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Abstract

In order to investigate the effect of nanoparticle volume fraction, nanoparticle size and temperature on
the thermal conductivity of glycerol based alumina (a-Al,O3z) nanofluids, a set of experiments were
carried out for temperature ranging from 20 °C to 45 °C. The nanofluids contained o-Al,O;
nanoparticles of three different sizes (31 nm, 55 nm and 134 nm) were prepared by two-step method at
volume fractions ranging from 0.5% to 4%. The experimental results show that a-Al,Os-glycerol
nanofluids have substantially higher thermal conductivity than the base fluid and the maximum
enhancement of the relative thermal conductivity was 19.5% for the case of 31 nm at 4% volume
fraction. The data analyses indicated that the volume fraction and size of the nanoparticles have
significant effects on the thermal conductivity ratio (TCR) of Al,Os-glycerol nanofluids, while the
temperature has almost no significant effect on the data for range of this study. At room temperature,
the effective thermal conductivity remains almost constant for 50 hours at 4% volume fractions. The
comparison of the obtained experimental data and predictions from some existing theoretical and
empirical models reveals that the thermal conductivity ratio and its trend could not be accurately
explained by the models in open literature. Consequently, a new empirical correlation based on the

experimental data has been developed in this study.
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Projected area of nanoparticle, m?
Circularity

Specific heat, J/kg.K

Diameter, m

Einstein diffusion coefficient
F-statistic

Non-locality characteristic length, m
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Ratio, =—
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Thermal conductivity, W/mK

A shape factor

p-value

Outline perimeter of nanoparticle, m
Prandtl number

Radius, m

Coefficient of correlation

Reynolds number

Specific surface area, m?
Temperature, "C

Time, s

Weighing function for v degree of freedom and p % of probability
Uncertainty

Bias error

Precision or random error

Weight fraction of the species
Weight, kg

Greek symbols
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Full-width at half maximum, rad

Fraction of liquid volume that travels with a nanoparticle
Diffraction angle, rad

Boltzmann’s constant, J/K

X-ray wavelength, A

Viscosity, N.s/m?

Velocity, m/s
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p  Density, kg/m’

7p  Time necessary for nanoparticle of diameter d, to cover the distance equal to its size, s

¢  Volume fraction

Subscripts

B Brownian

cryst Crystallite

eff Effective

f Fluid

fr Freezing point of the base liquid

gly Glycerol

p Particle

TCR Thermal conductivity ratio

10 10% of nanoparticles have diameter less than
50 Mean of particle diameter distribution

90 90% of nanoparticles have diameter less than

1. Introduction

The importance of heat transfer fluids with high thermal conductivity than conventional ones has been
noted by many scientists and engineers since they improve the heat removal efficiency in heating or
cooling systems. Experiments have shown that the suspended nanoparticles or nanofibers, viz. Cu,
MgO, CuO, Al,O3, TiO,, SiO,, SiC, ZnO, graphene, carbon nanotube (CNT), multiwalled carbon
nanotube (MWCNT) improve the transport and thermal properties of conventional fluids [1-8].
Experimental studies reveal the dependence of thermal conductivity ratio (TCR) of nanofluids on
nanoparticles volume fraction, particles size, temperature, amount and type of surfactants, thermal
conductivity of base fluid, thermal conductivity and size of nanolayer, aggregation, sedimentation time
and pH of nanofluids. Numbers of experimental study [1, 9-11] have investigated the thermal
conductivity of Alumina (Al,Oz) nanoparticles prepared with different based fluids such as water,

ethylene glycol, mixtures of ethylene glycol (EG) and water, oil, and methanol.



Recently, Ghanbarpour et al. [10] observed that the thermal conductivity of water based Al,O;
nanofluids increases non-linearly with nanoparticle concentration, but linearly with a rise of
temperature. The nanoparticle of spherical shape and average size of about 75nm was investigated.
The thermal conductivity enhancements were reported in the range of 1.1% to 87% at mass
concentration ranging from 3% to 50% and temperature range of 20 °C to 50 °C. Mostafizur et al. [1]
also measured the thermal conductivity of three different methanol based nanofluids for temperature
ranging from 1°C to 20 °C and volume fraction range of 0.005% to 0.15%. The sonication at frequency
and power of 50Hz and 500 W, respectively were used for two hours to improve the dispersion of the
mixture of Al,Os-methanol, SiO,-methanol and TiO,-methanol nanofluids with average particles
diameter of 13, 5-15 and 21 nm, respectively. They found that the thermal conductivity of the
nanofluids increased with a rise of nanoparticle volume fraction and temperature. Al,O5; nanoparticles
dispersed in methanol gave greater enhancement of thermal conductivity than SiO, and TiO,
nanoparticles, for the volume fraction range of 0.005% to 0.15%. At 20 °C, for 0.15% volume fraction
of Al,Os, SiO, and TiO, nanoparticles, the thermal conductivity enhancement was 29.41%, 23.033%
and 24.51% respectively.

