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Abstract: This paper concerns an economic and exergetic efficiency analysis of a plate heat exchanger
placed in a solar installation with TiO2:SiO2/DI:EG nanofluid. This device separates the primary
circuit—with the solar fluid—and the secondary circuit—in which domestic hot water flows (DHW).
The solar fluid is TiO2:SiO2 nanofluid with a concentration in the range of 0.5–1.5%vol. and T = 60 ◦C.
Its flow is maintained at a constant level of 3 dm3/min. The heat-receiving medium is domestic water
with an initial temperature of 30 ◦C. This work records a DHW flow of

.
VDHW,in = 3–6(12) dm3/min.

In order to calculate the exergy efficiency of the system, first, the total exergy destruction, the entropy
generation number Ns, and the Bejan number Be are determined. Only for a comparable solar fluid
flow, DHW

.
Vn f =

.
VDHW 3 dm3/min, and concentrations of 0 and 0.5%vol. is there no significant

improvement in the exergy efficiency. In other cases, the presence of nanoparticles significantly
improves the heat transfer. The TiO2:SiO2/DI:EG nanofluid is even a 13 to 26% more effective
working fluid than the traditional solar fluid; at Re = 329, the exergy efficiency is ηexergy = 37.29%, with
a nanoparticle concentration of 0% and ηexergy(1.5%vol.) = 50.56%; with Re = 430, ηexergy(0%) = 57.03%
and ηexergy(1.5%) = 65.9%.

Keywords: nanofluids; plate heat exchanger; exergy; solar installation; simple pay back time; domestic
hot water

1. Introduction

Heat exchangers (HXs) are used to transfer heat between two fluids with different
thermodynamic parameters in a noncontact manner, also involving mono and hybrid
nanofluids of different concentrations. They allow the efficiency of the heating or cooling
system to be improved by, for example, using waste heat and transferring it to other parts of
the installation [1]. The most famous and tested heat exchangers that cooperate with new-
generation working fluids, such as nanofluids, include double-tube heat exchangers [2],
plate heat exchangers [3], and shell and tube heat exchangers [4]. Nowadays, when so
much attention is paid to sustainability [5], environmental aspects, and energy efficiency,
the role of heat exchangers is gaining importance. Undeniable evidence here may be the
analysis of scientific works collected in the Elsevier Scopus citation database. By entering
the two terms ‘nanofluids’ + ‘heat exchangers’ in the search engine on the ScienceDirect
platform, a total of 13,685 publications of various types are obtained, starting from 1998
and extending until 26 January 2024 [6]. Among the types of publications available in
Scopus, the most common are research articles at 78.5%, followed by review articles at
10%, short communications at 4.4%, and book chapters 4.5%; the remaining ones constitute
approximately 2.5%, including conference abstracts, encyclopedia, case reports, editorials,
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mini reviews, correspondence, news, and other types (see Figure 1a). If the query is
refined by typing ‘hybrid nanofluids’ + ‘heat exchangers’, the total number of publications
since 1998, when the first one is recorded, is 6131 (see Figure 1b); and if it is asked for
‘nanofluids + plate heat exchangers’, it turns out that this type of heat exchanger covers as
many as 63% of the publications. Figure 2 also shows the growth rate of interest in the topic
related to the use of nanofluids in exchanger systems. The medium-term rate of change is
between 42 and 44% for mono and hybrid nanofluids, respectively.
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As can be seen, one of the most commonly used heat exchangers is compact plate heat
exchangers consisting of a series of thin plates connected together. Due to the way they
are connected, there are four main types: gasketed, brazed, semi-welded, or welded. The
first systems of this type were used in 1923 for the pasteurization of dairy products [7].
Currently, due to their design enabling the provision of strictly defined hygienic conditions,
their use is very wide, from the food and chemical industries to the HVAC, refrigeration,
and cryogenic industries. Depending on the desired heat exchange effects, the amount of
flowing fluid, and its parameters, the size of this type of exchanger can vary greatly. A
single exchanger may consist of several hundred stacked, most often corrugated, plates
with narrow channels between them; hot and cold fluids alternately flow through them,
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providing little resistance to heat transfer. Plate corrugations have a significant impact on
the thermohydraulic performance of the device and can be performed in various ways.
Figure 3c shows one of the most typical plate corrugations, the chevron. The herringbone
angle is reversed in adjacent sheets so that when the boards are tightened, the corrugations
provide multiple points of contact. Molded elastomer gaskets are most often installed at
the ends of plates.
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with secondary corrugations, and (f) oblique washboard [8,9].

As far as the method of fluid flow inside the PHE is concerned, there are single-pass
systems (1-1 single-pass arrangements) and co- or counter-current, in which the mutual
position of the hot and cold channels is shaped in the form of a letter U, Z–U, or Z arrange-
ment, appropriately. Moreover, in installations where there are very large differences in
flows or speeds and we want an additional intensification of the heat exchange, multi-pass
exchanger arrangements are also possible [8].

Scientists around the world conduct intensive research [10], as well as analytical
and numerical work [11,12], to determine the effectiveness of using nanofluids with heat
exchangers in closed-loop solar systems [3,13] and outside of them [14,15]. Solar collectors
are relatively simple devices in construction, using the energy of solar radiation and
transforming it into thermal energy (flat-plate collectors (FPCs), evacuated tube solar
collectors (ETSCs), parabolic trough solar collectors (PTSCs), compound parabolic collectors
(CPCs), and linear Fresnel reflectors (LFRs)) or electrical energy (photovoltaic thermal
collectors (PVTs) [16]).

The most common flat solar collector is made of an absorber that receives solar
radiation and converts it into heat, which, in turn, is transferred to the fluid flowing
through a system of pipes located in solar panels. The heated fluid that circulates in
the system flows through a heat exchanger or tank coil, where the heat is transferred to
domestic water. The cooled liquid then returns to the collector, and the entire process is
repeated. The conventional and most frequently used working fluids so far have been
water or a mixture of water and glycols (ethylene or, less frequently, propylene), oils, and
gases. Mono and hybrid nanofluids are new-generation working fluids which, due to their
superior thermal properties, have potential use as working fluids in various systems with
solar collectors. This was proven by Choudhary et al. in [17], where an improvement of
over 16% in the thermal efficiency of an FPC operating with a working medium of 1.5%
MnO EG/water-based nanofluid was shown compared to the pure base fluid of EG/water.
The solution provided by Ahmadlouydarab et al. also turns out to be interesting and
innovative. In [18], due to its high thermal capacity, 5% vol. TiO2–water-based nanofluid
was used for the thermal insulation of a flat solar collector. In addition, the outer part of
the absorber was covered with TiO2 nanoparticles to improve its self-cleaning properties.
This made it possible to improve the overall efficiency of the solar collector by almost
50%. Saffarian et al. in [19] proved that the design of the piping and the route of the pipes
inside the solar collector significantly affect the efficiency of the device and the quality of
the heat transfer. By using corrugated pipes through which 4% vol. CuO nanofluid was



Energies 2024, 17, 3107 4 of 32

pumped, an increase of over 78% in the heat transfer coefficient was achieved compared to
a typical solution.

The efficiency of solar installations and fluids that cooperate with heat exchangers can
be effectively assessed using the exergy method, as was performed, for example, in [20–22].
In many papers, the solar energy rate absorbed by the solar collector and the exergetic
efficiency of the system are also determined, for example, by Mostafizur et al. in [23] and
Zhai and Wu in [24]. Iranmanesh et al. in [10] used graphene nanoplatelet nanofluids in a
plate heat exchanger system. The flow of solar fluid ranged from 0.5 to 1.5 dm3/min, and
its mass concentration was 0.025, 0.5, 0.075, and 0.1% wt. The heat-receiving element was
a 50 liter cooling water tank; however, no flow parameters were provided here. Due to
the tropical weather conditions in which the experiment was carried out, the base liquid
was distilled water (there was no need to use glycol admixtures). The basic parameters
determining the efficiency of such a system were the Bejan’s number, entropy generation,
and pumping power. Ultimately, it was concluded that the entropy generation was inversely
proportional to the concentration of the nanofluid, and the Bejan number increased with
concentration but decreased with a higher solar fluid flow. The best results were obtained
with the highest flow of nanofluids (1.5 dm3/min) with a concentration of 0.1% wt. The
exergy and thermal efficiency increased by approximately 40% and 20%, respectively,
compared to distilled water.

