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Abstract. Solar pool heating systems are used to convert the sun’s electromagnetic radiation into heat to warm swimming 

pool’s water. Those systems are generally composed of a solar collector, a filter, a pump, and a flow control valve. In 

order to guarantee the quality, the unglazed solar pool collectors are tested by regulations and then ranked based on 

their thermal efficiency. The ABNT NBR 15747 standards regulate about those tests in Brazil. A real solar pool collector 

has been tested under those standards at the Pontifical Catholic University of Minas Gerais Solar Laboratory. The test 

and its results were the basis of this paper, which proposes a numerical analysis of the tested unglazed solar pool 

collector. The numerical analysis used computational fluid dynamics, based on finite volumes method, to simulate the 

same conditions. Therefore, the numerical results were validated by comparing with the experimental data. The 

numerical parameter used to validate was the outlet mean temperature, which differed only 0.1 °C from the experimental 

data. 
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1. INTRODUCTION  

 

The attention of the world has been addressed to climate change after authorities have stressed the threat relevance 

from the effects of global greenhouse gas emissions for the humankind, at COP 21 (United Nations, 2015). Seeking to 

reduce the effects of the climate change, the parties consented on Paris Agreement, among other terms, to promote 

universal access to sustainable energy in developing countries. Under those circumstances, solar energy is considered a 

valid alternative to accomplish those goals, not only because it is a renewable source of energy but also because of its 

versatility. For example, it can provide electricity through photovoltaic cells and thermal energy through solar collectors. 

There are different types of solar thermal applications contributing to reduce the CO2 emissions, for example, space 

heating, heating of industrial processes, solar district heating and swimming pool heating. This last one usually is 

composed of a solar collector, a filter, a pump and a flow control valve. The swimming pool solar heater system uses 

unglazed collectors to convert electromagnetic radiation from the sun into heat to warm pool’s water due to its simplicity 

and cost-benefit. 

Unglazed water collector represents 6 % of the total solar collectors installed worldwide and 4 % of energy saving of 

glazed and unglazed solar collector in operations in 2014. It represented a final energy saving of 1.4 million tons of oil 

and 4.6 million tons of CO2 (IEA, 2016). 

In order to accomplish with regulations and then be able to be on the market, the thermal efficiency of the solar 

collector must be assured by the manufacturers. Numerical simulations can be used to reduce the validation process time. 

Corgozinho (2015) applied the finite volume method in the evaluation of a flat plate solar collector performance, based 

on a three-dimensional model of a collector with seven risers and double glass cover, and had satisfactory results. Indeed, 

the vast majority of the papers found in the literature concentrate on flat plate collectors, for bath purposes. For example, 

Pandey and Chaurasiya (2017) did a review on the analysis and development of solar flat plate collector and Tagliafico 

et al. (2014) presented a review of dynamic thermal models and CFD analysis for flat-plate thermal solar collectors. In 

fact, there were not many papers regarding solar pool collectors. On the other hand, the flat plate collectors main studies 

focus mostly in the improvement on the thermal efficiency of those collectors (Missirlis et al., 2014)(Ángel, Manuel et 

al., 2013), frequently is used computational fluid dynamics (CFD) techniques (Gunjo et al. , 2017)(Martinopoulos et al., 
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2010), mainly when the experimental analysis is not feasible. The same line of study can be applied for solar pool collector 

and this paper aims to contribute for this scarce field of study 

The unglazed pool collectors are used to heat the water and keep the thermal comfort of the swimming pools. In order 

to guarantee the quality, those collectors are regulated by standards, which in Brazil is the ABNT NBR 15747. A real 

polymeric solar pool collector was tested under those standards at the Solar Laboratory located in Pontifical Catholic 

University of Minas Gerais (GREEN PUC Minas). The test conditions and its results were the basis of the present work, 

the numerical analysis of the fluid dynamics on a virtual unglazed solar pool collector. Moreover, the numerical analysis 

was performed through CFD, using Ansys’ Fluent Solver. Rangababu et al., (2015) used Fluent to verify heat transfer 

mechanism of flat plate collectors and obtained success in validating the model with the experimental data. Finally, this 

paper used the analysis to ascertain the accuracy of a simulation by comparing the fluid temperature in the upper manifold 

outlet, also known as the header pipe.  

