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The most common type of heat exchanger used in a variety of industrial applications is the shell-and-tube heat exchanger (STHE).
In this work, the impact of graphene nanoplate (GNP)/water nanofluids at 0.01 wt.%, 0.03 wt.%, and 0.06 wt.% on the thermal
efficiency, thermal performance factor, pressure drop, overall heat transfer, convective heat transfer coeflicient (CVHTC), and
heat transfer characteristics of a shell-and-tube heat exchanger was examined. For these experiments, a new STHE was
designed and built. The novelty of this study is the use of GNPs/water nanofluids in this new STHE for the first time and the
fully experimental investigation of the attributes of nanofluids. GNP properties were analysed and confirmed using analyses
including XRD and TEM. Zeta potential, DLS, and camera images were used to examine the stability of nanofluids at various
periods. The zeta potential of the nanofluids was lower than -27.8 mV, confirming the good stability of GNP/water nanofluids.
The results illustrated that the experimental data for distilled water had a reasonably good agreement with Sieder-Tate
correlation. The maximum enhancement in the CVHTC of nanofluid with 0.06 wt.% of GNP, was equal to 910 (W/m’K), an
increase of 22.47%. Also, the efficiency of the heat exchanger for nanofluid at 0.06 wt.% improved by 8.88% compared with
that of the base fluid. The heat transfer rate of the nanofluid at maximum concentration and volume flow rate was 3915 (J/
kg.K), an improvement of 15.65% over the base fluid. The pressure drops increased as the flow rate and concentration of the
nanofluid increased. Although increasing the pressure drop in tubes would increase the CVHTC, it would also increase the
power consumption of the pump. In conclusion, nanofluid at 0.06 wt.% had good performance.

in fully utilising renewable energy and completely replacing it
with fossil fuel consumption. Heat and energy storage have
been one of the primary universal issues in building and

Due to the world’s limited supply of fossil fuels, optimizing
energy consumption in various industrial processes has
become critical. As global warming and climate change
threaten human and animal survival, the usage of fossil fuels
will be phased out owing to the severe environmental conse-
quences [1]. Engineers and scientists face enormous obstacles

improving techniques of devices and processes to get the most
out of the energy source while minimising energy loss [2]. A
heat exchanger is one of the most important devices in chemi-
cal processes for energy and heat transfer. Efforts have been
made for decades to improve heat transfer, reduce heat transfer
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time, reduce the size of heat exchangers, and ultimately
increase energy and fuel efficiencies. These efforts include both
passive and active methods, such as increasing area, using var-
ious fluids, and creating turbulence [3].

Heat exchangers (HEs) are among the most commonly
used pieces of equipment in industrial processes. There are
various types of HEs, including plate HEs, STHESs, and finned
HEs. HEs have been used in both cooling and heating pro-
cesses to transfer heat between hot and cold fluids [4]. Various
parameters of HEs, such as inlet and outlet temperatures of
cold and hot fluid, heat transfer characteristics, flow rate,
and pressure drop of fluids, have been investigated [5].

Various fluids, such as water and ethylene glycol, and oil
have been used as the operating fluids in HEs. But these
fluids have low thermophysical values compared with those
of nanofluids. Nanofluid with high thermophysical attri-
butes can be used instead of base fluids [4]. Dispersed nano-
particles in a pure fluid with suitable thermophysical
specifications such as thermal conductivity and heat capacity
have been used as a nanofluid to improve heat transfer.
Nowadays, in several scientific fields, nanoparticles with
nanosized particles smaller than 100 nm have been exten-
sively examined [6]. Also, metal nanoparticles such as Ag
[7], Cu [8], and Al [9], metal oxide such as Fe,O, [10, 11],
AL O, [12], and TiO, [13], carbon-based nanoparticles such
as graphene [14], and multiwalled carbon nanotubes
(MWCNTSs) [15] are among the most common nanoparti-
cles. For enhancing heat transfer, graphene and carbon
nanotubes have greater thermophysical characteristics than
other nanomaterials. The graphene-based nanoparticles pos-
sess higher thermal conductivity and have better properties
such as low erosion, corrosion, higher stability, and hence,
it is preferred in various the heat exchangers [16]. Top-
down and bottom-up approaches can be used to synthesise
nanoparticles [17]. The top-down method is viewed as a
physical process that includes the breakdown of most of
the substance into nanoparticles using techniques such as
acid etching [18], ball milling [19], and laser ablation [20].
In contrast, the bottom-up approach uses chemical precur-
sors to create nanoparticles. This group consists of sol-
vothermal techniques [21], microemulsion [22], sol-gel
procedures [23], and coprecipitation [24]. By distributing
the nanoparticles into the base fluid in a two-step or one-
step process, nanofluids can be synthesised [25].