Moghaieb H.S. et al. [15] drew attention to highly efficient direct-absorption solar
collector installations based on nanofluids. Nanofluids as working fluids have been proven
to represent an innovative approach to direct-absorption solar collectors for the efficient
conversion of solar and thermal energy [25]. They also have better optical and thermal
properties compared to regular working fluids. The improvement in the thermal and
rheological properties of nanofluids results from their physical properties and observed
phenomena, including thermophoresis, van der Waals, electrostatic double-layer forces,
and Brownian motion. By selecting the appropriate type of nanoparticles, as shown in
several studies [26], a more than 40% thermal conductivity enhancement can be achieved
compared to the base fluid, which was proven by Akhgar et al. in [27]. There, various
artificial neural networks (ANNs) were tested to predict the thermal conductivity of a
0.05–1% vol. MWCNT + TiO2 water–ethylene-glycol-based hybrid nanofluid. There are also
dozens of correlations available in the literature that allow for determining the conductivity
of nanofluids (including hybrid ones) depending on their molecular composition and the
share of individual fractions [28].

Tong et al., in [21], performed a detailed energy and exergy analysis of the operation
of a flat-plate solar collector using Al2O3 and CuO water-based nanofluids. The results
were compared with those for pure water. The highest collector efficiency (approx. 22%
higher than that for water) and the lowest entropy generation were achieved using 1% vol.
Al2O3/water nanofluid. In turn, the exergy efficiency of the FPC was approximately 57%
and 50% higher when using 1% vol. Al2O3 and 0.5% vol. CuO water-based nanofluids,
respectively, compared to pure water. It should be noted here that the research was
conducted in a warm climate (Gwangju, Korea), where pure water (without any additives)
is used most often in typical solar installations. In the moderate or cold climate of Europe,
outdoor solar installations are filled with a mixture of water and glycol, most often ethylene
glycol, which prevents the working medium from freezing in winter, when temperatures
drop to well below 0 ◦C. It is worth noting that the thermal conductivity coefficient of
the mixture of ethylene glycol and water was approximately 30% higher than that in the
case of pure water [29]. It turns out that, in the case of aqueous solutions of nanofluids,
the effect of improving energy or exergy efficiency is usually more spectacular than in the
case of ethylene glycol or oil [22]. Therefore, when comparing these two parameters, one
should always take into account the operating conditions of the installation. So, Ehyaei
M.A. et al. in [22] conducted research for a solar installation located in the capital of Iran,
Tehran, where there is a steppe, Mediterranean climate and average annual temperatures
reach 20 ◦C. This publication [22] presents a numerical analysis consisting of examining,
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among other factors, the energy and exergy efficiency of parabolic trough solar collectors
(PTSCs) working with CuO and Al2O3 nanofluids in volumetric ratios of 1%, 3%, and 5%;
the nanofluids were prepared on the basis of water and oil. The best effects were obtained
for 5% vol. CuO/water nanofluid—with increases in the annual mean energy and exergy
efficiency of dε = 0.09% and dηex = 0.93%, respectively—and for 5% vol. Al2O3/water
nanofluid—dε = 0.03% and dηex = 1.98%. Moreover, it turned out that, in the case of
aqueous solutions of nanofluids, the annual mean energy and exergy efficiencies of PTCs
were higher than those of PTCs involving oil as a base fluid.

In turn, Lazarevikj M. et al. in [11] performed a CFD analysis of heat transfer during
the flow of a water-based Al2O3 nanofluid with volume concentrations in the range of
0.5–3% through a plate heat exchanger. The final results showed an improvement in
the thermal parameters considered, such as the overall heat transfer coefficient, U, the
nanofluid heat transfer coefficient h, and the efficiency, ε, of the plate heat exchanger by
23%, 30%, and 12%, respectively.

In [14], Yashawantha et al. examined the energy efficiency of a plate heat exchanger
that cooperated with a mono nanofluid of Al2O3 produced on the basis of ethylene glycol
in the flow range of 11–19 dm3/min; the nanofluid with a concentration of 0.2–2% wt.
worked as a coolant with an initial temperature of 5–10 ◦C. It was shown that the overall
heat transfer coefficient, U, increased by a maximum of almost 15% (for nanofluids with a
concentration of 2% wt. and an initial temperature T = 10 ◦C) compared to the base liquid.
Additionally, an increase in pumping power of up to 14% was recorded.

Javadi F.S. et al. in [30] showed how the thermodynamic properties and concentration
of liquid nitrogen-based nanofluids affect the mass flow and effective heat transfer in a PHE.
For SiO2 with a concentration of 0.2% vol., the mass flow rate was 0.278 kg/s, and for a
concentration of 2%, it was 2.079 kg/s. For the 0.2% volume fraction of TiO2, and Al2O3, the
mass flow rate m = 0.459 kg/s and 0.439 kg/s, respectively; at a higher concentration of 2%,
the mass flow rate was much higher and equaled 3.861 kg/s and 3.691 kg/s, respectively.

The upgrading of thermal conductivity for TiO2 and Al2O3 is observed to be com-
parable and significantly higher than that in the case of nanofluids with the addition of
SiO2. Moreover, the heat transfer coefficient increases with thermal conductivity and the
concentration of the nanofluid particle volume. It has also been noticed that the criterion
number Pr is inversely proportional to the concentration and varies in a range from ap-
proximately 0.355 for 2% vol. TiO2 nanofluid to approximately 0.414 for 0.2% vol. SiO2
nanofluid. Entropy generation is directly proportional to the concentration of nanoparticles,
and approximately 50% higher for TiO2 and Al2O3 than in the case of SiO2.

Hami et al. in [29] analyzed how the proportion of components of the base liquid
(water in relation to ethylene glycol, W:EG) will affect the efficiency in heat transfer during
turbulent flow and the forced convection of a TiO2 + SiO2 hybrid nanofluid with a con-
centration of 1% and an initial temperature of 30 ◦C, through a refrigeration system. Heat
flux was constant and amounted to approximately 8 W/m2. Among the analyzed W:EG
ratios (20:80, 50:50, and 80:20), the one containing 20% water and 80% glycol turned out
to be the most effective. The decision criterion was a significant improvement in the heat
transfer (almost 30%) with the smallest increase in friction factor, which amounted to 1.03.
Moreover, the thermal conductivity coefficient, k, at maximum Re numbers up to 11,000
increased by up to 24% compared to the base liquid without nanoparticles.

The use of nanofluids in various heating and cooling layouts and processes is ex-
tremely effective because of their proven superior thermal properties. On the other hand,
there are a number of basic limitations and requirements [31], which include, among others,
economic considerations [32], problems with increasing pumping power [33], and sus-
pension stability [34,35]. For example, the pumping power for the highest concentration
analyzed in [10] of 0.1% wt. graphene nanoplatelets nanofluids and at a flow of 0.5 L/min
increased by 6% compared to pure water. This increase in pumping power requirement
applies to most nanofluids, whose density may be approximately 10% higher than that in
the case of pure water [30]. Another problem is the nano-size of mineral particles that can
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potentially damage the pumping device. The necessity of developing a new and innovative
pumping device has been suggested [23]. Other challenges, recommendations, or future
perspectives are also presented in some of the recent publications of Mukherie et al. [5] and
Moghaieb et al. [15].

Papers in which nanofluids cooperate with heat exchangers in solar systems to increase
the intensification of heat transfer are the subject of many studies [17–19,21–23]. However,
in most cases, the cooling efficiency, not heating efficiency, is tested, which is usually not
the same, and the values differ by a few percent [36]. Therefore, nanofluids in exchanger
systems are mainly used as coolants to check and/or increase cooling performance [14,26].
It is difficult to find a case in which the efficiency of a solar installation is determined
and the temperature of the nanofluid is much higher than that of the working medium
on the internal secondary side of the PHE, that is, the hot water installation. This is a
typical situation faced by designers and users. This thesis is confirmed by the publication
by Iranmanesh et al. [10], who highlight this problem. However, the efficiency of a solar
installation working with an aqueous solution of GNPs in warm climate conditions was
tested. In turn, the climate of central Europe forces the use of a base liquid in the form of a
mixture of glycol and water, which protects the installation against possible freezing.

Bio-ethylene-glycol-based TiO2:SiO2 hybrid nanofluid has better thermal properties in
comparison to typical solar fluids that are commonly used glycols, thus requiring more
distinct study.

This paper concerns the determination of, among others, the exergetic and economic
efficiency of a typical solar installation with a PHE separating the primary circuit—with
the solar fluid—and the secondary circuit—in which domestic hot water flows (DHW).
The solar fluid is a hybrid nanofluid TiO2:SiO2 (20:80) with a concentration in the range of
0.5–1.5% vol. and a temperature of 60 ◦C. The base fluid is a mixture of deionized water
and bio ethylene glycol in a ratio of 60:40. The heat-receiving medium is domestic water
with an initial temperature of 30 ◦C. The analysis is intended to demonstrate and confirm
the effectiveness and profitability of using nanoadditives in this type of system. Moreover,
this research expands the general knowledge base on the properties of hybrid nanofluids
and their potential use in the heating industry.

