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Abstract: Nanofluids are extensively applied in various heat transfer mediums
for improving their heat transfer characteristics and hence their performance.
Specific heat capacity of nanofluids, as one of the thermophysical properties,
performs principal role in heat transfer of thermal mediums utilizing nanoflu-
ids. In this regard, different studies have been carried out to investigate the
influential factors on nanofluids specific heat. Moreover, several regression
models based on correlations or artificial intelligence have been developed
for forecasting this property of nanofluids. In the current review paper, influ-
ential parameters on the specific heat capacity of nanofluids are introduced.
Afterwards, the proposed models for their forecasting and modeling are pro-
posed. According to the reviewed works, concentration and properties of solid
structures in addition to temperature affect specific heat capacity to large
extent and must be considered as inputs for the models. Moreover, by using
other effective factors, the accuracy and comprehensive of the models can be
modified. Finally, some suggestions are offered for the upcoming works in the
relevant topics.

Keywords: Specific heat capacity; nanofluid; artificial neural network;
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1 Introduction

Literature demonstrates that by suspending solids with nanodimension in traditional operating
fluids, heat transfer rate can be improved, mainly due to increment in the effective thermal conduc-
tivity [1-3]. Addition of solid phase in the base fluid results in changes in different thermophysical
properties such as density, thermal conductivity and specific heat capacity [4-0]. Variations in
these properties are contingent on different items including concentration of solids, temperature
and properties of the base fluid [7,8]. In general, increase in volume fraction of nanostructures
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causes increase in both viscosity and thermal conductivity [9,10]. Despite the advantages of high
thermal conductivity for heat transfer purposes, the increase in dynamic viscosity is unfavorable;
consequently, there is an optimum concentration in the majority of the cases [11,12]. In compar-
ison with specific heat capacity of nanofluids, more attentions have been attracted by dynamic
viscosity and thermal conductivity; however, several studies have focused on this property of the
nanofluids due to its substantial role in heat transfer of operating fluids.

Nanofluids are employable in different energy-related mediums and technologies for perfor-
mance enhancement including renewable energy systems, air conditioners and heat pipes, as shown
in Fig. 1 [13-17]. For instance, Hosseinzadeh et al. [18] applied three different nanofluids in an
indirect solar cooker and compared the performance with a case of using thermal oil without
any nanoparticle. They observed that with the thermal oil, utilizing SiO,/oil, TiO5/oil, and SiC/oil
led to around 1.17%, 3.54% and 4.27% enhancement in the efficiency, respectively. In another
work [19], performance of spirally-coiled twisted-tube was compared using water and Cu/water
nanofluid. They found that the maximum performance index of the device was 1.39 and 1.88 for
cases of using water and the nanofluid, respectively. Ahmed et al. [20] investigated the effect of
using TiOj/water nanofluid as coolant in a car radiator and observed that using the nanofluid
resulted in up to 47% enhancement in the performance compared with pure water. Ahmed
et al. [21] used nanofluid as external cooling jacket in vicinity of air conditioner condenser. It
was observed that using nanolfuids, Cu/water and Al,Os/water in 5% concentration resulted in
29.4% and 22.1% improvement in coefficient of performance, respectively. Another energy-related
device with high potential for performance improvement by employing nanofluid is heat pipe. As
an example, Zhou et al. [22] applied graphene oxide/water in a pulsating heat pipe and observed
that by using this nanofluid, thermal performance could be enhanced up to 54.34% in optimal
operating condition in comparison with pure water.
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Figure 1: Some of the main energy-related applications of nanofluids

Different approaches have been applied for modeling the properties of nanofluids including
regressive correlations, artificial neural networks (ANNs) and support vector machines (SVMs).
Studies have demonstrated that employing artificial intelligence for modeling results in higher
accuracy compared with the correlations. For instance, Komeilibirjandi et al. [23] applied both
GMDH NN and correlation for predicting thermal conductivity of nanofluids with CuO parti-
cles. The determined values for R-squared of the models based on ANN and correlation were
0.9996 and 0.9862, respectively. Higher accuracy of the models based on ANNs in comparison
with correlations has been observed for the predictive models used for dynamic viscosity of
nanofluids [24].

There are some review papers on the models proposed for predicting thermal conductivity and
dynamic viscosity of nanofluids [25,26]; however, there is not any up to date review article on the
specific heat capacity. In this work, studies carried out on specific heat of nanofluids are reviewed;
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afterwards, the proposed models with focus on artificial intelligence are reviewed and represented.
Finally, some suggestions are recommended for upcoming works in the relevant topics.

