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Abstract: Engineered colloidal suspensions of nanoparticles in base fluids such as water, ethylene glycol,
and propylene glycol constitute nanofluids (NFs). Typically, metals, oxides, carbides, and carbon nanotubes are the
nanoparticles employed in NFs. NFs possess distinctive properties that offer potential advantages in various heat
transfer applications, including fuel cells, hybrid-powered engines, microelectronics, and pharmaceutical processes.
The convective heat transfer coefficient and thermal conductivity of NFs are higher than those of base fluids. This
study delves into the potential performance in heat transfer rate and fluid flow characteristics, specifically pumping
power, on a double-pipe heat exchanger using baseline water, iron oxide, and zinc oxide NFs at volume
concentrations ranging from 0.10% to 0.175% under a flow regime of 1700 to 3400. In this study, the NF and hot
fluid (hot oil) were moved in parallel- and counter-flow directions at flow rates of 1, 1.25, 1.5, and 2 (1.6x107 to
3.3x10° m%/sec) to determine the behavior of baseline water and NF when oil was heated at 60°C. The main
purpose of this investigation is to determine the maximum heat transfer rate from hot oil to cold fluid using zinc
oxide NF, iron oxide NF, and baseline water. In this study, maximum heat was transferred from hot oil to cold fluid
at various flow rates for zinc oxide NF compared with iron oxide NF and baseline water. The purpose of this study
was to experimentally examine the heat transfer rate and fluid flow characteristics, specifically focusing on
pumping power, of a double-pipe heat exchanger, utilizing baseline water, iron oxide, and zinc oxide NFs in the
heat exchanger, with a fixed inlet temperature of 60°C for the hydraulic oil. The enhancements in the heat transfer
coefficient, the Reynolds number, friction factor, and pumping power were also investigated under laminar and
turbulent flow regimes. The results showed that the heat transfer coefficient, friction factor, and pumping power of
Fe,O; and ZnO NFs are slightly greater than those of baseline water at volume concentrations of 0.100, 0.125,
0.150, and 0.175%. At any given volume concentration, the ZnO NF showed a higher heat transfer coefficient than
Fe,O; NF and baseline water because the thermal conductivity of the ZnO NF is higher than that of both fluids.
However, pumping power is consumed more using Fe,Oz; NF in both types of heat exchangers than other fluids
because of its higher density. Based on this study, heat is transferred between hydraulic oil ISO VG 64 (hot fluid)
and baseline water (cold fluid), while in previous studies, heat was supposed only transferred between hot and cold
water due to their applications. This study also focuses on addressing the challenges encountered by large
mechanical equipment bearings, such as overloading and overheating. To address these conditions, the oil was
processed and directed toward a double-pipe heat exchanger to efficiently transfer its heat to Fe,O3; and ZnO NFs.
The results suggest that the ZnO NF could function very well as a working fluid for industrial requirements
compared with other NFs and conventional baseline water.
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1. Introduction

Different nanoparticles are now used to enhance
various thermal properties of nanofluids (NFs), such as
heat transfer rate and thermal conductivity [1-2]. The
addition of nanoparticles to the base fluid increases the
thermal properties of the fluid [3]. NFs have unique
characteristics that could prove beneficial in various
heat transfer applications such as fuel cells, hybrid-
powered engines, microelectronics, and pharmaceutical
processes. The convective heat transfer coefficient and
thermal conductivity of NFs are higher than those of
base fluids. Sunil Kumar et al. carried out their
research on the thermal characteristics of zinc

oxide/water/ethylene glycol NF in a square duct. The
results revealed that the heat transfer coefficient is
increased in the square duct, which is 3.1 times greater
than that in the other ducts [4]. Gnanavel et al. focused
on the thermal performance of zinc oxide within a
rectangular twisted tape heat exchanger, analyzing its
effectiveness in transitioning from laminar to turbulent
flow. They compared the results with those of other
fluids and concluded that zinc oxide exhibits superior
heat flow characteristics [5]. Stephan et al. showed the
impacts of nanosized particles, their shape, and
concentration on the performance of NFs, i.e., heat
transfer coefficient and pressure drop. It was also
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shown that the heat transfer efficiency was increased
by 30% when using metal oxide NFs, and the results
were compared to those obtained with baseline water
[6]. Few other researchers have used water/silica and
iron oxide NFs. The Reynolds number with turbulent
flow is considered to be in the range of 30,000 to
45,000 at a volume fraction of 2% to 5%. The pressure
drop, performance evaluation criteria, and energy
efficiency were examined. The results suggested that
the water performance showed a lower value than
water/silica and iron oxides [7].

