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Abstract This paper presents a mathematical model of an unglazed solar collector. The model was developed using Excel 
VBA and it allows the prediction of the temperature profile of the water along the tube and the system efficiency. The 
mathematical model was simulated assuming similar behavior in the tubes. The analysis was performed considering a 
different number of elements along the tube, for different mass flow rates. The results of the simplified model indicated 
that the prediction of the thermal performance was as expected, allowing to state that the model is a valuable tool for 
fast and reliable collector simulation. The results were compared with experimental data seeking a validation. 
Keywords: Unglazed solar collector, Mathematical modelling, Thermal performance 
 

1. INTRODUCTION  
 

Over the last years, the demand for clean and renewable energy increased with the rising of environmental concern 
regarding global warming. Under these circumstances, solar energy became one of the most abundant and sustainable 
sources, being known by its versatility. It has numerous applications in the industrial and domestic sector, such as space 
heating, and swimming pool heating.  

Swimming pool heating systems use solar collectors as an instrument for the conversion of solar radiation from the 
sun into heat to warm the water contained in the pool. There are two major classes of solar collector, they are differentiated 
by the presence or absence of a glaze or cover. Glazed solar collectors have various design parameters, number, type, and 
thickness of glaze, type of coating on the absorber plate, and spacing between the absorber and the inner glass, to name a 
few. Unglazed solar collectors do not have this many design parameters and can deliver a higher solar energy efficiency 
at temperatures near to the ambient (M. Bunea et al., 2015).   

In order to shorten the costs of production, new materials are used in this kind of collectors that are more 
environmentally friendly and do not interfere negatively on its efficiency, such as polymers (Missirlis et al., 2014). Recent 
researchers adopted this material by its important characteristics, low cost, and corrosion resistance. Polymeric solar 
collectors are broadly spread, mostly applied as reduced cost and unglazed swimming pool heaters (Alghoul et al., 2005). 

In 2017, unglazed solar collectors had a share of 6.1% of the total of collectors installed in operation worldwide, and 
Brazil is the third country with higher cumulated water collector installations of this type, only behind United States of 
America and Australia (IEA, 2019). 

Unglazed solar collectors are vastly used and had been adopted by many countries, nevertheless there is no procedure 
of quantifying its performance that is largely acknowledged (Morrison et al., 1992). The parameters capable of affecting 
its performance are the amount of incident solar radiation, the ambient and inlet temperature, the mass flow rate of the 
fluid, among others. Recent work (D. Missirlis et al., 2014) studied the influence of different manifold configurations on 
the heat transfer behavior of a polymer solar collector with a computational fluid dynamics (CFD) model. Another 
research (M. Bunea et al., 2015) developed a mathematical model for a solar collector considering the condensation and 
frost effect, rain heat gains or losses, wind speed and long wave irradiation. Recently, Cunio and Sproul (2012) 
investigated the theoretical and experimental performance of uncovered swimming pool solar collectors under reduced 
flow rate conditions.  

To carry an accurate performance analysis a mathematical model can be developed. It can improve the precision and 
speed of calculation and reduce the validation process time. The purpose of this paper is to develop a mathematical model 
to evaluate and investigate the expected theoretical performance of an unglazed polymeric solar collector. VBA (Visual 
Basic for Applications) was used to conduct the model.  
 
2. THEORETICAL MODELLING 
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Models for solar collectors have existed in the past and due to the success of Duffie and Beckman in the subject their 
model was chosen as guide. Figure 1 corresponds to the re-interpretation of the problem, using Whillier (1953, 1977) and 
Hottel and Whillier (1958) as guide. Since the collector has no 1st or 2nd cover and no absorber plate as the author suggests 
(no true scale was represented) the following is the result: 
 

 
 

Figure 1. Two cross-sections from one of the parallel tubes of the with the heat flux scheme and one with 
temperatures. 

 
It should be said that the area of incidence of the solar radiation, heat loss from convection and radiation are different. 

