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ABSTRACT 

The purpose of this work is to present the model of a Parabolic Trough Solar Collector (PTC) using the Finite El-

ement Method to predict the thermal behavior of the working fluid along the collector receiver tube. The thermal effi-

ciency is estimated based on the governing equations involved in the heat transfer processes. To validate the model re-

sults, a thermal simulation of the fluid was performed using Solidworks software. The maximum error obtained from 

the comparison of the modeling with the simulation was 7.6% at a flow rate of 1 l/min. According to the results ob-

tained from the statistical errors, the method can effectively predict the fluid temperature at high flow rates. The devel-

oped model can be useful as a design tool, in the optimization of the time spent in the simulations generated by the 

software and in the minimization of the manufacturing costs related to Parabolic Trough Solar Collectors. 
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1. Introduction 
Environmental pollution by greenhouse gases is a problem that has 

arisen over the last few decades. These gases are produced by different 
factors, including the combustion of fossil fuels, water vapor, the use of 
fertilizers in agricultural fields, and the venting of natural gas, among 
others. The considerable increase in these gases, such as carbon dioxide 
(CO2), sulfur dioxide (SO2) and nitrous oxide (NOx), leads to devastat-
ing consequences that have a direct impact on climate change[1]. For 
this reason, there is a current global trend focused on the use of alterna-
tive energy sources as a measure to mitigate emissions of these harmful 
gases and other pollutants into the atmosphere[2]. 

Solar energy is one of the renewable energy sources that attract 
more attention due to its abundance, cleanliness and the fact that it does 
not generate any pollution[3]. Within this energy source is the technolo-
gy of solar concentrators which is one of the most developed currently 
and employed for electric power generation[4]. Concentrator-type solar 
collectors are capable of producing high temperatures (over 400 °C). 
This makes them a feasible and promising technology for solar desali- 
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nation, solar chemistry applications, solar cooling 
(absorption and adsorption), solar hydrogen pro-
duction and Concentrated Solar Power Plants 
(CSP)[5]. 

A CCP captures radiant energy from the sun 
and concentrates it in a receiver tube located on the 
focal axis of the parabola through which a working 
fluid is circulated, transforming solar radiation into 
useful thermal energy. The heat transfer analysis of 
these collectors is important for the calculation of 
thermal losses and the sizing of the solar power 
plant during preliminary design[6]. 

Given the importance of heat transfer analysis 
in the CCP, different models have been developed 
over the last few years. Nwosu[7] developed a ther-
mal model using the finite element method to a re-
ceiver tube with evacuated glass cover, in which he 
obtained the best gain at high heat fluxes. On the 
other hand, Liang[8] compared different heat transfer 
models in CCP by which he concluded the unnec-
essariness of contemplating heat conduction in re-
ceiver tubes with evacuated cover. More recent 
studies such as Uzgoren[9], in which he evaluated a 
CCP in transient state by means of a mathematical 
model developed by the finite volume method, val-
idating it with experimental data, obtaining 
non-significant errors. Finally, Jaramillo[10] per-
formed an analysis of the thermal efficiency of a 
CCP by inserting twisted tapes inside the receiver 
tube, obtaining a 3.5% increase in thermal efficien-
cy under controlled conditions. 

The characterization of a CCP is of utmost 
importance, since it allows to know the different 
phenomena that occur in it. One of these is the be-
havior of the temperature along the receiver tube, 
from the inlet to the outlet. This allows to observe 
the phenomenon of heat transfer from the receiver 
tube to the fluid, as well as to predict the phase 
change of the fluid, guaranteeing the obtaining of 
steam for the generation of electricity. In the same 
way, modeling allows characterizing a CCP under 
different conditions without the need to resort to 
experimentation and to have a general concept of 
the thermal behavior of the fluid. 

The objective of this work is to model a 
CCP by means of the first law of thermodynamics 
using the Finite Element Method (FEM). This 

method allows obtaining a fluid temperature pro-
file by discretizing the receiver tube in a finite 
number of elements called nodes. Likewise, the 
validation of the model is presented by means of a 
simulation of the flow temperature implemented in 
the Solidworks® software. 

2. Methodology 
A CCP is a solar concentrating system con-

sisting of a reflecting sheet that captures the sun’s 
rays and concentrates them on a receiver tube lo-
cated on the focal axis of the parabola. Figure 1 
shows the design and basic components of a CCP. 

