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Abstract

Recent research has focused on improving the performance of thermal management systems. Dispersing composite
nanoparticles in the traditional heat transfer fluid known as hybrid nanofluids (HNF) has been an idea engaged for the
augmentation of their thermophysical properties and thus their thermal performance. This work focused on the conse-
quence of mass percentage ratio and temperature on the thermophysical properties of ZnO-MWCNT/deionized water
(DIW) HNF. ZnO (20 nm) nanoparticles hybridized with MWCNT (30-50 nm) nanotube have been dispersed in DIW to
synthesize composite nanoliquids at 0.1 vol.% and by various mass% ratio of (ZnO: MWCNT) 20:80, 40:60, 60:40, and
80:20. The morphology of the prepared composite nanoliquids (NF) samples was monitored via standard instruments to
assess their stability condition. The composite nanoliquids were detected to be stable. Then viscosity (u), thermal con-
ductivity (x), and electrical conductivity (EC) (o) of this HNF have been measured in temperatures ranging from 20 to
55 °C. With the cumulative ratio of MWCNT and the temperature, while p of this nanoliquid was noticed to decrease, an
increase in x was detected. The ¢ was slightly enhanced as the temperature and the ratio of ZnO nanoparticles increased
with a decrease in the ratio of MWCNT. The minimum and maximum enhancements obtained are, respectively, 12.27%
and 33.33% at 80:20 for the viscosity, 10.17% and 23.11% at 20:80 for the thermal conductivity, and 325.93% and
386.10% at 80:20 for the EC of ZnO-MWCNT/DIW hybrid nanoliquids in comparison with the based fluid. New cor-
relations have been established to approximate the thermal conductivity of these composite nanoliquids as a function of
temperature for all percentage ratios. The proposed correlations have been compared with existing correlations from
literature. The HNF was found to have a lower viscosity than that of the single NF and is suitable for thermal
management applications.
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Abbreviations GNP Graphene nanoplatelet
AR Aspect ratio HNF Hybrid nanofluid
BNFs Briny nanofluids HNP Hybrid nanoparticle
DIW Deionized water MO Mineral oil
DW Distilled water MOD Margin of deviation
DWCNT  Double-walled carbon nanotube MWCNT Multiwalled carbon nanotube
EG Ethylene glycol ND Nanodiamond
W/EG Water ethylene glycol NF Nanofluid
EO Engine oil NP Nanoparticle
G Graphene PG Propylene glycol
GA Gum arabic PWR Particle mass ratio
GL Glycerol SDBS Sodium dodecyl benzene sulfonate
GNF Green nanofluid SDS Sodium dodecyl sulfate
GO Graphene oxide SWCNT  Single-walled carbon nanotube
GON Graphene oxide nanosheet T Temperature
TO Transformer oil
Volume m®
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\ Width m
X The ratio of hybrid nanoparticles mass

Greek symbols
AT Temperature gradient

@  The mass concentration of nanoparticles %
u Viscosity, kg m™2 s~

B Thermal coefficient of expansion k™
0 Density, kg m™>

K Thermal conductivity, W m~! K™

) Uncertainty

o Electrical conductivity, uS cm™!

0 Partial differential

Subscripts

b Bias

E Enhancement

Eff  Effective
Exp  Experimental

Av Average
Pred Predicted
Introduction

The current advancement in technological development has
brought about a huge challenge of thermal management in
the application and existing heat transfer techniques in
thermal management are presently reaching their limits. The
working heat transfer fluids such as water, ethylene glycol,
propylene glycol, engine oil, and palm oil are commonly
used in numerous thermal applications. The main weak-
nesses of the specific limitations in their capability and
thermal properties are low thermal conductivity and low heat
transfer performance of media. The enhancement of heat
transfer performance of the thermal systems and devices
required to have increased thermal properties of the media
reduced total cost and energy. Generally, the traditional
convectional heat transfer fluid has a very small thermal
conductivity value compared to solid material. Therefore,
one possible way to augment the thermal conductivity of
conventional fluids is by dispersing metallic or nonmetallic
particles in those fluids or media. Such dispersion of
nanoparticles is known as nanofluids which were coined by
[1, 2] and found to have higher thermal conductivity com-
pared to their base fluid (conventional heat transfer fluid).
Masuda et al. [3] prepared suspensions of nanoparticles and
measured their thermophysical properties which was found
to be higher compared to their base fluids.

The efforts of researchers have recently been motivated
to augment the properties of the mean heat transfer liquid
by enhancing the thermophysical properties of different
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based fluids. These properties of nanofluids were enhanced
by using different kinds of nanoparticles such as MgO,
Zn0, Al,O3, Fe,03, TiO,, SiO,, CNT have been conse-
quently experimented at several volume concentrations for
changed temperature ranges [4-9].

The idea of developing a novel kind of nanofluids to
augment the thermophysical properties of conventional
liquids is not new. The thought of hybridization of
nanoparticles suspended different kinds of nanomaterial
into the based fluid, known as hybrid nanofluid. Many
investigations have been conducted on this new type of
nanoliquids. Jana et al. [10] examined thermal conductivity
by synthesized Cu-CNT and Au-CNT. Their result showed
a higher value of the thermal conductivity of the single
nanofluid compared to a hybrid nanofluid. Sundar et al.
[11] synthesized MWCNT-Fe;O,/distilled water hybrid
nanoliquids. They found a 29.39% enhancement in thermal
conductivity, viscosity enhanced by 23.24% (1.2324 times)
with 0.3% particle concentration. Batmunkh et al. [12]
synthesized TiO,—-Ag/W composite nanofluids and
demonstrated enhancement in thermal conductivity.
Moradi et al. [13] performed an empirical study on the
influence of (20-60 °C) temperature and (0.0625-1%)
volume concentration (TiO,-MWCNTSs/(EG-water)) hybrid
nanoliquid. The results displayed that the temperature and
volume concentration influenced at 60 °C and 1.0vil.%
volume concentration. Nasajpour et al. [14] suspended
(ZnO-Ag) nanocomposite in water and experimented on
the effect of the temperature range (25-60 °C) and volume
fraction of (0.125-2%) on the thermal conductivity. They
detected that the increase in temperature and volume
fraction leads to enhanced thermal conductivity.
Hemmat et al. [15] examined the influence of concentration
ranging from 0.02 to 1.0 vol% and temperatures
(303-332 K) of CNT-AlL,Oz/water HNFs on the «x.
Esfe et al. [16] have measured the thermal conductivity of
EG-based liquids of (70:30%) SiO2/MWCNT hybrid
nanofluid at volume fractions ranging from 0.025 to 0.86%
and temperatures of (30-50 °C). They mentioned the
thermal conductivity increased by 20.1% more than the
based fluid EG at 50 °C and 0.86% volume fraction.
Esfe et al. [17] experimentally observed 45% thermal
conductivity enhancement with (70:30%) SWCNT-ZnO/
(60:40)(EG-water)-based HNFs at ¢ = 1.6% and at tem-
peratures 50 °C. Hemmat et al. [18] measured the rheo-
logical behavior of nano-lubricant ((30:70%) MWCNT:
ZrO, /(10w-40)) hybrid nanofluid affected with tempera-
ture range (5-55 °C) and volume concentration (0.05-1%).
The result shows 31% viscosity enhancement at 55 °C and
@ = 1.0 vol.%. Murshed et al. [19] they conducted exper-
imental and theoretical on the effective thermal conduc-
tivity (x) and viscosity (u) of nanofluids. Their result
indicated that both the thermal conductivity and viscosity
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of nanofluids rise through the nanoparticle volume fraction.
The thermal conductivity of nanofluids was also detected to
be powerfully reliant on the temperature rise. Giwa et al.
[20] prepared composite nanofluid by dispersal
(MWCNT)-Fe,03 nanoparticle into DIW and studied the p
and o at temperatures variety from 15 to 55 °C and volume
concentrations ranging from 0.10 to 1.50 vol%. They
establish that all the considered measured thermophysical
properties are enhanced with the rise of volume concen-
tration. Viscosity was seen to moderately diminish with
temperature increase. Eshgarf and Afrand [21] examined
the rheological behavior of hybrid nanofluids prepared
from 50%Si0, -50%MWCNT /W-EG for ¢ =of
0.0625-2%, temperature of 27.5-50 °C and shear rate of
0.612-122.3 s~'. The result demonstrates shear-thinning
behavior through a power-law index of less than unity.

Ajeeb and Murshed [22] experimentally investigated the
thermophysical properties of SiC-BN/ (EG: DW) nanoliq-
uids for volume concentration of 0.01-0.05 vol.%, temper-
ature of 22-41 °C and shear rate of 200-800 s™'. Their
results showed a decent rise in thermal conductivity and
thermal diffusivity of nanoliquids through growing volume
concentration also Newtonian rheological nature was
detected. Harandi et al.[23] studied the effect of temperature
(25-50 °C) and solid volume fraction range of 0% to 2.30%
on x of F-MWCNT-Fe;04 (at equal amounts)/EG composite
nanoliquids. Their results showed that at 2.3vol. % and
50 °C, the maximum augmentation (30%) in the x was
measured. Nadooshan et al. [24] premeditated the rheolog-
ical behavior of MWCNT-Fe;0, (at equal amounts) for a
shear rate of 12.24-73.44 s~ '. The result showed Newtonian
behavior for the hybrid nanofluids through ¢ of
0.10-0.80 vol.% and non-Newtonian flow for the HNFs at
volume fractions of 1.25 and 1.8%. Esfe and Sarlak [25]
studied the rheological behavior of based engine oil com-
posite nanofluids MWCNT-CuO (15%-85%) for tempera-
ture, solid volume fraction, and shear rate ranges of and
5-55 °C, 0-1 vol.% and 2666.6-11,999.7 s, respectively.
Their result revealed non-Newtonian flow Bingham pseudo-
plastic at temperature > 45 °C and plastic non-Newtonian
above 45 °C by maximum viscosity rise of 43.52% at 1%
solid volume fraction. Viscosity was observed to advance
through rises in temperature and ¢ owing to the flow
behavior of the nanoliquid.

