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Abstract: Solar electric and solar thermal energies are often considered as part of the solution to the current
energy emergency. In the present work, a study of the characteristic length of tubes in flat photovoltaic-thermal
(PVT) hybrid solar devices has been carried out using three heat transfer fluids: water, Emim-Ac ionic liquid and
ionanofluid of graphene nanoparticles suspended in the above ionic liquid. Experimental measurements and
numerical simulations have been performed using the HEATT® platform. Slower fluid velocities are
recommended if high fluid outlet temperatures are the goal of the application, but this penalizes the overall
thermal energy production. The characteristic process length, or most efficient distance at which heat transfer
occurs, is not typically achieved in parallel tube PVT collectors; coil-type panels can improve the thermal and
temperature performance of INFs in PVT solar collectors depending on the application.

Keywords: solar energy; photovoltaic-thermal collectors (PVT); characteristic length; ionanofluids; HEATT®

1. Introduction

A consensus is emerging that renewable energies, and in particular energy from the sun, will
play a central role in the context of the energy transition to a more sustainable model. This is
evidenced by a growing body of literature on the subject, including references [1], [2], [3], [4]. Solar
energy is arguably the most pervasive, plentiful, and cost-free energy resource accessible to humanity
[5], [6], [7], [8]. Despite the fact that solar energy, encompassing both thermal and photovoltaic
technologies, can be regarded as mature fields, it is evident that there is still considerable scope for
enhancement in efficiency, particularly as new applications and demands emerge. Consequently, it
is imperative to persist in research and integration of novel technologies to facilitate more effective
utilisation of the solar resource [9].

As is well known, there are different ways of using solar energy. Low-temperature solar thermal
energy obtained through flat plate collectors (FPSC) for the production of domestic hot water and
other low-temperature applications was the most developed during the second half of the 20th
century. [10]. In the last 10 years, however, it is photovoltaic solar energy that has seen spectacular
development, becoming one of the main sources of electricity generation in many countries. [11].

One type of solar collector that is receiving increasing attention is the so-called hybrid
photovoltaic-thermal (PVT or PV/T) collector [12], whose main attraction is that they simultaneously
provide thermal and electrical energy, both of which are needed in multiple applications, both in the
residential and service sectors and in industry. [13]. It can be called a two-in-one panel. PVT collectors
are receiving increasing interest, sometimes as a replacement for PV panels in domestic installations
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[14], as shown by the fact that this market is growing rapidly, with a growth rate of around 13% in
2021 [12]; hybrid collectors from different manufacturers and models can be found on the market.
[15].

In their most classic configuration, these panels are composed of a first layer of photovoltaic
cells, under which there is a solar thermal collector very similar to the conventional FPSC, capable of
collecting a good part of the solar radiation that the photovoltaic cells are not able to take advantage
of [12], [15]. The photovoltaic cells, capable of converting around 20% of the solar radiation into
electrical energy, benefit from the cooling effect that the heat transfer fluid of the thermal part exerts
on them, thus reducing their efficiency loss at high external temperatures, while the thermal part is
adversely affected because it receives less solar radiation than it would if it did not have to pass
through the layer of photovoltaic cells. However, this reduction in thermal efficiency is not very
important, because the temperatures reached in the absorber plate of the PVT collector, and
consequently the heat losses, are lower than in the case of FPSC collectors. Consequently, the
combined thermal-electrical efficiency of the PVT panel per unit area exceeds that of a photovoltaic
or thermal panel, reaching up to 80% in certain applications [15]. Compared to photovoltaic
collectors, the additional thermal output of hybrid systems makes them more cost-effective than
stand-alone photovoltaic and thermal units with the same total aperture area. [12].

There are currently many publications on PVT collectors, most of which use water as the heat
transfer fluid [14], [16], [17]. Recently, several researchers have optimized the electrical and thermal
production of hybrid collectors by modeling their operating conditions [18], [19], including through
artificial intelligence and machine learning [20].

