other nanoparticles, TiO, nanoparticles show excellent light
stability and antibacterial effect, hence, TiO,-H,O nanofluids are chosen as heat
exchange medium in this paper. The spherical TiO, nanoparticles used in this paper is
provided by Nanjing Tianxing New Materials Co., Ltd., and the particle size of the
nanoparticles is about 10 nm. The physical parameters of the deionized water and

nanoparticles used in the experiment are shown in Table 1.

Table 1 Physical parameters of TiO, nanoparticle and deionized water.

] . p Cp M k
Physical properties (kgm-3) (Ike—1-K-1) (Pas) (W-m—1-K-1)
deionized water [66] ~ 997.1 4179 0.001004 0.6130
gg)]z nanoparticles 4250 686.2 _ 8.9538
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In this article, a two-step method is used to prepare TiO,-H,O nanofluids. The
preparation flow chart of the nanofluids is shown in Fig. 1. Firstly, add TDL-ND1
dispersant in water, then stir and mix the mixed solution with a mechanical stirrer, add
nanoparticles into the mixture, and then stir the mixed solution with a mechanical
stirrer and a magnetic stirrer to make the particles fully distribute in the base liquid.
Then, NaOH solution was added into the mixed solution, and after adjusting the pH
value of the solution to 8, and the mixed solution is placed in an ultrasonic vibration

device for ultrasonic vibration, finally, the stable TiO,-H,O nanofluids are obtained.

TDL-ND1 NaOH
Dispersant solution

smringT[Stining}L[smmg
TiO:

Supersonic
nanoparticle Wave

Ti0>-H.0
nanofluids

Fig. 1 Preparation of TiO,-H,0 nanofluids

The concentration of the nanofluids in this paper is expressed by mass fraction.
The mass fraction means the percentage of nanoparticles to the total weight of the
nanofluids. The nanofluids with mass fractions of 0.1%, 0.3% and 0.5% are prepared

in this paper. Take 1000g nanofluids as an example, the specific parameters are shown

in Table 2.
Table 2 Preparation materials (Take 1000g nanofluids as an example)
Mass fraction 0.1% 0.3% 0.5%
Water/g 939 937 935
Nanoparticle/g 1 3 5
Dispersant(TDL-ND1)/g 60 60 60

Based on our previous studies [66], the authors found that nanofluids have the

best stability when the concentration of the dispersant is 6% and the pH of the

10
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nanofluids is 8. Moreover, it is found that the nanofluids have no obvious
precipitation after standing for 7 days, so that the prepared nanofluids are ensured to

have good stability.

data acquisition
instrument

Tout 10 9 000000 2 1 Tin

Thermocouples

PR el

| ——
? Pressure transmitter
Rl
?:\L;’
: =
-
=il
Temperature
control sink
Rotameter e

Three-way -
valve

Fluid tank Pump

Fig. 2 Schematic diagram of the experimental system.

The schematic diagram of the experimental system in this paper is shown in Fig.
2. It can be seen that the experimental system is mainly divided into the heat transfer
characteristics section and resistance test section. The heat transfer characteristics
section is the core part of the experimental system which consists of a stainless steel
smooth tube (corrugated tube). The parameters of the smooth tube and corrugated
tubes are shown in Fig. 3 and Table 3. In order to measure the average temperature of
the tube wall, ten surface mount device thermocouples are evenly distributed on the
outer wall of the tube, and two armored thermocouples are arranged at the inlet and
outlet of the tube to measure the temperatures of the working fluid respectively. An
Agilent data acquisition instrument connected to a computer is used for collecting the

temperatures. Heating wire connected with a DC power is uniformly twined on the

11
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310
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outside of the tube to provide heat to the experimental system. For reducing heat loss,

the wall is covered with insulation. The materials of the insulating layer are

Aluminum silicate insulation asbestos and rubber tube sleeve. The resistance test

section is also important in the experimental system. The power of the system flow is

provided by a pump and the pressure drop between the inlet and outlet is tested by a

pressure transmitter. 100mm of the left and right ends of the test tube are not included

in the measuring section. This method is used to avoid the entrance effect on the

experiment.

<
|~

el
24
L = 5

Fig. 3 Schematic diagram of the corrugated tube.
Table 3 Parameters of the tubes.