The solar radiation, as seen in the figure 1, uses the half top of the surface area of the tube, as the other ones uses all of it. 
Several factors still must be considered like the difference between the half top and bottom for all heat losses due to 
difference in the environment itself, but before going any further some assumption have had to been made, Duffie (2013): 
 

1. Performance is steady state. 
2. Construction is of sheet and parallel tube type. 
3. The headers cover a small area of collector and can be neglected. 
4. The headers provide uniform flow to tubes. 
5. There is no absorption of solar energy by a cover insofar as it affects losses from the collector. 
6. The sky can be considered as a blackbody for long-wavelength radiation at an equivalent sky temperature. 
7. Temperature gradients around tubes can be neglected. 

The temperature gradients in the direction of flow and between the tubes can be treated independently. 

8. Properties are independent of temperature. 
9. Dust and dirt on the collector are negligible. 

 
Based on that, a simple energy balance was elaborated, but first, it is important to mention that the area used is a 

function of the length of the tube demonstrated below: 
 

𝐴 =  𝜋 × 𝐷 × 𝐿             (1) 
 

𝐴𝑒 =  
𝐴

𝐿
  and 𝐴𝑖 =  

𝐴

𝐿
             (2) 

 

where 𝐴 is the area of the surface (m²) 𝐴𝑖  and 𝐴𝑒  are the internal and external areas as a function of the length (m²/m) to 
make the model more suitable for the simulation. 
 
The complete energy balance is defined together with the thermal resistance’s circuit in Fig. 2: 
 

 
Figure 2. Thermal resistances scheme 

𝑆 = 𝑄𝑢 + 𝑄𝑐𝑜𝑛𝑣 + 𝑄𝑟𝑎𝑑           (3) 
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Where 𝑆 is the heat absorbed by the tube (W/m), QU is the useful heat that goes into the fluid (W/m), 𝑄𝑐𝑜𝑛𝑣  is  the heat 

change due convection (W/m) and 𝑄𝑟𝑎𝑑  is in relation to radiation (W/m).  
 

In the following all the heat equations will be defined beginning with solar radiation heat: 
 

𝑆 = 𝑞" ×
1

2
 × 𝐴𝑒           (4) 

 

Where 𝑞" is solar heat flux, 𝐴𝑒 is the external and area (m²/m), in the sequence, convection heat: 
 

𝑄𝑐𝑜𝑛𝑣 = ℎ𝑒 × 𝐴𝑒 (𝑇𝑠 − 𝑇∞)          (5) 
 

The parameter T∞ is the environmental temperature, 𝑇𝑠 is the surface temperature of the tube (K), ℎ𝑒 is the convection 
coefficient from external surfaces. 
 

𝑄𝑟𝑎𝑑 = 𝜀 × 𝐴𝑒 × 𝜎 × (𝑇𝑠
4 − 𝑇𝑛

4)          (6) 

 

𝑇𝑠 , 𝑇∞ ,𝑇𝑛  and 𝑇𝑓 are surface (of the tube), ambient, neighborhood and fluid temperatures (K),  𝜀  is emittance (-), 𝜎 

is the Stefan-Boltzmann constant (W/m² K-4). 
 

𝑄𝑈 =
1

𝑅𝑐𝑜𝑛𝑣+𝑅𝑐𝑜𝑛𝑑
× (𝑇𝑠 − 𝑇𝑓)           (7) 

 

With 𝑅𝑐𝑜𝑛𝑣  and 𝑅𝑐𝑜𝑛𝑑  defined by: 
 

𝑅𝑐𝑜𝑛𝑑 =  
ln

𝐷𝑒
𝐷𝑖

2 × 𝜋 × 𝑘 
   and  𝑅𝑐𝑜𝑛𝑣  = (

1

ℎ𝑖×𝐴𝑖
)        (8) 

 

