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Abstract

In this work Graphene (Gr) flake was exfoliated using the
solvents N-Methyl-2-Pyrrolidone (NMP) and processed by
systematic centrifugation. Raman spectroscopy and Field
Emission Scanning Electron Microscopy (FESEM) analysis
were conducted for the characterization of as fabricated Gr
flakes. Exfoliated Gr was re-dispersed into the deionized
water (DW) with the aid of vacuum filtration process. Then
five different nanofluid samples were prepared by dispersing
Gr in DW (Gr/DW). In these samples volume fractions of Gr
were varied from 0.10 to 0.30 % in DW. Systematic thermal
conductivity (TC) measurements were conducted separately
on the prepared Gr dispersed nanofluid samples. Prediction of
TC enhancements for Gr/DW nanofluids were explained by
analytical explanation with the modification of effective
medium approach (EMA). In the approximation low filling of
Gr flake and its random orientation were taken into
consideration with the effect of ultrathin Gr fake’s basal plane
TC. The model predictions agreed very well with the
measured TCs of as produced exfoliated Gr/DW nanofluids. It
was shown that, using exfoliated Gr flakes of extremely wide
basal plane with negligible thickness and non-flat or crumpled
ratio was an efficient factor to obtain the considerably better
agreement with the TC enhancements of Gr/DW nanofluids.
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INTRODUCTION

Thermal properties of different nanofluids have been studied
comprehensively [1]. Thermal conductivity (TC) has been
drawing the extreme consideration among all other thermal
properties of nanofluids. It is considered as the most crucial
factor for the heat transfer in nanofluids [2]. Effective TC
behaviors are significantly desirable during the uses of
nanofluids in different practical thermal devices such as, the
new kind of heat exchangers, cooling loops and energy
conversion systems along with the structural and
microelectronic packaging materials.

Addition of high thermal conductive particles in the liquids
enhances the TC of new fluids Maxwell (1881) [3]. It leads to
generate the idea of addition of Gr nanosheets in the
conventional heat transfer fluid such as water for the
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enhancement of TC. One atom thick Gr nano-sheet is an ultra-
thin carbon film [4]. Often, it is defined as the structures of
three or few layers of Gr sheets [5]. It is the most promising
nanomaterial because of the exponentially high thermo-
electrical conductivity, high mobility of charge carriers and
high mechanical strength along with the enormously large
surface area [6]. Two-dimensional form of single atomic layer
Gr have exhibited high crystal quality and to have ballistic
thermal conductance [7]. Chemical processing such as liquid-
phase exfoliation (LPE) of graphite has shown the most
anticipation to produce Gr suspension in organic solvents [8,
9, 10, 11, 12]. Microcrystalline graphite particles can exfoliate
into separate Gr sheets in the solvent with the aid of
sonication by generating the shear forces and cavitation in
solvent [13, 14]. To some extant heat transfer mechanism in
Gr nanofluids is similar to carbon nanotube (CNT) containing
nanofluids [6]. However, transferring heat in nanofluids, Gr
could outperform because of its excessively high TC than the
CNTs [15, 16, 17]. Shahil and Balandin, (2012) [18]
experimentally confirmed that Gr is better filler than CNT in
terms of TC enhancements. One of the vital reasons is that, Gr
possesses far smaller thermal boundary resistance in fluids
than the CNT [19,18]. Comparison of modern nanotechnology
and orthodox thermal science shown that, TC of Gr
nanosheets suspended nanofluids provide a significant
potential and regarded as an attractive candidate for next-
generation materials in heat transfer application [6,20].

