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Abstract: For companies, notably in the realms of energy and power supply, the essential requirement
for highly efficient thermal transport solutions has become a serious concern. Current research
highlighted the use of metallic oxides and carbon-based nanofluids as heat transfer fluids. This work
examined two carbon forms (PEG@GNPs & PEG@TGr) and two types of metallic oxides (Al,O3 &
S5i0,) in a square heated pipe in the mass fraction of 0.1 wt.%. Laboratory conditions were as follows:
6401 < Re < 11,907 and wall heat flux = 11,205 W/m?. The effective thermal-physical and heat
transfer properties were assessed for fully developed turbulent fluid flow at 20-60 °C. The thermal
and hydraulic performances of nanofluids were rated in terms of pumping power, performance
index (PI), and performance evaluation criteria (PEC). The heat transfer coefficients of the nanofluids
improved the most: PEG@GNPs = 44.4%, PEG@TGr = 41.2%, Al,O3 = 22.5%, and SiO; = 24%.
Meanwhile, the highest augmentation in the Nu of the nanofluids was as follows: PEG@GNPs = 35%,
PEG@TGr = 30.1%, Al,O3 = 20.6%, and SiO; = 21.9%. The pressure loss and friction factor increased
the highest, by 20.8-23.7% and 3.57-3.85%, respectively. In the end, the general performance of
nanofluids has shown that they would be a good alternative to the traditional working fluids in heat
transfer requests.
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1. Introduction

There was a lot of consideration in the production of working fluids with superior
thermal characteristics to enhance heat transfer efficiency in heated pipes [1,2]. The latest
research on nanofluids indicates that suspending extremely thermally conductive nano-
materials into the base fluid (e.g., water (DW) or Ethylene glycol (EG)) increases thermal
conductivity, an increase in the base fluid’s convective heat transfer rate [3,4]. Reducing
thermal boundary layer thickness generated by the existence of nanomaterials and their
random movement within the base fluid might have a significant impact on such convective
heat transfer coefficient augmentation [5,6]. An increase in the nanoparticle mass/volume
concentration frequently improves the heat transfer rate of the base fluid. Adding more
nanomaterials to the base fluid enhances the Brownian motion-driven variations in the
fluid, which leads to a fast heat transfer from the wall to the nanofluid [7,8].

In the heat transfer and hydrodynamic applications, thermal conductivity shows a
crucial role in evaluating nanofluid thermal efficiency, which has been calculated based
on different factors, involving inlet temperature, nanomaterial types and mass percent-
age, the nanostructure of particles, base fluid properties, pH values, and types of surfac-
tants/additives [9-11]. Additionally, dynamic viscosity influences the determination of
heat and momentum transfer and the device’s pumping amount [12]. Meanwhile, less
effort was dedicated to density, thermal expansion, and specific heat capacity [13]. The
values of density and specific capacity of different nanofluids have been estimated through
empirical correlations and equations based on the volume fraction of nanoparticles [14,15].