Where 𝐷𝑒 and 𝐷𝑖 are the external and internal diameters (m), 𝑘 is the conductive constant (W/m). And 𝑄𝑈 can be rewritten 
as: 
 

𝑄𝑈 =
1

𝑅𝐶𝐶
× (𝑇𝑠 − 𝑇𝑓)           (9) 

 

With 𝑅𝐶𝐶  being the sum of 𝑅𝑐𝑜𝑛𝑑  with 𝑅𝑐𝑜𝑛𝑣 . 
The next step was to get equations 4,5,6,7, and substitute in equation 3. In the resulting equation, it was able to verify 

that two variables are undetermined:  𝑇𝑆 for the surface temperature and 𝑇𝑓 for the fluid temperature, these variables vary 

with the length of the tube. Once 𝑇𝑓  for L = 0 was assumed as the same as the inlet temperature of the system, then it is 

possible to calculate the 𝑇𝑆 for L = 0 To solve the equation though it was easier to isolate 𝑇𝑆 existent in the first term at 

the right side of the equation, propose a reasonable 𝑇𝑆 to start with and let it converge to the answer substituting the 
calculated one as new input. After testing it, few iterations and equation 9 was sufficient to achieve the precision it 
required: 

 

𝑇𝑠 = 𝑅𝐶𝐶 × (𝑆 − 𝑄𝑟𝑎𝑑 − 𝑄𝑐𝑜𝑛𝑣) + 𝑇𝑓           (10) 

 

With the surface temperature  𝑇𝑠 for the initial length now calculated, it was possible to calculate Qu using the equation 

number 3. Attributing 𝑇𝑠 value as constant for a small length, dL, the variation of temperature could be calculated using 
the following formulas: 

 

𝑄𝑢 = 𝑚̇ × 𝑐𝑝 × (𝑇𝑓𝐿+𝑑𝐿
− 𝑇𝑓𝐿

)          (11) 

 

𝑇𝑓𝐿+𝑑𝐿
=  

𝑄𝑢

𝑚̇×𝑐𝑝
+ 𝑇𝑓𝐿

            (12) 

 

where 𝑚̇ is the mass flow rate (kg/s), cp is the specific heat (J/kgK) and the temperatures 𝑇𝑓𝐿+𝑑𝐿
and 𝑇𝑓𝐿

 (K) are the fluid 

temperatures in the section dL as shown in the figure below, at the left we have a section of the tube and temperatures 

corresponding to the faces in which they are draw in the left of the section 𝑇𝑓𝐿
 and in the right 𝑇𝑓𝐿+𝑑𝐿

, it is worth it to 

mention that the smaller the dL, the closer to the reality the model is. 
 

The figure has no scale and only serve a purpose of better visualization: 
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Figure 3. Scheme of a collector tube 
 

At this point, 𝑇𝑓𝐿+𝑑𝐿
 was attributed as 𝑇𝑓𝐿

 for the next element of length dL until their sum cover the entire length of 

the original tube. 
Assuming that the flow inside all the tubes is uniform, the efficiency of one tube is the same as the collector, but the 

heat absorbed by the collector is the QuT multiplied by the numbers of tubes. 
 

𝑄𝑢𝑇
= ∑ (𝑄𝑢𝑖

× 𝑑𝐿𝑖
)

𝑛𝑒
𝑖=0           (13) 

 

𝑄𝑐 =  𝑄𝑢𝑇
× 𝑛𝑡            (14) 

 

With 𝑄𝑢𝑇
 as the whole heat absorbed by the fluid in one tube (W), ne is the number of elements, Qc is the heat absorbed 

by the collector (W) and nt is the number of tubes on the collector. 

The efficiency is the whole heat absorbed by the fluid in one tube (𝑄𝑢𝑇
), over the whole solar radiation in one tube. 