Application of glycerol as anti-freeze in automotive applications is being examined by ASTM
International Committee D15 [12]. In 1930’s, glycerol was used as an anti-freeze before to be replaced
by ethylene glycol due to cost considerations. Ethylene glycol is used as an anti-freeze for a wide
variety of mechanical equipment during winter times to prevent freezing of aqueous heat-transfer
fluids. Since 2004, there is a surplus production of glycerol from biodiesel in the global market. This
situation could be favourable to make the glycerol cost effective as antifreeze. Glycerol is more
environmental friendly than ethylene glycol. Moreover, it can remain fluid at low temperatures and
resist to oxidation than oil. Glycerol is recommended when there is a contact with lubricant in food
pharmaceutical, cosmetic manufacture and where mineral oils as lubricant are less recommended for

oxygen compressor, pumps and bearings exposed to fluids such as gasoline and benzene [13].

There is a lack of information of a-Al,O3-glycerol nanofluids thermal conductivity in the literature.
Therefore, this investigation is aimed to determine experimentally the impact of the nanoparticle
volume fraction, particle diameter, temperature on the thermal conductivity of stable a-Al,O5-glycerol
nanofluids. Additionally, the measured dataset were compared with the values predicted by some
theoretical and empirical models of thermal conductivity of nanofluids, which may work for glycerol
base nanofluids. Consequently, a new correlation of thermal conductivity of a-Al,Oz-glycerol

nanofluids is developed.
2. Material and Methods

2.1 Materials

Three o-Al,0; nanoparticles of different diameters were analyzed in this work, which the

manufacturer clam were 40 nm (S1), 80 nm (S2) and 100 nm (S3). The a-Al,O; nano- powder of 80



nm was purchased from US Research Nanomaterials, Inc. (Houston, TX, USA). The 40 nm and 100
nm nanoparticles were procured from MK Nano, Inc. (Mississauga, ON, Canada). The glycerol (base
fluid) was supplied by Merck Millipore (Darmstadt, Germany). Table 1 presents the physicochemical
properties of the selected nanoparticles [14-16].

Table 1: Properties of Al,O3; nanoparticles

Item  Diameter Purity Crystalline Morphology  True Density Thermal
(nm) (%) (g/cm®) at 20°C conductivity
(W/mK)
nearly
Al,O; 40 99.5 alpha spherical 3,7 40
nearly
Al, O3 80 99+ alpha spherical 35-39 40
nearly
Al,O; 100 99.9 alpha spherical 3,7 40

2.2 Physical characterization of nanoparticles

The physical characterisation of the a-Al,O; nanoparticles were evaluated by using the X-ray
Fluorescence Spectroscopy (XRF), X-ray powder Diffraction and the combined XRD and XRF,
respectively. The XRF analyses were performed using an ARL 9400XP spectrometer. The XRD
analysis of the prepared samples of a-Al,O; nanoparticles samples was carried out on a PANanalytical
X’Pert Pro powder diffractometer with Co-Ka: radiation source (A = 1.78901 A) at 50 kV and current
of 50 mA. The results were recorded over a 2 8 range of 10-90 ° with a scanning rate of 0.02°/s.
Transmission Electron Microscopy (TEM) analysis of the samples was performed using JEM 2100F
(JEOL, USA) to evaluate the shape and the size of particles. The JEM 2100F works with an
accelerating voltage of 200 kV in the range of 50 V min at variable steps of 2 ppm/min. The JEM
2100F achieves the highest TEM images quality with point image resolution at 0.23 nm accuracy [17].
The TEM samples were prepared by dispersing the a-Al,O3; nano-powder in acetone, followed by
ultrasonication of 5 minutes. TEM image files were analysed using ImageJ software (NIH, Bethesda,
MD, USA).

2.3 Thermal conductivity measurement

The thermal conductivity of both glycerol and a-Al,O3-Glycerol nanofluid were measured with the
KD2 Pro Thermal Properties Analyzer (Decagon device, USA). The handled device measure the
thermal conductivity values ranging from 0.02 to 2 W/mK over the temperature range of 0 °C to 50 °C

with 5% accuracy [18]. It works based on the transient short hot-wire source method. Several



researchers used successively the KD2 Pro [1, 19, 20]. The KD2 pro thermal analyser complies with
both ASTM D5334 standard and IEEE 442-1981 regulations.

2.4 Preparation of nanofluids

The a-Al,Os-glycerol nanofluids were prepared in a 100 ml beaker with no surfactant for the volume
fractions ranging from 0.5% to 4%. The nanofluid was ultrasonicated with S14 sonotrod (UP200S
Hielscher of 200 Watts operated at 24 kHz) [21] for two hours to ensure uniform dispersion of the
nanoparticles. A thermal bath (LAUDA ECO RE1225 Silver) was used to obtain and/or maintain
different temperatures of nanofluids during the measurement process. After that, the nanofluids were
kept still for 30 minutes to minimize the forced convection produced by both ultrasonicator probe and
the thermal bath. The thermal bath LAUDA works in the temperature range from -5°C and 200°C at a
minimum ambient temperature of 5°C. It operates with a pump of maximum flow of 22 L/min and
maximum pressure of 0.55 bar. A pump of maximum flow runs the heat transfer fluid in the thermal
bath to maintain the required temperature of the nanofluid. The bath can contain a heat transfer fluid
at minimum and maximum capacity of 9.3L and 12L, respectively [22]. Figure 1 shows the

experimental set-up for thermal conductivity measurement.