Two of the important parameters that charac-
terize a CCP are the temperature at the outlet of the 
receiver tube and the thermal efficiency. The former 
describes the heat gained by the working fluid, 
which allows the development of prototypes that 
can be optimized for processes requiring specific 
temperatures. Thermal efficiency, on the other hand, 
allows obtaining the ratio of useful energy with re-
spect to the energy input to the system. 

 
Figure 1. Basic components of a CCP. 

2.1 Thermal analysis of the CCP 

In a solar concentrating system, one of the 
important parameters is the optical efficiency, 
which is calculated by Equation 1. 

 1 tan( ) cos( )o fA    
 

(1) 

Where, ρ is the reflectivity of the reflective sheet, 𝜏 

is the transmissivity of the tube envelope, α is the ab-

sorptivity of the receiver tube, γ is the interception 

factor, Af is the geometrical factor of the collector and 

𝜃 is the angle of incidence of the solar rays[11]. For 

the thermal analysis of the CCP, single-phase flow is 

considered, being water the working fluid. Likewise, 
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conduction losses are considered negligible since the 

supports of the receiving pipe are assumed to be insu-

lated. Figure 2 shows the model of the receiver pipe 

and the representation of the thermal losses as a net-

work of resistances. 

 
Figure 2. Fi Model of the receiver tube: (a) nomenclature; (b) 
thermal resistance network for cross section. 

To estimate the convective and radiative heat 
transfer losses in the receiver, the overall coefficient 
of thermal losses must be found UL calculated as: 

L v rU h h   

(2) 

Where, vk  is the thermal conductivity of air, 

eD  the where the coefficient, vh  represents the 
convective heat transfer loss, and rh  the radiative 
heat loss, vh  is calculated by Equation 3: 

v
v v

e
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h Nu
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(3) 
External diameter of the receiving pipe y 𝑁𝑢  

the Nusselt number which can be estimated by the 
Churchill and Bernstein equation as[12]: 

 
(4) 

Where, Prv is the Prandtl number for air and

v  is the Reynolds number of air, which is calcu-
lated by Equation 5: 

e
v

VD
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(5) 

Where, V is the wind speed and v is the kine-
matic viscosity of the air. 

On the other hand, hr is estimated by Equation 
6: 

34r r rh T  

(6) 

Where,   is the Stefan-Boltzmann constant, 

r  is the emissivity and Tr the receiver tube tem-
perature, calculated as:  

,
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(7) 
Being Te,m the maximum fluid temperature at 

the outlet, bG  the direct solar radiation, oC  the 
concentration factor and hw the convective heat 
transfer coefficient inside the receiver tube, which 
is found as: 

w
w w

i

k
h Nu

D


 

(8) 

Hence, wk  is the thermal conductivity of wa-
ter, iD  is the internal diameter of the pipe and 

wNu  the Nusselt number of water which depends 
on the type of flow, and is calculated as[13]: 

 

(9) 
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From Equation 9, wPr  is the Prandtl number 
of the water, d is a factor calculated as the ratio of 
the internal diameter of the pipe to its total length, 

iD  is the internal diameter of the receiving pipe 
y  is a factor which is calculated by Equation 10. 

2300

4000 2300
w  


  

(10) 

Similarly, ff is the friction factor and is esti-
mated by the Chen equation[14]: 

 
(11) 

Where, rr  is the roughness of the material, of 

which the pipe is made. On the other hand, Nulam 
=4.36, Nuturb,4000 is calculated by the turbulent flow 
equation ℜ 4000, taking ℜ 4000, Prw = 0.7, 

𝑑 0.0001 𝑎𝑛𝑑 1. The Reynolds number of 

water ℜ  is calculated as: 
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(12) 

Where, m is the mass flow, and w  is the dy-
namic viscosity of the water. 

Subsequently, the removal factor is calculated 
FR as[15]: 
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(13) 

Where, Ar is the area of the receiver pipe, cp is 
the specific heat of water, and F’ is the collector 
efficiency factor calculated as: 
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(14) 

Of which kc is the thermal conductivity of the 
receiver pipe. 

