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Abstract. In this work, a general collocated and unconditionally stable framework on
unstructured meshes for solving Conjugate Heat Transfer (CHT) problems is presented by
means of preserving the underlying symmetries of the continuous differential operators, thus not
introducing uncontrolled artificial numerical dissipation to our system. Then, this framework is
applied to solve a Concentrated PhotoVoltaic Thermal (CPVT) Solar Collector. Furthermore, a
new boundary condition is implemented to consider the heat transfer between enclosed elements,
including radiation. The model is validated using experimental data.

1. Introduction

Solving conjugate heat transfer problems involves a set of partial differential equations, namely,
Navier-Stokes equations, mass conservation equation and energy conservation equation for fluids,
heat conduction equation for solids [1] and radiative transfer equations if radiation is also
present [2]. Numerical methods approximate solutions for these equations as a general solution
is unknown. Finite Volume Methods are popular in fluid dynamics, and used by prominent
computational fluid dynamics (CFD) codes like OpenFOAM and ANSYS-Fluent. A collocated
arrangement is used by them due to its simplicity and computational efficiency [3, 4].

The integration of various disciplines, such as material physics and thermal engineering, is
imperative in the field of solar cell technology. To enhance the analysis of solar cell systems
and aid in the optimization process, CFD proves to be a valuable tool [5, 6]. By adopting
a simulation-driven approach, we can optimize system design or evaluate performance under
different conditions without the necessity of doing an experiment.

Azfali et. al. have recently proposed a zero-dimensional thermal model for a CPVT collector,
which involves solving heat transfer and energy balance equations[7]. Calise et. al. introduced
a finite-volume method in one dimension, which takes into account energy and mass balances,
performing energetic and exergetic studies [8]. Demircan et al. utilized this model along with
an electrical model to investigate the operational conditions and efficiencies of PV and CPVT
systems[9].

In this regard, a 3-dimensional finite-volume transient conjugate heat transfer model,
including radiation, was not found in the literature when studying CPVT systems. Such a
model can provide detailed information on different aspects, such as temperature distributions,



pressure drops, and thermal efficiencies. An integrated model that can solve problems concerning
conjugate heat transfer phenomena [10] along with radiation transport [11], using OpenFOAM,
will be developed in this work.

Figure 1 shows a general scheme of a CPVT system:
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Figure 1. General diagram of the

Parabolic reflector CPV-T system. Heat transfer flux
exchanges are represented in the
picture.

2. Numerical model and implementation
The ”chtMultiRegionFoam” solver within OpenFOAM will be used to simulate the CPVT solar
collector (modified to conserve symmetries of differential operators and kinetic energy and for
being unconditionally stable [3, 12]). In addition, the radiative interactions will be solved using
a new boundary condition within OpenFOAM. It is possible to solve the RTE at this point, but
this procedure is computationally very expensive.

The (incompressible) Navier-Stokes equations for fluid parts of the system, along with the
mass and energy conservation equations are:
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where u is the velocity, p is the pressure p is the density, g is the gravity vector, z is the coordinate
in which the gravity force is acting, v is the kinematic viscosity, T is the temperature, « is the
thermal conductivity, ¢, is the heat capacity and S; is the source term. These equations are
coupled at the solid-fluid and solid-solid interfaces, where the heat flux exiting one domain enters
the adjacent domain, and the temperature is assumed to be the same.

The heat transfer is affected by natural convection in the surrounding air and forced
convection between the fluid and the pipe. These convective effects play an essential role in
the overall heat transfer process. It is worth noting that including the numerical resolution of