It is found in literature that, theoretical predictions of TCs by
conventional effective medium theories are awfully under
predicted from the experimentally measured TCs of the
carbon based material dispersion [21, 22]. In this regards
anomalous behavior of TC enhancement for these dispersions
are theoretically very fascinating. Although heat transport
behavior nearly similar for Gr and CNT [6]. Some theoretical
analyses have presented in literature to explain the heat
transport behavior of CNT dispersed nanofluids. However,
implementations of theoretical approach have not widely used
to predict the TC enhancement behavior of Gr flake dispersed
nanofluids. Therefore, the objective of this work is to
experimentally investigate the TC and modification of
effective medium theories for the analysis of TC behaviour of
the exfoliated Gr suspended DW nanofluids. The influencing
factor volume fraction of Gr flakes was also explained.
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Theory of Effective Medium Approximation for Thermal
Conductivity of Nanofluids

At 1881, Maxwell, (1881) [3] investigated the conduction of
liquid suspensions analytically by considering a very dilute
suspension containing spherical particles and ignoring the
interactions among particles. It was developed for the
continuum medium of dispersed micro- or mili-sized solid
particles. In this model, it was not considered the effects of
particle size, interfacial nanolayer at the particle-liquid
interface and motion of particles. The Maxwell model is used
as the representative of traditional models. Well-known

Maxwell theory for the effective TC, Keﬁ of the particle

dispersed liquid suspensions is expressed as Equation 1 [1, 3,

23].

_ (Kp+2Kf)+2(p(Kp—Kf)><
(K, +2K,)-p(K,-K,)

off

where, K, is the effective TC of the suspension; K, is the
TC of the solid particles, K, is the TC of the base fluids; ¢ is
the volumetric fraction of the solid particles as filler.

It is found that Nan, (1993) [24] used multiple shattering
approaches for effective medium theory. Latter, it was
introduced an effective medium theory by considering a
composite medium whose TC varies from point to point. The
variation of TC consist with two parts, between them one is
from constant part of a homogeneous medium and other part
is generated from the arbitrary fluctuating part related with the
interaction between particles which was neglected in the
approximation for the simplicity of calculation. Apparently,
this approximation was only effective for the dispersion where
solid particles are dispersed in the matrix (based fluid) [25,
26].

Nan, et al., (1997) [26] considered two-phase composite
containing ellipsoidal fillers with considering interfacial
thermal resistance existing between the matrix and filler, in
which the materials axes are denoted by X; and the local,

! ’
oriented axes by 7 with 3 corresponding with the
symmetric axis of the filler particles considered. Figure 1
shows the schematic illustration of the dimensions of
spherical (oblate and prolate spheroid) filler geometry.
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Figure 1: Schematic illustration (a) dimensions of oblate and prolate spheroid, (b) composite unit cell of a Graphene flat plate
indicating that a;=a, >> as The equivalent TC along the basal plane of the plate is K11 (= K22) = K, and TC normal to the basal
plane is Kss,

Nan et al., (2003) [25] and Nan, et al., (1997) [26], formulate
the Effective Medium Approximation (EMA) for arbitrary
ellipsoidal particulate composites. Maxwell Gantt Effective
Medium Approximation (MG-EMA) was rediscovered by
considering interfacial thermal resistance [22, 27] for the
several ellipsoidal particle geometry, topologies and
orientations in the matrix. The solid particle and matrix
interface is assumed to be effective for the transport of energy
across it. If is taken the matrix phase as the homogeneous

reference medium, so ~ / presence as the TC of the matrix
(base fluid). Then, the recovered MG type EMA of the theory
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for the effective TC, K of of the system with equalized
ellipsoidal particles as,

2+ ?, [, Q- L)1+ <C0329>) + Paa(l— L) (1 - <C0320>)]

K
2-¢,[B,L,(1+(Cos?6)) + B3Ly;(1—(Cos>6))]

o =

S

L,

; 1s the well-known geometrical factors based on the

principal axes of non-spherical (spheroid) particles dependent
on the shape of the particle assumed by Nan, (1993) [24] and
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Nan, (1994) [28]. L, is expressed as the function of aspect
ratio of non-spherical filler by Nan, et al., (1997) [26],

L, =1L,
" _ cosh™o, for o0>1
2(0% -1) 2(0° _1)% 1 ’
B 0? 0 a
+ cos— o, for o0<],
2(62 —1) 2(1—62)% %
Ly =1-2L,,

where, d= as/a; is the aspect ratio of the ellipsoid. Aspect
ratio, @ < 1 is for an oblate spheroid where as<a;= a,, on the
other hand, 0>1 is for a prolate spheroid where az > a;= a, [18,
26].

