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Abstract

The hybridization of nanoparticles is a concept employed for the improvement of the thermal properties of nanofluids. Pres-
ently, there is a scarcity of studies in the open literature concerning the influence of particle mass ratios of hybrid nanofluids
on the thermal properties. Thus, this paper investigated the effect of temperatures (15-55 °C) and particle mass ratios (90:10,
80:20, 60:40, 40:60, and 20:80) on the viscosity and electrical conductivity of deionized water (DIW)-based y-Al,O; and
MWCNT hybrid nanofluids. A two-process strategy was deployed to prepare the hybrid nanofluids at a volume concentration
of 0.1%. The hybrid nanofluids were characterized for their morphology using a transmission electron microscope. Hybrid
nanofluid stability was monitored using UV visible spectrophotometer, viscosity, and visual inspection methods. The pre-
pared nanofluids were observed to be stable with relatively constant viscosity and absorbance values. At 55 °C, maximum
enhancements of 442.9% and 26.3%, and 288.0% and 19.3% were recorded for the electrical conductivity and viscosity of
Al,O;—MWCNT/DIW nanofluids at particle mass ratios of 90:10 and 20:80, respectively, in relation to DIW. Temperature
increase was observed to significantly reduce the viscosity of hybrid nanofluids while the particle mass ratio considerably
and positively impacted the electrical conductivity. The relatively low viscosity of the hybrid nanofluids coupled with its
reduction under increasing temperature and its insignificance increase as the particle mass ratio of the Al,O; nanoparticles
increased to make them viable coolants for engineering applications. New correlations were proposed to accurately estimate
the viscosity and electrical conductivity of the hybrid nanofluids.
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Abbreviations C Carbon

Ag Silver nanoparticles CNT Carbon nanoparticle

Al,O4 Aluminum oxide nanoparticles Cu Copper nanoparticles

Au Gold nanoparticles CuO Copper oxide nanoparticles
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DIW Deionized water

DwW Distilled water

EG Ethylene glycol

EO Engine oil

Fe,0; Iron (III) oxide nanoparticles
GL Glycerol

GO Graphene oxide

h Hour

ID Inner diameter

L Length

M Mass (kg)

MgO Magnesium oxide nanoparticles
MWCNT Multiwalled carbon nanoparticle
ND Nanodiamond

Ni Nickel nanoparticles

OD Outer diameter

PMR Particle mass ratio

PWR Particle mass ratio

PWR Particle mass ratio

SDS Sodium dodecyl sulfate

SiC Silicon carbide

Si0O, Silicon oxide nanoparticles
T Temperature (°C)

TiO, Titanium oxide nanoparticles
W Water

X Percent mass ratio

Zn Zinc nanoparticles

ZnO Zinc oxide nanoparticles

Greek symbols

Q@ Volume concentration (vol%)

u Viscosity (mPa s)

K Thermal conductivity (W m ' K™
c Electrical conductivity (mS cm™)
p Density (g cm™)

Subscripts

hnf Hybrid nanofluid

nf Nanofluid

bf Base fluid

en Enhancement

rel Relative

Introduction

The nanosuspension termed “nanofluid” by Choi has drawn
global attention to its inherent properties as a better ther-
mal transporting medium in comparison with conventional
working fluids. Pioneering and foremost studies on nano-
fluids have revealed the enhancements of the viscosity and
thermal conductivity when compared with conventional
base fluids (glycerol, ethylene glycol, water, and propylene
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glycol) [1-8]. In contemporary studies, other thermal prop-
erties such as o, ., €, > and dielectric apart from the x g
and pq of nanofluids have been investigated in the litera-
ture [9-13]. In addition, several types of nanoparticles (Cu,
MgO, CuO, CNT, SiO,, ZnO, TiO,, Al,0;, Fe,0;, Fe;0,,
spinels, etc.) have been dispersed into diverse base fluids
(water, ethylene glycol, engine oil, propylene glycol, bio-
glycol, palm oil, glycerol, ionic fluid, coconut oil) for the
experimental determination of their static thermophysical
properties at various volume or mass concentrations for dif-
ferent temperature ranges [10-12, 14-18].

The concept of hybridization of nanoparticles has led to
the synthesis of hybrid nanofluids known to be advanced
thermal fluids with improved thermophysical properties. The
pioneering work of Jana et al. [19] showed the preparation
and k. measurement of water-based mono-particle nano-
fluids (CNT, Cu, and Au) and hybrid nanofluids (CNT-Auw/
water and CNT—Cu/water). They found higher x4 for the
mono-particle nanofluids than those of the hybrid nanoflu-
ids. Thereafter, numerous studies have been carried out on
the experimental determination of the various thermal prop-
erties of hybrid nanosuspensions for different applications
[20-32]. Suresh et al. [20] determined experimentally the
Uesr and kg of water-based Al,0;—Cu (90%:10%) nanofluids
(¢ =0.1-2%) prepared using two-step hydrogen reduction
method with the aid of a surfactant. The p . enhancement
(8-115%) was noticed to be considerably more than that of
Ko (1.47-12.11%) for the k. range considered. Their result
was the opposite of what was reported by Jana et al. [19]
concerning the hybrid nanofluid k. improvement.

Abbeasi et al. [21] measured the k. of water-based hybrid
nanofluids of multi-walled CNT and gamma Al,O5 (1:1) for
¢ =0-1%. The two-step method with a surfactant (Gum Ara-
bic) was employed for the preparation. They revealed the
augmentation of the x4 as the ¢ increased. A maximum
enhancement of 20.68% at 1 vol% was recorded for the first
functionalized sample. Using the same hybrid nanofluid
(with the dispersion of equal solid volume of the nanopar-
ticles of Al,O; and MWCNT) and ¢ range as the work of
Abbasi et al. [21] but at temperatures of 303, 314, 323 and
332 K, Esfe et al. [26] determined the 4 of the hybrid nano-
fluids. Their result showed that the k. improvement of the
nanofluids was a function of @@ and temperature.

