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Abstract—The use of substandard nanofluids (NFs) in various industries causes the depreciation of industrial parts
and shortens the life of the parts. Therefore, the researchers in this study will help to improve the performance of
industrial equipment by preparing and examining a special hybrid nanofluid (HNF). The current research is divided
into two experimental and theoretical parts. First, a ternary hybrid nanofluid (THNF) with three nanoparticles (NPs)
CuO, MWCNT and TiO, with specific ratios and solid volume fraction (SVF) in water was prepared and produced.
Then, the thermal conductivity (TC) of the produced nanofluid (NF) is measured by KD2 pro at different tempera-
tures and SVFs. The results show that temperature and SVF are directly related to thermal conductivity enhancement
(TCE). The maximum TC of the desired THNF is equal to 35.60% at SVF=1.65% and T=50°C. In the theory part,
using the response surface method (RSM), a very accurate correlation relationship R*=0.9986 is provided. Also, the
sensitivity of relative thermal conductivity (RTC) to changes of +10% SVF is presented, and the maximum deviation
for the studied THNF is equal to 0.95%.
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INTRODUCTION

It is safe to say that the transformation that nanotechnology has
created in engineering sciences is unique, and for this reason, re-
searchers have tried to use this new technology to improve vari-
ous systems and have conducted much research in this field [1-8].
One of the most important aspects of the application of nanotech-
nology in fluids is heat transfer. In general, various applications
can be defined for nanofluids such as lubrication, heat transfer, heat
absorption, drilling and refinery industries [9-14]. Because addi-
tives to compounds, such as polymers, composites, and fluids, can
significantly change their properties [15-20], the phenomenon of
adding particles to fluids was followed years ago. In industrial
applications, the fluid used in heating systems must have high TC,
optimum viscosity and good convective heat transfer properties.
Water, ethylene glycol (EG), or a mixture thereof and lubricating
oils can be used as a coolant [21-23]. Understanding the thermal
properties of these fluids plays a major role in the development
and optimization of heat transfer equipment performance. Many
methods can be used to increase heat transfer performance in a
cooling environment. One of these is the use of microparticles (in
millimeter, micrometer-scale) in thermal fluids. The use of these
particles has created acceptable thermal advantages due to their
higher heat capacity than conventional fluid. However, due to some
problems due to particle size that causes abrasion of channel sur-
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faces or fluid pressure drop that increases pumping costs, the use
of this type of particle in industrial fluids has faced considerations.
Therefore, researchers developed a new class of fluids called NFs
by suspending metal or metal oxide NPs in fluids [24-27]. NFs are
prepared from the suspension of NPs in ordinary fluids, which are
known as a new group of smart fluids that can be used in various
industries. A graphic design of hybrid nanofluid preparation is
presented in Fig. 1. Qi et al. [28] investigated the natural convec-
tion characteristics of TiO,/water NFs in a cavity filled with metal
foam. The first study in the TC field of nanofluids was related to
Maxwell. He reported the results of the study in question as a cor-
relational analysis (Eq. (1)) [29].

K, + 2kt 2(k,, — k)

RTC=
K+ 2K (K, k,)SVE

1)

The use of nanoscale particles in a pure base fluid was first pro-
posed by Choi et al. [30] in 1995 to increase heat transfer as well
as smooth out the problems of using mixtures containing millime-
ter and micrometer particles. Also, in an applied study [31], they
investigated the effects of rotation angle and metal foam on the natu-
ral convection of NFs in a cavity under a magnetic field. They de-
veloped this concept and, as a result, called this solution NE Recently,
HNFs have attracted attention due to their better thermophysical
properties compared to mono NFs [32-34]. HNFs can be defined
as a combination of two or more types of NPs in a base fluid [35].
The use of hybrid particles can reduce production costs due to the
high cost of using MWCNT as well as improve thermal properties.
Many studies were conducted on the study of TC in which sev-
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ZnO-MgO/engine oil HNFs as coolants and lubricants in various
engineering applications were investigated. TC was measured at
different temperatures (from T=15°C to 55°C) and SVF (from
0.125% to 1.5%). The maximum increase in TC of ZnO-MgO/
engine oil HNFs was observed to be about 28% and 32% at T=
55°C and SVF=1.5%, respectively. NF samples are presented at
different SVFs including 0.1-3%. different laboratory conditions
are performed using the KD2 pro thermal analyzer, which uses a
transient hot wire to measure TC. Findings show that the TC of
e NF increases with increasing SVF or temperature. Based on experi-
mental data, a new correlation was proposed for modeling the TC