Numerous experimental and numerical investigation analyses evaluated forced con-
vection heat transfer using different metal and metallic oxides such as Al, Cu, CuO, SiO;,
Al,O3, TiO;, and MWCNTs during various flow regimes. Several mechanical or thermal
equipment used constant wall heat flux (WHF) for heat transfer applications. Numerical
and experimental efforts studied the effects of thermal and momentum diffusivity on
the heat conductivity of various nano-powders under turbulent forced convective heat
transfer [11]. The study examined various nanofluid samples (Al,O3-H,0O, SiO,-H,O,
and Cu-H,O) and various volume percentages (1-3 vol.%) at 30 °C. Improved thermal
conductivity had no impact on heat transfer efficiency; but, the Prandtl number (Pr) of
nanofluids significantly influenced the Nusselt number value at constant Re. Numerical
and experimental analyses observed forced convective heat transfer by flowing graphene
nanoplatelet nanofluids through a fully turbulent system inside a horizontally smooth
heated pipe [16]. GNPs@H,O nanofluids increased from 7.96% to 25% in thermal effi-
ciency. Furthermore, Nu,yg at 0.1 wt.% revealed enhancements of 75%, 79%, and 83% at
8231, 10,351, and 12,320 W/m?, respectively. Zubir and his group [17] produced reduced
graphene oxide (R-GO) and its influence on a heat exchanger’s turbulent convective heat
transfer performance. Furthermore, the study noticed substantial improvement in the
Nusselt number up to 144% and 63% at the upstream and downstream of the test section,
respectively. Laboratory work of PGGNPs with SSA-750 m? /g was carried out to assess
nanofluid flow and heat transfer enhancement [18]. The test section was heated with two
rates such as 23,870 and 18,565 W /m?. Meanwhile, the Re-number during the investiga-
tion ranged from 3900 to 11,700. From the results, the heat transfer coefficient improved
significantly (around 119% & 84%) at the two heat rates. The performance index of all
samples was larger than one, indicating that the synthesized PGGNP@DW nanofluids were
effective for convective heat transfer. Yarmand et al. [19] reported the effect of pressure loss,
thermophysical characteristics, and convective heat transfer on the stable-doped GNPs
nanofluids. Their results showed positive improvements in both Nu-number and heat
transfer coefficients by about 26.5% and 19.68%, respectively, at 0.1 wt.%. Lastly, Sadri
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et al. [20] prepared graphene nanoplatelets using green synthetization. They prepared three
samples of C-GNPs nanofluids in 0.025, 0.075, and 0.1 wt.%. The results showed optimum
improvements in the Nu-number (18.69%) and convective heat transfer coefficient (37.54%)
at Re = 15,927 and 0.1 wt.%. It was clear that the performance index for all CGNP-DW
nanofluids was larger than one. This demonstrated the advantage of employing environ-
mentally friendly nanofluids in heat transfer systems. The overall thermal performance
of using TiO,-DW nanofluids reached up to 1.519 as the best value, then reduced by in-
creasing the nanofluid flow [21]. The thermal efficiency of SiO,-DW in a triangular tube
with various turbulators was consistently greater than one. The index increased first with
the increase in Re number and then decreased with it. This index reached its maximum at
the Reynolds number Re = 6000 [22]. Additionally, in corrugated tubes, several working
fluids (DW, GNP-SDBS@DW, Al,O3;@DW, and SiO,@DW) and tube shapes (rectangular,
triangular, trapezoidal, and curved ribs) were investigated [23]. The overall performance
can be enhanced by up to 37% by combining the approaches (GNP-SDBS@DW nanofluids
and curved pipe).

A closer look at the literature reveals several gaps and shortcomings of overall thermal
performance using carbon and metal-oxide nanofluids within heated pipes. The main
purpose was to compare the performance of functionalized carbon nanostructured nanoflu-
ids and commercial metallic oxides-based nanofluids. The prepared nanomaterials were
characterized via different examinations to show successful chemical reactions. Meanwhile,
the nanofluids’ thermo-physical properties of PEG@GNPs, PEG@TGr, Al,O3, and SiO,
were measured in the range of temperatures (20-60 °C). The heat transfer and nanofluids
flow were evaluated based on several parameters such as the average Nu-number, relative
pumping power, and different performance indicators under fully developed turbulent
forced convective flow.

2. Materials and Methods
2.1. Functionalization and Preparation Process

Since the raw materials of GNPs and Gr are hydrophobic and cannot dissolve in polar
solvents like H,O, a suitable way to make PEG@GNPs and PEG@TGr hydrophilic is to
present the covalent functionalization via acid treatment. The process will dope the surface
of GNPs and Gr with -OH- and -COOH. In a typical experiment [24], the chemical reactions
were performed by dispersing GNPs (1 g) and Gr (1 g) in the acid medium of AlCl3 (18.54 g)
and HCl (10 mL), followed by 1 h microwave radiation. Then, the solution was separated at
11,500 rpm and filtered through a polycarbonate filter (0.45 um) before sequential washing
with DMEF, THE, diluted HCl, and enough DI-water to eliminate unreacted AlCl; and PEG
overnight at 60 °C. Furthermore, the dry aluminum oxide (Al,O3-NPs = 50 nm) and silicon
dioxide (5iO,-NPs = 50 nm) were ultrasonicated for 1 h to avoid agglomeration/settlement.
Nanomaterials were mixed with DW by an ultrasonic probe (Sonics Vibra-Cell, VC 750,
Sonics & Materials Inc., Newtown, CT, USA) with an output power of (750 W) and a power
supply of (20 kHz) frequency. The production process and nanofluid preparation method
were shown in Figure 1 [25].

2.2. Experimental Methodologies

This study was carried out at an inlet temperature of 30 °C; the basic thermophysical
properties such as dynamic viscosity and thermal conductivity should be determined
initially. The tools of KD2 Pro and Anton Paar Rheometer were used to evaluate thermal
conductivity and dynamic viscosity, respectively [26]. In the meantime, for the density
readings, a density meter was used at an accuracy level of £10~% g/cm3. Lastly, a Differen-
tial Scanning Calorimeter (data accuracy = £1.0%) was used to capture the specific heat
of the samples. SEM-EDX analysis was conducted to study morphology and elemental
structures of the prepared nanomaterials using VEGAS3 tool (Tescan, Brno, Czechia).