The studies analysed below investigated the impact of
nanoadditives on the heat transfer of water in HEs. Ghoza-
tloo et al. [26] examined the impact of a graphene/water
nanofluid on convective heat transfer in STHE. The maxi-
mum thermal conductivity of a nanofluid at a concentration
of 0.075wt.% was improved by 29.2% at a temperature of
25°C. The CVHTC of the nanofluid improved by 25.6% for
a concentration of 0.1 wt.% at a temperature of 38°C com-
pared with that of the base fluid. Selvam et al. [27] investi-
gated the optimisation of the overall heat transfer
coefficient (OHTC) with graphene-based suspensions in
automobile radiators. The results illustrated that the thermal
conductivity coeflicient improved from 0.465 at 30°C to
0.615 at 50°C. The viscosity increased from 1.622 to 1.845

International Journal of Energy Research

at 30°C and from 1.065 to 1.488 at 50°C. Also, the maximum
improvements of the OHTC for a nanofluid with 0.5 vol.% of
nanoparticles at 35°C and 45°C with a flow rate of 62.6 g/s
were 104% and 81%, respectively. Wang et al. [28] experi-
mentally studied graphene/water nanofluid cooling in a
miniature plate heat exchanger. Their findings indicated that
the thermal conductivity coefficient was improved by 17%
and 21.1%, and the viscosity was increased by 200%. Also,
the CVHTC improved up to 4% by increasing the concen-
tration from 0.01% to 0.1%. Esfahani and Languri [29] ana-
lysed the performance of graphene oxide nanofluid in an
STHE. The thermal conductivity coeflicient of graphene
oxide/water nanofluid in concentrations of 0.01 wt.% and
0.1wt.% at a temperature of 25°C increased by 9% and
20%, respectively. Kumar and Sonawane [30] investigated
the improvement of heat transfer in an STHE for laminar
and turbulent flow by Fe,O,/water and Fe,O,/ethylene gly-
col nanofluids. The use of both nanofluids improved the
CVHTC and the OHTC. In addition, the pressure drop
increased in turbulent flow, unlike laminar flow. Barzegarian
et al. [31] investigated the use of Al,O,/water nanofluid to
improve the thermal performance of horizontal STHE in
forced circulation. Their findings illustrated that the Nusselt
number (Nu) and the OHTC increased with the increment
of the Reynolds number (Re). Also, the thermal performance
coefficient at a concentration of 0.3% improved by 21.5%.
Shahrul et al. [32] investigated the heat performance of
water-based nanofluids of Al,O;, SiO,, and ZnO nanoparti-
cles in a STHE. The highest CVHTC, OHTC, and actual
heat transfer have been observed for ZnO-water, and the
lowest effectiveness, highest CVHTC, OHTC, and actual
heat transfer have been found for SiO,-water. Approxi-
mately, 50%, 15%, and 9% enhancement in the highest con-
vective heat transfer coefficient has been found for ZnO-
water, Al,O,-water, and SiO,-water nanofluids, respec-
tively. Hassaan [33] investigated the heat transfer perfor-
mance of a STHE using MWCNT/water nanofluid. Their
results indicated that the Nu increased by up to 55.6% when
the volume concentration percentage was 2%, which is the
highest increase, 19.4%-38.7% increase in effectiveness when
using MWCNT's nanofluids instead of distilled water with a
volume concentration up to 2%. Taghizadeh-Tabari et al.
[34] investigated the thermal behaviour of TiO,/water nano-
fluid in plate heat exchangers. TiO, nanoparticles were
added to the distilled water to prepare stable nanofluid with
concentrations of 0.25wt.%, 0.35wt.%, and 0.8 wt.% as the
working fluid. Their results indicated that using nanofluids
at all concentrations increased the heat transfer rate (an
advantage) and pressure drop (a disadvantage) compared
with distilled water. Heris et al. [35] studied heat transfer
of a car radiator with CuO/ethylene glycol-water as a cool-
ant. The experiment was performed for different volumetric
concentrations (0.05-0.8vol.%) of nanofluids at different
flow rates (4-8lit/min) and inlet temperatures (35, 44, and
54°C). The results illustrated that nanofluids clearly
enhanced heat transfer compared with the base fluid. An
HTC enhancement of about 55% compared with the base
fluid was obtained.
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The novelty of the present study is the use of GNPs/
water nanofluids in type of STHE and the investigation of
their relevant properties using experimental methods and
equations. Various related studies have recently investigated
the use of other nanoparticles and water nanofluids in
STHEs, but the impact of GNPs on the performance of
STHEs has not been studied yet. The goal of this research
was to improve heat transfer by designing and manufactur-
ing new STHEs and incorporating GNP as an additive.

