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Experimental study on the flow and heat transfer characteristics of nanofluids in
double-tube heat exchangers based on thermal efficiency assessment
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Abstract: Thermal performance and pressure drop of TiO,-H,O nanofluids in
double-tube heat exchangers are investigated. The influence of the thermal fluid
(water) volume flow rates (g,=1-5L/min), nanoparticle mass frictions («=0.0%, 0.1%,
0.3% and 0.5%), nanofluids locations (shell-side and tube-side), Reynolds numbers of
nanofluids (Re=3000-12000), and the structures of inner tubes (smooth tube and
corrugated tube) is analyzed. Results indicate that nanofluids (»=0.1%, 0.3% and
0.5%) can improve the heat transfer rate by 10.8%, 13.4% and 14.8% at best
compared with deionized water respectively, and the number of transfer units (NTU)
and effectiveness are all improved. The pressure drop can be increased by 51.9%
(tube-side) and 40.7% (shell-side) at best under the condition of using both nanofluids
and corrugated inner tube. When the nanofluids flow in the shell-side of the
corrugated double-tube heat exchanger, the comprehensive performance of
nanofluids-side is better than that of the smooth double-tube heat exchanger.
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Nomenclature

TU

> oo =Z23rMr 5 —™a

P

Qv
Q
Re

T
AT
u

heat transfer surface area, m?

specific heat, J-kg™-K™

equivalent diameter, m

the frictional resistance coefficient

the overall heat transfer coefficient, W/ m? K
length of tube, m

the mass flow rate of the hot water, kg/s
number of transfer units

pressure, Pa

pressure drop, Pa

the volume flow rate of the hot water, L/min
the heat transfer rate, W

Reynolds number

the fluid temperature, K

the logarithmic mean temperature difference, K
velocity, m/s

Greek symbols

) wall thickness of tube, m
£ effectiveness
) density, kg/m®
1) mass fraction
Subscripts

ave average

in inlet

min minimum
max maximum

nf nanofluids
out outport

w thermal water
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1 Introduction

Nanofluids, as heat transfer medium, have been applied into various fields
because of their excellent thermal performance. Many investigators not only
measured the thermal conductivity [1, 2, 3], but also developed some empirical
formulas of thermal conductivity [4, 5, 6, 7], a more detailed review of the research
on the preparation methods and thermal property parameters of nanofluids can be
found in the literature [8]. Furthermore, for the practical application of nanofluids, a
guideline for the selection of nanofluids has also been studied [9]. The application
fields of nanofluids mainly including full-spectrum photo-thermal conversion [10, 11],
tunable and recyclable photovoltaic/thermal applications [12, 13], vapor generation by
different nanoparticles or nanofluids (FesO4@CNT nanoparticles [14],
carbon-nanotube nanofluids [15], graphene oxide nanofluids [16] and MCE/HP/Au
mixed nanoparticles [17]), boiling heat transfer [18], thermal energy storage [19, 20],
CPU cooling [21, 22, 23, 24], microchannel [25, 26], heat pipe [27, 28], and so on.

In the field of heat exchange equipment, there are two crucial heat transfer
methods: free convection and forced convection. For free convection, lots of
researches have been reported by published literatures. Shi et al. [29] performed an
investigation on the free convection of FesO,@CNT nanofluids in a rectangular cavity
under magnetic field conditions using experimental and numerical simulation
methods. Results indicated that the direction of magnetic field can regulate the
thermal performance of nanofluids. Selimefendigil et al. reported on a numerical

method which was used to study the free convection of CNT-water nanofluids in a


javascript:;
javascript:;

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

two-dimension enclosure with corrugated partition [30] and three kinds of nanofluids
in a three dimensional cavity with rotating circular cylinders [31] respectively. It was
discovered that the thermal performance of nanofluids decreases with the height of the
triangular waves in the two-dimension enclosure, and the rotational direction of
circular cylinders also has a significant role in heat transfer. Sajjadi et al. [32]
represented a numerical simulation study on the free convection of
MWCNT-Fe3O4/water nanofluids in a square cavity full of porous media. Results
showed that the increasing Darcy number and porosity can enhance the thermal
performance. The natural convection of nanofluids in various cavities is widely
researched. For example, nanofluids in an inclined cavity [33], an open cavity [34], an
open inclined cavity [35], a cavity with a heat-generating element [36], a tilted porous
cavity [37], a baffled U-shaped enclosure [38], a three dimensional porous cavity [39],
a annular cavity filled with porous media under electric field [40], a semi annulus [41],
and a square cavity full of a porous foam [42]. The influence of Rayleigh number,
nanoparticle concentration, porous layer, cavity inclination angle, heat source location,
and cavity aspect ratio on the thermal performance was analyzed. Results presented
that nanofluids have more excellent heat transfer compared with base fluid.

Also, many studies have been conducted on the forced convection. Xu et al. [43]
reported on a numerical simulation method which was obtained to study the flow and
thermal performances of Al,O3-H,O nanofluids flowing through a channel filled with
Cu metal-foam. It was obtained that thermal performance of nanofluids in metal foam