Experimental model is schematically depicted in Figure 2. The flow loop parts include
a magnetic flow meter, a storage tank, a pump, a test section, and a differential pressure
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transmitter. Each working fluid is driven from a 12 L capacity stainless steel by a magnetic
drive pump at the flow rate range of 0-10 LPM. Uncertainties of the flow rate and pressure
loss measures were £0.5% and £0.075%, respectively.

Water .
—1 | Timer
Qutlet E
— - s+ Temperature
Water ++ |~ controller
Inlet [rradutmn - 10 min|
|
I1Cl, = (13 S4g y
PEG =30 mL
———
Ibomcanon =1h & 80°C|
\ — —
—LA
DW =300 mL Sonication=1h & 80°C|

Control
Panal

- ST T T T .

Figure 2. Diagram of the adopted experimental set-up.

The test section is a square heated pipe (length = 1.4 m, inner width = 10 mm, outer
width = 12.8 mm). It was heated by a 900 W flexible tape heater attached to a transformer
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and a power meter. Then, a high-temperature epoxy glue was used for installing 5 T-type
thermocouples (uncertainty = £0.1 °C) to measure the surface temperature.

Two RTD (PT-100) sensors (uncertainty = +0.1 °C) were immersed into the pipe to
measure the inlet and outlet temperatures. All temperature measurements were collected
by Graphtec (LOGGER GL240). After using the formula (Q = VI = mCy[Tour — Tiy]),
the maximum heat loss was about 7.2%. This low heat loss rate was thought to have no
significant impact on the entire process of heat transfer estimation.

2.3. Data Processing

In the current study, primary data were collected from an experimental setup and
handled using very well-known procedures, as described in earlier studies [27]. The
present laboratory analysis focused on evaluation of the heat transfer enhancement and
hydrodynamic effectiveness under the condition of fully developed turbulent flow. The
approximate heat flux, heat transfer coefficient, average Nusselt number, friction factor,
Reynolds number, and Prandtl number; are presented as follows:

Heat flux (4”) 4‘82 B ¢y

Heat transfer coefficient (/) TLLTb 2

Nusselt number (Nu) h% 3)

Friction factor (f) - AP — (4)
(5)(%)

Reynolds Number (Re) ;DTy )

Prandtl number (Pr) @ (6)

In this regard, T, = % (Tw = average wall surface temp.), T, = @ Dy, = %,

A¢ = cross-section area of square pipe, while P is the wetted perimeter.
The Gnielinski [28] relationship is justifiable, especially for the single-phase fluids

flowing:
d\2/3] / pr,\O1
(1)) ”

where, Pr;; = the bulk temperature-related Prandtl number and Pry, = wall temperature-
related Prandtl number. The Gnielinski correlation remains valid in the range of 3000 < Re <
5 x 10° and 0.5 < Pr < 2000.

The Colebrook equation [29] is applicable, based upon Re-number, in order to identify
the friction factor of a fully developed turbulent flow using Equation (8).

1 e/D 251
— = -20log| -5 + —F= 8
VF ® < 37 Re/f > ©
Petukhov’s equation [30] of a fully developed turbulent flow is as shown in Equation (9):

Nu — (%) RePr o)

0.5
107 +127(§) " (Pr/3 —1)

(4) (Re — 1000)Pr
Nu = 05
1+127(§) (P23 - 1)

Here, the formula is applicable for the requirements of 3000 < Re < 5 x 10° and
0.5 < Pr < 2000.
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The values of the Darcy friction factor were determined from the approximate pressure
loss along the heated square pipe. The Blasius and Petukhov correlations were employed
for the validation of the results obtained for the base fluid [31]:

Petukhov [30]:
f = (0.79In(Re) — 1.64) > (10)
Blasius [32]:
0.316
f= Re025 (11)

A performance index (PI) indicates an appropriate parameter to define various velocity
and temperature ranges usable by various nanofluids [33]:

hu//hbf o Rh

Pl= ———=_—
APnf/AP{,f RAP

(12)
where (R},) is the ratio between nanofluids heat transfer and DW heat transfer, while

(Rap) is the ratio between nanofluids pressure drop and DW pressure drop. An energy-
saving indicator within the turbulent flow region calculated the pumping power using

Equation (13).
0.25 2
Wi s _ [y Pof (13)
Wiy Hbf Pnf

where <Wn f) is the nanofluids’ pumping power and (Wjy) is the DW pumping power.