In addition, the k.4 and . of water-based hybrid nano-
fluids (Ag—-MgO (50%:50%)) were measured experimen-
tally for ¢ =0-2% [33]. The p ¢ and k.4 of the nanofluids
were observed to enhance with an increase in ¢. Also,
Dardan et al. [34] examined the rheological behavior of
Al,O3-MWCNT (75-25%)/EO nanofluid with ¢ range
of 0-1%, temperatures of 25-50 °C and shear rates of
1333-13,333 s, The results revealed the Newtonian nature
of the hybrid nanofluids for the temperatures, ¢ and shear
rates considered. The p.4 was noticed to enhance with ¢
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and decreased as temperature increased. According to the
sensitivity analysis carried out, the addition of the hybrid
nanoparticles has more impact on the y.4 than tempera-
ture. In comparison with EO, the highest y 4 augmentation
was 46% at 1.0 vol%. Furthermore, Kannaiyan et al. [35]
investigated the peg, Kegps Cpef aNd pieg Of AL,O3;~CuO/EG
(80%)—water (20%) nanofluid for 0.05, 0.1, and 0.2 vol%,
and temperatures of 20-70 °C. They found that all the meas-
ured thermophysical properties improved with an increase
in ¢. The p g and k. were observed to moderately reduced
and increased with temperature, respectively, while ¢, .
remained constant and density decreased slightly as tem-
perature increased. Maximum «, enhancement of 45% was
achieved for the nanofluid.

Esfe and Sarlak [27] investigated the rheological behavior
of MWCNT-CuO (15%:85%)/EO nanofluids with ¢, shear
rate, and temperature ranges of 0-1%, 2666.6-11,999.7 s7h
and 5-55 °C, respectively. The hybrid nanofluids were found
to exhibit non-Newtonian flow (Bingham pseudoplastic
at <45 °C and Bingham plastic >45 °C) with highest y ¢
augmentation of 43.52% at 1 vol%. The . was noticed to
enhance with an increase in ¢ and temperature due to the
flow behavior of the hybrid nanofluid. Kakavandi and Akbari
[28] also examined the influence of ¢ (0-0.75%) and tem-
perature (25-50 °C) on the x5 of SIC-MWCNT (50%:50%)/
water-EG (50%:50%) hybrid nanofluids. An enhancement of
the k. with an increase in temperature and ¢ was noticed.
They recorded maximum «_; enhancement of 33%.

Akilu et al. [36] investigated the influence of increas-
ing temperature (30-80 °C) and ¢ (0.5-2.0 vol%) on the
Cpeefi Hetrr ANd Keg O S10,~CuO/C (80:20)/G-EG (60:40)
nanofluids. In comparison with the G-EG, the p . and kg
of the studied hybrid nanofluids were enhanced by 1.15-
fold and 26.9%, respectively, while the ¢, .; was reduced
by 21.1% when ¢ =2.0 vol% and at 80 °C. These proper-
ties were found to be improved compared with that of
Si0,/G-EG nanofluid (for example x;=6.9%). Similarly,
Rostami et al. [31] experimentally determined the x4 of
CuO-GO (50:50)/W-EG (50:50 vol%) nanofluids at vari-
ous ¢ =0.1-1.6 vol% and temperatures (25-50 °C). Their
results showed the highest improvement of 43.4% when
@=1.6 vol% and at 50 °C. Rostami et al. [37] examined
the influence of ¢ (0.1-1.6 vol%), temperatures (25-50 °C),
and shear rates on the rheological behavior of CuO-GO
(50:50)/W-EG (50:50 vol%) nanofluids. The hybrid nano-
fluids exhibited Newtonian behaviors when ¢ <0.4 vol%,
whereas pseudoplastic characteristics were observed when
@ > 0.4 vol%. The u. of the hybrid nanofluid was enhanced
by 91.37% on increasing ¢ from 0.1 to 1.6 vol% at shear rate
of 73.4 s~! and temperature of 45 °C. Chereches and Minea
[38] studied the o4 of Al,05;—SiO,/water and Al,0;—TiO,/
water nanofluids at various temperatures (20-60 °C) and
¢ combinations (0.5:05, 0.5:1.0, and 0.5:1.5 (Al,05:S10,/

TiO,)). They reported that o, was augmented by 14—40-fold
and 30-58-fold for SiO,/water and TiO,/water nanofluids,
respectively, in comparison with water, at 60 °C and high-
est ¢ combination. With TiO,/water nanofluids possessing
higher o, than SiO,/water nanofluids, maximum enhance-
ment of o4 of Al,0;-TiO,/water nanofluids was 43-57-fold,
when compared with water.

The influence of variation in shear rate, temperature
(25-50 °C), and ¢ (0.25-2 vol%) on the rheological behav-
ior of TiO,—~MWCNT (80:20)/EO nanofluids was examined
by Alarifi et al. [39]. The authors demonstrated that under
the studied conditions, Newtonian behaviors were displayed
by the hybrid nanofluids. The highest enhancement of y 4
by 42% with @@ =2 vol% and 50 °C was reported. Gan-
gadevi and Vinayagam [40] measured the k.4 and p g4 of
Al,05—CuO (50:50)/DW nanofluids under increasing tem-
perature (20-60 °C) and ¢ (0.05-0.2 vol%). Results revealed
that p. of the hybrid nanofluids was augmented by 2-11%
when compared with that of CuO/DW nanofluids at the tem-
perature range of 20-60 °C. Lowest u.; was observed for
Al,O5/DW nanofluids relative to Al,0;-CuO (50:50)/DW
and CuO/water nanofluids. At 60 °C and ¢ =0.2 vol%, the
Ko of Al,O5-CuO (50:50)/DW, CuO/DW, and Al,O5/DW
nanofluids was augmented by 21%, 12.15%, and 11.23%,
respectively, when compared with DW. Also, the impact of
temperature (5-55 °C), shear rate (660.5-13,300 s7h), and
volume fraction (0.05%—0.8%) on the yi.; of ZnNO-MWCNT
(75:25)/EO nanofluids was examined by Goordarzi et al.
[41]. They reported that at the studied temperature, shear
rate, and ¢, the hybrid nanofluids displayed Newtonian
behaviors. However, at lower temperatures and higher
@, a pseudoplastic behavior was exhibited by the hybrid
nanofluids.