Bi is the function of TC B; could be defined as [25, 26, 29],
o Kp _Kf
' Kf+Li[(Kp_Kf)]

2
The average (Cos”0)
Nan, et al., 2000 [30]),

is given by (Nan, et al., 1997 [26],

0) cos’ 0 sin 6 do
<c0s29>=fp( ) cos”
[ p(0) sin 0 de

where, 0 is the angle between the materials axis X3 and the
’

local particle symmetric axis X p(0) is a distribution

function describing ellipsoidal particle orientation and P is
the volume fraction of particles. Equation 2 can be treated as
the common EMA formulations that comprehend the effects
of particle size, shape, orientation distribution, volume

L . . K K
fraction, interfacial thermal resistance as well as =~ 7and =/

K . .
on o of the suspension. From equation 2 shortened

. K, . .
expressions for ¢ can be straightforwardly given for
several types of filler geometry and topologies.

Modification of Effective Medium Theory

We assumed that the fillers are randomly oriented in the based
fluid. It is also supported in by Shahil and Balandin, (2012)
[18]. Then the average geometrical factor in Equation 5,

2
(Cos°0) =1/3 [26]. In this situation, the effective TC, Kt of
the dispersion is obtained from equation 2 as,
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=K, 3+ (PP[Z,BM(]_— Lyy) + fos(1— Lgy)]
’ ! 3=¢,[20,.Li; + Pslss]
(6)

Equation 6 is a desired general MG-EMA formulation for the
TC enhancement of the arbitrary isotropic particulate
dispersion, which includes the effects of the diameter, aspect
ratio and volume fraction of the filler and also the effect of

interface thermal resistance, and TC ratio of 1’/ 7 on the
effective TC of the dispersion.

Both Gr flakes and CNTSs can be considered as spheroids with
principle dimensions al=a2 and a3. An ideal Gr flake can be
treated as an oblate spheroid with @ = a3/al—0 [18], (as
because al=a2 >> a3) which means, the Gr flake possesses
ultra large basal plane dimensions (al=a2) comparing to
negligible thickness normal to the basal plane direction (a3).
While CNT is treated as a prolate spheroid with 0 — oo (with
al=a2<<a3). This difference in d was theoretically predicted
to make Gr much better filler than CNTs [18, 31].
Considering this negligible aspect ratio, Gr flake can be
treated as a flat plat (as in Figure 1b). For flat plate, the

geometrical factors is given Ly =0 o Ls =1
Equation 3) given by Nan, et al., (1997) [26].

(from

Then from equation 4, P and P can be written as,

KP
Py = o -1
L (7)
K
;833 =1-—+
K (8)
K >>K

>
As for Gr flake 7 7. In the dilute limit as in the
carbon based material dispersed nanocomposite is reported in

the literature, (e.g., P < 1) [21, 22, 24, 25, 29, 30, 32].

Now, implementing all these conditions in equation 6, TC
enhancement of Gr flake suspended nanofluids is modified as,

2
3

Keﬂ’ —
Kf

Actually, only one isotropic TC, K, was observed for in the
Gr flakes. This quite simple relation in Equation 9 clearly
demonstrates the large TC enhancement induced by the high
TC of the Gr flakes.

If it is considered that the Gr flakes are incorporated with

. . . R :
interfacial thermal resistance,” ?¢; then equivalent TC

through basal plane [27, 29, 33] with interfacial resistance is
given,

KY=K,/A+2R K, /L)
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where, L is the straight path or equivalent length or

contributed length of Gr flake in the suspension (it is
e

expressed as L or 7). So the effective TC enhancement

equation 9 can be modified with influence of with interfacial

. R .
resistance (* 29) can be written expressed as,

K . K
e

= —Q—
K, 37K, 2Rk,

Dispersion with carbon based malarial showed the anomalous
TC, so homogeneous dispersion can be achieved more easily
compared to the solid composites [21, 25].

