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ABSTRACT

The convective heat transfer performance and energy efficiency of Al,Os/DI-water and
CuO/DI-water nanofluids flowing through a straight vertical tube was experimentally studied
for laminar, transitional and turbulent flow regimes. A circulating rig was built to conduct the
experiments at constant heat flux and various particle concentrations of 0.20, 0.30 and 0.50
wt% for both of the nanofluids. Specifically, the influence of transitional flow on the heat
transfer coefficient, friction factor and exergy loss of the nanofluids were analysed. An
improvement in the convective heat transfer coefficient for both Al>O; and CuO nanofluids
was found when compared to DI-water at all flow conditions. The maximum enhancement of
25% in heat transfer coefficient was observed for the 0.50 wt% CuO nanofluid. At laminar
flow conditions, the pumping power was similar for all the working fluids, however, it was
more pronounced under the transitional and turbulent flow regimes with an average of 3.9%
increment in pumping power for CuO nanofluids. Besides, the highest energy efficiency was
found to be 84% with 12.8% and 3.45% average reduction in exergy loss for 0.50 wt% of

CuO/DI-water nanofluid in laminar and turbulent flow conditions, respectively. New
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correlations are also proposed based on the experimental results, which can predict the Nusselt

number for both nanofluids in laminar and turbulent flow regimes with high accuracy. It was

concluded that the copper oxide nanofluid might be a good candidate for heat transfer

applications because of their superior heat transfer performance in comparison to other classes

of nanofluids as well as DI-water. Therefore, these types of nanofluids can be used to improve

the heat transfer in many industrial sectors with more effective way.

Keywords: heat transfer performance; transitional flow; energy efficiency; exergy loss; input

power, new correlations for Nu

Nomenclature

Cp specific heat capacity (J/kg K)
C heat capacity rate (W/K)

D tube diameter (m)

Eloss exergy loss (J)
f friction factor

Gr Grashof number

g acceleration of gravity (m/s”)
h heat transfer coefficient (W/m’ K)
k thermal conductivity (W/m.K)
L length of the test section (m)
m mass flow rate (kg/s)

Nu Nusselt number

Pr Prandtl number

AP pressure drop (Pa)

P, pumping power (W)

" heat flux based on thermal power (W/m?)

(0] thermal power (W)

Re Reynolds number

tube circumference (m)
temperature (K)
v velocity (m/s)

Greek symbols

(7 particles weight fraction (%)
P density (kg/m’)
M viscosity (N s/m?)
£ thermal expansion coefficient (K7)
n energy efficiency
Subscripts

b bulk

bf base fluid

e environment

i inner

in input

lam laminar flow

nf nanofluids

np nanoparticles

o outer

out output

w wall

X local

trans  transitional flow
turb turbulent flow




1. Introduction

There has been a significant rise in the development in the electronic, communication and
computing technologies over the last decade. This type of advancement demands decreases in
size and while also endeavouring to enhance storage as well as operational capacities.
Therefore, improvements in the cooling systems utilised is a critical issue. It is well known that
the cooling rate can be enhanced by increasing the heat transfer surface area, but this technique

involves an undesirable rise in the size of the heat transfer system [1, 2].

Currently, different studies have been completed on microscale heat transfer; however, the
conventional fin and microchannel technologies seem to be inadequate for future generation
technologies [3]. Typically water, ethylene glycol and engine oil are used as conventional heat
transfer fluids in heat exchanger system which have demonstrate considerably poor heat
transfer performance [4, 5]. The thermal conductivity of a fluid plays a vital role in the
development of energy efficient heat transfer system and making them more effective and
compact in size. The concept of employing particulate dispersions as a method for enhancing
the thermal conductivity is not a new discovery. Theoretically, Maxwell proposed the concept
of increased electrical conductivity of fluids with particulate dispersions over 120 years ago
[6]. After this theory, many investigations have been conducted on millimetre and micrometre
sized particles dispersed in various fluids [7]. Application of such coolants to real systems
proved difficult due to the inherent inability to keep these particles dispersed in fluids and the
resultant settling and clogging potential. Therefore, these fluids have never seriously been

considered for industrial applications.

Nano-scale particles (<100 nm) in the conventional fluids exhibit promising application in
science and technology due to their remarkable physicochemical properties. The most notable

features of this type of fluid/particle mixture includes improved heat transfer performance, such



as improvements to the thermal conductivity and convective heat transfer coefficient without
significant changes to chemical and physical properties with less penalty of pressure drop and
friction factor [8, 9]. These fluids are termed ‘nanofluids’, and are considered as the most

promising heat transfer fluids for the future generation.

Pak and Cho [10] studied TiO»/water and y-Al,Os/water nanofluids for fully turbulent flow
regimes, and found 45% enhancement in the heat transfer coefficient for y-Al,Os/water
nanofluids with volume fraction of 1.34%. But, for TiO»/water nanofluids, the improvement in
heat transfer was less in comparison to y-Al,Os/water nanofluids at the same volume fraction
of nanoparticles. Xuan and Li [11] examined the flow feature and convective heat transfer
performance of CuO/water nanofluids with nanoparticle volume fractions varying between
0.3% and 2% in the turbulent flow regime. The maximum increases in heat transfer was more
than 39% at 2 vol% of nanofluid. Sharma et al. [12] analysed the heat transfer coefficient as
well as friction factor of Al,Oz/water nanofluids in the transitional flow regime with a twisted
tape insert in the test section. The highest heat transfer coefficient was found to be 23.70% at
0.10 vol% of nanoparticles when compared with water. Moreover, the value of friction factor
of the nanofluid with twisted tape was 1.21 times higher than that the value of water flowing
through a plain tube. A comparison study on the thermal characteristics of Al,Os/water and
CuO/water nanofluids in transitional flow regime has been done by Suresh et al [13]. They
concluded that CuO/water nanofluid with helical screw tape inserts gave better thermal

performance in comparison to AloOs/water nanofluid.