Subject to the above literature, it can be noticed that the
measured thermal properties (mainly k. and p.g) of hybrid
nanofluids were studied at a fixed particle mixing ratio with
the variation of parameters such as temperature, ¢, and shear
rate. However, current progress in research has revealed the
measurement of thermal properties of hybrid nanofluids at
different particle mixing ratios to better understand which
particle mixing ratio afforded the highest value of thermal
properties. Mechiri et al. [42] studied the influence of PMRs
(75:25, 50:50, and 25:50), temperatures (30-60 °C) and ¢
(0.1-0.5 vol%) on the g and k. of groundnut-based Cu—Zn
nanofluids. They reported that the Cu—Zn (50:50)/groundnut
nanofluids have the highest x; and p and were consid-
ered to be the best fluids. Changes in temperature and ¢
were observed to affect k.4 and . more than PMR. New-
tonian behavior was displayed by both the groundnut and
hybrid nanofluids. The effect of five different mixing ratios
(20:80-80:20) and temperatures (30-80 °C) on the k.4 and
Hegr Of W-EG (60:40)-based TiO,—SiO, nanofluids formu-
lated at ¢ =1.0 vol% was examined by Hamid et al. [43].
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The maximum «.; enhancement of 16% was reported for
Ti0,-Si0,/W-EG nanofluid with a mixing ratio of 20:80
compared with W-EG while the highest value of p 4 was
recorded for TiO,—Si0, (40-60)/W-EG nanofluid. Owing
to these results, the fluids with mixing ratios of 40:60 and
80:20 were considered as the best hybrid nanofluids for ther-
mal cooling purposes. However, the hybrid nanofluid with
a mixing ratio of 50:50 was noticed to be the poorest as a
coolant as it possessed the lowest k. and the highest .

The influence of PMRs (70:30, 50:50, and 30:70), tem-
peratures (25-40 °C), and ¢ (0.005-0.1 vol%) on the g of
Al,0;3-Ag/DW nanofluids was studied by Aparna et al. [44].
The result proved that the maximum x4 was obtained with
Al,O5-Ag (50-50)/DW nanofluids. The « 4 of Al,O,—Ag/
DW nanofluids was above that of Al,O5/DW nanofluids with
Ag/DW nanofluids having the highest value as Ag nanopar-
ticles have higher k.4 than Al,O5 nanoparticles. Recently,
Wole—sho [45] studied the k.4 of Al,0;—Zn/DW nanoflu-
ids under changing PMRs (1:2, 1:1, and 2:1), temperatures
(25-40 °C), and ¢ (0.33-1.67 vol%). They showed that
maximum x4 enhancements for Al,O;—Zn/DW nanofluids
with PMRs of 1:1, 1:2, and 2:1 were 35%, 36%, and 40%,
respectively, in comparison with DW at 40 °C and ¢ =1.67
vol%. A summary of the literature review on the thermal
properties of hybrid nanofluids is provided in Table 1 for
better understanding.

This present study was conducted in furtherance to the
above trend of research and to contribute to the body of
knowledge in documenting the effect of variation in PMR
on the thermal properties of hybrid nanofluids. To the best of
the authors’ knowledge, the y . and 6 of Al,O;—MWCNT/
DIW nanofluid have not been studied before now and this
work aimed at examining the influence of PMRs (90:10,
80:20, 60:40, 40:60, and 20:80) on the ¢ and 6.4 at p=0.1
vol% under increasing temperature (15-55 °C). The open
literature has shown that the MWCNT and Al,O; nanopar-
ticles are the most used (on an individual basis) to prepare
nanofluids due to their stability in different base fluids. Also,
MWCNT nanoparticles are expensive while Al,O; nanopar-
ticles are comparatively cheaper and thus employing both in
this study by hybridizing them at different PMRs.

Experimental
Materials and equipment

Nanoparticles of y-Al,O; with 20-30 nm diameter (as
specified by the manufacturer) were sourced from Nano-
structured and Amorphous Materials Inc., Houston,
Texas, USA. Functionalized MWCNT nanoparticles with
lengths, inner and outer diameters of 10-30 pm, 3-5 nm,
and 10-20 nm, respectively, were purchased from MKnano
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Company, Ontario, Canada. Sodium dodecyl sulfate (SDS)
with a purity of >98.5% bought from Sigma-Aldrich, Ger-
many, was used as a surfactant. An ultrasonicator (Hielscher
UP200S (Germany); 400 W and 50 Hz) was used to homog-
enize the hybrid nanoparticles (MWCNT and y-Al,0O;) and
DIW mixture while a programmable water bath (LAUDA
ECO RE1225) was used to attain the desired temperature in
this work. Other equipments used were; UV—visible spec-
trophotometer (Jenway; model 7315), pH meter (Jenway
3510; —2 to 19.999 range and +0.003 accuracy), electrical
conductivity meter (EUTECH Instrument (CON700); + 1%
accuracy), digital weighing balance (Radwag AS 220.R2
(Poland) with a measurement range of 10 mg—220 g and
accuracy of +0.01 g), transmission electron microscope
(TEM) (JEOL JEM-2100F), and vibro-viscometer (SV-10,
A&D, Japan, + 1% accuracy).