6 é of MgO/water (60%)-EG (40%) for different SVFs and tempera-

Hybrid Nanofluid tures. In Ref. [41], heat transfer and pressure drop of silver/ water
NF in heat exchanger has been modeled using ANN modeling,
The results show that R for relative Nusselt number and pressure
drop are 99.76% and 99.54%, respectively. Tables 1 and 2 provide

an overview of past studies and results.
In this study, experimental research on the properties and TC of

. @ “"‘\ MgO (50%)-ZnO (35%) - MWCNT (15%)/water THNF in SVFs
"?_\" A and different temperatures was carried out for the first time. Inves-
Nanofluids o= tigation of thermophysical properties with an emphasis on TC of

THNFs will be done in the laboratory and RSM. Investigating TC
using RSM allows researchers to obtain the TC correlation relation-
ship with higher accuracy and speed. This study compares the
eral factors affect its properties [36-39]. In experimental research effect of different temperatures and SVF on the TC of THNE Also,
[40], the thermophysical properties and heat transfer capacity of the optimization of the target response was done using a mathe-

Fig. 1. Schematic of NF preparation.

Table 1. Literature review of TC of HNFs

NPs Base fluid T (°C) SVF (%) Max TCE (%) Ref.
MWCNT-CuO Water 25-50 0.05-0.6 +30.38 Zadkhast et al. [27]
TiO, Water/EG 30-70 0.02-1 +44.5 Esfe [42]
TiO,/MWCNT Water/EG 25-50 0.05-1 +38.7 Akhgar et al. [43]

Sio, Ethanol 25-70 0.15-1.17 +9.5 Darvanjooghi et al. [44]

Table 2. Some of the researchers’ past research and suggested correlations

Ref. Correlation
Afrand et al. [45] TCR=(0.83411.1SVF"**T %)
Zadkhast et al. [27] TCR=[0.907exp(0.36SVF**'"'+0.000956T)]

TCR=0.96419-5.06469E-003SVF+1.12712E-003 T+8.19160E-003SVF * T

—6.07641E-003 SVF>-3.54340E-003SVF* T+0.030265SVF’
9.6128+SVF _0.0041)
9.3885-0.00010759T> SVF
TC=0.4 +0.0332SVF+0.00101T+0.000619SVF T+0.0687SVF +
0.0148SVF’—0.00218SVF°—0.0419SVF*—0.0604SVF
Esfe et al. [48] TCR=1.01+0.007685SVFE * T—0.5136SVFT *"**+11.5SVFT "'
Vafaei et al. [49] TCR=0.9787+exp(0.3081SVF***"—0.002T)

Alidoust et al. [46]

Parsian et al. [47] TCR:(

Esfe et al. [41]

Table 3. Physical properties of NPs

NPs Purity APS SSA Color True density
MWCNTs >95 wt% 5-15nm 233 /g Black ~2.1g/em’
TiO, 99% 20 nm 10-45 m*/g White g/lem’
CuO 99% 40 nm 20 m’/g Black 6.4 g/m’

Korean J. Chem. Eng.(Vol. 40, No. 9)
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Fig. 2. SEM sample of NPs.

matical model. Sensitivity analysis and MOD were also used to evalu-
ate the effect of SVF on TC.

EXPERIMENTAL PROCEDURE

1. Preparation of Samples

For the accurate thermal study of THNE it is necessary to pre-
pare with appropriate accuracy and quality. Initially, combinations
of MWCNT, TiO, and CuO NPs were used in proportions of 40%,
30% and 30% in water-based fluid, respectively. Table 3 shows the
physical properties of NPs.

Advanced scanning electron microscope (SEM) and transmission
electron microscope (TEM) imaging methods were used to iden-
tify the structural and morphological properties (size and shape)
of the particles. Micrometer-scale imaging samples are shown in
Fig. 2. Due to the uniqueness of the spectrum of each compound,
it is possible to find the composition and formula of each unknown
sample with the help of the XRD test in the laboratory. In Fig. 3,
the wavelength spectrum of each nanoparticle is plotted by XRD.
The powerful XPert Highscore software is used to analyze and iden-
tify the phases in the sample. This software uses the PDF-2 Powder
Diffraction File database (which contains more than 160,000 graphs)
as a reference to identify the phases in the sample. The mass values
of each NP in the ratio of certain compounds to prepare HNFs in
different SVFs can be determined from standard Eq. (2) [46] and
then the mass of NPs is measured using a digital scale with an accu-
racy of 0.001 g.