Zhou et al. revealed the characteristics of NFs in the
radiator of a car. Zinc oxide and aluminum oxide in
various proportions were mixed with propylene glycol
to obtain the NF. The result showed that a 46%
enhancement in the heat transfer rate occurred at a
0.2% volume concentration of zinc oxide-propylene
glycol NF [8]. Another study was conducted to
investigate fouling deposition on the surface of heat
exchanger tubes. It was found that the fouling factor
increased because of the increase in temperature and
volume concentrations [9]. This paper reveals the basic
ideas of energy storage by reducing its charging time.
In this investigation, the discharge time was reduced by
25% through the use of NFs. An experiment was
carried out on a double-pipe heat exchanger to
determine the heat transfer coefficient, friction factor,
and energy losses. The friction factor was increased
approximately 2.4 times in both parallel- and counter-
flow heat exchangers at the Reynolds numbers 6500
13000 [10]. The investigations focused on analyzing
the fluid flow and design characteristics of a heat
exchanger utilizing corrugated pipes [11]. The study
was conducted under a laminar flow regime using iron
oxide NFs with diameters of 20 nm at a volume
concentration of 0.08-01% to determine the heat
transfer characteristics and Nusselt number. The results
showed that heat transfer was increased about 12-26%
than that of pure water base fluid [12]. Various designs
of heat exchangers were used in various processing

devices and locations.

2. Literature Review

2.1. Heat Exchanger Design

The design of a heat exchanger plays a vital role in
determining  hydrothermal  characteristics. ~ The
operational parameters of the heating device were
analyzed numerically under laminar flow conditions
[13]. The researchers presented their work on
numerical analysis and CFD. Numerical analysis was
performed in a counter-flow heat exchanger using
various types of metallic oxide: Al,Os;, CuO, and TiO.,.
It is revealed that the heat transfer rate was increased in
NFs compared with baseline water [14]. The authors
focused on the numerical study of double- and triple-
pipe heat exchangers and found various fluid
characteristics [15]. The objective of this study was to
experimentally  investigate the heat transfer
characteristics of NF containing zinc oxide
nanoparticles with a diameter of 30 nm. The NF
demonstrated superior performance compared to water
at flow rates of 2, 4, and 6 LPM [16]. The authors
presented their work on various thermal characteristics
using aluminum oxide, copper oxide, zinc oxide, and
water in a test rig using various volume concentrations,
i.e.,, 0.025% -0.1%. From experimental results, it was
shown that titanium oxide produced better heat transfer
rates than other NFs [17].

This paper aimed to prepare the best NF solution
that enhances the thermal properties of the fluid on a
large scale. The solution was prepared by mixing 30-
nm-diameter ZnO nanoparticles in water and passing it
through a heat exchanger at volume flow rates of 2, 4,
and 6 LPM. Furthermore, the heat transfer
characteristics are influenced by various parameters
such as the shape, size, and concentration of
nanoparticles [19]. Table 1 shows the thermal
properties of the nanoparticles.

Table 1 Thermal properties of the nanoparticles [18]

N, Density (kg/m®)  Thermal Cond. (W/m. K)  Specific heat capacity (J/kg. K) Appearance
Iron oxide (Fe,O3) 8800 7 104 Radish powder
Zinc oxide (ZnO) 5600 13 667 White powder

The objectives of this study are to improve heat
transfer rates and experimentally analyze the pumping
power consumption. Actually, this study focuses on the
use of iron oxide and zinc oxide NFs as coolants in a
double-pipe heat exchanger. The goal is to analyze
their performance under different flow rates and
operating temperatures for both the hot and cold fluids.
One of the primary factors considered in selecting this
study is the potential for enhancing industrial
applications through the utilization of nanoparticles in
the base fluid. This approach aims to achieve superior
results in both types of heat exchangers. Another
criterion for selecting the objective is the thermal

conductivity of nanoparticles, which can improve fluid
flow characteristics, pressure drop, and pumping
power.

In addition, this study delves into the stability of
NFs and the methods used in their preparation. This
study is applicable to industrial processing where hot
and cold fluids exchange their maximum possible heat.
During this investigation, heat was transferred solely
from hot oil to cold NF. This unique aspect of the study
sets it apart from other research in the field. Moreover,
the Nusselt number was measured and calculated, then
compared with the correlation equation. It was
determined that the experimental and theoretical
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correlations closely aligned with their respective
values. A NF is a combination of nanosized particles of
metals or metal oxides in the base fluid and is used in
various human activities and industrial processes. This
discovery has a wide range of applications, including
heating processing equipment, heat exchangers, power
engineering devices, the chemical industry, medicine,
solar collectors, and electronic devices.