Another line of research is that which explores new heat transfer fluids that improve the
performance of PVT collectors, both in their function of cooling the photovoltaic cells and in their
thermal production, in both cases to improve the efficiency of the whole, which is largely derived
from the thermophysical properties of the fluid. As in FPSC, in PVT collectors, in addition to water,
other fluids such as glycol solutions, brines or, more recently, nanofluids are used [21], [22], [23].

The addition of suitable nanoparticles to a base fluid, such as water, can significantly improve
its thermophysical properties [24]. For solar thermal or thermal-photovoltaic applications, usually
the most significant property on which the performance of the collectors depends is the thermal
conductivity of the heat transfer fluid [10]. In solar energy, nanoparticles of metals, metal oxides,
graphene or other materials with high thermal conductivity have been used, which significantly
increase, depending on their concentration and particle size, the thermal conductivity of the heat
transfer fluid, so their effect is always beneficial [25], [26].

Emmanuel et al. concluded that nanofluids of different types show better performance in PVT
modules compared to other collector components due to their enhanced thermal conductivity that
improves heat transfer as well as the cooling process of PV panels [15]. Said et al. found that the use
of nanofluids typically improves the efficiency of the hybrid collector by more than 5% [27].
Abdelrazik et al. analytically evaluated the optical, stability and energy performance of water-based
MXene nanofluids in a hybrid PVT collector, proving the suitability of this type of nanofluid for
improving collector performance [28]. Aslfattahi et al. evaluated the performance enhancement of
concentrated photovoltaic thermal collector using also MXene nanofluids employing silicone oil as
the base fluid for applications up to 150°C [29].

Water is a heat transfer fluid with thermal properties that are hard to overcome, although it has
certain limitations such as high vapor pressure, relatively low boiling point and high melting point,
corrosion, etc. FPSCs normally operate below 100 °C, but can reach this temperature or higher in
severe weather conditions or failures, with steam production, which can lead to plant shutdown and
overheating [10]. Therefore, it is very interesting to use low vapor pressure fluids as working fluid
for medium-high temperature applications.

Ionic liquids (IL) are organic salts that have a melting point below 100°C, can remain in the liquid
phase up to approximately 400°C and in many cases, their freezing points are below 0°C. In addition,
they have a very low vapor pressure, high thermal and chemical stability and, very important in
practical applications, no corrosion problems. On the other hand, their thermal conductivity and
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specific heat are significantly lower than those of water, their viscosity is much higher and their price
is currently very high. On the other hand, ILs are also capable of suspending nanoparticles that
improve their heat transfer properties so that they can approach those of water or other fluids,
without losing their thermochemical advantages [30]. These properties make ILs, alone or as a base
fluid for nanofluids, interesting candidates for use in solar energy in medium and even high
temperature applications.

Nieto de Castro et al. [31] introduced the term ionanofluids (INFs) for a new generation of
nanofluids where the ILs play the role of a base fluid. ILs have proven their suitability for producing
very stable suspensions with many nanoparticles of different nature, which can significantly improve
the thermophysical properties of the base fluid. Compared to ILs, INFs offer better thermal
properties, specific heat and thermal conductivity, among others, at low cost. Nanofluids can be made
more stable by using ionic liquids, whose anions and cations provide an electrostatic layer around
the nanoparticles that prevents them from accumulating [32]. Jézwiak et al. [33] reported substantial
increases in thermal conductivity of up to 70% with high aspect ratio carbon nanotubes (CNTs). In
the case of graphene nanoplatelets (GNPs), remarkable increases in thermal conductivity of about
30% were observed [34]. Haseci¢ et al. numerically modeled and analyzed the heat transfer
performances of ionic liquids [C4mpyrr][NTf2] and ionanofluids with Al2Os nanoparticles under a
laminar flow regime [35].