 

𝜂 =
𝑄𝑢𝑇

𝑆×𝐿
× 100%            (15) 

 
To calculate the convective coefficient for internal fluid flow in a circular tube it was used the expression (Cengel, 

2002): 
 

ℎ𝑓 =
𝑁𝑢𝑘

𝐷𝑖
                          (16) 

           

With 𝑁𝑢 as the Nusselt number, 𝑘 as the thermal conductivity of the fluid and 𝐷𝑖 as the internal diameter of the tube. 

To calculate the Nusselt number, it is important that first the Reynolds number is known. When 𝑅𝑒 <  2300, the flow is 
laminar, and Nusselt is between the range of 3.66, for constant temperature along the pipe and 4.36, for constant heat flux 
(Cengel and Cimbala, 2006). When analyzing a plastic solar collector with laminar flow, the constant heat flux reference 
is more appropriate (Cunio and Sproul, 2012). 

Nusselt can assume other values when the flow is transitional or turbulent (2300 < 𝑅𝑒 <  10000), and can be 
calculated with the equation (Cengel and Cimbala, 2006): 

 

𝑁𝑢 =
(𝑓 8⁄ )(𝑅𝑒−1000)𝑃𝑟

1+12.7(𝑓 8⁄ )0.5(𝑃𝑟2/3−1)
                                                                                                                                   (17) 

                                   

With 𝑁𝑢 as the Nusselt number, 𝑃𝑟 as the Prandt number, 𝑅𝑒 as the Reynolds number and 𝑓 as the Darcy Friction 
factor.  

And lastly, when the flow is turbulent (𝑅𝑒 > 10000), Nusselt can be reached with another expression (Incropera, 
2010): 

 

𝑁𝑢 =  0.027𝑅𝑒4/5𝑃𝑟1/3(
𝜇

𝜇𝑠
⁄ )0.14                                                                                                                     (18) 

 

With 𝑁𝑢 as the Nusselt number, 𝑃𝑟 as the Prandt number, 𝑅𝑒 as the Reynolds number, and considering the last term, 
the relation of viscosities, equal to 1. This approximation is possible assuming that these values do not vary with the 
temperature. 

The Reynolds is given by: 
 

𝑅𝑒 =
𝜌𝑉𝐷

µ
                           (19) 

 

Where µ is the viscosity of the fluid (Ns/m2), 𝜌 is the density (kg/m3) and 𝑉 the flow velocity (m/s). 
The external convection coefficient can be calculated with a correlation using linear function introduced in 1981 (Test 

et al., 1981), where the coefficients of the equation are experimentally defined. The linear function has the generic form: 
 

ℎ𝑒 =  𝐴 +  𝐵𝑉            (20) 
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Following Cunio et al. considerations, the coefficient A assumes the value of 4.1 (Australian Standards, 1989), and B 

the value of 8.3 (Sharples and Charlesworth, 1997). Both coefficients are suitable for unglazed solar collectors instead of 
flat plate collectors. Thus, the convective coefficient adopted by this study has the form: 
 

ℎ𝑒 =  8.3 +  4.1𝑉            (21) 
 

With ℎ𝑒 as the external convective heat transfer coefficient and 𝑉 as the wind velocity. 
 
3. MATHEMATICAL MODELLING 

 
One of the most important characteristics of a solar collector is its efficiency. Towards this direction, the mathematical 

model was developed using the previously mentioned theoretical considerations to ascertain the collector efficiency, its 
temperature variation, temperature profile, total collector heat absorbed and processing time.  

The model was developed using the Excel VBA (Visual Basic for Application) and it is summarized in the Fig. 4 and 
needs some input parameters to work. These parameters refer to the collector’s characteristics and its environment. 

In order to observe the influence of the number of elements considered in one tube and also to observe the behaviour 
with different mas flow rates  it was executed different simulations varying number of elements and mass flow from all 
the input parameters. The dimensions input parameters were based on an existent swimming pool collector, the values of 
convection coefficients were estimated, the physical properties of Polypropylene were given by (Antonella Patti and 
Domenico Acierno, 2019) and those are shown below. 