 

2. MATHEMATICAL MODELLING  

 

The governing differential equations are used for the analysis and description of the fluid motion. They are 

Conservation of Mass Eq. (1), Momentum Eq. (2), and Energy Eq. (3), as described below (Batchelor, 1967): 

 

 𝜕𝜌

𝜕𝑡
+ 𝛻. (𝜌. 𝑣⃗) = 0 (1) 

 

 𝜕

𝜕𝑡
(𝜌. 𝑣⃗) + ∇. (𝜌. 𝑣⃗. 𝑣⃗) = −∇p + ∇. (μ [(∇𝑣⃗ + ∇𝑣⃗𝑇) −

2

3
∇. 𝑣⃗𝐼]) + 𝜌𝑔⃗ (2) 

 

 𝜕

𝜕𝑡
(𝜌𝐸) + ∇. (𝑣⃗(𝜌𝐸 + 𝑝)) = ∇. (𝑘𝑒𝑓𝑓∇T − hJ⃗ + (𝜇 [(∇𝑣⃗ + ∇𝑣⃗𝑇) −

2

3
∇. 𝑣⃗𝐼] . 𝑣⃗)) (3) 

 

Transient and random fluctuations of the flow properties generate a turbulent pattern, consequently, the analytical 

approach is unusable in this problem. In addition, it is a three-dimensional flow and the Reynolds number at the inlet pipe 

was higher than 2300. In order to consider the turbulence effects on simulation, this work used the realizable k – ε 

turbulence model (Shih, Liou, Shabbir, Yang, and Zhu, 1995). This model differs from the standard k – ε (Launder and 

Spalding, 1972) (Versteeg; Malalasekera, 1995) due to a new model equation for dissipation, ε , based on the dynamic 

equation of the mean-square velocity fluctuation and a new eddy viscosity formula involving a variable Cμ originally 

proposed by Reynolds (1987). The realizable k – ε model uses the concept of turbulent(eddy) viscosity and has transport 

equations for turbulent kinetic energy (k), Eq. (4), and its rate of dissipation (ε), Eq. (5). The realizable k – ε equations 

are: 

 

 𝜕
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where 

 

 
𝐶1 = max [0.43,

𝜂

𝜂 + 5
] , η = S

𝑘

𝜀
, S = √2𝑆𝑖𝑗𝑆𝑖𝑗  (6) 

 

Where ρ is the fluid density (kg/m3), t is time (s), k is turbulent kinetic energy (J/kg), ε is turbulent kinetic energy rate 

of dissipation (J/kg.s), x is the cartesian coordinate variable (m), µ is dynamic viscosity (Pa.s) , µt is the turbulent viscosity 

(Pa.s), u is velocity magnitude on x direction (m/s), σk and σε are the turbulent Prandtl numbers for k and ε respectively. 

Gk is the turbulent kinetic energy due to mean velocity gradients (J/kg), Gb is the turbulent kinetic energy due to buoyancy 

(J/kg) and YM the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate (J/kg). 

The values of C1ε, C2 and C3ε are constants, while Sk and Sε terms are set by the user. Finally, µt is defined as: 

 

 
µ𝑡 = ρC𝜇

𝑘2

𝜀
 (7) 

 

Notably, Cμ is no longer a constant as it is in standard k-ε, it is computed as: 
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 C𝜇 =
1

𝐴0 + 𝐴𝑆
𝑘𝑈∗

𝜀

 (8) 

 

where 

 

 
𝑈∗ = √𝑆𝑖𝑗𝑆𝑖𝑗 + Ω̃𝑖𝑗Ω̃𝑖𝑗, Ω̃𝑖𝑗 = Ω𝑖𝑗 − 2𝜀𝑖𝑗𝑘𝜔𝑘, Ω𝑖𝑗 = Ω𝑖𝑗

̅̅ ̅̅ − 𝜀𝑖𝑗𝑘𝜔𝑘 (9) 

 

𝑆𝑖𝑗  is the mean rate of strain tensor (s-1), Ω𝑖𝑗  is the mean rate of rotation tensor (s-1) and Ω𝑖𝑗
̅̅ ̅̅  is the mean rate of tensor 

viewed in a moving reference with the angular velocity ωk (rad/s). In addition, the model constants are given by: 

 