It is well identified that the graphite is highly anisotropic in
thermal conduction. In the basal plane of graphite thermal
conductivities is estimated within range from 940 to 2000
W/mK, in contrast TC along the normal to the basal plane is
can be varied from only between 5 and 20 W/mK [34]. Even,
a larger ratio of basal plane TC to its normal plane can be
obtained for the highly oriented pyrolytic graphite [29]. Since
few layered Gr flake is the exfoliated peeled off curled
graphite structure [8, 35]. For this reason, it is well expected
that, Gr flake’s TCs through basal plane also would be larger
than normal ones. Above observation leads to generate the
idea to analysis systematically the experimental data with the
effect of anisotropy and not-flatness or non-straightness of Gr
flake on the effective TC of the Gr flake dispersion using
Maxwell-Garnett effective medium approximation (EMA).

Microscopic observations show that, low loaded uniformly
dispersed Gr flakes in base fluid are being far apart from
straight or completely flat where basal plane of Gr flake is
prevailed as crumpled or non-flat sheets in the dispersion.
Because, ultrathin Gr flak able to possess enormously large
surface. While its thickness is negligible compare to the
straight path in basal plane dimensions of that large surface. A
schematic illustration of crumpled or non-flat Gr flake is
shown in Figure 2. Gr flakes are highly anisotropy in terms of
thermal conduction [6]. It means for Gr flake [in Figure 1b]

Ky =K =K, >> Ky, o K /K33 =K, /Ks; >>1.

For this reason Gr flakes induce a unique property that
individual Gr flake is perfect for thermal conduction path
through basal plane with negligible flux loss during the long
distance thermal conduction. For non-straight or crumpled Gr

L
flake with non-straight length 7 under a two end
temperature difference AT=T,-T,

The thermal fluxq :KP AT/ LPis the thermal transport
through basal plane of flat Gr flake.

as shown in Figure 2.

€
Equivalent Gr Lp

Non-straight Gr

Non-straight Gr

Figure 2: A schematic illustration of the crumpled/ non-flat
and equivalent Gr flake.

It can regard that, this Gr flake as equivalent straight thermal
flake such that the equal thermal flux q is conducted (Figure
2) between the two ends of the Gr flake in the equivalent

e

straight or flat path distance 7 (L). For this reason, the

equivalent straight thermal length can relate with
=I°/L

flatness/crumpled ratio of usual length r / P So the
K:=0cK

TC of the equivalent straight path is 7 P So the

other parameters influenced on the equation 9 also balanced
with the flatness/crumpled factor “c”. So, the equation can be
modified and expressed as Equation 12.

Nomenclature

Gr Graphene

NMP N-Methyl-2-Pyrrolidone

FESEM Field Emission Scanning Electron Microscopy
DW Deionized water

TC Thermal Conductivity

EMA Effective Medium Approach

LPE Liquid-Phase Exfoliation

p(0)  Distribution function describing ellipsoidal particle

orientation
o Flatness or crumpled factor
Subscripts
K Suspension Effective Thermal Conductivity

Kp Thermal Conductivity of the solid particles
Kt Thermal conductivity of base fluids

X; Materials axes
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CNT Carbon Nanotube ai, ap, Dimensions of the spheroid
a
EMA Effective Medium Approximation Lii Geometrical factors for the spheroid
MG- Maxwell Gantt Effective Medium Approximation Rod Interfacial thermal resistance
EMA
RPM Revolution per Minute Ly Non-straight length of Gr flake
FWHM  Full width at half maximum AT Two end temperature difference of Gr flake
I Band intensity of Raman spectrum q Thermal flux through basal plane of Gr
IAS Image Analysis Software L; or Equivalent straight distance of the Gr flake
L
RMC Research Management Centre my, Mass contained of the filler
UM International Islamic University Malaysia um Micro meter
°C Degree Celsius
Greek symbols
7 Volume fraction of filler in base fluid ml Mili-litter
d Aspect ratio of the ellipsoid % Percentage
Pp Density of the dispersed filler material cm?  Raman shift
Dot Density of base fluid w Watt
Bii Function of Thermal Conductivity m Meter
0 Angle between materials axis and local particle K kelvin

