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ABSTRACT: In this paper, graphene nanoplate was stabilized in a water-based fluid by sodium
dodecyl sulfate as a surfactant. The prepared nanofluid in weight percentages of 0.01 -0.145 was placed
in a gasket plate heat exchanger in the presence of cold fluid (deionized water). All experiments were
performed for laminar flow in the range of Reynolds numbers of 500-1500. The effect of flow rate and
concentration of nanofluid was investigated on the overall coefficient of heat transfer and pressure drop.
The concentration increase causes both to increase at the same time. As a result, heat exchange efficiency
and thermal effectiveness of the nanofluid were also analyzed. The highest thermal effectiveness
(89%) and efficiency (1.244) occur at a minimum flow rate (2 liters per minute) and maximum weight
percentage (0.145) Taguchi method was used to find the optimal conditions and confirm the validity of
the experiments. It was also found that the decrease in the flow rate (98.56%) has a greater effect on the
results of thermal effectiveness than the increase in concentration (0.404%). The error rate was 0.018%,
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which shows the accuracy of the results.
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1- Introduction

Low thermal conductivity of fluids is a major problem
in engineering industries and the subject of heat transfer.
One way is to add solid particles, which due to their higher
conductivity than the base fluid, improves the thermophysical
property of the fluid, but adding solid particles to the base fluid
sediments after a short time [1]. By stability methods such
as covalent and non-covalent functionalization methods, this
problem can also be solved [2]. The production of graphene
and carbon nanotubes is rapidly developing. Thus, research
has been done on stability methods and thermophysical
properties. For example, Agromayor et al. [3] stabilized
graphene nanoplates in the base fluid. Another way is to use a
plate heat exchanger, which due to the shape of the plates and
the chevrons on them, increases the heat transfer surfaces and
makes the fluid flow turbulent. So, researchers have studied
different fluids for further cooling or heating in order to find
the optimal conditions [4]. Researchers have tried to achieve
the appropriate heat transfer rate by new methods so that the
ratio of heat transfer to pressure drop is optimal.

This paper aims to fabricate nanofluids containing
graphene nanoplates in a water-based fluid by a non-covalent
method and study it in a plate heat exchanger. So graphene
nanoplates were stabilized in a water-based fluid at a ratio of
1-1 by Sodium Dodecyl Sulfate (SDS) as a surfactant. Due
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to the importance of effectiveness and efficiency in optimal
conditions, by the Taguchi method, the optimal conditions
were analyzed.

2- Methodology
2- 1- Methods and materials

To prepare graphene nanofluids, graphene nanoplates
(diameter 20-30 um and thickness about 40 nm, 5 g, VCN
Company), deionized water (200 lit, Iran), and SDS as a
surfactant (50 g, Azmiran Company) were prepared. First, 1
g of surfactant was gently added to deionized water (neutral
pH) placed on a sonicator, and stirred well for 25 minutes
in the Erlenmeyer flask by a magnet. A gram of graphene
nanoplates was added to them. Using an 800-Watt ultrasonic
probe, the Erlenmeyer was stirred well for 40 minutes to
finally produce a stable nanofluid at 0.1 wt.%. Other weight
percentages of 0.01, 0.055, and 0.145 were obtained in the
same way. The results of zeta potential analysis showed that
the lower the weight percentage, the higher the fluid stability.
For the mentioned concentrations, the zeta potentials were
-32.61, -23.68, -19.27 and -16.85, respectively. It should
be noted that the ratio of SDS to nanoparticles was 1-1.
The ratios of 0.5-1 and 1-2 were also examined by zeta
potential analysis (the zeta potential results were 27.43 - and
-15.33). The highest stability was obtained for the ratio of
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Fig. 1. Laboratory setup

1-1). Shanbedi et al. [5] reached a similar result for carbon
nanotubes and some surfactants such as Arabic gum and SDS,
which showed the best stability ratio of 1-1.