is effectively improved at the expense of a large increase in pressure drop. Mohebbi et
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al. [44] adopted a lattice Boltzmann method to research the forced convection of three
kinds of nanofluids (CuO, Al,O3 and TiO;) flowing through a channel with blocks at
the top and bottom of wall. Conclusions indicated that as the space between the
blocks decreases, the thermal performance increases. Karimi et al. [45] applied
MgO-MWCNTS/EG nanofluids into heat exchanger, and results indicated that
nanofluids with concentration 1% can improve the thermal performance by 20%, but
the pressure drop also increases. Tirandaz et al. [46] performed a numerical
investigation to research the forced convection in a helical annulus filled with a
porous medium. And two different boundary conditions is considered. Conclusions
indicated that the Nusselt number is insensitive to the second-order torsion of the
dimensionless curvature, and the enhancement of the Nusselt number is more
pronounced at higher curvature values. Mehrali et al. [47] performed an experimental
study on the thermal performance and flow characteristic of grapheme nanoplatelet
nanofluids in a stainless steel tube, and obtained that the thermal performance of
nanofluids can be improved by 83-200% compared with base fluid. In addition to the
analysis of quantity of energy, Mehrali et al. [48, 49] also investigated the entropy
generation of nanofluids under forced flow from the quality. Moradikazerouni et al.
[50] carried out a numerical method to investigate the convection performance of
v-AIOOH nanofluids in a wavy channel, and explore the influence of the Reynolds
number, amplitude of wavy channel and nanoadditive fraction. Mirzaei et al. [51]
investigated the thermal performance of Al,O3-H,O nanofluids under laminar flow in

micro channel and obtained that the influence of the variable is obviously, and the
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influence of temperature variation on thermal performance cannot be neglected. Sun
et al. researched the thermal performance of nanofluids in an external thread tubes
which own a built-in twisted belt [52], plate heat exchanger [53], and copper tubes [54]
respectively. Results proved that Reynolds number and nanoparticle concentration are
all positive factors for the thermal performance improvement. Sheikholeslami et al.
carried out a study on the heat exchanger enhancement and flow characteristics of
nanofluids in a double-tube heat exchanger [55], a porous semi annulus [56], a porous
lid driven cubic cavity [57], a three dimension square cavity [58], and an annular
cavity [59, 60], explored the influence of nanoparticle fraction and magnetic field on
thermal exchange, and found that these factors can effectively improve the thermal
performance. Ranjbarzadeh et al. [61] carried out an empirical analysis method to
investigate the thermal performance and flow characteristic of nanofluids in an
isothermal pipe under forced convection condition. Results showed that nanofluids
can improve the thermal performance by 40.3% compared with base fluid.
Moradikazerouni et al. [62] studied the influence of the entrance channel shapes on
the heat transfer enhancement in a micro-channel heat sink using a numerical method,
and results showed that the triangular shape provides the best thermal performance in
the five channel configurations. Dehghan et al. [63] represented an investigation on
the thermal performance in microchannels enhanced by porous materials and obtained
that the comprehensive evaluation of heat transfer and pressure drop can be
effectively enhanced by inserting a thin porous insert. Dehghan et al. [64] also

investigated the influence of Al,Oz-water nanofluids on the forced convection in a
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microchannel heat sink using a numerical simulation. Nojoomizadeh et al. [65]
carried out an numerical method to explore the effects of permeability on the forced
convection of nanofluids in a micro channel, the investigation indicated that the
thermal performance increases with the decreasing permeability. Moradikazerouni et
al. [66] reported a numerical simulation method which was used to study the influence
of laminar forced convection on the heat transfer enhancement in a CPU heat sink,
compared with convection-radiation, the pure convection has less thermal
performance improvement. Ranjbarzadeh et al. [67] represented an experimental
investigation on the forced convection of nanofluids in a copper tube and obtained
that Nusselt number can be increased by 51.4% compared with water. Biglarian et al.
[68] reported on a study to explore the forced convection of various nanofluids (Cu,
Ag, Al,O3, TiO,) and obtained that Cu nanofluids show the largest enhancement ratio.
Many enhanced tubes and nanofluids are applied to enhance the thermal performance.
Naphon et al. reported an investigation on the thermal performance and pressure drop
of nanofluids in a helically corrugated tube [69], a micro-fins tube [70], a spirally
coiled tube [71], and a micro-channel heat sink [72]. Qi et al. also did lots of work in
enhanced tubes, for example, spiral tubes [73], corrugated tubes [74, 75, 76],
triangular tubes [77, 78], a circular tube with rotating twisted [79], a horizontal
elliptical tube [80]. From above references, it was found that nanofluids can all
improve the thermal performance at the expense of a significant increase in pressure
drop. Therefore, scholars have also done some work on the comprehensive

assessment of the heat transfer enhancement and flow resistance [81, 82, 83].
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From above studies, researchers mainly focus on the flow characteristic and
thermal performance of nanofluids in a single enhanced tube. However, there are few
published literatures on the application of nanofluids and enhanced tube into
double-tube heat exchanger. The research proposal of this paper is to study the
thermal performance and pressure drop of TiO,-H,O nanofluids in the corrugated
double-tube heat exchanger using experimental method, and the innovations are as
follows: Corrugated tube is applied in the tube-side instead of smooth tube; Effects of
nanofluids location, nanoparticle mass fraction and thermal fluid flow rate on the
thermo-hydraulic performances of nanofluids in the double-tube heat exchanger are
investigated based on thermal efficiency assessment; The effectiveness and the NTU
of double-tube heat exchanger are analyzed.

2 Experimental Method
2.1 Nanofluids preparation and stability

In this experiment, TiO, nanoparticle and deionized water (base fluid) are
selected to prepare TiO2-H,O nanofluids with mass fractions («=0.0wt%, 0.1wt%,
0.3wt% and 0.5wt %) using two-step method. The preparation process is as follows:
Firstly, TDL-ND1 dispersant is added into the deionized water while stirring the
mixture fluid with a mechanical stirrer. TiO, nanoparticles are then added to the mixed
solution, and NaOH solutions are also added to adjust the pH of the mixed solution to 8,
at the same time, both mechanical and magnetic are used to stir in order to fully
disperse the particles in the mixed solution. Finally, ultrasonic vibration is applied to

the mixed solution using an ultrasonic vibrometer. So TiO,-H,O nanofluids are
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obtained.