3. Research Methodology

In this study, baseline water, iron oxide (Fe,O3), and
zinc oxide (ZnO) NFs were used as coolants in a
double-pipe  heat exchanger (DPHEXx). The
experimental test rig used in this study is shown in Fig.
1. The test section of the rig consists of two concentric
tubes, each containing hot and cold fluids that flow in
the counter-flow direction. Additionally, there is an oil
storage tank equipped with an oil pump, a gate valve,
and a ball valve (BV) for regulating the flow of the hot
and cold fluids. The test section consists of a 0.91-m-
length copper pipe with inner and outer diameters
measuring 0.545 and 0.625 inches, respectively. To
reduce the heat losses from the tubes, an insulating
material is employed. Thermocouples are installed in
the inlet and outlet of the hot and cold fluid pipes to
measure the temperature.

Th1 Th2
Tez I | l Te1
I - Double pipe - |
{ Heat exchanger -
— gl | = -
Flowmeter Flowmeter
Cold semiar alreyijt I -
-
E =
| - =
= e =
- -
— _L‘— i _] "-L
- = - =
—y - = g
Pump2  Hot Nanofiuid | " Pump1
tank
Cold water

Fig. 1 Schematic of the test rig (The authors)

The storage tank is constructed from stainless steel
and designed for storing cold fluid, specifically Fe,O;
and ZnO NF. Thus, NFs are moved through the pump
toward the double-pipe heat exchanger to absorb more
heat from hot fluid, i.e., hydraulic oil ISO VG 68.
During the experiment, the flow rate, wall temperature
of the test rig, and inlet and outlet temperatures of hot
and cold fluids were measured separately. All T-type
thermocouples were calibrated using a programmable
calibrator with an accuracy of £0.1. The uncertainty of
the voltmeter was also +0.1. Moreover, the flow rates
of NFs were calculated using a digital flow meter with
an uncertainty of +0.1. Upon completion of the
operational testing of the test rig, measurements were
taken for pressure difference, flow rate, temperature,
voltage, and current using the installed devices. The

readings obtained were found to be appropriate for
determining the heat transfer coefficient and other
thermal performance parameters. Before operating the
test rig, the oil storage tank was filled with hot fluid,
specifically 1SO VG-68 hydraulic oil, up to the
standard level. The oil was then heated at 60°C. The
flow rate was controlled in the range of 1-2 LPM.
Finally, samples of oil and NF were collected to
measure a range of thermal properties, including
viscosity, density, specific heat, and thermal
conductivity of the NF. Fig. 2 shows various laboratory
devices through which thermal properties, i.e.,
viscosity, density, and thermal conductivity of the NF,
were measured separately.

—

=S (\
Fig. 2 Measuring devices (The authors)

S

3.1. Sample Preparation and Measurements

A NF is a balanced mixture of Fe,O; and ZnO
nanoparticles suspended in baseline water. The NF was
created by dispersing iron oxide (Fe,O3) and zinc oxide
(ZnO) nanoparticles in baseline water, with particle
sizes of 20 and 30 nm, respectively. The concentrations
used were 0.100%, 0.125%, 0.150%, and 0.175% by
volume. Moreover, when solid particles with high
thermal conductivity are added to the baseline water,
the heat transfer rate and pumping power are higher
than those of the ordinary base fluid. Fig. 3 shows a
flow diagram of the research methodology. Fe,O3; and
ZnO nanoparticles in dry powder form, with average
particle sizes of 20 and 30 nm, respectively, were
procured from the market. The nanoparticles were
mixed in baseline water at their volume concentration
to create a high-quality NF solution using the standard
method outlined below:

(ij

_\pop wbf |

¢_(ij+[pbfj 100 (1)
PP

where pp and pbf - densities of nanoparticles and base
fluid, respectively (kg/m®), W,y - weight of base fluid
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(liters), and W, - weight of nanoparticles (kg). The
stability of the NF is a very essential parameter for
absorbing more heat from hot fluids. Numerous
methods are applied for NF stability, i.e., single-step
and two-step methods. These methods are highly
preferred and applied due to their higher efficiency.
Moreover, in this study, the NF was prepared by
mixing Fe,O; and ZnO nanoparticles in a baseline
using a two-step method with a concentration range of
0.10-0.175% by volume. Following this method, a
stabilization process was implemented to prevent the
potential agglomeration of nanoparticles in the baseline
water, resulting in a highly effective suspension. The
hot plate magnetic stirrer method is utilized for a
continuous period of 2-3 hours to effectively blend the
nanoparticles into the baseline water. It is anticipated
that the NF will remain stable for an extended period,
lasting at least 24 h. Thus, the stabilized NF was
obtained using the two-step method and transferred to
the double-pipe heat exchanger for selecting either a
parallel- or counter-flow arrangement. During the final
stage of the test rig process, temperatures of the hot and
cold fluids were recorded. Subsequently, samples of
the NF were collected. In this way, various thermal
properties were measured successfully using calibrated
devices.