Tube specification

Geometry dimension

L(mm) di(mm) dy(mm) ds(mm) o(mm) P(mm)

Smooth
tube Tube 1
Tube 2
Cortrlljjt?:ted Tube 3
Tube 4

1200

1200
1200
1200

11.5
11.5
11.5

10

10
10
10

8.5
8.5
8.5

1

o

2.2 Experimental data processing

The equivalent diameter of the corrugated tube can be expressed as:

4A
Q7T

According to Newton’s law of cooling, the heat absorbed by the fluid

follows:

Q = Cpqm (Tout _Tin)

1)

is as

)

The formula for the convection heat transfer coefficient is calculated as follows:

12
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_ Q 3
h_ﬂdzL(Tw -T)) ( )

where T; is the average temperature of the fluid, the formula is as follows:

_ (Tout+Tin)

T
f 2

(4)

According to Fourier’s law of heat conduction, the formula of T,, is as follows:

T T QIn(r/r") (5)

W W 2mAL

where the formula of T, is as follows:

. (M+T,+-+Ty)

T 6
. - (6)
The formula of Nusselt number is as follows:
hd
Nu=—2 7
u=" ™

According to law of Darcy-Weisbach, the formula of resistance coefficient is as

follows:
2d, 4p
f="2 8 8
pu® AL ®
The formula of Reynolds number is as follows:
Re = pud/u ©)

Based on our previous research [65], the density and specific heat of the
nanofluids are calculated by Eqgs. (10) and (11) respectively:
€y =(1—p)Cy, +9Cp, (10)
Po = A= 9)Py + PPy (11)
3 Results and discussions
3.1 Experimental system validation
In order to test the reliability and accuracy of the experimental system, this part

compares the heat transfer and resistance coefficient of water in a smooth tube with

13
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350

published literature results [67] and empirical formulas [68]. The results of the
comparison are shown in Fig. 4. It can be proved from the figure that the experimental
results in this paper are highly consistent with the published results and the maximum
error is less than 6%. Therefore, it can be seen that the reliability of the experimental
platform is guaranteed.

13 100
Sieder-Tate [68]

o Exp. 0.0wt%
12+ 80 |

Gnielinski [68]
o Exp. 0.0wt%

11F

>
2 =
10+ 40
Max[Error Nu]=5.89% Max[Error Nu]=4.17%
9F 20 F
4 (®) (b)
8 1 1 1 1 1 0 1 1 1 1 1
600 900 1200 1500 1800 2100 2400 2000 4000 6000 8000 10000 12000
Re Re
22 1.6
20l Pak et al. [67] Pak et al. [67]
’ o Exp. 0.0wt% 15F g o Exp. 0.0wt%
18}
. 14}
816} s
=] S13
Et4r =
1 1.2} Max[Error In(100 f)]=2.88%~—
Max[Error In(100 )]=4.04%.
10k 11
(© (d)
08 1 1 1 1 1 10 1 1 1 1
6.6 6.8 7.0 7.2 74 7.6 7.8 7.6 8.0 8.4 8.8 9.2 9.6
InRe InRe

Fig. 4 Heat transfer and flow characteristics of deionized water in a smooth tube.
(@) Nu-laminar flow, (b) Nu-turbulent flow, (c) f-laminar flow, (d) f-turbulent flow.

3.2 Uncertainty analysis

In this paper, the uncertainty of the experiment is calculated to ensure the
accuracy of the experiment. Nu and f are the main features in this study. The formulas
are as follows:

oNu _ [6Q,, 0T

N (6)2+(T)2 (12)
of _ [opy, Ly, 9n.;
T_\/(p) HO D 13)

14



351 The uncertainty of the experiment is due to instrument errors and measurement

352 errors. The latter can be avoided through multiple experiments, but the former cannot

353  be avoided. The uncertainties of the instruments used in this experiment are shown in

354  Table 4. According to the calculations of Eqgs (12) and (13), The uncertainties of Nu

355 and fare 1.41% and 1.06% respectively.

