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Abstract—In this paper, an experimental study was conducted on
double micro—heat exchanger device for laminar heat transfer of the
Graphene Nano platelets. The heat transfer, pressure drop and
pumping power of Graphene Nano fluid were measured. First, the
Nano fluid was prepared and the stability of the Nano fluid was
measured, then the thermal properties (viscosity, density, and
thermal conductivity) were measured experimentally in the
laboratory at different concentrations (0.02, 0.055 and 0.06% wt.). In
addition, the effect of weight fraction, inlet temperature and mass
flow rate on logarithmic mean temperature difference and the overall
heat transfer coefficient were evaluated in double micro-heat
exchanger device. The final results showed that the overall heat
transfer coefficient and effectiveness of double micro-heat exchanger
device improved by raising the weight fraction of Graphene Nano
platelets and the overall heat transfer coefficient improved to 51.1%
at Reynolds number of 425 and weight concentration of 0.06% wt.
The experimental results showed that pressure drop and pumping
power were higher for (0.06% wt.) compared to (0.02%wt. and
0.055% wt.).

Keywords—Nanofluid, Graphene, Double micro-heat
exchanger.

1. INTRODUCTION

Transport of energy is playing vital role in different applications
such as electrical energy, oil, gas and nuclear energy. Many of
applications use traditional heat transfer fluids such as distilled
Water, pumping oil, ethylene glycol (EG) and glycerol.
Enhancing the thermal conductivity of fluids becomes needful
for performance systems of energy [1,2]. References [3-7] stated
that Nano fluids refer to the nanoparticle mixing with liquid to
upgrade the thermo physical properties such as thermal
conductivity resulting in good stability and enhancement of heat
transfer coefficients and increment in the pressure drop and
pumping power. A lot of papers investigate experiments
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conducted to upgrade the properties of thermo fluids by adding
Nano scale particles to liquids. Experimental studies for heat
transfer coefficient for Nano fluids across tubes as different
types [8-10] showed that many types of Nano scale particles
include oxides, diamond, metals and carbon Nano particles.
Experiments have been done on TiO2, CuO, Al203, and SiO2
Nano fluids [11, 12] to investigate the effect of the weight
fraction of nanoparticles on the thermal properties of fluids and
heat transfer coefficients. It was noticed that the range of
increment in the convective heat transfer coefficients under
turbulent and laminar flow conditions varied from 26% to 35%

[13, 14].

It was deduced that the effect of Nano fluid focusing on the heat
transfer coefficient is important in the turbulent regime versus
the laminar regime [15, 16].

Duangthongsuk. and Wongwises [17] and Khedkar et al. [18]
prepared TiO2 (21 nm) Nano fluid and used water as base fluid for
various concentrations (0.2-2% wt.) in horizontal double tube-
based heat exchanger as counter flow in turbulent region and
studied the convective heat transfer and pressure drop of Nano
fluid.

Newly, various researches were conducted to study improving
the performance of heat transfer by enhancing the thermal
conductivity of base fluid. Carbonic materials have low density
and high thermal conductivity compared with other metals and
metal oxides. Number of researches studied carbon Nano-based
nanostructures, including carbon nanotubes, carbon Nano fibers,
carbon black structures, graphene oxide (GO), graphene Nano
sheets and graphite flakes [19-24]

Novoselov et al. [25] are the first researchers who explored
graphene. Graphene is a 2D carbon material arranged as
monolayer material; its physical properties are high thermal
conductivities and low densities. Balandin et al. [26] and Baby and
Ramaprabhu [27] indicated that thermal conductivity of graphene
can be as high as 3kW/mK in axial and 5.2 kW/mK in-plane.
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Ebrahimnia-Bajestan et al. [28] studied the convective heat
transfer of Nano fluids. No complete papers in this area explain
the various effective parameters. There were some researches
which show that the improvement in heat transfer coefficient due
to Nano fluids are associated with a number of undesirable
effects and calculated the pressure drop and pumping power
required to achieve the best of Nano fluid to be used in the
applications of heat transfer.