Although nanofluids have better heat transfer enhancement effects, the stability
and economics of nanofluids are currently the main problems and shortcomings.
Hence, the details on the stability and thermophysical parameters of TiO,-H,O
nanofluids have been investigated in previous published reference [80]. The prepared
nanofluids have good stability after standing for 20 days.

2.2 Experimental system

The schematic diagram and the real experimental setup of the corrugated
double-tube heat exchanger experimental setup are shown in Fig. 1 and Fig. 2
respectively. The experimental setup consists of a test section, a low-temperature
thermostat bath, a hot water tank, two pumps, two valves, two flow meters and
collection tanks. The inner tube (corrugated tube) in test section is made of stainless
steel with Dmax=15.8mm and Dnin=11.2mm, the wall thickness is 6=0.25mm, while
the outer shell is made of PVC with 32mm outer diameter and 28mm inner diameter.
The total length of double-tube heat exchanger is 1200mm. Insulating layer covered
on the outer tube is adopted to prevent the heat loss. There are two working fluids
including thermal fluid (deionized water) and cold fluid (TiO,-H,O nanofluids) in the
two circulation closed units. The pressure drop and temperatures of the thermal fluid
and nanofluids are measured by differential pressure transmitters (type: MIK-3051,
pressure measuring range: 0-1KPa and 0-5KPa) and four thermocouples, which are
installed in the import and export of the heat exchanger. A date acquisition instrument

(type: 34972A, manufacturer: Agilent) is used to collect the temperature date.
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Furthermore, a low-temperature thermostat bath (type: DC-2030A, accuracy: #).05<C)
is adopted to keep the cold fluids (nanofluids) temperature constant, and the thermal
fluid (deionized water) temperature is regulated by a hot water tank with a thermostat
(type: DC-2030A, accuracy: #0.05<C). And the smooth double-tube heat exchanger
only has the difference of inner tube type. In addition, the boundary conditions of the

experiments are shown in Table 1.

Data Acquisition Instrument  ~—————

|
v ci
anoffuiq | T i Differential Pressure Transmitters} Water
Phin Ph out Z

Low-Temperatufe ~~L - v
Thermogtat Bath OO}« %~ \%, <

Flow Control Valve

Hot Water Tank
Flow Meter

> @ :% :@

Pump Flow Control Valve  Flow Meter

Fig. 1. Schematic diagram of the experimental system

4 Measuring pressure tube. S
At
AT I . ,_h
- A

Pump

Ry j Date acquisiticjiimsss

i =

Fig. 2. The experimental system of the corrugated double-tube heat exchanger

The experimental procedure is as follows:

(1) Place the nanofluids in the low-temperature thermostat bath and deionized
water in the hot water tank, and set the temperature to the desired value.

(2) Open the all valves, flow meters and pumps of the experimental system, two

kinds of working fluids begin to circulate in the two loops, and carefully check the

10
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experimental system for leakage.

(3) Open the differential pressure transmitters, date acquisition instrument and
computer, collect date of the import and export of the two loops, perform more than
three experiments on each experimental condition and record the experimental dates.

(4) When the experiment is completed, turn off the high-power thermostat, then

turn off the pumps and date acquisition instrument, finally turn off the main power.

Table 1 Boundary conditions of the experiment

Type Nanofluids in tube-side Nanofluids in shell-side
Inlet 20 °C 40 °C 40 °C 20 °C
Temperature  (tube-side)  (shell-side)  (tube-side)  (shell-side)
Range Re A A Re
3000-12000  1-5 L/min 1-5 L/min  3000-12000
Outer wall Insulation wall
(shell)
Outer wall Heat transfer surface
(tube)

2.3 Experimental data processing
The average heat exchange capacity from thermal fluid (deionized water) to cold

fluid (nanofluids) is defined as:

Q,, = 2t "
2
where
=M,y o (Tin = Tout ) )
Qnr =My Cont (Tout = Tin ) 3)

The logarithmic mean temperature difference ATy, is evaluated from:

At —At
A — max min
t, =~ @

I max

At

min

11
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The overall heat transfer coefficient is expressed as:

h — Qave
AAT

m
The effectiveness and the NTU are given by:

hA

NTU = ——
(mc)min

1- exp{(—NTU )[1—(mc)mi”]}

. (MC) ax
(mc)min _ _ (mc)min
() exp{( TR () }

The frictional resistance coefficient can be calculated with:

f 2d AP
= —
pu” L
3 Results and discussions
3.1 Experimental system validation
110 0.050
100 e 0.048F  Max error $=4.58%
90 | , P4 0.046 + s
ol o 0.044 Q
ol . 00e2p ¥,
Seobm ssr o " 0040 N,
zZ ax error 8=5. /0 . 0.038 [ N .
S0r | " 0.036 | 2
40 i LN
@/ 0.034}
S0r s — - Gielinski [85] 0.032F — —paketal. 86] -~ ..
20r = 1L/min 0.0wt% smooth tube 0030} = 1L/min 0.0wt% smooth tube .
10 1 1 1 1 1 0028 1 1 1 1 1
2000 4000 6000 8000 10000 12000 14000 2000 4000 6000 8000 10000 12000 14000

Re

Re

()

(6)

(7)

(8)

Fig. 3. Comparison between the experimental results and other results in published
references, (a) Nu, (b) f

Before beginning to study the characteristics of the thermal performance and

pressure drop, an analysis of the reliability and accuracy of the experimental setup is

required. Nusselt number are obtained using “Wilson plots” method [84], and the

comparison of the Nusselt number between this experiment and the published

reference [85] is shown in Fig 3(a). It can be found that the experimental results are in

12
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good agreement with the published reference, and the maximum difference between
them is around 5.57%. Fig. 3 also shows the resistance coefficient comparison
between this experiment and published reference [86]. Results show that the errors are
within 4.58%. The above studies can verify the reliability and accuracy of this
experimental system.
3.2 Error analysis

Based on the root-sum-square method presented by Kline [87], the errors of
physical parameters can be calculated from following equations (9-11), and the results
are shown in Table 2. It is indicated that the maximum uncertainties in the resistance

coefficient, NTU and effectiveness are #1.18%, +1.77%, and *2.06% respectively.