For the morphology of the obtained powder, X-ray
energy diffraction spectrometer, Raman spectrometer, and
transmission electron microscope were performed. The
results of the X-ray diffraction spectrometer show that the
graphene is purified and free of contamination. Also, the
Raman results of three peaks for graphene nanoplate were
found that the first peak was observed around 1500 cm™ (D
band), the second peak around 1580 cm™ (G band), and the
third peak around 2670 cm™ (2D band). The transmission
electron microscope indicated that the graphene nanoplate
diameter was 20 nm.

2- 2- Laboratory setup

Fig. 1 shows the prepared setup which consists of two hot
and cold loops with a fluid storage tank, a pump, a section
for measuring pressure and temperature (before and after the
exchanger), and a section for measuring fluid flow rate. A
U-shaped manometer is also installed in the setup to measure
the pressure drop. Also in the hot section, there are two heating
elements equipped with a thermostat, and a cooling system
has been used in the path of the cold fluid and before the cold
fluid storage source. The thermophysical properties can be
calculated according to the bulk temperatures of the two fluids
at the inlet and outlet of the heat exchanger. By recorded flow
rates and thermophysical properties, the heat transfer rate and
the total heat transfer coefficient are calculated. By obtaining
the friction factors, the pressure drop for the path and inlets
(ports) is achieved. The total pressure drop is two paths of
inlet and outlet pressure [6]. Thermal effectiveness or the
ratio of actual heat transfer to the maximum was calculated
[7]. Efficiency was also calculated Eq. (1). In order for the
use of nanofluids to be economically viable, the ratio of heat
transfer coefficient to the pumping power in both nanofluids
and water must be more than one [8].

132

T=60°C

>—~
v o
N} @

—8—GNP=0.01wt%

Efficiency n
=
N
o

—8—GNP=0.055 wt%
GNP=0.1 wt%

-
[

—8—GNP=0.145 wt%

=
1=
I

-

15 25 35 45 55 65

Volume flow rate, lpm

Fig. 2. Effect of nanofluid flow rate on efficiency at dif-
ferent concentrations

VR
w‘it‘
o =

N—

()

|
IR
Ne—

3- Results and Discussion

To determine the effect of concentration on heat transfer
coefficient and pressure drop, nanofluids of 0.01, 0.05, 0.1,
and 0.145 wt.% were used. The results showed that increasing
the concentration from 0.01 wt.% to 0.145 wt.% increases
the overall heat transfer coefficient (At 2 lpm, increasing the
weight percentage causes an overall heat transfer coefficient
of 8.51% and at 6 Ipm is 5.53%). The use of nanofluids in
higher concentrations also increases the pressure drop. This
increase in low flow rates is very close to the base fluid (at
0.01 wt.% and 2 Ipm, the pressure drop for nanofluid and
base fluid is 0.1322 and 0.1312 kPa, respectively). In all
the mentioned concentrations, the pressure drop is more
than the base fluid, however, in 0.01 wt.%, this difference
is insignificant. For example, in the flow rate of 2 lpm, this
difference is 0.76%. The lowest pressure drop is observed at 2
Ipm and 0.01 wt.% (0.1312 kPa). Increasing the concentration
increases the overall heat transfer coefficient (positive effect)
and decreases the pressure drop (negative effect). Therefore,
to find the optimal conditions, effectiveness and efficiency
were examined. Increasing the concentration improves the
effectiveness of the nanofluid (5.94% at a constant flow rate
of 2 Ipm). At a constant temperature (60°C) and a certain
flow rate, increasing the concentration compared to the base
fluid reduces the specific heat capacity of the fluid (At a
constant flow rate of 2 Ipm, the specific heat capacity of the
nanofluid for 0.01 and 0.145 wt.% were 4139 and 3612 J/
kg.K, respectively). The highest efficiency (89%) was related
to nanofluids in 0.145 wt.% and minimum flow rate (2 lpm).
Fig. 2 shows the effect of nanofluid flow rate on efficiency at
different concentrations. Increasing the concentration leads
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to increasing efficiency (Increasing the flow rate from 2 to 6
Ipm at of 0.01 wt% reduces the efficiency by 0.14%, but this
rate is 3.84% at 0.145 wt.%). The highest efficiency is when
the nanofluid flow rate is the lowest and the concentration
is maximum (2 lpm and 0.145 wt.%, maximum efficiency
is 1.244). It is also observed that in all concentrations this
amount is more than one, which indicates that the use of
nanofluids is appropriate and economically justifiable.