2 Specific Heat Capacity of Nanofluids

Specific heat capacity of nanofluids is one of the properties that play substantial role in heat
transfer ability of nanofluids. Mainly, suspension of solid materials with nanodimensions in the
base fluid changes the overall specific heat. Depending on the intended application, decreased or
increased specific heat would be desirable. Variation in specific heat depends on several elements
that are discussed and reviewed in this section. For instance, concentration of the particles notably
influences the variation in the specific heat [27-29]. Tiwari et al. [30] measured the specific heat
of graphene nanoplatelet/water-EG for various concentrations of solid phase. As shown in Fig. 2,
they noticed that the increase in the volume fraction resulted in a reduction in the specific heat
of the nanofluid. In addition to the volume fraction, other factors including base fluid and
temperature influence specific heat capacity of nanofluids. In a study done by Akilu et al. [31],
the effect of dispersion of SiO, particles in different base fluids, including glycerol (GC), ethylene
glycol (EG) and their mixture (GC/EG) and concentrations were discussed. As shown in Fig. 3
they observed that by increasing the fraction of particles in fluid, reduction in the specific heat
became more noticeable. Furthermore, they found that a decrease in the specific heat of nanofluid
with GC/EG base fluid was higher than the others. In addition, by comparing the specific heat of
the nanofluids at two temperatures, 25 and 50°C, it was concluded that temperature influenced the
variations in specific heat to a small extent. Particle size is another element that affects the specific
heat capacity of nanofluids. In a study, the effect of particle size on the specific heat capacity
of Fe3Oy4/kerosene was investigated [32]. It was observed that the increase in the size of particles
resulted in more reduction in specific heat capacity; however, some studies have reported different
findings about the effect of particle size on this property of nanofluids.
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Figure 2: Specific heat capacity of GN/water-EG nanofluid vs. concentration [30]

Contrary to the nanofluids with conventional base fluids, specific heat capacity of the ones
with molten salt base fluids can be increased by adding solid particles with nanometer dimen-
sions [33]. Qiao et al. [34] measured the specific heat capacity of molten nitrate salt-based
nanofluids with SiOjparticles for different concentrations. According to their measurement for
potassium nitrate based nanofluid, there was an optimum value at which the maximum value
of the specific heat capacity was obtained, by more increase in concentration, the specific heat
capacity of the nanofluid was reduced. Among the considered concentrations of the nanoparticles,
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0%, 0.5%, 1%, 2% and 4% wt, the highest specific heat capacity of the nanofluid was observed for
1% wt. In addition to the concentration, the size of particles is an influential factor in variation
of specific heat. According to findings of a study done by Lu et al. [35] on the molten salt-based
nanofluid containing alumina particles, the decrease in the particle size caused reduction in the
specific heat capacity, attributed to the nanolayer effect, since contribution of nanolayer increased
by reducing the size of particles. In addition to size, temperature and volume fraction, type of
particles and base fluid specification influence the variations in specific heat capacity [36].

m2s5°C
m50°C

Reduction in specific heat (%)
=

GC EG GC/EG

Figure 3: Variations in specific heat capacity of nanofluids with different base fluids [31]

In another work [37], the effect of dispersing SiO, particles on the specific heat capacity of a
molten salt, mixture of lithium carbonate and potassium carbonate (62:38 ratio), was investigated.
It was observed that the nanoparticle dispersion in the molten salt, with 1% wt concentration,
led to 19—24% improvement in the specific heat capacity. In another study [38], specific heat
capacity of a molten salt, with 60% NaNOs and 40% KNO3 with SiO; nanoparticles in different
concentrations were measured. As shown in Fig. 4, there was an optimum concentration at which
it reached a maximum value. In addition to binary base fluids, the specific heat capacity of a
molten salt nanofluid with ternary base fluid was investigated by Sang et al. [39]. The ternary base
fluid was composed of K,CO3, Li,CO3; and Na,COj3 with various composition ratios. It was
observed that the specific heat capacity of the nanofluid could increase up to 113.7%. Moreover,
they noticed that the composition of the base fluid affects enhancement value of specific heat
capacity. In another work [40], the effect of particle material on the specific heat capacity of a
nanofluid with ternary molten salt composed of K,CO3, Li;CO3 and Na,COj3 was investigated.
In their study, four nanoparticles including Al,O3, CuO, SiO; and TiO,were considered. They
found that for the same condition, adding SiO, caused the maximum improvement in the specific
heat capacity in the range of 78% to 116.8%, which was followed by CuO in the range of 50.67%
to 73.9%.