Table 1 shows the comparison of previous studies found in the available literatures. It
summarises the types of nanofluids with different flow ranges as well as the percentage of

changes in their heat transfer performance with respect to water.



Table 1: Comparison of previous study in terms of type of nanofluids, particle loading, flow
range, and outcome in comparison to pure water.

Type of Nanoparticle p
Author nanofluid loading (%) Flowrange Result
17.62% enhancement in Nusselt number for
. 0.10 and 0.30 0.30 vol%
Naik et al. [14] CuO/water vol% Turbulent 1.149 times higher friction factor for 0.30
vol%
Fotukian and 25% increase in heat transfer coefficient
Esfahany [15] CuO/water >0.24 vol% Turbulent 20% penalty in pressure drop.
48% improvement in heat transfer coefficient
Fotukian and for 0.054 vol%
Esfahany [16] y-ALOs/water =020 vol% Turbulent 30% enhancement in pressure drop for 0.135
vol%
25% enhancement in heat transfer coefficient
Anoop et al. ALO-/wat 1.0, 2.0, 4.0, and Lami at 4 wt% for 45 nm
[17] VARDWARRT ¢ 0 wt% aminar 11% enhancement in heat transfer coefficient
at 4 wt% for 150 nm
Lami d 15% and 20% improvement in convective
Kim et al. [18] Al,Os/water 3.0 vol% ar;nilar a4 heat transfer coefficient for laminar and
turbulent turbulent flow, accordingly
AW d Di . 47% maximum increase in local heat transfer
[19e]n and Lng v-Al,Os/water  1.60 vol% Laminar coet(zﬁcient
1.29 and 1.23 times increase in the ratio of the
Heris et al. Al Os/water and 0.20-3.0 vol%  Lami experimental heat transfer coefficient to the
[20] CuO/water LU= U VOl amhar theoretical result for Al,Os/water and
CuO/water, accordingly at 2.5 vol%
1.6% decrease in heat transfer at 0.33 vol%
for laminar flow
Meyer et al. 0.33.0.75 and  Laminar and 2-270 and 2.3% heat transfer enhancement at
[21] MWCNT/water 1.0 \;ol% turbulent 0.75 and 1.0 vol% for laminar flow.

9.7%, 23.5% and 33.2% enhancement in heat
transfer with 0.33, 0.75 and 1.0 vol%,
respectively for turbulent flow

"% of enhancement/decrease with respect to water

From the above literature review, most of the studies have been completed in the laminar [22-

25] or highly turbulent flow ranges [3, 18, 22, 26] and a very small number of works have been

considered in the transitional flow regime [27]. Whenever planning to design heat transfer

equipment in the last decade, usually the transitional flow region is avoided because of the

associated uncertainty and flow instability. Pressure variation is also found in this regime, and

this may involve a significant pumping power enhancement. However, there are lots of



advanced heat transfer techniques being introduced in heat exchanging system, as a result the
mass flow rate has been reduced gradually over the past years to fulfil required heat transfer.
Now-a-days, a noticeable amount of heat transfer equipment operates in the transitional flow
range or close to it. Hence, more research is necessary to define the heat transfer of nanofluids
in the transitional flow region. Olivier and Meyer [28], and Meyer and Olivier [29] studied the
heat transfer performance of nanofluids in the transitional flow regime in terms of heat transfer
coefficients and pressure drops. They noticed that there was a smooth transition from the
laminar to turbulent flow regime, and that the pressure drop and heat transfer properties were

stable.

Stability of the nanoparticles is a vital concern in nanofluid research, as achieving a well
suspended nanofluid on the long term remains a big challenge. Attempts to overcome this
problem include controlling the surface potential by changing the types and weight
concentrations of different surfactant additions, and as a result, this usually enables heat
transfer enhancement of nanofluids [30]. However, very little research have been carried out
to understand the influence of anionic surfactants on heat transfer performance of nanofluids
[30]. Furthermore, most of the studies have been limited to thermal conductivity, viscosity,
heat transfer coefficient, and pressure loss of nanofluids, and while the analyses of energy
efficiency, exergy loss of nanofluids have been neglected [31]. Exergy is defined as the
maximum available work in a substance during a process that brings the system back to
equilibrium with a heat reservoir. Exergy is that portion of energy that can transform to another
form of energy. Analysis of exergy is necessary for improving the energy efficiency and
minimizing losses, because it quantifies the location, type, and magnitudes of waste and losses

[32, 33].



Thus, the scope of the present study is to investigate the heat transfer performance of
Al Os/deionised (DI)-water and CuO/DI-water nanofluids with various nanoparticles weight
concentration from 0.20 to 0.50% at laminar, turbulent and transitional flow regions.
Specifically, the effects of different Reynolds number as well as input power on the convective
heat transfer coefficient, energy efficiency and exergy loss of two different types of nanofluids
are studied. Then the experimental results are compared with the results of DI-water and
existing correlations available in the literatures [34-38], and four new correlations are proposed

to predict the Nusselt number of nanofluids for laminar and turbulent flow regimes.