+03Y
Plrio,

+03%  +X

Plrio, P

0.4‘1" +0.3Y]
p IMWCNT p CuO

9= x 100 ()
0.4‘1’ +0.3%

P MWCNT P CuO

Water

To prepare the HNFs, which is the first critical step in the experi-
ments, we must ensure the proper dispersion of the NPs in the base
fluid. In this way, suitable mechanisms such as agitation and ultra-
sound can be used to achieve the stability of the suspension against
the deposition of NPs. A stirrer was used for the initial dispersion
of the suspension mixture for three hours. Also, an ultrasonic vibra-
tion device was used for five hours for each of the SVFs to stabi-
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Fig. 3. XRD analysis of NPs.

lize the stability and increase the quality of the NE Fig. 4 shows a
schematic of the NF preparation process.
2. Measurement of TC

KD2 Pro instrument was used to measure TC based on tran-
sient hot wire technique (Fig. 5). In this method, a KS-+1 stainless
steel sensor with dimensions of 60 mm in length and 1.27 mm in
diameter is used to measure TC. The measured TC range is 0.02
to 2.00 W/m-K with an accuracy of 0.01%. A water bath is used to
control and stabilize the sample temperature during the measure-
ment. In order to ensure the accuracy of the KD2 pro instrument,
a comparison was made between the TC of pure water obtained by
the KD2 pro at different temperatures and the TC of the ASHRAE
handbook [50]. According to Fig. 6, the measurements are in good
agreement with the available TC data. Because it was found that
the difference in the mentioned temperature range is insignificant
and less than 0.8%. To reduce the error and increase the quality of
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Fig. 4. Schematic of the NF stabilization process.

Fig. 5. Schematic of the KD2 pro device.

the results, all TC measurements were repeated three times and
then their average was recorded, some of which are reported in
Table 4. The interval between each measurement was set to 15
minutes.

RESULTS AND DISCUSSION

In this section, laboratory results are reviewed and analyzed. The
effect of independent parameters of temperature and SVF on the
TC of THNF was considered. The following is a detailed analysis
of the TC of MWCNT-CuO-TiO,/Water THNE
1. RTC Versus SVF

The curves of RTC—SVF are shown in Fig. 7 to analyze the
effect of the increasing trend of SVF on RTC. According to Fig. 8,
the RTC improvement of the studied THNF is well observed after
the addition of different SVFs. According to this curve, RTC in-
creases in all SVFs (even in mild SVF=0.03% and 0.09%). Natu-
rally; at higher SVFs, the RTC for THNF reaches its maximum value.
It can be said that increasing the surface-to-volume ratio of NPs in
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B ASHRAE value
_
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Fig. 6. Validation of KD2-pro (TC measurement device) results with
ASHRAE results.

Table 4. Some laboratory results of the present study

HNF SVF (%) T(C) RIC

0.03 25 1.019

0.09 30 1.029

0.22 35 1.058

MWCNT(40%)-CuO(30%)- 0.45 40 1.121
TiO,(30%)/water 0.65 45 1.195

0.9 50 1.250

13 25 1.189

1.65 50 1.356

THNF is possible after adding more NPs. The maximum RTC at
T=50°C and SVF=1.65% was equal to 35%.
2. TCE Versus Temperature

Fig. 8 shows the T>TCE curve, which shows the effect of tem-
perature on the progress and recovery of TCE. According to the
curve, the trend of increasing temperature has a positive effect on
improving the TCE (%). It is normal for THNFs to reach their opti-
mal TC at T=50°C, that is, the highest temperature in this study.
In a similar study in Ref. [20] for MWCNT-CuO/water HNF under
the best study conditions, the amount of TCE did not exceed 30.38%.
In this study; by adding the third NPs, ie., TiO,, this value reached
35.60% at T=50°C. In addition to the significant improvement
(22.5%) in TCE compared to this study; the use of TiO, NPs is more
cost-effective and reasonable compared to the reasonably priced
MWCNT. The TCE is obtained from Eq. (3) [46].