the radiative transfer equation (RTE) in the current scenario would be pretty expensive because
the computational domain would increase significantly, especially when dealing with a thin glass
covering. In addition, solar radiation can pass through the glass with ease, whereas thermal
infrared radiation cannot. Hence, solving the equations for two radiation bands, including semi-
transparent media, is essential. For this reason, a new boundary condition was implemented in
OpenFOAM. This boundary condition extends the ”externalWallHeatFlux” boundary condition
by including radiative interactions and empirical correlations to compute the local heat transfer
coeflicient:
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where as; and a; are the solar and thermal absorptivity of the material, e; is the thermal
emissivity of the material, ¢;, is the incoming radiation, ¢ is the Stefan-Boltzmann constant, T'
is the temperature of the material, e, is the thermal emissivity of the glass, T} is the average
temperature of the glass, r, is the thermal reflectivity of the glass, h is the heat transfer coefficient
between the material and the air, and 7, is the average temperature of the air. The first term
models the incoming radiative flux, the second one models the thermal radiation emitted by
the material, the third one models the absorbed thermal radiation by the material that comes
from the thermal radiation emitted by the glass, the fourth term models the absorbed thermal
radiation coming from the reflected thermal radiation of the material by the glass, and the last
term models the convective heat exchange.
T, and T}, temperatures are updated according to a heat balance as follows:
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These equations are a first-order time accurate discretization of the air and glass heat balance,
assuming an average temperature on both. Here, Q)7 is computed at each time step by means
of computing the (anisotropic) wall heat flux at each control volume face that is in contact with
the surrounding air, ¢, is the incident radiative flux, which comes from the emitted radiation of
the elements inside the glass. h;, and h,,: are the heat transfer coefficients computed between
the glass and the inside air, and between the glass and the outside air, respectively. In equation
(7), the first balance term is the incoming absorbed radiation from the elements that are inside
the glass and the second balance term is the part of the solar incoming radiation absorbed by
the glass (taking into account that the radiation is not incident to all the outside area of the
glass, an incidence area A shall be estimated). The third balance term is the thermal radiation
emitted by the glass, the fourth is the diffusive radiation coming from the surroundings, and the
last is the convective heat exchange. Ty, and T, are the sky and the outside temperatures,
which can be taken as the outside temperature for enclosed rooms.

2.1. Verification and validation of the model

Simulations with various mesh sizes were performed to ensure the solution is consistent regardless
of the mesh size (model verification procedure). The number of control volumes in z, y, and
z directions was increased until an asymptotic solution was obtained. It is worth noting that
the meshes used were non-regular, which means that the size of the control volumes was not
constant. Table 1 shows that the maximum differences between Mesh D and Mesh E are below
0.2°C for the temperature curves. Due to the small differences between Mesh E and Mesh D
and computational power requirements, Mesh E has been considered optimal for the following
numerical cases.



Table 1. Number of control volumes of the tested meshes, maximum temperature differences
between the tested mesh and the previous coarser one, and average temperature of the PCB.
For the position of the temperature sensors sl, s2 and s3 (see figure 3)

NCV  ATgq ATy ATgs Tpep

Mesh A 364000 - - - 76.85
Mesh B 1086000 1.14 0.72 0.1 76.84
Mesh C 1630000 0.10 0.10 0.09 76.76
Mesh D 2340000 0.36 0.26 0.22 76.35
Mesh E 3270000 0.19 0.16 0.15 76.25
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Figure 2. Cross section and front view of
the receiver. Figure 3. Position of
the temperature sensors.

Figure 2 shows the main components of the system to take into account: i) an absorber pipe;
ii) a printed circuit board (PCB) that has the solar cell attached; and iii) a piece made of copper
that connects the PCB with the pipe. Furthermore, a light guide tunnel concentrates radiation
onto the solar cell (see figure 4).
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Figure 4. CPVT single solar collector experimental configuration [13]. The glass is omitted in
the figure.



The radiation coming from the lamp is known a priori and dependent on time. It is added as
an external irradiance to the inlet boundary. Finally, the process of converting solar radiation
to electricity was modeled using a (sink) source term in the conduction equation.

The experiment consisted of 5 parts: in part 1, the lamp is turned on, while the HTF
remains at constant temperature (at 65°C); in part 2, the lamp is turned off, while the HTF
remains at the same temperature; in part 3 the HTF is cooled down progressively from 65°C
to 20°C without turning on the lamp; in part 4 the lamp is turned on again, while the HTF
remains at 20°C; finally, in part 5 the lamp is turned off again. The temperature data obtained
experimentally in [13] is compared against the numerical results obtained for Mesh E.

Figure 5, 6 and 7 show that the numerical results are in quite good agreement with the
experimental data, including the steady-state temperature, which is slightly overpredicted in
part 1 and slightly underpredicted in part 4. Slightly overpredicted temperatures can also be
observed during part 3, where bigger errors can be found (maximum errors are about +1.5°C').
A possible explanation for these bigger errors can be the effect of when the lamp is turned off
and when the HTF starts to cool down. The temperature is very sensitive to these effects, and a
delay of these in the simulation can give overpredicted temperatures. Even so, the model could
predict the system’s behavior in all the parts of the experiment with precision.
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Figure 5. Comparison between the temperature obtained at the temperature sensor 1.
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Figure 6. Comparison between the temperature obtained at the temperature sensor 2.
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Figure 7. Comparison between the temperature obtained at the temperature sensor 3.

3. Conclusions

A fully 3D finite-volume transient model for solving conjugate heat transfer problems with the
possibility of including radiation, even for semi-transparent media, has been developed. Then,
it was validated using experimental data from a CPVT solar collector experiment. The model
was able to correctly reproduce different behaviors, such as heat up of the system by means of
radiation or cooling down processes with a maximum error of +1.5°C.
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