ONTU  [Q, ol, om, oT,

e —\/<Q NCORICLORIALE ©
_ ONTU 10
= NIy oy (o)
\/(Mp) D+ (11)

Table 2 Errors of each section in the experiment
d0Q/Q  JdTIT  dAp/Ap &l om/m  SNTU/NTU  dele Af/f
#.0% #H.0% 5% 1% +H.06% H77% .06% H.18%

3.3 Experimental results and discussions
3.3.1 Shell-side water and tube-side nanofluids

In the experimental study of the smooth and corrugated double-tube heat
exchangers, the heat transfer medium in tube-side is TiO,-H,O nanofluids with
different mass fractions @=0.0%, 0.1%, 0.3% and 0.5%, and the inlet temperature is
20°C. The shell-side working fluid is the thermal fluid (deionized water) with an inlet

temperature of 40°C. The Reynolds numbers of the nanofluids range from 3000 to

13
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12000, and the thermal fluid volume flow rates range from 1L/min to 5L/min in this

experiment.

3.3.1.1 Heat transfer rate

Fig. 4 and Fig. 5 show the influence of Nanofluids mass fraction on the heat

transfer rate of smooth and corrugated double-tube heat exchangers, and Fig. 6 is a

summary graph on the heat transfer rate changes with velocity.
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Fig. 4. Effects of nanoparticle mass fraction on the heat transfer rate of the smooth
double-tube heat exchanger, (a) g,=1L/min, (b) g,=2L/min, (c) q,=3L/min, (d)
gv=4L/min, (e) g,==5L/min

It is indicated that the increase of Reynolds number (velocity) promotes the
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improvement of the heat transfer rate, and using both the nanofluids and corrugated

tube can effectively improve the heat transfer rate. In the corrugated double-tube heat

exchanger, the heat transfer rate with @=0.1%, 0.3%, 0.5% can be improved by 10.8%,

13.4% and 14.8% at best compared with deionized water respectively. There are two

main reasons to explain this enhancement. Nanofluids have greater thermal

conductivity than deionized water, also nanofluids have stronger Brownian motion

compared to deionized water [88].
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Fig. 5. Effects of nanoparticle mass fraction on the heat transfer rate of the corrugated
double-tube heat exchanger, (a) gy=1L/min, (b) g,=2L/min, (c) gq,==3L/min, (d)
qv=4L/min, (e) q,=5L/min
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The effects of the thermal fluid volume flow rates are also showed in Figs. 4-6. It
is indicated that the increase of thermal fluid flow rate promotes the increase of the
heat transfer rate. However, the enhanced heat transfer capacity of nanofluids shows
slightly larger compared with deionized water when the thermal fluid flow rates are
larger. The heat transfer rate of nanofluids is improved slightly with the increase of
the thermal fluid flow rate.

In the smooth double-tube heat exchanger, take »=0.1% as an example, the heat
transfer rate can be improved by 8.29%, 8.56%, 8.7%, 9.13% and 9.49% at best
compared with deionized water when the volume flow rates range from 1L/min to
5L/min. Furthermore, Figs. 4-6 also manifest that the improvement in heat transfer
rate is more pronounced as the increasing thermal fluid flow rate, which causes more
efficient heat transfer between the nanoparticles and the inner tube surface, but the
increase is not large. And when the volume flow rates range from 1L/min to 5L/min,
the heat transfer rate of the corrugated double-tube heat exchanger can be improved
by 9.76%, 10.16%, 10.31%, 10.64% and 10.88% at best compared with deionized
water, which indicates that the disturbing effect of the corrugated tube also increases
the probability of mutual collision between the nanoparticles, so that the thermal
performance is further strengthened.

Comparison of the heat transfer rate between two kinds of heat exchangers can
be also obtained from Figs. 4-6. The heat transfer rate is much better in the corrugated
double-tube heat exchanger, and it can be improved by 47.1% at best under the same

condition.
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Fig. 6. The summary graph on the heat transfer rate with velocity, (a) smooth tube, (b)
corrugated tube
3.3.1.2NTU

In a heat exchanger, the main indexes for the thermal performance are the
number of transfer units (NTU) and effectiveness. Hence, the two enhancement
indexes will be analyzed and discussed in the following section.

Fig. 7 and Fig. 8 show the variations of NTU in the smooth and corrugated
double-tube heat exchangers, and Fig. 9 is a summary graph on NTU with velocity. As
displayed in Fig. 7 and Fig. 8, the trends of the NTU are more diverse compared with
Fig. 4 and Fig. 5. NTU shows the effects of the relationship between the flow rates of
the thermal fluid and cold fluid on the overall thermal performance of the heat
exchanger, so its value is also related to the relative flow rates of the two kinds of
working fluids.