 
 

Figure 4. Calculus flow chart. 
 

 
They are: 

• Qv Volumetric flow of the system in litres/minute.  Varies. 

• Cp Specific heat of the water at the inlet temperature. 

• ρ Density of the water at inlet temperature. 

• μ Dynamic viscosity of the water at inlet temperature. 

• Pr Prandt value of the water at the inlet temperature. 

• kágua Conduction coefficient of the water at the inlet temperature. 

• di Inner diameter of the tube in m.     di = 0.0085 m 

• de External diameter of the tube in m.    de = 0.0065 m 

• ε Emittance of Polypropylene. (Patti, A. and Acierno, D.) ε = 0.97 

• Ra Roughness of polypropylene (Patti, A. and Acierno, D.) Ra = 2 * 10-5 

• k Conduction coefficient of polypropylene in W/ (m K) k = 0.22 W/ (m k) 

• n Number of tubes on collector.    n = 85 

• q” Solar heat flux in W/m2     q” = 815 W/m2 

• T0 Inlet water temperature K.     T0 = 296.80 K 
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• TinfBottom Environment bottom temperature in K.   TinfBottom = 296.04 K 

• TnBottom Surrounding bottom temperature in K.   TnBottom = 286.52 K 

• TinfTop Environment top temperature in K.    TinfTop = 296.04 K 

• TnTop Surrounding top temperature in K.    TnTop = 286.52 K 

• l Length of the tube.     l = 1.935 

• ne Number of elements considered on tube.   Varies. 

 
3.1 Influence of Volumetric and therefore mass flow 

 
To observe the influence of volumetric flow in the system, which is directly proportional to the mass flow, once mass 

flow equals volumetric flow times density, it was executed the program four times with 1935 number of elements and 
varying the mass flow as shown in Tab. 1. 

Table 1. Results varying mass flow 
 

Total Mass Flow ΔT Collector Efficiency Total Collector Heat absorbed 

0.120 l/min 16.5K 7.67% 137 W 

0.600 l/min 13.9 K 32.5% 582 W 

6.00 l/min 2.80 K 65.3% 1.17E3 W 

60.0 l/min 0.317 K 73.79% 1.32E3 W 

 
The Fig. 5 shows the temperature profile along the tube for these simulations. 
 

 

Figure 5. Temperature profile along the tube, varying the volumetric flow 
 
It is possible to observe on the Tab. 1 two big differences, as the volumetric flow increases, the efficiency also increase, 

but the variation of temperature decreases. 
The reason for the fact that the variation of temperature decreases is related with the Eq. (11), since the mass flow 

have increased, to maintain the same value of Qu the variation of temperature must decrease for that element and that is 
the reason for the growth of efficiency values, once the variation of temperature is now smaller, the efficiency of each 
element varies less and then keeping the result higher along the tube. 

Analysing the Fig. 5, the lower the mass flow, the higer the variation of efficiency on each element along the tube and 
more the temperature profile tends to the logarithimic behaviour. Also the higher the mass flow, the lower the variation 
of efficiency on each element, therefore the behaviour of temperature profile tends to a linear function. This statement is 
visible on Fig. 5 with the flow as 0.120 lpm the curve tends to the logarithimc function, for flow as 0.600 lpm it is possible 
to observe a slightly curvature on temperature profile, for flow as 6.00 lpm, the temperature profile tends to a linear 
function and for mass flow as 60.0 lpm it did not have any significative variation of temperature. 

 
3.2 Influence of number of elements, low volumetric flow rate. 

 
With the purpose to observe the influence of number of elements along the tube, it was executed the program five 

times, all those five simulations had the same mass flow, but the number of elements varying as shown in Tab. 2. 

The value of mass flow was chosen in order to make the results more visual, contributing to the analysis of results. 