The overall performance was evaluated (in terms of the thermal and hydraulic perfor-
mances) using a performance evaluation criterion (PEC), which depicts the ratio of the heat
performance to the nanofluids compared to DW. The formula of the PEC was expressed
as [34]:

Nuyf /Nuy, f
(fﬂf/fhf)l/3

Table 1 presents and outlines the range of uncertainties [35].

PEC = (14)

Table 1. Uncertainty ranges for heat transfer and fluid flow variables.

Variable Uncertainty Equations Uncertainty Values
Reynold ber, Re Uee _  [(Ue)? o (Ur)\? | (Un)? +£1.73%
eynolds number, T@_\/(?p)+<7v> +<Tf>
Constant Heat flux, U _ f(up\? () £1.51%
onstant Heat flux, g S (7v +(TI>

Heat transfer coefficient, uj,

=y () ()

Nusselt number, Nu Uy, _ /(W 2+ (g)z +5.23%
- h k

Nu
Friction factor, f % _ \/(%)24_ (%)24_ <ﬁ)2 +1.60%
p v

3. Results and Discussion
3.1. Characterization of Nanofluids

SEM procedures are used to determine the content of particles based on the spectrum of
the transmitted beam from the samples; they allow the size of irregularly sized particles or
impurities to be determined. Moreover, SEM helps determine the distribution of nanoscale
particles onto the surface of any sample. Figure 3a displays the SEM micrograph of
the prepared PEG@GNPs; it is evident that the PEG@GNPs included several different-
sized GNP-flakes, implying the samples” high-purity level. Examination via the electron
beam demonstrated that most flakes were transparent due to the limited number of their
layers, though difficulties in determining precise flakes and defects diameter through SEM
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SEM HV: 18.0 kV
SEM MAG: 1.72 kx

manifested themselves in sharper planar morphology of the GNP layers on the obtained
SEM micrographs. Figure 3b displays the high-resolution SEM image of the PEG@TGr
prior to any kind of pre-treatment. Also, consistency and intactness of the grains, curves,
and wrinkling were observed on some of the transparent SEM images because of the strict
production process. The existence of new functional groups in the PEG@TGr was revealed
in observed functionalization-induced wrinkles in the images.

&

'3 - . - - &

g 3 3 3 - 24 (5N S ’
WD: 10.05 mm VEGA3 TESCAN SEM HV: 15.0 kV WD: 15.14 mm VEGA3 TESCAN

Det: SE 50 pym SEM MAG: 15.1 kx Det: SE 5 um

SEM MAG: 1.72kx  Date(m/dly): 12/20/19 Performance In nanospace SEM MAG: 15.1 kx  Date(m/dly): 12/20/18 Performance In nanospace

(¢) ALO3

D29 x20k 30um D36 x25k 30um

Figure 3. Visualization of different SEM nanoparticles; (a) Graphene nanoplatelets, (b) Graphene,
(c) Alumina, (d) Silica.

Figure 3c introduces the SEM image of the 0.1 wt.%-Al,O3@DW nanofluid; the image
illustrates rod-like and rectangular-shaped alumina nanoparticles with a low tendency
towards agglomeration of the excellence of the prepared suspension. Furthermore, the
image demonstrated exceptional dispersal of the sample after 60 min of ultrasonication.
Additionally, the nanoparticles demonstrated a homogeneous grain size (<50 nm), sug-
gesting the prepared nanoparticles were spherical and showed a treatment-dependent size
distribution. In the current study, it was observed from Figure 3c that the major bulk of
the sample was Al,Os. This confirms the high purity of the sample and the suitability
of the applied synthesizing methodology. Furthermore, Figure 3d shows the SEM image
of 0.1 wt.%-Si0,@DW after 60 min ultrasonication nanofluid; the image shows the silica
nanoparticles showing rod-to-round-like morphological, but with minor clusters and a
better suspension. The size of nanoparticles was also found to be uniform, with <50 nm.

Figure 4 shows the EDX analysis for GNPs, Gr, Al,O3 and SiO; nanomaterials. As
shown in Figure 4a,b, the carbon nanostructures show five elements (C, O, Si, S, and Zr).
Figure 4c shows two elements only (Al and O). At the same time, Figure 4d presents three
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different elements (Si, O, and Br). The various elements refer to different synthesizing
approaches used in this study.

M spectrum 19 ®
(c) ALO3

(a) GNPs

|

[] 1 2 3 4
99,945 counts in 60 seconds

M Spectrum 15 CD
® | @sio:

la

Figure 4. EDX images of different nanoparticles; (a) Graphene nanoplatelets, (b) Graphene, (c) Alu-
mina, (d) Silica.