TCE (%)= (t ) *100 ©)

|
bf
Table 5 shows the TCE (%) values in all test conditions.

It is also possible to determine the influence of both tempera-
ture and SVF parameters for this study using the graphs in Fig. 9
and Table 5. But as mentioned, in the range of temperature and

Korean J. Chem. Eng.(Vol. 40, No. 9)
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Fig. 7. RTC in terms of SVE
Table 5. TCE (%) values in all test conditions
k
(—”f —1) 100
THNF T (C) ki
SVF=0.03% 0.09% 0.22% 0.45% 0.65% 0.9% 1.30% 1.65%
T=25 1.90 2.10 3.50 7.20 11.80 15.20 18.90 23.20
MWCNT (40%)- T=30 2.30 2.90 4.70 8.60 13.00 17.10 21.10 25.10
CuO (30%) T=35 2.90 3.40 5.80 11.00 14.60 19.30 25.20 28.10
TiO, (30%)/ T=40 3.50 4.40 7.40 12.10 18.00 22.00 26.80 30.50
Water T=45 3.90 490 8.30 13.40 19.50 23.50 28.10 32.60
T=50 4.20 5.50 9.20 15.60 20.90 25.00 30.10 35.60a
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Fig. 8. TCE versus temperature.

SVE the trend of TCE has been upward. As stated previously and
detailed in Table 5, the maximum TCE was equal to 35.60%. Also,
by keeping one parameter (for example, temperature or SVF) con-
stant, the effect of another parameter can be checked. Here, the
effect of SVF was more than temperature.

RESULTS OF RSM

In this section, RSM is considered to optimize the response func-
tion, provide a valid empirical model, and estimate the sensitivity

0.45

0.65
SVF(%)

m25°C  30°C

35°C
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of the response function to changes in the independent variable. The
use of numerical methods helps researchers to obtain an accurate
relation of dependent variables in the shortest time and with the
least expense [51-56]. To predict the relationship between the input
(temperature and SVF) and the output (TC) of the statistical model,
the selected model with rank 4 was used. Table 6 shows the report
of the ANOVA, based on the F-value; it can be said that the effect
of the target response of the SVF variable is greater than that of
the other parameters of the model. Table 7 shows the accuracy of
the correlation model based on the R* coefficient. Considering the
small difference between the parameters Adj R’=0.9982 and Pred R’=
0.9978, as well as the high accuracy of the coefficient of determi-
nation R-Squared=0.9986, it can be concluded that the model has
acceptable validity and quality.

Eq. (4) is proposed to predict the experimental data of MWCNT
(40%)-CuO (30%)-TiO, (30%)/water THNF that can only be used
in the laboratory. Eq. (4) can be used in sensitivity analysis as well
as in determining the relationship between input and output vari-
ables in a statistical model.

RTC=+1.02554+0.052804SVF—2.93004E-003 T-+4.94726E-003SVE T
+0.011774SVF*+9.22629E-005 T°— 1.24652E-003SVF* T

—2.46023E-004SVF T-+2.00463E-003SVF'—1.27422E-008 T*  (4)

According to Fig. 10, the acceptable adaptation of the modeled data
to the experimental data on the bisector line shows the validity and
capability of the model in data processing and forecasting.

1. Margin of Deviation (MOD)

To prove the correct correlation, the deviation analysis between
the experimental data and the RSM outputs can be determined
using Eq. (5) [46]. Exp and Pre subtitles show experimental data
and RSM outputs, respectively. According to Fig. 11, the maximum
proposed correlation deviation for the studied HNF is equal to

0.9 13 1.65

140°C m45°C m50°C

Fig. 9. Investigation of the simultaneous effect of temperature and SVF on RTC.

Korean J. Chem. Eng.(Vol. 40, No. 9)
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Table 6. ANOVA for response surface reduced quartic model

ANOVA table [Partial sum of squares - Type III]