The equation relating the energy gain of a CCP 
is: 

    p e i R o a b r L i amc T T F A G A U T T   
 

(15) 

Where, Ti is the initial temperature of the fluid, 
and Aa is the aperture area of the reflecting sheet. 
Therefore, the fluid outlet temperature is given as: 

 R o a b r L i a
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p
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mc

    
 

(16) 

Where, Ta is the ambient temperature. Final-
ly, by the first law of thermodynamics, the thermal 
efficiency of the CCP is as: 
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(17) 

2.2 The finite element method 

The finite element method (FEM) is a numeri-
cal method for the solution of engineering problems 
commonly employed in those involving a high de-
gree of mathematical complexity, as well as physi-
cal-mathematical, with applications in problems of 
heat transfer, fluid flow, mass transport, etc.[16]. 

The FEM involves several numerical methods 
that are used to obtain results approximating the 
real value. In this work, the Galerkin method was 
employed, which is a method with an error of 
about 7% of the true value, and with a high degree 
of accuracy[17]. The Galerkin method is stated as: 

 

(18) 
Where: 

ix  is the first node of the system. 

jx  is the nodal length of the system. 
𝑁 ,  is the nodal test function, 𝑁 1 , 

𝑁 1 , of which, 𝐿  is the nodal length. 

𝑅 𝑥: 𝑇  is the residual function, which measures 
the difference between the test solution and the real 
solution, this being Equation 15; dV: is the volume 
differential. 
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From Equation 15, 𝑇 𝑇  is rewritten as 
differential. 

Thus, applying Galerkin’s method to this equa-

tion leaves: 

 
(19) 

Where, 𝑊  is the opening length of the sheet. 
Considering that 𝑁 ,  decomposes to 𝑁  and 𝑁  
and that the temperature at node i multiplied by its 
respective nodal length, plus the temperature at 

node j multiplied by its nodal length up to that point 
is expressed as ( ) ( ) ( )i i j jT x N x T N x T  , Equation 

19 is rewritten in matrix form as: 

 
(20) 

Analytically integrating and simplifying the terms of 
Equation 20, it is finally left as: 

 

(211) 

Equation 21 represents the fluid temperature 
along the receiving pipe simplified for 2 nodes. To 
obtain a temperature profile it is necessary to work 
with a larger number of nodes. 

2.3 Computational development 

The FEM was developed in the MATLAB 
programming environment. The flowchart imple-
mented for the programming are presented in Fig-
ure 3. First, the length of the receiver tube (Lt) and 
then the number of nodes (Nn) were initialized in 
order to calculate the nodal distance (Ln). Subse-
quently, the generated matrix and the generated 
vector are assembled. The boundary conditions 
for both are included and the temperature profile is 
calculated by solving the assembled matrix. 

For the validation of the CCP model, Solid-
works software was used to estimate the tempera-
ture behavior of the working fluid along the receiv-
ing pipe using its flow simulation tool, which 
allowed observing the phenomena presented in the 
pipe. For the validation, four phases were followed 
as shown in Figure 4. 

Phase 1: The CCP is designed in the software 
as shown in Figure 4. 

Phase 2: The input parameters with which the 
simulation will be performed are included. These 
parameters are explained in the results section. 

Phase 3: The simulation is carried out consid-
ering the parameters included in Phase 2, as well as 
the boundary conditions involved in the ther-
mal behavior of the fluid temperature. 

Phase 4: In this last phase, the results obtained 
from the software simulation are compared with 
those obtained from the FEM modeling, thus vali-
dating the developed model. 

3. Results and discussion 
This section presents the results obtained from 

the modeling developed using the FEM. A thermal 
analysis of the effects of seven parameters included 
in the modeling performing in order to observe 
the behavior of the fluid along the receiver tube, as 
well as the behavior of the thermal efficiency of the 
CCP. Finally, the results and the errors obtained sta-
tistically from the model developed through the 
FEM are compared with the simulation carried out 
using the Solidworks software through its flow 
simulation tool. 



 

65 

 
Figure 3. FEM flowchart. 

 
Figure 4. Phases implemented for the validation of the CCP thermal model. 