356 Table 4 Experimental equipment and their accuracies
. C- ressure
Experimental thermocouple P length  mass flow rate
equipment Power M transducer L) ()
Q) (p) ;
Uncertainty +1% +1% +0.5% +0.1% 1.06%
357 3.3 Experimental results and discussions
358  3.3.1 Analysis of heat transfer performance
359 Fig. 5 gives the changes of the Nusselt number with the Reynolds number. The

360  conclusion can be summarized that the heat transfer capacity of the fluid in the tube

180

= tube2+0.0% o tubed+0.0%
160} e tube2+0.1% o tubed+0.1% 3
140 4 tube2+03% 4 tube4+0.3% %
v tube2+0.5% v tube4+0.5% g %
120+ = tube3+0.0% é
©  tube3+0.1% _ 8
SH00F & tube3+0.3% i .50
80| v tube3+0.5% i ¥ g
g0 "
60 g s
g 8 o tubel+0.0%
401 g o tubel+0.1%
20+ 2 tubel+0.3%
; gmﬂ? (@ v tubel+0.5%
361 0 2000 4000 6000R68000 10000 12000 14000
15 180
= tube2+0.0% o tubed+0.0% = tube2+0.0% ® tube4+0.0%
14| © tube2+0.1% o tubed+0.1% X 160 o tube2+0.1% o tubed+0.1%
A tube2+0.3% A tube4+0.3% E 140] 4 tube2+0.3% a tube4+0.3% §
13| v tube2+0.5% v tubed+0.5% 3 s v tube2+0.5% v tubed+0.5% % %
= tube3+0.0% 2 2 120 = tube3+0.0% g
12| © tube3+0.1% 8 © = o tube3+0.1% _ 8
274 tube3+0.3% ; o & 0oF 9 ] g & oa
=z . ; 0 tube3+0.3% 8 4
nL” tube3+0.5% é o 80F v tube3+0.5% g . Eé o
° 60 f g g
10+ o o tubel+0.0% g o tubel+0.0%
o o tubel+0.1% 401 gt o tubel+0.1%
9l 2 tubel+0.3% L 4 tubel+0.3%
g (@1)] < twberos% 2ore (a-2) v tubel+0.5%
8 1 1 1 1 0 L L L L
4 12 1 2 24 2000 4000 6000 8000 10000 12000 14000
362 00 800 00 pg 1600 000 00 B
363 Fig. 5 Nusselt numbers of nanofluids. (a) Nusselt numbers at different Reynolds
364 numbers, (a-1) laminar flow, (a-2) turbulent flow.
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becomes better with the increase of Reynolds number. The reason may be that the
increase of Reynolds number means an increase of speed, which strengthens the
disturbance of the fluid, destroys the boundary layer and lastiy enhances the heat
transfer.
3.3.1.1 Effect of nanoparticle mass fraction

Fig. 6 shows the effect of adding nanoparticles on the Nusselt numbers. The
eight subgraphs are the heat transfer results of a smooth tube and corrugated tubes
with three different corrugation pitches in laminar flow and turbulent flow. The
conclusion can be summarized as that with the mass fraction of nanoparticles
increases, the heat transfer performance increases. This is because the thermal
conductivity of nanoparticles is obviously larger than that of the water, the addition of
nanoparticles enhances the thermal conductivity of the fluid. In addition to the high
thermal conductivity of the nanofluids, there is an important factor which is the
existence of large Brownian force, and it is the difference between nanofluids and
ordinary two-phase fluids. Because the large Brownian force can destroy the flow
boundary layer, strengthen the disturbance, and then enhance the heat transfer.
However, it can be obtained that the heat transfer enhancement ratio from 1% to 3% is
greater than that from 3% to 5%. This is because that the addition of nanoparticles in
water not only improves the thermal conductivity, but also increases the viscosity of
the fluid, which is a disadvantageous for heat transfer enhancement. Therefore, it is
impossible to increase the mass fraction of nanoparticles without limitation to

enhance the heat transfer.
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391 Fig. 6 Effects of nanoparticle mass fractions on Nusselt numbers of smooth tube and
392 corrugated tube. Tubel: (a) laminar flow, (b) turbulent flow. Tube2: (c) laminar flow,
393 (d) turbulent flow. Tube3: (e) laminar flow, (f) turbulent flow. Tube4: (g) laminar flow,
394 (h) turbulent flow.
395  3.3.1.2 Effect of the structure of tube
396 The eight subgraphs in Fig. 7 represent the heat transfer capacity of different
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405 It can be obtained that the heat transfer performance is less influenced by the
406  changes of the corrugation pitch when the Reynolds number is less than 6000. When
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the Reynolds number increases, the vortex generated is larger and the backflow is
stronger, and the heat transfer capacity is more influenced by the structure of tube.
Therefore, under the condition that the Reynolds number increases, the heat transfer
capacity of corrugated tube is obviously stronger than that of smooth tube. The heat
transfer capacity of corrugated tube with different corrugation pitches is also different.
As can be seen from the various subgraphs, tube 4 has the best heat transfer
performance. This is because the corrugation pitch of the corrugated tube 4 is the
smallest, and a small corrugation pitch will cause the fluid to generate a more intense
secondary reflux, which washes the walls and thins the boundary layer and it can
cause an increase in the temperature gradient. At the same time, nanoparticles further
disrupt the flow boundary layer in the secondary flow and then enhance the heat
transfer.
3.3.1.3 Heat transfer enhancement ratio