3.2. Thermophysical Properties Measurements

In comparison to distilled water, different nanofluids were described from the per-
spective of thermophysical properties as a function of mass fractions and temperature,
as illustrated in Figure 5. The thermal conductivity of the working fluids plays a critical
role in increasing heat removal efficiency from the heat exchangers to the environment.
Current findings closely followed existing correlations offered by the National Institute
of Science and Technology (NIST) [36], with a maximum standard error of 2%. As shown
in Figure 5a, the nanofluids showed considerably higher thermal conductivity than DW;
increases in temperature also rose thermal conductivity. The nano-coolants demonstrated
a perfect, effective thermal conductivity increase rate at higher mass percentages. The
temperature improved thermal conductivity significantly as a result of the increase in the
nanoparticles” Brownian motion upon DW. The increases in thermal conductivity were for
PEG@GNP = 31.6%, PEG@TGr = 29.74%, SiO; = 11.4%, and Al,O3 = 8.04% at 0.1 wt.% and
60 °C. Table 2 summarizes the thermal conductivity study by the previous investigators.

Figure 5b compared different nano-coolants and the base fluids in terms of their
effective dynamic viscosity at the testing conditions of 0.1 wt.%, the temperature range of
20-60 °C, and a shear rate of 200 s 1. Figure 5b showed a minor increase in the nanofluids’
dynamic viscosity following that for DW, and the main reason for this increase is using
low concentrations. It is assumed that fluid viscosity increases can result in pumping fluid
penalty in the thermal applications; the nanofluids and DW also exhibited reduced dynamic
viscosity due to the intermolecular forces degradation at increased temperatures [37]. The
dynamic viscosity of all the samples showed a similar decreasing tendency, but the results
evidenced increases in the base fluids’ dynamic viscosity. This validates the reliability of the
proposed synthesis method for nanofluids in this study. Table 3 summarizes the dynamic
viscosity study by previous researchers.
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Figure 5. The thermophysical properties of base fluid and nanofluids; (a) Thermal conductivity,
(b) Dynamic viscosity, (c) Density, (d) Specific heat capacity.

The density of the different working fluids was tested at a temperature range of
20 to 60 °C (see Figure 5c). The data showed a remarkable decrease in density with
temperature and a slight increase in density with the nanofluid type. The nanoparticle’s
density contributed to the improved density of the nano-coolants as it was higher than
that of the base fluid. The observed improvement in the nanofluid density was as follows:
PEG@GNP = 5.3%, PEG@TGr = 4.5%, Al;O3 = 2.6%, and SiO; = 1.2% for 0.1 wt.% and
60 °C. However, the density reduced as follows: PEG@GNP = 1.7%, PEG@TGr = 1.8%,
Al O3 =2.1%, and SiO; = 2.7% after raising the temperature of the nanofluid from 20 to
60°C, thereby demonstrating the significant role of temperature.

Also, the specific heat capacities are measured in this study (see Figure 5d). The specific
heat showed insignificant reductions with temperature increases, but the observed gradient
concurred with the specific heat plots reported in the earlier studies [38]. Figure 5d evi-
denced the average specific heat decreases as follows: PEG@GNP = 5.4%, PEG@TGr = 4.8%,
Al O3 =2.9%, and SiO, = 1.8% compared to that of DW. This reduction was the lower
specific heat of the solid nanoparticles relative to the base fluid.
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Table 2. Summary of thermal conductivity in previous experimental studies.

. Mass/ .
Study Nanofluid Volume % Base Fluid Temp. Range Tool Remarks
Hot ..
o . Thermal conductivity
[39] Graphene (Gr) 0.005 and Ionic Liquid From 22 Cto Disc-thermal enhanced by 9.4% at
0.01 145 °C constant
0.01 wt.%
analyzer
o Thermal conductivity
[40] Al,O3 0.2-1 DW+EG From 18 Cto KD2pro was enhanced by 8.3%
50 °C o
at1vol.%
Thermal conductivity
[41] Graphene (Gr) 0.02-0.2 DW+EG From 25-65 °C KD2pro enhanced by 64% at
0.2 wt.%
Thermal conductivity
[42] Graphene (Gr) 0.5-0.45 DW+EG 30°C KD2pro enhanced by 18% at
0.45 vol.%
PEG@GNP = 31.6%
PEG@GNP, o B o
Currentstudy ~ PEG@TGr, 0.1 DW From 20 °C to KD2pro PEG@TCr =29.74%,
ALOs and SiO, 60 °C Si0, =11.4%, &
2% AL O3 = 8.04% at 60 °C
Table 3. Summary of viscosity in previous experimental studies.
Study Nanofluid Mass/ Base Fluid Temp. Range Tool Remarks
Volume%
o Viscosity enhanced by
[39] Graphene (Gr) 0'0850?“(:1 Ionic Liquid Frorﬁséi CC to Viscometer 29.1% and 13.4% raised
’ for 0.005 and 0.01 wt.%
o . Viscosity and
[40] Al,O3 0.2-1 DW+EG From 18 Cto B.r ookfield temperature were in
50 °C Viscometer . .
opposite correlation
Viscosity decreases as
Brookfield temperature rises and
[41] Graphene (Gr) 0.02-0.2 DW+EG From 25-65 °C . increases as
Viscometer .
nanoparticle
concentration rises.
A minor increase in the
PEG@GNP, o a1, .
Current study PEG@TGr, 01 DW From 28 Cto Anton Paar nanoﬂu.lds <.:1ynam1c
60 °C Rheometer viscosity