2. Experimental procedure and validation

2.1. Experimental set-up

Fig. 1 presents a schematic diagram of the experimental setup used in this research. The closed-
loop flow system was installed with a flow meter, miniature gear pump, coil heat exchanger,
pressure transmitter, DC power supply and thermocouples. The test section in the experimental
rig consisted of a stainless steel tube of an outer diameter of 6.35 mm, inner diameter of 4.57
mm, and a length of 1 m. Eleven T-type thermocouples with bare wire configuration were
placed evenly along the outer wall of the tubing to measure the wall temperature of the test
section. Two T-type thermocouples with a MIMS (mineral insulated metal sheathed)
configuration were used to measure the bulk inlet and outlet temperatures of the fluid, rather
than the temperature of the test section directly, therefore, it will avoid any influence that may
occur across the test section due to heat flux. The thermocouples were calibrated with a

maximum standard deviation of 0.5 °C.



A heat flux was supplied throughout the experimental test section by employing a SPV-1500
single output power supply with a rated power of 1500 W, current range of 0 to 125 A and DC
output voltage is 12 V. The load regulation of the output power supply was +0.5%. The copper
electrode blocks were used to provide power into the test section, which were capable of
delivering resistive heating. Ceramic fibre insulation, 12.5 mm in thickness, was applied across

the test section to minimise heat loss.

For each run, the heat transfer fluid either a nanofluid or DI-water was poured into the stainless
steel pipe through the storage tank. A miniature gear pump (12 Volt DC) was utilised to
circulate the working fluid at a constant flow rate in the closed-loop flow system. The
volumetric flow rate of the working fluid was measured using an ultrasonic flow meter
(Cynergy- UF08B) with a maximum flow rate of 8 L/min. The accuracies of the flow meter
are 5% and 3% of the reading at flow rates 0.1-0.4 L/min and 0.4-8 L/min, respectively, and

the response time is better than 0.1s.
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Fig. 1. A schematic representation of the closed loop experimental set-up.

The pressure drop across the test section was measured using a high precision differential
pressure transmitter (Rosemount® 3051CD) with a reference accuracy of 0.004% of span,
which was calibrated from 0 to 30 kPa. The pressure transmitter was attached to the inlet and

outlet of the test section as shown in Fig. 1.

A coil heat exchanger was used to cool down the working fluid. Two stainless steel Swagelok
ball valves were used to collect the working fluids after each run, and they permit the system
to be cleaned and flushed easily. The volume of the experimental setup as well as the storage
tank were kept to a minimum to minimise the nanofluids requirement because of its high price

and long preparation time.



The thermocouples, ultrasonic flow meter, pressure transmitter and power supply instruments
were connected to a data acquisition system to carry out the measurement, and the data
acquisition system was interfaced with a computer by using a NI PCI-6251 board. A NI 9214
16-channel high-accuracy thermocouple module (National Instrument, UK) was employed for
the measurement of temperature at high accuracy. ‘Labview’ software was used for the

experimental system configuration as well as control.

It is very important to reach steady state conditions before taking the first data point, thus, the
experimental rig was allowed to operate for at least one hour at the beginning of each run. This
was necessary due to the thermal inertia of the system being fairly slow initially. Steady state
conditions were said to be achieved when no significant variations in the mass flow rate,
temperature, and pressure drop were observed. Once the experimental system achieved steady
state conditions, data acquisition at the desired mass flow rate was easier as fluctuations in the
system had subsided. It was very difficult to achieve the steady state conditions in the
transitional regime because of the continuous variation in pressure, mass flow rate and
temperature of the working fluid. But, the results were recorded as soon as the variation in the
data was repeated periodically. The experiments were conducted from larger to smaller mass
flow rate to minimise the stored residual heat in the insulation, which may have an effect on
the following data point. Each of the data points was the average of 300 readings, which was

captured by using the data acquisition system.

The AlOs/DI-water and CuO/DI-water nanofluids were prepared using the two-step
preparation method. In this study, an anionic surfactant, sodium dodecylbenzene sulfonate
(SDBS), was used to stabilise the nanofluids with 0.10% and 0.15% weight fractions for
AL Os/DI-water and CuO/DI-water nanofluids, accordingly. Because, we have characterised

AlOs/DI-water and CuO/DI-water nanofluids with various weight concentrations of surfactant

10



[30]; and concluded that 0.10 wt% and 0.15 wt% of SDBS were the optimum amount of
surfactant for Al,O3 and CuO nanofluids. The prepared nanofluids were found to be very stable,
and did not show any visual signs of sedimentation for more than one week. The experiments
were carried out over a few days and repeated three times, each of the data points was the
average of three experimental runs. The properties of AlO3 and CuO nanoparticles, and DI-

water are shown in Table 2.

Table 2 Properties of DI-water and nanoparticles at 7' =300K [39].

Thermophysical properties DI-water ALO3 CuO
Density, p(kg/ m>) 998.2 3700* 6400*
Specific heat, ¢, (J/kg.K) 4182 765 535.6
Viscosity, ,u(Ns/mZ) 0.001

Thermal conductivity, k(W /m.K) 0.60

*Given by the supplier

2.2. Experimental data analysis

In this study, Al,Os/DI-water and CuO/water nanofluids with 0.20% to 0.50% of particle
weight concentrations, and a tubular shape test section are used. It is assumed that the
nanofluids flow across the test section are fully developed both hydrodynamically and
thermally. From Egs. (9) to (11), the parameters are calculated by applying a bulk temperature
to simplify this analysis is one of the main assumptions. Moreover, the thermophysical
properties (except thermal conductivity) of nanofluids were considered at a constant
temperature of 300 K. The nanofluids thermophysical properties, such as density, thermal
conductivity and specific heat, and viscosity have been calculated by applying Egs. (1) to (4)

[31].