In order to clearly see the effect of nanofluid and tube structures on heat transfer
performance, all working conditions are compared with the flow of water in the

smooth tube according to formula (14). Results are shown in Fig. 8.

B Nu — Nu
Nu

water+circular tube

g (14)

water+circular tube

It can be obtained that the heat transfer enhancement of corrugated tube is
significantly stronger than that of smooth tube. In laminar flow, the heat transfer
capacity of the nanofluids in smooth tube and corrugated tubes is enhanced by
2.64-22.62% compared with water flowing in the smooth tube. In turbulent flow, it

can be enhanced by 4.3-66.34%. When the Reynolds number exceeds 6000, the heat
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exchange capacity of the corrugated tubes far exceeds that of smooth tube. The heat
transfer capacity of nanofluids in the smooth tube can be enhanced by 2.64-16.9%
under the same working conditions compared with water, while the corrugated tubes
can enhance the heat transfer by 4.8-66.3%. When the mass fraction of the nanofluid
is 0.5%, the corrugated tubes with different corrugation pitches can increase the heat
transfer by 36.3% (P=6mm), 40.3% (P=4mm) and 44.5% (P=2mm) respectively. In
addition, it can be seen from Fig. 8 that the smooth tube and corrugated tubes at
Re=8000 and Re=10000 show the largest heat transfer enhancement ratio respectively.

The relative heat transfer enhancement ratio () is basically unchanged when the

Reynolds number exceeds the critical Reynolds number.
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Fig. 8 Relative heat transfer enhancement ratios. (a) relative heat transfer
enhancement ratios at different Reynolds numbers, (a-1) laminar flow, (a-2) turbulent
flow.

3.3.2 Analysis of resistance performance

It can be concluded from the Fig. 9 that the resistance coefficient decreases as the
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increase of Reynolds number in laminar flow and turbulent flow respectively. This is
consistent with Eq. (8). For the frictional resistance coefficients of nanofluids, there is
a small increase with nanoparticle mass fractions, and the frictional resistance
coefficients of nanofluids are close to each other. The reason is that the increase of
frictional resistance coefficients caused by the increase of nanoparticle mass fractions
is far less than the influence of different tube types. In order to clearly see the effect of
nanoparticle mass fraction and tube shape on the drag coefficient, the nanoparticle

mass fraction and tube type, as variables, are analyzed respectively.
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Fig. 9 Resistance coefficients of nanofluids at different Reynolds numbers. (a)
laminar flow, (b) turbulent flow.

3.3.2.1 Effect of nanoparticle mass fraction

Fig. 10 shows the effect of adding nanoparticles on the resistance coefficient.
The eight subgraphs are the results of a smooth tube and corrugated tubes with three
different corrugation pitches in laminar flow and turbulent flow. Under the same
Reynolds number, the resistance coefficient increases with the nanoparticle mass
fraction. This is because the viscosity of the nanofluids increases with the increasing
nanoparticles, which causes an increase in friction loss, therefore, the resistance

coefficient increases.