 𝐴0 = 4.04, 𝐴𝑆 = √6𝑐𝑜𝑠𝜑 (10) 

 

and 
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1
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𝑆𝑖𝑗𝑆𝑗𝑘𝑆𝑘𝑖

𝑆̃3
 , 𝑆̃ = √𝑆𝑖𝑗𝑆𝑖𝑗 , 𝑆𝑖𝑗 =

1

2
(

𝜕𝑢𝑗

𝜕𝑥𝑖

+
𝜕𝑢𝑖

𝜕𝑥𝑗

) (11) 

 

The model constants C1ε, C2, σk, and σε have been established to ensure that the model performs well for certain 

canonical flows. They are: 

 

 𝐶1𝜀 = 1.44 , 𝐶2 = 1.9, 𝜎𝑘 = 1.0, 𝜎𝜀 = 1.2 (12) 

 

3. METHODOLOGY 

 

The unglazed solar pool collector is used to provide thermal comfort on swimming pools. Thus, in order to guarantee 

the quality, Brazilian regulation ranks the solar collectors based on their specific monthly energy production, which is 

directly proportional to their mean thermal efficiency (INMETRO, 2012). The ABNT NBR 15747 standards specify the 

test methods for the validation of the durability, reliability, safety and thermal performance requirements of solar fluid 

heating collectors, including testing methods for the characterization of the thermal performance of liquid heating 

collectors. Thus, the thermal performance was tested on a 2x1 unglazed solar collector, through the ABNT NBR 15747 

standards, in a solar simulator accredited laboratory at GREEN PUC Minas. The solar simulator is presented in Figure 1.  

 

 
 

Figure 1 - Solar Simulator Laboratory in PUC Minas 

Available in: http://ipuc.pucminas.br/green/galeria.html 

 

After the trial has been completed, a numerical analysis was developed in other to simulate one of the trial steps. A 

virtual solid of the solar collector was created and then simulated through CFD and finite volume method (FVM) on the 

same conditions of the real domain. The results were compared to the experimental data to validate the numerical analysis.  
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3.1 Real Domain 

 

The real domain is defined as a real unglazed solar pool collector made by polypropylene with 85 lead pipes. Table 1 

presents the collector geometric details. 

 

Table 1 - Unglazed pool collector geometric characteristics. 

 

 Lead Pipes (m) Manifolds (m) 

Internal Diameter 0.0065 0.0270 

External Diameter 0.0085 0.0320 

Length 1.9350 1.0100 

 

The gross external area is 1.88 m2, the dry collector weight is 4.70 kg while filled up with water is 11.12 kg. Finally, 

its working pressure is determined as 55.15 kPa.  

The trial steps were based on ABNT NBR 15747 procedures and it requests that the collector had to be tilted in 45° 

(xy plane). Moreover, the heat flux was set as constant radiation of 815 W/m2 and the mass flow rate was adjusted to be 

around 0.13 kg/s, by a pump, at the entrance of the lower manifold, on z direction. Additionally, parallel to the absorber 

area, it was set up a wind flow at speed of 1.5 m/s ± 0.5 m/s, as regulated by Brazilian National Institute of Metrology, 

Quality and Technology (INMETRO, 2012). Figure 2 shows the solid orientation, as well as the fluid path on it (the fluid 

enters in the lower manifold inlet, goes up through lead pipes, receives the heat from the wall, ending up to the upper 

manifold outlet). It was verified it was a turbulent flow, as the Reynolds Number was higher than 2300, precisely, 6905. 

Finally, data as, inlet, outlet, and environment temperatures, also fluid density and specific heat ratio, among others, were 

acquired in order to verify the thermal efficiency of the solar collector and its specific monthly energy production. Table 

2 presents the experimental results. 