The innovation of this work consists of the analysis of the economic and technical
effectiveness of the use of an exemplary hybrid nanofluid in a solar system with a PHE. The
working medium acts as a heating medium, not as a heated one. Most studies are related
to the use of nanofluids as a coolant on the secondary side of the installation [9,14].

2. Materials and Methods
2.1. Hybrid Nanofluids Preparation and Stability

In this paper, TiO2 nanoparticles with a diameter of 4–8 nm (79.9 g/mol; density
3.9 g/mdm3) from ROTH and SiO2 with a diameter of 10–20 nm (60.08 g/mol; density
2.2–2.6 g/mdm3) from Aldrich Chemistry were used to prepare the hybrid nanofluid;
they were mixed in a mixture ratio of 20:80. The base fluid was a mixture of deionized
water and bio ethylene glycol (62.07 g/mol) in a 60:40 ratio. The nanofluids were prepared
using a two-stage method. In the first step, without the presence of surfactants, using a
mechanical stirrer—R14 CAT—and an ultrasonic cleaner—Proclean 0.7 M of the Ulsonix
brand—mono nanoliquids of TiO2/DI + EG and SiO2/DI + EG with concentrations of 0.5,
1.0, and 1.5% vol. were prepared.

Then, to obtain stable hybrid nanofluids, they were mixed in a 20:80 ratio and exposed
to ultrasound for 3 h and 15 min. The stability of the suspension for the 0.5, 1.0, and 1.5%
nanofluids, after 14 days, was measured with the Nano ZS MPT-2 Zetameter from Malvern
and measured at averages of 56.2 mV, 56.6 mV, and 55.9 mV, which, according to [37], gives
a very good result that allows suspensions to be classified as very stable.
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2.2. Hybrid Nanofluids Properties

To determine the basic physical properties of the suspension, such as the density
ρ(TiO2+SiO2)hn f

and specific heat cp(TiO2+SiO2)hn f
, the rule of mixture (according to Equa-

tions (1) and (2)) was used and the results are shown in Figures 4 and 5; the results
corresponding to the hybrid nanofluid TiO2:SiO2(20:80)/DI:EG(60:40) are marked with
filled symbols, while data from the literature are marked with empty symbols.

ρ(TiO2+SiO2)hn f
=
(
1 − φp

)
ρb f + (0.2·φ)ρTiO2 + (0.8·φ)ρSiO2 , (1)

cp(TiO2+SiO2)hn f
=

(
1 − φp

)
ρb f ·Cpb f + (0.2·φ)ρTiO2 ·cpTiO2

+ (0.8·φ)ρSiO2 ·cpSiO2

ρ(TiO2+SiO2)hn f

, (2)

where φ, ρ, cp relete to the particle concentration, density, and specific heat of the base
fluid (bf ) and nanoparticles of specific types, respectively.
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Figure 4. Density of TiO2 + SiO2/DI:EG hybrid nanofluid as a function of its concentration in
comparison with literature [38].
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Figure 5. Specific heat of TiO2:SiO2/DI:EG hybrid nanofluid as a function of the concentration
concentration in comparison with literature [38].

In Equations (1) and (2), it is assumed that the mixture ratio of TiO2:SiO2 nanoparticles
is 20:80.

A similar method was used in the works by Teng and Hung, Raja et al., Ahammed
et al., Hormozi et al., and Sundar et al. [39–43], where the maximum measurement error
was 2.53% for density and 5.88% for specific heat. Hamid et al. in [38] studied the effect of
temperature on the heat transfer coefficient of titanium dioxide in ethylene-glycol-based
nanofluid. The properties of TiO2/DI:EG 60:40 nanofluids with concentrations ranging
from 0.5 to 1.5% vol. tested by the authors were compared with our own research, and
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it was noticed that, in each case, that is, for each concentration, the density of the hybrid
nanofluid was ~3% lower than that in the case of the mono nanofluid. However, the specific
heat was higher by ~10%.

The dynamic viscosity was assumed based on measurements [44] and is shown in
Figure 6. Measurements were carried out using a RheolabQC rotational rheometer (Austria,
2015) in the temperature range from 30 to 70 ◦C. The angular resolution of the device was
2 µrad. In turn, the thermal conductivity coefficient was determined using a C-Therm TCi
Thermal Analyzer (USA, 2015) with an accuracy of 5%. In most cases, the TiO2:SiO2/DI:EG
hybrid nanofluid is characterized by a higher viscosity than the TiO2 mono-nanofluid [38];
depending on the concentration, these differences range from 1 to 58%. Additionally, using
data developed by Apmann et al. in [45] for 1.5% vol. SiO2 DI:EG 60:40, it is noted that,
at lower temperatures, that is, up to 40 ◦C, the results coincide with this analysis, but at
higher temperatures, discrepancies of up to 18% are noted.
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Figure 6. Dynamic viscosity of TiO2:SiO2/DI:EG hybrid nanofluid versus its concentration in
comparison with literature [38,45].

The thermodynamic properties of the obtained nanofluids (density, specific heat,
dynamic viscosity, and thermal conductivity) were determined for the temperature range
from 30 to 70 ◦C and are presented in Figures 4–7. They were also compared with those
available in the literature. The assumed thermal conductivity coefficient differed only by
0.5% from that given by Hamid et al. in [29], where slightly different proportions of the
base liquid mixture were adopted, DI:EG 50:50 (here, 60:40). Furthermore, in Figure 7b, the
accuracy error of the thermal conductivity k measurements is delineated.
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Figure 7. Thermal conductivity of TiO2:SiO2/DI:EG hybrid nanofluid (a) versus its concentration in
comparison with literature data and (b) with error analysis in comparison with literature [29,38].

The thermal conductivity coefficient k increases significantly with the temperature and
concentration of the nanoparticles, and is approximately 6% higher in the case of the 1.5%
TiO2:SiO2/DI:EG suspension at a temperature of 70 ◦C than that for the pure DI:EG 60:40
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base fluid. However, the parameter k does not change significantly within the analyzed
concentrations of 0.5–1.5% and correlates well with the results presented in [29]; for a 1%
hybrid nanofluid with a slightly different base fluid mixing ratio DI50:EG50, the difference
in value is 0.2%.

2.3. Numerical Modeling

This paper includes a numerical study of the operation of heat exchangers modeled in
MATLAB. The analysis relates to determining the efficiency of the heat exchange with the
counter-current flow of the working fluid heated by a plate heat exchanger. This device is
installed in a solar system to prepare the DHW for a single-family residential building and
is made of stainless steel, with the dimensions given in Table 1 and Figure 8. In this case, the
solar fluid is a TiO2:SiO2 hybrid nanofluid with a concentration in the range of 0.5–1.5%; the
base fluid is a mixture of deionized water and bio ethylene glycol in the DI:EG ratio of 60:40.

Table 1. Technical parameters of the studied PHE.

Plate width between gaskets, m Lw 0.18

Plate height between ports, m Lv 0.48

Plate height between gaskets, m Lp 0.357

Plate width between ports, m Lh 0.06

Port diameter Dp 30

Chevron angle, ◦ β 30

Enhancement factor ϕ 1.15

Surface area/heat transfer area, m2 A 0.3

Corrugation pitch, mm Pc 14.2

Mean channel spacing, mm b 2.8

Plate pitch, mm p 2.8

Plate thickness, mm t 0.45

Total number of plates Nt 6

Pass number Np 3

Thermal conductivity, W/mK kp 9.5
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Figure 9 shows a diagram of the solar installation to prepare the DHW for a residential
building. The PHE visible there constitutes the division between the primary and secondary
sides. In the primary part, the working medium is a hybrid nanofluid TiO2:SiO2/DI:EG,
the flow of which is maintained at a constant level of 3 dm3/min, thanks to the use of
rotameters and a solar pump. A constant and appropriate flow guarantees low heat losses
in the installation, the effective operation of solar collectors without reducing their efficiency,
the optimal ‘consumption’ of the solar fluid without the need for frequent replacement,
long solar pump operation cycles, and the optimal electricity consumption.
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The guidelines and design data recommended by Viessmann [46] for such installations
assume that the flow speed of the solar fluid should be between 0.4 and 0.7 m/s. Therefore,
the required flow should be between 20 and 40 dm3/h for each 1 m2 of active surface of
flat-plate collector, and for vacuum collectors, 40–60 dm3/h.