In this study, the impact of mass fractions of nanoparti-
cles (0.01, 0.03, and 0.06 wt.%) and various inlet velocities on
Nu, heat transfer rate, CVHTC, OHTC, and pressure drop
were investigated. More importantly, the thermal efficiency
of STHE, and the thermal performance factor were investi-
gated. Finally, the optimum and best results were provided.

2. Material and Methods

2.1. Nanofluid Synthesis. For the synthesis of the GNP/water
nanofluid, GNPs (purity of 99.9%) were purchased from
VCN Materials Co. Table 1 shows the characteristics of
GNPs. Distilled water was used as a base fluid (density:
998 kg/m”, specific heat: 4200 (J/kg.K), thermal conductivity:
0.607 (W/m.K), and viscosity: 0.89 (cP) at 25°C). Gum Ara-
bic (GA) surfactant was used as a surfactant at a ratio of 2: 1.
The surfactant was added to the distilled water and mechan-
ically mixed with a stirrer mixer at 1 200 rpm for 30 minutes.
Then, GNPs were added to the solution and blended for 60
minutes. To prepare stable nanofluids, an ultrasound probe
(550 watts) was used for 15 minutes to improve the stability
of nanofluids. Finally, GNP-water nanofluids were prepared
in concentrations of 0.01, 0.03, and 0.06 wt.%.

2.2. Experimental Set-Up. Figure 1 depicts the experimental
set-up, which consisted of an STHE, four PT100 thermocou-
ples with 0.1% precision, four temperature controllers to
indicate temperatures with 0.1% accuracy, a 3000 W coil
heater element, a nanofluid reservoir tank, two drain con-
tainers, and a circulator pump. Nanofluid as a hot fluid in
a closed loop and tap water as a cold fluid at the countercur-
rent flow condition flowed along the tube side and shell side
of the heat exchanger, respectively. The heat of the hot fluid
was supplied by a coil heater element in the reservoir tank
and was pumped to the heat exchanger by the circulator
pump. Then, it returned to the reservoir tank. In addition,
a bypass path was incorporated to control the flow rate of
hot fluid. The detailed specifications of the designed STHE
are provided in Table 2. For testing, nanofluids were pre-
pared in concentrations of 0.01, 0.03, and 0.06 wt.%. Nano-
fluid was used as a hot fluid and water as a cold fluid. The
cold fluid flow rate was considered constant. After the exper-
imental system reached steady state, flow rates of both inlet
and outlet hot fluid, as well as temperatures of inlet and out-
let hot and cold fluid, were recorded for each test condition.
According to the obtained experimental data, the HTCs, Nu,
and Pe were calculated.

2.3. Characterisation Methods. In this study, the composi-
tion of nanoparticles and the functional groups present on

the surface of nanoparticles were analysed using X-ray
diffraction (XRD). The morphology of nanoparticles, such
as their form and size, was studied using transmission
electron microscopy (TEM). The particle size distribution
of nanofluids was investigated using dynamic light scattering
(DLS). The stability of nanofluids was investigated by zeta
potential.

2.4. Equations. The following equations were used to calcu-
late the thermophysical and thermal characteristics of
nanofluids.