 

Table 2 - Experimental Results 

 

Trial 

Step 

Solar Radiation 

(W/m2) 

Mass Flow 

Rate (kg/s) 

Temperature (°C) 

Environment Inlet Outlet ΔT 

1 815 0.13 23.8 24.0 26.1 2.1 

2 815 0.13 24.6 26.3 28.2 1.9 

3 815 0.13 25.6 28.8 30.6 1.7 

4 815 0.13 27.1 32.7 34.1 1.4 

5 815 0.13 26.6 30.1 31.8 1.7 

6 815 0.13 26.8 28.4 30.4 1.9 

7 815 0.13 26.7 26.5 28.7 2.2 

 

3.2 Virtual Domain 

 

The virtual domain is the real model discretized as a virtual unglazed solar pool collector. The 3D model was 

developed on Solidworks®, based on the real model, and sequentially, a mesh was created on Ansys®. In the end, the mesh 

has 2.88E+07 elements and 6.46E+06 nodes. The mesh size was directly linked with the slenderness of the geometry, as 

the lead pipes had an inner diameter of 6.5 mm and length of almost 2000.0 mm and the manifolds had an inner diameter 

of 27.0 mm and approximately 1000.0 mm length, as can be seen in Table 1. Figure 2 presents the solar collector details. 

In addition, in this paper, due to the size of the mesh, it was only validated the 7th trial step, in other to reduce the time 

demanded to solve the problem on Ansys®.  

Thus, it was used the Fluent solver from Ansys® to run the simulation and was selected the energy and turbulence 

realizable k-ε models (turbulent flow at the inlet manifold) to define the physics in which the solar collector was tested. 

Another relevant point is that the fluid flow was characterized as a steady state condition. 

Moreover, some assumptions were made before running the simulation. Firstly, (1) it was assumed a uniform wall 

heat flux on the absorber surface, oriented normal to the incidence of the direct normal radiation (Bejan, 2013). However, 

in order to consider optical thermal losses, the constant heat flux was defined as 733.5 W/m2, which is 0.90 of the 

experimental value (Streicher, 2016). On the other hand, (2) the back of the absorber surface was considered adiabatic. 

Additionally, (3) fluid density was considered to be constant and (4) the solar collector body was neglected on the 

simulation. Also, (5) gravity was defined as 9.81 m/s2. 
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Figure 2 – Solar Collector details. 

 

The simulation results were acquired from the manifolds and different locations on the lead pipes, (from the bottom, 

middle and top) as Figure 2 shows. 

 

4.  RESULTS AND DISCUSSION 

 

The unglazed solar pool collector thermal efficiency reported by GREEN PUC Minas laboratory was 41.84 % and the 

calculations were based on Portaria 301 (INMETRO, 2012). The numerical results are displayed from Figure 3 up to 

Figure 9. Figure 3 shows the mean temperature distribution along the upper surface of the solar collector, in other words, 

the absorber plate.  

 

 
Figure 3 – Mean temperatures on solar collector  
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As can be seen at the 7th trial step, the inlet temperature was 299.6 K (26.5 °C), while the environment was 299.9 K 

(26.7 °C). Notably, Figure 3 presents the highest temperature of 310.3 K (37.1 °C) at the edge of the lower manifold in 

the end cap, in contrast, the lowest temperature was located at the entrance of the inlet lower manifold, the other extremity. 

Figure 3 also displays that the absorber solar collector area didn’t show a linear mean temperature distribution pattern, it 

shows that upper left side of the surface has shown to have higher temperatures when compared with the lower right side 

of the area. In the same fashion, velocity vectors distribution has shown to have a similar pattern as the mean temperature 

distribution, as presented in Figure 4. 

 

 
Figure 4 – Velocity vectors on solar collector. 

 

The highest velocity vectors occur at the end of the upper manifold, on the outlet, reaching almost 0.28 m/s. On the 

other hand, the lowest velocity vectors appeared in both end caps with magnitudes of almost 0 m/s. Figure 5 shows the 

velocity vectors details on the lower manifold. In fact, as the end caps are enclosed, there is no way to water flow, 

consequently, there are very few velocity vectors.  

 

 
Figure 5 - Fluid velocity details on the bottom of the solar collector. 
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Indeed, the reduced magnitude of fluid motion increases water temperature on those locations, as Figure 3 presents. 

The highest temperature, as mentioned before, occurs at the end caps, mainly on the end cap on the lower manifold, 

highlighted in red color. In addition, as the inlet flow on the lower manifold is turbulent, at the beginning of the lead 

pipes, the velocity vectors were slightly faster than the following velocity vectors of the fluid in flow direction, as can be 

seen by the green color on Figure 5. Figure 6 shows the fluid velocity along the z and y directions, from left to right on z, 

and at the top, middle, bottom, and lead pipe entrances, on y. 