Hybrid nanofluid preparation and stability

A two-step method was used in the formulation of the hybrid
nanofluids. The amount of SDS used for the preparation of
hybrid nanofluids was calculated based on a dispersion frac-
tion of 1.0. With 80 mL of DIW and ¢=0.1 vol%, Eq. (1)
was used to estimate the masses of individual nanoparti-
cles deployed to prepare the hybrid nanofluids. The esti-
mated amounts of SDS, Al,0;, and MWCNT nanoparticles
based on the studied PMRs of 90:10, 80:20, 60:40, 40:60,
and 20:80 and ¢ =0.1 vol% were dispersed into DIW. The
choice of ¢ =0.1 vol% was informed by the knowledge that
maximum heat transfer and Nusselt number were attained
at this value in previous studies on the natural convection
of water-based Al,0; and MWCNT nanofluids in square
cavities [46-50]. The mixture was homogenized by soni-
cating it for 2 h at an amplitude of 75% and a frequency of
70% with the aid of an ultrasonicator. While sonicating, the
mixture was immersed in a water bath and maintained at a
constant temperature (20 °C). The morphology of the hybrid
nanoparticles in the Al,0,—~MWCNT (80:20)/DIW nanoflu-
ids was monitored using TEM while the stability of hybrid
nanofluids with PMRs of 90:10 and 80:20 was checked using
u and UV-visible methods. The visual technique was used
to monitor the stability of all the hybrid nanofluid samples.
Both the x and UV-visible techniques were conducted for
24 h while the visual method was engaged weekly for a
month.

M M
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Table 1 Summary of studies on the thermal properties of hybrid nanofluids
Author HNPs/ratio Mixing ratio Base fluid Properties Temperature @/vol% Enhancement/%
Jana et al. [17] Au, CNT, Cu, 1.5-2.5 DIW Kefp Roomtemp 0.3 and 0.5 74 (Cu)
CNT-Cu and (CNT)
CNT-Au 1.4 (Au) and
0.05-0.3
(Cw
Kannaiyan etal. Al,0,—CuO - DIW-EG (80:20) pggp, fefs & poig~ 20-60 0.05-0.2 45
(33]
Esfe et al. [24] Ag-MgO 50:50 DwW Kegr and piog Room temp 0-2 -
Abbasi et al. [19] MWCNT-AL,O; 1:1 DIW Kefp Room temp 0.1 20.68
Akiluetal. [34]  SiO,—CuO/C 80:20 GL-EG Cpeit> Ker> and 30-80 0.5-2.0 115X (pggp); 21.1
(60:40 mass%)  pogr (Cpem): 269
(Kefp)
Kakavandi and ~ MWCNT-SiC 50:50 W-EG (50:50 Kef 25-50 0.05-0.75 33%
Akbari [26] vol%)
Suresh et al. [18] Al,O5-Cu 90:10 DIW Kegr and pioge Roomtemp 0.1-2.0 1.47-12.11 (x4);
8-115 (u)
Asadietal. [27] ALO;-MWNCT - Thermal oil Ko and progr 25-50 0.125-1.5 45% (k) and 81%
(Hef)
Esfe et al. [24] CNT-AL04 - w Kef 30-60 0.02-1.0 -
Esfe and Sarlak ~ CuO-MWCNT  85:15 EO Hefr 5-55 0.05-1.0 43.52%
[25]
Chereches and AlLO5-TiO, and - \ Outt 20-60 0.05:0.05-1.5 o, of Al,05-TiO,
Minea Al,05-Si0, nanoflu-
ids > Al,05-Si0,
nanofluids
Goodarzi et al. ZnO-MWCNT  75:25 EO Hegp 5-55 0.05-0.8 20% (at 5 °C and
[39] 0.8 vol%)
Gangadevi and  Al,0,—CuO 50:50 DW Ko and progr 20-60 0.05-0.2 Ker=21% and
Vinayagam pegr=13% (for
[38] 0.2 vol%)
Alarifi et al. [37] MWCNT-TiO, 80:20 EO Hef 25-50 0.25-2.0 42% (2.0 vol%)
Giwaetal. [62]  Al,O3-Fe,04 25:75 DIW Ko and pr g 2040 0.05-0.3 Ui =4.55-20.43%
and x ;= 0.58%—
3.32%
Giwaetal. [58]  Al,O3-Fe,04 25:75 DIW and EG- O ANd gy 20-50 0.05-0.75 DW (p;=43.64%
DIW (40:60 and
vol%) 07 =1692.16%)
and EG-DW
(er=49.38%
and
0.7="7618.89%)
Mechiri et al. Cu-Zn 75:25, 50:50, Groundnut Ko and plog 30-60 0.1-0.5 Cu—Zn (50:50)
25:75 with highest kg
value.
Wole-Osho etal.  Al,0;—ZnO 1:2,1:1, 2:1 DwW Kefp 25-65 0.33-1.67 Maximum kg was
35% (1:1), 36%
(1:2), & 40%
2:1)
Hamid et al. [41] TiO,-SiO, 20:80-80:20 W-EG (60:40 Ko and plog 30-80 0.1 Maximum
vol%) Ke=16%. Best
hybrid nanoflu-
ids are 40:60 and
60:20
Aparna et al. Al,O;-Ag 50:50; 30:70; DW Kef 25-52 0.005-0.1 23.82%
[42] 70:30
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Electrical conductivity and pH measurements

The electrical conductivity meter was calibrated using the
standard calibration fluid supplied by the manufacturer. The
glycerine (standard fluid) was measured at 25 °C in tripli-
cate, and the average (1414 uScm™") was reported. This was
found to be close to the glycerine value of 1413 pScm™! (at
25 °C) provided by the manufacturer. Thereafter, the ¢ of
DIW and hybrid nanofluids was measured at 15-55 °C. The
uncertainty related to the measurement of ¢ was estimated
to be 1.85%. The sources of error were from the weighing of
surfactant, MWCNT, and Al,O; nanoparticles, and ¢ meas-
urement. A 3-point calibration of the pH meter was carried
out using buffer solutions (as standard fluids) with a pH of
4,7, and 10 at room temperature before the measurement
of ¢ of DIW and hybrid nanofluids. With sources of error
emanating from the weighing balance (due to measurement
of SDS, MWCNT, and Al,O; nanoparticles) and pH meter
(temperature and pH measurement), the uncertainty of 3.4%
was estimated. The o, and o, of the hybrid nanofluids were
determined using Eqgs. 2 and 3, respectively.