Source Sum of squares df Mean square F-value P-value Prob>F
Model 045 9 0.050 2,949.68 <0.0001 significant
A-SVF 0.35 1 0.35 20,915.93 <0.0001
B-T 0.020 1 0.020 1,207.29 <0.0001
AB 1.132E-004 1 1.132E-004 6.67 0.0138
A’ 2.189E-003 1 2.189E-003 128.99 <0.0001
B 1.006E-004 1 1.006E-004 593 0.0197
A’B 6.426E-004 1 6.426E-004 37.87 <0.0001
A’B 1.745E-004 1 1.745E-004 10.29 0.0027
A* 8.396E-004 1 8.396E-004 49.48 <0.0001
B! 7.429E-005 1 7.429E-005 4.38 0.0431
Residual 6.448E-004 38 1.697E-005
Cor total 0.45 47
Table 7. Accuracy of model F
Std. Dev.  4.119E-003 R 0.9986 F A
Mean 1.14 Adj R 0.9982 2 F Gl S il N
C.V. (%) 036 Pred R? 0.9978 15
PRESS 9.744E-004 Adeq Precision 178.960 S L 2
= F & o
= o
£ osp e ®, . e % o ® .
- < z o ®9e o o ® ° - ©
135 :_ «‘b\c :; ; N o® .... . o . o o 00
- < o 05k ° ° o
1.3 [ g\\\\ ED E ® L -
“F \} = 1F ©
C ) F
- o =
s125F & S
S B N —
3 C QDS Ie 2 g -0.95% <MOD< +0.8%
g 12r O° 25F
] B QY o
- - N A RN ERETEN RS EUETETET RS |
115 Qo\\‘ 0 10 20 30 40 50
8 - &\b‘ Data number
11 $§\ Fig. 11. MOD values.
i %‘\
1.05
; _ extent and effectiveness of RTC sensitivity to SVF changes is investi-
24 IR IATETINE PNATATEN AVAANETIS INRFINATEN STRATETS ATETATAT A gated. Eq. (6) [46] was used for sensitivity analysis. Fig. 12 reports
1 105 11 115 12 125 1.3 135

Experimenta data

Fig. 10. Correlation of modeled data with experimental data.

0.95 %. According to Fig. 11, the deviation distribution is concen-
trated around zero, which means that the RSM model has good

quality.
MoD =X BTG o )
= X
RTC,,,

2. RTC Sensitivity
One of the most important applications of sensitivity analysis is

to reduce the complexity of mathematical models by eliminating
fewer effective parameters. In this study, only the estimation of the

September, 2023

the sensitivity to changes in the +10% increase in SVF factor. Ac-
cording to Fig. 12, the highest increase is observed in high SVFs,
which occurred at T=50 °C and SVF=1.3%.

RTC sensitivity analysis
_ (RT Cafter change)Pre - (RTCbefore change)Pre %
(TCRbefore chunge)Pre

100 6)

CONCLUSIONS AND FUTURE DIRECTION

The use of substandard NFs prompts researchers to help improve
the performance of industrial equipment by preparing and exam-
ining special HNFs. Hemmat Esfe research group hopes that the
production of such HNFs with significant progress compared to
HNFs of the same generation and high productivity can greatly help
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Sensitivity Analysis
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m0.03% ™0.09% ®=0.22%

Fig. 12. Sensitivity analysis of TC in different SVFs.

industrialists to reduce their development problems. This study; using
the RSM, in addition to accuracy, will save researchers time and
energy. Based on RTC results, it increases in all research conditions
and with increasing temperature and SVE The maximum amount
of TCE increase at T=50 °C and SVF=1.65% was equal to 35.60%.
Compared to prepared NFs in past studies, the target NF has been
able to further improve TC. Based on the results of the RSM, high
accuracy of R-Squared=0.9986 has been achieved. The maximum
MOD of the proposed correlation relation for THNF is equal to
0.95%. Finally, the sensitivity analysis of TC shows that the highest
increase was observed in high SVFs, which occurred at T=50°C
and SVF=1.3%.

NOMENCLATURE
Abbreviation
Eq. :equation
N : number of measurements
NPs : nanoparticles

MWCNT : multi-walled carbon nanotubes

RSM : response surface methodology
RTC : relative thermal conductivity

S : standard deviation

SVF : solid volume fraction

XRD : X-ray diffraction

U : standard uncertainty

Xi : the measured value in each experiment
X :average measured data

Greek Letters

o : density [kg/m’]

o : solid volume fraction

Latin Letters

CV.%  :coefficient of variation

k : thermal conductivity [W/(m-K)]
m :mass [kg]

1
{ Il
| I [[‘ H‘ 0.5
: M =l N

~

1.5

35°C 30°C 2§°C

0.45% ®0.65% ™0.90% ®™1.30% ®1.65%

W : molecular mass [kg/mol]
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