In this study, the laminar counter flow of graphene/distilled
water Nano fluid in Double Micro Heat Exchanger (DMHE) is
investigated experimentally. Nano fluids are prepared from
graphene and water at different weight concentrations (0.02,
0.055 and 0.06% wt.) The thermo physical properties were
measured at different temperatures and concentrations, and then
used the micro heat exchanger to calculate the heat transfer
characteristics of Nano fluids for Reynolds numbers varying
from 125 to 425. The influence of weight concentration on
pressure drops, pumping power, and heat transfer coefficient
under various Reynolds numbers are investigated. A flow chart
is utilized to have a better understanding of the sequence of the
current investigation is shown in Fig 1.

Nanofluid preparation

A 4
Measurement of thermo physical properties
(p, v, Cp, K)

y

Experimentation (DMHE )

Determination of measured quantities
(TI"l, Tnf.i ’ Tnf,o )

|

Calculation of heat transfer rate (Q)

v

Calculation of (LMTD, U, hy, Re, 8)

y

Calculation of pumping properties
(8p, @)

\ 4

Calculation of the pumping
power and friction factor (P, f)

Fig.1 Flow chart of the current study progress
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Abbreviations

DMHE Double Micro Heat Exchanger
GNP Graphene Nano platelet
SDBS  Sodium Dodecyl Benzene Sulfonate
Nomenclatures
A Heat transfer area (m?)
C Thermal capacity (-)
Cp Specific heat capacity (J/kg. K)
Di Inner diameter of inner tube for DMHE (m)
d Inner diameter of pipe (m)
f Darcy friction factor (-)
h Convective heat transfer coefficient(W/m?2.K)
K Thermal conductivity (W/m.K)
L Length of pipe (m)
LMTD  Logarithmic Mean Temperature Difference (K)
NTU Number of transfer units (-)
m mass flow rate (Kg/s)
Nu Nusselt number (-)
P Pumping power (W)
AP Pressure drop (KPa)
Q Heat transfer rate (J/s)
e Reynolds number (-)
T Temperature (K)
t Time (s)
u The overall heat transfer coefficient(W/m?2.K)
\Y Nano fluid velocity (m/s)
Greek symbols
ol Absolute viscosity (m Pa.s)
£ Effectiveness of DMHE (-)
Y Density (kg/m?®)
1) Volumetric flow rate (m3/s)
[0) Weight fraction (-)
Subscripts
F Base fluid
In Inlet
nf Nano fluid
out Outlet
p Particle
w Water

2- Nano fluid preparation and measurements of stability

References [29 —34] used two steps technique for
preparation of Nano fluid because it is economic and wide
range. Similarly, in this work, two steps technique was used. The
specifications of the GNPs are listed in table 1.

Nanoparticles (GNPs) were added to base fluid (distilled
water) with the surfactant Sodium Dodecyl benzenesulfonate
(SDBS) to reduce the aggregation due to London-van der Waals
reaction according to the literature survey[34]. GNPs were
mixed with water by using ultrasonic homogenize (VCX-500
Ultrasonic Processor 500 Watts, 60 amplitude) for one hour.
Five weight concentrations (0.02, +.03, 0.04, 0.055 and 0.06 %
wt.) were prepared and mixed with distilled water. If high
concentrations of Nano fluids is used (> 0.06% wt.); the
viscosity increases and it becomes difficult for the Nano fluids
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to pass through the micro heat exchanger. Low concentrations
of Nano fluids (< 0.02% wt.) are utilized in previous studies
[Y¢], Fig .2 shows the stability of Nano fluid after 90 days, and
additional techniques used to find out the stability of Nano fluid
called Zeta potential which gave good result for stability of
Nano fluid for 0.06% wt. in Fig .3.

Table 1. Properties of GNPs

Property Specification
Appearance Black granules
Carbon content > 99.5% wit.
Surface area 300 m?/g
Thickness 5-10 nm
Width 5um
Bulk density 0.03-.1 g/cc
Thermal conductivity (parallel to surface) 3000 W/mK
Thermal conductivity (perpendicular to surface) 6 W/m K

Fig. 2 Nano fluid after 90 days
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Fig. 3 Zeta potential distribution of (0.06% wt.) GNPs at water

27

3-Thermophysical properties of Nano fluids

3.1 Viscosity
The graphene Nano fluids viscosity at different
concentrations was measured using Ostwald U-Tube

Viscometer [35].