Ohnf

Ore] =

@

Opf

6. (%) = <M) x 100. 3)

Ot

Viscosity measurement

The viscometer was engaged in the measurement of the u
of DIW and hybrid nanofluids at temperatures of 15-55 °C.
Prior to the measurement, the viscometer was calibrated
using DIW. The reliability of the viscometer was carried
out by measuring the y of DIW at the predetermined tem-
peratures (15-55 °C) and comparing the same with standard
values of water reported in the literature [51]. The uncer-
tainty associated with the measured p was 2.05%. Errors
from the weighing balance (for determining the mass of sur-
factant, MWCNT, and Al,O; nanoparticles) and viscometer
(temperature and u data) were propagated for evaluating the
uncertainty. Figure 1 shows the experimental setup of this
study. The p, and p., of the hybrid nanofluids in relation to
the DIW were estimated by Eqs. 4 and 5, respectively.
_ HPinf

Heel = — 4
e Hot “)

Hen(%) = <M> x 100 5)
Hot

@ Springer

1.45 T T T T T T T 3 2
- 3.1
1.40 ......JII""'“"'.'-
DDEDDUDDDDDEIDDUnnEIDDDE,DU\EUBEEEUEDDDDDUDDDDDDDDDD | 3.0
g f‘-Il-ll-lI'.
o 4
E 135 ,--{..--... --..-.--..-\ )-...---‘ [ 29
> L1 1] ’.'\ ‘-... eEEERw LLLL 11}
S [ 1] L1 [T} LR TTTTT
8 130 T \../lll mEEEEEEsEsEmsEEEn | 2§
o 1.30 1
g —m— Viscosity (AI203-MWCNT (90%:10%)/water) 27
—u— Viscosity (Al,O-MWCNT (80%:20%)/water) [ =
1.25 4 —m— Absorbance (Al,O,-MWCNT (90%:10%)/water)
—a— Absorbance (Al,O-MWCNT (80%:20%)water) [ 2-8
1.20 , ; : : . . . 25
0 200 400 600 800 1000 1200 1400

Time/min

Fig.2 Stability of hybrid nanofluids (with particle mass ratios of
90:10 and 80:20) using viscosity and absorbance

It is worth mentioning that the duration of the experiment
from the preparation of hybrid nanofluid at a certain PMR
to the measurement of the thermal properties (¢ and x) took
an average of 8 h.
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Results and discussion
Al,0;,-MWCNT/water nanofluid stability

In this work, the stability of the formulated hybrid nanoflu-
ids was monitored using a UV-visible spectrophotometer,
u, and visual inspection methods. Figure 2 shows the sta-
bility of the hybrid nanofluids (Al,0,—-MWCNT/DIW with
PMRs of 90:10 and 80:20) via u (at 20 °C) and absorbance
of 3 at a maximum wavelength of 261 nm. The relatively
straight lines (horizontal) of the x4 and absorbance indicated
that the nanofluids were stable for 24 h which was longer
than the 6 h (maximum) required for measuring the studied
thermal properties. The absorbance of the other three nano-
fluids was observed to be around 3 at a wavelength range of
261-301 nm. Solomon et al. [52] and Ghodsinezhad et al.
[46] reported absorbance of 3 and wavelength of 225 nm,
respectively, for Al,O,/DIW nanofluids, which was in close
agreement with the values recorded in this present work.
The addition of the MWCNT nanoparticles into DIW was
noticed to cause the shift in wavelength, of which wave-
length of about 240 nm was determined for MWCNT/water
nanofluid [53]. The visual method showed no sedimentation
of the hybrid nanofluids for a month (see Fig. 3).

Figure 4 shows the TEM image of Al,O;—-MWCNT
(80:20)/DIW nanofluids. The rod-like images indicated the
presence of the MWCNT nanoparticles, while the spher-
ical-shaped images revealed the existence of Al,0; nano-
particles. As detected by the TEM, a good dispersion of the
Al,O; nanoparticles into the surface of the MWCNT nano-
particles is noticed in Fig. 4, thus confirming the stability of
the hybrid nanofluid.

pH and electrical conductivity of hybrid nanofluids

The obtained range of pH values for the studied hybrid nano-
fluids was 6.1-8.7. The pH ranges of 7-8.2 and 7.5-8.5,

|
|

'
| i "
i }
3 8 M 03
MWCNT-A1203 MWCNT-AI203 1‘3"23" MEG GOWES'T Al MWCNT-AI208
 10-90 20-80 80-20

Fig. 3 Visual stability of the hybrid nanofluids

Fig.4 Morphology of the Al,O,—-MWCNT (80:20)/DIW nanofluids
using TEM

and 6.2-6.8 were reported in the literature for Al,O; and
Al,05-CuO water-based nanofluids, which were in close
range to that measured in this work [54, 55]. The capability
of an aqueous solution to conduct electric current is the elec-
trical conductivity. It is one of the thermophysical properties
of nanofluids and can be used as an indicator to monitor the
stability of nanofluids. The electrical conductivity of mono-
particle and hybrid nanofluids is a rarely studied property.
The dispersion of nanoparticles into a base fluid is known
to introduce electric charges into the aqueous solution due
to the Brownian motion of charged ions from the nanoparti-
cles. This leads to the formation of an electric double layer
around the nanoparticles which makes the resulting aqueous
solution to be electric conducting when an electric potential
is applied across.