The thermal conductivity of nanofluid was estimated
using Yu and Choi’s [36] model. In addition to the thermal
conductivity of the base fluid and nanoparticles and the
nanoparticle volume fraction, this equation also considered
the effect of the interface between fluid and solid nanoparti-
cles in obtaining the thermal conductivity coefficient:

_ | Kap + 2K + 2(Kyp = K ) (1+ B)°p
Knp + 2be - (Knp - be)(l + /3)3(/)

K¢ Ky (1)

where ky is the thermal conductivity of the base fluid, k,,, is
the thermal conductivity of nanoparticles, ¢ is the volume
concentration of nanoparticles, and f3 is the ratio of the
nanolayer thickness to the original particle radius. The Pak
and Cho equation [37] was used to evaluate the density of
nanofluid, as follows:

Pot = (1 =) Pyt + 9-Lrp> (2)

where py is the density of base fluid and p,, is the density of

nanoparticles. The Brinkman equation [38] was used to cal-
culate fluid viscosity for average particle concentration:

Hos
Hot = 55> (3)
f (1 _q))Z.S

where ¢ is the viscosity of the base fluid. The specific heat
capacity (C,) of nanofluid was calculated by Xuan and Roet-
zel [39], as follows:

(PCp)nf =9(pCy),, + (1=9)(PCy) (4)

where C, and C, are the specific heat capacity of nano-
- °

particles and base fluid, respectively. The mean HTC (h)
was calculated by the following equations [40]:

_ T, +T
Th = M’ (5)
2
_ T +T
T = Cin Cout R 6
e (©)
Q=hAAT =1iniC, AT, (7)

where T, and T are the mean hot and cold fluid tempera-
tures, respectively. T}, , Ty, ,T. ,and T  are inlet hot fluid
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TaBLE 1: Graphene nanoplatelet properties.

Nanoparticle Density (g/cm”) Morphology Diameter (4m) Thickness (nm) Purity/%
Graphene 1.9-2.2 Platelet 1-20 <40 99.9
Tap water
Th, out ]: Tc, in Th, in
Shell and tube heat exchanger T, out
Tube-side
drain Valve Shell-side
drain Valve 4
PN E
£ =
g
§ Drain container Drain container
§7
N
Reflux line Bypass Valve
\'%4
il N
D>
>t
Nanofluid Drain Valve Circulation pump

reservoir tank

TAaBLE 2: Specifications and operating conditions of experimental

FIGURE 1: Schematic of experimental set-up.

set-up.

Description Specifications
Type of heat exchanger Single pass
Tube material Copper
Tube outside diameter, d 8 mm
Tube inside diameter, d; 7 mm
Number of tubes, N 16
Tube length, [ 430 mm
Tube arrangement Triangular
Shell material St37 steel
Shell outside diameter, D, 100 mm
Shell inside diameter, D; 92 mm

Baffle type

Baffle cut

Number of baffles

Nanofluid mass flow rate (kg/s)
Water mass flow rate (kg/s)
Nanofluid temperature in tank

Water temperature

Single-segmental
25%

5
0.020-0.065
0.083
Approx. 80°C
Approx. 20°C

temperature, outlet hot fluid temperature, inlet cold fluid
temperature, and outlet cold fluid temperature, respectively.
Q is the heat transfer rate, and A is the heat transfer area; AT
is the mean temperature difference between hot and cold
fluids; ri1,¢ is the mass flow rate of nanofluid, and AT is
the temperature difference between inlet and outlet nano-
fluid. Mean Nu of nanofluid is defined as [41]:

hD
— 8
K (8)

Nunf =

where D is the hydraulic diameter of the tube and K is the
thermal conductivity of nanofluid. Re and Prandtl number
(Pr) of nanofluid were calculated by the following equations
[41, 42]:

D
Re, = P, (9)
lblnf
C
Pr = M. (10)

knf
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Pe of nanofluid could be defined as [43]:
Penf = Reanrnf. (11)

The OHTC of the shell-and-tube heat exchanger was cal-
culated based on the following correlation [44]:

Q

V= XM’ (12)
where Q was calculated by Equation (7). Also, A = N7DL and
LMTD are the heat transfer area and the logarithmic mean
temperature difference, respectively. N is the number of tubes;
D is hydraulic diameter of the tube; and L is the length of the
tubes.

The Darcy-Weisbach equation for laminar flow was used
for the determination of pressure drop in heat exchanger
tubes, as follows [42]:

AP 128uV
L aD?

(13)

where V is the volumetric flow rate. The efficiency of the
STHE is defined as the ratio of the actual heat transfer to
the ideal value of heat transfer and is shown by the following
equation [45]:

(14)

The thermal performance factor (1) is defined as the
ratio of the enhanced heat transfer to the increased friction.
The thermal performance factor (1) can be written as [46]:

_ (Nuge/Nuy) 15
T )

where Nu,; is the Nusselt number of nanofluid, Nuy is the
Nusselt number of base fluids, f; is the nanofluid friction,
and f; is the base fluid friction.