The model installation includes two flat solar collectors, for which:

• the active area of a single collector is 3.0 m2,

• the required unit flow rate of solar fluid is
.

Vs f ,u = 30 dm3

hm2 .

Taking the above into account, the required solar fluid flow will be as follows:

.
Vn f =

.
Vh =

.
Vs f ,u Au,

dm3

h
, (3)

.
Vn f =

.
Vh = 30·(2·3) = 180 dm3

h = 3 dm3

min .
For a given area of solar collectors used of 6 m2 and the required flow of 3 dm3/min,

the appropriate pipe diameter to guarantee the velocity of the solar fluid in the range of
0.4–0.7 m/s will be DN10 (which is marked in Figure 9).

Hot domestic water flows in the coil located on the secondary side, i.e., on the right
side of the heat exchanger (see Figure 9). The initial conditions assume that its temperature
at the inlet to the heat exchanger is equal to TDHW,in = Tc,in = 30 ◦C, and its flow is
conditioned by the consumption. This work analyzes the DHW flow varying in the range
of

.
VDHW,in = 3–6 dm3/min with a step of ∆

.
VDHW,in = 1 dm3/min and a much larger
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12 dm3/min. It is also assumed that all the connecting pipes are well insulated in the case
of minimizing the heat loss. The initial conditions assume that the temperature of the solar
fluid is equal to Ts f ,in = Th,in = 60 ◦C.

For comparison, an analysis was carried out in [10] to determine the efficiency of a
solar system cooperating with a graphene-based nanofluid and a panel with an active
absorber area of 1.14 m2, for which the flow varied in the range from 0.5 to 1.5 dm3/min,
which is proportional to the assumptions of this work and confirms their validity.

The studied PHE has an expanded heat transfer area of 0.3 m2 and a surface enhance-
ment factor of 1.15. It is used with a Z-type arrangement, has a counter-current flow
corrugation pattern, and consists of six plates. The total number of passes is three, as is
shown in Figure 8.

2.4. Heat Transfer Study

The heat balance of the counter-current PHE system is carried out assuming that its
external surface is very well insulated and that the heat flux transferred from the hot solar
fluid is equal to the amount of heat transferred to the coolant, that is, to the DHW. To
balance the heat of the discussed system, an auxiliary in Figure 10 was used, where 1 is
the hot solar liquid with a temperature Th,in flowing into the exchanger and 2 is the colder
liquid on the DHW installation side with much lower parameters Tc,in, which receives heat.
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The heat transfer rate on the hot liquid side results from the following relationship:

.
Qh =

.
Qhn f = Ch(Th,in − Th,out), (4)

where C is the heat capacity.
The heat quantity received by the cooler liquid is:

.
Qc =

.
QDHW = Cc(Tc,in − Tc,out), (5)
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The heat capacities of the media (the so-called water equivalents) for liquids 1 and 2
(according to Figure 10) result from their fluxes

.
mh,

.
mc and specific heat cp,h, cp,c, and are

calculated as follows:
C1= Ch= Chn f =

.
mhcp,h, (6)

C2 = Cc= CDHW =
.

mccp,c (7)

Differentiating the above relationships:

dTh = −
.

Qh
Ch

, (8)

dTc = −
.

Qc
Cc

. (9)

Further, the elementary difference between fluids is:

d(Th − Tc) = dϑ = −d
.

Q
(

1
Ch

− 1
Cc

)
= −md

.
Q, (10)

where m = 1
Ch

− 1
Cc

.
The average temperature difference for a counter-current PHE is:

ϑr = ϑlog =
ϑ1−ϑ2

ln ϑ1
ϑ2

, (11)

which can be written as:

∆Tln =
∆T1 − ∆T2

ln ∆T1
∆T2

=
(Th,in − Tc,out)− (Th,out − Tc,in)

ln Th,in−Tc,out
Th,out−Tc,in

. (12)

The above reasoning, with knowledge of both the heat transfer coefficient U and the
inlet and outlet temperatures for both factors, allows for the calculation of the average heat
flux (see Equations (13) and (14)) when the size of the heat exchange surface A between
the factors is known, or allows for determining the area A when the size of the heat flux
is known. .

Qav = UA∆Tln, (13)

.
Qav =

.
Qh +

.
Qc

2
. (14)

The method for determining the average logarithmic temperature can be used when
the inlet and outlet temperatures of the media are known; or in the opposite situation, they
can be determined from the energy balance. If only the inlet temperatures are known, the log-
arithmic mean temperature difference method (abbr. LMTD) requires an iterative procedure.

In order to determine the efficiency of the HE, we must introduce the concept of the
maximum heat flux that can be exchanged, i.e., one that is a counter-current of infinite
length. In this case, one of the factors will record the largest possible temperature drop,
i.e., Th,in − Tc,in.

If the heat capacity of the cooling/heat-receiving fluid (here, DHW) is lower than
the fluid from which heat is received, i.e., Cc < Ch, then |dTc| > |dTh|. The cold fluid
will experience a greater temperature change and will be heated to the hot fluid inlet
temperature (Tc,out = Th,in). For this assumption, the following statement is:

if Cc < Ch
.

Qmax = Cc(Th,in − Tc,in), (15)

otherwise:
if Ch < Cc

.
Qmax = Ch(Th,in − Tc,in). (16)
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The following generalization can be made:

.
Qmax = Cmin(Th,in − Tc,in); Cmin = min(Ch, Cc). (17)

Knowledge of the actual and maximum heat flux and heat capacity ratio of fluids
allows for determining the PHE efficiency, ε, which takes values from 0 to 1:

ε =

.
Qreal
.

Qmax

=
Ch(Th,in − Th,out)

Cmin(Th,in − Tc,in)
or

Cc(Tc,out − Tc,in)

Cmin(Th,in − Tc,in)
, (18)

where
.

Qreal ,
.

Qmax are the real and maximum heat flux, respectively.

.
Qreal = ε

.
Qmax = εCmin

(
Th,in − Tn f ,in

)
. (19)

The effectiveness of the PHE depends also on its configuration, and the Number
of Transfer Units (abbr. NTU), see Equation (21). The number of exchanges, NTU, is
a dimensionless quantity, often used in the analysis of the size of heat exchangers and
depending, among others, on their material parameters:

NTU =
UA
Cmin

, (20)

ε = f
(

NTU,
Cmin
Cmax

)
. (21)

For the counter-current flow, the PHE effectiveness can be calculated on the basis
of [47]:

ε =
1 − e−NTU(1− Cmin

Cmax )

1 − Cmin
Cmax

e−NTU(1− Cmin
Cmax )

; for
Cmin
Cmax

< 1, (22)

ε =
NTU

1 + NTU
; for

Cmin
Cmax

= 1. (23)

Then, based on Formulas (4), (5), and (19), it is possible to determine the real av-
erage heat flow

.
Qreal =

.
Qav and the temperatures at the outlet from the exchanger

Th,out and Tn f ,out:

Th,out = Th,in −
.

Qav
Ch

, (24)

Tc,out = Tc,in −
.

Qav
Cc

. (25)

Thus, the overall heat transfer coefficient U may be calculated as:

U =

.
Qav

A∆Tln
=

.
Qh +

.
Qc

2
,

W
m2K

, (26)

1
U

=
1
hh

+
tPHE
kw

+
1
hc

, (27)

where, hh, hc are the convective heat transfer coefficients of the hotter fluid and the coolant,
respectively, and depend on the PHE geometry, fluid properties, and its flow, kw is the
conductive heat transfer coefficient, and tPHE, relates to the plate thickness.

The convective heat transfer coefficients of the hotter fluid, in Equation (27), can be
expressed as:

hh =
khNuh

Dh
, (28)
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where kh is the conductive heat transfer coefficient of the hot fluid, Nuh is the Nusselt
number for the description of the dynamic similarity phenomenon, and Dh refers to
the hydrodynamic channel diameter. The unknown parameters can be calculated from
Equations (29)–(31).

For the laminar flow of the solar fluid, that is, 3 dm3/min, and for the 30◦ chevron
angle of PHE, the Nusselt similarity number can be calculated based on the following
correlation, [48]:

Nuh = Nuhn f = CRemPr1/3 = 0.348 Re0.663Pr0.3, (29)

and for DHW 5250 > ReDHW > 450 [49]:

Nuc = NuDHW = CRemPr1/3 = 0.32673 Re0.6125Pr0.3, (30)

Dh =
2b
ϕ

, (31)

where C and m are constants adopted in accordance with [47], Re and Pr are the Reynolds
and Prandtl nondimensional numbers, respectively, b is the mean channel gap, as shown in
Figure 8, and ϕ is the enlargement factor of the plate area that, as in [8], is usually taken as
1.15–1.25 or a little bit higher for other heat exchangers [49]; detailed geometric data of the
heat exchanger are also given in Table 1.