Density of nanofluids,

Py =1=0)p, +op,, (1)
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The Eq. (1) is based on the concepts of mixing theory for ideal gas mixtures, and classical and
statistical mechanisms.
Thermal conductivity of nanofluids,

k. —k
2 =3 @ +0. —-273.15)-0.
WY 37610880 + 0.017924(T —273.15)— 0.30734 (2)

kbf
Nanofluids' specific heat,

_A=o)(pe,)y +lpe,),

¢ 3)
nf Py
Viscosity of nanofluids,
typ = (14 2.50)x tyy 4)

The local convective heat transfer coefficient (/,) was calculated using the following

expression [40];

q”
h,=—1 (5)
(Tw,i - Tb)x

where, ¢” is the heat flux based on thermal power, L and D; are the length and inner diameter

of the test section, accordingly. 7, w,i and T}, are the inner wall and bulk temperatures of the

test section, respectively at the axial location.

dT Do 1 T W,0
The Fourier's law of thermal conduction is expressed as O = —k4— or, _[Q— =—kA JdT
dD i dD

Ty
. The inside wall temperature (as shown in Eq. 6) was calculated based on the analytical
solution of the conduction equation, which involves the measured external wall temperature of
the test section as the boundary condition and the thermal resistance (temperature dependent)

of stainless steel.
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D; D
T,i=T,— Q °—logl =% -0.5 (6)
’ Y 27k, L (Df - Dl?) D;

In Eq. (6), QO represents the thermal power derived from bulk outlet and inlet temperature
difference of the working fluid, D, is the outer diameter, and k. represents the thermal
conductivity of stainless steel, and it is found from a linear curve fit of data found in the ASM
Handbook [41], the resulting linear fit for 4k, as a function of temperature is given by the

following function,

k,,(T)=0.0127xT +13.23188 (7)
The fluid local bulk temperature is interpolated using the Eq. (8) as,

"

S
X+ T (8)
me,,

Ty(x) = 1

where, S is the surface perimeter (S = 7D, for a circular tube), 1 is the mass flow rate, €, is

the specific heat, x represents the axial distance from the entrance of the test section, and the

fluid bulk inlet temperature is 7}, ;, .

Then, the local Nusselt number was evaluated by using the local convective heat transfer

coefficient (hy),

Nu, =—>- )

The dimensionless Reynolds number and Prandtl number can be estimated by using Eqs. (10)
and (11),

4m
wuD;

Reynolds number, Re =

(10)

Mass flow rate (m) = volume flow rate x density

13



¢ 1
Prandtl number, Pr = pT (11)

The value of pressure drop was required to estimate the Darcy-Weisbach friction factor:

2AP.D,
= P (12)
.p-v
Then Eq. (12) was modified to;
AP.p.7%.D?
/= 8 L.1in? | (13)

The pressure drop was found from the measurement of the differential pressure transmitter.

The required pumping power (Pp) of the fluid through the test section was calculated with Eq.
(14).

P =—AP (14)

The energy efficiency (77) for various weight concentration of nanofluids is the ratio of output

heat transfer (Q) over the devoted thermal power (¢”) [42]. This is shown in Eq. (15);

== (15)
q

Exergy loss refers to irreversible losses that occur outside the control volume. It is a loss in
work availability. In contrast, exergy destruction refers to irreversible losses within the control
volume [43]. Exergy losses can be minimised by reducing the temperature difference of heat
transport [44]. The rate of exergy loss is calculated by assuming there is no work or heat transfer
between the system and surroundings. Exergy loss for a steady state nanofluid cooling system

can be expressed by Eq. (16),
T
E,, = T{cm(;—f”ﬂ (16)
mn
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Exergy loss caused by a reduction in fluid pressure can be neglected for liquids, because they
are incompressible [45]. The environmental temperature (7%) is assumed to be the same as the

fluids’ inlet temperature. The heat capacity rate (C) can be calculated by using Eq (17).

C=c, m (17)

2.3. Uncertainty

The maximum possible error for the variables and parameters associated in this study are

calculated using the Kline and McClintock method [46], which can be expressed as follows;

2 2 2
UR = a_RUl + a_RUz +..... + a_Iel]n (18)
oX, X, oxX

when, Uris the uncertainty of the parameter R, and R is a function of the independent variables

X1, X2, ..., Xy with the certainty of U;, Ua, ...., U,.

Table 3 shows the vales of uncertainties from different instruments, and the uncertainties of

experimental parameters are summarised in Table 4.

Table 3. Uncertainties of instruments

Variable Uncertainty (%)
Wall temperature, Ty, 0.435

Bulk temperature, Ty 0.627

Load regulation 0.5

Differential pressure transmitter 0.004

Ultrasonic flow meter 3%

Table 4. Uncertainties of experimental parameters and variables

15



Variable Uncertainty error (%)

Heat transfer coefficient 0.50
Pumping power 5
Exergy loss 6

2.4. Validation

In this study, the Nusselt number and friction factor were validated in the laminar, transitional,
and turbulent flow regions by comparing the results with published data points. The results for
DI-water was utilised to validate the experimental set up, because there are no other results or
data points available in the existing literature for Al,O3/DI-water and CuO/DI-water nanofluids

at the same experimental conditions.

2.4.1. Nusselt number

Ghajar and Tam [25] proposed correlations for Nusselt number in the laminar and turbulent
flow regimes;

1

- 0.14
D. 3
Nuy,, = 1.24[(1«-, Pr —l] +0.025 (Gr Pr)ms} (ﬂ] (19)
X Hy
213
Local bulk Grashof number, Gy = gPp” D qm —13) (20)
)i
~0.0054 0.14
Nuty,,y = 0.023 Re®S pr03% | 2 6 @1)
Di Hy

16
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Fig. 2. Nusselts number vs. Reynolds number results compared with the correlations
introduced by Ghajar and Tam [25] for DI-water at x/D = 21.88.