Figure 5 depicts the o of DIW and Al,O,—~MWCNT/DIW
nanofluids against the PMRs under increasing temperature
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=
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Fig.5 Effective electrical conductivity of hybrid nanofluids against
particle mass ratios under increasing temperature
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Fig. 6 Effective electrical conductivity of hybrid nanofluids against
temperature at different particle mass ratios

(15-55 °C). The addition of the hybrid nanoparticles into
DIW resulted in an appreciable augmentation of the ¢ of
DIW. It can be noticed in Fig. 5 that as the PMR of Al,O;
nanoparticles increased, the o 4 was significantly enhanced,
whereas the reverse was observed when the PMR of
MWCNT nanoparticles increased. This observation can be
strongly linked to the ¢ of Al,0; and MWCNT nanopar-
ticles of which Al,O; nanoparticles have a higher value.
Thus, increasing the PMR of Al,O; nanoparticles in the
hybrid nanofluid would enhance o, As shown in Fig. 6,
increasing the temperature of the hybrid nanofluid at vary-
ing PMRs was observed to slightly enhance o4 With the
studied PMRs temperatures, a range of 789—1265 pScm™!
was measured for the o 4 of Al,O;—-MWCNT/DIW nano-
fluids. The maximum value of 1265 pScm™! was recorded
for the hybrid nanofluid with PMR of 90:10 t 55 °C, as
it contained the highest PMR of Al,O; nanoparticles. This
finding is evident in Figs. 5 and 6. At 55 °C, increasing the
PMR of MWCNT nanoparticles from 10 to 80 was observed
to reduce the o, from 1265 pSem™! to 904 uScm~".

The effect of PMR on the o, was found to be significant
compared with that of temperature as presented in Figs. 5
and 6, respectively. It can be discussed that the addition of
hybrid nanoparticles (at various PMRs) to DIW resulted in
increased presence, quantity, and mobility of charged ions
in DIW. This also led to an increase in the formation of an
electric double layer and increment in the size of the elec-
tric double layer; thus, a considerable measure of ¢4 was
recorded. However, the increase in temperature only slightly
increased the mobility of the charged ions due to Brownian
motion, thereby slightly augmenting o,

However, Zawrah et al. [55] measured o of Al,Oz/water
nanofluid (¢ =0.2 vol% and at 25.9 °C) as 2370 pScm™".
The hybridization of the Al,O; nanoparticles with MWCNT
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Fig.7 Relative electrical conductivity of hybrid nanofluids against
particle mass ratios under increasing temperature

nanoparticles may be responsible for the reduction in the
value of o 4 obtained in this work compared to that of Zaw-
rah et al. [55]. The results obtained in this present study
were consistent with previous studies in which the o4 of
mono-particle nanofluids improved as temperature and ¢
increased [38, 53, 56, 57].

Figure 7 presents the o, of Al,O;-MWCNT/DIW nano-
fluid as related to PMR under changing temperature. The
0, Of the hybrid nanofluids was found to enhance with an
increase in the PMR of Al,O; nanoparticles and detracted
with increasing PMR of MWCNT nanoparticles in compari-
son with DIW. It was also noticed that as the temperature
increased, the o, increased. At 55 °C, the highest o, was
5.4 for Al,O;—-MWCNT (90:10)/DIW nanofluid while the
lowest was 3.88 for AL,O;-MWCNT (20:80)/DIW nanofluid.
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Fig.8 Electrical conductivity enhancement of hybrid nanofluids
against particle mass ratios at different temperatures
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The o, of Al,O0,—-MWCNT/DIW nanofluid against PMRs
under increasing temperature is presented in Fig. 8. The o,
of the hybrid nanofluids was observed to be related to the
temperature and PMR. Maximum enhancements (o,,) of
443% and 288% were achieved for Al,O;—-MWCNT/DIW
nanofluids with PMRs of 90:10 and 20:80, respectively,
at 55 °C, in comparison with DIW. A range of 255-443%
was recorded for o, of Al,O;—MWCNT/DIW nanofluid at
the PMRs and temperatures considered in this study. It was
obvious that the o, was drastically reduced with a high PMR
of MWCNT nanoparticles.

With the use of mono-particle nanofluids, o, was aug-
mented by 2127% [58], 5112% [57], 190.57% [53], 855%
[11], and 2370% [55] for Al,O4/water (at ¢ =0.5 vol% and
45 °C), Al,04/Bio-glycol (¢ =0.1 vol%), MWCNT/solar
glycol (at ¢ =0.6 vol% and 50 °C), MWCNT/water (at
@ =0.5 vol% and 23 °C), and Al,O,/water (at ¢ =2 vol%
and 25.9 °C) nanofluids, in comparison with the respective
base fluids. These published values showed that the obtained
result in this present work was well within the values
reported in the literature. The influence of ¢ and tempera-
ture on the o, was also emphasized by the previous studies.
Similarly, previous studies on the o, of hybrid nanofluids
revealed 1339.81%—-853.15% [59], 163.37-1692.16% [60],
97-557% [61], and 43-fold—57-fold for ND-Ni (85:15)/DW
(¢=0.1 vol% and 24-65 °C), Fe,05-Al,05 (75:25)/DIW
(¢ =0.05-0.75 vol% and 20-50 °C), SiO,-G/naphthenic
mineral oil (¢ =0.01-0.08 mass% and room temperature),
and Al,05 (0.5 vol%)-SiO, (1.5 vol%) (20-60 °C) nano-
fluids, respectively, which closely agreed with the results
obtained in this study. The disparity in o,, can be linked to
the variation in ¢, temperature, and types of hybrid nano-
particles used to prepare hybrid nanofluids.
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Fig.9 Effective viscosity of hybrid nanofluids against particle mass
ratios under increasing temperature
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Fig. 10 Effective viscosity of hybrid nanofluids against temperature
at different particle mass ratios

Viscosity of hybrid nanofluids

The p g of Al,O;-MWCNT/DIW nanofluids against PMR at
varying temperatures is presented in Fig. 9. Increasing PMR
of Al,O5 nanoparticles was observed to slightly enhance p
of Al,O;—-MWCNT/DIW nanofluid, whereas the reverse
was noticed when the PMR of MWCNT nanoparticles was
increased. From Fig. 10, the hybrid nanofluids and DIW
displayed a decaying trend of .4 with a temperature rise.
The u.g of all the hybrid nanofluid samples was found to
be higher than that of DIW. At 15 °C, the p decreased
from 1.30 mPas to 1.23 mPas when the PMR of MWCNT
nanoparticles increased from 10 to 80 whereas at 15 °C, p
reduced from 0.72 mPas to 0.68 mPas. It can be deduced that
an increase in temperature has a significant impact on the p g
(also see Fig. 10). This agreed with previous studies on the
Mo of mono-particle and hybrid nanofluids [29, 34, 43, 62].