When the thermal fluid flow rates are 1L/min and 2L/min, as the Reynolds
number increases, the NTU of the two kinds of double-tube heat exchangers all
increases. But when volume flow rates are from 3L/min to 5L/min, the NTU shows a
trend of decreasing firstly and then increases. This phenomenon can be explained by
formula (6). From formula (6), it can be found that the NTU is related to the minimum

flow rates of the nanofluids and thermal fluid. The thermal fluid flow rate in the
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347  downward trend is smaller than the cold fluid flow rate, and in the upward trend, the
348  cold fluid flow rate is greater than the thermal fluid flow rate, in theory, the lowest
349  point occurs when the two fluids flow rate are the same. And as displayed in Figs. 7-8
350 (c), (d) and (e), as the flow rate of thermal fluid increases, the NTU shows a
351 downward trend and the lowest point also moves toward the high Reynolds number.
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358 Furthermore, with the increase of the nanofluids mass fraction, the NTU also
359 increases correspondingly, which indicates that nanofluids can improve the heat
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360  exchange capacity of heat exchangers. The NTU of the corrugated double-tube heat
361  exchanger with ®=0.1%, 0.3%, 0.5% can be improved by 10.7%, 12.6% and 13.6% at
362  best compared with deionized water respectively. Comparative analysis of the NTU in
363  the two kinds of heat exchangers can be also obtained from Figs. 7-9, the NTU of the
364  corrugated double-tube heat exchanger is higher, and it can be improved by 47.5% at
365  best under the same condition.
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373 Fig. 9. The summary graph on the NTU with velocity, (a) smooth tube, (b) corrugated
374 tube
375  3.3.1.3 Effectiveness
376 Effectiveness shows a similar trend with NTU. Fig. 10 and Fig. 11 show the

377  influence of nanofluids mass fraction and the thermal fluid volume flow rates on the
378  effectiveness of the smooth and corrugated double-tube heat exchangers respectively,
379  and Fig. 12 is a summary graph on effectiveness changes with velocity. It is indicated
380 that when the thermal fluid flow rate is larger, the effectiveness decreases, which
381  means that when the Reynolds number of nanofluids is constant, increasing the
382  thermal fluid volume flow rate can improve the heat transfer rate, but it does not
383  necessarily improve the effectiveness. This phenomenon can make the industry to
384  obtain the actual thermal performance required by adjusting the flow rates of thermal
385  fluid and nanofluids.

386 Under the strengthening effect of nanofluids, the effectiveness of the two kinds
387  of double-tube heat exchangers has been improved. Taking the thermal fluid in
388  shell-side with a volume flow rate of 5L/min and a Reynolds number of 9000 in
389  tube-side as an example, it can be found that TiO,-H,O nanofluids with ©=0.1%, 0.3%
390 and 0.5% can improve the effectiveness from 31.1% to 33.4%, 33.8% and 34.1%

391  respectively compared with deionized water.
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Fig. 10. Effects of nanoparticle mass fraction on the effectiveness of the smooth
double-tube heat exchanger, (a) g,==1L/min, (b) g,=2L/min, (c) g,==3L/min, (d)
qv=4L/min, (e) q,=5L/min

At the same time, this section takes the volume flow rates (from 1L/min to
5L/min) in shell-side and a Reynolds number of 9000 in tube-side as an example, The
intuitive comparative analysis on the effectiveness in the smooth and corrugated
double-tube heat exchangers is studied. Compared with deionized water in the smooth
double-tube heat exchanger, the effectiveness of nanofluids in the corrugated
double-tube heat exchanger is improved from 64.1%, 49.8%, 35.3%, 28.3%, 25.6% to
73.8%, 61.2%, 40.9%, 37.5%, 34.1% respectively. It is obtained that the nanoparticles
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addition and corrugated tube used in this experiment make the heat transfer capacity

significantly higher than the traditional smooth tube and deionized water.
3.3.1.4 Pressure drop

For the practical application of nanofluids, studying the flow and heat transfer
performances is inevitable. Adding nanoparticles into base fluid can improve the heat

conductivity, but it also increases the flow resistance. This section will discuss the

pressure dro

p of nanofluids in tube-side.
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Fig. 13. Effects of nanoparticle mass fraction on the pressure drop of the two kinds of
double-tube heat exchangers, (a) g,=1L/min, (b) g,=2L/min, (c) q,=3L/min, (d)
qv=4L/min, (e) q,=5L/min
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The results also show the pressure drop augment with the increase of nanofluids
concentrations, which can be explained by that the addition of the nanoparticles
increases the friction-induced property, namely, dynamic viscosity. Compared with
deionized water, the pressure drop of nanofluids with ®=0.1%, 0.3% and 0.5% is
improved by 2.77%, 4.38% and 6.5% at best respectively in the corrugated
double-tube heat exchanger. Furthermore, Fig. 13 also shows that the different
thermal fluid flow rates in shell-side hardly have effect on the pressure drop of
nanofluids, which is because the thermal fluid belongs to the shell-side circuit, and the
fluid flow states of thermal fluid and nanofluids do not affect each other.

When comparing the pressure drop of two kinds of double-tube heat exchangers,
Fig. 13 shows that the pressure drop in the corrugated tube is significantly stronger,
and under the same conditions, it can be increased by 51.9% at best compared with

that of the smooth tube.
3.3.1.5 Comprehensive performance analysis

There are many indexes for evaluating the comprehensive performance of heat
exchanger, and PEC evaluation method is widely used, but it is troublesome to
calculate the Nusselt number of the all experimental conditions. Therefore, EEC
(efficiency evaluation criterion) is obtained as the comprehensive evaluation criteria

in this experiment, and the calculation equation is as follows [89]:

ec=— /%
(VAP)/ (VoARy)

(12)

In the formula, Q represents the amount of heat exchange rate, and V represents

the volume flow rate. The Q/Qo and the (V A P)/(VoAPy) represent the ratio of thermal

24



450

451

452

453

454

455

456

457

458

459

460

461

462
463

464

465

466

467

468

469

transfer and the pump power consumption between the enhanced tube and the smooth
tube respectively. Therefore, the EEC is also a comprehensive indicator of heat
exchangers (thermal efficiency).