The Re and Pr numbers are then calculated as follows:

Reh = Rehn f =
GhDh,h

µh
, (32)

Rec = ReDHW =
GcDh,c

µc
, (33)

Prh = Prhn f =
µhCh,h

kh
, (34)

Prc = PrDHW =
µcCh,c

kc
. (35)

In Reynolds number mathematical expressions, Gh, Gc are the hot and cold channels’
mass flow rates, respectively, and µh, µn f are the dynamic viscosities of the two fluids.

Gh =

.
mh

NcpbLw
=

.
Vhρh

NcpbLw
, (36)

Gc =

.
mc

NcpbLw
=

.
Vcρc

NcpbLw
(37)

where
.

mh,
.

mc,
.

Vh,
.

Vc, ρh, ρc refer to the two fluids’ mass and volume flows, respectively,
and their densities, Ncp is the number of channels per pass (a channel is the space between
two adjacent plates; the end plates are not taken into account, so the number of exchanger
channels is the number of plates minus one; odd-numbered channels belong to side I and
even-numbered channels belong to side II), and Lw, is the plate width between gaskets in
line with the dimensions in Figure 8 and Table 1.

Ncp =
Nt − 1
2Np

, (38)

where Np is the pass number (this is the number of changes in the direction of a specific
stream inside the plate pack plus one) and Nt is the total number of plates.
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2.5. Entropy and Exergy Study of PHE

The total entropy generation of the fluid
.
Sgen results from thermal and frictional

entropy [50–52], thus,
.
Sgen,th and

.
Sgen, f r, respectively.

.
Sgen =

.
Sgen,th +

.
Sgen, f , (39)

.
Sgen,th =

.
Qav

2

Nu Re Pr Tin Tout Lv
, (40)

.
Sgen, f =

8 f
.

m2Lv

ρ2π2D2
h(Tout − Tin)

ln
(

Tout

Tin

)
, (41)

where ρ is the density, f is the friction factor, and Lv is the height of the PHE in line with
Figure 8.

As the entropy of the system increases, its degree of disorder, reversibility, and dis-
sipation also increase, and its exergy decreases. The entropy change is defined by its
total differential:

d
.
Sgen =

1
T

d
.

Q, (42)

where T is an absolute temperature and d
.

Q is a small amount of heat supplied to the system.
The friction factor, f, of the working hybrid nanofluid can be calculated from the

expression that includes the pressure drop between the inlet and outlet channels at the PHE:

f =
∆P(

L
Di

)(
ρ v2

2

) =
ρgH(

L
Di

)(
ρ v2

2

) , (43)

where v is the fluid velocity calculated from the mass flow, g is the gravity acceleration, H
is the static pressure drop, Di is the inner diameter of the pipe, and L is its length, which is
in good correlation with the Hagen–Poiseuille law:

f =
64
Re

, (44)

and other friction factor relations [50] with a maximal variation of ±3%.
After determining the thermal and frictional entropy, it is possible to calculate the

dimensionless Bejan number, which, in thermodynamics, is the ratio of thermal entropy to
the total entropy generated of the system [53] (the ratio of heat transfer irreversibility to the
summary entropy generation) and compares the energy lost as a result of friction (pressure
drop) and transferred thermal energy:

Be =

.
Sgen,th

.
Sgen

=

.
Sgen,th

.
Sgen,th +

.
Sgen, f

. (45)

Thereby, the total exergy destruction,
.
Edest, in a heat plate exchanger results from the

total entropy generation and on the basis of the Gouy–Stodola theorem [53], and can be
calculated as follows:

.
Edest =

.
Edest,th +

.
Edest, f= Ta

.
Sgen,th + Ta

.
Sgen, f = Ta

.
Sgen, (46)

where,
.
Edest,th,

.
Edest, f are the thermal and frictional exergy destruction, respectively.
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Further, the exergy efficiency of the PHE is defined as the ratio of the useful exergy
output to the total exergy input [54] and can be written as:

ηexergy = 1 −
.
Edest(

1 −
(

Ta
Tw

)) .
Qh

= 1 −
Ta

.
Sgen(

1 −
(

Ta
Tw,ex

)) .
Qh

, (47)

where Ta and Tw,ex are the ambient and external surface temperatures of the PHE, respectively.
The reference temperature Ta can be estimated from the following energy equation:

Ch(Th,in − Ta) = Cc (Ta − Tc,in). (48)

The temperature of the outer surface of the heat exchanger, Tw,ex was calculated using
the relationship of the heat transfer through a single-layer flat wall.

The relationship between the exergy destruction and the heat flux can be used to
determine the irreversible losses of the installation and is defined as the entropy generation
number Ns:

Ns =
Ta

.
Sgen,th

.
Q

. (49)

The entropy generation number is, thus, directly connected with Bejan, Be (see Equa-
tion (45)). Both of these quantities are inversely proportional to the heat transfer efficiency.

3. Results and Discussion

This section may be divided into subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

This chapter discusses the thermohydraulic analysis of the solar system shown in
Figure 9. A PHE separates the internal and external parts of the DHW installation. On the
external side—thus, on the solar installation—TiO2:SiO2 hybrid nanofluid with various
concentrations of 0.5–1.5% was used as a solar fluid; it was produced on the basis of a mixture
of deionized water and ethylene glycol in a ratio of 60:40. Conditions of a constant flow and
temperature of the solar fluid were assumed here as 3 dm3/min and 60 ◦C, respectively.

On the internal side, the initial temperature of the domestic water was 30 ◦C, and its
flow was variable, ranging from 3 to 6 dm3/min with flow step of 1 dm3/min; additionally,
the results for a much higher flow of 12 dm3/min are also shown.

Based on relationships (32) and (33), the Reynolds numbers were calculated separately
for fluids in the cold and hot channels of the studied PHE. In the hot channel, due to
the constant flow of the working medium of 3 dm3/min, the values of the Re numbers
were slightly variable and depended primarily on the concentration of the nanofluid in the
installation and its thermodynamic parameters, and were 430.25, 368.85, 345.90, and 328.67 for
the concentrations of the TiO2:SiO2 nanofluid of 0%, 0.5%, 1.0%, and 1.5% vol., respectively.

In the cold channel, on the side of the DHW installation, the Re numbers varied from
719 for a flow of 3 dm3/min to 1438 for a flow of 6 dm3/min. Simulations were also
performed for higher flows, corresponding to the water outflow from the intake valve of
12 dm3/min, for which the number Re = 2875.51.

When the corrugated PHE efficiency was analyzed, all of the calculated Re numbers
indicated a laminar flow, except the last extreme value relating to the flow of 12 dm3/min.
In this type of system, it is assumed that laminar flow can persist up to Re = 2000, as claimed
by Kabeel et al. in the works of [55,56], or even up to Re = 2500, as proven by Goodarzi et al.
in [57]. It is worth mentioning that, in the case of a microchannel heat exchanger, Jiang et al.
in [58] observed a turbulent flow already at Re = 600, which, however, does not coincide
with the scope of this study.

Figure 11a–c show how the Re number changes with the nanofluid concentration, flow,
and Nu number. The results were compared with the data available in the literature (for



Energies 2024, 17, 3107 17 of 32

similar flows) [50,59]. As it turns out, nanofluids consisting of two types of nanoparticles
are characterized by a higher Nu number than mono nanofluids. Moreover, the Nu number
is also proportional to the concentration of the suspension. An important observation is
that ethylene-glycol-based nanofluids also increase the Nu number from 10 to 32% [60].
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Figure 11. Nusselt number of (a) studied TiO2:SiO2/water ethylene glycol 60:40—hybrid nanofluid
and (b,c) [36,50,60] other nanofluids according to worldwide researchers versus low Reynold number.

In Figures 12 and 13, the Nusselt number of the DHW is shown during the flow
through the PHE system versus the Reynolds number for variable flows of 3–6 and
12 dm3/min. Our own results were compared with those obtained by Akturek F. et al.
in [49], where the performance of a gasketed-plate heat exchanger with a surface extended
area of A ≈ 0.14 m2 was tested; the average water temperatures on the hot side of the
heat exchanger were Th,av = 71.5 ◦C, and on the cold side were Tc,av = 17 ◦C. The average
difference between the Nusselt number values was Nu = 5.07, that is, approximately 12.7%.
In turn, the average standard deviation between the obtained Nusselt number values was
SD ± 3.59, i.e., approximately 9%. Despite the basic differences between the assumptions
and the input data, the obtained result is very satisfactory, and the validation of the adopted
methodology is positive.