It can be observed that the dispersion of hybrid nanopar-
ticles (at various PMRs) into DIW generally enhanced the
u of DIW. This can be attributed to the higher density of
MWCNT and Al,O; nanoparticles compared with DIW (see
Table 1). The presence of the hybrid nanoparticles increased
the intermolecular forces between particle—particle and par-
ticle-water, and also reduced the collision of DIW molecules
due to the existence of Brownian motion, thus increasing the
flow resistance of the hybrid nanofluid. Under increasing
temperature, the intermolecular forces are weakened coupled
with increased agitation of molecules (particle—particle and
particle-water) due to Brownian motion, thus leading to a
reduction in flow resistance and, thus, better flow of hybrid
nanofluids.

Using Eq. 4, the p,,, of the hybrid nanofluids was evalu-
ated and is presented in Fig. 11 as a function of PMR with
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Fig. 12 Viscosity enhancement of hybrid nanofluids against particle
mass ratios at different temperatures

increasing temperature. The ., was observed to aug-
ment with an increase in PMR of Al,O; nanoparticles and
detracted with a temperature rise for all the hybrid nano-
fluids, which was in agreement with the earlier studies [62,
63]. However, the work of Dardan et al. [34] demonstrated
the opposite of the trend noticed in this study as the y,; of
Al,0;—-MWCNT/EO nanofluid reduced with temperature.
Minimum p,, of 1.09 was noticed for Al,0;,—-MWCNT/
DIW nanofluid with PMR of 20:80 at 15 °C while the
Al,O,—MWCNT/DIW nanofluid with PMR of 90:10 has
maximum p,; (1.26) at the temperature of 55 °C.

The p., afforded by the hybrid nanofluids when compared
with DIW in terms of the PMR and temperature is shown in
Fig. 12. The p,, of the hybrid nanofluids was attenuated as
the PMR of MWCNT nanoparticles increased in comparison

@ Springer

with DIW. In addition, the rise in temperature contributed
to an increase in y., relative to DIW, which was found to
be consistent with previous studies [36, 60, 62, 64]. At
55 °C, the highest and lowest u., were 26.3% and 19.3%
for Al,O0;—-MWCNT/DIW nanofluid with PMR of 90:10
and 20:80, respectively, in comparison with DIW, respec-
tively. This translated to a 7% reduction of y,, as the PMR
of MWCNT nanoparticles increased from 10 to 80.

Previous studies on the y, of hybrid nanofluids reported
23.24% (¢ =0.3 vol% and 60 °C) [65], 1.5-fold (¢ =0.3 vol%
and 60 °C) [66], 8-11% (¢ =0.1-2.0 vol% and room tem-
perature) [20] and 4.55%-20.43% (¢ =0.05-0.3 vol% and
20-60 °C) [64] for ND-Ni (84:16), CNT-Fe;0, (26:74),
Al,05,—Cu (90:10), and Al,0;-Fe,05 (25:75) DIW-based
nanofluids, respectively, which agreed with the results
obtained in this present study. For mono-particle nanoflu-
ids, p., of 30%, 70%, and 58% have been published in the
literature [48] for Al,O5 (3.0 vol%; 21-39 °C), MWCNT
(0.2 vol%; 5-65 °C) and MWCNT (1.0 vol%; 27 °C) water-
based nanofluids compared with DIW, which were higher
than the range of values measured in this work. It is therefore
apparent that the hybridization of MWCNT and Al,O; nano-
particles caused a reduction in the g, especially at higher
PMR of MWCNT nanoparticles, which is beneficial for the
utilization of Al,O,—MWCNT/DIW nanofluids as thermal
media for engineering applications as pumping power and
frictional losses would be reduced thereby increasing overall
thermal efficiency [11, 67].

In addition, Hamid et al. [43] and Mechiri et al. [42]
showed that by varying the PMRs of TiO,—SiO,/W-EG
(20:80-80:20) and Cu—Zn/groundnut (75:25, 50:50, and
25:50) nanofluids, the lowest and highest p . values were
achieved at PMRs of 80:20 and 50:50, and 75:25 and 50:50,
respectively. Considering the result of this present study that
minimum and maximum g were attained at PMRs of 20:80
and 90:20, respectively, it showed that probably no general
optimum PMR existed for the p ¢ of hybrid nanofluids.