Table 2. Results varying number of elements with volumetric flow rate of 0.120 lpm. 
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Number of 
Elements 

ΔT Collector 
Efficiency 

Total Collector Heat 
absorbed 

Processing 
Time 

1 153 K 71.4% 1.28E3 W 0.0781 s 

10 16.5 K 7.67% 137 W 0.207 s 

300 16.5 K 7.67% 137 W 1.90 s 

1935 16.5 K 7.67% 137 W 13.1 s 

 
The Fig. 6 show the temperature profile of the water and the surface along the tube of the simulations, excluding the 

first one, because analysing its result was considered impossible. 
Once the Qu was considered constant all along the tube, the temperature of water, Tf, at the end of tube was higher 

than the surface temperature Ts. According to the Thermodynamics laws, the heat flows from the higher temperature to 
the lower temperature, and as known, the tube surface absorbs the heat from solar radiation, in this case, its temperature 
must be higher than what is inside. 

 

 
 

Figure 6. Temperature profile for the simulations. 
 

The results on Fig. 6 are as expected, with a logarithmic behaviour and Tf tending to Ts and always below, because 

analysing the Eq. (5), (6) and (10) it is possible to see that for Qconv and Qrad that , 𝑇∞ and 𝑇𝑛 stays the same for all the 
tube and Ts increases. Therefore, Qconv and Qrad both increase and due to this, as shown on energy balance on Eq. (10), Qu 

decreases until it is negligible, with Qu negligible, with the Eq. (11), the variation of temperature from one element to 
other is also negligible. 

Analysing the results on Tab. 2, it is possible to see that the Collector efficiency, and therefore the temperature 
variation, Total Collector Heat absorbed vary with the number of elements. This variation occurs since increasing the 
number of elements, Qu is attributed for smaller lengths and is calculated more precise values of Qu. 

It is also possible to observe that there is no variation between the efficiency of 10 elements and 300 elements and 
between 300 and 1935 for this situation, but the processing time increases significantly with the number of elements, 
therefore, depending on the situation, it will not make difference to run the program with a large number of elements. It 
is important to emphasise that those results were for these input parameters and it should change if there were different 
input parameters. 

3.3 Influence of number of elements, high volumetric flow rate. 
 

Table 3. Results varying number of elements with volumetric flow rate as 12.0 l/min 
 

Number of 
Elements 

ΔT Collector 
Efficiency 

Total Collector Heat 
absorbed 

Processing 
Time 

1 1.53 K 71.4% 1.28E3 W 0.0703 s 

10 1.47 K 68.5% 1.23E3 W 0.215 s 

300 1.46 K 68.3% 1.22E3 W 1.87 s 

1935 1,46 K 68.2% 1.22E3 W 10.8 s 

 
 

For this input parameters the same behaviour of variation of efficiency from smaller values of ne to biger values was 
noticed, the variation between 10 to 300 was 0.2% while between 300 to 1935 was 0.1%. 
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It is possible to see that for this input parameter the values from 1 element was closer than in section 3.2, the reason 
for this is related to a combination of dL and mass flow, the higher the mass flow, the higher dL can be, because local 
efficiency varies less as a function of length, so it is reasonable to assign a constant value of QU for a larger stretch and 
smaller values of ne are required, but if the mass flow is small, local efficiency has greater variations as a function of 
length, requiring smaller values of dl, therefore, higher values of ne are required. 

With the local efficiency varying less as a function of length it is possible to observe that the temperature profile tends 
to a linear behaviour. 
 

 

Figure 7. Temperature profile for the simulations. 
 

3.4  Experimental Results 
 
Looking forward a validation of the model, experimental results were needed to situate the accuracy level of the 

model. The Data was obtained by GREEN PUC Minas laboratory tests in diverse conditions, so it was possible to compare 
different situations.  

 
Tables 4 and 5. Experimental Data and Model Data. 