2.5. Uncertainty Analysis. Each measured parameter has a
measurement error. To calculate the uncertainty (Uy) of
any parameter such as R, the uncertainty interval for inde-
pendent experimentally measured variables (x;) could be
estimated by the following equation [41]:

KRy (16)
BTROX, W

where Uy is the maximum error in calculating a parameter,
X; is the measurable parameter, Uy is the measurement
error, and R is the quantity calculated from measurable
parameters.

For example, the uncertainty of nanofluid volume mea-
surement in the reservoir is U, =+(1/300) = +3.3x 107,
the uncertainty of time measurement for reservoir filling is
U, =+((0/05)/(4/6)) = £1.1 x 1072, respectively.

5
TaBLE 3: The uncertainties of different parameters.

Parameter Uncertainty
D 0.00625
L 0.023
Uy 0.0025
P 0.0025
K¢ 0.0035
G, 0.0025
Uyt 0.0126
(Th, = Th,,,) 0.00237
(T, -T,) 0.00453

Due to the combined effect of uncertainty intervals in all
values of xi (i=1,2, ---n) the uncertainty in R can be calcu-
lated by [45]:

X, OR 2 /X, OR 2 X, OR
Max.Ug=+|( 2 Uy | +(Z2Uy | ++ (Z2—U
ROX, M ROX, * R 0X,

In Equation (17), Uy is the maximum error of final
parameters.

The uncertainty of the measured parameters was deter-
mined by dividing the measurement accuracy by the mini-
mum measured value over the experiments. Consequently,
maximum uncertainty for input heat transfer coefficient,
heat transfer rate, Nusselt number, flow rate, and Reynolds
number can be calculated as follows:

2 172

2 2 2
Upnf * UUA * U(:Pnf * (U(Thm’Thum)) *
=+ =+0.027 = 2.7%,

Max. Uix( )
(Up) + (<UL + (~Ugs, 1)

eXP) s

(18)

172
=40.012 = 1.2%,

(19)

_ 2 2 2 2
Max.Ug, (o) = i[UpM +UG 2+ UG 2 (U(Th‘"_Tw))

Max. U=

= [Upy 2+ Up? + (<Ug )] = £0.028 ~ 2.8%
Nu(exp)nf_i[ h(exp) D ( an)] T = £.970,

€XP )yt

(20)

1/2
Max.Ug, = (U’ + (-U)?] 7~ =%0.011=1.1%, (21)

172

2
Max.Up, = + { Up, 4 U2+ Up*+ (<U,,) } = +0.015 ~ 1.5%.

(22)

Therefore, the uncertainties in heat transfer coefficient,
heat transfer rate, and Nusselt number are +2.7%, +1.2%,
and +2.8%, respectively. The uncertainties of the necessary
parameters are summarized in Table 3.



2.6. Data Validation. In order to compare and check the
accuracy of the experimental set-up for the correct determi-
nation of the CVHTC, experiments were performed with
distilled water as the base fluid before starting the experi-
ment with nanofluid. For this purpose, the following exper-
imental equations were used for the fluid inside the tube in
laminar flow to compare experimental and calculated Nu.
The Sieder-Tate equation (Equation (23)) was used to vali-
date [46]:

D 1/3 7 0.14 D
Nu=1.86 (Renf Pr,; I) (ﬂ_b> <Renf Pr,; I) > 10,
w

(23)

where D is the internal diameter of the tube, g is the fluid
viscosity at the bulk mean temperature, and y,, is the fluid
viscosity at the tube-wall surface temperature. The Shah
equations (Equation (24) and Equation (25)) [47] and Hau-
sen equation (Equation (26)) [48] were used to validate:

13
D
Nu=1.953 (Renf Pr¢ f) , for (Renf Pr ¢ f) >33.3,

(24)

D D
Nu =4.364 +0.0722 (Renf Pr¢ f) , for (Renf Pr¢ f) <33.3,
(25)

0.0668 (D/L) Renf Prnf

Nu =3.66 + —
1+0.04[(D/L) Re,¢ Pr,]

(26)

Figure 2(a) indicates that the calculated data for distilled
water was in good agreement with the Sieder-Tate equation.
Considering the results obtained in Figure 2(b), the experimen-
tal data for distilled water had a reasonably good agreement
with Sieder-Tate correlation. The standard deviation of the
calculated data for Sieder-Tate correlation based on the exper-
imental data is indicated in Figure 2(b). As shown in
Figure 2(b), the maximum standard deviation between the cal-
culated and experimental Nu for distilled water was 14%, which
emphasises the accuracy and reliability of the experiments.