The use of ionanofluids in solar energy has not been widely cited to date. Das et al. numerically
evaluated the behavior of a binary ionanofluid based ionic liquid (IL) + water binary solution with
two-dimensional MXene (Ti3C2) nanoadditives at different concentrations in a PV/T hybrid solar
system, finding that the optimum concentration was 0.20 wt % [36]. Shaik et al. [32] modeled an
artificial neural network and optimized the thermophysical behavior of MXene ionanofluids for solar
photovoltaic-thermal hybrid systems by analyzing nanoparticle concentration and temperature.
Moulefera et al. have recently published the synthesis and characterization of different ionanofluids
(INFs) based on 1-ethyl-3-methylimidazolium acetate ([Emim] Ac) ionic liquid (IL) or [Emim]
Ac/water mixtures as base fluid and graphene oxide (GO) as nanoparticles, as well as their
performance evaluation in an experimental flat plate solar thermal collector (FPSC) [9]. These works
are an example of the interest in the use of INFs in solar energy.

One circumstance to take into account is that in solar collectors, either FPSC or PVT, the flow
that typically occurs is of the forced laminar type, given the low velocity and diameter of the tubes
through which the fluid circulates. This produces a temperature field in the fluid section that is far
from uniform, as shown by Seco-Nicolas et al. [37]. This field depends on the thermofluidic properties
of the fluid and the flow conditions and is related to the concept of characteristic length [38], which
marks the length of pipe required for the thermal process to be considered complete and, therefore,
the length of pipe required for an efficient use of the pipe, which has undoubted consequences for
the design of equipment. This characteristic length can be obtained from the evaluation of the thermal
field inside the pipe through the free access platform HEATT® (HEATT (um.es)) [39], [40]. Given that
commercial solar collectors are currently designed assuming that the working fluid is water or
another fluid with properties of the same numerical order [12], the use of fluids with thermofluidic
properties that may be very different requires a specific evaluation of their thermal field and
characteristic length.

From ionanofluids (INFs) produced by addition of graphene nanoparticles (GNP) to 1-ethyl-3-
methylimidazolium acetate [Emim]Ac ionic liquid (IL) characterized by measuring their
physicochemical and thermophysical properties [9], the objectives of this work have been:

* Test the base ionic liquid and the INF produced as heat carrier fluid in a commercial solar
thermal-photovoltaic hybrid (PVT) collector to compare its performance with that of water and
determine the suitability of current PVT collectors for the use of INFs.

»  Study by numerical simulation by means of the HEATT application the thermal field inside the
PVT collector tubes in order to optimize the tube length and the operating conditions of the
collector based on the concept of characteristic length.

d0i:10.20944/preprints202410.0201.v1
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2. Materials and Methods
2.1. Materials

Water, IL 1-ethyl-3-methylimidazolium acetate (> 95% purity), [Emim] Ac supplied by IoLiTec
(Heilbronn, Germany) and ionanofluid (INF) 1% by mass of graphene nanoparticles in the above
ionic liquid (Gr-INF) were used as working fluids.

Physical methods such as agitation, sonication, homogenization, microwave, plasma or laser
ablation, as well as chemical methods such as covalent or non-covalent functionalization have been
used to prepare the ionanofluid [41]. The main physicochemical properties measured for the
characterization of INF are thermal and electrical conductivities, viscosity, density, specific heat
capacity, among others. The INF produced showed high stability [9]. Table 1 shows the average value
of the properties in the temperature range used in this work. For more details, see [9]. Values of IL
[Emim]Ac have been obtained from Ionic Liquids Database - ILThermo (nist.gov).

Table 1. Thermophysical properties of Water, [Emim]Ac and Gr-INF wt 1% at 40°C.

Water [Emim]Ac Gr-INF 1%
Density, p (kg m?) 990 1088.7 1100
Specific heat, cp (J kgt K1) 4210 1939.95 2025
Thermal conductivity, k (W m1K1) 0.66 0.19915 0.24
Dynamic viscosity, u (Pa s) 4.27E-04 0.034 0.01

2.2. Solar collector tests

Experimental tests were carried out at the Solar Laboratory of the University of Murcia. (Spain).
The laboratory is equipped with different types of commercial solar collectors, as well as
experimental ones, including a hybrid solar thermal-photovoltaic (PVT) collector of the Endef brand
(Hybrid solar panel - Endef), in addition to appropriate measuring instrumentation. Figure 1 shows
a current image of the plant, showing conventional solar thermal collectors (left), PVT hybrid
collector (in the center, inside the circle) and vacuum tubes (right). The Endef collector is of the riser
header configuration [12] or parallel-riser type, in which the inlet (bottom) and outlet (top) of the
collector are connected by a set of parallel tubes (risers) through which the heat transfer fluid flows
[42].