Sundar et al. [26] have studied the electrical conduc-
tivity of EG- and DW-based (84:16) (ND-Ni) NFs at a ¢ of
(0.02 vol.%, 0.05 vol.%, and 0.10 vol.%) and of the tem-
perature range (24-65 °C). The outcomes indicate the
enhancement value in EC of ND (nanodiamond)-Ni/W-
based HNFs are 1339.81% at 65 °C and 853.15% at 24 °C
and 0.1vol% in comparison with water. For (0.1%) ND-Ni/
EG hybrid nanofluid, the property was improved by
199.52% at 24 °C and 200.23% at 65 °C compared to

based fluid (EG). Hemmat et al. [27] conducted an inves-
tigational study on x of (50%:50%) mixture of EG:W-
based ZnO-MWCNT binary nanofluid at ¢ range of
0.02-1.0 vol.% and temperatures from 30 to 50 °C. The
maximum thermal conductivity increase is 13.3% achieved
at @ of 1.0 vol.% and 50 °C temperature. Sundar et al. [28]
experimentally investigated x and u of (85:15)ND-Ni/DW
binary nanofluid for ¢ variation of 0.10-0.30 vol% and
temperature variety of 30 to 60 °C. Rendering to results
from their study, the x was enhanced by 10.23% at 0.10
vol. % and 30 °C, and 29.39% at 0.30 vol. % and
30 °C and the viscosity was enhanced by 16.65% and
23.24% for ¢ = of 0.10 vol. %, 0.30 vol. % and at 30 °C,
60 °C, respectively, in comparison with DW. Dardan et al.
[29] studied the rheological behavior of EO Al,Os-
MWCNTSs/SAE40 HNFs at ¢ variety from (0% to 1.0%)
and temperature range from (25 °C to 50°) at the shear rate
variety of (1333-13,333 s_l). The HNFs exhibited New-
tonian behaviors at all volume fractions and measured
temperatures. Results of relative p of the binary nanoliquid
were augmented by 46% Also their results presented that
the p augmented by increasing ¢ and decreasing temper-
ature. Giwa et al. [30] have studied the thermo-convection
performance of Al,O; — MWCNT/W  NFs, at
@ = 0.10 vol.% volume concentration, temperature range
from (20 to 50 °C) and at various percent masses of (Al,
O3/MWCNT; 80:20, 60:40, 40:60, and 20:80). The u
of binary nanofluid was improved by 24.56% for the
sample (80:20) NFs at 0.1 vol% and 55 °C. The electrical
conductivity was enhanced by 134.12%-255.34% at 0.1
vol% and 55 °C, in comparison with water. Hamid et al.
[31] experimentally investigated the x and p of (SiO,-
Ti0,)/(W-EG) binary nanofluids at ¢ of 1.0 vol% with five
mixture ratios (W-EG 80:20,60:40; 50:50,40:60 and 20:80)
and temperatures range from (30 to 80 °C). Their conse-
quences showed that the mixture ratio of 20:80 (TiO,:
SiO,) nanofluids had the highest thermal conductivity
enhancement of 16% in comparison with the mixture ratio
of 20:80. The mixture ratio of 80:20-based hybrid nano-
fluid exhibited the lowest viscosity. For the x and p, the
HNFs by the mixture ratios 80:20 and 40:60 were observed
to exhibit good performance and thus can be suitable for
engineering applications. Also, they concluded that the
HNFs W: EG (50:50)-based mixture was not applicable as
it has the lowest and highest values of x and u, respec-
tively, in compression to the based fluid. Kakavandi and
Akbari. [32] found the effects of ¢ = (0 to 0.75%) and
(25-50 °C) on the k of (50-50%) masses of (SiC-
MWCNT) W-EG (50-50%) mixture composite nanoliquid.
The maximum thermal conductivity enhancement of 33%
was achieved at volume concentration 0.75 vol% and at
50 °C temperature in comparison with W-EG (50-50%)
mixture. The increase in the temperature from 25 to 50 °C
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and ¢ from O to 0.75% showed a considerable enhance-
ment of the thermal conductivity.

Qing et al. [33] synthesized SiO,-GNP/TO and studied
the stability, thermal conductivity, viscosity, and electrical
conductivity of composite nanofluid (SiO,-GNP/TO) at
diverse  nanoparticle  concentrations  (0.01 mass%,
0.04 mass%, and 0.80 mass%) and temperature (20 to
100 °C). They observed the highest thermal conductiv-
ity enhancements of 80% for (0.04 mass% pH9 at 100 °C),
29.7% for (0.08 mass% at 100 °C), and viscosity 29.7%,
12.87% for hybrid SiO,-GNP/NO and GNP/NO (naph-
thenic oil) nanofluids, respectively, relative to based fluids.
The reduction of electrical conductivity of hybrid SiO,-
GNP/TO nanofluid from 557 to 97% was found in their
study. Results from literature studies on the thermophysi-
cal and electrical properties of various HNFs are sum-
marised in Table 1.

The present study focuses on the thermophysical prop-
erties of ZnO-MWCNTSs/DIW hybrid nanofluid at a percent
mass ratio (ZnO: MWCNT) 20:80, 40:60, 60:40, and
80:20. The DIW-based ZnO-MWCNTs hybrid nanoparti-
cles and nanotubes are scarce in the literature. In recent
years, researchers have been focusing on using carbon
nanotubes (CNT) for the preparation of composite mate-
rials to enhance the thermal properties of the composite
material. This is due to the high x of CNT owing to their
role in enhancing the properties of heat transfer and there is
a lack of information on the ¢ of binary nanoliquids, par-
ticularly ZnO-MWCNT/ DIW-based hybrid nanofluid. In
the current work, the viscosity, thermal conductivity, and
electrical conductivity of ZnO-MWCNT/DIW hybrid
nanofluid at different percentages mass ratio dispersed into
deionized water (DIW) at ¢ = 0.10 vol.% and temperature
ranging from 20 to 55 °C were experimentally determined.
New correlations were developed to calculate thermo-
physical properties correlated as dependent on the
temperature.

Preparation of hybrid nanofluids
Material

The hybrid nanoparticles of ZnO-MWCNT were acquired
where multiwalled carbon nanotubes (MWCNTSs) were
obtained from Nanomaterials Inc, USA, and ZnO
nanoparticles (with 20 nm) were purchased from Nanos-
tructured and Amorphous Materials Inc. (USA). Surfactant
(SDS) of purity of > 98.5% was bought from Sigma-
Aldrich, Germany, for better stability of hybrid nanolig-
uids. Deionized water (DIW) was used as the base fluid.
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Parameter and characterisitics of these nanoparticles are
provided in Tables 2 and 3.

Method of preparation

Hybrid nanofluids in the present study were prepared by
directly suspending powder of nanocomposite of ZnO-
MWCNTs in the based fluid, using a two-step technique.
HNF has been prepared with four mass percentages ratio of
20:80, 40:60, 60:40, and 80:20 (ZnO-MWCNTs) at
0.1vol% for good dispersion of nanoparticles in the based
fluids, and the volume fraction (%) can be determined by
using Eq. (1):

w w
o= ((P) MWCNTs+ </’> ZnO)
w w w
(p) MWCNTS+ (p>ZnO+ (p) basefluid

where ¢ is volume concentration(%), p the density, and w
is the mass. Weighing balance (AS 220.R2—Poland) with
precision of + 0.01 g was used to weigh the determined
masses of the hybrid nanocomposite and surfactant. To find a
homogeneous mixture from a nanocomposite magnetic stirrer
(Ha400 HSB, Indonesia) for 45 min with a magnetic agitator
and a sonicator (Qsonica, Q-700; USA) was continuously
employed to break down agglomerations the mixture soni-
cated for 90 min during the sonication time the temperature of
the mixture kept constant by using thermal bath (LAUDA
ECO RE1225). Figure 1 shows the formulation step.

% 100 (1)

Measurement of viscosity

The viscosity was measured using the sine wave Vibro-
viscometer (SV-10, A&D, Japan) with an accuracy of +
3%. At first, the viscometer was calibrated by measuring
the viscosity of the base fluid for the temperature range of
20 to 55 °C at 5 °C intervals. Figure 2 shows the viscosity
measuring apparatus.