Temperature
measurement of Hot &

- Cold fluids

Nano Powder from
market

Baseline water+Np
(Fezo’ & Zn0)

Nanofluid
(Stabilized)

Fig. 3 Flow diagram of the research methodology (The authors)

Table 2 displays the specific positions of BVs in the
double-pipe heat exchanger during operation. The table
allows the selection of parallel- and counter-flow
arrangements by opening or closing the BVs.

Table 2 Valves and their positions (The authors)

Valve Parallel flow Counter flow
BV-1  Open Closed

pnt = ¢.pp+(1- ) bt

where pp and pbf are densities of the nanoparticle and
base fluid, respectively.

mnf = (1+2¢) 1

BV-2 Closed Open
BV-3  Open Closed
BV-4 Closed Open

The heat was produced by heating hydraulic oil at
the desired temperature within the double pipe of the
heat exchanger. To maintain optimal operating
conditions, it is necessary to remove or reduce this heat
by circulating another fluid, such as baseline water or
NF, in either the parallel- or counter-flow direction.
During the contact between the surfaces of both pipes,
heat was transferred from the hot fluid to the cold fluid.
The rate of heat transfer from the hot fluid to the
coolant is calculated as follows:

Qw=mw Cpw (Tin-Tout) (W) 2
Qnf =mnf Cpnf (Tin - Tout) (W) (3)
Heat flux:

g" = Q/TIDL (Watt/m2) 4)

where Q is the heat transfer rate in watts, D is the
diameter of the pipe in meters, and L is the length of
the pipe in meters.

Heat transfer coefficient:

h=(")(Tw -Th) (5)

where h is the convective heat transfer coefficient in
W/m?.K, Tw is the wall temperature in °C, Tb is the
bulk temperature in °C.

The Nusselt number:

Nu=h—D

” (6)

where h is the convective heat transfer coefficient in
W/m?.K, D is the diameter of the pipe in meters, K is
the thermal conductivity of the fluid in W/m.K.

The Reynolds number:

_p\VvD
MU

where p is density of the fluid in Kg/m®, V is velocity
of the fluid, D is the diameter of the pipe in meters, and
wis dynamic viscosity of the fluid in Pa.sec. The
correlation equations developed by Pak and Cho et al.
[19] can be utilized to estimate thermal properties of
NFs.

Density of the NFs:

(8)

Re (7)

Effective viscosity of the NFs:

©)



Shah et al. Heat Transfer Enhancement and Pumping Power Characteristics of Fe203 and ZnO Nanofluids in a Double-Pipe Heat Exchanger,

49

\ol. 51 No. 4 April 2024

where pf is dynamic viscosity of the NF in Pa.sec, and
¢ is the volume concentration of np in %.
Pumping power:

_nf _ (ﬁ)/\o_25_ (&)/\2 (10)
W Hot Pt

where i, is dynamic viscosity of the NF in Pa.sec, and
Pny is the density of the NF in kg/m®.

4. Results and Discussion

4.1. Density and Viscosity of Fe,O;and ZnO NFs

The addition of Iron oxide (Fe,O3) and zinc oxide
(Zn0O) nanoparticles to the baseline water resulted in an
increase in the density of both fluids. The density of
Fe,Os; NF is greater than that of ZnO NF because the
density of iron oxide is higher than that of zinc oxide at
the same operating temperatures. The density of both
NFs was measured using a pycnometer. The results
obtained can be compared with correlation equation
(8), revealing a strong agreement between theoretical
and experimental results for Fe,0; and ZnO NFs at
volume concentrations of 0.100%, 0.125%, 0.150%,
and 0.175%. The density of the baseline water
increased with the addition of nanoparticles, as
demonstrated by the notable increment in densities.
This increase in densities is illustrated in Fig. 4. The
maximum increment from iron oxide is recorded as
1033 kg/m®, making it denser than other fluids.