Figure 2 shows details of the PVT collector installation and instrumentation. Table 2 shows the
main dimensions of the PVT collector. The measuring instrumentation is periodically checked and
calibrated and the tests were carried out following the basic indications of the current solar collector
testing standards. [43].

Table 2. Dimensional characteristics of Endef PVT collector.

External tube diameter, De (m) 0.008
Tube thickness, e (m) 0.0004
Tube length, L (m) 1.52
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Figure 1. Solar collectors at the Solar Laboratory of the UMU. Conventional solar thermal collectors
(left), PVT hybrid collector (centre) and vacuum tubes (right).

The useful heat produced in the solar collector, Qi (W), is accounted by Eq. (1), being m (kg s
1), the mass flow rate and ¢, (J kg'K™) specific heat of the fluid.

Qcor =m - Cp(Tout —Tip) =1 Cp- AT, (@)

The electrical energy produced, Pe, is simply the product of the voltage V (V) and the intensity
I (A) generated in the collector, Eq. (2).

Pu=1-V, @)

The thermal efficiency of the collector and the temperature rise of the fluid were analysed in
order to show the performance of the PVT collector. The thermal efficiency, denoted as nu, is
determined using the stationary efficiency method outlined in the UNE-EN 12975-2:2006 standard
[44], as well as in earlier literature [10], [25], [27], [45], Eq (3), being G the solar irradiance (W m?2).

- Cpy(Toue — T;
Nen = p( out m)/ScolG/ (3)

The overal collector efficiency can be calculated using Eq (4):

+P
Nov = Qcot el/ScolG’ (4)

h‘»?s\ﬂﬁ!\ fx\‘».
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Figure 2. Experimental set of solar PVT panel. A) Tank, B) Data logger, C) Heat exchanger, D) Pump,
E) Photovoltaic regulator, F) Flowmeter, G) Solar panel, H) Inlet temperature probe and I) Outlet
temperature probe.

2.3. Numerical simulation: the HEATT® Platform

The numerical simulations have been carried out by means of the HEATT® Platform [46]. This
platform can solve the thermal temperature distribution of homogeneous fluids flowing inside round
tubes in a forced laminar regime [39], that usually occurs in solar collectors. The platform is free and
easy to use (HEATT (um.es)). It is currently in version 1.0, and a more advanced version is under
development.

fll

Discover
HEATT

HEATT is a free access pro
calculating the thermal fieldsn
and straight tube of circular sec

contains it for different external a
thermal conditions.

HEATT®

OPEN SOFTWARE

Figure 1. Home page and logo of HEATT.

The platform is based on a program that solves the problem known as Conjugate Extended
Graetz Problem [47] but subjected to radially asymmetric boundary conditions which makes a 3D
model necessary. Essentially, the behavior of a fully developed flow of a Newtonian fluid under
forced-laminar convection conditions circulating inside a circular duct in Tin is studied. At a certain
point (in this case when the fluid enters the solar collector) the upper part of the external surface of
the tube is subjected to the temperature Tex (Figure 4), the lower part of the tube surface being
thermally insulated. Consequently, the fluid begins to heat up, ideally, if the tube is long enough,
until it reaches the external surface Tex.

The model considers heat transfer by conduction through the tube and the fluid itself, both in
radial and axial directions. On the other hand, laminar flow avoids mixing of the different fluid layers,
while buoyancy is not relevant as there is no natural convection [48]. The conditions required to
consider forced laminar flow were established by Suryanarayana [49], and are summarized in the
compliance with the dimensionless values in Table 3, where p is the density, v the fluid velocity, p
the dynamic viscosity, g the gravity accelation, B the thermal expansion coefficient and AT the
temperature gradient in the tube surface.

