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Abstract

Carbon nanomaterials are of great interest for next generation nanofluids. Carbon nanotubes and graphene
are, in particular, highly thermally conductive and their use as thermal fluid is gaining momentum among
the research community. This work investigates the thermal performance of graphene nanoplatelet (GnP)-
nanofluid and multi-walled carbon nanotube (MWCNT)-nanofluid by using a concentric pipe heat
exchanger. The prepared nanofluid flowed in the inner pipe as hot fluid, which was in the opposite direction
of a colder water flow in the annulus pipe. The investigation was conducted by varying the volumetric flow
(from 1.5 to 2.5 L/min) and nanofluid concentration (from 0.01 to 0.35 vol.%). The heat transfer coefficient
(HTC) of GnP-nanofluid was observed to be superior to that of MWCNT-nanofluid. The maximum increase
in HTC relative to the pure base fluid is approximately 16.8, 24.2 and 26.1% for GnP-nanofluid; and 8.8,
13.8 and 14.4 % for MWCNT-nanofluid flowing at 1.5, 2.0 and 2.5 L/min, respectively. This positive
impact on heat transfer performance enhancement reached the maximum when an optimum concentration
is reached in both nanofluids. Compared to the maximum HTC ratio brought by MWCNT-nanofluid at 0.15
vol.% and 2.5 L/min, GnP-nanofluid produced a greater HTC ratio, even at relatively low concentration
(0.05 vol.%) and volumetric flow (1.5 L/min) which is rather desirable for practical applications.
Keywords: nanofluids; graphene nanoplatelets; multi-walled carbon nanotubes; concentric heat

exchanger; heat transfer coefficient
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1.0 Introduction

Unveiling the role of heat transfer fluids is key to improve efficiency of heat exchange systems that can be
found in automotive radiators, industrial machines, solar photovoltaic systems and many other applications.
In recent decades, the utilization of nanofluids as thermal medium has garnered great interest due to their
excellent thermal properties. These nanofluids are expected to produce a more efficient heat transfer to
meet the growing need for saving energy [1, 2]. Nanofluids are essentially conventional heat transfer fluids
which contain solid nanoparticles of high intrinsic thermal conductivity [3]. Such nanofluids are currently

considered as the core element of future thermal management technologies.

In the early stage of nanofluid research, the experimental studies focused on the thermal characteristic
investigation of metal-oxide and metal nanofluids [3-6] and then expanded to carbon-based nanofluids [7,
8]. Compared to metal-oxide and metal nanoparticle, carbon-based nanofluids, i.e. graphene and carbon
nanotube (CNT) are more attractive in view of their high-thermal-conductivity characteristics [9].
Furthermore, they can produce heat transfer enhancement at a relatively smaller content due to their lower
density and high aspect ratio [10]. This makes these carbon-based nanofluids a much better alternative than
their metal-based counterpart for practical applications since their lower concentration level will produce a
lower level of viscosity and, in turn, produce a rather smooth flow and a relatively low pumping requirement

in the heat exchange system [11, 12].

Numerous experimental works have been performed to scrutinize the performance of CNTs or graphene
suspended in various kinds of thermal exchangers [2, 8]. However, a direct comparison between these two
types of carbon nanofluids under the same operating conditions and the same exchanger remains scarce.
External comparison among published works in literature is complicated because of the relatively high
number of parameters which also depend on the large variety of nanofluid systems prepared with different
types of base fluid, different procedures for nanofluid preparation, different nanoparticle concentration
ranges, with or without surfactants which can also be of several natures, among others. Moreover, the used
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heat exchanger geometry is expected to strongly impact the outcomes. To establish this comparison is
important, especially to provide levers to develop high thermal performance nanofluids. In this study, the
thermal performances of aqueous GnP- and MWCNT-nanofluids in a concentric pipe heat exchanger are
compared. As far as we know, this is the first time such comparison is made using this type of heat

exchanger.