Figure 1: Experimental set-up for thermal conductivity measurement
The volume fraction of nanoparticles (¢) was determined using Eq. (1):

W

_ Pp
¢= Wo , Waiy
Pp  Pgly

* 100% (1)

where W,, Wy, pp and pg;,, are the weight of a-Al,O; nanoparticles, the weight of glycerol, the
density of a-Al,O3; nanoparticles and the density of glycerol, respectively. The nanoparticles, weighted
by Adam electronic balance (model HCB1002), whose accuracy is 0.01g, were dispersed into the pre-

weighed quantity of the base fluid.



2.5 Validation of experimental data
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Figure 2 shows the values of thermal conductivity of glycerol measured with the KD2 Pro and the
reference data for temperatures ranging from 20 °C to 45 °C [23, 24]. The reference values show a
deviation of less than 1% between them. Each experimental data represents an average of nine
measurements at various temperature. The results indicate that the measured data are in excellent

agreement with available reference data, within + 2% accuracy.
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Figure 2 : Validation of experimental data

3. Results and Discussion

3.1 Sample characterization

Figure 3 shows the TEM images of the three samples of a-Al,O3; nanoparticles. Figure 4 (a) shows the

particle size distribution of the a-Al,O3 nanoparticles determined using ImageJ software. The particle



size distribution is based on the TEM image analysis of more than 500 particles, which were

individually counted.
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Figure 3: TEM image of a-Al,O3; nanoparticles (a) 31 nm, (b) 55 nm and (c) 134 nm
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Figure 4: (a) Diameter distribution of a-Al,O3; nanoparticles (b) X-ray diffraction pattern of the

a-Al,O3 nanoparticles powder

Both samples 1 and 2 show two prominent peaks bimodal data, each of its own with a separate central
tendency while the sample S3 reveals an unimodal data distribution. The three a-Al,O; nanoparticles
show a positive skewed size distribution, in the range of 19 nm (dy), 54 nm (dso) and 155 nm (dg) for
the 40 nm, 12 nm (dy), 21 nm (ds) and 127 nm (dg) for the 80 nm and 97 nm (dy), 134 nm (dso) and
187 nm (dgo) for the 100 nm, respectively [25, 26]. However, all the three nanoparticles respect the



lognormal distribution with the mean particle size respectively of 55 + 2 nm for S1, 31 £ 3 nm for S2
and 134 = 1 nm S3. There are significant differences in nanoparticles sizes between the obtained
values and manufacture values. The situation may happen due to the unexpected event that can occur
in the nanoparticle manufacturing process. As the manufacturer does not do the nanoparticle TEM
analysis batch by batch to ascertain the size of produced nanoparticle. In this work, the obtained sizes
are considered for further analyses i.e. 31 nm, 55 nm and 134 nm, respectively. Eq. (2) defines the
circularity parameter (circ). The circularity of 1 and approaching O refers to the perfect circle and
increasingly elongated shape object respectively [27].

circ = 4n (A?p)z (2

where A4, and P are the projected area and outside perimeter of the outline of the nanoparticle
respectively.

The circularity of 31 nm, 55 nm and 134 nm a-Al,O; nanoparticles are equal to 0.9. Thus, our
nanoparticles have a shape close to the sphere than that of elongated shape object.

Figure 4 (b) shows XRD patterns of a-Al,O3 nanoparticles. The patterns are in good agreement with
the standard diffraction data of two types of Al,Ozdefined by the International Center for Diffraction
Data (ICDD) database. The first one is Rho53

mbohedral system of Corundum (Al,O3) of Powder Diffraction Patterns with PDF file No. 01-089-
7717 and the second Monoclinic Al,Os; (PDF file No. 01-086-1410) for 40 nm, a Rhombohedral
system of Corundum (Al,O3) of PDF file No. 98-008-8029 for 80 nm and both Rhombohedral
Corundum (PDF file No. 01-081-2267) and Rhombohedral Millosevichite (Al, [SO,]); of PDF file No.
01-077-0066 for 100 nm.

The mineralogical analysis confirms that both samples of S1 and S3 consist of a mixture of
Corundum and Millosevichite, while S2 is composed of Corundum (Table 2 and Table 3). The
crystallite size was estimated using Scherer equation (3). The equation (3) predicts at best +10% the
crystallite size which the assumption of K= 1 is considered [28].

KA
dcryst = m

©)

where K is the shape factor varying from 0.62 to 2.08, A is the wavelength of X-ray source, g is the
peak width of the profile at Full Half Maximum Height (FWHM) of crystallite size and @ is the

diffraction angle expressed in radian.