A1203, and SIOZ

relative to DW.

3.3. Validation Test for Distilled Water

The Nuayg and heat transfer coefficients (h) obtained with the data from Equations (7)-(9)
are disclosed in Figure 6a—c. The data demonstrated outstanding agreement between the
present findings and equations such as <8% with the Petukhov formula. The Gnielinski
equation is better at low-range Re than the Petukhov equation at higher Re-values [43].
Figure 6b—d demonstrated the relative errors between the collected and equations data for
average heat transfer coefficients and Nuayg.
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Figure 6. The verification assessment; (a) heat transfer coefficients measurement and prediction for
11,205 W/m?, (b) the magnitude of the relative error metric, (c) The value of the average Nusselt
number at 11,205 W/m?, (d) the magnitude of the relative error metric, (e) Frictional head loss, (f) the
magnitude of the relative error metric, (g) Pressure loss, (h) the magnitude of the relative error metric.
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Assessment of the experimental friction factor was calculated based on the measure-
ment of the pressure loss in the entire applied heating pipe. The validation and verification
procedures have been carried out using the Blasius and Petukhov equations for smooth
pipes [44,45]. The validation of the experimental data for pressure loss and friction factor is
shown in Figure 6e—g, while that of the data from the equations and the current study is
shown in Figure 6f-h.

3.4. Convective Heat Transfer of Functionalized Nanofluids

The prepared samples in this study were made without adding surfactant due to
their long-term stability [46]. The present study analyzed functionalized and commer-
cial metallic oxide nanofluids to enhance convective heat transfer inside a square heat
exchanger. Essentially, turbulent forced convective flow is typically conducted under heat
transfer demands.

The convective heat transfer coefficients of the functionalized and metal oxides-based
nanofluids are shown in Figure 7a versus multiple nanofluids and Re-numbers. Increased
nanofluids convective heat transfer coefficient as the velocity of the working fluid increased.
This improvement resulted from solid nanoparticles’ Brownian forces, thermal diffusion,
and thermophoresis [47]. In the meantime, the increase in heat transfer might also result
from the thin thermal boundary layer, which caused the higher velocities that caused
thermal conductivity and decreased thermal resistance between the flowing nanofluid
and the temperature of the internal wall surface of the heated pipe. Compared to DW,
the maximum increase in heat transfer coefficients was as follows: PEG@GNPs = 44.4%,
PEG@TGr = 41.2%, Al;03 = 22.5%, and SiO; = 24% at 0.1 wt.%. As per experimental data,
the increase in heat transfer, as per test data, may be due either to the delay of the thermal
boundary layers or due to increased thermal conductivity of the nanofluids.

10000 + 150 -
< 0
‘\“\E 8500 - - 0 g 130 - o
2 7000 - O = 110 - 0
] (]
= % X §] 0 X
2 5500 1 [ X £ 90 x x
' X o S & o
8 X o © = ] X o
S 4000 - X o g 70 - b o
= o | ° 2 Xlo ©
T 2500 - Z 50 - o
[}
T
1000 T T T 1 30 T T
5000 7000 9000 11,000 13,000 5000 7000 9000 11,000 13,000
Re Re
(@) (b)
ODW [OPEG-GNP APEG-TGr XALOs XSiO- <DW OPEG-GNP APEG-TGr XALOs XSiO:

Figure 7. Heat transfer properties of different nanofluid types versus Reynolds numbers; (a) Heat
transfer coefficients, (b) Average Nusselt number.