Thermal conductivity of binary nanoliquid

Figure 3 shows the device for thermal conductivity mea-
surement. The thermal conductivity in the present study is
measured using a KD2 device (METER Group Inc.USA;
KS-1-05038 sensor). This apparatus scheme is based on the
transient hot-wire process. The thermal conductivity of
DIW, single-nanofluid, and HNFs was measured at 20—
55 °C at 5 °C intervals. Before measurement the device
was self-calibrated by the producer fluid for the adjustment
at 25 °C and measurement was conducted after reaching
the sensor to be stable. The KD2 pro calculates thermal
conductivity using Eq. (2):
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Table 1 Summary of studies on the thermophysical and electrical properties of HNFs
Authors HNPs/ratio olvol. % Base fluid Properties Temperature Enhancement/%
Jha et al. [34] Cu/MWCNT & 0.6-4.0 EG & DIW K 26.5-48.9 14.8-210 (DIW)
MWCNT 3.6-20.2 (EG)
Sundar et al. ND-Fe;0,4 (72%:28%)  0.05-0.2 DW & DW-EG K, U, & 0 20-60 13.4-17.8 (k) 1.5X-
[35] mixtures 2.19X (w)
Kannaiyan et al. Al,O3-CuO 0.05-0.2 DIW-EG (80:20) o, U & p 20-60 45
[36]
Mousavi et al.  CuO-MgO-TiO, (5 0.1-0.5 DW K, 4, p, C, & surface  15-60 -
[37] diff. ratios) tension
Abbasi et al. MWCNT-ALO; (1:1) 0.1 DIW K Room temp  20.68
[38]
Sundar et al. CNT-Fe;0, (26:74) 0.1 &£03 DW K& u 20-60 28.46 (x); 1.5X (w)
[39]
Zadkhast et al.  MWCNT-CuO (50:50) 0.05-0.6 DIW K 25-50 30.38
[40]
Akilu et al. [41] SiO,-CuO/C (80:20 0.5-2.0 GL-EG (60:40 Cp. k6, & 30-80 LI5X (u); 21.1 (Cp);
mass%) mass%) 26.9 (k)
Hamid et al. Ti0,-SiO, (40:60 0.5-3.0 EG K 30-70 21
[42] vol.%)
Suresh et al. Al,O03-Cu (90:10 0.1-2.0 DIW K& i Room temp  1.47-12.11 (x); 8-115
[43] mass%) (1)
Marcos et al. BN-SiO; (1:9 mass%)  0.01-0.1 EG-W (15:80 K 10-50 2.3
[44] vol.%)
Esfe et al. [45] DWCNT-ZnO (10:90) 0.045-1.90 EG 30-50 249
Rostamian et al. CuO-SWCNT (50:50 0.02-0.75 EG-W (40:60) 20-50 36.2
[46] vol.%)
Kumar et al. Cu—Zn (50:50) 0.1-0.5 EO, VO, paraffin u, x, & FP 30 Cu-Zn/VO (best)
[47]
Esfe and Sarlak CuO-MWCNT (85:15) 0.05-1.0 EO u 5-55 43.52
[48]
Table 2 Characteristics of MWCNT nanoparticle The pH and EC measurement
Parameter Value
A pH values of the nanoliquid are obtained by measuring it
Purity > 97% .
) using a pH meter (Jenway 3510; -2 -19.999 range and
Out. diameter 10-20 nm - . . . .
. precision & 0. 3%), and it was calibrated with the standard
In. diameter 3-5 nm . . . .
™ | conductivit 2000 W ! K-! solution at room temperature with 2-points 4, 7 calibra-
cHat CORCHERVRY m N tions. The EC meter was first calibrated by using a standard
Density ~ 2100 kg m™"

q

9 (-
47I(T2 — Tl) 3]

(2)

where « is the thermal conductivity, ¢ is the heart rate(W/
m), Ty, T, are the temperatures at time #, #,, respectively.
The sample host was placed inside a water bath to keep the
temperature constant during the measurement.

solution (glycerin) delivered by the producer. The device
measured 1414 xS cm™' at room temperature (25 °C). This
value was close to the glycerine (1413 uScm™") measured
by the producer. Then, the EC of deionized water, single,
and binary nanoliquids were measured at a temperature of
(20-55 °C) at 5 °C intervals. The relative and the enrich-
ment of the EC of the NFs were estimated by Egs. (3) and
(4), respectively. Figure 4 shows the experimental setup for

pH and EC.

Ghnf
rel = 3
Irel Obf ( )
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Fig. 1 Preperation step of
hybrid nanofluid

Nanopoweder

Weighing balance magnetic

8020 60:40 40:60 2080 2060 MWNT
g

Sample

. -
sonicator

| Preparation of hybrid nanofluid by tow-step method

2

Hybrid nanoparticles

v

| Despersid in base fluid |

v

Magnetic stirring |

v

Ultrasonic agitation

Fig. 2 The apparatus of viscosity measurement

Obf

Gennan (%) = <M> « 100

where o, is the relative electrical conductivity.
onnt EC of composite nanofluids.
ope EC of water.
Oenhan €nhancement of the electrical conductivity.

Development of correlations

In the present study, by the means of curve fitting tech-
nique on the obtained data, new correlations to estimate the
thermophysical properties (viscosity, thermal and electrical
conductivity) on behalf of the ZnO-MWCNTs/ DW hybrid
nanofluids were introduced. This resulted in the relative
viscosity, and thermal and electrical conductivity that was

@ Springer

Fig. 3 Experimental setup for thermal conductivity measurement

fitted into correlations. The established correlations were
dependent on the considered and the determination coef-
ficient R? (R-squared).

Results and discussion
Stability assessment of nanoliquids

The stability of suspended nanoparticles in a based fluid to
formulate HNFs is an important issue for heat transfer
application media. The effective variables used such as the
sonication parameters (e.g., power setting, duration, and
amplitude), and the amount of surfactant required adjusted
to attain the good dispersion of the nanoparticles in based
fluids, to control the best sonication parameters adjustment,
and the amount of surfactant required (dispersion fraction).
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Fig. 4 Experimental facilities for pH and EC measurements

The EC and pH of the formulated hybrid nanoliquid at the
mass-% ratio of 20:80 (ZnO: MWCNT) and ¢ = of
0.05 vol.% have been measured to achieve the optimum
point of the stability of the effective variables. This opti-
mum point is called CMC (critical micelle concentration)
and indicates the best of the adjustable optimized. Fig-
ures 5 and 6 present the optimum (period and amplitude) of
sonication, and surfactant fraction required for the binary
nanofluids. An incline in the EC and pH values was noticed
while later augmented with an increase in the amount of
surfactant required. This drop in significance point of
variation meant the critical micelle concentration and so
the optimum amount of surfactant required. The CMC
point was noticed at sonication parameters (80%, 90 min)
and 1.0 the amount of SDS required [49, 50].

Alternative ways to validate the stability of the HNFs
the spectrophotometers scheme (JENWAY; MODEI 7315,
UK) was used to quantify the absorbance of light passing
through the sample. Figure 7 shows the absorbance fea-
tured measured for the mano-fluid and hybrid nanofluid
with percentage ration(ZnO-MWCNT 80:20, 60:40, 40:60,
and 20:80) at 0.1vol% volume concentration for 2000 min.
The absorbance peak is between 1.247 and 3.182 through
wavelengths of (200-368 nm). Table 3 presents the
absorbances and wavelengths of the single nanoparticle
and composite NFs. Furthermore, the photographic images
of the samples of single and hybrid nanofluids showed no
sedimentation and confirmed better stability. So, the sam-
ples were found to be stable even after 5 months from the
preparation day (Fig. 8).

Characterization of ZnO-coated MWCNTs

The characteristic morphology of the zinc oxide-coated
MWCNTs nanosizes powders are presented in Fig. 9(a, b)
of hybrid nanofluids as identified by a transmission electron
microscope (TEM) and FESEM devices. The NPs at the

2.0 ——EC

Electrical conductivity/mS cm-

0.4 0.6 0.8 1.0 12 1.4
Dispersion fraction

(@)

T
9.0 —=—PH

8.9 1

;

8.7 -
8.6—- /

8.5

8.4 T T T
0.4 0.6 0.8 1.0 1.2 1.4

Dispersion fraction

(b)

Fig. 5 Optimization of surfactant amount using a electrical conduc-
tivity and b pH value

nanometer scale can be realized from images in
Fig. 9(a) on the TEM images. From Fig. 9(b), it can be
observed in the FESEM image that the uniform distribution
of ZnO wrapper by the MWCNT. It can be noticed that
excellent dispersion of the nanoparticles and nanotubes
into the aqueous base liquids was attained in the basic to
stable HNFs (Table 4).

Validation of thermal conductivity and viscosity
devices

The reliability of the meter was achieved through the
standard measured viscosity available in the literature [51].
A deviation of 8.67% was estimated between the device
reading viscosity of the DIW and the standard values as
shown in Fig. 10. After that, the hybrid nanofluid and
single-particle nanofluid u were measured at (20-55 °C).
Both the relative u and augmentation of the considered
fluids were estimated by Egs. (5) and (6), respectively.

Hhnf
Hrel = (5
: Hyt )
(%) = (—“ “"f) % 100 ©)
Hyt
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2.5
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=
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Fig. 6 Optimization of sonication time using a electrical conductivity
and b pH value

where [l UnnrsHos » Hennan the relative, HNFs, base fluids,

Table 3 Characteristics of ZnO nanoparticle

Parameter Value

Purity > 99%

color white
Morphology Nearly spherical
diameter 20 nm

Thermal conductivity 29Wm™ K™!
Density ~ 5606 kg m~*

aovarm T

80:20
ZnO:MWCNT

60:40 40:60 20:80 ZnO  MWNT

Fig. 8 Samples of prepared (mono and hybrid) nanofluids

at the considered temperature and the reliability was
checked off as shown in Fig. 11. Based on experimental
data, the relative and enrichment of the thermal conduc-
tivity of the HNFs were determined by Egs. (7) and (8),
respectively.

and the enhancement viscosity, respectively. Krel = Fhnf (7)
The validation of the verified thermal conductivity of Kbf
base fluid was related to that of value in the literature [51]
Fig. 7 Stability evaluation of 4.0 - -
. . J B hybrid nanofluid ZnO-MWCNT (80:20)
mono and hybrid nanofluids 3.8 ®  hybrid nanofluid ZnO-MWCNT (60:40)
46.] A hybrid nanofluid ZnO-MWCNT (40:60)
i w hybrid nanofluid ZnO-MWCNT (20:80)
3.4 ¢ MWCNTDIW
2] < ZnODW

Absorbance

\AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA A AAAAAAAAAAAAAAAAAAAAA
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Fig. 9 a TEM image and
b FESEM image of the HNFs

Kenhan (%) = (M) x 100 (8)

Kb

where Kol Knof Kbe and
Kenhan are the relative, HNFs, base fluids, and the
enhancement of the thermal conductivity, respectively.

Viscosity of hybrid nanofluids

The viscosity of nanofluid is an important feature for flow
and heat transfer applications. It significantly impacts the
required pumping power of the system. The p of the fluid in
laminar flow and the pressure drop are directly related to it,
and also the coefficient of convection heat transfer is
affected by viscosity. The p of single nanofluid and hybrid
of ( ZnO-MWCNT/DW for different percentage ratios of
20:80, 40:60, 60:40, and 80:20) NFs at ¢ of 0.10 vol.% and
temperatures of (20-55 °C) has been carried out. Figure 10
illustrates the effects of the percentage ratio of (20:80,
40:60, 60:40, and 80:20) (ZnO-MWCNT) and temperature
range (20-55 °C) on the u of the HNFs at 0.1 vol.%. From
Fig. 12, it can be noticed that the temperature increase
principles reduce the u for all samples of HNFs. Thus,
showing a decrease in viscosity as temperature increases
which is expected and found in previous studies [52-54].
Also, it was noticed that as the MWCNT increases through
a corresponding reduction of ZnO nanoparticles, the hybrid
nanofluids viscosity reduces. This can be attributed to the
weightier and larger density of ZnO (5.606 g m ™) com-
pared to that of MWCNT (2.1 g m_3) nanotubes. A related
trend is detected in Fig. 13 for the hybrid nanofluids with
the percentage ratios 80:20 and 40:60 having the maximum
and minimum viscosity, respectively.