 

E. Data Tn [°C] T∞ [°C] 𝑻𝒇 𝒊𝒏[°C] 𝑻𝒇 𝒐𝒖𝒕[°C]  Model D. 𝑻𝒇 𝒊𝒏[°C] 𝑻𝒇 𝒐𝒖𝒕[°C] 

Point 1 22,89 13,37 23,65 24,85  Point 1 23,65 25,11 

Point 2 24,59 14,54 24,50 25,83  Point 2 24,50 25,98 

Point 3 26,64 16,86 32,75 33,46  Point 3 32,75 33,70 

Point 4 27,20 17,19 33,13 33,82  Point 4 33,13 34,10 

Point 5 27,96 18,55 39,41 39,48  Point 5 39,41 39,89 

Point 6 28,92 19,16 45,64 45,23  Point 6 45,64 45,64 

Point 7 29,54 20,37 50,09 49,30  Point 7 50,09 49,75 

 
Table 6. Difference in output temperature. 

 

Point E. Data [°C] Model D. [°C] ΔT 

Point 1 24,85 25,11 0,26 

Point 2 25,83 25,98 0,15 

Point 3 33,46 33,70 0,24 

Point 4 33,82 34,10 0,27 

Point 5 39,48 39,89 0,41 

Point 6 45,23 45,64 0,41 

Point 7 49,30 49,75 0,45 

Average ΔT 0,31 
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Firstly, it is important to mention that for higher input temperatures like Points 6 and 7 the fluid output, as expected, 
lost more heat to the environment that held within it. That manly shows the cohesiveness of the model, it cannot only 
increase the temperature but also decrease it. 

Secondly, it was possible to observe that the model values were always bigger than the experimental data, one reason 
for that is because the assumptions 3,4 and 8 combined. In (Silva, F.V.M.) the flow rate in each tube were different a 
possible explanation for that is the fact that the header also receives solar radiation, which implies in a gain of the fluid 
temperature along itself, considering the properties dependent of the temperature, the water density would get smaller, 
but it viscosity would get bigger, therefore it would be easier for the fluid to flow at the end of the header leading for a 
grater flow ate the tube on the end and a smaller flow on the beginning. 

If the inlet temperature were the same for a variant flow in each tubes, Qu for L = 0 would be the same, since the 
calculation of Qu does not vary with the mass flow, but with Eq. (11) it says that for the tubes with smaller mass flows, 

𝑚̇, the gain of temperature by length unit is greater then for the tubes with grater mass flow. Due to this looking to the 
Eq. 10 Ts would be greater along the tube length, with Eq. (7) Ts and Tf  increase, it still not possible to take any 

conclusions, but looking to the Eq.(5) and (6), the same Ts increases, but 𝑇∞ and 𝑇𝑛 stay the same, therefore, Qconv and 
QRad increase, analyzing Eq.(3), if Qconv and QRad increase Qu must decrease and with the Eq.(13) to (15) it implies in a 
smaller efficiency and therefore the Tf out of the model will always be bigger than the experimental data. 

 

 
4. CONCLUSIONS 

 
Observing the collector's behaviour on section 3.1, it is possible to see that it has a behaviour close to a logarithmic 

function, tending to a maximum value of Tf tending to Ts, and in the other hand, a linear behaviour close to a horizontal 
line on the section 3.3. These kinds of behaviour were expected for a solar collector in these conditions. 

It is understood that the smaller the size of the element, the closer to reality will be the values of temperature difference, 
total heat absorbed, efficiency. 

It is possible to observe that for ne from the value 300 on, the variation of the results becomes negligible, that is, it 
spends more processing time to improve only a little the results. So, depending on the level of accuracy that is required, 
it is not necessary to use large values of ne, since in the end the variation is minimal. It is possible to see that with higher 
mass flow rates, less elements are required. 

It was clear that the experimental data obtained was close to the values simulated. Better results can be achieved by 
including the header in the simulation, varying the properties with temperature and considering the flow in each tube as 
variant. 
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