21



0.10 0.060

o tubel+0.0% o tubel+0.0%
009 o tubel+0.1% 0.055 o tubel+0.1%
0.08} g 4 tubel+0.3% 0.050 2 tubel+0.3%
v tubel+0.5% ' v tubel+0.5%
0.07 =
- 0045 %
0.06 - o
8 0.040 g
0.05 i 5
ooal g 0.035} g By
= g 2 =
L B 0.030 | g
. @ ‘ (b)
0.02 L . : : 0.025 : : : . .
400 800 1200 1600 2000 2400 2000 4000 6000 8000 10000 12000 14000
465 Re Re
0.10 0.060
= tube2+0.0% = tube2+0.0%
0.09 - 1 o tube2+0.1% 0.055 v o tube2+0.1%
008l i 4 tube2+0.3% . A tube2+0.3%
v tube2+0.5% 0050-a v v tube2+0.5%
0.07 A
“— 0.045 | HEN
0.06 H - . 7
sl 0.040 e
0.04} i 0.035F i I
i LI
003} ¥ 0.030
(c) (d)
0.02 : : : : 0.025 : : : . .
400 800 1200 1600 2000 2400 2000 4000 6000 8000 10000 12000 14000
466 Re Re
0.10 b 0.060
= tube3+0.0% v 0
0.09 | 1 o tube3+0.1% 0.055 |4 : tﬁﬁjﬁig?éﬁ
= 4 tbe3+0.3% = . '3
Sweass | oml 1 :
0.07 = a4 ' ’
- X 0.045 - e v
0,06 E 4 s
0.05 3 0.040 g § .
o0al _ 0.035} B
B g E
L 0.030
0.03 (e)
0.02 L L v v 0.025 L L L L L
400 800 1200 1600 2000 2400 2000 4000 6000 8000 10000 12000 14000
467 Re Re
0.10 0.060 5
i o tube4+0.0% ] .0%
009 ﬁ o tubed+0.1% 0.055 X ® ;zgzj:gg‘;o
0.08 A tube4+0.3% 0.050 1 g A tube4+0.3%
007k v tube4+0.5% o v tube4+0.5%
— i 0.045 é
006} - i
oosl § 0.040 | % i -
ooal . 0.035 i 3
| 0.030 |
"> © W)
0.02 L L L L 0.025 L L L L L
400 800 1200 1600 2000 2400 2000 4000 6000 8000 10000 12000 14000
468 Re Re
469 Fig. 10 Effects of nanoparticle mass fractions on resistance coefficients of smooth
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473 3.3.2.2 Effect of the structure of tube
474 Fig. 11 gives the effect of different tube structures on the resistance coefficient
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475  under the same nanoparticle mass fraction.

0.10 0.060
o tubel+0.0% . o tubel+0.0%
0.09 - a » tube2+0.0% 0.055 = tube2+0.0%
008l H = tube3+0.0% = = tube3+0.0%
' o ® tubed+0.0% 0.050 -u - o tube4+0.0%
0.07 = a
— u 0.045 . s
0.06 ] - " = o
o 0.040 F o u
0.05 ] o L = 2
- o = 9 il
00al H 0.035 o "t a o,
I S R-
u = o =
003} R 0.030 F =
@ : [(b)]
002 1 1 1 1 0025 1 1 1 1 1
400 800 1200 1600 2000 2400 2000 4000 6000 8000 10000 12000 14000
476 Re Re
0.10 0.060
o tubel+0.1% » o tube1+0.1%
0.09 2 o tube2+0.1% 0.055 |, o tube2+0.1%
008 . o tube3+0.1% » o tube3+0.1%
e © o tubed+0.1% 00s0f°  _ o tubed+0.1%
(]
007}
- » 0.045 o e e o
0.06 - H — °* - o
° 0.040 F ° e o o
0.05 + 2 o o ® s o R
S 0.035 ° % o
0.04} ) > To 8 s 2
® o
0.03} o 3 0.030 ° 8
(c) (d)
0.02 . . . . 0.025 . . :
200 800 1200 1600 2000 2400 2000 4000 6000 8000 10000 12000 14000
477 Re Re
0.10 0.060
A
A tubel+0.3% 2 tubel+0.3%
009y 2 s whe2+03% | 008[T 4 tube2+0.3%
0.08 | N A tube3+0.3% R A tube3+0.3%
o tubed+03% | 0050F a A tubed+0.3%
0.07 - LN a
“— a 0.045f4 R
0.06 F A - oA
s N 0.040 | 2 Lo a
0.05} 4 a A a4 o
2 0.035 Sat e,
A r A
0.04 - 2, A, A 4
2o 0.030 c a3
003} a 030
©)
002 1 1 1 1 0025 1 1 1 1 1
400 800 1200 _ 1600 2000 2400 2000 4000 6000 8000 10000 12000 14000
478 Re Re
0.10 0.060
¥ v tubel+0.5% v v tubel+0.5%
0091 v v tube2+05% | 0.055fv v 1ube2+0.5%
0.08 } v v tube3+0.5% v v tube3+0.5%
' v tubed+0.5% 0.050 - v v tube4+0.5%
007} v
— ¥ 0.045 7 oy,
0.06 |} M “— v oo
v v v
v 0.040 F . v oo
[ 7 : :
0.05 v - o v,
- X L v o v v
004} ¥y AR A
v v v
0.03} v 0.030 v
(@ (h)
0.02 : 0.025 : .