Table 4 Wavelength and absorbance of mono and hybrid nanofluids

—&— Measurement
1.0 4 —ae— Standard

0.9

0.8

0.7 4

Effective viscosity/mPa.s

0.6

0.5

T T T T T T T T
15 20 25 30 35 40 45 50 55 60

Temperature/°C

Fig. 10 Comparison of measured viscosity of based fluid (DIW) and
standard data [52] with temperature rise

The viscosity of the single nanofluids (ZnO/DIW and
MWCNT/DIW) is dependent on the temperature. As
illustrated in Fig. 14, an increase in temperature reduces
the viscosity of the NFs. The (Zinc- Oxide/DIW) was
noticed to have a greater u than the (MWCNT/DIW). The
i of ZnO nanoparticles is higher than MWCNTs nan-
otubes. Thus, the measured p of the NFs was an effect of
the densities of ZnO and (DIW). The achieved results are
aligned with the published results [6, 56-59]. It can be seen
from Figs. 12 and 13 that the u of the HNFs is lower
compared with the single NFs. Thus, showing a decrease in
viscosity as temperature increases which is also in line with
with previous studies.

Furthermore, the enhancement in the effective viscosity
is presented in Fig. 15. The viscosity was enhanced by
12.27% -33.33%, 10.38%-31.58%, 6.6%-27.72%, and
9.43%-30.81% for percent mass ratio (20:80, 40:60, 60:40

Variable MWCNT ZnO (20 nm) ZnO-MWCNT (80:20) ZnO-MWCNT (60:40) ZnO-MWCNT (40:60) ZnO-MWCNT (20:80)
Absorbance  1.673 2.565 3.182 1.347 2.587 1.895
Wavelength 291 368 296 290 291 287
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0.66 —=— Measurement 1.2 ¢ = DIW
] —e— Standard a e MWCT/DIW
0.654 ° A ZnO/DIW
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g ] 8 a
© > 0.8 -
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15 20 25 30 35 40 45 50 55 60
Temperature/°C

Fig. 11 Comparison of measured thermal conductivity of based
fluid (DIW) and standard data [52] with temperature rise

and 80:20) (ZnO-MWCNT) of hybrid nanofluids compared
to based fluid (DW) at measured temperature. The results
of works of literature [11, 26, 30, 59] also showed
enhancements of 23.24%, 24.56%, 33.3 and 4.55-20.43%
for based (DW) ND-Ni (84:16), (DW) Al,O3-MWCNT
(80:20), (SAE40) MWCNT/Zn0O(90:10), (DW) CNT-
Fe;0,4 (26:74) and (DW) (25%:75%) Al,Os-Fe,0O; HNFs,
respectively.

Thermal conductivity of HNFs

Figure 15 presents the thermal conductivity of HNFs at
different percent mass ratios of hybrid nanoparticles with
increasing temperature. From Fig. 15. A clearer demon-
stration of the effect of dispersion composite nano-size
material into the base fluids, the x increased significantly
with increasing temperature the x was also found to
enhance which is similar to reported results from the

15
1.4 4 = DIW
@ hybrid nanofluid ZnO-MWCNT (80:20)
1.3 4 A hybrid nanofluid ZnO-MWCNT (60:40)
v hybrid nanofluid ZnO-MWCNT (40:60)
1.2 4 3 # hybrid nanofluid ZnO-MWCNT (20:80)
%]
% v
< 1.1
o
g - 3
1.0 2
172}
2 - * b 3
3 0.9 4 s 2
= 2
] *
0.8 - * 2
. s =t
0.7 - '
0.6 [ ]
-
05

20 25 30 35 40 45 50 55
Temperature/°C

o

Fig. 12 Viscosity of HNFs with temperature rise
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Fig. 13 Viscosity of conventional nanofluids ~ with

temperature

(mono)

literature [11, 16, 60]. With the use of ZnO-MWCNTs
(Fig. 15), the thermal conductivity of 20:80 composite
nanofluid was the highest followed by 40:60, 60:40, and
80:20 samples. The higher thermal conductivity con-
tributed to the k of MWCNTSs nanotubes (2000 W m ™"
K_l), the interaction between the thermal conductivity of
ZnO nanoparticles (29 W m~! K_l) and based fluid [61]
assumed to be accountable for the observed outcomes. This
was similarly agreed with the consequences obtainable in
Fig. 16 which exhibited that the thermal conductivity of
(MWCNT/DIW) NFs is higher than (ZnO/DIW) nanofluid.

Figure 17 represents the x enhancements of HNFs
samples which are 10.17-23.11%, 8.10-17.25%,
6.20-14.36% and 6.10-12.71% for temperature range
(20-55 °C) and the percentages mass ratio of (20:80,
40:60, 60:40 and 20:80) ZnO-MWCNT hybrid nanofluids,
respectively, in comparison with based fluids DW. Form
Fig. 16 it can be understood that the higher enhancement of

45
®m  ZnO-MWCNT (80:20)
40 ®  ZnO-MWCNT (60:40)
A ZnO-MWCNT (40:60)
a5 v ZnO-MWCNT (20:80)
n
g - : & !
°
c 25+
g L} ) v
[ L] A
2 20 n
g 2 M
%) v
S 15 : i &
] X x
10 - $
A
5_
T T T T T T T T T T T T T T T

15 20 25 30 35 40 45 50 55 60
Temperature/°C

Fig. 14 Enhancement of viscosity of hybrid nanofluid with temper-
ature rise
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Fig. 15 Thermal conductivity of hybrid nanofluids with temperature
rise

K18 10.15% (at 20 °C)-23.11% (at 55 °C) recorded for the
20:80 (ZnO: MWCNTs) sample. The reason for thermal
conductivity enhancement is understood to be due to the
temperature increase that led to Brownian Motion aug-
ments collision between the nanoparticle and nanotubes. A
further factor for the thermal conductivity enhancement is,
while the nanoparticles and nanotubes are suspended in the
base fluid, the heat transfer in nanoparticle and nanotubes
suspended takings place at the particles and nanotubes
surface area, the growth in the heat transfer area can lead to
further growth the effective heat transfer properties through
collision caused by Brownian motion.

The works in the literature [41, 58, 62] examined the
percent mass ratios of hybrid nanofluids with the maximum
thermal conductivity enhancement and reported 22.8%,
(60:40)(Ti0,-Si0/W-EG), 26.9%, (80:20)(SiO,-CuO/C),
32% (20:80)(SWCNT-MgO/EG), respectively, which were
outside the mass% ratio (20:80 (ZnO: MWCNTs)) of this
study that resulted the maximum thermal conductivity
augmentation. Earlier researchers have reported the x
augmentations of  28.1% (ZnO-MWCNT/EG-W
(50%:50%) at 1.0 vol.% and at 50 °C [63], 17.8% (ND/
Fe;0, (20:80)/(EG-water) at 0.2 vol.% and 60 °C [64],
37% (CNT-AuNP)/water at 0.5 vol.% and at 30 °C [10],
29% (MWCNT-Fe;O4/water at 0.3 vol% and at 60 °C
[11], 14.7% (Al,03/Fe,05 (25:75)/DIW at 0.3 vol.% and at
40 °C [65], 30.38% (MWCNT-CuO/DIW) at 50 °C and 0.6
vol.% [40]. The present results are well within the range of
values stated in these works.

Electrical conductivity of nanofluids
The performance of the nanoliquid to conducted currents

can be defined as the ability of an aqueous solution to
conduct electric current it is named electrical conductivity.

Temperature/°C

Fig. 16 Thermal conductivity of mono nanofluids with temperature
rise

> <
>
ne <
e
e » d
ne » 4«
ne » 4«
° >

M hybrid nanofluid ZnO-MWCNTs (80:20)
4 @ hybrid nanofluid ZnO-MWCNTs (60:40)
44 A hybrid nanofluid ZnO-MWCNTs (40:60)

1 w hybrid nanofluid ZnO-MWCNTSs (20:80)

Thermal conductivity enhancement

T T T T T T T T

15 20 25 30 35 40 45 50 55 60
Temperature/°C

Fig. 17 Enhancement (%) of k of hybrid nanofluids with temperature
rise

The EC of hybrid nanofluids is not adequately studied
compared to their u and «. Figure 18 shows the electrical
conductivity of ZnO-MWCNTs/DW-based HNFs at vari-
ous percent mass ratios with a temperature increase.
Adding the nanocomposites to DIW leads to a significant
rise in the EC of the DIW. The 80:20 percent mass ratio
hybrid nanofluid was found to yield the maximum values
of electrical conductivity, whereas the 20:80 sample had
the minimum values of electrical conductivity. Rising the
temperature from 20 to 55 °C showed a slight augmenta-
tion of the EC for DIW and HNFs. These results are con-
sistent with earlier works in which the EC of NFs improved
with increasing temperature and nanoparticle loading at
other hybrid and single nanofluids [65-67]. This was also
agreed with the results presented in Fig. 19 which confirms
that the EC of (ZnO/DW) was greater than (MWCNT/DW)
nanofluid is also noted that the metallic oxide nanoparticles
(ZnO) have superior electrical conductivity compared to
nonmetallic nanotubes ( MWCNT).