Fig.4 shows the measured Nano fluid viscosity for various
concentrations at different temperatures in the current study.
The viscosity of Nano fluids increased exponentially as a
function of nanoparticles concentration and the viscosity
decreased with increasing the temperature. Moreover, with the
increase in temperature, the nanoparticles become more active
and produce large distance between the nanoparticles and this is
due to weak adhesion forces in Nano fluid.

Batchelor proposed an expression for determining the
dynamic viscosity for rigid and spherical particles [36]. In the
model neglecting interactions between the particles, the
expression is as follows:

where u, is absolute viscosity of Nano fluid (m Pa.s), uy is
absolute viscosity of base fluid (m Pa.s) and @is weight
concentration of nanoparticles (-).

Fig. 5 shows the measured viscosity of the Nano fluid at
different concentrations at the room temperature (25°C)
compared to the Bachelor model. The results showed that the
viscosity of all Nano fluids increased exponentially as a function
of the concentration of nanoparticles. Given the relationship
between the shear stress and shear rate, it indicates that the GNP
Nano fluids behave as non-Newtonian fluids and that the shear
stresses of Nano fluids are higher than that of base fluids of all
concentrations so the concentration increased when shear stress
increased. Another reason for the measured viscosity is higher
because the accumulation of nanoparticles in the Nano fluid is
higher than that in the ideal suspension (Bachelor model), and
these results are similar to many previous studies [37 — 38].

3.2- Density

Density is an effective thermo physical property to be
studied, as the effect of density is to increase the pumping power
and the mass flowrate in the case of high density nanofluids.
Density of water and graphene-based nanofluids were measured
using a Portable digital density meter (DMA 35, Anton Paar
CO., and USA) [39] that shown in Fig 6. The results illustrated
in Fig. 7 show that the nanofluid density increased when the
concentration of nanoparticle was increased. The density
decreases as the temperature raises. The values of the nanofluids
densities which increased with increasing nano material
concentration are shown in Fig. 8.
The equation used to calculate the nanofluid density introduced
by Pak and Cho [38] as follows:

pnr = (1 —B)ps + Bp, (2)
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where p, is density of nanofluid (kg/m?), p, is the density of

base fluid (kg/m?) and @ is weight concentration of nanoparticles ' ' ' ‘ '
(-)_ —&— Baltchelor [36]
—&— Current study
.. 1.2 4 "
3.3 Thermal conductivity
Thermal conductivity is playing vital role for improving the
convective heat transfer coefficient. In this study the thermal < 1.1 i
conductivity of nanofluid was calculated with equations (3-5) gf
were considered precise equations for calculating the thermal g
conc.juctivity of solid ar)d quuid mix_tures pontaining spherical 1.0 e e - i 1
particles. The results in Fig.9 indicate increase in thermal
conductivity upon increasing particle concentration. The
thermal conductivity increases with Brownian motion, which 029 T
occurs as interaction between nanoparticles and molecules of
basic fluids and causes smaller nanoparticles to raise their 08
surfaces and increase the number of interactions between them, "0.01 0.02 003 0.04 0.05 0.0 0.07
which lead to increase in thermal conductivity. Weight fraction(wt.%)
knf kp + Zkf — 2¢(kf — kp) Fig. 5 Comparison between the viscosity of Nano fluid GNP in the current
= (Maxwell) [40] (3) study and the theoretical model at 25°C
r ky+ 2k + 0(ke — k)
knp = kp(4.970% + 2.720 + 1)  (Hamilton) [41] (4)
knr =ke(1+ 30 +4.510?) (Lu and Lin) [42] (5)
where kns, ks and k, are thermal conductivity of nanofluid, base
fluid and nanoparticle respectively (W/m.K) and they are
dimensionless and @ is weight concentration of nanoparticles
().
L ] Fig. 6 Portable digital density meter [39].
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— 1 A 2 g ] *%
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o | A E ] v ]
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Fig. 4 The GNP nanofluids viscosity at different temperatures. 982 | . . : .
20 30 40 50 60
Temperature(°C)

Fig.7 Density of the GNP Nano fluids at different temperatures.
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Fig. 8 Comparison between density of Nano fluid GNP in the current study
and the theoretical model at 25°C.
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Fig. 9 Thermal conductivity of graphene Nano fluid.