1035

1030

1025

1020

1015
@Fe203

[ pdyle]

pnf (kg/m?)
S
5

1005

1000 -+

995

0.1 0125 015 0175
Volume concentration, %

Fig. 4 Density of Fe,0zand ZnO NFs at various volume
concentrations (The authors)

Density is a crucial factor in the calculation of heat
transfer. The density of NF varies with changes in
temperature. As the temperature rises, the density of
both fluids decreases, as illustrated in Fig. 5. It is
shown that the density and thickness of Fe,O; and ZnO
NFs decrease continuously due to continuous heating.

The mixture of Fe,O3; and ZnO nanoparticles in
baseline water at concentrations ranging from 0.10% to
0.175% resulted in increased viscosity compared to
baseline water. Thus, a higher viscosity was observed
in the Fe203 NF than the baseline water and ZnO NF.
The maximum viscosity of iron oxide was measured at
a volume concentration of 0.175%, as depicted in Fig.
6. The maximum viscosity of iron oxide was measured
at 0.001 N-s/m?. The viscosities of Fe,05 and ZnO NFs

were experimentally measured using an Angler
Viscometer and compared with the theoretical
correlation equation (9). Before obtaining any results
from the device, it underwent calibration.
Subsequently, the results were collected. The viscosity
of NFs mainly depends on volume concentration,
temperature, and particle size [18]. Viscosity of Fe,0Os
and ZnO NF decreases as the temperature of the NF
increases. Their viscosity decreases as they are heated.
This is attributed to the increase in the absolute
temperature.
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Fig. 5 Density of Fe,Ozand ZnO NFs at various temperatures (The

authors)
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Fig. 6 Viscosity of Fe,0Ozand ZnO NFs at various concentrations
(The authors)

4.2. Thermal Conductivity of Fe,Os;and ZnO NFs at
Various Concentrations

Various theories have shown that the thermal
conductivity of NFs is greatly influenced by factors
such as particle shape, size, concentration, and
temperature. When Fe,O3; and ZnO nanoparticles are
combined in the baseline water, the thermal
conductivity of the NF is enhanced. This enhancement
has the potential to increase the rate of heat transfer
between hot and cold fluids. The random movement of
nanoparticles in the baseline water increases
agglomeration, which may increase the density and
pumping power of the heat exchanger.

According to Fig. 7, it is evident that the thermal
conductivity of the zinc oxide NF is greater than that of
the iron oxide NF. This is due to the higher thermal
conductivity of zinc oxide particles than iron oxide
particles. The highest increase in thermal conductivity
was observed in zinc oxide NF at a concentration of
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0.175% by volume. This enhancement is illustrated in
Fig. 7. The maximum thermal conductivity of zinc
oxide is recorded as 0.71 W/m.K. The thermal
conductivity of Fe,O; and ZnO NFs was
experimentally measured using a thermal conductivity
apparatus. The results were compared with the
theoretical correlation equation.

0.72

0.7 —

= BzZn0

E— OFe203

0.1 0.125 0.15 0.175
Volume concentration, %

Fig. 7 Thermal conductivity of Fe,Ozand ZnO NF at various
concentrations (The authors)

4.3. Effect of Volume Concentration on the Heat
Transfer Coefficient and Friction Factor

The addition of zinc oxide and iron oxide
nanoparticles to the baseline water is crucial for
improving the convective heat transfer coefficient,
Nusselt number, and other thermal performance
parameters in parallel- and counter-flow heat
exchangers. We conducted an  experimental
investigation to measure the thermal performance of
both types of heat exchangers, involving dispersing two
types of nanoparticles, Fe203 and ZnO, in baseline
water at volume concentrations of 0.100%, 0.125%,
0.150%, and 0.175%. Forced convection heat transfer
was utilized in the pipes, with the fluid flowing under a
laminar flow regime facilitated by a pump. The
experimental conditions used in this study were as
follows:

(1) The Reynolds number of NF varied from 1600
to 3400.

(2) The temperature of the hot fluid was measured
at 60°C.

(3) The mass flow rate ranged from 1 to 2 LPM,
with increments of 0.25 LPM.

The impact of volume concentration on the
convective heat transfer coefficient in parallel and
counter flows is illustrated in Fig. 8.