The enhancement of the EC of the binary nanofluids
related to the DIW at different temperatures is presented in
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Fig. 20. It can be detected that the EC of (80:20,
60:40,40:60 and 20:80) ZnO-MWCNTSs hybrid nanofluids
was enhanced by 325.93-368.10%, 303.71-334.40%,
255.56-273.94% and 214.82-236.00% with the rising
temperature. [20, 26, 33] reported increases in electrical
conductivity of 1339.81-853.15%, 97-557%, and
163.37-1676.4%, for DW (85:15)/ND-Ni- at 0.1 vol% and
24-65 °C, and 20-50 °C), (0.01-0.08 mass%) SiO,/G
(naphthenic mineral oil) and (MWCNT)-Fe,O5 (20:80) at
55 °C and 1.5 vol% hybrid nanofluids, respectively. From
the present results, the EC of composite nanoliquids was
greater than that of single nanoliquids.

Correlation development

The theoretical models and classical models for predicting
the thermophysical properties of NFs have been developed
by numerous researchers to be insufficient for their
approximation [65, 68], and they also overestimate or
underestimate the experimental thermophysical properties
data of a single (mono) nanofluids or hybrid nanofluids.
There is a need to develop correlations to expect the ther-
mophysical properties of the NFs. According to the exper-
imental results of yu, x, and o, they were estimated. The
experimental data were fitted to advance correlations for the
studied properties’ estimation. Table 5 presents the corre-
lations for the thermal properties as a function of temper-
ature for hybrid nanofluid. The correlations established for
the relative viscosity have the coefficient of determination
(R-squared) R* in the range of 97.20-99.06%. The estab-
lished correlations of relative thermal conductivity with R
of 99.58-99.32% have been obtained. Last the developed
correlations of relative electrical conductivity as a function
of temperature. The prediction accuracy for the correlations
is between 94.87 and 98.26%.

4.0
1 = DIW
3.6 @ hybrid nanofluid ZnO-MWCNT (80:20)
1 A hybrid nanofluid ZnO-MWCNT (60:40)
T 3.2 W hybrid nanofluid ZnO-MWCNT (40:60)
E 1 @ hybrid nanofluid ZnO-MWCNT (20:80)
n 28
g ] . e e
> A
£ 244 ° ° e A A
[ 4
2 1 2 A A A 4 v v
=} . v
g 20 v v v v : TS - .
o 1 * *
S 16 ¢
]
L 1
5 124
K4 1
w
0.8
1 [ ] L] ] [} [ ] [ ] [}
0.4
1 T T T T T T

T T
15 20 25 30 35 40 45 50 55 60
Temperature/°C

Fig. 18 The hybrid nanofluid’s electrical conductivity with temper-
ature rise
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Fig. 19 Electrical conductivity of mono nanofluids at 0.10 vol% with
temperature rise
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Fig. 20 Hybrid nanofluid’s electrical conductivity enhancement with
temperature rise

Comparisons of the predictions of results
from present and common correlations

A comparison of the estimated relative viscosity, and
thermal and electrical conductivity (fitted into correlations)
with existing correlations from the literature for hybrid
nanofluids was carried out as presented in Figs. 21 and 22.

The curve fittings of the viscosity result used for this
study and the data found in the earlier studies for evalua-
tion are demonstrated in Fig. 21. The correlations proposed
by Esfe et al. [62, 69], Taherialekouhi et al. [70],
Zadkhast et al. [40] and Akhgar et al. [71] are compared. It
was observed that the curves fitted as of the correlations
suggested by Taherialekouhi et al. [70], Zadkhast et al.
[40], Akhgar et al. [71] nanofluids could not fit the obtained
relative effective thermal conductivity data. Only the
Esfe et al. [62] correlation fits data for ZnO-MWCNT/DW
hybrid nanofluid with a 20:80 ratio between 45 and 55 °C.

Figure 22 shows the comparison of the correlations
proposed from this study and the correlation previously
published such as in Nabil et al. [58], Giwa et al. [65],
Esfe et al. [72], and Hamid et al. [31] that have been fitted
and related to the fitted result for this work (from Fig. 19).
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Table 5 Developed correlations for this investigation

Parameter ZnO-MWCNTs (80:20)

ZnO-MWCNTs (60:40)

ZnO-MWCNTs (40:60) MgO-ZnO (20:80)

Relative viscosity
b= 1.0794 +2.83 x 107°T

My

Relative electrical conductivity

o= 4.0323 + 1.145 x 10°T 3.8391 +0.904 x 10T
Relative thermal conductivity
by — 1.0364 +3.36 x 1073T 0.9802 +2.80 x 1073T

kb

1.0625 +2.99 x 1073T

1.0061 +2.61 x 1073T 1.0217 +3.01 x 1073T

3.3858 + 0.728 x 1072T 2.964 4+ 0.937 x 1072T

0.9931 +2.77 x 1073T 0.998 + 3.45 x x107°T

h = hybrid nanofluid; b = base fluid (DIW)

Fig. 21 Comparisons of 1.40
the relative x of ZnO-MWCNT/ 1.38 -m—Zadhast et. al [40]
DW hybrid ngn(?liquids at 0.10 1.36 —g—Akhgar et. al [71]
vol% frF)m existing and present 1.34 3 —A— Taherialekouhi et. al [70]
correlations 132 h -y Esfe et. al [46]
<. 130 ] ...Esfe‘et. al [69]. .
E‘ 108 ] +Hybr!d nanoflu!d ZnO-MWCNT (80:20)-th!s study
3 4 —p— Hybrid nanofluid ZnO-MWCNT (60:40)-this study
3 1267 —@-Hybrid nanofiuid ZnO-MWCNT (40:60)-this study
s 1.24 4 ~#—Hybrid nanofluid ZnO-MWGCNT (20:80)-this study
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Fig. 22 Comparisons of the relative u of ZnO-MWCNTs/DW hybrid
nanofluids at 0.10 vol% from existing and present correlations

by Nabil et al. [58] overestimated the relative viscosity of
80:20, 60:40,40:60, and 20:80 hybrid nanofluids. There is a
need to advance relationships to predict the comparative g,
o, and « for all percentages mass ratios of ZnO/MWCNT/
DW HNFs.

Conclusions

Stable ZnO-MWCNT/DIW hybrid nanofluids (HNFs) have
been prepared after optimizing the sonication parameters as
well as the amount of surfactant (SDS). Thermophysical
and electrical properties including viscosity, thermal con-
ductivity, and electrical conductivity of the HNFs have
been experimentally investigated at ¢ = 0.1 vol%, and
percentage mass ratios of (ZnO-MWCNT) 80:20, 60:40,
40:60, and 20:80, and at temperature range from 20 to
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55 °C. The hybrid nanofluids were found to be stable using
a UV-Vis spectrophotometer and optical check. Also, the
morphology of the HNFs has been characterized by TEM
and SEM images and confirmed to be well dispersed. With
increasing temperature, the x and ¢ of the HNFs increased
significantly while the viscosity as usual showed a
decreasing trend with the temperature. In comparison with
the DIW, maximum augmentations of 23.11%, 368.1%,
and 33.33% are attained for k, o, and p of the HNFs,
respectively, at 0.10 vol.%. The obtained results are found
to be reliable by comparing them with those of earlier
works in the literature. The hybridization of nanoparticles
for preparing hybrid nanofluid has shown to have a lower
viscosity than that of the mono nanofluids and to be ben-
eficial in engineering particularly thermal applications
compared to single type of nanoparticles. Also, the 40:60
hybrid nanofluid was found to be the best with the lowest
viscosity which was advantageous to reducing the pumping
power required for engineering applications. New corre-
lations which have been proposed for the predictions of g,
K, and ¢ of the studied hybrid nanofluids found to yield
better predictions compared to existing correlations from
literature.

Acknowledgements H. Yasmin acknowledges the support by the
Deanship of Scientific Research, the Vice Presidency for Graduate
Studies and Scientific Research, King Faisal University, SaudiArabia
(Grant No. KFU250354). S.M.S. Murshed would like to acknowledge
the support by the Fundacéo para a Ciéncia e a Tecnologia (FCT) for
its financial support via the project LAETA Base Funding (Doi:
https://doi.org/10.54499/UIDB/50022/2020).

Funding Agéncia Regional para o Desenvolvimento da Investiga-
¢do,Tecnologia e Inovacdo,https://doi.org/10.54499/UIDB/50022/
2020 (S M Sohel Murshed).

References

1. Eastman JA, Choi SUS, Li S, Yu W, Thompson LJ. Anomalously
increased effective thermal conductivities of ethylene glycol-
based nanofluids containing copper nanoparticles. Appl Phys
Lett. 2001;78(6):718-20. https://doi.org/10.1063/1.1341218.

2. Choi SUS, Eastman JA. Enhancing thermal conductivity of fluids
with nanoparticles. ASME Int Mech Eng Congr Expo.
1995;66(March):99-105. https://doi.org/10.1115/1.1532008.

3. Masuda H, Ebata A, Teramae K, Hishinuma N. Alteration of
thermal conductivity and viscosity of liquid by dispersing ultra-
fine particles. dispersion of Al,O3, SiO, and TiO, ultra-fine
particles. Netsu Bussei. 1993;7(4):227-33.

4. Murshed S M S, Ed., Fundamentals and transport properties of
nanofluids. The Royal Society of Chemistry, 2022.

5. Sharifpur M, Yousefi S, Meyer JP. A new model for density of
nanofluids including nanolayer. Int Commun Heat Mass Transf.
2016;78(September):168—74. https://doi.org/10.1016/j.icheatmas
stransfer.2016.09.010.

6. Adio SA, Mehrabi M, Sharifpur M, Meyer JP. Experimental
investigation and model development for effective viscosity of
MgO - ethylene glycol nano fl uids by using dimensional

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

analysis, FCM-ANFIS and GA-PNN techniques . Int Commun
Heat Mass Transf. 2016;72:71-83. https://doi.org/10.1016/j.
icheatmasstransfer.2016.01.005.

. Jai SS, Momin M, Nwaokocha C, Sharifpur M, Meyer JP. An

empirical study on the persuasive particle size effects over the
multi- physical properties of monophase MWCNT-Al,O3 hybri-
dized nanofluids. J Mol Liq. 2022;361:119668. https://doi.org/10.
1016/j.molliq.2022.119668.