Table 2: Chemical composition of a-Al,O3 nanoparticles

Diameter  Al,O3 SiO, TiO, Fe,O3 MgO CaO Na,O P,0Os LOI*

40 99.7 0.02 0.00 0.04 0.16 0.01 0.02 0.02 0.3
80 99.88 0.02 0.36 0.06 0.2 0.01 0.02 0.09 0.40
100 74.28 0.02 0.03 0.05 0.13 0.01 0.05 0.02 26.86

*LOTI: Loss of Ignition

The values of K are 0.89 and 0.94 for a spherical particle with cubic symmetry crystallites determined
by integral breadth and FWHM, respectively [29, 30]. K can take an approximate value of one in both
situations [31]. The average crystalline sizes are 38.0 nm for the 33 nm a-Al,03, 48.4 nm for 55 nm a-
Al,O3 and 35.4 nm for 134 nm a-Al,O3 nanoparticles, respectively. However, the calculation has been
done without correction for instrumental, stress broadening and any other possible sources of line
broadening.

Table 3: Mineralogical composition of a-Al,O3; nanoparticles

Nanoparticles

Mineral 40 nm a-Al,O4 80 nm a-Al,O4 100 nm a-Al,O4
Weight (%) 3SD  Weight (%) 3SD  Weight (%) 3SD

Millosevichite

(ALL,SO,) 19.5 0 0 -

Corundum (Al,O3) 80.5 100 0 -

3.2 Uncertainty calculation

The uncertainty of experimental results was determined from both the bias error (instrument) and
precision error resulting from the deviation in the experimental dataset. The bias error in measurement
of thermal conductivity by KD2 Pro is 5%. The accuracy of the weighing scale is 0.01g. The

uncertainty of the experiment is obtained by the following [32]:

u =+ (up)? + (up)? (4)
with u, = tt, ,SD

where ug, u, t,, and SD are bias error, precision or random error in measurement with p %
probability, weighing function for v degree of freedom and p% probability and sample standard

deviation, respectively. The uncertainty in TCR (urcg) is given as follow:

2
Sk \> [~k
Urcr = <_keff> + (_[ e]fzf 5kf> (5)
f ky



where 8k.sr and Sky are uncertainty at p% probability including both bias and precision errors
associated with the measured effective thermal conductivity of nanofluids and thermal conductivity of
nanofluids, respectively. Finally, the uncertainty in the effective thermal conductivity and TCR was
found to be between 5.1 % and 8.5%.

3.3 Experimental study of thermal conductivity

3.3.1 Introduction

The impact of parameters is statistically analyzed based on 72 data of TCR variability. A linear
regression analysis is performed in each of the following sections to evaluate the individual impact of
each parameters on the TCR, assuming the other variables are held constant, whereas a multivariate
analysis will be performed to calculate if the independent variables jointly can influence the TCR. The
F and t-ratio tests are used to for regression analysis [33, 34].

3.3.2  Effect of particle volume fraction and particle diameter

Figure 5 shows the effect of particle volume fraction (at volume fractions of 0.5%, 1%, 2% and 4%,
respectively) on the effective thermal conductivity ratio of three sizes of a-Al,0s-glycerol nanofluids
at 20 °C. The a-Al,O5 nanoparticles dispersed in glycerol yielded higher thermal conductivity than the
base fluid (glycerol). As it is obvious in the figure, effective thermal conductivity increases linearly
with an increase of volume fraction for each particle size. A linear regression analysis is performed to
determine the effect of volume fraction on the TCR. The equation (6) obtained has R? of 0.822 and F-
statistic of the model is 322.8 which correspond to significance p of 0.000. It means that the model is
statistically significant and 82.2% of the variability in the TCR values is explained by the model. The

rest (17.8%) of variation in TCR can be explained by residual and other variables.

k
% = 0.997 + 3.824¢ (6)

where ¢ is the a-Al,Oz nanoparticle volume fraction.
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Figure 5: Influence of the Nanoparticle volume fraction on the thermal conductivity ratio of the

three set of a-Al,O3-glycerol nanofluids at 20 °C



There is a linear increase of TCR with increase of a-Al,Os; nanoparticles volume fraction. This
outcome is in agreement with other studies for various types of nanofluids [35-40]. The thermal
conductivities ratio improved up to 19.5%, 16.6% and 9.5% at nanoparticle volume fraction of 4% for
31 nm, 55 nm and 134 nm size nanoparticles, respectively. Figure 5 clearly depicts the impact of
particle size on the TCR. Smaller particles size lead to high thermal conductivity of nanofluids than
the bigger ones. The same situation have been perceived at various range of temperature.

The estimated straight-line regression of TCR on diameter (size) is given by equation (7).

k
% = 1.0997 — 4.29 x 10~*d, @)
1

where d,, is the particle diameter in nm.

The equation (7) has R® of 0.111 and the F-statistic of the model is 8.78 which correspond to
significance p of 0.004 (p < 0.05). It means that 11.1% of the variability in the TCR values is
explained by the model. The rest (88.9%) of variation in TCR can be explained by residual, volume
fraction and other variables. The t-ratio of intercept and slope (diameter) are 88.816 and - 2.963,
respectively. Their correspondent significant p-values are 0.000 and 0.004 (p < 0.05). Therefore, the
model is statistically valid. The thermal conductivity ratio of a-Al,Os-glycerol nanofluids increases
with decreasing particle size for each volume fraction and temperature. These variation could be
explained by the Brownian motion.