400 800 1200 _ 1600 2000 2400 2000 4000 6000 8000 10000 12000 14000
479 Re Re

480  Fig. 11 Effects of tube structures on resistance coefficients. @=0.0%: (a) laminar flow,
481 (b) turbulent flow. =0.1%: (c) laminar flow, (d) turbulent flow. »=0.3%: (e) laminar
482 flow, (f) turbulent flow. =0.5%: (g) laminar flow, (h) turbulent flow.

483 It can be concluded that the resistance coefficients of corrugated tubes are

484  markedly bigger than that of smooth tube. From the analysis of perspective of fluid
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mechanics, as the fluid flows through the trough, the static pressure decreases and the
velocity increases. Conversely, as the fluid flows through the peak, the static pressure
increases and the velocity decreases. Thus vortexes are generated which increases the
pressure loss and resistance coefficient. When the corrugation pitch of the corrugated
tube becomes small, the resistance coefficient increases, which has the similar
reasons.
3.3.3 Comprehensive evaluation index

According to above researches on the heat transfer and resistance characteristics
of the tubes, the combination of corrugated tube and nanofluids increases the Nusselt
number to varying degrees, but the resistance coefficient also increases. Therefore, it
is inaccurate to only use the improvement of Nusselt number to evaluate the system.
The comprehensive performance index (thermal efficiency) is proposed to solve this
problem well, and it is adopted to evaluate the heat transfer performance considering
the Nusselt number and flow resistance coefficient comprehensively. It is one of the
effective methods to judge the heat transfer of enhanced tubes. The evaluation criteria
of the comprehensive performance index is as follows [64]:

Nu f
5= ( Nu ] f (15)

water+smooth water+smooth

W

Fig. 12 shows the comprehensive performance indexes. It can be seen from Fig.
12 that the trend of the comprehensive performance index is consistent with the
relative heat transfer enhancement ratio, which indicates that Nusselt number

dominates the comprehensive evaluation. The comprehensive evaluation indexes of
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corrugated tubes are obviously larger than that of smooth tube under the same
Reynolds number. The maximum evaluation index of the smooth tube can reach 1.156,
while the corrugated tubes can reach 1.5637. It can be seen from Fig. 12, smooth tube
and corrugated tubes have different critical Reynolds numbers. The critical Reynolds
number of smooth tube is 8000, but the critical Reynolds number of corrugated tube is
10000. When the Reynolds number exceeds the critical Reynolds number, the
comprehensive evaluation index is basically unchanged. In addition, it can be seen
that the comprehensive performance indexes of the corrugated tubes in the transition
zone are basically the same as that of the smooth tube when Re=8000, which indicates

that the corrugated tubes can obtain higher heat exchange efficiency with less pump

work.
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Fig. 12 Comprehensive performance indexes. (a) comprehensive performance
indexes at different Reynolds numbers, (a-1) laminar flow, (a-2) turbulent flow.

3.3.4 Exergy efficiency evaluation
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The comprehensive evaluation index comprehensively evaluates the economic
efficiency of the system from energy consumption (resistance coefficient) and output
(Nusselt number), but it does not consider the quality of energy. An exergy efficiency
criterion is developed by our previous published reference [65], which is used to
evaluate the change in energy quality of the fluid in the enhanced tubes.

The formula for exergy efficiency of heat exchange tubes is obtained [65]:

C“:(Et),/(éj (i=P,Ap,V) (16)

m m, —1
where f,(Re)=c,Re™, Nu,(Re)=c,Re™, k, =—72—, =2 k, =1
0( ) C, o( ) 2 P 3+m1 Ap 2+m1 v
Take the logarithm of both sides of Eq (16):
m(N%j :Q+Km(ﬂl (17)
NUO Re fO Re
where b, =InC,,, b, =InC,,,, b, =InC,,, -1<m, <0, O0<m,<1.