3. Experimental Results

3.1. Nanoparticle Characteristics and Stability of Nanofluid.
TEM images of GNPs are shown in Figures 3(a) and 3(b).
The planar and layered structures of the GNPs sample, along
with the wrinkles on the surface layer, were clearly defined.
An XRD analysis was used to identify the structure and crys-
tallography of GNPs. The XRD analysis pattern of GNPs is
shown in Figure 3(c). As shown in Figure 3(c), there were
two peaks at 26.77° (d - space=3.3302 A) and 4423
(d - space =2.048 A). The peaks appearing at 26.77° and
44.23° corresponded to the diffraction from (002) and (100)
planes, respectively [49, 50], indicating the crystalline and lay-
ered structure of GNPs in relation to the diffraction from the
graphite phase. The sharp and long peak (002) shows that
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the formed GNPs was not a single layer and had a completely
crystalline structure of carbon base, and the broad peak (100)
confirms that the GNP sheets were layered.

Figure 4(a) illustrates the DLS analysis of GNP/water
nanofluids at various concentrations (0.01, 0.03, and
0.06 wt.%). The particle (as cluster) size distribution of
GNP obtained at 0.01 wt.% was 6.79% of 72.3nm, 16.03%
of 85.9nm, 26.16% of 102.2 nm, 20.7% of 121.5nm, 14.78%
of 144.5nm, 10.23% of 171.9nm, and 5.31% of 204.4 nm.
The particle (as cluster) size distribution of GNP obtained
at 0.03wt.% was 4.32% of 85.9nm, 12.53% of 102.2nm,
25.66% of 121.5nm, 26.2% of 144.5nm, 16.28% of
171.9 nm, and 4.28% of 243 nm. The particle (as cluster) size
distribution of GNP obtained at 0.06 wt.% was 10.01% of
121.5nm, 20.24% of 144.5nm, 29.11% of 171.9 nm, 24.43%
of 204.4nm, 12.27% of 243nm, and 3.94% of 289nm.
According to the findings, adding GNP to water increased
the size of the cluster. Zeta potential analyses of GNP/water
nanofluids at various concentrations (0.01, 0.03, and
0.06 wt.%) are shown in Figure 4(b). Analyses indicated that
the stability of GNP/water nanofluids decreased as the nano-
particle concentration increased. Because there was no ten-
dency for mutual repulsion between the particles, this
could be due to the aggregation of nanoparticles with a high
surface charge. The accumulation of particles, on the other
hand, reduced both the dispersion of nanoparticles and the
stability of the nanofluid. Furthermore, with an increase in
concentration of more than 0.03wt.%, a downward trend
in the stability of the nanofluid was observed, indicating that
the optimal value of that concentration had been deter-
mined. However, at these nanoparticle mass fractions, the
zeta potential of the nanofluids was lower than -27.8mV,
confirming the good stability of GNP/water nanofluids.
Figure 5 presents camera pictures of nanofluids at various
mass fractions (0.01, 0.03, and 0.06) after 1h, 7 days, 14
days, and 30 days of synthesis. The nanofluids containing
GNP at 0.01wt.% and 0.03wt.% were stable for 30 days.
After 7 days, a nanofluid containing 0.06 wt% GNP precipi-
tated, as shown in Figure 5(f). Figures 5(i) and 5(1) demon-
strate the precipitation of nanofluids containing 0.06 wt.%
over a 14-day and 30-day period, respectively. Visual obser-
vations showed that nanofluids with lower concentrations of
0.01 wt.% and 0.03 wt.% had good stability for up to 30 days
with only minor precipitation (Figures 5(j) and 5(k)).