The improvement of thermal conductivity ratio in all the three nanofluids with respect to volume
fraction could be possibly be explained by one or more mechanisms including Brownian motion,
nanoparticles clustering, layering at the solid-liquid interface.The suspended a-Al,Os nanoparticles in
the glycerol increase the surface area and the heat capacity of the glycerol, and both interaction and
collision among a-Al,O3 nanoparticles are strengthened [41, 42]. The Brownian diffusion coefficient

(D) is expressed by Einstein-stokes equation [43] as follow:

kT
B 3nusd,

(8)

where k is the Boltzmann constant (J/K), T is the temperature of the nanofluid (K), u is the viscosity

of the base fluid (N/s.m?) and d, is the nanoparticle diameter (m).

Einstein-stoke equation (8) shows that the nanofluids prepared with smaller size nanoparticles will
result in high D coefficient than the one prepared with bigger size. Consequently, more severe
collisions among nanoparticles and fluid molecules will be present in nanofluids which lead to better
thermal conduction [44, 45]. The increase of particle volume fraction decreases the distances between
nanoparticles in nanofluids. This phenomenon associated with severe collision into nanofluids lead to

better thermal conduction [41]. Moreover, smaller particles exhibit larger surface area to volume ratio



than the bigger particles, which can possibly result in noticeable enhancement of the effective thermal
conductivity [5].

3.3.3  Effect of temperature

Figure 6 (a) shows the effect of temperature on the effective thermal conductivity of 31 nm a-Al,O;-
glycerol nanofluids for three different sizes of nanoparticles. The results observed in Figure 6 (a)
depict that the temperature dependence of the effective thermal conductivity of nanofluids tracks the
base fluid (glycerol), but in another level of magnitude. Analogous results were observed for 55 nm
and 134 nm o-Al,Oz-glycerol nanofluids. Similar findings were reported for the Al,Os-water
nanofluids [38], and Ethylene Glycol based nanofluids containing Al,Os;, MgO, ZnO, SiO,, and
graphene nanoparticles [5, 10, 38, 46].
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Figure 6: Temperature dependence of 31 nm a-Al,O3z-glycerol nanofluids at different volume

concentrations (a) Effective thermal conductivity (b) Thermal conductivity ratio

Figure 6 (b) shows the thermal conductivity ratio of 31 nm a-Al,Os-glycerol nanofluids at different
volume fractions as function of temperature. The estimated line relationship between the temperature

and the TCR computed is as follow.

k
% —1.071—7.02 X 10~5T )
£

where T is temperature expressed in °C.

The obtained equation has unadjusted R? = 0.0001, F = 0.01 and significant p = 0.930 (p > 0.05);
which is obviously greater than the significance level 0.05. The t-ratio of intercept and slope
(temperature) are 39.87 and - 0.09, respectively. Their correspondent significant p value are 0.000 (p <
0.05) and 0.930 (p > 0.05). Thus, there is no significant dependence of TCR with temperature for the
glycerol based a-Al,O3; nanofluids. The founding are in agreement with results obtained by Xie et al.
for both 5% Fe30,4-kerosene and 1% MgO-EG nanofluids over the temperatures ranging from 10 °C to
60 °C [47, 48]. They revealed that the effective thermal conductivity of both 5% MgO-EG and 1%

Fe;0,4-kerosene nanofluids vary, while the (keff / kf) are almost constant. On contrary, Saleh et al.



[19] recently and also some others [10, 19, 35, 44, 45] depict that the effective thermal conductivity
ratio of nanofluids varies with increase in temperatures. Therefore, it can conclude that the effect of
temperature on thermal conductivity ratio depends on the nanofluids characteristics. Figure 6 (a) and
(b) show that the thermal conductivity of a-Al,Os-glycerol nanofluids varies significantly with
increasing of ¢ and decreasing of d,, as well. For all the three nanofluids samples, the thermal
conductivities ratio improved up to 19.5%, 16.6% and 9.5% for Al,Os-a nanoparticle volume fraction
of 4% for 31 nm, 55 nm and 134 nm size nanoparticles, respectively at 20°C.