4- Experimental setup

For the current study, the experimental setup is shown in Fig.
10 and Fig. 11. The DMHE consists of two stainless steel
conductors and tubes (Swagelok; Japan). The dimensions of the
tubes are listed in Table 2. Thermocouples (K-type) are fixed at
the inlet and outlet hot and cold flow which connected by the
data logger (GL100 Data Logger GRAPHTEC Co. Japan) [43]
for data logging. Via the inner tube, digital pressure sensor (AP-
V80 Series KEYENCE, USA) [44] is used to measure the
pressure drop. Rubber insulation is used to reduce the heat loss.
The small gear pump (WT3000-1JB, Longer Precision Pump
Co., Ltd) [45] continuously pushes the hot liquid into the inner
tube at different flow rates with different pumping heads
continuously. In this experimental study, the laminar flow of the
Nano fluid through the inner tube is called the hot liquid. The
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cooling water passed as a backflow into DMHE and used as a
cold liquid.

Table 2. Dimensions of Double Micro Heat Exchanger (DMHE) piping

Types of tubes Inner tube Outer tube

0.02 in (0.51mm) 0.1in (2.58mm)

Inner diameter

0.063 in (1.5875mm) 0.125 in (3.175mm)

Outer diameter

6.89in (170mm) 6.89 in (170mm)

Length

Y —
|| ER) = B
o ’.\:'Qt: l' Digital logger
S = J

i
[

.

[

L T
Temperature sensor

Temperature sensor I

e e |
[—]=]
Digital pressure sensor|
)

Cooling water tank ~ Pump

e |
=

Temperature sensor

Flowmeter

Flowmeter

Pump

Hot nanofluid tank

Fig.10 Schematic diagram of DMHE

Fig.11 Photograph of the experimental set-up.
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4.1 Data Processing

The performance of heat exchanger can be assessed by
many variants; the overall heat transfer coefficient is one of
them. This variant describes the more heat transfer between

two fluids. The overall heat transfer coefficient and the

variations of Logarithmic mean temperature difference
(LMTD) for graphene nanofluid in laminar flow at different
Reynolds numbers are calculated using equations from (6-15)
[46] as follows:

an = mnf(hnf,i - hnf,o) = mnprnf(Tnf,i - Tnf,o)

(6)

Where Q, m and h are heat transfer rate (J/s), mass flowrate
(kg/s) and convective heat transfer (W/m?K); respectively

Qn+Qc
Qavg = hz (7)
where Q,,4is the average heat transfer rate (J/s)
U =
Qavg
A+«LMTD (8)

where U, A and LMTD are the overall heat transfer coefficient
(W/m2K), heat transfer area (m?) and Logarithmic Mean
Temperature Difference (K) respectively

A =mnDL 9
LMTD = (Tnf,i_TC.O)_(Tnf,o_Tc,i) (10)
[(Tnf,i_TC'O)]
Ln|l————=
(Tnf,o_Tc,i)
Qn
hp=—ou—— 11
"f " LMTD A, an
Ny = 2 (12)
knf
where Dijis the inner diameter of inner tube (m).
_ (mxcp)p
T (hxep)c 13)
where, C is the thermal capacity ratio (-).
_ UxA
NTU = oo (14)
NTU is the number of transfer units (-).
_ 1-exp[-NTU(1-C)] (15)

T 1-Crexp[-NTU(1-C)]

where, ¢ is the effectiveness of a heat exchanger (-)

=

5-RESULTS AND DISCUSSION:
5.1 Convective heat transfer of Nano fluid

The overall heat transfer (U) and LMTD for water and
graphene Nano fluid at different Reynolds number; Re values in
laminar flow are explained in Fig. 12 and Fig.13 respectively.