Ghajar and Tam [25] formulated an equation for the transitional flow, and in this study, it was

modified for a developing length inlet condition;

—-0.935
Refrgns —Re

-0.935
Nutrans = Nulam te 63 + Nuturb (22)

Fig. 2 shows that, the Nusselt number vs Reynolds number results have good agreements
among the equations developed by Ghajar and Tam [25] with the allowable dissimilarity
approximately 1.90%, 2.62% and 2.1% in the laminar, turbulent and transitional flow regimes,
respectively, on average. This type of validation technique improves the confidence level in

the measurement as well as the data reduction methodology.
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2.4.2. Friction factor

Fig. 3 shows the friction factor versus Reynolds number results for DI-water compared with

-0.25

the Blasius equation (f =0.3164Re ), the Poiseuille equation ( f:%), and the
c

modified Blasius equation developed by Allen and Eckert [47]. They proposed that a viscosity

-0.25
correction factor, (&j , needs to be multiplied by the Blasius equation.
My

From Fig. 3, when considering the transitional flow regime, it starts at a Reynolds number of
approximately 1850. The shift from the transitional to turbulent flow regime begins at a
Reynolds number of roughly 2500, instead of the conventional Reynolds number value of 2300.
The late transition occurs due to the effect of the inlet of the test section as described by Meyer

and Olivier [29].

0.12 - —m— DI-water
2 ~e— Poiseuille Eq.
0.1 — —4— Blasius Eq.
- v Allen & Eckert Eq.
0.08 —

Friction factor
e
=)
X
|

0.04 — - \

600 1950 3300 4650

Reynolds number

Fig. 3. Friction factors of DI-water as a function of the Reynolds number.
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For the turbulent data, the results using the Allen and Eckert [47] equation correlate fairly well
with the experimental DI-water result with an average variation around 0.44%. The friction
factor of the Blasius correlation was observed to be about 9% lower than the value of
experimental result for DI-water. In the laminar flow region, around 20% dissimilarity was
found between the experimental and predicted (calculated by using Poiseuille equation) friction
factors. This may be because of the effect of secondary flow, which is capable of enhancing
the friction factor, particularly in a test section under constant and uniform heat flux boundary
conditions [48]. Tam and Ghajar [48] suggested that the friction factor in the laminar flow
regime increases with the increment of the overall heat flux. For this reason, there was a

difference between wall and bulk coolant temperature across the length of the test section [49].

3. Results and discussion

The local convective heat transfer coefficient as a function of axial distance along the test
section for Al,Oz/DI-water and CuO/DI-water nanofluids are presented in Figs. 4 and 5
respectively, with nanoparticle weight fractions 0.20 wt%, 0.30 wt% and 0.50 wt% in both the

laminar and turbulent flow regimes.

Under laminar flow, Re = 1400 (i.e. Fig. 4a and 5a), the local convective heat transfer

coefficient of both nanofluids showed a significant enhancement in comparison to DI-water.

The heat transfer coefficient is directly proportional to k/ 5t (where, 5t = thermal boundary

layer thickness). Therefore, an enhancement to the convective heat transfer coefficient may be
attributed to the increase of thermal conductivity as well as the delaying and disturbance of
thermal boundary layers. Previous studies have demonstrated the reasons for the improvement
in heat transfer of nanofluids, which include mixing effects of nanoparticles near the tube wall,

thermal conductivity enhancement, Brownian motion of particles, particle shape, size and
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migration, reduction of boundary layer thickness, and delay in the development of the boundary

layer [26, 50].
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Fig. 4. Local convective heat transfer coefficient of Al>Os/DI-water nanofluids along with
axial position. (a) Laminar flow (Re=1400); (b) turbulent flow (Re=2800).
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Fig. 5. Local convective heat transfer coefficient of CuO/DI-water nanofluids along with
axial position. (a) Laminar flow (Re=1400); (b) turbulent flow (Re=2800).
From the Figs. 4a and 5a, a higher value for the heat transfer coefficient was noticed at the
entrance of the experimental test section. This is because, the thickness of the thermal boundary
layer is zero at the beginning, which leads the heat transfer coefficient to infinity. Because, the
thermal boundary layer may be affected by the chaotic movement as well as Brownian motion
of the nanoparticles [51]. The thickness of the thermal boundary layer rises with the progression

along the axial distance until both the thermal boundary layer thickness and heat transfer
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coefficient are constant. Therefore, thermal conductivity enhancement, reduction in the thermal
boundary layer or both are the possible reasons for the improvement in the heat transfer
coefficient observed for the nanofluids. In addition, the Eq. (19) shows that the Nusselt number
is inversely proportional with the axial position of the test section, which also confirm the
observation of enhancement in the heat transfer coefficient with the decrement of axial position

in laminar flow regime.

The local convective heat transfer coefficient of Al2Os/DI-water and CuO/DI-water nanofluids
under turbulent conditions, i.e. Re= 2800, are illustrated in Figs. 4b and 5b. The convective
heat transfer coefficient increases with the progression along the axial positon of the test
section, which is on the contrary to the trend observed under laminar flow. Two different data
trends were reported for the laminar and turbulent flow regimes, because two different

mechanisms are apparent for heat transfer improvement in the two flow regimes [18]. The
thermal entry length is defined as X 7, ~ 0.05Re, PrD; and x 57, = 10D; for laminar flow and

turbulent flow condition, respectively [18]. Hence, there was a development in the thermal
boundary layer across all the axial positions under laminar flow, whereas, this development
was more than 10 times of its axial length for turbulent flow regime. Furthermore, the Eq. (21)
shows a proportional relationship between Nusselt number and axial positon of the test section,

which also support the trends shown in Figs. 4b and 5b.