According to Eg. (17), the exergy efficiency evaluation plot is shown in Fig. 13

[65].
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Fig. 13 Performance evaluation plot for exergy efficiency [65]

When the point is in Region IV, it means that the exergy efficiency of enhanced
tube is better than that of smooth tube under all three conditions (the same mass flow,

the same pump power, the same pressure drop). When the point is in Region III, it
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means that the exergy efficiency of the enhanced tube is better than that of smooth
tube under the same pressure drop and the same pump power, but it deteriorates under
the same mass flow. When the point is in Region II, it means that the exergy
efficiency of enhanced tube is better than that of smooth tube under the same pressure
drop, but it deteriorates under the same mass flow and the same pump power. When
the point is in Region I, it means that the exergy efficiency of enhanced tube is
worse than that of smooth tube under all three conditions (the same mass flow, the
same pump power, the same pressure drop).

Fig. 14 shows the exergy efficiency of nanofluids with different mass fractions in
smooth tube and corrugated tubes. The subgraphs (a-1, b-1, c-1, d-1) represent the
exergy efficiency of the four tubes, and the subgraphs (a-2, b-2, c-2, d-2) represent the
slopes of the points in subgraphs (a-1, b-1, c-1, d-1). Fig. 15 shows the exergy
efficiency of smooth tube and corrugated tubes under the same mass fractions of
nanofluids. The subgraphs (a-1, b-1, c-1, d-1) represent the exergy efficiency of
nanofluids with different mass fractions, and the subgraphs (a-2, b-2, c-2, d-2)
represent the slopes of the points in subgraphs (a-1, b-1, c-1, d-1).

It can be seen that k; decreases with the mass fraction of the nanoparticles, which
indicates that the exergy efficiency decreases. The reason may be that an increase in
the mass fraction of the nanofluids leads to an increase in viscosity. The viscosity of
fluid means that there is internal friction when the fluid flows, and energy is
consumed to overcome the internal friction, which means that the quality of the

energy is reduced. It can be also found that all the points are in Region IV and
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Region III, which indicates that the exergy efficiency of the experimental system is

improved compared to water flowing in the smooth tube under the same pump power.
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tube2, (c-2) tube3, (d-2) tube4.
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Fig. 15 Effects of tube structure on exergy efficiency and slopes. Exergy efficiency:
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As can be seen from the Fig.14 and Fig.15, the exergy efficiency of the smooth
tube is the best, and the exergy efficiency of the corrugated tubes decreases with the

decreasing corrugation pitch. It indicates that the exergy efficiency of smooth tube is
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stronger than that of the corrugated tubes. This indicates that corrugated tubes make
an important contribution to the reduction of energy quality. As can be seen from the
subgraphs (a-2, b-2, ¢-2, d-2), most of the points are in Region III in laminar flow.
However, as the Reynolds number increases, the points gradually are close to Region
IV. It means that the exergy efficiency is generally improved with the Reynolds
number.

4 Conclusion

The heat transfer and resistance coefficient of corrugated tubes with different
corrugation pitches were studied by experimental method and the experimental
system was evaluated from the aspects of quantity and quality of energy by thermal
and exergy efficiency respectively. The main conclusions obtained from the
experiment are as follows:

(1) Compared with water, the heat transfer performance of nanofluids in smooth
tube can be enhanced by 2.64-16.9% under the same working conditions, while the
corrugated tubes can enhance heat transfer performance by 4.8-66.3%.

(2) Heat transfer performance increases with decreasing corrugation pitch. When
the mass fraction of the nanofluid is 0.5%, the corrugated tubes with different
corrugation pitches can increase the heat transfer by 36.3% (P=6mm), 40.3%
(P=4mm) and 44.5% (P=2mm) respectively.

(3) Corrugated tubes and smooth tube have different critical Reynolds numbers
for the maximum of comprehensive evaluation index. The smooth tube is 8000, and

the corrugated tubes are 10000. The comprehensive evaluation index is basically
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unchanged when the Reynolds number exceeds the critical Reynolds number.

(4) The results indicate that when the Reynolds number exceeds 6000, the
comprehensive evaluation index of corrugated tubes is much larger than that of
smooth tube. The maximum comprehensive evaluation index of smooth tube can
reach 1.156, while the corrugated tubes can reach 1.5637.

(5) The exergy efficiency of the smooth tube is better than that of the corrugated
tubes. This indicates that corrugated tubes have an important contribution to the
reduction of energy quality.
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