Hybrid nanofluids, that are composed of nanostructures with two dissimilar materials, have
gained attentions in recent years for various purposes [41,42]. In this regard, the specific heat
of these nanofluids, similar to their other properties, has been investigated by some researchers.
Wole-Osho et al. [41] carried out a work on specific heat capacity of Al,O3 —ZnO/water nanofluid.
In their work, three mixture ratios including 1:1, 1:2, and 2:1 were examined to investigate its
effect on the variations of specific heat. They observed that the maximum reduction in specific
heat capacity of nanofluid in comparison with the pure base fluid was around 30.12% in mixture
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ratio of 2:1. In another research, Gao et al. [43] measured the specific heat capacity of a hybrid
nanofluid, GO-Al,Os/water nanofluid for different concentrations and temperatures. They found
that by increasing the concentration, the specific heat capacity of the nanofluid was decreased and
this reduction was more noticeable at lower temperatures. Reduction in the specific heat capacity
of hybrid nanofluids by increasing the volume fraction hybrid nanostructures has been observed
in other studies; however, the effect of the temperature was not the same [44].
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Figure 4: Specific heat capacity of 60% NaNOj3 and 40% KNOj3 with SiO, nanoparticles different
concentrations

3 Proposed Models for Specific Heat Capacity

Similar to dynamic viscosity and thermal conductivity [45], variety of methods have been
applied for modeling specific heat of nanofluids. There are two general methods that are applicable
for rough estimation of specific heat capacity [46]. The first one is based on the idea of mixing
theory for ideal gases (model I) which is defined as follows [47]:

Cp o =9Cpn+(1—¢)Cp (1)

where subscripts nf, n and bf refer to nanofluid, nanoparticle, and base fluid, respectively. Another

correlation is proposed based on the thermal equilibrium of nanoparticles and base fluid, which

is defined as follows (model II) [47]:

©onCp,n+ (1 =) pprCp s
@on+ (1 —@)ppr

Cp = 2)
where p refers to the density. In comparison with the previous model, it has higher precision in
predicting specific heat capacity in majority of cases [48]. Besides the above mentioned models,
applicable for all of the nanofluids, there are some correlations that can be used for specific types
of nanofluids with higher accuracy [49]. Satti et al. [50] proposed a correlation for specific heat
capacity of nanofluids with various particles including CuO, ZnO, SiO;, AlbO3 and TiO; with
propylene glycol-water as base fluid. The proposed correlation is as follows:

Pnf CP, nf

T C
=0.371641 4+ 1.00713¢ + 0.345370 (—) +0.039107 (M> (3)
Pifo Cp, bfy T

0 oo Cp, bf



366 CMC, 2022, vol.70, no.1

where Ty =273 K. It should be noted that this correlation is valid for 243K < T < 363 K and
0 < ¢ <0.06. The maxium deviation of this correlation in determination of specific heat capacity
of the nanofluids is —5%. Similar correlations have been proposed for hybrid nanofluids. For
instance, Gao et al. [43] proposed a correlation for specific heat capacity of GO-Al,Os/water by
considering concentration and temperature as the inputs, which is:

Cp’nf=a+b<p+cT+d<p2+e(pT+fT2 4)

The determined values of the coefficients are mentioned in Tab. 1. The maximum error of
this correlation in determining the specific heat capacity of the nanofluid is 0.86%.

Table 1: Coefficients of the proposed correlation for the specific heat capacity of GO-Al,Os/water
nanofluid

a b C d e f
3.918 —218.3 0.006596 3.185 x10° 5.278 —5.35 x107

There are some correlations with higher degree of comprehensiveness by including more
inputs. For instance, Vajjha et al. [51] proposed a correlation for specific heat capacity of nanoflu-
ids with different particles including ZnO, Al,Os and SiO,. The first two were dispersed in
EG-water while the third was dispersed in water. In their model, the specific heat capacities of
the base fluids, particles, volume concentration and temperatures were included in the correlation
as follows:

Cpy
Cray _ AT +B(c32)
Cripr (C+o)

)

The coefficients of the above mentioned correlation are presented in Tab. 2. Average error of
their model is around 2.7%.