In Fig. 12, it may be noticed that LMTD values reduced by
adding GNPs to water, according to Eqg. 6 an inverse ratio
between U and LMTD, when the overall heat transfers
coefficient reduces, the LMTD increase. In Fig. 13, the results
state that overall heat transfers coefficient increased with
increasing the Nano fluid concentration compared to the base
fluid at Re = 425, the overall heat transfers coefficient increased
by 51.1%, 47.3% and 37% for 0.06%wt, 0.055% wt. and 0.02%
wt. respectively. In these experiments, the nanomaterial
concentration is the most efficient variant responsible for
increasing the overall heat transfer coefficient. The
enhancements of convective heat transfer of Nano fluid result
from the suspended particles which increase the thermal
conductivity of the mixture and the chaotic movement of the
nanoparticles accelerates energy exchange process in the fluid.

Fig.14. illustrate the convective heat transfer improvements
at different Reynolds numbers in the laminar regime of water
and Nano fluids resulting from the addition of nanoparticles to
water. The results indicate that the increase in the heat transfer
coefficients compared to the base fluid were 22%, 15.56%, and
13.33% for 0.06% wt., 0.055% wt. and 0.02% wt. respectively
for GNP Nano fluid at Re = 425.

—H— Watcr

—0—0.02% wt
—A—(.055 % wt
——0.06% wt

T T T T
250 300 350 400

Re(-)

T T
100 150 200 45

Fig. 12 LMTD of GNPs Nano fluids and water variation on different Reynolds
numbers.
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Fig.13 Overall heat transfer coefficient (U) of graphene Nano fluids and water
variation on different Reynolds numbers.
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Fig. 14 Convective heat transfer coefficient for laminar flow of water and
graphene Nano fluids

5.2 Heat exchanger effectiveness at different Reynolds
number

The heat exchanger effectiveness is used to study the
performance of heat transfer for the heat exchanger. In Fig. 15,
the results show that the effectiveness of heat exchanger while
incorporating Nano fluid increased significantly with the
increase of GNPs concentration. It is detected that as the
Reynolds number increases, the effectiveness increases. In
addition, it may be observed that the effectiveness of heat
exchanger incorporating Nano fluids is higher that of utilizing
distilled water. The thermal effectiveness increased at Re = 375
by 19%,21% and 25% for 0.02%wt., 0.055%wt. and 0.06wt %
respectively compared to distilled water.
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Fig.15 Heat exchanger effectiveness as a function of Reynolds number for
different Nano fluids and base fluid.

5.3 Pressure drop and pumping power across micro tube
using graphene nanofluid:

The experimental friction factor values have been
determined from the measured pressure drop; (AP), (Pa) at
laminar flow from equations (16-19) [47] as follows:

2*Ap

pv?(g)

where, f is the friction factor (-), AP is the pressure drop (Pa),

p is the density of working fluid (kg/m?®), v is the flow velocity
(m/s), L is the length of pipe (m) and d is the inner diameter of
the pipe(m).

While the theoretical friction factor f,, was determined by
Darcy’s equation:

64

fen = Re (17)

To calculate the pumping power; P (W), required to flow the

base fluid in tubes, it was calculated according to the following
equation while ¢ is volumetric flow rate (I/s):

P=Ap * ¢ (18)

@ =Av (19)

The measured pressure drops ;(AP), were used to calculate
the friction factors of the Nano fluid in the laminar flow micro-
tube using Eq.(15).The theoretical friction factor was calculated
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according to Eq. (16). Fig.16 illustrates comparison between the
actual and theoretical values of friction factor versus the
Reynolds number for water. The results shows that the
theoretical and actual values of friction factor are nearly close to
each other.

Fig.17 shows the variation of the friction factor of graphene
Nano fluids with Reynolds number. The results illustrate that the
Nano fluid with the higher concentration of 0.06 wt.% has the
highest friction factor. The increase in friction factor compared
to the base fluid for 0.06%wt is 45.65% at Re =100. The reason
for increasing the friction factor may be attributed to an increase
in the weight fraction, lead to an increase in the viscosity of the
fluid which reduces and resists the fluid flow.