3.2. Convective Heat Transfer of Nanofluids. After prepara-
tion of the nanofluids at concentrations of 0.01wt.%,
0.03wt.%, and 0.06 wt.%, the heat transfer measurement
tests for obtaining Nu, heat transfer rate, CVHTC, OHTC,
pressure drop, thermal efficiency, and thermal performance
factor were conducted. Figure 6(a) shows the CVHTC of
GNP/water nanofluids with varying GNP mass fractions
and Re. The CVHTC increased as Re increased, as shown
in Figure 6(a). With an increase in nanofluid concentration,
the CVHTC also increased. This increase was due to the
increase in thermal conductivity and decrease in boundary
layer thickness as a result of the increase in flow turbulence.
The maximum value of the CVHTC at a nanofluid concen-
tration of 0.06wt.% was 910 (W/m?K). In addition, the
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FIGURE 2: (a) Variations of calculated and experimental Nu for distilled water versus Pe in experimental set-up and (b) comparison between
calculated and experimental Nu for distilled water in experimental set-up by Sieder-Tate equation.
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FIGURE 3: (a, b) TEM images of GNPs and (c) XRD analysis pattern of GNPs.

CVHTC improved by 22.47% at the highest concentration
value of 0.06 wt.% compared with the base fluid. Ghozatloo
et al. [26] indicated the CVHTC of the nanofluid improved
by 25.6% for a concentration of GNPs at 0.1 wt.% compared
with that of the base fluid. Wang et al. [28] reported that the

CVHTC improved up to 4% by increasing the concentration
of GNPs from 0.01% to 0.1%. Fares et al. [51] reported that a
maximum increase in the heat transfer coefficient of 29%
was achieved using 0.2% GNPs/water nanofluids. Further-
more, the mean thermal efficiency of the heat exchanger
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FIGURE 4: (a) DLS analysis of GNP/water nanofluids at various concentrations and (b) zeta potential analyses of GNP/water nanofluids at

various concentrations.

was enhanced by 13.7% by using GNPs/water nanofluid.
Compared to the researchers’ studies, in this study, better
results were achieved by designing and building a new heat
exchanger using nanoparticles at lower concentrations of
GNP. The effect of various Re on Nu for nanofluids with
various concentrations is shown in Figure 6(b). As a result,
the Nu increased with increasing Re and improved with
increasing nanofluid concentration. The highest value of
Nu at a concentration of 0.06 wt.% was 11. In addition, the
Nu for nanofluid at a concentration of 0.06 wt.% improved
by 12.36% compared with that of the base fluid.
Figure 6(c) depicts the relationship between OHTC in STHE
using GNP/water nanofluid and flow rate for various GNP
loadings. The OHTC improved with increasing volumetric
flow rate and nanofluid concentration, as shown in
Figure 6(c). This trend was due to the increment of the
CVHTC leading to an increase in heat transfer rate and
OHTC. This increase can be seen clearly in Figure 6(d),
which shows that with the increasing volumetric flow rate
and concentration of nanofluid, the heat transfer rate
increased. The heat transfer rate of the nanofluid at maxi-
mum concentration and volume flow rate was 3915 (J/
kg.K), an improvement of 15.65% over the base fluid.

3.3. Pressure Drops, Thermal Efficiency, and Thermal
Performance Factor. Figure 7(a) indicates the impact of dif-
ferent flow rates on the pressure drop along tube length
and for nanofluids with various concentrations. The pres-
sure drops increased as the flow rate and concentration of
the nanofluid increased. Although increasing the pressure
drop in tubes would increase the CVHTC, it would also
increase the power consumption of the pump. Also, the
increase in pressure drops caused corrosion in the inner part
of the tube. Figure 7(b) is a comparison between the thermal
efficiency of STHE and the Re. The system’s efficiency
decreased as Re increased. The residence time of nanofluid
in tubes decreased as Re increased. Furthermore, decreasing
the resident time of nanofluid decreased the temperature dif-
ference between the inlet and outlet of nanofluid. In addi-
tion, with an increase in nanofluid concentration, the
thermal efficiency of the system increased, and the highest
value at a concentration of 0.06 wt.% was 0.49, which was
improved by 8.88% compared with that of the base fluid.
Figure 7(c) depicts the effects of Re and GNP concentrations
on the thermal performance factor. The thermal perfor-
mance coeflicient behaved differently as the Re increased,
as shown in Figure 7(c). At low Re and a concentration of
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FIGURE 5: Camera pictures of nanofluids at various mass fractions (0.01, 0.03, and 0.06) after 1 h, 7 days, 14 days, and 30 days of synthesis.