Figure 7b introduced Nuayg at 11,205 W/ m? and the Re-number function. The Nuavg
revealed an increase for each tested nanofluid. Observable higher Nuayg of nanofluids
reflected the decline in the circulation temperature after the working fluid had risen thermal
conductivity; this subsequently reduced the temperature gradient between the wall of the
tube and bulk fluid contained in the test-section. The maximum rise in Nuayg was noted as
follows: PEG@GNPs = 54%, PEG@TGr = 43%, SiO, = 28%, and Al,O3 = 26% associated
with DW.

3.5. Friction Factor of Nanofluids

The nanofluids were evaluated for pressure loss and friction factor when flowing in a
square heat exchanger at different Re-numbers. Figure 8a,b showed the measured pressure
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loss and friction factor for all samples versus the Re. The highest-pressure loss and friction
factor increases were 20.8-23.7% and 3.57-3.85%, at a weight percentage of 0.1 wt. % and a
velocity of 0.93 m/s, respectively.

0.045 - 1500 -
0.041 - =
€ £ 1200 -
j .
(@) o
5 0.037 - =
< £ 900 -
S 0.033 - o
— >
B 2
(5] 4
I 0.029 - L 600
0.025 T T T ! 300 T T T !
5000 7000 9000 11,000 13,000 5000 7000 9000 11,000 13,000
Re Re
(a) (b)
o DW 0 PEG-GNP PEG-TGr ¢-DW 0O PEG-GNP PEG-TGr

Figure 8. Hydrodynamic properties of different nanofluid types against Reynolds number; (a) Friction
factor, (b) Pressure drop.

Brownian motion significantly affects the momentum transfer between solid nanopar-
ticles and base fluid molecules at a low range of Re-numbers. The friction factor of samples
increases slightly due to the Brownian motion [48]. However, this is an inactive mechanism
in the high Re range. Mainly, the velocity of the nanofluids can be considered the most
significant factor for the development of friction factor at a high Re-number range. The
considerable differences between the observed friction factors of functionalized carbon
nanostructures, metallic oxides, and distilled water at multiple Re numbers are due to
the minor improvement in the viscosities of distilled water and their nanofluids. The
variations in the friction factor are based on the nanofluid-related viscous drag. Typically,
the density of nanoparticles is a crucial factor in enhancing the nano-coolant friction factor.
The combination of dynamic and kinematic viscosities dramatically affects the pressure
drop of different nanofluids. The excessive pumping capacity increases with increased
dynamic viscosity.

3.6. Performance Index and Performance Evaluation Criterion

Figures 9 and 10 show changes in the performance characteristics of PI and PEC
for different types of nanofluid vs. Re-numbers. The average PI, generally with PEC of
the analyzed nanofluid, was noted to be >1 [34], indicating the effectiveness of the well-
prepared nano-coolants for heated pipe flows. In addition, the carbon-based nanofluids
presented higher augmentation of the metallic oxides due to a better rise in heat transport
than the increased pressure loss. The PI of carbon and metallic oxides-based nanofluids
improved with the Re-number; the maximum thermal efficiency of the nanofluids increased
as follows: PEG@GNPs = 2.14, PEG@QTGr = 2.05, Al,O3 = 1.23, and SiO, = 1.19 at Re = 11,907,
0.1 wt.%, and 11,205 W /m?. This phenomenon was caused by the increased viscosity and
thermal conductivity of nanofluids. The dynamic viscosity of a nanofluid can be increased
to reduce the thickness of the boundary layer, resulting in an increase in heat transfer,
while enhancing thermal conductivity enhances the thermal performance factor [18]. These
results also confirm that the positive effects of heat transfer compensate for the negative
impacts of pressure loss for carbon and metal-oxide nanofluids within a wide range of
inlet temperatures, mass concentrations, and constant flow rates, stating that prepared
nanofluids have excellent convective heat transfer capabilities.



Nanomaterials 2022, 12, 1545

14 of 19

PEG-GNPs
A =0.804
B=8x105
R2=0.9917

PEG-GNP

dence bounds):
A =0.4898
B =0.4456

24 wWPEG-GNP ®PEG-TGr "ALO; ®SiO;

2.2
Pl = A*Exp(B*Re)

2
1.8
1.6
14
]
. Mo Mo Qo N0 K ANC

6401 7468 8535 9602 10,669 11,907
Reynolds number (Re)

Performance Index (PI)

PEG-TGr AlLO; SiO,

A=0.7776 A =1.0042 A =0.9799
B=8x10-5 B=2x105 B=2x105
R2=0.9918 R2=0.9998 R2=0.9956

Figure 9. PI against different nanofluids and Reynolds number.
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Figure 10. PEC of different nanofluids against Reynolds number.

Additionally, the findings of the PEC have shown a slight reduction in Re numbers. The
maximum performance assessment of the nanofluids was as follows: PEG@GNPs = 1.52,
PEG@TGr = 1.41, A,O3 = 1.24, and SiO; = 1.26.