As shown in Fig. 18, the pumping power; (P), enlarges with
the weight fraction of GNPs in the Nano fluid for all Reynolds
numbers. The results indicate that the pumping power increase
by 50%, 40% and 25% for 0.06% wt. ,0.055% wt. and 0.02%
wt. respectively compared to distilled water at Re =400. This
means that the Nano fluids increase the pumping power due to
the increase in nanoparticle concentration and also the increase
the GNPs friction factor lead to an increase in pumping power.

Fig.19 shows the effect of weight fraction of graphene Nano
fluid on pressure drop versus volume flow rate. The results show
that the pressure drop increases with increasing the Nano fluid
concentrations. The results showed that the pressure drop of
0.06% wt. compared to distilled water was 17.87% higher at
volumetric flow rate = 0.09 I/s and it is considered the highest
pressure drop. The variations in pressure drop may be attributed
to many causes, one of which is the concentration of the Nano
fluid that affects the thermos-physical properties and these
causes lead to change in the values of the pressure drop.

1.4 T T T

—=— f(actual)
—&— f(therotical)

124

1

1.0 4

0.8

/)

0.6

0.4 4

0.2 H

0.0 T T T
300 400 500
Re (-)
Fig.16 Comparison between measured and theoretical value of water
friction factors.

T T
0 100 200 600

Fig. 20 shows the variation of heat transfer rate / pumping
power ratio (Q/P) with Reynolds number at different weight
concentrations. The results indicate that the Q/P value decreases
with the increase of concentration of Nano fluid, and increase
with the increase of Reynolds number to achieve the peak value
and then decreases. This may be attributed to that Q and P

2
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increase with the increase of Reynolds number. However, the
rate of increase of Q till the peak value is higher than the rate of
increase of P and that the rate of increase of Q is lower than that
of increase of P for values of Reynolds numbers higher than that
corresponding to the peak value of Q/P ratio.

07 —_—— :
—a— Water
0.6+ —o—0.02% wt |
- —a—(0.055% wt
' —%—0.06% wt
0.4 T
Xy
<
0.3 |
0.2
0.1
OO 1 I 1 1 1
100 200 300 400 500 600
Re (-)

Fig.17 Nano fluid friction factor at different Reynolds number.

0.0040 l . | |

—— ;
0.0035 4 Water

—8— (.02 % wt

9 —

0.0030 | 0.055% wt

—¥— 0.06% wt
0.0025 | |
0.0020 -
0.0015 }
0.0010 |
0.0005 |
0.0000 : . . . | | |

100 150 200 250 300 350 400

Re (-)

Fig. 18 Pumping power of Nano fluid GNPs concentrations versus
Reynolds number.
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Fig. 19 Effect of Weight fractions of GNPs at pressure drop versus volume
flow rate.
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Fig. 20 Ratio of (Q/P) of Nano fluid GNPs concentrations versus Reynolds
number.

6- CONCLUSION

In the experimental study, laminar flow in DMHE with
various concentrations of Graphene Nano fluid (0.02, 0.055and
0.06% wt.) which was prepared using two steps technique and
the thermo physical properties were measured. In this study, it
was found that the weight fraction of GNPs had a remarkable
effect on the heat transfer coefficient, thermal effectiveness,
pressure drop and pumping power. The experimental results can
be concluded as follows:
1-The temperature has remarkable effect on density and
viscosity of graphene Nano fluid, when the density and viscosity
were increased with increasing temperature.
2-The thermal conductivity was enhanced for graphene Nano
fluid and the results indicate increase in the thermal conductivity
by increasing the concentration of the Nano fluid.
3-Enhancement of the convective heat transfer coefficient of
graphene Nano fluid at various concentrations (0.02, 0.055and
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0.06% wt.) was compared with distilled water and the results
showed that the highest enhancement was achieved in the
0.06% wt. concentration.

4-The thermal effectiveness of Nano fluids (0.02, 0.055and
0.06% wt.) was higher than distilled water

5-Finally, the results showed that the friction factor of 0.02,
0.055and 0.06% wt. are higher than friction factor of distilled
water and the pumping power and pressure drop of Nano fluid
were higher than that of water.
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