Table 2 Properties of MWCNT and Al,O; used in this work

Property MWCNT Al,O4
Purity (%) >97 99.97
Size (nm) L=10-30 nm; 20-30
OD=10-20 nm;
ID=3-5nm
Color Black White
Thermal conductivity/Wm~'k=! 3000 40
True density/g cm™> 2.1 3.97
Specific surface area/m? g~! 233 180
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Table 3 Developed correlations
for the ALO,-MWCNT

Ratio

Effective electrical conductivity

Effective viscosity

Bt — 1 06175 + 0.00753T — 1.26 x 107472 + 1.00 x 107673
R=0.998; R?=0.987

Bt — 102752 + 0.00777T — 1.03 x 10472 + 6.11 x 10773
R=0.997; R®*=0.972

Bt — 1 02273 + 0.00744T — 9.82 x 107572 + 5.55 x 10”777
R=0.996; R2=0.968

Bt — 10760 4+ 6.32 x 10~4T + 1.05 x 10472 — 1.31 x 10-673
R=0.989; R*=0.909

Bt — 1 10178 — 0.00394T + 2.36 x 10~4T2 — 2.44 x 107673
R=0.996; R*=0.967

nanofiuids 90:10 2t = 50650 +0.00654T
R=0.997; R?=0.991
80:20 ‘;h"" =4.6682 + 0.00771T
R=0.988; R*=0.969
60:40 Zmt = 44528 + 0.0059T
0y
R=0.977; R*=0.940
40:60 ‘;h"‘ = 4.0245 + 0.00692T
R=0.984; R*=0.957
20:80 ? =3.4130 + 0.00771T
R=0.960; R*=0.920
8.4 4 m This study (Al,O,-MWCNT) (90%:10%)/water)
: # This study (Al 2OS-MWCNT) (80%:20%)/water)
1 & This study (Al,O_-MWCNT) (60%:40%)/water)
7.8 1 ¥ This study (ALO_-MWCNT) (40%:60%)/water)
_é" 1 # This study (Al 2OS-MWCNT) (20%:80%)/water)
-_é 7.2 « Ganguly et al. 2009 (Al,O,/water)
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Fig. 13 Comparison of developed correlations (electrical conductiv-
ity) to an existing correlation at different temperatures

Correlation development

Studies have revealed the inability of classical/theoretical
models to reasonably predict the thermophysical proper-
ties of nanofluids, which has led to the development of
correlations to estimate nanofluids’ thermal properties
[43-45, 60]. The recent formulation of hybrid nanofluids
with improved properties calls for the increased need to
propose correlations for predicting their thermal properties.
The experimental data (u,,, and o,;) obtained in this study
for the Al,O0;-MWCNT/DIW nanofluids were fitted using
regression analysis to formulate correlations to predict these
properties as a function of temperature (Table 2).

Table 3 depicts the developed correlations, coefficients
of regression, and determination for the y,, and o, of the
AlL,O;-MWCNT/DIW nanofluids at various PMRs as a func-
tion of temperature. The ranges of the coefficients of regres-
sion and determination were 0.960-0.997 and 0.920-0.991,
and 0.909-1.000 and 0.989-0.998, for the o,, and pu,,
respectively. Since literature is scarce on the g of hybrid

W Fit - This study (Al,O, (90%) - MWCNT (10%)/water)

(90%) (
3
® Fit - This study (Al,O, (80%) - MWCNT (20%)/water)
1.6 4 Fit - This study (AL, (60%) - MWCNT (40%)/water)
¥ Fit - This study (AL, (40%) - MWCNT (60%)/water)
# Fit - This study (AL, (20%) - MWCNT (80%)/water)
1.4 4 « Fit - Nabil et al. 2017 (TiO,-SiO,/water)
B Fit - Zawawi et al. 2018 (A1,0,-S10,/PAG)
> ) ) )
-‘% # Fit - Zawawi et al. 2018 (AIZOS-TloglPAG)
S 121
L
>
o
=
2 1.0
@
i R
T
**] /f
0.6 T T T T T T T T 1
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Temperature/°C

Fig. 14 Comparison of developed correlations (viscosity) to existing
correlations at different temperatures

nanofluids, the correlation derived (from experimental data)
by Ganguly et al. [58] was used to compare the obtained
experimental o, data. Figure 13 shows the curve fittings of
the obtained experimental data of o, and that of Ganguly
et al. [58] correlation. The fitted curves demonstrated slight
enhancements of the o, with increasing temperature and
PMR of Al,O; nanoparticles. The formula proposed by Gan-
guly et al. [58] was observed to closely estimate the o, of
Al,O0,—-MWCNT/DIW nanofluid with PMR of 20:80.

The curve fittings of the y,. data for this work and those
of previous studies used for comparison purposes are pre-
sented in Fig. 14. The experiment-derived correlations from
the works of Nabil et al. [68] and Zawawi et al. [69] were
fitted and compared to the fitted data garnered for this study.
From Fig. 14, it can be noticed that the curves fitted from the
correlations proposed for SiO,-TiO,/water and Al,0;—Si0,/
PAG nanofluids could not fit the obtained y, data, thus, it
underestimated it. However, the Al,O;-TiO,/PAG nanofluid
correlation relatively estimated the experimental y,, data
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for the Al,O;—-MWCNT/DIW nanofluid with PMR of 20:80
between 35 and 55 °C. Evidently, the proposed correlations
for estimating the yu, and o, of A, O;—-MWCNT/DIW
nanofluid at different PMRs as given in Table 3 would be a
good tool for the design of energy systems and processes.

Conclusions

A novel study on the measurement of 6. and p g of stable
Al,O;—-MWCNT/DIW nanofluid (¢ =0.1 vol%) at differ-
ent PMRs under varying temperatures was conducted. The
addition of the hybrid nanoparticles at different PMRs to
the DIW led to the enhancement of o and .4 of which
a significant effect was observed on the o, Temperature
rise significantly detracted p.4, but it slightly enhanced 6.
Both PMR and temperature had a contributory effect on the
Ooir and p o of Al,O;—-MWCNT/DIW nanofluids. The hybrid
nanofluid with PMR of 90:10 was noticed to possess the
highest augmentation of o4 (442.9%) and p4 (26.3%) at
55 °C, when compared with DIW. Increasing the PMR of
MWCNT nanoparticles was observed to favor the reduction
of pi i by 6.19% and 7.08% while its decrease aggravated
Our DY 154.94% and 160.45% at 15 °C and 55 °C, respec-
tively. The Al,O;—MWCNT/DIW nanofluids had a lower
Mo In comparison with other hybrid nanofluids, especially
at a lower PMR of MWCNT nanoparticles and tempera-
ture, which favored their application as coolants in heat
exchangers.
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