. Li Q, Xuan Y, Wang J. Experimental investigations on transport

properties of magnetic fluids. Exp Thermal Fluid Sci. 2005;30:109-16.
https://doi.org/10.1016/j.expthermflusci.2005.03.021.

. Nabati S, Jamali J, Keshavarz M. Electrical conductivity, vis-

cosity, and density of different nanofluids: an experimental study.
Exp Therm FLUID Sci. 2016;74:339—46. https://doi.org/10.1016/
j-expthermflusci.2016.01.004.

Jana S, Salehi-khojin A, Zhong W. Enhancement of fluid thermal
conductivity by the addition of single and hybrid nano-additives.
Thermochim Acta. 2007;462:45-55. https://doi.org/10.1016/j.tca.
2007.06.009.

Sundar LS, Singh MK, Sousa ACM. Enhanced heat transfer and
friction factor of MWCNT — Fe;0, / water hybrid nano fl uids ¥.
Int Commun Heat Mass Transf. 2014;52:73-83. https://doi.org/
10.1016/j.icheatmasstransfer.2014.01.012.

Batmunkh M, Myekhlai M, Choi H, Chung H, Jeong H. Thermal
conductivity of TiO, nanoparticles based aqueous nanofluids with
an addition of a modi fied silver particle. Ind Eng Chem Res.
2014. https://doi.org/10.1021/ie403712f.

Moradi A, Zareh M, Afrand M, Khayat M. Effects of temperature
and volume concentration on thermal conductivity of TiO, -
MWCNTs (70-30)/ EG-water hybrid nano- fluid. Powder Technol.
2020;362:578-85. https://doi.org/10.1016/j.powtec.2019.10.008.
Nasajpour N, Toghraie D, Afrand M. A new correlation for
predicting the thermal conductivity of ZnO — Ag (50% — 50%)/
water hybrid nano fluid: an experimental study. Powder Technol.
2018;323:367-73. https://doi.org/10.1016/j.powtec.2017.10.025.
Hemmat M, Saedodin S, Biglari M, Rostamian H. Experimental
investigation of thermal conductivity of CNTs-Al,O3 / water: a
statistical approach Yr. Int Commun Heat Mass Transf.
2015;69:29-33. https://doi.org/10.1016/j.icheatmasstransfer.
2015.10.005.

Esfe MH, Esfandeh S, Rejvani M. Modeling of thermal con-
ductivity of MWCNT-SiO, (30: 70 %)/ EG hybrid nanofluid,
sensitivity analyzing and cost performance for industrial appli-
cations. J Therm Anal Calorim. 2018;131(2):1437—47. https://doi.
org/10.1007/s10973-017-6680-y.

Hemmat M, Akbar A, Arani A, Firouzi M. Empirical study and
model development of thermal conductivity improvement and
assessment of cost and sensitivity of EG-water based SWCNT-
ZnO (30 %: 70 %) hybrid nano fl uid. J Mol Ligq.
2017;244:252-61. https://doi.org/10.1016/j.molliq.2017.08.087.
Hemmat M, Rostamian H, Rejvani M. Rheological behavior
characteristics of ZrO, -MWCNT / 10w40 hybrid nano-lubricant
affected by temperature, concentration, and shear rate: an
experimental study and a neural network simulating’. Phys E
Low-Dimens Syst Nanostructures. 2018;102:160-70. https://doi.
org/10.1016/j.physe.2017.12.023.

Murshed SMS, Leong KC, Yang C. Investigations of thermal con-
ductivity and viscosity of nanofluids. Int J Thermal Sci.
2008;47:560-8. https://doi.org/10.1016/j.ijthermalsci.2007.05.004.
Giwa SO, Sharifpur M, Ahmadi MH, Murshed SMS, Meyer JP.
Experimental investigation on stability, viscosity, and electrical
conductivity of water-based hybrid nanofluid of MWCNT-Fe,O3.
Nanomaterials. 2021. https://doi.org/10.3390/nano11010136.
Eshgarf H, Afrand M. An experimental study on rheological
behavior of non-Newtonian hybrid nano-coolant for application
in cooling and heating systems. Exp Therm Fluid Sci.


https://doi.org/10.54499/UIDB/50022/2020
https://doi.org/10.54499/UIDB/50022/2020
https://doi.org/10.54499/UIDB/50022/2020
https://doi.org/10.1063/1.1341218
https://doi.org/10.1115/1.1532008
https://doi.org/10.1016/j.icheatmasstransfer.2016.09.010
https://doi.org/10.1016/j.icheatmasstransfer.2016.09.010
https://doi.org/10.1016/j.icheatmasstransfer.2016.01.005
https://doi.org/10.1016/j.icheatmasstransfer.2016.01.005
https://doi.org/10.1016/j.molliq.2022.119668
https://doi.org/10.1016/j.molliq.2022.119668
https://doi.org/10.1016/j.expthermflusci.2005.03.021
https://doi.org/10.1016/j.expthermflusci.2016.01.004
https://doi.org/10.1016/j.expthermflusci.2016.01.004
https://doi.org/10.1016/j.tca.2007.06.009
https://doi.org/10.1016/j.tca.2007.06.009
https://doi.org/10.1016/j.icheatmasstransfer.2014.01.012
https://doi.org/10.1016/j.icheatmasstransfer.2014.01.012
https://doi.org/10.1021/ie403712f
https://doi.org/10.1016/j.powtec.2019.10.008
https://doi.org/10.1016/j.powtec.2017.10.025
https://doi.org/10.1016/j.icheatmasstransfer.2015.10.005
https://doi.org/10.1016/j.icheatmasstransfer.2015.10.005
https://doi.org/10.1007/s10973-017-6680-y
https://doi.org/10.1007/s10973-017-6680-y
https://doi.org/10.1016/j.molliq.2017.08.087
https://doi.org/10.1016/j.physe.2017.12.023
https://doi.org/10.1016/j.physe.2017.12.023
https://doi.org/10.1016/j.ijthermalsci.2007.05.004
https://doi.org/10.3390/nano11010136

Preparation and measurement of thermophysical...

5021

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

2016;76:221-7. https://doi.org/10.1016/J. EXPTHERMFLUSCI.
2016.03.015.

Nanofluids B N, ‘Characterization of thermophysical and elec-
trical properties of SiC and BN Nanofluids’, 2023.
Sarbolookzadeh Harandi S, Karimipour A, Afrand M, Akbari M,
D’Orazio A. An experimental study on thermal conductivity of
F-MWCNTs-Fe;04/EG hybrid nanofluid: effects of temperature

and concentration. Int Commun Heat Mass Transf.
2016;76:171-7. https://doi.org/10.1016/j.icheatmasstransfer.
2016.05.029.

Rostami S, Nadooshan AA, Raisi A. An experimental study on
the thermal conductivity of new antifreeze containing copper
oxide and graphene oxide nano-additives. Powder Technol.
2019;345:658-67. https://doi.org/10.1016/j.powtec.2019.01.055.

Esfe MH, Sarlak MR. Experimental investigation of switchable
behavior of CuO-MWCNT (85 % — 15 %)/ 10W—40 hybrid nano-
lubricants for applications in internal combustion engines. J Mol
Liq. 2017;242:326-35. https://doi.org/10.1016/j.molliq.2017.06.
075.

Sundar LS, Shusmitha K, Singh MK, Sousa ACM. Electrical
conductivity enhancement of nanodiamond — nickel ( ND — Ni )
nanocomposite based magnetic nano fl uids vr. Int Commun Heat
Mass Transf. 2014;57:1-7. https://doi.org/10.1016/j.icheatmas
stransfer.2014.07.003.

Hemmat M, Esfandeh S, Saedodin S, Rostamian H. Experimental
evaluation, sensitivity analyzation and ANN modeling of thermal
conductivity of ZnO-MWCNT / EG-water hybrid nanofluid for
engineering applications. Appl Therm Eng. 2017;125:673-85.
https://doi.org/10.1016/j.applthermaleng.2017.06.077.

Sundar LS, Singh MK, Sousa ACM. International journal of heat
and mass transfer turbulent heat transfer and friction factor of
nanodiamond-nickel hybrid nanofluids flow in a tube: an exper-
imental study. Int J Heat Mass Transf. 2018;117:223-34. https://
doi.org/10.1016/j.ijheatmasstransfer.2017.09.109.

Dardan E, Afrand M, Meghdadi Isfahani AH. Effect of sus-
pending hybrid nano-additives on rheological behavior of engine
oil and pumping power. Appl Therm Eng. 2016;109:524-34.
https://doi.org/10.1016/j.applthermaleng.2016.08.103.

Giwa SO, Sharifpur M, Meyer JP. International journal of heat
and mass transfer experimental study of thermo-convection per-
formance of hybrid nanofluids of AlL,O; -MWCNT / water in a
differentially heated square cavity. Int J Heat Mass Transf.
2020;148:119072.  https://doi.org/10.1016/j.ijheatmasstransfer.
2019.119072.

Hamid KA, Azmi WH, Nabil MF, Mamat R, Sharma KV.
International journal of heat and mass transfer experimental
investigation of thermal conductivity and dynamic viscosity on
nanoparticle mixture ratios of TiO, -SiO, nanofluids society of
automotive  engineers. Int J Heat Mass  Transf.
2018;116:1143-52. https://doi.org/10.1016/j.ijheatmasstransfer.
2017.09.087.

Kakavandi A, Akbari M. International journal of heat and mass
transfer experimental investigation of thermal conductivity of
nanofluids containing of hybrid nanoparticles suspended in binary
base fluids and propose a new correlation. Int J Heat Mass Transf.
2018;124:742-51.  https://doi.org/10.1016/j.ijheatmasstransfer.
2018.03.103.

Qing SH, Rashmi W, Khalid M, Gupta TCSM, Nabipoor M,
Hajibeigy MT. Thermal conductivity and electrical properties of
hybrid SiO, -graphene naphthenic mineral oil nanofluid as
potential transformer oil. Mater Res Express. 2017. https://doi.
org/10.1088/2053-1591/aa550e.