2.0 Experimental

2.1 Materials and preparation of nanofluid

GnPs used in this work were obtained from XG Science, Inc., Michigan, USA. They are Grade M GnPs
with average particle diameter, thickness and specific surface area of about 25 pm, 6 — 8 nm and 120 — 150
m?*/g, respectively. MWCNTSs have an outer diameter, inner diameter, length and specific surface area of
20 —30nm, 5— 10 nm, 10— 30 um and at least 110 m*/g, respectively. They were provided by US Research
Nanomaterials, Inc., Texas, USA. The morphologies of these nanoparticles were verified under electron
microscopy observations using Hitachi SU8010 FESEM and FEI Tecnai G2 20 S-TWIN HRTEM. These
nanoparticles were suspended in 2 liters of distilled water by a high shear homogenizer (DAIHAN HG-
15A) comprising of a rotor and a stator used at a rotation of 25000 rpm for 1 h. Nanofluid with volumetric
concentrations of 0.01, 0.05, 0.15, 0.25 and 0.35 % were prepared for both GnP and MWCNT nanofluids

for the experiments.

2.2 Experimental setup and heat transfer coefficient measurements

The measurements of heat transfer coefficient (HTC) were carried out immediately after the preparation of
nanofluid using the Armfield HT31 Tubular Heat Exchanger. The schematic layout of the present heat
exchanger unit is illustrated in Fig. 1. The test section consisted of U-shaped concentric pipe of 660 mm in
length. The stainless steel inner pipe and the acrylic annulus pipe had outer diameter of 9.5 mm and 12 mm,

and wall thickness of 0.6 mm and 3.0 mm, respectively. For HTC measurements, the cold water flowed



from an external water supply with a temperature of 27 °C through the annulus pipe constantly at 1.0 L/min.
Meanwhile, the hot fluid (i.e. nanofluid) flowed in the inner pipe in counter-flow direction and at varying
rates of 1.5, 2.0 and 2.5 L/min. A 2 kW heater was used to heat the nanofluid at 50 °C, which was set as the
inlet temperature for the entire tests. The nanofluid were pumped from the hot fluid vessel to the test section,
then back into the vessel and continuously circulating in the same loop throughout the test. There were six
type-K thermocouples installed at fixed locations and connected to a data logger to measure the
temperatures at inlet, middle and outlet of both hot and cold fluid streams. To avoid fouling effect and
ensuring the reproducibility of experimental data of the prepared nanofluids, the inner tube was cleaned by
circulating 2 % solution of Decon 90 with water in between experiment runs to remove any deposit that
may have formed on the surface wall. After cleaning, the inner pipe was flushed with water at a speed of 8
L/min for several minutes and was repeated thrice. Prior to every experimental run, a preliminary
experiment using distilled water as the hot fluid was carried out to ensure data reproducibility.
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Fig. 1 Schematic layout of the heat exchanger unit



2.3 Data calculation
Nanofluid thermal conductivity (k,s) can be obtained by using the correlation that considers the
nanoparticle shape effect as proposed by Hamilton and Crosser [13] as follows:

kne _ knp + (n = Dkpe — (0 = D (Kb — knp)
kg knp + (n — Dkye + ¢ (ks — knp)

€y

where ky, is nanoparticle thermal conductivity, kyrrepresents the base fluid thermal conductivity, ¢ is

nanoparticle volume fraction and n is an empirical shape factor as defined by:

n= 3 (2)
1%
where 1 refers to sphericity which can be expressed as:
1 2
-

where vy, and Ap, is the volume and surface area of the nanoparticles, respectively. Maron and Pierce

model [14] can be employed to predict the nanofluid viscosity, p,¢:

-2

where py¢ is base fluid viscosity. This viscosity correlation takes into account the nanoparticle aspect ratio,

7 (i.e. shape) from the maximum packing fraction, ¢,,, as derived by Mueller et al. [15] given below:

2
Pm = 03217 + 3.02 )
HTC which measures the thermal performance of the nanofluids, is estimated by using:
Q
U= aximrp ©

where A is heat transmission area, Q is heat transport rate from nanofluid and LMTD is the logarithmic
mean temperature difference, which is the temperature driving force of the heat transport in heat exchanger.