As mentioned earlier in this section, the increase in the thermal conductivity and/or a decrease
in thermal boundary layer thickness helps to enhance the heat transfer performance of the
system, however, a rise in viscosity contributes to increasing the boundary layer thickness,
which may result in a reduction in heat transfer performance [52]. Therefore, comparing the

heat transfer of nanofluids with the base fluid by varying the Reynolds number is usually a best
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basis of comparison, because, the viscosity value of the nanofluid is larger than that of its base

fluid [10]. Such a comparison is shown in Fig. 6.

The results show that, the maximum enhancement in heat transfer coefficient of the 0.50 wt%
Al>Os/DI-water nanofluid was 11%, and the enhancement was 25% for the 0.50 wt% CuO/DI-

water nanofluid.
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Fig. 6. Convective heat transfer coefficient as a function of Reynolds number (a) AlbO3/DI-
water, and (b) CuO/DI-water nanofluids at x/D;= 110.

Under laminar flow conditions, the heat transfer coefficients for all fluids (DI-water and both
of the nanofluids with every weight fraction of nanoparticles) were almost same. This may be
attributed to the fact that the nanofluids exhibit shear thinning behaviour at low shear rates [30],
which increases the viscosity and hence, reduces the value of heat transfer coefficient of the

nanofluids.

When considering the transitional flow regime, the greater weight fraction nanofluids exhibited
earlier transition in comparison to lower weight fraction nanofluids. This is because, higher
weight fraction nanofluids have a larger value of viscosity, hence, the results shifted [21]. The
aluminium oxide and copper oxide nanofluids demonstrate converging and diverging trends at
the higher weight concentrations and Reynolds number, accordingly. This may be associated
with non-linear rheological behaviour of those nanofluids, and the attainment of shear

thickening behaviour at different shear rates [30].
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Fig. 7. Friction factor as a function of Reynolds number (a) Al,O3/DI-water, and (b) CuO/DI-
water nanofluids.

Fig. 7 demonstrates the friction factors of DI-water, AlbOs/DI-water and CuO/DI-water
nanofluids at different weight concentrations as a function of Reynolds number for the entire
flow range. The maximum changeable friction factor value with respect to DI-water were for
0.50 wt% Al;Os/DI-water and CuO/DI-water nanofluids. In the laminar regime, the average
friction factor for the 0.50 wt% Al,Os/DI-water and CuO/DI-water nanofluids were found to
be 10% and 2.9% lower than the friction factor of DI-water respectively. In the turbulent flow
regime, the average enhancement of the friction factor for both Al,Os/DI-water and CuO/DI-
water nanofluids with 0.50 wt% of nanoparticles were approximate 0.4% and 3.5%,
respectively when compared to DI-water. The friction factors of the 0.20 wt% Al,Osz/DI-water
and CuO/DI-water nanofluids were very similar to the friction factor of DI-water; this is most

likely due to the low weight concentration of nanoparticles in the base fluid.
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Fig. 8. Pumping power versus Reynolds number for DI-water, Al,O3/DI-water and CuO/DI-
water nanofluids with highest weight concentration of nanoparticle.

Fig. 8 shows the enhancement of pumping power as a function of Reynolds number. The
pumping power was similar for both of the nanofluids and DI-water at the low Reynolds
number, Re < 1800. As the Reynolds number increased above 1800, the pumping power of the
nanofluids began to increase. Therefore, pumping power becomes more significant for higher

mass flow rates, and as a result, it may influence the exergetic performance of the nanofluids

[53].

Pumping power is a function of the mass flow rate, density, and pressure drop (Eq. 14).
Increases in pressure drop during the flow of the working fluid is an important parameter in
determining the efficiency of nanofluids applications as the pressure drop and pumping power
of the working fluid are closely related. There are a few properties which could influence

pressure drop such as density and viscosity. It is expected that the pressure drop may increase
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with enhancements of the density and viscosity of the working fluid. This is one of the

disadvantages for nanofluids applications as a cooling liquid.

From the Fig. 8, the average pumping power enhancement for CuO/DI-water nanofluids was
3.9% with respect to DI-water in the transitional and turbulent flow regimes. In the case of
Al Os/DI-water nanofluids, there was a slight decrease in the pumping power in comparison to
DI-water. This may be attributed to the difference in viscosity and density of the Al,O3/DI-
water nanofluids. Hence, it was concluded that, Al,Os/DI-water and CuO/DI-water nanofluids
with a nanoparticle concentration of 0.5 wt% exhibit optimal heat transfer performance, with

reasonable pumping power consumption.

Fig. 9 shows the effective trend of energy efficiency as a function of the nanoparticle weight
fraction as well as the input power. The energy efficiency rises significantly as the nanoparticle
weight fraction and input power increases. The maximum energy efficiency was found for 0.50
wt% CuO/DI-water nanofluids at around 84% with 284 W input power, which was
approximately 11.4% higher than the average energy efficiency of DI-water. The enhancement

of energy efficiency of the 0.50 wt% Al,Os/DI-water nanofluid was 6.1% higher than DI-water.
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Fig. 9. Energy efficiency of nanofluids and DI-water with input power at different
nanoparticle weight fractions.