Jha N, Ramaprabhu S. Synthesis and thermal conductivity of
copper nanoparticle decorated multiwalled carbon nanotubes
based nanofluids. J Phys Chem C. 2008;112(25):9315-9. https://
doi.org/10.1021/jp8017309.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Sundar LS, Venkata Ramana E, Graga MPF, Singh MK, Sousa
ACM. Nanodiamond-Fe;O4nanofluids: preparation and mea-
surement of viscosity, electrical and thermal conductivities. Int
Commun Heat Mass Transf. 2016;73:62-74. https://doi.org/10.
1016/j.icheatmasstransfer.2016.02.013.

Kannaiyan S, Boobalan C, Umasankaran A, Ravirajan A, Sathyan
S, Thomas T. Comparison of experimental and calculated ther-
mophysical properties of alumina/cupric oxide hybrid nanofluids.
J Mol Liq. 2017;244:469-77. https://doi.org/10.1016/j.molliq.
2017.09.035.

Mousavi SM, Esmaeilzadeh F, Wang XP. Effects of temperature
and particles volume concentration on the thermophysical prop-
erties and the rheological behavior of CuO / MgO / TiO, aqueous
ternary hybrid nanofluid experimental investigation. J Therm
Anal Calorim. 2019. https://doi.org/10.1007/s10973-019-08006-
0.

Abbasi SM, Rashidi A, Nemati A, Arzani K. The effect of
functionalisation method on the stability and the thermal con-
ductivity of nanofluid hybrids of carbon nanotubes/gamma alu-
mina. Ceram Int. 2013;39(4):3885-91. https://doi.org/10.1016/j.
ceramint.2012.10.232.

Syam Sundar L, Sousa ACM, Singh MK. Heat transfer
enhancement of low volume concentration of carbon nanotube-
Fe3;0, /water hybrid nanofluids in a tube with twisted tape inserts
under turbulent flow. J Therm Sci Eng Appl. 2015. https://doi.
org/10.1115/14029622.

Zadkhast M, Toghraie D, Karimipour A. Developing a new
correlation to estimate the thermal conductivity of MWCNT-CuO
/ water hybrid nanofluid via an experimental investigation.
J Therm Anal Calorim. 2017;129(2):859-67. https://doi.org/10.
1007/s10973-017-6213-8.

Akilu S, Baheta AT, Mior MA, Minea AA, Sharma KV. Prop-
erties of glycerol and ethylene glycol mixture based SiO,-CuO/C
hybrid nanofluid for enhanced solar energy transport. Sol Energy
Mater Sol Cells. 2018;179:118-28. https://doi.org/10.1016/j.sol
mat.2017.10.027.

Hamid KA, Azmi WH, Nabil MF, Mamat R. Improved thermal
conductivity of TiO, —SiO, hybrid nanofluid in ethylene glycol and
water mixture. IOP Conf Ser Mater Sci Eng. 2017;257:012067.
https://doi.org/10.1088/1757-899X/257/1/012067.

Suresh S, Venkitaraj KP, Selvakumar P, Chandrasekar M. Syn-
thesis of Al203-Cu/water hybrid nanofluids using two step
method and its thermo physical properties. Coll Surf A Physic-
ochem Eng Asp. 2011;388(1):41-8. https://doi.org/10.1016/j.col
surfa.2011.08.005.

Marcos MA, Almeida F, Vallejo JP, Murshed SMS, Lugo L.
BN:SiO, hybrid nanofluids based on ethylene glycol: water as
enhanced thermal fluids. Proc. 4th Int. Conf. Adv. Energy Res.
Appl. 2023;1(December):303. https://doi.org/10.11159/icaera23.
303.

Hemmat M, Esfandeh S, Afrand M, Rejvani M, Hadi S. Exper-
imental evaluation, new correlation proposing and ANN model-
ing of thermal properties of EG based hybrid nanofluid containing
ZnO- DWCNT nanoparticles for internal combustion engines
applications. Appl Therm Eng. 2018;133:452—-63. https://doi.org/
10.1016/j.applthermaleng.2017.11.131.

Rostamian SH, Biglari M, Saedodin S, Hemmat Esfe M. An
inspection of thermal conductivity of CuO-SWCNTs hybrid
nanofluid versus temperature and concentration using experi-
mental data, ANN modeling and new correlation. J Mol Liq.
2017;231:364-9. https://doi.org/10.1016/j.molliq.2017.02.015.
Kumar MS, Vasu V, Gopal AV. Thermal conductivity and rhe-
ological studies for Cu—Zn hybrid nanofluids with various base-
fluids. J Taiwan Inst Chem Eng. 2016;66:321-7. https://doi.org/
10.1016/j.jtice.2016.05.033.

@ Springer


https://doi.org/10.1016/J.EXPTHERMFLUSCI.2016.03.015
https://doi.org/10.1016/J.EXPTHERMFLUSCI.2016.03.015
https://doi.org/10.1016/j.icheatmasstransfer.2016.05.029
https://doi.org/10.1016/j.icheatmasstransfer.2016.05.029
https://doi.org/10.1016/j.powtec.2019.01.055
https://doi.org/10.1016/j.molliq.2017.06.075
https://doi.org/10.1016/j.molliq.2017.06.075
https://doi.org/10.1016/j.icheatmasstransfer.2014.07.003
https://doi.org/10.1016/j.icheatmasstransfer.2014.07.003
https://doi.org/10.1016/j.applthermaleng.2017.06.077
https://doi.org/10.1016/j.ijheatmasstransfer.2017.09.109
https://doi.org/10.1016/j.ijheatmasstransfer.2017.09.109
https://doi.org/10.1016/j.applthermaleng.2016.08.103
https://doi.org/10.1016/j.ijheatmasstransfer.2019.119072
https://doi.org/10.1016/j.ijheatmasstransfer.2019.119072
https://doi.org/10.1016/j.ijheatmasstransfer.2017.09.087
https://doi.org/10.1016/j.ijheatmasstransfer.2017.09.087
https://doi.org/10.1016/j.ijheatmasstransfer.2018.03.103
https://doi.org/10.1016/j.ijheatmasstransfer.2018.03.103
https://doi.org/10.1088/2053-1591/aa550e
https://doi.org/10.1088/2053-1591/aa550e
https://doi.org/10.1021/jp8017309
https://doi.org/10.1021/jp8017309
https://doi.org/10.1016/j.icheatmasstransfer.2016.02.013
https://doi.org/10.1016/j.icheatmasstransfer.2016.02.013
https://doi.org/10.1016/j.molliq.2017.09.035
https://doi.org/10.1016/j.molliq.2017.09.035
https://doi.org/10.1007/s10973-019-08006-0
https://doi.org/10.1007/s10973-019-08006-0
https://doi.org/10.1016/j.ceramint.2012.10.232
https://doi.org/10.1016/j.ceramint.2012.10.232
https://doi.org/10.1115/14029622
https://doi.org/10.1115/14029622
https://doi.org/10.1007/s10973-017-6213-8
https://doi.org/10.1007/s10973-017-6213-8
https://doi.org/10.1016/j.solmat.2017.10.027
https://doi.org/10.1016/j.solmat.2017.10.027
https://doi.org/10.1088/1757-899X/257/1/012067
https://doi.org/10.1016/j.colsurfa.2011.08.005
https://doi.org/10.1016/j.colsurfa.2011.08.005
https://doi.org/10.11159/icaera23.303
https://doi.org/10.11159/icaera23.303
https://doi.org/10.1016/j.applthermaleng.2017.11.131
https://doi.org/10.1016/j.applthermaleng.2017.11.131
https://doi.org/10.1016/j.molliq.2017.02.015
https://doi.org/10.1016/j.jtice.2016.05.033
https://doi.org/10.1016/j.jtice.2016.05.033

5022

M. Momin et al.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Hemmat Esfe M, Sarlak MR. Experimental investigation of
switchable behavior of CuO-MWCNT (85%—-15%)/10W-40
hybrid nano-lubricants for applications in internal combustion
engines. J Mol Liq. 2017;242:326-35. https://doi.org/10.1016/j.
molliq.2017.06.075.

Kanta K, Nazrul S, Shuvo I. Counterion effect on krafft tem-
perature and related properties of octadecyltrimethylammonium
bromide. J Surfactants Deterg. 2017;20(4):923-32. https://doi.
org/10.1007/s11743-017-1957-5.

Topallar H, Karadag B. Mechanism of micelle formation in
sodium dodecyl sulfate and cetyltrimethylammonium bromide.
J Surfact Detergents. 1998;1(1):49-51. https://doi.org/10.1007/
s11743-998-0007-5.

ASHRAE, Handbook - Fundamentals (SI Edition), American
Society of Heating, Refrigerating and Air-Conditioning Engi-
neers, Inc. ASHRAE, 2017.

Ranjbarzadeh R, Moradikazerouni A, Bakhtiari R, Asadi A. An
experimental study on stability and thermal conductivity of water
/ silica nano fluid: eco-friendly production of nanoparticles.
J Clean Prod. 2019;206:1089-100. https://doi.org/10.1016/j.jcle
pro.2018.09.205.

Yarmand H, et al. Nano fl uid based on activated hybrid of bio-
mass carbon / graphene oxide: synthesis, thermo-physical and
electrical properties ¥r. Int Commun Heat Mass Transf.
2016;72:10-5. https://doi.org/10.1016/j.icheatmasstransfer.2016.
01.004.

Giwa SO, Momin M, Nwaokocha CN, Sharifpur M, Meyer JP.
Influence of nanoparticles size, per cent mass ratio, and temper-
ature on the thermal properties of water-based MgO-ZnO nano-
fluid: an experimental approach. J Therm Anal Calorim. 2020.
https://doi.org/10.1007/s10973-020-09870-x.

Ruhani B, Toghraie D, Hekmatifar M, Hadian M. Statistical
investigation for developing a new model for rheological
behavior of ZnO — Ag (50 %— 50 %)/ Water hybrid Newtonian
nanofluid using experimental data. Physica A. 2019;525:741-51.
https://doi.org/10.1016/j.physa.2019.03.118.