The friction factor for water was calculated on the basis of the Hagen–Poiseuille
law (f = 64/Re), and then compared with the experimental results presented in [50] (see
Figure 14a); the maximum discrepancies in the results reached ±7.0%, however, after
interpolation with a second-degree polynomial (determination coefficient R2 = 0.99), the
functions were convergent and the discrepancies reached less than ±0.5%.
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Figure 12. Nusselt number validation of DHW during the flow through PHE system versus Reynolds
number. (a) own research; (b) in comparison with literature [49].
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Figure 14. Friction factor calculated in present study in comparison with the literature (a) for
deionized water and [50] (b) nanofluids [50,61].

The friction factor for the TiO2 + SiO2/DI + EG hybrid nanofluid in the concentration
range from 0 to 1.5% and the operating temperature of 60 ◦C is shown in Figure 14b. The f
parameter depended on the flow and, in the case of the DI60 + EG40 base fluid, was from
0 to 4% lower than the base fluid used in the tests [50]. However, no discrepancies in the
friction coefficient greater than ±1% were observed in the range of tested nanofluids and
their concentrations and Re numbers, as was visible in the case of the 0.5- and 1.0%-MWCNT
water-based nanofluids at higher flow values [61]. When comparing our own research with
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0–0.3%-MWCNT + Fe3O4 water-based nanofluid [50], the differences between the f values
ranged from 0 to ±7.7%. Therefore, it can be concluded that an increase in the concentration
of nanofluids does not always translate directly into a reduction in the phenomenon of
liquid friction against the pipeline walls, which should be analyzed more thoroughly.

An exergy analysis of the system with an economizer (in the form of a PHE) ex-
changing thermal energy between the internal hot water installation and the external solar
installation with the working medium of a TiO2:SiO2/DI:EG hybrid nanofluid comes down
to determining the exergy efficiency (also cold as the rational efficiency or the second-law
efficiency), ηexergy (see Equation (47)). This parameter determines the efficiency of the sys-
tem under reversible conditions and is defined as the quotient of the useful work/exergy
output of the system to the reversible work/exergy output for work/exergy-consuming
systems. In order to calculate this rational efficiency, first, the total exergy destruction
in the PHE

.
Edest was determined, and then, the entropy generation number Ns and the

dimensionless Bejan number, Be, were calculated.
In Figure 15, the entropy generation number Ns of the solar research arrangement

with a TiO2:SiO2 hybrid nanofluid of varying concentrations that influences the Reynolds
numbers is extracted. The entropy generation numbers are presented for different DHW
flows of 3–12 dm3/min. In turn, Figure 16 shows the variability of the Bejan number
depending on the flow and concentration of nanoparticles. The smaller the values of
entropy generation and the Bejan numbers (Ns and Be), the greater the efficiency of the
system [53].

The Be number was inversely proportional to the concentration of the nanofluid
and increased with the DHW flow by approximately 25% on average, for each of the
analyzed concentrations; however, it decreased with an increase in the flow of nanofluids
through the exchanger on the primary side of the analyzed solar installation. The observed
relationship was confirmed by research conducted by Alklaibi et al. [50], Sundar et al. [62],
and Iranmanesh et al. [10].

Compared to the data presented in the literature, for a similar range of flows, the
Ns and Be values calculated in this case were low; hence, the expected high efficiency of
the solar installation, i.e., the thermal energy transferred to the DHW installation on the
secondary, i.e., internal/user side, would be high, and the losses caused by friction would
be slight. Ultimately, it is concluded that the presence of nanoparticles intensified the heat
transfer in the plate heat exchanger.

The exergy efficiency of the PHE operating based on a base liquid, that is, a mixture
of deionized water and ethylene glycol and a hybrid nanofluid of various concentrations,
depending on the flow on the DHW side ranging from (a) 3 to (e) 12 dm3/min, is shown
in Figure 17.

Only for a comparable solar fluid flow, DHW
.

Vn f =
.

VDHW = 3 dm3/min (see
Figure 17a), and concentrations of 0 and 0.5% vol. was there no significant improvement in
the exergy efficiency. In other cases, the presence of nanoparticles significantly improved the
heat transfer; the higher the concentration and the flow of hot water, the higher the exergy
efficiency was. For example, based on Figure 17a, it is concluded that the TiO2:SiO2/DI:EG
hybrid nanofluid was a 13 to 26% more effective working fluid than the traditional solar
fluid; at Re = 329, the exergy efficiency was ηexergy(0%) = 37.29%, with a nanoparticle
concentration of 0% and ηexergy(1.5%) = 50.56%; with Re = 430, ηexergy(0%) = 57.03%, and
ηexergy(1.5%) = 65.9%. For comparison, work [10] showed a 20% increase in the exergy
efficiency for graphene-based nanofluids compared to pure water.
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Figure 15. Entropy generation number versus Reynolds numbers and volume concentrations
of TiO2:SiO2/DI:EG hybrid nanofluid and different DHW flow from (a) 3 dm3/min, through
(b) 4 dm3/min, (c) 5 dm3/min, (d) 6 dm3/min, up to (e) 12 dm3/min.
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Figure 17. The exergy efficiency of PHE with working fluids of different concentration versus
Reynolds number and DHW flow of (a) 3 dm3/min; (b) 4 dm3/min; (c) 5 dm3/min; (d) 6 dm3/min;
(e) 12 dm3/min.

For the highest flow analyzed on the DHW side, i.e., 12 dm3/min, the exergy efficiency
of the PHE was, on average, 98.5%, but the difference between concentrations was not
significant. The selection of the size of the solar installation, and, therefore, the flow of the
solar fluid, should be closely related to the water consumption, and this should be carefully
calculated, also taking into account the individual preferences of residents and the time of
using sanitary utensils/frequency occurrence of flows with high normative values. Only in
this way will the use of nanofluids be efficient and economically justified.

Figure 18 presents an overall heat transfer coefficient, U, W/m2K of the analyzed
gasket PHE versus the hybrid nanofluid concentration, and the DHW flow is presented
in Figure 18. This coefficient is directly proportional to the concentration and flow of the
DHW. By adding nanoparticles in the amount of a 1.5% vol. fraction to the base liquid, the
overall heat transfer coefficient increased by 100 W/m2K for VDHW = 3 dm3/min and by
177 W/m2K for VDHW = 12 dm3/min, which corresponded to an approx. 7% intensification
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of heat transfer and is a comparable value to that obtained by Okonkowo et al. in [31] for
SiO2/Syltherm-800 based nanofluids at 4% vol. Additionally, when the flow in the DHW
installation changed from 3 to 12 dm3/min, the presence of nanoparticles could cause a
30% increase in the overall heat transfer coefficient from 1700 to over 2400 W/m2K. The
obtained results were also compared with those published by Yashawanth et al. in [14],
where the thermal efficiency of a PHE was tested in the flow range of 11–19 dm3/min; the
temperature difference between the working media, Al2O3 mono nanofluid produced on
the basis of ethylene glycol, and water was ∆T = 50 ◦C; the nanofluid, in this case, worked
as a coolant. The difference between the U values obtained in this work, for an example
concentration of 1.5%, compared to the work [14], was 21%. Moreover, in [14], a maximum
of a 9.8% increase in the U was recorded when comparing the base liquid and the Al2O3
nanofluid with a concentration of 1.5%. In this work, the difference was 7%, which confirms
the same order of magnitude of the obtained parameters.
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Figure 18. The overall heat transfer coefficient of the hybrid nanofluid versus it % vol. concentration
and DHW flow [14].

The overall heat transfer coefficient U derives from the enhancement of the hybrid
nanofluid heat transfer coefficient hnf, which is presented in Figure 19. There were ob-
served intensifications in the hnf by 6.6%, 7.7%, and 11.2% for the TiO2:SiO2/DI:EG hybrid
nanofluid of concentrations of 0.5, 1, and 1.5% vol., respectively, compared to the base fluid.
The obtained values for the laminar flow and low Reynolds numbers were of the same
order of magnitude as those in Okonkowo et al. in [31] and in [14].