Table 3. Dimensionless numbers for laminar forced-convection flow.

Dimensionless number Equation Condition  Title TitleTitle
1 2 3
Reynods Nr, R _pv0 1E2<Re<2E3 ent
eynods Nr, Re o= , e enlry data data
Prandtl Nr., Pr*D/L p2_YD_Dvieo 0,01<Pr*D/L<1 entry ,  data
L al L k 5 data |

Rayleigh Nr, Ra Ra=Gr-Prl— gﬁATD3 vD D*ATp ¢ <1E3
L

This process is very similar to that occurring in solar collectors. For further details on the physical
and numerical model, including boundary conditions, see [37], [38], [39].
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Figure 2. HEATT Physical modell.

Applications of the programme include solar thermal collectors, where its results have been
verified [37], and other equipment where the forced laminar flow conditions [49] and the boundary
conditions of the problem are satisfied. Although the boundary condition of a solar collector is more
similar to that of a constant external heat flow over the surface of the tube, the results of the
temperature evolution with the boundary condition used by HEATT (constant external temperature)
have been validated in [37] to predict the radially asymmetric temperature field inside the tubes of
solar collectors, and under these conditions it is used in the present work.

2.4. Characteristic length

The so-called characteristic length, L*, is a hidden quantity, which means that it cannot be
measured with standard meters, with different meanings depending on the process. To the one
considered in this work the characteristic length reveals the length needed for the potential heat
transfer process to be completed [38], [50], [51], [52], i.e., when the entire fluid reaches, or at least
aproaches, the external temperature. In this case, it has been measured as the length needed for the
center of the fluid to reach 90% of the external surface temperature.

It is assumed that the characteristic length is an important design criterion: if the tube length is
lower than L* the thermal potential of the device is not profited. Conversely, if the tube length is
greater than L*, this excess is thermally useless. Figure 5 shows the assessment of the characteristic
length in a particular case.

T:=100°C __ |
a

?

95

90

85 1

80+

0.9(T>- Ty)

Temperature (°C)

AT=

75

70

\ 4

65

T:=65°C / i 1 2 3 a

Pipe length (m)
M

Figure 3. Characteristic length (L*) assessment in a particular case, where Ti is the fluid inlet

¢---——-——-——-——-====

temperature and T2 the external tube temperature.

3. Results

This section may be divided by 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.

3.1. Experimental fluid temperatures
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Although the study of the performance of the hybrid collector is not the main purpose of this
work, Table 3 shows representative experimental results for the three fluids flowing through the PVT
collector obtained in two test campaigns on the PTV collector carried out for organizational needs of
the laboratory in different seasons. For this reason, the flow rates, irradiances and inlet temperatures,
Tin, are of the same order, but not exactly the same, having been maintained within the range
recommended by the standards. Thus, the volumetric flow rates inside the collector Ve are around
1.2-2 L s/100 m? of collector, the data were obtained in the four central hours of the day and the
irradiances are above 700 Wm2. These differences in test conditions do not prevent their results from
being considered comparable for the purposes of this work. In this sense, the different outlet
temperatures, Tow, and temperature jump, AT, have their origin more in the characteristics of the
fluids than in the test conditions.

As can be seen in Table 1, the specific heat of water is more than twice that of ionic liquid (IL)
and ionanofluid (Gr-INF), resulting in higher temperature jumps, ATwl, in Gr-INF with respect to
water despite a lower irradiance G, as can be observed in Table 4. On the other hand, the useful heat,
Ql, and thermal and overall efficiencies, N, and Nov, respectively, show different rates, resulting in
Gr-INF obtaining the highest temperature jump and efficiency of the three fluids. Also very striking
is the poor thermal performance when using the ionic liquid, which contrasts sharply with that
offered by the same substance when forming the ionanofluid with graphene particles.

In the case of electric power, there is not such a wide variation depending on the fluid and its
operating conditions. Electricity production, Pe, is higher in the case of water, probably due to the
lower average temperature of the heat transfer fluid, although the differences are not very
pronounced since the temperatures and irradiances are in similar ranges. The best overall
performance is obtained when using the Gr-INF.