symmetric axis

Experimental
Preparation of Gr Dispersed DW Nanofluids

Gr nano-flakes were fabricated using a simple and direct
technique sonication assisted liquid phase exfoliation (LPE) of
graphite powder in organic solvent N-Methyl-2-Pyrrolidone
(NMP). Preparation process is explained elsewhere. For the
fabrication of Gr flake, it was carefully maintained the LPE
protocol implemented by Khan, et al., (2012) [35]. After
fabrication organic solvent was removed from Gr nanosheets
using vacuum filtration. Then it was re-dispersed into
deionized water (DW). As-produced Gr was suspended as
filler into the DW base fluid. Gr suspension in DW is
expressed as Gr/DW. After the dispersion of Gr flakes in DW
it was bath sonicated using BRANSONIC ultrasonic cleaner
for 10 minutes and then stirred about 1lhr using magnetic
stirrer for the homogenization purpose. Dispersion
concentration of the suspension was estimated by UWVvis
(Thermo Scientific, Multiskan GO) absorbance spectroscopy
analysis. Field Emission Scanning Electron Microscopy
(FESEM) (Model JEOL JSM-6700F) was used to examine the
morphology and size analysis of the as prepared exfoliated Gr
flakes. Raman spectroscopy (InVia Reflex, Renishaw, UK) of
exfoliated Gr was performed on the prepared films on silicon

wafer. Spectra were recorded with 514 nm excitation, within
the Raman shift from 1000 to 3200cm™ incorporating with the
WIRE 4 software. Image analysis software (IAS) was used for
the analysis collected images using OLYMPUS Stream
(version 1.9).

Preparation of Gr/DW Nanofluids

For the evaluation TC Gr/DW nanofluid samples were
prepared by varying the Gr content DW base fluid. Five
different samples were prepared with the volume fraction of
0.10, 0.15, 0.20, 0.25 and 0.30 % of as produced Gr flakes and
these volume fractions are mentioned as @1, ¢2, ¢3, ¢4 and
@5 respectively. Percentage volume fraction of filler in base
fluid was calculated using relation in Equation 13.
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where, @ is the percentage volume fraction of filler in base
fluid. Mass contained of the filler ismy, density of the
dispersed filler material is p, and density of base fluid is py.

Thermal Conductivity Measurements

Thermal conductivity (TC) of the nanofluids were measured
using a KD2 Pro thermal properties analyser (Decagon, USA,
version 5), built on the principle of transient hot-wire
technique. The KS-1 single-probe sensor was used for these
measurements. The accuracy of the instrument is specified by
the manufacturer to be within +5% [36]. Sensor performance
was measured with fluid glycerol (recommended and supplied
by manufacturer). About 45ml of sample was taken into a
close vial. Sensor probe was completely plunged vertically
into the sample. Data was taken for every sample at complete
equilibrium state. Each data was repeated minimum 10 times
(up to 25 times) for the precision purpose. Almost 20% of
data were ignored considering them as outliers. Average
values were taken for the analysis. After the above-mentioned
careful check on the measurement condition and procedure,
authors gain strong confidence on the experimental results.

RESULTS AND DISCUSSION
Characterizations
Physical Appearance of Gr/DW Nanofluids

To investigate the effect of volume fraction on TC five
different samples of exfoliated Gr dispersion in DW were
prepared. Every sample was taken from the supernatant Gr
suspensions of final centrifuge speed 500 rpm sample. Figure
3 shows the physical appearance of the exfoliated Gr
suspensions in DW. Digital photographs in Figure 3(a-e) show
the representative of Gr/DW samples of 500 rpm after
preparation of 30 days for the five different volume fractions
0.30, 0.25, 0.20, 0.15 and 0.10 % respectively. A
homogeneous and uniform dispersion is acquired. It was
apparent that there was no sedimentation in the suspensions.