Q and LMTD can be determined from:

Q = mpyp X Cp,nf(Tnf,in - Tnf,out) @)



(Tnf,in - Tw,out) - (Tnf,in - Tw,in)
T f - T t
In ( nfin w,0u )
Tnf,out - Tw,in

LMTD =

(8)

where ¢ is the mass flow rate of nanofluid, Ty, and Ty o, represent the nanofluid temperatures at inlet
and outlet of inner pipe, while Tyy ot and Ty o, are the water temperature at inlet and oulet in the annulus
pipe. As reported by Pak and Cho [16], nanofluid density, p,f, can be predicted from:

Pnt = (1 — @) ppr + Ppnp €))

The nanofluid specific heat capacity, Cy, ¢, can be expressed as [17]:

(1 - ¢)(pcp)bf + ¢(pcp)np

Conf = (10)
paf Pnf

3.0 Results and discussion

Fig. 2 illustrates the images of the used GnPs (Figs. 2a and 2c¢) and MWCNTs (Figs. 2b and 2d) as observed
under FESEM and HRTEM. They ascertain the typical morphology of the crumpled feature of thin GnPs
and the fibrous structure of the MWCNTs, respectively. Based on the images of the MWCNTs, it is verified
that the outer diameter of MWCNTs are within the range of 20 — 30 nm as stated by the supplier. MWCNTs

with larger diameter were also noticed in the sample but in a very small quantity.



Fig. 2 Typical morphology of the used GnPs (a, ¢) and MWCNTs (b, d) observed under FESEM and

HRTEM, respectively.

Fig. 3 compares the thermal conductivity and viscosity between GnP- and MWCNT-nanofluid by using the
correlations given in Egs. (1) to (5). It is obvious that ks of GnP-nanofluid is greater than that of MWCNT-
nanofluid for all volumetric concentrations. Meanwhile, p,¢ of GnP-nanofluid show lower values than that
of MWCNT-nanofluid for all the studied concentrations. The difference of k. and p,¢ between both
nanofluids becomes significant with increasing concentration. Based on these results, GnP-nanofluids
manifest a better thermal medium in view of their higher k¢ and lower u,¢ as compared to MWCNT-

nanofluids.
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Fig. 3 (a) Thermal conductivity, k¢ and (b) viscosity, uy¢ of GnP- and MWCNT-nanofluids with

different concentrations.

Fig. 4 compares the HTC of GnP-nanofluid, MWCNT-nanofluid and distilled water at varying volumetric
concentrations and flow rates. It is observed that the HTC is greatly influenced by the concentration of the
nanomaterial used. Both GnP- and MWCNT-nanofluids show the same trend of increasing HTC at the low
concentration region and then reducing to a lower HTC at a higher concentration region after a maximum
HTC is reached. The maximum increase in HTC relative to the pure base fluid is approximately 16.8, 24.2

and 26.1 % for GnP nanofluid; and 8.8, 13.8 and 14.4 % for MWCNT-nanofluid at 1.5, 2.0 and 2.5 L/min,



respectively. The increase in HTC at the low volumetric concentration up to 0.15 vol.% (0.05 vol.% for 1.5
L/min) is explained by the higher amount of thermally conductive nanoparticles present in the nanofluid as
the concentration is increased. The concentration at which the HTC reaches the maximum value shows an
optimum concentration. Above this concentration, deterioration in the thermal performances is observed.
This shows that the selection of the nanomaterial concentration is of great importance in producing
nanofluids with a positive impact on heat transfer performances. This is all the more important because the
observed tendency does not follow the commonly agreed behavior regarding the proportionality between
thermal performances and nanomaterial concentration in nanofluids. It is indeed widely known that thermal
properties of nanofluids are enhanced if the nanoparticle concentration increases [9, 18, 19]. However, with
the production cost of nanoparticles being quite high, their concentration has to be optimized in the prepared

nanofluids.