0.01 wt.%, the thermal performance factor increased with
increasing Re due to the low density and viscosity of the
nanofluid. At concentrations of 0.03wt.% and 0.06 wt.%,
with increasing concentrations of nanoparticles, the friction

factor and pressure drop increased, which led to a decrease
in the performance factor. However, for Re of 480 to 630,
the performance factor decreased for all three concentra-
tions of nanoparticles due to an increase in pressure drop.
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Furthermore, as Re increased from 630 to 1090 at all three (1) The planar and layered structures of the GNP sam-
concentrations, the thermal performance factor increased ple, along with the wrinkles on the surface layer,
as turbulence, CVHTC, and heat transfer rate increased. were clearly defined

(2) Visual observations revealed that nanofluids with
lower concentrations of 0.01wt.% and 0.03 wt.%

4. Conclusion
had good stability for up to 30 days with only minor

In the first step, the characteristics of the GNP were evalu- precipitation

ated with XRD and TEM analyses. GNP/water nanofluids (3) The zeta potential of the nanofluid was less than
were synthesized at various mass fractions (0.01wt.%, -27.8mV, indicating good stability

0.03 wt.%, and 0.06 wt.%), and the stability of the nanofluids

was investigated with DLS, zeta potential, and camera pic- (4) The results illustrated that the experimental data for
tures at different times. Secondly, the impact of GNP/water distilled water had a reasonably good agreement with
nanofluids with the various mass fractions of GNP on the Sieder-Tate correlation

thermal efficiency, thermal performance factor, pressure (5) The values of CVHTC, OHTC, and Nu at a concen-
drop, overall heat transfer, CVHTC, and Nu was evaluated. tration of 0.06 Wt.% im’prove d l;y 22.47%, 22.6%, and

In this research, according to findings, by adding nanoparti-
cles, better and acceptable results were obtained in that the
thermal properties were improved, which was the aim of this (6) The heat transfer rate of nanofluids at a concentra-
work to improve these properties. tion of 0.06 wt.% improved by 15.66%

12.36%, respectively
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(7) The thermal efficiency of the STHE was 49% at the
lowest flow rate and concentration of 0.06 wt.%, which
was an improvement of 8.88% over the base fluid

(8) At low Re, the increase and decrease of the thermal
performance factor were influenced by the nanofluid
concentration

(9) At high Re, the increase in thermal performance fac-
tor was affected by increased turbulence, while the
decrease in thermal performance factor was affected
by increased friction and the pressure drop

Nomenclature

A: Heat transfer rate (m?)

Ag: Silver

Al: Aluminum

Cp: Specific heat (J/kg.K)

CVHTC: Convective heat transfer coefficient
Cu: Copper

CuO: Copper oxide

D: Hydraulic diameter (m)

DLS: Dynamic light scattering

EDX: Energy dispersive X-ray

Fe;O,:  Magnetite

GNPs:  Graphene nanoplatelets

h: Convective heat transfer coefficient (CVHTC)
(W/m?K)

HEs: Heat exchangers

k: Thermal conductivity (W/m.K)

L: Length of tube (m)

LMTD: Logarithmic mean temperature difference (°C)

1 Mass flow rate (kg/s)

N: Number of tubes

Nu: Nusselt number

MoS,:  Molybdenum disulphide

OHTC: Opverall heat transfer coefficient

Pe: Peclet number

Pr: Prandtl number

Q: Heat transfer rate (W)

R: Quantity calculated from measurable parameters

Re: Reynolds number

STHEs:  Shell-and-tube heat exchangers

T: Temperature ("C)

TEM: Transmission electron microscopy

TiO,: Titanium dioxide

U: Overall heat transfer coefficient (OHTC) (W/
m2K")

Ux;: Measurement error

Ugi: Maximum error

V- Volumetric flow rate (lit/min)

XRD: X-ray diffraction

X;: Measurable parameter

Zn0O: Zinc oxide.

Greek Symbols

¢: Volume fraction (-)

International Journal of Energy Research

p: Density (kg/m?)
u: Viscosity (kg/m.s)
E: Thermal efficiency (-).

Subscripts

b: Bulk

bf:  Base fluid
¢ Cold

f:  Fluid

h: Hot

i: Inside

in: Inlet

nf:  Nanofluid
np: Nanoparticle
0:  Outside

out: Outlet

w:  Wall

Data Availability

All data generated or analyzed during this study are included
in this published article.

Additional Points

Highlights. (i) The GNPs/water nanofluid was synthesised. (ii)
The convective heat transfer was increased in all the concentra-
tions of nanoparticles. (iii) The heat transfer rate of nanofluids
at 0.06 wt.% improved by 15.66%. (iv) The Nu of nanofluids
with 0.06 wt.% of nanoparticles improved by 12.36%
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