B4

Figure 3: Exfoliated Gr dispersions in DW (Gr/DW). Volume
fractions of the samples are: (a) 0.30, (b) 0.25, (c) 0.20, (d)
0.15 and (e) 0.10 %.
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FESEM

Figure 4 shows the representative FESEM images of as
produced exfoliated Gr sheets. Images were captured on the
exfoliated Gr samples of final centrifugation speed 500 rpm.
FESEM images in Figure 4a and 4b show the illustrative non-
flat or crumpled and folded Gr nanosheets respectively for the
exfoliated Gr samples which fell over on one edge with
isolated small fragments of Gr on its surface. FESEM
analyses of the exfoliated samples revealed the presence of
number of flakes stacking. It can be seen that most of the
exfoliated flakes are very thin and Gr layers are stacked one
over another in an ordered manner [14]. Gr sheets become
crumpled due to their negligible thickness with ultra large
basal plane surface area surrounded by liquid in suspension.

(b)

Figure 4: Representative FESEM images of exfoliated Gr
flakes of 500 rpm sample: (a) non-flat or crumpled and (b)
folded.

Raman Spectroscopy of Exfoliated Gr

Illustrative of Raman spectrums taken on the LPE precursor
graphite powder and sample of exfoliated Gr for final
centrifuge speed 500 rpm are shown in Figure 5. The
spectrum for the starting precursor powder is presented for the
comparison purpose. Three characteristic peaks in the Raman
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spectra are appeared. G-band position for exfoliated Gr
sample is shifted to slightly higher value than that of the shift
(cmt) of precursor graphite powder. It exposes the change of
Gr form the graphite flakes by LPE. Increases in Raman shift
(cmt) of G-band form the precursor graphite is the indication
of conversion of graphite to Gr sheets [37]. The sharp G-band
in the spectrum of exfoliated Gr sample comprises the Gr
sheet; it is for the in-plane vibrational of sp? hybridized
carbon atoms [37, 38, 39]. Full width at half maximum
(FWHM) of 2D-band peak for exfoliated Gr sample is
detected around 66 cm which endorses the presence of about
five-layer Gr in the representative analyzed samples [40].
Relative intensity of D and G band intensity (Io/lg) for the
precursor graphite powder and the exfoliated Gr are found
about 0.599 and 0.697 respectively. It means the starting
Graphite powder has the smaller D band intensity than that of
exfoliated Gr. It also tells the formation of Gr from the
graphite by exfoliation [35, 10].

®

’ @)

Raman Intensity (a. u)

1000 1500 2000 2500 3000
Raman Shift (cm™!)

Figure 5: Raman spectra: (a) LPE precursor graphite powder
(b) exfoliated Gr of 500 rpm sample.

MODELS PREDICTED AND EXPERIMENTAL TC
ENHANCEMENTS OF Gr/DW NANOFLUIDS

Experimental and Maxwell Model Prediction

Relative TC (Kni/Ks) of Gr/DW dispersion samples with the
Maxwell predicted TC is presented in Figure 6. Spherical
shape of filler is considered in Maxwell effective medium
approximation in equation 1. In this model it is considered
that the filler Gr is thermally isotropic  (
K=K, =Kz = Kp) with K,/K,>>1. In fact, ideal Gr

flake is a flat sheet with negligible thickness compare to the
flat path dimensions [18]. Moreover, in this analysis it was

noted that the values of Kj = 0.604 W/mK and Kp = 3000

W/mK. It is showing that the relative TC values by Maxwell
model are about 1 (one) for all samples with increasing
volume fraction. It means that predicted TC values for these
Gr/DW samples are around similar to the base fluid. It
indicated that Maxwell model predicted TC values are terribly
underestimates the TC enhancements of Gr/DW nanofluid
samples. It directs that there are other mechanisms contribute
to the TC enhancement in Gr/DW suspensions. Choi, et al.,
(2001) [21] also found that the theoretical predictions can

show only a minor conductivity enhancement for the carbon
base particles suspended nanofluids.