3.1 Effects of input parameters on fluid 
temperature 

For the modeling, seven nominal parameters 
were used, which were varied to observe the be-
havior of the water temperature along the receiving 
pipe and the thermal efficiency of the CCP. These 
parameters include the direct solar irradiance (Gb) 
(varies from 500 to 1,000 W/m2), the wind speed (V) 
(from 1 to 6 m / s ), the ambient temperature (Ta) 
(from 25 to 35 °C), the flow rate (Q) (from 1 to 6 
l/min), the initial fluid temperature (Ti) (from 35 to 
60 °C), the edge angle of the CCP 𝜑  (from 30 to 
90 °C), and the nominal diameter of the receiver 
pipe (Dn) (assigned the values of 1/2, 3/4, 1, 1  

and 2 inches, respectively). 
Figure 5 shows the different results obtained 

from the effects of the variation of each of the pa-
rameters mentioned above on the fluid temperature. 
Figure 5(a) presents the effect of irradiance, and a 
higher heat gain is observed at high irradiances be-
cause the heat flux to the receiver tube is higher 
under these conditions. Similarly, Figure 5(b) pre-
sents the variation of the wind speed, and a decrease 
of the fluid heat gain is observed when this param-
eter increases, because it is lower at high wind 
speeds due to the increase of external convective 
losses. Figure 5(c) presents the variation of the 
flow rate at the inlet of the receiver tube and shows 
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a lower thermal gain by the fluid when the flow 
rates are high due to higher convective losses inside 
the receiver tube. On the other hand, Figure 5(d) 
reflects the variation of the initial fluid temperature 
of the CCP receiver tube, from which a higher 
thermal gain gradient was obtained when this pa-
rameter increases, due to the fact of having a high 
useful heat at the inlet of the receiver tube. Figure 
5(e) presents the variation of the edge angle, in 
which the highest thermal gain was obtained for the 
edge angle of 90°, due to the fact that the increase 
in the receiving area of the sheet produces a higher 
concentration factor, and thus a higher concentrated 
heat flux to the receiver tube. Finally, Figure 5(f) 

represents the variation of the nominal diameter and 
its effect on the fluid temperature. The increase of 
this parameter leads to higher convective losses due 
to the larger area of the receiver tube. However, the 
concentration factor is higher when the nominal 
diameter decreases. For this reason, a nominal di-
ameter must be found, which is optimal for mini-
mizing convective losses and maximizing the ther-
mal gain of the fluid. For this work, this diameter 
was 1 inch. As for the efficiency performance, sev-
en cases were included, each of which was assigned 
a designated value for each nominal parameter, as 
shown in Table 1. 

Table 1. Cases for modeling the thermal efficiency of the CCP 
Case Irradiance 

(𝑮𝒃) 
Wind 
speed (V) 

Ambient Tempera-
ture (𝑻𝜶) 

Flow rate 
(Q) 

Initial tempera-
ture (𝑻𝒊) 

Edge angle 
(𝝋𝒓) 

Nominal diam-
eter (𝑫𝒏) 

I 500 1 25 1 35 30 ½ 
II 600 2 27 2 40 40 ¾ 
III 700 3 29 3 45 50 1 
IV 800 4 31 4 50 60 1½ 
V 900 5 33 5 55 70 2 
VI 1000 6 35 6 60 80 - 
VII - -  - - 90 - 

Figure 6 shows the thermal efficiency plots 𝜂  
for each case in Table 1. It is observed that param-
eters such as irradiance, flow rate, ambient temper-
ature and edge angle are directly proportional to the 
thermal efficiency. These parameters influence in 
the same way as the fluid temperature along the 
receiver tube presented in Figure 5, i.e., the in-
crease of any of these parameters involved gener-
ates higher thermal gain by the working fluid. On 
the other hand, wind speed and initial temperature 
are inversely proportional, which means that the 
increase of these parameters produces lower ther-
mal gain of the flow. Likewise, it is observed that in 
the efficiency behavior for the variation of the 
nominal diameter, an optimum diameter of 1 inch 
was obtained. For diameters larger than this, the 
thermal efficiency decreases. Finally, the highest 
thermal efficiency was obtained in the variation of 
the ambient temperature, at 35 °C, reaching a value 
of 72%. 