Table 3. Experimental results in PVT collector of water, [Emim] Ac ionic liquid (IL) and Graphene
oxide ionanofluid (Gr-INF).

m (kg SV (m S'l) G (Wm' Tin (QC) Tout (QC) ATcol (K) Qcol (W) Pl (W) MNth (%) MNov (%)
D) %)
Water 0.0380 0.086 955.7 38.9 443 54 862.8 80.0 58.2 63.6
EmimAc 0.0287  0.059 900.0 41.7 46.2 4.5 250.3 72.9 17.9 23.2
Gr-INF 0.0334 0.068 845.8 38.6 50.3 11.7 790.9 74.7 60.3 66.0

3.2. HEATT simulations

The external asymmetry of thermal conditions that occurs in solar thermal devices results in
asymmetric temperature fields in the fluid, despite the small diameter of the tube. This is because, as
mentioned above, laminar forced convection typically occurs in these devices due to low fluid
velocities (v <0.1 m s-1), as can be seen in Table 3. In addition, the other conditions for laminar forced
convection established by Surianarayana [49] are met. Consequently, the HEATT platform can be
used to study the temperature field inside the tubes.

Figure 6 shows the fluid temperatures along the cross section at different distances (L/10 to L)
from the tube inlet for the [Emim]Ac conditions in Table 4. As can be seen, the fluid temperature is
far from homogeneous along the cross section, due to laminar flow and the absence of buoyancy. In
the vicinity of the tube inlet (L/10) almost all the fluid is at the inlet temperature, which practically
does not vary at the end of the tube. Consequently, it can be said that the potential heat transfer
process, which would have taken place if all the fluid had ended up at the temperature outside the
tube, has not taken place in the tube or, in other words, that the characteristic length has not been
reached for which a longer tube would have been necessary.


https://doi.org/10.20944/preprints202410.0201.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 October 2024 d0i:10.20944/preprints202410.0201.v1

Figure 4. Cross-sectional temperatures at different lengths (L/10 to L) from inlet.

Figure 7 shows the results of the simulations of the three fluids of Table 4 inside the PVT
manifold. The second column shows the evolution of the fluid temperature along the tube for r=9/10
Ri, Ri being the inner radius of the tube, and different azimuthal angles, named with the acronym of
the geographical orientation, i.e., N (north) is the highest point of the fluid and its plane is the vertical
top (¢ = -90°); NE (north-east) corresponds to ¢ = -45° E (east) is the horizontal plane (¢ = 0°); SE
(sureste) corresponde a ¢ = 45° and, finally, S (south) marks the lower vertical plane and the coldest
points of the fluid. Remember that the tube is subjected to a temperature higher than that of the fluid
at the inlet in its upper half, while it is thermally insulated in its lower half (Fig. 4), being symmetrical
with respect to the N-S axis. These planes are also shown in the figures in the third column of Fig. 7.
For the simulations, the actual inlet temperature of the fluids in Table 4 has been taken, and the
external temperature of the tube has been taken as a constant temperature higher than the fluid outlet
temperature in each case, being 45°C, 50°C and 55°C for water, IL and INF, respectively.

As can be seen in Fig. 7, the behavior pattern is quite similar in the three cases. In the N and NE
planes the fluid temperature at 9/10 Ri is very close to that of the outer surface of the tube, while in
the S plane, and to a lesser extent in SE, the temperature increases slowly without even approaching
the outer temperature, leaving the S-SE sector well below the rest of the fluid tube. As mentioned
above, this indicates that in the PVT collector we are far from reaching the characteristic length of the
process. Since we are considering a collector of non-modifiable dimensions, the solution to reach the
characteristic length would be to reduce the velocity of the fluid so that it would have time to reach
this hidden magnitude when passing through the collector.
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Figure 5. Simulation results of three fluids within PVT collector.