In this study, the maximum input power employed was 285 W, for input powers greater than
this magnitude the phenomenon known as the geyser effect may occur [54], which may
decrease the thermal efficiency of nanofluids. The enhancement in the energy efficiency for
both of the nanofluids was attributed to the effect of Brownian motion of the nanoparticle in
the base fluid, which improves the heat transfer between the fluid and the tube wall. Brownian
motion is an important feature which is utilised for micro-convection. It is apparent when the
size of the particles in a system is very small, hence, Brownian motion decreases, as the size
of the particle increases [55, 56]. However, Brownian motion is a result of the continuous
collisions between nanoparticle and nanofluid molecules, causing chaotic motion. With an
increase in the chaotic motion, this phenomenon may introduce an energy exchange throughout
the wall of the test section, and hence, the magnitude of heat transfer between the fluid and

tube wall increased considerably, leading to an enhancement of the energy efficiency.
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Fig. 10. Exergy loss versus Reynolds number with different weight fractions of nanoparticles
(a) AbOs/DI-water, and (b) CuO/DI-water nanofluids.

Fig. 10 illustrates the exergy loss variation with nanoparticle weight concentration for DI-
water, Al,Os/DI-water and CuO/DI-water nanofluids. DI-water showed the highest exergy loss
in comparison to the nanofluids for all weight fractions except the Al>Os/DI-water nanofluids

in the laminar flow regime. The best exergetic utilisation of a thermal system is found when
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the entropy generation is a minimum [57]. At greater nanoparticle weight fractions, the entropy
generation may decrease, and thus, comparatively an increase in exergy efficiency was
observed for the nanofluids than DI-water. Furthermore, it can be noted that the addition of
nanoparticles to the base fluid leads to an enhancement of the effective heat transfer surface
area. Therefore, in this study, the exergy loss was calculated using the Eq. (16), which is a
function of specific heat capacity, mass flow rate, as well as inlet and outlet temperature of the
working fluid. The specific heat capacity decreases with the increasing weight fraction of
nanoparticles. In addition, the mass flow rate increases with increasing weight fraction of
nanoparticles, because, it is dependent on the density of the working fluid. The reduction in the
specific heat capacity was more significant than the rise in mass flow rate of the nanofluids at
greater weight concentrations; as a result, the exergy loss was a minimum at the highest weight
fraction of nanoparticles. The above reasons may result in a reduction in the exergy loss while
using nanofluids. This result is in agreement with Khairul et al [31]. They analysed the exergy
loss of DI-water and CuO/DI-water nanofluids with three different volume concentrations of
nanoparticles, and concluded that the exergy loss decreased for an increasing volume fraction

of nanoparticles.

The experimental results were compared with the popular correlations proposed in various
studies. The Sundar and Sharma [34], and Lienhard [35] classical correlations were considered
for analysing the Nusselt number of Al,Os/DI-water and CuO/DI-water nanofluids in laminar
flow regime. Moreover, the Duangthongsuk and Wongwises [36], Dittus and Boelter [37], and
Vajjha and Das [38] proposed Nusselt number equations for turbulent flow were also applied

to compare the experimental Nusselt number. The correlations are demonstrated below;

Sundar and Sharma [34]

Nu = 0.2624(Re*86%) (Pr%3) (0.001 + ) *070% (23)
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Lienhard [35]
Nu=1.619(x")""3 (24)

2(x/D;)

. . . +
Dimensionless distance, x =
RePr

Duangthongsuk and Wongwises [36]

Nu = 0.074(R60'707 ) (Pr0.385) ((00.074)

(25)
Dittus and Boelter [37]
Nu = 0.023(Re®®) (Pr®3) (26)
Vajjha and Das [38]
Nu =0.065(Re ™% - 60.22) (1+0.0169¢% 1) (Pr%4?) (27)
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Fig. 11. Comparisons of experimental Nusselt number with proposed correlations at 0.50%
wt% of nanoparticle for laminar flow (a) Al,Os/DI-water, and (b) CuO/DI-water nanofluids.
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Fig. 12. Comparisons of experimental Nusselt number with proposed correlations at 0.50
wt% of nanoparticle for turbulent flow (a) AlO3s/DI-water, and (b) CuO/DI-water nanofluids.

The comparison between experimental Nusselt number and predicted Nusselt number
(calculated from Eqgs. 23-27) is demonstrated in Figs. 11 and 12 for laminar and turbulent flow
regime with 0.50 wt% of nanoparticle. It is observed that the experimental Nusselt number of
nanofluids was higher compared to the predicted Nusselt number. This may be associated with
the different experimental assumptions; the current experimental considerations may not be the
similar with other studies. In addition, SDBS was used in this analysis as a surfactant to stabilise
the AlbO3 and CuO nanoparticles, which may enhance the heat transfer performance of
nanofluids. However, some of the correlations (such as Dittus and Boelter) did not consider the

impact of volume concertation of nanofluids on the Nusselt number.

Consequently, the following correlations are introduced to fulfil the gap between the values of
experimental and predicted Nusselt number. The new Nusselt number correlations are a

function of Reynolds number, Prandtl number and nanofluids’ volume concentration.