3.3.4  Stability of a-Al,Os-glycerol nanofluids

Figure 7 shows the stability of the a-Al,O5-glycerol nanofluids evaluated for 4% volume fraction.
Thirty minutes after sonication, the effective thermal conductivity was acquired for all three
nanoparticles sizes at 1 hour step, up to 50 hours. The t-statistic of the slope of the model (Eg. 10) of
effective thermal conductivity of the model vs. elapsed time after preparation is 0.175. The R-square
and p-value of both the F and t statistics are 0.000 and 0.861 (> 0.05), respectively. The variation of
effective thermal conductivity of the model vs. elapsed time after preparation is not statistically
justified. There is no dependence of k., of the model with elapsed time up to 50 hours. The best
model is the naive model, which is the mean value of k.rr. The mean values and standard deviation
are 0.335 +0.002 W/mK, 0.331+0.001 W/mK and 0.304+0.001 W/mK for 31 nm, 55 nm and 134 nm,

respectively.

kepr = 0.323 — 3.66 x 107t (10)

where t is elapsed time in second.
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Figure 7: Influence of Settlement time on the Effective thermal conductivity of 4% a-Al,O;-

glycerol nanofluids

The possible explanation of no enhancement of thermal conductivity of a-Al,O3-glycerol nanofluids in

the early hours after sonication could be the no clustering and settling of nanoparticles [41, 47, 49, 50].



The effective thermal conductivity measurement indicates the stability of a-Al,Os-glycerol nanofluids

at room temperature for at least 50 hours after preparation.
3.4 Comparison of the thermal conductivity models with experimental data
3.4.1 Existing theoretical and empirical models

Numerous studies, both experimental and theoretical, have been conducted to estimate the effective
thermal conductivity of different nanofluids [51]. Several mathematical models of effective thermal
conductivity of nanofluids have been proposed. This section presents the comparisons between the
experimental data of a-Al,Os-glycerol nanofluids and predictions from some existing theoretical
models. Maxwell [52] offered the first and simple model of effective thermal conductivity for micro

or millimetre sized spherical particles suspended in base fluids as follows:

kerr _ kp +2ks + 2(k, — k)¢
ke ky+ 2kp + (kp — kp)o

(11)

where k,, krand ¢ are the thermal conductivity of particle, the thermal conductivity of the base fluid,
and the volume fraction of suspension, respectively. Maxwell’s formula (Eq. 11) gives a good result
for well-dispersed non-interacting spherical-shaped particles with low particle volume concentrations
(less than 1% [51]) and negligible thermal resistance at the particle-fluid interface.

Shaker et al. [53] recently proposed an extended Maxwell model as Eqg. (12) for the thermal
conductivity of nanofluids. They modify the classical model of Maxwell by taking into account for the
nonlocal heat transfer rising due to the small characteristic length in nanofluids. The non colinearity
parameter (h) is determined by comparison between the novel model predictions and the experimental
data of each given nanofluids. They depicted that h is equal to 8 and 11 for alumina-EG and alumina-
water nanofluids, respectively. The model is valid for spherical nanoparticles suspended in base fluid
and can be modified to account also for not spherical nanoparticles suspension.
Kepp 1+ 28ph—3

kp  1—&ph3 (12)
with
k,—k
$= 3(311:,, - fZZkf) 13)
31 = %+ arctan(h) —% (14)
8h 8h3 T
32 = arctan(h) + Y + 11 122 + aA+7° 2 (15)



(16)

S =

Aybar et al. [54] reported the Bruggeman correlation which is implicit formula for the effective
thermal conductivity of spherical particles randomly distributed in the base fluid. The model is based
on the differential effective medium (DEM) theory to estimate the effective thermal conductivity of
composites at low and high particle volume concentrations. The model predicts good match with
some experiment results for low and high solid concentration when the particle size is not a concern.
This model gives the same result as the Maxwell model provides for low solid concentration, while the
effect of size has not considered.

k,—k kr—k
p eff f eff
1- =0 17
¢ <kp + Zkeff> *( 2 <kf + Zkeff> (n

R.S. Vajjha and D.K. Das [39] offer a relation which is an improvement of the Koo and Kleinstreuer
model derived from a broader set of data (133 data points), obtained from three nanofluids, viz. Al,Os,
CuO and ZnO prepared with a mixture of water and 60:40 (by mass) ethylene. The model incorporates
the classical Maxwell model and the Brownian motion effect to account for the thermal conductivity
of nanofluids as a function of temperature, particle volumetric concentration, the properties of the
nanoparticles and the base fluid. The applicable range is at temperature of 298-363 K and 29-77 nm

for the particle size, respectively. The proposed equation is

kT
kerr = Keffmaxwen + 5x10*€ppycyr p—df(T,fﬁ) (18)
\’ pp

where the function f (T, ¢) in Eq. (19) is the same for all three nanofluids as:

T
F(T,¢) = (2.8217 x 1072¢ + 3.917 x 10~3) (T—) — (3.0669 * 1072¢h + 3.91123 x 1073)  (19)
0

The € correlation is the same for Al,O5; and ZnO but differs for CuO:

€ = 8.4407(100¢) 107304 (20)  for Al,O3for1% < ¢ < 10% and ZnO for 1% < ¢ <7 %;

€ = 9.881(100¢) 09446 (21) forCuOfor1% < ¢ < 6%

The effective medium equation [38] which introduce as Eq. (22), predicts the thermal conductivity
ratio for highly conducting spherical particles. In the model, the particles are assumed to be immobile

which cannot be realistic.