Deionized water with the smallest mass flow rate (q,=1L/min) shows the lowest
thermal performance, in order to investigate the largest heat transfer enhancement
ratio, other working conditions are all compared with deionized water with g,=1L/min.
According to the EEC formula, this experiment compares of nanofluids (all the
experimental conditions) and deionized water (g,=1L/min) in the smooth double-tube
heat exchanger. The comparison results are shown in Fig. 14(a). At the same time, all
the experimental conditions in the corrugated double-tube heat exchanger are also
compared with deionized water (q,=1L/min) in the smooth double-tube heat

exchanger. The comparison results are shown in Fig. 14(b).

5.0 — 45

- 1L/min(0.0%)- -@-- 3L/min(0.3%) = 11/min(0.0%)--9-- 3L/min(0.3%)

45 | --@-- 1L/min(0.1%) 3L/min(0.5%) --@-- 1L/min(0.1%) 3L/min(0.5%)

“9 [~ 1U/min(0.3%) -~ 4L/Min(0.0%) 4.0 |- 1U/min(0.3%) -~ 4Limin(0.0%)
=¥~ 1L/min(0.5%)--A-- 4L/min(0.1%) --v-- 1L/min(0.5%)--4-- 4L/min(0.1%)

4.0 [~ --<-- 2L/min(0.0%)--¥-- 4L/min(0.3%) 3.5 |-« 2L/min(0.0%)--v-- 4L/min(0.3%)

b~ 2L/min(0.1%)- -<-- 4L/min(0.5%) b 2L/min(0.1%) -4~ 4L/min(0.5%)
35fF--e- 2L/min(0.3%)--»- 5L/min(0.0%) --4-- 2L/min(0.3%)--»- 5L/min(0.0%)
o~ 2L/min(0.5%)- - - 5L/min(0.1%) P 4 3.0 - 2Umin(0.5%) - - 5L/min(0.1%)

3.0 |-~ - 3L/min(0.0%)--#-- 5L/min(0.3%) > --@- 3L/min(0.0%)--®-- 5L/min(0.3%) ‘ =4
U =% - 3L/min(0.1%)- - &~ 5L/min(0.5%) P ’1 025 | -~ 3L/min(0.1%)--®-- 5L/min(0.5%) _;_;--":,-»;;
ma2s5F g . | - e
w M .| Waot P

20 % ‘e ' -

s i S S : S S—

] s b L5r -

1.0+ e e ety S St S . ) s 10} ; —

@ N0

05 L L L L L 05 L L L L L

2000 4000 6000 Re 8000 10000 12000 2000 4000 6000 Re 8000 10000 12000

Fig. 14. Comprehensive performance analysis of the tube-side nanofluids, (a) smooth
tube, (b) corrugated tube

Fig. 14 manifests that the maximum comprehensive evaluation coefficients in the
smooth double-tube heat exchanger are 1.78, 1.885, 2.4, 2.91 and 3.31 respectively
when the volume flow rates of thermal fluid are from 1L/min to 5L/min. And the
maximum comprehensive evaluation coefficients in the corrugated double-tube heat

exchanger are 1.025, 1.576, 2.01, 2.51 and 2.85 respectively when the thermal fluid
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flow rates are from 1L/min to 5L/min. Through comparing the maximum
comprehensive evaluation coefficient of the smooth and corrugated heat exchangers,
it is indicated that the maximum comprehensive evaluation coefficient is lower in the
corrugated double-tube heat exchanger under the same conditions. The reason is that
in the condition of thermal fluid in shell-side and nanofluids in tube-side, although the
corrugated tube can disturb the fluid to improve the heat exchange capacity, the
pressure drop significantly increases, hence, the comprehensive performance index of
the corrugated double-tube heat exchanger is lower. Therefore, this layout (thermal
fluid in shell-side and nanofluids in tube-side) is not the best choice to obtain the best

comprehensive performance of the combination of corrugated tube and nanofluids.
3.3.2 Shell side-nanofluids and tube side-water

The smooth and corrugated double-tube heat exchangers (nanofluids in shell-side
and thermal fluid (deionized-water) in tube-side) are experimentally studied in this
section respectively. The working fluids in shell-side are TiO,-H,O nanofluids with
different mass fractions (@=0.0wt%, 0.1wt%, 0.3wt% and 0.5wt%), the inlet
temperature is 20°C, and the Reynolds numbers range from 3000 to 12000. The
working fluid in tube-side is thermal fluid (deionized water) with different volume

flow rates (q,=1-5L/min), and the inlet temperature is 40°C.
3.3.2.1 Heat transfer rate