4500
X

4000
2 X u # Parallel Fe203
‘= 3500 s
= X
2 3000 i * M Parallel ZnO
[_5‘ [ ]

2500 =
= 'S L g *
ac 2000 Counter Fe203

2Ly ! ! ! ! < Counter ZnO

0075 0.1 0.125 015 0175 0.2
Volume concentration, %

Fig. 8 Effect of volume concentration on the heat transfer

coefficient in parallel and counter flows (The authors)

Fig. 8 displays the results of an experimental study
on the convective heat transfer coefficient for baseline
water and NF in a double-pipe heat exchanger. From
Fig. 8, it is clear that the convective heat transfer
coefficient increases as the volume concentration
increases. The experimental results show that the
suspension of nanoparticles in baseline water enhances
the heat transfer coefficient. However, the
enhancement was achieved because of the greater
thermal conductivity of both Fe,O3; and ZnO NF than
baseline water. A higher convective HTC was observed
in the counter-flow direction than the parallel-flow
direction when operating under laminar flow
conditions. Based on Fig. 8, the counter-flow direction
showed a higher heat transfer rate for ZnO NF than
Fe,Os; NF. This can be attributed to the higher thermal
conductivity of Fe,O; NF than ZnO NF. The highest
increase in convective heat transfer coefficients for
Fe,O; and ZnO NFs reached 3888 W/m2.K and 4112
W/m*K, respectively, at a volume concentration of
0.175%. Fig. 9 illustrates the impact of the Nusselt
number on NF at various flow rates across different
Reynolds numbers. According to Fig. 9, the Nusselt
number increases with an increase in flow rates. This is
due to the higher volume concentration of
nanoparticles in the base fluid and the higher thermal
conductivity of both nanoparticles. Therefore, the heat
transfer rate increases the Nusselt number of both water
and NF. Thus, the Reynolds number of the water
baseline, Fe,03;, and ZnO NF for the laminar flow
regime ranges from 1330 to 3400. The Nusselt number
range for both water and NF was observed to increase
from 50 to 95. The increase in the Nusselt number was
attributed to the Brownian motion and chaotic
movement of the base fluid and NF within the double-
pipe heat exchanger. Therefore, a higher Nusselt
number is obtained at a higher Reynolds number. Fig. 9
demonstrates a strong correlation between the
measured data and the results obtained from the
correlation equations. This figure indicates that this
study closely aligns in accuracy with the correlation
established by Acharya et al. [17].

100
920 *
¢ n
80 & 7
57 LI
= # Gryta et al., 1997)
E 60 2
g
Es0
o M Acharya etal.,
740 1992, 2001
Z b )
Z.30
Present work
20
10
0 . . . .
0 1000 2000 3000 4000
Reynolds number

Fig. 9 Comparison of the Nusselt number obtained from
calculations using the correlations developed by Gryta et al. [16]
and Acharya et al. [17] (The authors)
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The experimental results for the Nusselt number and
friction factor using a 0.1% ZnO NF were compared
with the results obtained from theoretical correlation
equations. The equation proposed by Gryta et al. [16] is
defined as follows:

Nu = 0.298Re"0.646 Pr*0.316 (11)

where Re is the Reynolds number, and Pr is the Prandtl
number.
The Prandtl number of NFs:

Nu =0.69(r/R) ~ 0.13* Re™0.5* Pr*0.43

Filonenko’s model:

f(th)=1In.Re.0.790-1.64

The Blasius model:

f(th) = (100.Re) - ¥4

The friction factor is a critical component that
significantly impacts the resistance and obstacles
encountered by a moving fluid. This study examined
the impact of different volume concentrations of Fe,O3
and ZnO NPs mixed in baseline water on the friction
factor. The results showed that the higher densities and
viscosities of the fluids led to an enhancement in the
friction factor. Thus, fluid friction has significant
impacts on pressure levels and the amount of power
required for pumping. To reduce the agglomeration of
nanoparticles, it is recommended to increase fluid
motion by raising velocities and flow rates within the
test section. Therefore, friction losses can be
minimized by increasing the fluid's movement and
motion. A higher velocity of fluid causes a higher
Reynolds number but reduces the friction among fluid
particles, which reduces the pumping power. The
friction factor increases as the volume concentration
increases and decreases as the Reynolds number
increases, as shown in Fig. 10.
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Fig. 10 Comparison of the friction factors obtained by Gryta et al.
[16] and Acharya et al. [17] (The authors)

— Cpnf '/unf
Kk

where cpnf is the specific heat of the NF in J/kg.K,
unf is dynamic viscosity of the NF in Pa.sec.
The specific heat cpnf of NF is given as

cpnf =gepp+ (1- @) cpbf (13)

where cpnf,cpbf, cpp are specific heats of the NF, base

fluid, and nanoparticle in J/Kg.K, and @ is the

percentage volume concentrations of nanoparticles.
The Acharya et al. [17] equation is defined as