As illustrated in Fig. 4, the HTC of the nanofluids is generally greater than that of distilled water. However,
when the concentration is the highest at 0.35 vol.%, the HTC of the nanofluid is lower than that of the
distilled water at the volumetric flow of 1.5 and 2.0 L/min (for MWCNT-nanofluid). This indicates that
when the concentration of suspended nanoparticles is too high, the heat transfer process in the solution
deteriorates to a level that is worse than that observed for the base fluid itself. This is often associated with
the rise in pressure drop due to high nanofluid viscosity resulted from the high volumetric concentrations
of the nanoparticles [11, 16, 20]. This could also explain why the HTC for both MWCNT- and GnP-
nanofluids was reduced as the nanofluid concentration is increased after reaching a maximum value at an

optimum concentration.
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water was employed as the hot fluid flow.

Besides, the HTC values are higher when using GnP-nanofluids as compared to those of MWCNT-

nanofluids for all concentrations and flow rates. Results in the existing literature have shown that the
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intrinsic thermal conductivities of both GnPs and MWCNTSs are comparable, where both nanomaterials can
reach above 3000 W mK! [9, 21, 22], but the thermal conduction of the nanofluids containing these
nanomaterials can be expected to be different due to their difference in shape, as evidenced by the results
shown in Fig. 3a. In particular, the thermal conduction would be superior in a two-dimensional GnP, where
phonons can travel in multi-directions parallelly to its surface. In MWCNTs, the travelling of phonons is

only limited to one direction which is along the axis of its cylindrical shape.

Generally, the HTC for all the tested fluids is increased at an increasing flow rate. The highest HTC is
achieved under the highest volumetric flow of 2.5 L/min at ¢ = 0.15 vol.%. To further scrutinize the effect
of flow rate and nanofluid concentrations on HTC values, a normalized heat transfer coefficient (Upne/Upr)
were plotted against the concentration as depicted in Fig. 5. The figure depicts that for nanofluid at ¢p =
0.15 vol.% and above, it is clear that the HTC ratios are the least at the lowest volumetric flow of 1.5 L/min.
In contrast, at the lowest concentration of 0.01 vol.%, the lowest HTC ratio is observed at the highest
volumetric flow of 2.5 L/min. These observations are commonly explained by the competing influence
between thermal conductivity and formation of thermal boundary layer, where HTC can be roughly
expressed as k/6; (k = thermal conductivity; &; = thermal boundary layer thickness) [23-26]. For a flowing
nanofluid, in addition to the nature of thermal conduction of the nanoparticle itself, many scholars had
associated the thermal conductivity with multiple nanoparticle-induced interactions in the base fluid i.e.
Brownian motion, Soret effects, clustering effects, and layering of liquid in molecular level at the liquid-
solid interface; these mechanisms could produce a synergistic contribution to ks [27-29]. The dynamic
effects brought by the nanoparticles from these mechanisms can cause a delay or disruption to the flow-
induced thermal boundary layer development near the wall surface through the tube length [30]. For
instance, existing literature has shown that the suspension of nanoparticles in fluid restricts boundary layer
development due to significant migration of nanoparticles when the Brownian motion becomes dominant

[31-33]. In this situation, the movement of nanoparticles becomes more chaotic, thus the collisions between
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nanoparticles and also with base fluid molecules gets more intense and consequently produces a high energy
exchange rate for an augmented HTC [34-37]. Besides, the perceived decline in HTC in both nanofluids
above the concentration of 0.15 vol.% could be associated to the favorable development of thermal
boundary layer as a result of the rise in viscosity [38, 39]. In this high concentration regime, HTC is
generally enhanced with an increasing flow rate. This could be ascribed to the thinning of the thermal

boundary layer owing to the intensification of fluid inertial force with an increasing flow rate [37, 40].