Figure 8 shows the simulations of the INF at three different velocities, the one that follows the
flow criterion typically established for solar thermal collectors (v = 0.068 m s') and two slower
velocities, v =0.023 m s and 0.0068 m s. The criterion commonly used for the determination of the
characteristic length is that it can be considered reached when the average fluid temperature reaches
90% of the thermal gradient jump between the inlet temperature and that of the external condition
[52]. In this case (Tin = 38.6°C and Text = - 55°C) this value is 53.35°C. As can be seen, only in the case of
v=0.0062 m/s the characteristic length, L*, is below that of the collector. Lol (L=1.2 m vs. at 1.52 m).
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Figure 6. Numerical simulation for GO INF at different fluid velocities.

4. Discussion

As Fig. 7 shows fluids working inside commercial PVT solar collectors at current operating fluid
velocity values do not reach the process characteristic length. Only when the fluid velocity is strongly
reduced the characteristic length shorten and lays beyond the collector length, as it shows Fig. 8 for
the case of Gr-INF. In this case (v = 0.00682 m s) the output temperature is maximum (54°C), much
higher than in the case of the common flow rate criterium (v = 0.0682 m s'), where it only attained
44°C. This is because very slow fluid velocities allow the maximum external temperatures to be
reached for the entire fluid.

Table 5 contains the fluid outlet temperatures, heat generated and thermal efficiency of the PVT
collector working with Gr-INF at different flow rates and fluid velocities. The data for case 1
correspond to experimental results (Table 4), while those for cases 2 and 3 are obtained from HEATT
results. Consistent with Figure 7 and due to reaching the characteristic length, the temperatures of 3
are the highest, practically reaching those of the outer surface of the tube. As can be seen, for a given
equipment the variation of the fluid velocity is the easiest means for the variation of the characteristic
length of a process.
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The fluid outlet temperature is an important performance of the collector depending on the
application (higher temperatures of a heat carrier fluid have a higher value). In the case of the PVT
collector, where the heat carrier has a cooling function, in general, increasing the collector
temperature is not interesting as it penalizes electricity production, but in other solar applications it
can be. The HEATT application is not able to predict the electrical production of the solar collector.

Table 4. Simulation results for different fluid velocities of Gr-INF- in PVT collector on the basis of
845,8 W/m? of solar irradiance.

Case Mass v(ms?!) Tin(°C) Tou (°C) ATcot (K) Qcot (W) mMen (%)
flow rate
(kg s™)
1 0.0334  0.0682 38.6 50.3 11.7 790.9 60.3
2 0.0113  0.0230 38.6 52.1 13.5 301.5 23.0
3 0.0033  0.0068 38.6 54.6 16.0 105.6 8.1
Moreover, as can be seen in Table 5, there is another important consequence of reducing the
speed of the fluid, and that is that the useful heat, Qcol, produced in the solar collector and the collector
thermal efficiency, N, also decrease significantly. In this sense, for the collector under study, if what
is of interest is high energy production, the optimal fluid speed would be that which marks the flow
recommended by the regulations (Case 1).

5. Conclusions

Experimental tests and numerical simulations of three liquids, water, ionic liquid and graphene
ionanofluid of the former ionic liquid, functioning as heat carriers in a commercial PVT solar collector
have been performed.

Experimental results show that the best overall performance is obtained when Gr-INF is used,
while the poorest results are obtained using the ionic liquid as the thermal carrier. Electricity
generation is not greatly affected by the fluid used.

The 3D analysis performed using the HEATT® open computing platform reveals that the
characteristic length, where the entire heat transfer process occurs, is usually not reached in the
parallel-riser PVT collectors used in this research due to the thermal and flow conditions of these
devices. In the case of parallel-riser collectors, slower fluid velocities, which allow reaching the
characteristic length of the process, are recommended if high outlet temperatures of the fluid are the
target of the application, being aware that this strongly penalizes the thermal and overall energy
production. This means that slow fluid velocities are recommended only if high outlet temperatures
are desired but bearing in mind that this strongly penalizes thermal energy production.

Longer pipes (i.e., coil type) can improve both performances in PVT solar collectors depending
on the application.
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