To evaluate the effectiveness in optimal conditions
(increasing the thermal efficiency), the Qualitek-4 software
that uses the Taguchi method was used [9]. In this study, the
effect of weight percentage and the nanofluid flow rate was
selected as two factors for statistical analysis of the Taguchi
method. For each of the factors, 3 levels of change were
selected (for example, for the concentration factor, levels
of 0.01, 0.1, and 0.145 were selected).To find the effect
of each factor under optimal conditions, the analysis was
performed. The results show that the effect of nanofluid flow
rate (contribution=98.566%) is much greater than its weight
percentage (0.404%) on the effectiveness. It means that it
is easier to achieve optimal effectiveness by changing the
nanofluid flow rate.

4- Conclusions

The results showed that the use of nanofluids compared
to water-based fluid (at 2 Ipm) increases both the overall heat
transfer coefficient (9.17%, favorable result) and pressure
drop (13.1%, unfavorable result). As a result, the use of
nanofluids, especially in high concentrations, increases both
effectiveness factors (5.95% in volume flow rate of 2 Ipm,
and 0.8% in 6 lpm) and the efficiency of the heat exchanger
(3.84% at the least flow rate of 2 Ipm). Also, it was found
by the Taguchi method that the decrease in nanofluid flow
rate is more effective than nanofluid concentration to reach
the optimal conditions. Under optimal conditions (2 lpm and
0.145 wt.%), the total heat transfer coefficient of 1262 W/
m2K and pressure drop of 0.148 kPa, the effectiveness and
efficiency were found to be 89% and 1.244, respectively.
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1 Graphene NanoPlate (GNP)
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Fig. 1. Stabilized graphene nanofluid at different concentrations
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Table 1. Energy Dispersive X-ray spectroscopy for graphene nanoplates

clale cdale yaie pl oles szl pl> osls
39 cs"s‘ robs
Voo Voo oS C 4 o585

4 oS Kgd s TS Gl puilS 8 ) diged Glsie 4 il slagse sk
Cusl (oo 0B Gaggesb Bl )3 (s> ldgpme (S grsl bolas
(il K9 alls T LI5S gl ol ol 4y (g Fias bglas
Uies en b g ol canlio sl o JoSJge 5l olulid (gl loly
> g odin bl (Jelge (BlS) g (i lapls B e
b s Sl &S 3)lg0 (B g3 cal pl Sl b JsSse ()l
855 )18 bl Slapls B p 4SS L plgie )05 392 (JoSUge
O9le (sl bawgi & SEMLI2)S ()1 JoSge o 3 ngs]

At Gl Hla ] o Cond 4 ol g 50,8

9 s)bs Jlodiy a5 (sl GuSulsi g (65531 bl el )
A olitl (uSul (6551 Gl il jligel (pliend Cluogad
L el 0815 Glaamiogl puSulgiyn (551 Gbly (il O Joa>
015 L5 35wl asetio V g 51 S psbslan amd e bt
sl (5ol 5l le g ol
g9 Bl poyp Cax Ghyy e ol geecad-Y
el b B Sl (bl (ol g0 slain)S (gl
F oS Jle plyis @) led] (eS8 b 698 b S b cod
olan el Btas o 08Ty yg5 0,5 51,8 (8 oY 1 0y3lo boghas
Byl canl e (plbals cass b wis L S bl el (uils 8