For GnP concentration below 0.15 vol.% (below 0.05 vol.% for the MWCNTs), the HTC are greatly
affected by the volumetric flow rate. Taking GnP concentration of 0.05 vol.% as an example, HTC is
enhanced as the volumetric flow is risen from 1.5 to 2.0 L/min. However, a further increment of the flow
rate to 2.5 L/min brings down HTC to a value that is lower than that which is obtained at 1.5 L/min. This
shows the existence of a critical volumetric flow rate that could affect HTC values of nanofluid. This is
ascribable to the interchange between the competing influence of thermal conductivity and viscosity. At
low flow rate, the intensification in thermal conductivity is more significant than viscosity rise, especially
since the thermal conductivity could be induced by the effect of nanoparticle dynamics such as the
Brownian motion [30, 37]. Increasing the flow rate will further intensify the Brownian motion [30] hence
resulting to a further enhancement in thermal conductivity and hence the HTC. This will take effect up to
a certain flow rate, beyond which the HTC begins to drop. This reduction in HTC at high flow rate shows
that the flow-induced momentum causes hindrance to Brownian motion of nanoparticles and hence

adversely influences the heat transfer rate [30, 37].
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nanomaterial concentration in (a) GnP-nanofluids and (b) MWCNT-nanofluids at different volumetric flow

rates.

It is worth noting that the maximum HTC ratio brought by MWCNT-nanofluid occurs at a concentration
of 0.15 vol.% and at the highest volumetric flow of 2.5 L/min. However, GnP-nanofluid at a lower
concentration of 0.05 vol.% produces a higher HTC ratio at the lowest volumetric flow of 1.5 L/min. This

implies that GnP can produce a HTC ratio greater than that of MWCNT at even lower concentration and
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flow rate, which is more desirable for practical applications. Further examination on the heat transfer rate
(Q) revealed that more heat was emitted from the nanofluid when GnP-nanofluid was used as compared to
MWCNT-nanofluid at similar concentration as illustrated in Fig. 6. The variation of @ portrays a similar
trend with that observed for HTC behavior as shown in Fig. 4a since they are proportional to one another
as presented in Eq. (6). Besides, the Q of nanofluids is also proportional to the difference in temperature
between the inlet and outlet of the hot section (T — T3) as given in Eq. (7). Hence, the higher Q of GnP-
nanofluids when compared to that of MWCNT-nanofluids is caused by a larger temperature difference (T
— Ts) brought by the former as shown in Fig. 7. From this observation, it is clear that the higher HTC ratio
brought by GnP-nanofluids as compared to MWCNT-nanofluids is attributed to their ability to transmit a
greater amount of heat. In other work, MWCNT-nanofluids were found to produce higher HTC than
observed for GnP-nanofluids in a plate heat exchanger, but no details given regarding the dimension of the
GnP and MWCNT nanoparticles that were used [41, 42]. Information on the dimension of nanoparticles is
very important since it has huge impact on ky¢. For instance, the intrinsic thermal conductivity of GnP can
be affected by its number of layers (i.e. thickness) [43]. Besides, the intensity of Brownian motion is
influenced by the length of MWCNTs where shorter length could move faster and there is a lower
probability to entangle with each other [44]. In a nutshell, the discussion given above points out to the
important influence of size and shape (i.e. aspect ratio) of carbon nanomaterials for heat transfer

performance enhancement.
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4.0 Conclusions

In this study, the thermal performance of GnP- and MWCNT-nanofluids are compared by using a
concentric tube heat exchanger. GnP-nanofluids are found to produce higher heat transfer coefficient than
MWCNT-nanofluid at the respective flow rates and concentrations. The maximum HTC ratio of MWCNT-
nanofluid occurs at a concentration of 0.15 vol.% and at the highest volumetric flow of 2.5 L/min.
Interestingly, GnP-nanofluids, at a lower concentration of 0.05 vol.% flowing at the lowest volumetric flow
of 1.5 L/min, produce a higher HTC ratio, implying that GnPs lead to a greater HTC ratio than that of
MWCNTs at an even lower concentration and flow rate. The positive impact of GnPs on the thermal
performance enhancement is attributed to its ability to emit a greater amount of heat from the nanofluid.
Lastly, this work also points out to the important influence of selecting optimum nanofluid concentration
as well as choosing an appropriate size and shape of carbon nanoparticles to enhance the thermal

performance of the developed nanofluids.
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