3.7. Pumping Power of Different Nanofluids

When choosing a heat exchanger, several criteria are the heat transfer rate, pumping
power, cost, size and weight, type, and material. Friction effects in nanofluids cause
pressure loss, and pressure loss calculations influence pumping power needs. Increased
pumping power will result in more extraordinary capital expenses because larger pumps
are more expensive and have higher operational costs due to the higher pumping power
required. Pumping power measures a system’s financial ability to increase industrial and
electrical energy. During the design of heat exchangers, it is essential to ensure low pumping
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power but effective heat transfer to ensure energy conservation. Figure 11 presents the
pumping power for prepared nano-coolants at various Re with the working fluids. As the
pumping power is dependent on the dynamic viscosity and density of both base fluid and
the nanofluids (Equation (13)), the relative pumping power for all the tested samples is less
than 1.
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Figure 11. Relative pumping power of different nanofluids against different temperatures and various
wt.%, (a) PEG@GNTP, (b) PEG@TGr, (c) SiO;, and (d) Al,O3.
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4. Conclusions

To improve the thermal performance of a square heat exchanger, four samples of
nanofluids were covalently synthesized and produced. In order to start, all nano-coolants’
thermophysical properties were tracked versus the temperature to perform studies on the
effects of heat and momentum transfer in fully developed turbulent forced convective flow.
Different conditions were implemented, such as varying temperatures, different nanofluids,
and different Re numbers.

From the results of this work, the following was concluded:

e  The nanofluids exhibited the greatest thermal conductivity improvements as follows:
PEG@GNPs = 31.6%, PEG@TGr = 29.74%, Al,O3 = 10.44%, and SiO; = 9.32% at 60 °C
and 0.1 wt.%.

e The highest improvement in heat transfer coefficients of the nanofluids was as fol-
lows: PEG@GNPs = 44.4%, PEG@TGr = 41.2%, Al,O3 = 22.5%, and SiO, = 24 % at
0.1 wt.%. Meanwhile, the maximum enhancement in the Nu of the nanofluids was as
follows: PEG@GNPs = 35%, PEG@TGr = 30.1%, Al,O3 = 20.6%, and SiO; = 21.9% at
11,205 W/m?.

e  The most significant pressure loss and friction factor increases were 20.8-23.7% and
3.57-3.85%, respectively. The effective dynamic viscosity significantly impacts the
pressure drop for different nanofluids.

e  The Pl and PEC values of the tested samples were >1 and increased with the Reynolds
number.

e  Although the required pumping power was slightly increased, this was advantageous
for the industrial application of these new working fluids.

e The nonlinear regression was developed for a relative pumping power of different
nanofluids against temperature at different mass fractions.
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Nomenclature

Ac Square Cross-section area of pipe, m?
Al,O3 Alumina

AlCl; Aluminum chloride

CNTs Carbon nanotubes

G Specific heat capacity, k] /kg K

Cu Copper nanomaterials

CuO Copper oxide

Dy, Hydraulic Diameter of pipe, m

DMF Dimethylformamide
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DPT Differential Pressure Transmitter
DSC Differential Scanning Calorimeter
DW Distilled water
f Friction factor
GNP Graphene Nanoplatelets
GO Graphite oxide
h Heat transfer coefficient, W/m?2-K
HCI Hydrochloric acid
I Electric current, A
k Thermal conductivity, W/m-K
L Tube total-length, m
m Mass flow rate, kg/s
MWCNT  Multi-Walled Carbon Nanotube
NIST National Institute of Standards and Technology
Nu Average Nusselt number
P Power supply, W
P Perimeter of square pipe, m
PEC Performance Evaluation Criterion
PEG Pentaethylene Glycol
PG Propylene Glycol
Pr Prandtl number
q” Constant Heat flux, W/m?
Q Heat transfer amount, W
RGO Reduced Graphene Oxide
Re Reynolds number
RTD Resistance Temperature Detector
Si0Oy Silica nanomaterials
T Temperature, °C
T-Gr Thermally Treated Graphene
THF Tetrahydrofuran
TiO, Titanium dioxide
u Velocity vector, m/s
1% Voltage, V
v Working fluid velocity, m/s
W Pumping power, W
Greek symbols
1Y Density, kg/m3
U Dynamic Viscosity, Pa-s
€ Performance index
AP Pressure loss
@ Mass fraction, %
Subscripts
bf Base fluid
nf Nanofluid
np Particles in nanosize
w Wall of pipe
i Inlet
0 Output
b Bulk fluid
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