Corcione [55] developed an empirical correlation as Eq. (23) for predicting the thermal conductivity
ratio from experimental data, consisting of alumina, copper oxide, titania and copper nanoparticles
suspended in water or ethylene glycol (EG). The correlation is valid for nanoparticle in the range of
temperatures 21-51°C, volume fraction 2-9% and nanoparticle diameter 10-150 nm. The correlation
was obtained by the way of regression analysis with a 1.86% standard deviation of error. The water
and EG thermal conductivity are 0.598 W/m.’C and 0.237 W/m.’C, respectively at 20 °C. The glycerol
thermal conductivity is 0.2837 W/m.’C, which is between them [23, 24]. Thus, the k. of Glycerol
based nanofluids may predict by Corcione correlation.

k T 10 k 0.66
eff =14 4.4Reg.4pr}9.66 <_> <_p) (23)

where Re,, is the nanoparticle Reynolds number, Pr¢ is the Prandtl number of the base fluid, T is the
nanofluid temperature, Ty, is the freezing point of the base liquid in Kelvin, k,, is the nanoparticle

thermal conductivity and ¢ is the volume fraction of the suspended nanoparticles.
with

2p¢kT
Re = =1 (24),
TUsdy
C
py = Hovr (25)
ke

Li and Peterson [56] developed a correlation by linear regression analysis for predicting the thermal
conductivity of Al,Oz-distilled water nanofluids. The Al,Os; nanoparticles of the average diameter of
36 nm were mixed with water at volume fraction range of 2% to 10% for Al,O3; and temperature range
of 28.9 °C to 33.4 °C. They depicted that the particle volume fraction dependence of the effective
thermal conductivity is much higher than the temperature dependence as well as the volume fraction

dependence is more pronounced with increasing temperature.

(Kerr = k)
T T~ 0.764481¢ + 0.018688867T — 0.462147175
ke (26)

3.4.2 Comparison between existing models and experimental data

Figure 8 provides the comparison of the predicted effective thermal conductivity ratio from various
models (Maxwell, Bruggeman, Effective medium theory, Vajjha et al., Li and Peterson, Corcione and
Shaker) with experimental data of three sizes of a-Al,Os-glycerol nanofluids versus volume fraction at
room temperature. Li and Peterson model under-predictn the experimental data of 31 nm and 55 nm a-

Al,Oz-glycerol nanofluids whereas Vajjha et al. model over-predicts range for ¢ < 4% (see Figure 8



(a) and (b)). Corcione model shows a slight increase of TCR with ¢ compared the experimental data.
However, the increasing ¢ results in the diversion of Corcione model from experimental data. The
other models give a good match to experimental data for ¢p < 2%. Figure 8 (c) discloses more or less
similar results as exposed in Figure 8 (a) and (b), with the exception of both Shaker models, Maxwell,
Li and Peterson, Bruggeman and Effective medium model are slightly higher than the experimental

data of 134nm a-Al,O3-glycerol nanofluids for ¢ > 2%.

Figure 9 (a), (b) and (c) present a comparison of the predicted TCR versus temperature for the selected
models with experimental data of 31 nm, 55nm and 134nm o-Al,Os-glycerol nanofluids prepared at
4% volume fraction. Corcione model under-predicts the experimental results of the three a-Al,Os-
nanofluids. Li and Peterson model give good results for temperature for a part of temperature range
(between 25 °C to 30 °C for 134 nm and between 30 °C to 35 °C for 31 nm and 55 nm). Vajjha model
gives good predictions for temperature less than 30°C for 31 nm and temperature more than 35 °C for
55 nm. However, all the three previous models increase with the temperature rise disagreeing with the
expected trend. The other models follow the expected trend and predict values that are lower than the

experimental data for both 31 nm and 55 nm and greater than the experimental data for 134 nm.
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Figure 8: Comparison of the thermal conductivity ratio variation with volume fraction between
the predictions form selected models and experimental data for a-Al,Os-glycerol nanofluids at
20°C: (a) 31 nm, (b) 55 nm and (c) 134 nm



Figure 10 provides comparisons of the predicted TCR versus diameter relationship for the selected
models with experimental data sets of a-Al,Os-glycerol nanofluids prepared at 4% volume fraction.
Corcione underestimate the experimental data set while Vajjha model overestimate. The TCR of a-
Al,O5-glycerol nanofluids agrees well with the prediction of Maxwell, Bruggeman and effective
medium, but their trend is contrary to the expected one. Li and Peterson model overestimated the TCR
for the three nanofluids. Its pattern is dissimilar to the experimental data trend.