For AlOs/DI-water in laminar flow regime
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For CuO/DI

Nu = 0.86(R60'205)(PI‘0'33) ((00.1)
-water in laminar flow regime

Nu = 1.04(R60'205)(PI‘0'33) ((pO.l)

For Al,Os/DI-water in turbulent flow regime
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Fig. 13. Comparison of experimental and predicted Nusselt number of nanofluids based
on the new correlation (a) laminar flow regime, (b) turbulent flow regime

The above developed correlations in Egs. (28) to (31) are valid under the laminar and turbulent
flow regimes for Al,O3/DI-water and CuO/DI-water nanofluids with the weight fractions from
0.20% to 0.50%. The Fig. 13 shows the variations of predicted Nusselt numbers (from Eqs. 28-
31) versus experimental Nusselt numbers. For the laminar flow condition, the newly proposed
correlations can predict the Nusselt number with a maximum deviation of +5% and -5% for all
the weight concentrations of Al2O3 and CuO nanofluids, whereas, the maximum variation was
found +8% and -5% for turbulent flow regime. There is a very good agreement between the
values of experimental Nusselt number and the predicted Nusselt number from newly
introduced equations. Therefore, the correlations proposed in this study may help to predict the
heat transfer potential of aluminium oxide and copper oxide nanofluids in both laminar and

turbulent flow conditions.
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4. Conclusion

ADLOs/DI-water and CuO/DI-water nanofluids with three different nanoparticles weight
concentrations were analysed in this study under laminar, transitional and early turbulent flow
regimes. Both the Al,Os/DI-water and CuO/DI-water nanofluids showed a noticeable rise in
heat transfer coefficient in comparison to the DI-water for all flow regimes (laminar,
transitional and turbulent). Moreover, this study also involved the analyses of friction factor,
pumping power, energy efficiency and exergy losses to determine the potential overall thermal
performance of different classes of nanofluid in a smooth stainless steel tube with vertical
orientation. Results showed that the friction factor was decreased as either the Reynolds
number as well as weight fraction of nanoparticles in the nanofluids increased. Pumping power
was also increased with the increment in nanoparticle weight concentrations due to higher
viscosity. Although, there was a penalty associated with the pumping power for nanofluids, it
was found that the energy efficiency of the nanofluids increased at higher nanoparticle weight
concentrations and input power. The 0.50 wt% CuO/DI-water nanofluid showed the highest
energy efficiency of about 84% at an input power of 284 W. Furthermore, new correlations
were introduced to predict the Nusselt number of aluminium oxide and copper oxide nanofluids

for laminar and turbulent flow regimes.

Based on the experimental observations in this study, it was concluded that CuO/DI-water
nanofluids has the highest energy efficiency and heat transfer coefficient, as well as lowest
friction factor and exergy loss. These characteristics make CuO/DI-water nanofluids an ideal

and prominent candidate for heat transfer fluids in thermal applications.
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Appendix A.

Thermocouple calibration procedure

The T-type thermocouples (range: -200°C to 350°C, uncertainty: 0.50°C) do not need to be
calibrated in the technical sense as this is done by Nl-instrumentation with the reference of
NIST calibration curves. However, all of the thirteen thermocouples were tested to confirm
that there was no connection or manufacturing flaws, which may involve erroneous readings.
The thermocouples were immersed in a well-maintained temperature bath at three different
temperatures, 41°C, 58.5°C, 91.5°C, respectively. The results were the average of 300 data

points, and shown in Table Al.

Table Al. Thermocouples testing result.

Avg. temperature (°C) Min. temperature (°C) Max. temperature (°C) Standard deviation (°C)

40.91 40.71 41.16 0.12
58.54 58.06 58.97 0.27
91.77 90.94 92.63 0.50
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It can be observed that the standard deviations are below or equal to the recommended

uncertainty of the T-type thermocouples.

Appendix B.

Differential pressure transmitter calibration procedure

Regular calibration of the differential pressure transmitter was performed to ensure accurate
pressure measurements. Firstly, a pressure transmitter as well as a digital calibration pressure
gauge (accuracy: 0.05% FS, range: 0 to 103.4 kPa, Michigan, USA) were connected to a Dwyer
low pressure calibration pump (output range: -40 to 40 kPa, Michigan, USA) with an adjusting
resolution up to 0.01 Pa. Later, the pressure in the pressure pump was gradually increased for
a range of pressure readings from 0 to 30 kPa. The pressure was recorded using a LabVIEW
program, which output the reading of the pressure drop of the transmitter. Then, the value was

compared with the reading of Dwyer digital calibration pressure gauge.
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Fig. B1. Calibration curve of the differential pressure transmitter.
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In this study, an offset trim was used without a slope trim to adjust the output of a transmitter
to compensate for mounting position and line pressure effects. According to the supplier,
typically, only an offset trim is required to adjust the calibration of a Rosemount Transmitter
in the practical field. An offset trim is an adjustment that shifts the position of the sensor
characterisation curve, but it does not affect the slope of the curve. This shift is illustrated in

Fig. BI.

Appendix C.

Ultrasonic flow meter calibration procedure

Calibration of the ultrasonic flowmeter was conducted using simple techniques for flow meter
calibration. The amount of fluid flow through the pipe of the test section was recorded with
respect to time, and compared with the results recorded in the LabVIEW program that
corresponds to the data point of volumetric flow rate of the working fluid through the test
section. There was very favourable agreement with the manual and LabVIEW measurement

data points shown in the Fig. C1.
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Fig. C1. Comparison of measurement of volumetric flow rate at different data points.

Appendix D.

Certificate of Analysis

AlLO3 nanoparticle

Average particle size is 10 nm, >99%

Table D1. Inductively Coupled Plasma (ICP) analysis for Al>O3 nanoparticle

Components Contents (ppm)
Ca <25
Fe <80
Cr <3.5
Co <2
Given by the supplier

CuO nanoparticle

Average particle size is 30-50 nm, >99+%

Table D2. Inductively Coupled Plasma (ICP) analysis for CuO nanoparticle

Components Contents (ppm)
Ba 0.8
Ca 400
Cd 24
Co 6.4
Fe 87
K 300
Mg 72
Mn 3.2
P 300
Pb 100
Sr 24
Zn 200
Given by the supplier
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