This theoretical model for solid-liquid suspension is
originated from the Fourier’s law of heat conduction. If it is
considered that the thermal diffusion is contributed for the
thermal conduction enhancement of carbon based material
suspended nanofluids. Then it could presume that the
theoretical predictions can increase the TC only very
marginally. For this reason, phenomenal experimental results
tend to exhibits essential restrictions in orthodox model. These
enhancements of TC of Gr suspension in DW can be
explained by the two important points. First, type of heat
conduction in Gr suspension and other one is type of assembly
of Gr sheets and base liquid interface. Current studies
discovered that the Gr nanosheets conduct heat by Ballistic
flow of phonons [7, 41, 42]. For this reason, Gr nanosheets are
likely to dominate the thermal conductivities of the Gr
suspended nanofluid. It is considered that in nanofluids
ballistic heat conduct in Gr sheets and diffusive heat
conduction in DW base fluid [21]. Since ballistic heat
conduction is far greater than the thermal diffusion.

155

145 ®  Experimental NMP-Gr/DW

- « = Maxwell

v ]
=12 -
¢ m
m
1.15
- (@)
1.05
0.95 , , . .
0.10 0.15 0.20 0.25 0.30

Volume fraction (%)

Figure 6: Doted and line graphs for the experimental and
Maxwell predicted TC enhancements respectively for the
Gr/DW nanofluids.

Experimental with Model-1 and Model-11 Prediction

With the consideration of flat geometry of Gr flake and their
random orientation in base fluid the modified MG-EMA type
equation in 9 is mentioned as so called Model-I. It is
important to note that the analytical expression in Model-I is
precise up to the first order of volume fraction ¢ as ¢—0. In
this expression, it could be included the anisotropy of Gr flake
TC through the basal plane and normal to the basal pane

K,,/K, =K,,/K, and Kg3/K, where all Gr flakes are

considered completely flat straight. Actually, only one
isotropic TC, K, is observed for in the Gr flakes. The quite
simple relation in equation 9 clearly demonstrates the large
TC enhancement induced by the high TC of the Gr flakes. The
simple MG-EMA model for the Gr flake is valid for the
matrix-based composites in which Gr flakes are surrounded
by the matrix. For this type of matrix-based suspension, the
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validity of the MG-EMA formula derived above is for very
low range of the volume fraction of Gr flakes.

For illustration, Figure 7a shows the comparison between the
Model-1 (equation 9) and the experimental TC of Gr/DW
samples. As seen, the modified simple equation derived
mentioned as Model-l1 by considering flat plate with their
random orientation in base fluid from the conventional model
which predicts very high TC enhancement than observed in
our experimental results. For this reason, the TC enhancement
for the dispersion with dilute Gr flakes is not anomalously
beyond theoretical predictions. That the TC of the Gr flake
suspensions is anomalously greater than the orthodox
theoretical predictions (as in Figure 6) is because those
models might not be valid for the Gr flake dispersed
suspensions.

Higher prediction of TC by Model-l than the experimental
results (Figure 7a) suggests that there is still have option for
further enhancement in the TC of the Gr based materials by
improvement of processing and quality of Gr flake used. The
large discrepancies between the predictions and current
experiments could be due to interfacial thermal resistance
between the base fluid and Gr flakes. Aggregation and non-
flatness of the Gr flake in the base fluid could also be
reasonably the effect on the TC of the suspension.

The Gr flake and base fluid interfacial thermal contact
resistance, Rpg can arise from the combination of a poor
mechanical or chemical adherence at the interface and other
incompatibility and the presence of the Gr flake and base fluid
interfacial thermal resistance could result in a drop in the
effective TC. To investigate the effect of this Rug on the TC of
the suspension the equation 9 is modified as equation 11 and
for the explanation purpose it is mentioned as so called
Model-I1.

In Figure 7b effective TC of Model-1l and experimental
results of Gr/DW nanofluids samples are plotted. In this
figure, it is also seen that the predicted thermal conductivities
are also highly over predicted than the experimental values.
For the calculation effective TC using Model-11 the value of
Rua is considered 2.89x10° m*>KW- by considering all the Gr
flakes are completely flat. Although estimated value of
interfacial thermal resistance between Gr and solid epoxy
matrix is 3.5x10° m2KW-! [18]. As our matrix is base fluid
DW, for this reason it is seen by tuning that, for the interfacial
resistance, Rpg = 2.89x10° m?KW- the closest value of
effective TC was obtained with the experimental data. So, it
reveals that there is a negligible interfacial resistance
prevailed between the Gr flake and base fluid. So it could be
said that, almost there is no effect of interfacial resistance is
observed on the effective TC of the Gr/DW nanofluids
samples.
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Figure 7: Doted and line graphs for the experimental and predicted TC enhancements respectively for the Gr/DW nanofluids:
(a) Experimental with Model-1, (b) Experimental with Model-1I.