Table 2: Coefficients of the proposed correlation by Vijjha et al. [51]

Nanofluid A B C
SiO, 0.001769 1.1937 0.8021
Al,O3 0.0008911 0.5179 0.4250
ZnO 0.0004604 0.9855 0.299

In addition to the conventional nanofluids, the specific heat capacity of hybrid nanoflu-
ids could be modeled by using correlations [52]. Tiwari et al. [53] compared the specific heat
capacity of three hybrid nanofluids with CuO-MWCNT, MgO-MWCNT, and SnO,-MWCNT
nanostructure. The base fluid of the nanofluids was water and CTAB was utilized as surfactant.
In their study, the effects of temperature, specific heat and size of nanostructures in addition
to concentration were considered for modeling. The proposed correlation in their work was as
follows:
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TN O e (AN Ch\ M (o 2
C =C 1—-10.6364 — : — J —
Pof =001 ) (To) e ) <do ) ) <CP,bf) ) <pbf)
(6)

where dp refers to the size of metal oxide nanoparticles and dg is equal to 20 nm. The average
deviation of the proposed model was 0.903%, revealing acceptable accuracy of the model. Despite
these correlations are simple to use and able to estimate the specific heat capacity of various
nanofluids, their accuracy may not be as high as desirable [54]. In this regard, other models have
been proposed by focusing on special types of nanofluids and/or employing powerful approaches
such as ANNs. For instance, Hassan et al. [55] compared prediction accuracy of the models
based on ANN with analytical models for nanofluids with various particles including silica, titania
and alumina dispersed in molten nitrate salt. They found that ANN-based model, at optimal
condition, had much higher accuracy compared with the analytical models. The maximum error
of ANN-based model was around 2% while the corresponding value of the analytical models
was about 24%. ANNSs are also usable for modeling specific heat capacity of hybrid nanofluids.
For instance, Colak et al. [56] applied ANN to propose a model for the specific heat capacity of
Cu — Al,Os/water by considering temperature and volume fraction. Average relative error of the
model, based on ANN was around 5.84 x 10~%, while the corresponding value for the proposed
correlation was about 0.005%, indicating higher precision of the model based on ANN.

In addition to correlations and ANNs, other intelligent methods are applicable for specific
heat capacity modeling of nanofluids [57,58]. Alade et al. [59] compared performance of support
vector regression and ANN with the classical models for modeling specific heat capacity of
CuOf/water nanofluid. As shown in Fig. 5, based on the values of root mean squared error
(RMSE), using support vector regression led to the highest accuracy which was followed by ANN.
In another work, Alade et al. [47] applied support vector regression (SVR) for modeling the
specific heat capacity of EG-based nanofluids with different metal oxide particles including CuO
and Al,Os particles. Inputs of their model were the specific heat capacity values of the base
fluid and nanoparticles in addition to temperature and volume fraction of solid phase. In their
model, Bayesian algorithm was employed for obtaining the optimum hyperparameters to reach
the highest possible accuracy. Coefficient of correlation of their model was 0.9953 and the root
mean square error was 0.0127, revealing the precision of the proposed model. They compared
the accuracy of the proposed regression with two conventional models based on mixing theory
of ideal gas (model I) and thermal equilibrium (model II) and observed much higher accuracy as
shown in Fig. 6. Different optimization techniques can be applied in SVR-based models proposed
for specific heat capacity prediction. In a study [60], genetic algorithm (GA) was coupled with
SVR to model specific heat of Al,Os/water nanofluid. It was noticed that the proposed model
was very accurate, and its correlation coefficient was 0.99998. Comprehensiveness of the models
can be further improved by considering more inputs. For instance, Alade et al. [61] applied SVR
for modeling specific heat of nanofluids with various particles including TiN, AIN, and SizNy,
which were dispersed in nitride/EG. In their model, the effect of particle material and size was
considered by adding the particle size and molar mass. Moreover, temperature and volume fraction
were used as other inputs. Mean percentage absolute error of their model was 0.123, much lower
than model I and models II with 3.997 and 1.339, respectively. In addition to SVR, other novel
methods are applicable for modeling specific heat capacity of nanofluids. As an example, Monte
Carlo approach has been applied for modeling isobaric heat capacity of nanofluids with EG
base fluid [62]. The model considered nanofluids with various particles including silicon nitride,
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titanium nitride, and aluminum nitride. It was found that by using this approach it would be
possible to model the output with great reliability. The summary of the researches on the modeling
of specific heat capacity is given in Tab. 3.
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Figure 5: Root mean squared error of the models for specific heat capacity of CuO/water
nanofluid
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Figure 6: RMSE of the models applied for modeling specific heat capacity of nanofluids with EG
base fluid and metal oxide particles

Table 3: Summary of the works on specific heat capacity of nanofluids

Reference Method Nanofluid Results

Gao Correlation GO-Al,Oslwater The maximum error of the

et al. [43] model was lower than 1%.
Alade SVR EG-based nanofluids with Coefficient of the correlation of
et al. [47] metal oxide particles the proposed model was 0.9953.
Sekhar Correlation Al,Oslwater Maximum deviation of the

et al. [49] model was around 10%.