Fig. 15 and Fig. 16 show the effects of nanoparticle mass fractions and different
volume flow rates of thermal fluid in tube-side on the heat transfer rate in two kinds
of double-tube heat exchanger, and Fig. 17 is a summary graph on heat transfer rate

with velocity. Results show that when the thermal fluid flow rate is constant, the heat
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transfer rate is improved with the Reynolds number, which is due to the increasing
turbulence. Furthermore, with the increase of nanofluids concentrations, the heat
transfer rate increases, and it can be also improved by the increase of the thermal fluid
flow rate, and these experimental phenomena are basically consistent with the
experimental conclusions in the previous experiment. However, compared with the
previous experiment, the heat transfer rate (nanofluids in shell-side and thermal fluid

in tube-side) is stronger that of (nanofluids in tube-side and thermal fluid in
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Fig. 15. Effects of nanoparticle mass fraction on the heat transfer rate of the smooth
double-tube heat exchanger, (a) gy=1L/min, (b) g,=2L/min, (c) gq,==3L/min, (d)

gv=4L/min, (e) gq,==5L/min
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506  shell-side), which is mainly because when the nanofluids flow in the shell-side, the
507 same Reynolds number of nanofluids will cause a larger volume flow rate, which
508 leads to the improvement of the heat transfer rate.
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512 Fig. 16. Effects of nanoparticle mass fraction on the heat transfer rate of the
513  corrugated double-tube heat exchanger, (a) g,=1L/min, (b) g,=2L/min, (c) q,=3L/min,
514 (d) g,=4L/min, (e) g,=5L/min
515 As displayed in Figs. 15-17, the heat transfer rate of the corrugated double-tube
516  heat exchanger is stronger, and it can be improved by 49.2% at best compared with
517  smooth inner tube under the same condition. Furthermore, it can be also improved by
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10.08%, 12.1% and 13.6% at best using nanofluids with ®»=0.1wt%, 0.3wt% and
0.5wt% compared with deionized water respectively. Compared the maximum
thermal enhancement of nanofluids with the previous experiment, it is indicated that
nanofluids with #=0.1%, 0.3% and 0.5% in this experiment have lower heat transfer
enhancement. This is mainly because the corrugated tube used in the experiment has a
greater disturbance in the tube-side than that in the shell-side, furthermore, the larger
flow rate also causes the collision and friction frequency between the solid

nanoparticles and the heat transfer surface to be weak when nanofluids flow in the

shell-side.
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Fig. 17. The summary graph on the heat transfer rate with velocity, (a) smooth tube, (b)
corrugated tube
3.3.22NTU

In a heat exchanger, the NTU and effectiveness are two important indicators for
evaluating the overall thermal performance. The NTU results of smooth and
corrugated double-tube heat exchangers are demonstrated in Fig. 18 and Fig. 19
respectively. The summary graph on the NTU with velocity is shown in Fig. 20.

The NTU trends of this experiment don't show a tendency to increase firstly and
then decrease. This can be explained that the flow rate of nanofluids in the shell-side

is larger than that in the tube-side under the same Reynolds number, the NTU is
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increases

538 determined from the overall heat exchanger, which varies with the flow rates in
539  shell-side and tube-side.
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544 exchanger, (a) q,=1L/min, (b) g,=2L/min, (c) g,=3L/min, (d) q,=4L/min, (e)
545 gv=5L/min
546 Figs. 18-20 also show that when the thermal fluid volume flow rate is constant,
547 as the Reynolds number in shell-side increases, the NTU also
548  correspondingly. Increasing Reynolds number in shell-side can significantly improve
549  the thermal performance at this time. Furthermore, under the same thermal fluid flow
550 rate, the NTU can be improved by 42.8% at best in the corrugated double-tube heat
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551  exchanger.
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3.3.2.3 Effectiveness

The variations of effectiveness against Reynolds number in shell-side are
depicted in Fig. 21 and Fig. 22, and the summary graph on the effectiveness with
velocity is shown in Fig. 23. The influence of different nanoparticle mass fractions
and thermal fluid flow rates on the effectiveness is discussed. With the increase of the
nanofluids concentration and Reynolds number, the effectiveness increases

correspondingly. And the effectiveness is stronger in the corrugated double-tube heat
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Fig. 21. Effects of nanoparticle mass fraction on the effectiveness of the smooth
double-tube heat exchanger, (a) g,=1L/min, (b) g,=2L/min, (c) q,=3L/min, (d)
qv=4L/min, (e) q,=5L/min
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exchanger under the same condition.

In order to intuitively express the influence of the nanofluids concentration on
the effectiveness, this experiment takes the flow rate in tube-side g,=5L/min and
Reynolds number in shell-side Re=9000 as an example for comparative analysis.
When the working medium in shell-side is deionized water, the effectiveness of the
corrugated double-tube heat exchanger is 37.9%, and the effectiveness of nanofluids

with »=0.1wt%, 0.3wt% and 0.5wt% can reach 40.6%, 41.2% and 41.6%
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Fig. 22. Effects of nanoparticle mass fraction on the effectiveness of the corrugated
double-tube heat exchanger, (a) gy=1L/min, (b) g,=2L/min, (c) gq,==3L/min, (d)
qv=4L/min, (e) q,=5L/min
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respectively.

Furthermore, intuitive comparative analysis of the effectiveness of two kinds of
double-tube heat exchangers can be also obtained from Figs. 21-23. This experiment
takes the volume flow rates in tube-side (from 1L/min to 5L/min) and the Reynolds
number in shell-side Re=9000 as an example, for the combination of deionized water
and smooth double-tube heat exchanger, the effectiveness can reach 65.1%, 51.7%,
43.4%, 38.8% and 34.8% under different volume flow rates respectively. For the
combination of nanofluids and corrugated double-tube heat exchanger, the
effectiveness can reach 77.2%, 61.3%, 52.1%, 49.2% and 41.6% under different
thermal fluid flow rates respectively. From the comparison, it can be found that
although the effectiveness decreases with the thermal fluid flow rate, the combination
of the corrugated tube and nanofluids can obviously improve the effectiveness of the

double-tube heat exchangers.
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Fig. 23. The summary graph on the effectiveness with velocity, (a) smooth tube, (b)
corrugated tube
3.3.2.4 Pressure drop