Experimental with Model-111 with Crumple-ness of Gr
Flakes

Microscopic observations show that, low loaded uniformly
dispersed Gr flakes in base fluid are being far apart from
straight or completely flat where basal plane of Gr flake is
prevailed as crumpled or non-flat sheets in the dispersion.
Because, ultrathin Gr flak able to possess enormously large
surface. Its thickness is negligible compare to the straight path
in basal plane dimensions of that large surface.

From the above observation, expression in Equation 9 is
modified by implementing the flatness or crumpled factor (o)

for Gr flake dispersed nanofluid as in Equation 12 (as
explained above). In the explanation Equation 12 is mentioned
as so called Model-11l. Effective TC enhancements form
Model-I11 and the experimental results of Gr/DW nanofluids
samples are plotted in Figure 8. The results shown in Figure 8
indicate that the prediction with non-flatness or crumpled
factor, ¢ = ~ 0.185 in modified Model-IlI gives the effective
thermal conductivities that agree well with the measured TC
enhancements. Tuning the value of non-flatness or crumpled
factor, it is seen that larger the values of o lead to better
thermal enhancement effects shown in Figure 9.
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Figure 8: Doted and line graphs for the experimental and
Model-111 predicted TC enhancements respectively for the
Gr/DW nanofluids.

At the analysis of filler Gr flake dispersion in DW, it is also
seen that at the similar value of ¢ predicted TC enhancements
of Model-Ill is reasonably agreed with the measured TC
enhancement for the same Gr flakes. Experimentally it was
estimated the crumpled factor by analyzing the non-
straightness or non-flatness of exfoliated Gr flakes. It was

conducted the measurements of about 50 non-flat including
crumpled or folded Gr flakes using image analysis software
(IAS). Ratio of equivalent or lateral lengths and non-straight

o=L 1L _
lengths ( P~ 7)) (mentioned as crumpled or non-
straightness factor), was estimated by individually dividing
e
L
the measured value of ” by the value of ~ 7 for the flakes.
From the analysis average value of this ratio was perceived
about 0.244.

Instead, non-flatness or crumpled factor is originated from the
non-flatness of Gr flake integrated in Model-Ill. This factor
could vary from zero to one (1). If the non-flatness or
crumpled factor is zero than the equivalent or contributed
length also will be zero and if it is one then the equivalent or
contributed length will be same as straight path length of Gr
flake. Figure 9 shows the effect of non-flatness or crumpled
factor on the TC enhancements of Gr/DW suspension for
every volume fraction using Model-I1l. Tuning the values of
non-flatness or crumpled factor, it is seen that larger the
values of o (closer to one) lead to better thermal enhancement
effects and when ¢ equal one, it gives the TC enhancements
by Model-1 which is highly over predicted than the
experimental TC enhancements (as shown in Figure 7a).
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Figure 9: The effect of non-flatness or crumpled factor (o) on the TC enhancements of Gr/DW suspension for using Model-Il1.

CONCLUSIONS

In this study, the analytical effective medium theories were
successfully modified for predicting the TC enhancements of
Gr flake dispersed nanofluids with the consideration of low
filling of Gr flake in the base fluids. Experimentally it is
perceived that, higher volume fraction of filler provided the
higher TC enhancements of water based exfoliated Gr flake
dispersed nanofluids (Gr/DW). Well agreement was perceived
between the experimentally attained data and the predicted
values by implementing modified model. It revealed that Gr’s
negligible thickness compared to its extremely wide basal
plane dimensions and non-flatness or crumpled geometry of
the Gr flakes in base fluid have the leading impacts to the
effective TC properties of Gr flake dispersed nanofluids.
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