(Continued)
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Table 3: Continued

369

Reference Method Nanofluid Results
Satti Correlation CuO, ZnO, SiO,, Al,O3 The maximum deviation of the
et al. [50] and TiO; in propylene model was —5%.
glycol-water
Vajjha Correlation Zn0, Al,Oszand SiO; in Average error of the model was
et al. [51] water and EG/water around 2.7%.
Moldoveanu Correlation Al,O3, Average error of the model was
et al. [52] Si0,, TiO,, Al, — Si0, and around 11%.
Al,O3 - TiO;
Tiwari Correlation MWCNT, MgO-MWCNT, Average deviation of their
et al. [53] and SnO>,-MWCNT model was around 0.903%.
Hassan ANN and Al,O3, TiO; and SiO; in In case of using ANN, the
et al. [55] analytical nitrate molten salt maximum error of the model
models was around 2%, much lower
than the analytical models with
around 24% error.
Colak Correlation Cu-Al,O3/water Using ANN for modeling led to
et al. [50] and ANN much lower average relative
error compared with the
correlation.
Alade SVR AlLO3IEG Absolute average relative
et al. [57] deviation of the proposed model
was around (.1888.
Alade SVR and CuOlwater Using SVR led to lower value
et al. [59] ANN of RMSE compared with ANN.
Alade GA/SVR Al,Oslwater Coefficient of correlation of the
et al. [60] proposed model was (0.99998.
Alade SVR TiN, AIN, and Siz;Ny4 in Using SVR for modeling led to
et al. [61] nitride-EG much lower error compared
with model I and model II.
Jafari Monte Carlo  Silicon nitride/EG, titanium The specific heat of the
et al. [62] nitride/EG, and aluminum nanofluid could be accurately

nitride/EG

estimated by this method.

4 Suggestions for Upcoming Studies

Based on the performed literature review, several models have been introduced for deter-
mination of the specific heat capacity of nanofluids; however, the provided models have some
defects or restrictions which necessitate some modification and further attempt. First of all, the
majority of the models are limited to special type of nanofluids with certain number of particles.
In this regard, the applicability of the models can be broadened by using more variables such
as properties of the base fluids and nanostructures. By including these parameters as the inputs,
specific heat capacity of more nanofluids could be modeled and predicted. Moreover, there are
few studies that applied ANN despite their desirable performance in modeling complex system. It
is suggested to develop various types of ANNs, such as GMDH, for proposing models which are
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simple to use [63]. Furthermore, due to the dependency of ANN performance on the architecture
of network, it is crucial to examine different structures to obtain more precise and reliable
models [64]. In addition, utilizing various functions in the architecture of the ANNs would be
useful for upcoming research.

Besides ANNSs, other intelligent methods with different structures and algorithms can be used
for specific heat capacity modeling. Adaptive neuro-fuzzy inference system (ANFIS) [65] and
least square SVM (LSSVM) [66] would be appropriate and attractive options for modeling this
property with remarkably high accuracy. Coupling novel and powerful optimization algorithms
with the currently used intelligent methods for minimizing error is another idea for proposing
better predictive models. Finally, performing sensitivity analysis would be very useful since detailed
and brilliant insight into the effect of each factor can be provided. Summary of the suggestions
for upcoming research are shown in Fig. 7.

Suggestions for
upcoming
researches

Applying ANNs Employing other
with different ntelligent
structures and methods such as

functions ANFIS

Utilizing novel

Performing
sensitivity
analysis

Including more
parameters in the
models

and powerful
optimization
approaches

J

Figure 7: Suggestions for upcoming research

5 Conclusion

In this article, parameters influencing the specific heat capacity of different nanofluids in
addition to the proposed models are reviewed. The main findings of the study are as follows:

e For the nanofluids with conventional base fluids, in contrary to molten salts, increase in the
volume fraction of nanostructure leads to reduction in the specific heat capacity.

e Temperature of nanofluids influences the specific heat capacity and its increasing or
decreasing trend with temperature is dependent on the base fluid.

e Analytical models, based on thermal equilibrium or ideal gas idea, could be applicable for
rough estimation of nanofluids specific heat capacity.

e Several correlations have been proposed for modeling specific heat capacity of nanofluids
with higher accuracy compared with analytical models.

e Different intelligent models have been proposed for modeling the specific heat of nanofluids
with higher precision compared with correlations.

e Including more parameters in the models improve comprehensiveness of the models.

e Different optimization algorithms can be coupled with models for minimizing the errors.

e It is suggested to consider other intelligent methods such as ANFIS and LSSVM for
upcoming studies with similar topics.
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