Although the prediction of certain selected models are partially within the acceptable range of
experimental data of a-Al,O5-glycerol nanofluids for the various involved parameters, (see Figure 8,
Figure 9 and Figure 10), but the models trend didn’t follow the expected trend for each analyzed
parameter (temperature, size and volume fraction) while the models underpredict or overpredict the

experimental data or the model trend doesn’t follow the data pattern.
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Figure 9: Comparison of thermal conductivity ratio variation with temperature between the
predictions form selected models and experimental data for 4% a-Al,O3-glycerol nanofluids: (a)
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3.4.3 New empirical correlation for the thermal conductivity ratio of a-Al,Os-glycerol nanofluids

A new empirical correlation is derived from the experimental data on a-Al,Os-glycerol nanofluids
over the temperature range 20 °C to 45 °C, concentration range 0.5% to 4% and particle sizes (d,)
ranging from 31nm to 134 nm. The novel equation is a modified version of Corcione model [55]. The
relationship between the TCR (dependent variable) and the independent variables are statistically
verified by regression analysis [33]. Eq. (27) is the developed empirical correlation for a-Al,Os-

glycerol nanofluid.

k e\ 06661
e 1+ Re§'4377Prj9'94°0¢1'°475 (_P> 27)
ky ky

where k,, is the thermal conductivity of the a-Al,O3 nanoparticles (equal to 40 W/mK). The others

parameters are defined in section 3.4.1.

Equation (27) has unadjusted R-square = 0.980, F = 3.7*10°and significant p = 0.0000. The t-statistic
of Re,, Prs, ¢ and ky / ks exponents are 19.4, 20.3, 38.5 and 16.1, respectively. Their associated p-
values are highly significant (p < 0.001). No colinearity exists between exploratory parameters as their
variance inflation factor (VIF) < 10. However, the p-value of the independent term of the equation and
the exponents of both Prandtl number and temperature were not statistically significant in the general
Corcione model. After exclusion of the temperature term (T / Tf,.), the multicollinearity remains due
to high linear correlation (R = 0.9992) between the k,, / krand the independent terms of the equation.
The comparison between the predicted TCR from the new correlation and the experimental data shows

an excellent agreement with maximum relative error of -2.37%, and the average relative error of -



0.03% (see Figure 11). Also, the residual sum is zero and there is no autocorrelation in the residuals.

The offered analysis provides evidence that the new model is statistically significant.
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Figure 11: Comparison of the thermal conductivity ratio between the predicted values from the

new correlation and the experiments data on a-Al,O3-glycerol nanofluids

Figure 12 depicts the impact of temperature on the three standardized parameters of the novel equation
for a-Al,0s-glycerol nanofluid. The standardized parameters are Reynolds number term Re%4377,
Prandtl number term Pr%94% and thermal conductivity of nanoparticle normalised to the thermal

06961 Figure 12 discloses that the standardised Pr decreases

conductivity of glycerol term [k, / kf]
with a rise in temperature while the standardized Re increases and standardized term k,, / k¢ is almost
unchanged. The magnitude of Pr term is much larger compared to combined Re and standardized
k, / krterms. The normalized Pr is the major parameter describing the enhancement of TCR of a-
Al,Os-glycerol nanofluids, as opposed to the Reynold number for the case of Al,Os-water nanofluid
[57]. The described phenomenon strengthens the TCR with the rise of volume fraction of suspended a-

Al,O3 nanoparticle in the glycerol.

12000 + 2,0x10™
—— g p | 1| == A" 4 =31am
—o— e !f et { ~= e g «85am
10000 | -4 82" 4 =31 nm R 2 4| =4 Re"“T 4 =136 nm
§ ~w=Re™'", 4 =05 nm g: ‘E 1.8x10 d ¥
] = 1™ d w134 rm f o 5
4 000+ ! .‘ & ]
= o N —— € 1,2x610™ o -
g N ¥ E N DN 8 s E - -
rgersno T
- s ’ ‘ s » e i
g . 4 8,0x10" 4 s . o
© 4000 S 5 ] e W
§ B - 2
H e B oo L _ .
g 2000 - \‘*—_,__’ E 4003 P Sz
2 b 2 | SO ®)
(a)
0 L T - Y T 004 T T vy Ty T TrTT
15 20 25 35 40 45 50 15 20 25 30 35 40 45 50
Temperature (°C) Temperature (°C)
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4. Conclusion
The following findings are drawn from the experimental results and discussions on the thermal
conductivity of a-Al,Os-glycerol nanofluids:

1. The addition of a-Al,O; nanoparticles to glycerol (base fluid) enhances the effective thermal
conductivity of glycerol. However, the effective thermal conductivity of nanofluid tracks the
base fluid, but shifted.

2. The thermal conductivity ratio increases linearly with volume fraction of o-Al,Os
nanoparticles at a constant temperature. It is unchanged with temperature variation. The TCR
decreases with increasing of nanoparticle’s size under the condition of the same volume
fraction and temperature.

3. The a-Al,O3-glycerol nanofluids prepared without any surfactants can stay stable for at least
50 hours after preparation.

4. The Prandtl number is the major parameter describing the enhancement of TCR of a-Al,O3-
glycerol nanofluids, not the Reynold number. The impact of Brownian diffusion is minor
compared to the thermal diffusion in the thermal conductivity enhancement of the a-Al,Os-
glycerol nanofluids.

5. The predictions from models in the literature are partially within the acceptable range of
experimental data for the various involved parameters, but either didn’t follow the expected
pattern for each analyzed parameter (temperature, size and volume fraction) or are not
consistent in all conditions.

6. Therefore, a new empirical correlation has been developed.
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