 

 
Figure 6 - Fluid velocity vs position (y and z) 

 

As mentioned before, notably, the fluid velocity is higher at the lead pipe entrances, however, it is overtaken by the 

magnitudes of all fluid velocities, in the right side, approximately at 0.7 m in z. Figure 6 pointed out that the fluid velocity 

of the middle and the top increase in a nonlinear fashion along z direction. Additionally, neglecting the lead pipe entrances, 

the top and the middle velocity curves have similar behaviors. 

Figure 5 and Figure 6 also show that the manifold doesn’t provide uniform flow to the lead pipes, unlike Duffie and 

Beckman (2001) have stated that, for flat glazed solar collectors, which construction is of sheet and parallel tube type, the 

headers would provide uniform flow. This analysis can be done by the fluid velocity curves since the area doesn’t change 

along the lead pipes length in y direction and density was considered constant.  

 

 
Figure 7 - Lead Pipes a) Temperature along z and b) Pressure along z 
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Figure 7 corroborates with the velocity pattern observed in Figure 6, as the right side of collector, has shown to have 

higher velocities compared with the left side, clearly Figure 7 b) shows that at the right side of the collector occurs the 

larger difference of pressure, resulting in more pressure energy to promote fluid motion. The same logical reasoning could 

be applied to Figure 7 a), as can be seen, a higher difference of temperature at the left side of the collector when compared 

with the right side. This is caused due to the fluid velocity, since the higher is the velocity, the higher is the heat rate and 

lower the temperature difference, because heat energy is being transported through the fluid towards outside the collector. 

 

 
Figure 8 - Manifold a) Pressure and Temperature along z and b) Velocity along z 

 

Figure 8 a) reinforced Figure 7 b) idea regarding the difference of fluid pressure along z, highlighting the right side 

of the collector. Important to realize that the higher temperature also occurs at the lower manifold, at the end cap, 

validating what Figure 3 displayed. Moreover, Figure 8 b) shows that at the end cap on the lower manifold, the fluid 

reaches 0 m/s, confirming what Figure 5 presented, there are fewer velocity vector at the end cap, suggesting that there is 

few or almost none fluid motion on that region. 

 

 
Figure 9 - Upper manifold outlet mean temperature 

 

Finally, Figure 9 shows that the upper manifold outlet mean temperature was 302.0 kelvin (28.8 °C), which is 0.1°C 

higher than the experimental temperature, which was 28.7 °C, as presented in Table 2 in trial step number 7. This 

temperature difference validates the numerical analysis since 0.1°C represents only 0.34 % of error. 
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5. CONCLUSIONS 

 

A numerical simulation of an unglazed solar pool collector was performed through CFD, based on thermal 

performance tested on a 2x1 unglazed solar collector, through the ABNT NBR 15747 standards, in a solar simulator. The 

numerical mean outlet temperature on the upper manifold merged with the experimental, then, simulation was validated 

in the 7th trial step. Furthermore, the simulation is ready to run on the other steps. After the validation, a results analysis 

was performed, and as can be seen, results pointed out that the right side of the collector has higher velocity vectors and 

lower temperatures as well, and the opposite occurs on the left side.  

There are two hypotheses for the velocity curves behavior presented in Figure 6. It can be a result of how the water 

fills up the lower manifold, transiently confining an amount of the mass flow rate at the end cap on the lower manifold, 

resulting in the greatest pressure difference along the y direction, then, promoting the fluid motion to be faster on this side 

of the collector. Nevertheless, this pressure rise can be related to the temperature rising due to the confinement, or it can 

be the sum of both hypotheses previously discussed.  

The solid characteristics, size and its slenderness, resulted in a large number of elements and nodes of the mesh, 

resulting in required a lot of time processing. In order to attenuate this situation, some assumptions and simplifications 

were done, and after the results, they are shown to be coherent, as the experimental-numerical temperature difference was 

considerably short. Another simulation, neglecting some of the simplifications, could provide more data to improve the 

accuracy of this analysis. 

Future works should be taking into account the fluid density variance to verify how it affects the simulation results, 

also new methods to reduce the complexity and time processing of the problem could be proposed. Finally, new 

simulations with the other trial steps have to be done to validate the whole spectrum of the trial. Finally, as there are few 

papers about the unglazed solar pool collectors, this paper is a contribution for this field of research. 
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