3.2 Validation of the thermal model 

For the validation of the model, Solidworks 
software was used as a simulation tool. In this sec-
tion, several simulations perform considering the 

 

same input variables that were considered in the 
simulation developed with the FEM of the thermal 
model of the CCP, as an example of this simulation 
with the Solidworks software. Figure 7(a) shows 
the temperature at the outlet of the receiver pipe as 
a cross-sectional plot. In this graph it can be seen 
that the red section at the outlet corresponds to a 
temperature of approximately 42 °C, on the other 
hand, from Figure 5(a), the approximate tempera-
ture corresponding to the irradiance of 900 W/m2 
for the non-evacuated tube is 41.6 °C considering 
the same parameters used in the thermal modeling 
with the FEM. This temperature agrees with the 
temperature obtained in Solidworks because this 
irradiance was one of the nominal parameters in the 
simulation, keeping the other parameters invari-
ant, both in the modeling and in the simulation. The 
calculation times corresponding to the simulation 
with the Solidworks software were approximately 
45 to 58 min. On the other hand, Figure 7(b) shows 
the cut-off graph of the receiver tube that represents 
the temperature behavior along it. The change of the 
fluid temperature is observed as it passes along the 
receiver tube, where the red color represents the 
highest temperature. 
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Finally, Table 2 shows the values obtained 
from the modeling and simulation, with their re-
spective errors, for which the flow rate was the pa-
rameter to be varied, since this is one of those that 
generate the greatest gradients in the fluid outlet 
temperature, as can be seen in Figure 5(c). 

Similarly, the maximum error obtained 
was 7.6 % for the minimum flow rate used, and the 
minimum error was 0.5% for the highest flow rate. 
Therefore, the results of the developed model are 
close to the Solidworks simulation and can effec-

tively predict the fluid temperature behavior at high 
flow rates. 

Table 2. Comparison of modeling and simulation results for 
each flow variation 
Flow rate MEF Solidworks Error 
1 l/min 53.70 °C 49.61 °C 7.6 % 
2 l/min 44.55 °C 42.41 °C 4.8 % 
3 l/min 41.65 °C 41.33 °C 0.7 % 
4 l/min 40.06 °C 39.74 °C 0.8 % 
5 l/min 39.07 °C 38.82 °C 0.6 % 
6 l/min 38.40 °C 38.20 °C 0.5 % 

 

 
Figure 5. Effects of nominal parameters on fluid temperature: 5(a) Effect of irradiance; 5(b) effect of wind speed; 5(c) effect of flow 
rate; 5(d) effect of initial fluid temperature; 5(e) effect of edge angle; 5(f) effect of nominal diameter. 
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Figure 6. Thermal efficiency behavior for each case. 

 
Figure 7. Graph of the thermal distribution of the fluid temperature: (a) outlet of the receiver tube; (b) along the receiving tube. 

4. Conclusions 
In the present work, a physical model for heat 

transfer in a Parabolic Trough Solar Concentrator 
(PCC) was developed. In the solution of the report-
ed model equations, the Finite Element Method 
(FEM) was used as a modeling tool. The physical 
model developed is capable of calculating the tem-
perature distribution of the working fluid along the 
CCP receiver tube. Likewise, the model allows the 
estimation of the CCP efficiency through a thermal 
analysis based on the first law of thermodynamics. 
The temperature distribution along the CCP receiv-
er tube was obtained as a function of seven input 
parameters (solar irradiance, wind speed, ambient 
temperature, flow rate, initial fluid temperature, 
CCP edge angle and nominal diameter of the re-
ceiver tube), which were varied to study the behav-
ior of the fluid temperature as a function of these 
parameters. The results obtained in the FEM mod-
eling were validated by simulating the fluid using 
Solidworks software through its flow simulation 

 
tool. The validation of the developed model reports 
a maximum error of 7.6% between the theoretical 
model and the Solidworks software. The model de-
veloped in this work is a useful tool to predict the 
temperature behavior of the working fluid under 
different environmental and operating conditions. 
The advantage of this model, in comparison with 
the Solidworks software, are the short calculation 
times, because, with the software, this time is ap-
proximately 45 to 58 minutes, while using 
MATLAB, this calculation does not exceed 30 sec-
onds. As future work, it is desired to compare the 
results obtained from the thermal modeling with 
experimental results of the CCP, so that the devel-
oped model can be validated and can be used in the 
sizing and characterization of the CCP. 
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