In the experiment of this section, the shell-side working fluid is nanofluids.
Therefore, in the smooth and corrugated double-tube heat exchangers, this experiment

mainly studies the variation of the shell-side pressure drop. Fig. 24 presents the
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effects of nanofluids concentration and thermal fluid flow rate on the pressure drop of

smooth and corrugated double-tube heat exchangers. Fig. 24 manifests that there is

almost no difference in the pressure drop of nanofluids when the thermal fluid volume

flow rate changes, which is mainly because that the thermal fluid and nanofluids are

two independent loops,

with each other.

and the flow states between the two fluids do not interfere
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Fig. 24. Effects of nanoparticle mass fraction on the drop pressure in shell-side of the
smooth and corrugated double-tube heat exchangers, (a) g,=1L/min, (b) g,=2L/min, (c)
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Through the comparison between the pressure drop of the two kinds of
double-tube heat exchanger, it is indicated that the pressure drop in the corrugated
double-tube heat exchanger is significantly stronger, and the maximum increase in
pressure drop can reach 40.7% under the same thermal fluids flow rate, which also
shows that the increase is smaller than that of the previous experiment.

Furthermore, the viscosity of the nanofluids is higher than that of the deionized
water, so that the nanofluids have a greater flow resistance than the deionized water.
In the corrugated double-tube heat exchanger, the pressure drop of nanofluids with
@=0.1wt%, 0.3wt% and 0.5wt% is improved by 2.77%, 3.89% and 5.97% at best
compared with deionized water respectively. Therefore, the influence of the
nanoparticle concentration on the pressure drop is smaller than the disturbance of the

corrugated tube.
3.3.2.5 Comprehensive performance analysis

The EEC formula in this section considers the heat transfer rate and the
shell-side pressure drop. Fig. 25(a) compares all experimental conditions of
nanofluids (w=0.0wt%, 0.1wt%, 0.3wt% and 0.5wt%) in the smooth double-tube heat
exchanger with deionized water (gqy=1L/min) in the smooth double-tube heat
exchanger. Fig. 25(b) provides a comprehensive comparison between all experimental
conditions of nanofluids («=0.0wt%, 0.1wt%, 0.3wt% and 0.5wt%) in the corrugated
double-tube heat exchanger and deionized water (q,=1L/min) in the smooth
double-tube heat exchanger. Fig. 25(a) presents that when the thermal fluid flow rates
are from 1L/min to 5L/min, the maximum EEC values are 1.06, 1.79, 2.27, 2.84 and

3.37 respectively. In Fig. 25(b), the maximum EEC values are 1.15, 1.88, 2.38, 3.01
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and 3.56 respectively. It can be intuitively seen from the EEC that when the flow
pattern of the thermal fluid in tube-side and nanofluids in shell-side is selected, the
maximum comprehensive performance index of nanofluids and corrugated tube
combination is stronger than that of nanofluids and smooth tube combination under
the same thermal fluid flow rate. Therefore, the selection of the nanofluids flowing in
the shell-side can not only reflect the heat transfer enhancement of the nanofluids, but

also reflect the thermal performance of the corrugated tube.
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Fig. 25. Comprehensive performance analysis of nanofluids in the shell-side, (a)
smooth tube, (b) corrugated tube

The comparative analysis of this experiment and the previous experiment are
studied. In the previous experiment, it has been concluded that when the nanofluids
flow in the tube-side, the pressure drop of nanofluids can be improved by 51.9% at
best. However, when the nanofluids flow in the shell-side, the pressure drop can be
improved by 40.7% at best. Furthermore, nanofluids flow in the shell-side can also
have a greater heat transfer rate, which is mainly due to the less contact with the
external environment, and when the Reynolds number of the nanofluids is kept
constant, nanofluids flowing in the shell-side will have a larger flow rate, then the
heat transfer rate becomes larger. Therefore, regardless of the actual application, or

the comparison of comprehensive performance, the choice of thermal fluid in the
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tube-side and nanofluids in the shell-side will be more appropriate.
4 Conclusion

The thermal performance and pressure drop of nanofluids in the smooth and
corrugated double-tube heat exchangers are experimentally investigated, and the
experimental results are compared between these two kinds of double-tube heat
exchangers. Some main conclusions are obtained as follows:

(1) TiO2-H2O nanofluids with «=0.1wt%, 0.3wt% and 0.5wt% have better
thermal performance than the deionized water, the heat transfer rate can be improved
by 10.8%, 13.4% and 14.8% at best respectively, and the pressure drop of nanofluids
can be increased by 2.77%, 4.38% and 6.5% at best respectively.

(2) The thermal performance of the corrugated double-tube heat exchanger is
significantly stronger than that of the same size smooth double-tube heat exchanger.
But the pressure drop of nanofluids in the corrugated double-tube heat exchanger is
also significantly stronger, and it can be increased by 51.9% (tube-side) and 40.7%
(shell-side) at best.

(3) When using both nanofluids and corrugated tube, the overall thermal
performance is significantly enhanced, which reflects in the increase of the NTU and
effectiveness. NTU can be improved by 47.5% at best. However, for thermal fluid in
the shell-side, the NTU and effectiveness decrease firstly and then increase with the
increase of Reynolds number.

(4) When nanofluids flow in the tube-side, the comprehensive performance index

of the corrugated tube is lower than that of the smooth tube under the same
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conditions.

(5) When nanofluids flow in the shell-side, the comprehensive performance
index is stronger than that of the smooth tube under the same condition. Therefore, in
practical applications, it is more reasonable to select the flow mode of thermal fluid in
the tube-side and nanofluids in the shell-side.
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