Energies 2024, 17, x FOR PEER REVIEW 23 of 33 
 

 

30% increase in the overall heat transfer coefficient from 1700 to over 2400 W/m2K. The 
obtained results were also compared with those published by Yashawanth et al. in [14], 
where the thermal efficiency of a PHE was tested in the flow range of 11–19 dm3/min; the 
temperature difference between the working media, Al2O3 mono nanofluid produced on 
the basis of ethylene glycol, and water was ΔT = 50 °C; the nanofluid, in this case, worked 
as a coolant. The difference between the U values obtained in this work, for an example 
concentration of 1.5%, compared to the work [14], was 21%. Moreover, in [14], a maximum 
of a 9.8% increase in the U was recorded when comparing the base liquid and the Al2O3 
nanofluid with a concentration of 1.5%. In this work, the difference was 7%, which con-
firms the same order of magnitude of the obtained parameters. 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
1300

1400

1500

1600

1700

1800

1900

2000

2100

2200

2300

2400

2500

2600

Al32O:EG; Yashawantha et al. [14]
 V=12 dm3/min

U
, W

/m
2 K

TiO+SiO22/DI:EG
 VDHW=3 dm3/min
 VDHW=4 dm3/min
 VDHW=5 dm3/min)
 VDHW=6 dm3/min
 VDHW=12 dm3/min

φ, % vol.  

Figure 18. The overall heat transfer coefficient of the hybrid nanofluid versus it % vol. concentration 
and DHW flow [14]. 

The overall heat transfer coefficient U derives from the enhancement of the hybrid 
nanofluid heat transfer coefficient hnf, which is presented in Figure 19. There were ob-
served intensifications in the hnf by 6.6%, 7.7%, and 11.2% for the TiO2:SiO2/DI:EG hybrid 
nanofluid of concentrations of 0.5, 1, and 1.5% vol., respectively, compared to the base 
fluid. The obtained values for the laminar flow and low Reynolds numbers were of the 
same order of magnitude as those in Okonkowo et al. in [31] and in [14].  

 
Figure 19. The heat transfer coefficient of TiO2:SiO2/DI:EG hybrid nanofluid with Reynolds number. 

320 340 360 380 400 420 440

2000
2200
2400
2600
2800
3000
3200
3400
3600
3800
4000
4200
4400
4600

TiO2+SiO2/DI:EG
 0%
 0.5%
 1%
 1.5%

h nf
, W

/m
2 K

Re

Figure 19. The heat transfer coefficient of TiO2:SiO2/DI:EG hybrid nanofluid with Reynolds number.



Energies 2024, 17, 3107 23 of 32

In the next step, based on Equations (18)–(23), the effectiveness, ε, of the PHE was cal-
culated for different concentrations of nanofluid, and the results are presented in Figure 20.
The average difference in values observed between the base liquid and the highest of the
analyzed concentrations (1.5%) within each of the analyzed DHW flows (from (a) to (e))
was approximately 2%, and it reached a maximum of 9%. The results obtained were, on av-
erage, approximately 10% higher than the research performed by Yashawanth et al. in [14],
where Al2O3/DI:EG nanofluid with a flow of 12.5 dm3/min and similar concentrations
was analyzed; the differences are shown in Figure 21. In [14], the effectiveness of the PHE,
ε, was 3.5% higher for the 1.5% nanofluid than for the base liquid.

Energies 2024, 17, x FOR PEER REVIEW 24 of 33 
 

 

In the next step, based on Equations (18)–(23), the effectiveness, ε, of the PHE was 
calculated for different concentrations of nanofluid, and the results are presented in Figure 
20. The average difference in values observed between the base liquid and the highest of 
the analyzed concentrations (1.5%) within each of the analyzed DHW flows (from (a) to 
(e)) was approximately 2%, and it reached a maximum of 9%. The results obtained were, 
on average, approximately 10% higher than the research performed by Yashawanth et al. 
in [14], where Al2O3/DI:EG nanofluid with a flow of 12.5 dm3/min and similar concentra-
tions was analyzed; the differences are shown in Figure 21. In [14], the effectiveness of the 
PHE, ε, was 3.5% higher for the 1.5% nanofluid than for the base liquid. 

  
(a) (b) 

  
(c) (d) 

 

 

(e)  

Figure 20. The effectiveness of PHE versus Reynolds number and volume concentrations of 
TiO2:SiO2/DI:EG hybrid nanofluid and different DHW flow from (a) 3 dm3/min, through (b) 4 
dm3/min, (c) 5 dm3/min, (d) 6 dm3/min, up to (e) 12 dm3/min. 

320 340 360 380 400 420 440
0.71

0.72

0.73

0.74

0.75

0.76

0.77

0.78

0.79

0.80

0.81

0.82
TiO2+SiO2/DI:EG, Vc=VDHW=3dm3/min

 0%
 0.5%
 1%
 1.5%

ε

Re
320 340 360 380 400 420 440

0.71

0.72

0.73

0.74

0.75

0.76

0.77

0.78

0.79

0.80

0.81

0.82

TiO2+SiO2/DI:EG, Vc=VDHW=4dm3/min

ε

 0%
 0.5%
 1%
 1.5%

Re

320 340 360 380 400 420 440
0.71

0.72

0.73

0.74

0.75

0.76

0.77

0.78

0.79

0.80

0.81

0.82

ε

TiO2+SiO2/DI:EG, Vc=VDHW=5dm3/min

 0%
 0.5%
 1%
 1.5%

Re
320 340 360 380 400 420 440

0.71

0.72

0.73

0.74

0.75

0.76

0.77

0.78

0.79

0.80

0.81

0.82

 0%
 0.5%
 1%
 1.5%

TiO2+SiO2/DI:EG, Vc=VDHW=6dm3/min

ε

Re

320 340 360 380 400 420 440
0.71

0.72

0.73

0.74

0.75

0.76

0.77

0.78

0.79

0.80

0.81

0.82

ε

 0%
 0.5%
 1%
 1.5%

TiO2+SiO2/DI:EG, Vc=VDHW=12dm3/min

Re

Figure 20. The effectiveness of PHE versus Reynolds number and volume concentrations
of TiO2:SiO2/DI:EG hybrid nanofluid and different DHW flow from (a) 3 dm3/min, through
(b) 4 dm3/min, (c) 5 dm3/min, (d) 6 dm3/min, up to (e) 12 dm3/min.
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Next, the NTU method, discussed in the previous section, was used to analyze the
effectiveness of the HE using thermal equations transformed into dimensionless form. As
shown in Figure 22, the NTU value for the hybrid nanofluid was higher than that for the
base liquid, and for Reynolds numbers in the range of Re = 329–430, it increased linearly
and proportionally to the nanofluid concentration from 5% to 7%; for comparison, work [14]
showed an average improvement of 12% in the quality of the PHE operation compared
to the base liquid. When comparing the values obtained with those of Alklaibi et al. [50],
it can be seen that the NTUs for water-based nanofluids were much lower than those for
mixtures of ethylene glycol and deionized water. This difference was up to approximately
70%, as shown in the next Figure 23; the NTU for deionized water is shown as a solid line,
which is 0.75; for the same flow of 3 dm3/min and the base liquid and ethylene glycol, the
NTU is 2.6.

Further analysis shows how the average NTU value changes with a variable flow
in the DHW installation and Re. A change in NTUav was observed in the range from 2.6
(for the base liquid) to 3.75 (for the 1.5% nanofluid). The higher the flow in the DHW
installation, the proportionally higher the NTUav, and varied from 25% to 27% within a
given number of ReDHW. The highest increase was recorded for 1% nanofluids.

Moreover, for assessing the total performance of the heat exchanger thermohydraulic
performance index, THPI was evaluated in accordance with Equation (50) and is shown
in Figure 24. The parameter explicitly depends on the Nu and f factor, therefore, the heat
transfer and pumping power or the friction factor in laminar or turbulent flow. The higher
the THPI index (preferably > 1), the more effective the heat transfer.

THPI =


(

Nuavg,NF
Nuavg,BF

)
(

fNF
fBF

) 1
3

. (50)

It turned out that THPI increased with the flow and was much higher than 1 for
nanofluids, but no significant differences were observed between the values of this indicator
for nanoliquids with the analyzed concentrations.

The ability to assess the qualitative impact of data disturbance on the result is the
basis for numerical calculations. The sensitivity of the solution to the initial data was
determined by the so-called conditioning of the numerical task. A task is ill-conditioned if
small (relative) changes in the initial data produce large (relative) changes in the results,
which was almost not observed in this case. However, some of the input data came from
measurements, which is why the assessment of measurement uncertainty, especially with
respect to the key input parameters, was determined using Method B for estimating the
uncertainty resulting from the precision of the measuring instrument. The measurement
error is shown in Figure 17b. The maximum absolute error was 5%.
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Figure 22. The number of transfer units of PHE using TiO2:SiO2/DI:EG hybrid nanofluid hybrid
nanofluid as a function of Reynolds number and different DHW flow from (a) 3 dm3/min, through
(b) 4 dm3/min, (c) 5 dm3/min, (d) 6 dm3/min, up to (e) 12 dm3/min.
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Figure 23. An average number of transfer units of PHE using TiO2:SiO2/DI:EG hybrid nanofluid as a
function of DHW and Reynolds number [2].
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Figure 24. THPI of TiO2:SiO2/DI:EG hybrid nanofluid at different Re and concentration.