Sharifpur M, Adio SA, Meyer JP. Experimental investigation and
model development for effective viscosity of Al,O3;—glycerol
nanofluids by using dimensional analysis and GMDH-NN meth-
ods. Int Commun Heat Mass Transf. 2015;68:208-19. https://doi.
org/10.1016/J.ICHEATMASSTRANSFER.2015.09.002.
Ashorynejad HR, Shahriari A. MHD natural convection of hybrid
nanofluid in an open wavy cavity. Results Phys. 2018;9:440-55.
https://doi.org/10.1016/J.RINP.2018.02.045.

Nabil MF, Azmi WH, Hamid KA, Mamat R, Hagos FY. An
experimental study on the thermal conductivity and dynamic
viscosity of TiO, -SiO, nano fl uids in water: ethylene glycol
mixture. Int Commun Heat Mass Transfer. 2017;86:181-9.
https://doi.org/10.1016/j.icheatmasstransfer.2017.05.024.
Hemmat M, Afrand M, Hadi S, Toghraie D. Examination of
rheological behavior of MWCNTSs / ZnO-SAE40 hybrid nano-
lubricants under various temperatures and solid volume fractions.
Exp Therm Fluid Sci. 2017;80:384-90. https://doi.org/10.1016/j.
expthermflusci.2016.07.011.

Moradi A, Zareh M, Afrand M, Khayat M. Effects of temperature
and volume concentration on thermal conductivity of TiO, -
MWCNTs (70-30)/ EG-water hybrid nano- fl uid. Powder
Technol.  2020;362:578-85.  https://doi.org/10.1016/j.powtec.
2019.10.008.

Jha N, Ramaprabhu S. Thermal and electrical conductivity
studies of metal oxide-multiwalled carbon nanotubes nanocom-
posite based nanofluids. J Nanofluids. 2012;1(1):63-70.

Esfe MH, Alirezaie A, Rejvani M. An applicable study on the
thermal conductivity of SWCNT-MgO hybrid nanofluid and
price-performance analysis for energy management. Appl Therm

@ Springer

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Eng. 2017;111:1202-10.
leng.2016.09.091.
Hemmat Esfe M, Abbasian Arani AA, Rezaie M, Yan WM,
Karimipour A. Experimental determination of thermal conduc-
tivity and dynamic viscosity of Ag-MgO/water hybrid nanofluid.
Int Commun Heat Mass Transf. 2015;66:189-95. https://doi.org/
10.1016/j.icheatmasstransfer.2015.06.003.

Sundar LS, Ramana EV, Graca MPF, Singh MK, Sousa ACM.
Nanodiamond-Fe; O, nano fluids: preparation and measurement
of viscosity, electrical and thermal conductivities¥r. Int Commun
Heat Mass Transf. 2016;73:62-74. https://doi.org/10.1016/].
icheatmasstransfer.2016.02.013.

Giwa SO, Sharifpur M, Goodarzi M, Alsulami H, Meyer JP.
Influence of base fluid temperature and concentration on the
thermophysical properties of hybrid nanofluids of alumina —
ferrofluid experimental data modeling through enhanced ANN
ANFIS and curve fitting. J Therm Anal Calorim.
2021;143:4149-67. https://doi.org/10.1007/s10973-020-09372-w.
Kumar PG, Sakthivadivel D, Meikandan M, Vigneswaran VS,
Velraj R. Experimental study on thermal properties and electrical
conductivity of stabilized H,O-solar glycol mixture based multi-
walled carbon nanotube nano fluids: developing a new correlation’.
Heliyon. 2019. https://doi.org/10.1016/j.heliyon.2019.02385.
Mehrabi M, Sharifpur M. Electrical conductivity and pH mod-
elling of magnesium oxide — ethylene glycol nanofluids. Bull
Mater Sci. 2019. https://doi.org/10.1007/s12034-019-1808-2.
Hemmat M, Akbar A, Arani A, Esfandeh S. Improving engine oil
lubrication in light-duty vehicles by using of dispersing MWCNT
and ZnO nanoparticles in SW50 as viscosity index improvers (
VII ). Appl Therm Eng. 2018;143(June):493-506. https://doi.org/
10.1016/j.applthermaleng.2018.07.034.

Esfe MH, Esfandeh S, Rejvani M. Modeling of thermal con-
ductivity of MWCNT-SiO 2 (30: 70%)/ EG hybrid nanofluid
sensitivity analyzing and cost performance for industrial appli-
cations. J Therm Anal Calorim. 2017. https://doi.org/10.1007/
$10973-017-6680-y.

Taherialekouhi R, Rasouli S, Khosravi A. International journal of
heat and mass transfer an experimental study on stability and
thermal conductivity of water-graphene oxide / aluminum oxide
nanoparticles as a cooling hybrid nanofluid. Int J Heat Mass
Transf. 2019;145:118751.  https://doi.org/10.1016/j.ijheatmas
stransfer.2019.118751.

Akhgar A, Toghraie D. An experimental study on the stability
and thermal conductivity of water-ethylene glycol / TiO, -
MWCNTs hybrid nano fluid: developing a new correlation.
Powder Technol. 2018;338:806-18. https://doi.org/10.1016/].
powtec.2018.07.086.

Esfe MH, Saedodin S. An experimental investigation and new
correlation of viscosity of ZnO — EG nanofluid at various tem-
peratures and different solid volume fractions. Exp Therm
FLUID Sci. 2014;55:1-5. https://doi.org/10.1016/j.exptherm
flusci.2014.02.011.

https://doi.org/10.1016/j.appltherma

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the
accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.


https://doi.org/10.1016/j.molliq.2017.06.075
https://doi.org/10.1016/j.molliq.2017.06.075
https://doi.org/10.1007/s11743-017-1957-5
https://doi.org/10.1007/s11743-017-1957-5
https://doi.org/10.1007/s11743-998-0007-5
https://doi.org/10.1007/s11743-998-0007-5
https://doi.org/10.1016/j.jclepro.2018.09.205
https://doi.org/10.1016/j.jclepro.2018.09.205
https://doi.org/10.1016/j.icheatmasstransfer.2016.01.004
https://doi.org/10.1016/j.icheatmasstransfer.2016.01.004
https://doi.org/10.1007/s10973-020-09870-x
https://doi.org/10.1016/j.physa.2019.03.118
https://doi.org/10.1016/J.ICHEATMASSTRANSFER.2015.09.002
https://doi.org/10.1016/J.ICHEATMASSTRANSFER.2015.09.002
https://doi.org/10.1016/J.RINP.2018.02.045
https://doi.org/10.1016/j.icheatmasstransfer.2017.05.024
https://doi.org/10.1016/j.expthermflusci.2016.07.011
https://doi.org/10.1016/j.expthermflusci.2016.07.011
https://doi.org/10.1016/j.powtec.2019.10.008
https://doi.org/10.1016/j.powtec.2019.10.008
https://doi.org/10.1016/j.applthermaleng.2016.09.091
https://doi.org/10.1016/j.applthermaleng.2016.09.091
https://doi.org/10.1016/j.icheatmasstransfer.2015.06.003
https://doi.org/10.1016/j.icheatmasstransfer.2015.06.003
https://doi.org/10.1016/j.icheatmasstransfer.2016.02.013
https://doi.org/10.1016/j.icheatmasstransfer.2016.02.013
https://doi.org/10.1007/s10973-020-09372-w
https://doi.org/10.1016/j.heliyon.2019.e02385
https://doi.org/10.1007/s12034-019-1808-2
https://doi.org/10.1016/j.applthermaleng.2018.07.034
https://doi.org/10.1016/j.applthermaleng.2018.07.034
https://doi.org/10.1007/s10973-017-6680-y
https://doi.org/10.1007/s10973-017-6680-y
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118751
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118751
https://doi.org/10.1016/j.powtec.2018.07.086
https://doi.org/10.1016/j.powtec.2018.07.086
https://doi.org/10.1016/j.expthermflusci.2014.02.011
https://doi.org/10.1016/j.expthermflusci.2014.02.011

Preparation and measurement of thermophysical...

5023

Authors and Affiliations

M. Momin'? « M. Sharifpur'>* - J. P. Meyer’ + S. M. S. Murshed® ® - H. Yasmin”'®

< M. Sharifpur
msharifpur@gmail.com

< S. M. S. Murshed
smurshed @tecnico.ulisboa.pt

Department of Mechanical and Aeronautical Engineering,
University of Pretoria, Pretoria 0002, South Africa

Department of Mechanical Engineering, Faculty of
Engineering and Technical Studies, University of Kordofan,
Al Obied, Sudan

School of Mechanical, Industrial and Aeronautical
Engineering, University of the Witwatersrand, Wits 2050,
South Africa

Department of Medical Research, China Medical University
Hospital, China Medical University, Taichung, Taiwan

Department of Mechanical and Mechatronic Engineering,
Stellenbosch University, Stellenbosch, South Africa

IDMEC, Instituto Superior Técnico, University of Lisbon,
1049-001 Lisbon, Portugal

Department of Basic Sciences, General Administration of the
Preparatory Year, King Faisal University, 31982 Al-Ahsa,
Saudi Arabia

Department of Mathematics and Statistics, College of
Science, King Faisal University, 31982 Al-Ahsa, Saudi
Arabia

@ Springer


http://orcid.org/0000-0001-6774-116X

	Preparation and measurement of thermophysical and electrical properties of ZnO-MWCNT/DIW hybrid nanofluid
	Abstract
	Introduction
	Preparation of hybrid nanofluids
	Material
	Method of preparation
	Measurement of viscosity
	Thermal conductivity of binary nanoliquid
	The pH and EC measurement
	Development of correlations

	Results and discussion
	Stability assessment of nanoliquids
	Characterization of ZnO-coated MWCNTs
	Validation of thermal conductivity and viscosity devices
	Viscosity of hybrid nanofluids
	Thermal conductivity of HNFs
	Electrical conductivity of nanofluids

	Correlation development
	Comparisons of the predictions of results from present and common correlations

	Conclusions
	Funding
	References