(14)

Pr (12)

nf

(15)

(16)

Fig. 10 illustrates the strong agreement between the
experimental and theoretical results of the ZnO NF.
This figure demonstrates that our research closely
aligns with the Blasius model in terms of accuracy. In
this study, Fe,Os; and ZnO NPs were mixed in baseline
water to determine the effect of the wvolume
concentration of nanoparticles, friction factor, mass
flow rate, Reynolds number, and pumping power on
the heat transfer coefficient. Fig. 11 demonstrates that
adding 0.175% Fe,O; and ZnO nanoparticles to the
baseline water results in a higher friction factor than
the baseline water alone. This is attributed to the higher
density and viscosity of the Fe,O; NF than the ZnO NF
and baseline water. At a higher Reynolds number, the
ZnO NFs showed a lower friction factor than Fe,O; NF
at a given mass flow rate.
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Fig. 11 Analysis of the relationship between the measured friction

factor and Reynolds number (The authors)

4.4. Effect of Volume Concentration and Flow Rate
on Pumping Power
Power consumption is a critical factor in energy
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efficiency. If nanoparticles are added to water, the
viscosity of the base fluid increases, leading to a rise in
pressure drop within the test section. The increased
pressure drop corresponds to the increased pumping
power required for the flow per unit length. Fig. 12
illustrates the relationship between pumping power and
the volume concentration of Fe,O5; and ZnO NFs.

0.992

& 0.991 %
g Pl
g 0.99 /
4 0.989
oo /ol
= T 0988 /
5 B 0.987
z = /0/ —0—Fe203
9 2 0.986
a & / J:I/D
%“ 0.985 —0-17n0
£ Vo '_/
= 0984
5 D/H
& 0983

0.982 . : ‘

0.075 0.1 0.125 0.15 0.175 0.2

Volume concentration, %

Fig. 12 Effect of volume concentration on pumping power in both
flows at 1-2 LPM (The authors)

Adding 0.175% Fe,O3; nanoparticles to the baseline
water resulted in an increase in pumping power,
specifically by 5.4%, compared to the baseline water
alone. This enhancement can be attributed to the higher
density of the Fe,O3; NF than the ZnO NF and baseline
water. The concept of pumping power involves the
partial power consumption of the heat exchanger while
it is in operation. By increasing the volume
concentrations of the baseline water, pumping power
can enhance consumption, leading to an increase in the
heat transfer coefficient. Although the full consumption
of pumping power cannot be eliminated, improvements
can be made to enhance its efficiency. The pumping
power of NF and base fluid ranges from 0.983 to 0.991
at volume concentrations between 0.10% and 0.175%.

As fluid velocity increases, the heat transfer rate
decreases in NFs due to the sustained temperature
difference caused by higher Reynolds and Nusselt
numbers in the parallel- and counter-flow directions.
According to Fig. 13, it is evident that increasing the
flow rate of NFs at different volume concentrations
results in an increase in the pumping power of both
NFs in the parallel- and counter-flow directions. The
increase in pumping power is a result of the higher
density and viscosity of the NFs. Therefore, more
friction and pressure drop are induced in both
directions of NFs. Moreover, significant power is
required for the mixing of Fe,O; and ZnO NFs in the
baseline water. The consumption of high power,
measured at 0.0012 W and 0.0011 W, was observed in
both Fe,O3; and ZnO NFs when operated at a volume
flow rate of 2 LPM. According to Fig. 13, Fe,Os NF
consumes more power than ZnO NF due to its higher
density and viscosity. It demonstrates that the
efficiency of the heat exchanger improved when
utilizing Fe,0O; and ZnO NFs at different flow rates.
Moreover, a higher flow rate results in increased

efficiency of the heat exchanger. Therefore, the
efficiency of the counter-flow direction is greater than
that of the parallel-flow direction.
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Fig. 13 Effect of NF speed on pumping power in both flows (The
authors)

5. Conclusion

The experimental findings suggest that utilizing
NFs containing 0.10-0.175% volume concentrations of
iron oxide Fe,O; and zinc oxide ZnO, at various
volume flow rates, results in improved heat transfer
coefficients, Nusselt numbers, friction factors, pressure
drops, and pumping powers than using baseline water.
This is due to the higher density and thermal
conductivity of Fe,O; and ZnO NFs than baseline
water. The major findings of this research can be
summarized as follows:

The dispersion of Fe,O; and ZnO nanoparticles in
the baseline water exhibited a higher density than the
baseline water alone. Moreover, by utilizing Fe,O; and
ZnO NFs, the densities were maximally enhanced by
24% and 3.1%, respectively, when the particle
concentration reached 0.175%, as compared to the
baseline water. The average heat transfer coefficient
increases as the volume concentration increases,
thereby improving the thermal physical properties of
the fluid. The average heat transfer coefficient for ZnO
NFs showed a significant improvement, increasing
from approximately 17% to 36% in both parallel- and
counter-flow directions compared to iron oxide Fe,O3
NFs. This improvement can be attributed to the higher
thermal conductivity of ZnO. Adding 0.175% Fe,0s
and ZnO nanoparticles to the baseline water led to a
5.2% and 3.1% increase in friction factor, respectively,
as a result of the greater density of both NFs than
water. Additionally, approximately 0.56%-1.1% more
pumping power was consumed for ZnO and Fe,O3 NFs
than baseline water using a 0.175% volume
concentration because of the higher density and
pressure drop of Fe,O3 NF compared to ZnO NF and
baseline water. Thus, the results suggest that ZnO NF
at a 0.175% volume concentration functioned very well
as a working fluid for industrial requirements
compared with Fe,O3 NFs and conventional baseline
water. The primary objectives of the study were to
improve heat transfer rates and experimentally analyze
the pumping power consumption. This study focused
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on the utilization and preparation of iron oxide and zinc
oxide NFs as coolants. The NFs were tested in both
types of double-pipe heat exchangers to analyze their
behavior at different flow rates and operating
temperatures. One of the primary criteria for selecting
this study was to explore the utilization of
nanoparticles in industrial applications to achieve
superior results in heat transfer enhancement in both
types of heat exchangers. Based on this discovery, zinc
oxide outperformed iron oxide due to its superior
thermal conductivity.

5.1. Comparison with Other Studies

Pumping power is a crucial factor in optimizing
energy efficiency and conservation within the test rig.
In previous studies, the pumping power consumption
was higher compared to this research conducted using
various mass flow rates with 0.2% and 0.3% volume
concentrations of zinc oxide (ZnO) in the double-pipe
heat exchanger.

Furthermore, Fig. 14 illustrates that this study
exhibits a superior heat transfer rate of 5431 watts
when the mass flow rate is 0.03 kg/s. Moreover, in the
previous study, the heat transfer rate was 3941 watts at
a mass flow rate of 0.029 kg/s. In the figure, blue and
red bars represent this and previous works.

Comparison between Previous and Present work
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Fig. 14 Comparison of previous and this studies at 1-2 LPM (The
authors)

5.2. Implications of the Study

This study also focused on NF stability and its
preparation method. This study is applicable to
industrial processing where hot and cold fluids
exchange their maximum possible heat. Moreover, in
this investigation, heat was transferred only from hot
oil to cold NF, which is a novelty and main finding of
this investigation that could not be found in other
studies. Moreover, the Nusselt number was calculated,
followed by a comparison with the correlation
equation, and it was found that experimental and
theoretical correlations meet their closeness values.
The implications of this discovery extend to heating
processing equipment, heat exchangers, power
engineering devices, the chemical industry, medicine,
solar collectors, and electronic devices.

5.3. Recommendations for Future Research

In the future, a hybrid nanofluid consisting of iron
oxide, copper oxide, and zinc oxide may be utilized to
improve heat transfer capabilities beyond the
parameters explored in this study. This may enhance
the thermal properties of the hybrid NF.

Nomenclature
np nanoparticle Re the Reynolds number
NF nanofluid Thl  temperature of the hot
fluid at the inlet
HX heat exchanger Th2  temperature of the hot
fluid at the outlet
Al,O;  aluminum oxide Tcl  temperature of the
cold fluid at the inlet
nm nanometer Tc2  temperature of the
cold fluid at the outlet
LPM liters per minute CuO  copper oxide
GPM  grams per minute
BV ball valve HTC heat transfer
coefficient
GV gate valve Avg. average
Wp weight of the particle Nu the Nusselt number
pbf density of the base fluid  C, specific heat capacity
Fe,O; iron oxide Tw wall temperature
1SO International Standard Wof dynamic viscosity of
VG Organization viscosity the base fluid
grade
f friction factor Th bulk temperature
hpt convective heat transfer Pr the Prandtl number
coefficient of the base
fluid
K thermal conductivity P nf  pressure drop of the
nanofluid
°C degree Celsius TiO, titanium oxide
ZnO zinc oxide o) volume concentration
Tw wall temperature Th bulk temperature
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