W

Vs

1 Energy Dispersive X-ray spectroscopy (EDX)
2 Raman
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Fig. 2. Raman spectroscopy analysis for graphene
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1 Transmission Electron Microscopy (TEM)
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Fig. 3. Transmission Electron Microscope Images of graphen
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Fig. 4. Schematic of experimental setup
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Fig. 5. Laboratory setup
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Table 2. Geometric characteristics of M3 heat exchanger
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Table 3. Constants in heat transfer and pressure drop of a single-phase gasket-plate heat exchanger
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Table 4. Device uncertainty and test repetition
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Table 5. Uncertainty of test results
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Fig. 6. Comparison of experimental results of 45 ° chevron angle heat exchanger with theoretical equations for
water-based fluid
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Fig. 7. Effect of flow rate on overall heat transfer coefficient at different concentrations

o2 )lid Cll aoeyy el o SWasl oAbyl 4 clale
@ ol g odd pde 2l)S S W b U o e 5 dg)
el il opl Jds cpimen Ll S HLis cdl ad i (slize
cel wdale a2 Cowd Coj) ldin 4 oly e 1y HLud
Oyt b Dgal oo db 5 35 )l el asesyn 35,8 o o i oy iy
250 pibe SV Sy n fold i o)) Jhwgl (2
x5 ($3909 o3 § JUIT )3 o s (b s o] o &S
(V) ladlaly) 33,5 o st HLid cdl o adar a8 cul jalgu, sae
(AP
whle (wlitl &8 WS jasuie A o V bS5 4 4oy b
2l (i ) ol J IS gy 8t el ot
sloyloges sy 9 Collas Ll (8L (sl aomiy> (e ) 93,5 0
S5 1S wpp 2le)S S LB 5 bl (5l oles]
Jlosb 5 lasly dgnte ey sl il &8 il s &
ol cde lgioe 48 (4idd p g ¥ culi (o5 50 0/AFL) 33,5 0
T il g pastie oy S Jbw (o (23 MR
Oliee cpl ol clale Gy o0 b i b b cud (VY) alaly

S

5 sl 0a gy Jlow )8 8l e 2 Jlow (23 SIA S
el Jg 208 oyl Jas! sg el cdale i Cwl (Ses
20,5 dauia Lioldl cel &8 0 YU jlaw 1) bS5 S ol o i
o JLid Cdl Gl oy 4oy ey i b il S Cgw))
S e
SVl cbedale 55 gl ;1 oolitul 45l Laseie b )
(ol el ooy ioliel pl audl 00 )5 e jlid cdl b i el
AT @ Gl 1) Gy ey ) cosl by Jlw 4 S35 b
INYY i a aly Jbw g Jluogil (sl jLid Bl e il
sl on  Jlwsl jl eolatwl picren (sl JSwlisls” AYVY 4
4 okt 0)3930 105 03,5 o Jluwgil Lt Ol iy cely Y
e plas )3 300 YU 1y (Lt ol o ol s1deils] 4l L
JoN Si9 doyd Al ol Al Jhw 5l i jlid bl ods sl
WS cpl ddBd oyl ¥ 03 )0 dged laicds Canl 1ol OB -yl
i Cdl oy ieS ofo) Sig o> g 4B g i ¥ 0y el < IVS T
5 oty YU b cdale 0 ity (JSebsks /YY) 365 0 osnlie

Oy (ol 03 Gy )b ]l olyen wilad )3 (63459 by



T=60 °C
1

0.9

0.8
g 07
~ —e— GNP=0.01 wt%
o
S 0.6
5 —@— GNP=0.055 wt%
(&)
S 05
5 GNP=0.1 wt%
L
A 04 —&— GNP=0.145 wt%

0.3 - ® - Water

0.2

0.1

15 2.5 35 4.5 5.5 6.5

Volume flow rate, lpm

Cglise SBCAE )3 Jhww JLid Col p Jhuw (25 1A JSUG

Fig. 8. Effect of flow rate on pressure drop at different concentrations
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Fig. 9. Effect of concentration on thermal effectiveness of nanofluid in different flow rates
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Fig. 10. Effect of nanofluid flow rate on efficiency at different concentrations
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