If the energy efficiency of the exchanger was determined in real conditions, the param-
eters measured in an indirect way ε and ηexergy would be influenced by many measurement
values. In this case, it was Equations (18) and (47), the solution to which, due to measured
quantities, can be written in the following form:

ε = f (Dh, Lp, µ, k, cp, T,
.

V)

ηexergy = f (Dh, Lp, µ, k, cp, T,
.

V, A)

The equation provides the basis for an uncertainty analysis, which, in real conditions,
should be conducted with the total differential method, using the following dependence:

∆ε =
∂ f

∂ f
∂ Dh

∆Dh +
∂ f

∂ f
∂ Lp

∆Lp +
∂ f
∂ f
∂ µ

∆µ +
∂ f
∂ f
∂ k

∆k +
∂ f

∂ f
∂ cp

∆cp +
∂ f

∂ f
∂ T

∆T +
∂ f

∂ f
∂

.
V

∆
.

V +
∂ f

∂ f
∂ A

∆A, (51)

and a similar one for exergy efficiency.
According to previous research, the value of these errors does not exceed 5% [33].

4. Economic Analysis

Using simple mathematical formulas provided in the literature [32], the unit total cost
of producing the TiO2:SiO2/DI:EG nanofluid was calculated (see Equations (52) and (53)).
It was compared to the price of the ethylene glycol mixture that is standardly filled in solar
installations, and the results are summarized in Table 2.

CT = CNano + CBase,
EUR
dm3 , (52)

CNano =
cu ρ V
0.001

+ Cother,
EUR
dm3 , (53)

where CNano is cu, EUR/1g is the unit cost of purchasing nano particles, ρ is the density of
the nanofluid, V is the volume, Cother accounts for the variable additional costs related to
the preparation of the suspension like maintenance costs or stabilization, and CBase is the
unit purchase price of the base liquid.
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Table 2. Total gross unit costs of the preparation of TiO2:SiO2/DI60:EG40 nanofluids with various
nanoparticle concentrations.

No. Working
Fluid

Concentration,
% vol.

Nanofluid Gross Costs, EUR Nanoparticle Size,
nm

Market Net Unit Price of
Nanoparticle, EURof 1 dm3, EUR

1 DI60:EG40 - 1.87 - -

2 TiO2:SiO2

0.5 137.25
4–8

10–25
TiO2: 10 g~61
SiO2: 50 g~1141.0 554.13

1.5 1261.59

Then, using the correlation proposed by Hsieh et al. in [63] (see Equation (54)), the heat
transfer enhancement ratios of the studied hybrid nanofluids of the proposed concentrations
were calculated, and the results are shown in Figure 25. The use of 1.5% TiO2:SiO2/DI:EG
hybrid nanofluid in a flat solar collector system can contribute to approximately a 35%
intensification in heat transfer compared to the base liquid.

h
hmax

= 1.1
(

q
qmax

)0.49( φ

φmax

)0.23
, (54)

where h is the heat transfer coefficient, q is the heat flux, and φ is the nanoparticle volume fraction.
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Figure 25. Heat transfer enhancement ratios of TiO2:SiO2/DI:EG hybrid nanofluid versus
Reynolds number.

Assuming that the solar installation is 3 dm3, the cost of 1.5% nanofluid is approx-
imately EUR 3785, so the investment outlays are much higher than those in the case
of using a mixture of water and ethylene glycol. However, if we take into account the
35% intensification of heat exchange, the outlays will pay off after approximately 7 years,
SPBT = 7.37 years.

If we take pumping power as the profitability criterion, the operating cost required to
maintain the flow through the solar channel is proportional to the pressure drop [49]:

Cop =

(
Wn f Cel

)
−
(

Wb f Cel

)
(

Wb f Cel

) , (55)
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where W is the pumping power and Cel refers to the unit costs of electricity, Cel = 0.18 EUR/kWh.

Wn f =

( .
mn f

ρn f

)
∆Pn f =

.
Vn f ∆Pn f =

.
Vn f

(
ρn f gH

)
, (56)

where ∆Pn f is the difference in pressure between the inlet and outlet of the solar fluid
through the analyzed PHE, g is the gravity acceleration, and H is the vertical pressure height.

The power required to pump nanofluids and its associated costs increase in direct pro-
portion with the suspension concentration, as shown in Figure 26. The power requirement
for a circulation pump pumping only a pure working medium consisting of a mixture of
water and glycol is 2.1 W and is 30% higher than that for 0.5% TiO2:SiO2/DI:EG nanoflu-
ids. Furthermore, the costs associated with the electrical energy required to pump the
nanofluids are, therefore, negligible.
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Figure 26. The pumping power requirement of TiO2:SiO2/DI:EG hybrid nanofluid versus
its concentration.

Using renewable energy sources in a diverse European climate [64] and other potential
limitations and challenges in studying solar installation are broadly discussed in [65–67].

5. Conclusions

In this paper, water–ethylene (60:40)-glycol-based TiO2:SiO2 hybrid nanofluids were
numerically studied as solar fluids in a domestic hot water installation. A plate heat
exchanger was placed in the installation and separated the primary circuit—with the so-
lar fluid—and the secondary circuit—in which domestic hot water flowed. The hybrid
nanofluid TiO2:SiO2 (20:80) with a concentration in the range of 0.5–1.5% vol. and a
temperature of 60 ◦C were prepared by two-step method and checked for their stability
with a Nano ZS MPT-2 Zetameter. The properties of the suspensions were experimen-
tally examined for their flow rates in the range

.
VDHW,in = 3–6 dm3/min with a step of

∆
.

VDHW,in = 1 dm3/min, and much larger 12 dm3/min. The innovation in this work was to
analyze the economic and technical effectiveness of the use of exemplary hybrid nanofluids
with a PHE in the solar installation system. Working fluids acted as heating, not as heated
medium. Most of the studies related to the use of nanofluid as a cooling agent on the
secondary side of the installation.

In this study, many thermodynamic parameters were calculated and they indicated
that TiO2:SiO2/DI:EG hybrid nanofluid enhanced the performance of the plate heat ex-
changer. The most significant conclusions are the following:

- the thermal conductivity coefficient, k, increased significantly with the temperature
and concentration of the nanoparticles of approximately 6%;

- a change in NTUav was observed in the range from 2.6 (for the base liquid) to 3.75 (for
the 1.5% nanofluid). The higher the flow in the DHW installation, the proportionally
higher the NTUav; it varied from 25% to 27% within a given number of ReDHW;
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- ethylene-glycol-based nanofluids increased the Nu number from 10 to 32% depending
on the suspension concentration; at Re = 657, the Nu of 1.5% TiO2:SiO2/DI:EG hybrid
nanofluid in the PHE was 5% higher than that of the base fluid; but the friction factor,
f, increased with the concentration and did not significantly exceed the base fluid
friction factor—0 to 4% growth;

- the entropy generation number, Ns, was lowered to ~15% using a 1.5% suspension
compared to the base fluid;

- the Bejan number, Be, was inversely proportional to the concentration of the nanofluid
and increased with the DHW flow by approximately 25% on average, for each of the
analyzed concentrations; it also decreased with the increase in the flow of nanofluids
through the PHE on the primary side of the analyzed solar installation;

- The TiO2:SiO2/DI:EG hybrid nanofluid was a 13 to 26% more effective working fluid
than the traditional solar fluid; at Re = 329, the exergy efficiency was ηexergy = 37.29%,
with a nanoparticle concentration of 0% and ηexergy(1.5% vol.) = 50.56%; with Re = 430,
ηexergy(0%) = 57.03% and ηexergy(1.5%) = 65.9%;

- the overall heat transfer coefficient, U, increased by 100 W/m2K for VDHW = 3 dm3/min
and by 177 W/m2K for VDHW = 12 dm3/min, which corresponded to approx. a 7%
intensification of the heat transfer;

- based on the heat transfer enhancement ratios, it is concluded that the use of 1.5%
TiO2:SiO2/DI:EG hybrid nanofluid in a flat solar collector system can contribute to
approximately a 35% intensification of heat transfer compared to the base fluid;

- the effectiveness, ε, of the PHE increased with the nanofluid concentration and the
flow in the DHW system, and was 3.5% higher for the 1.5% nanofluid in comparison
with the base fluid for each DHW flow;

- using nanofluids, in some cases, will pay off after approximately 7 years.
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