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Abstract

Solar energy has been used for various purposes in human societies for a long. Over the
last few decades, the intensification of global warming has led to an increase in demand
for new technologies to produce renewable energy without toxic by-products for the
environment and climate dynamics of the planet. In this field, concentrating solar
collectors play an outstanding role because they can absorb solar energy and convert it
into thermal, mechanical, or electrical power, without producing excess waste. In this
study, a concentrating solar collector with a parabolic-trough geometry was designed
using a collector tube consisting of two concentric glass tubes with a vacuum in the
annular space using water as the absorber fluid. To improve thermal utilization, a copper
probe was embedded inside the tube to separate the flow of cold and hot water. The inlet
fluid temperature and mass flow rate were assumed equal to 25°C and 0.08 kg/s,
respectively. The wind speed in the first part of the analysis was considered 5 m/s. The
support bracket connected to the solar absorber is the main source of heat loss inside
the system due to exposure to the ambient air. Such heat losses negatively affect the
absorber outlet temperature, which in turn reduces the efficiency of the system. The
heating of the absorber leads to an increase in the amount of heat transferred to the
fluid. The resulting heat is lost due to radiation through the glass cover and conveying it
to the support bracket. The temperature gradient is affected by different wind speeds.
This is because more than 98% of the surface of the support bracket is exposed to the
ambient air, which is the main source of heat loss. Increasing the number of support
brackets connected to the absorber tube causes an increase in heat loss. In addition, the
thermophysical properties of the support bracket material, such as thermal conductivity
and its capacity to store heat affect the heat exchange.

Keywords: PTSC, solar energy, inlet fluid flow, inlet fluid temperature, thermal losses

Introduction

The negative consequences of global climate change and the report of experts on the catastrophic future have led
the minds and measures to search for a sustainable energy policy. With a low rate of greenhouse gas emissions,
Iran is one of the most vulnerable countries in the Middle East, which has initiated many mitigation policies and
measures to exploit low-carbon energy sources in recent years [1]. PTSC is one of the solar energy exploitation
systems with more advantages such as co-production, better efficiency, and the possibility of high thermal
storage compared to photovoltaic systems. Unlike photovoltaic systems, the conversion of solar energy into
electricity in PTSC is indirect. Like other concentrating solar technologies, its central function is to collect solar
rays, concentrate them on the solar absorber, and transfer them to HTF in the form of useful heat. As shown in
Fernandez-Garcia et al., PTSC has various applications [10][11]. Due to the complexity of the PTSC system,
several scientific studies in this field have provided different solutions for modeling, numerical simulation,
testing, and identification of economic and techno-economic aspects [12], [13], [14],[ 15]. Based on the same
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operating principle, PTSCs offer different designs and alternative proposals depending on the context [16]. Also,
to improve optical and thermal efficiency, they reduce the costs of building and developing more compact
designs. When the collector concentrates the solar rays on the surface of the absorber tube, the heat flux
distribution is non-uniform and affects the optical efficiency [17], [18]. In most of the studies, presuppositions
based on flux uniformity have been proposed to simplify the study. Several techniques have been proposed to
analyze concentrated flow density and optical efficiency based on ray tracing, such as the Monte Carlo method
[19][20]. Additionally, photogrammetric techniques have been used to evaluate non-uniform flows and optical
analysis. Also, studies have been conducted in the field of PTSC thermal analysis focusing on heat exchanges
[21], [22], [23]. Several methods have been proposed regarding the use and selection of HTFs to improve the
thermal efficiency of the system [24], [25], [26], and other aspects in the research literature [14]. Considering
the climatic characteristics of PTSC deployment areas, some studies have proposed mathematical models
simulated under several approaches. For example, researchers in [27] investigated the simulation and
performance analysis of a one-dimensional PTSC model with two fluids in the Algerian desert. Marefati et al.
[28] used PTSC to evaluate the potential of solar energy in four Iranian cities and considered its performance in
different meteorological conditions with several input parameters and discussed the results. Babikir et al. [29]
proposed a single-dimensional thermal model of PTSC in a quasi-steady state and tested four HTFs (treated
water, untreated water, Therminol VP-1, and Therminol 66) to perform a comparative thermal analysis of
behavior and application in coastal climatic conditions. However, in the model [29], some aspects affecting the
performance of the system are considered insignificant. The limitations of the model proposed in [29, 30] are the
fundamental principles of the current work as follows. First, it does not reach the ends of the heat collecting
element (HCE) or solar receiver as the solar radiation angle increases from zero. Such non-illuminated parts of
the HCE affect the optical efficiency of the system. Secondly, the HCE is connected to the concentrator through
metal supports called fins. The number of supports varies according to the PTSC prototypes produced. In most
cases, there are at least two support brackets. The cross-section in contact with the HCE recovers part of the
heat. The heat recovered by natural convection or forced convection is dispersed and increases the heat loss of
the system. The research literature shows that the former case is not considered in mathematical modeling and
numerical simulation of the PTSC system, such as Padilla et al. [22]. This is because the researchers assumed
that there was no loss in their system. Marif et al [27] did not include this aspect in their study. This
overestimates the input heat flux in the HCE. However, some works have also considered this aspect, such as
Marefati et al. [28]. Alfellag [36] used the approach proposed by Lippke [40] to calculate the final losses. Also,
Behar et al. [37] calculated the final losses with Gaul and Rabe's relation [38, 41]. Their selection shows that
this approach brings reasonable results. In none of the studies, this aspect was combined with an hourly solar
radiation estimation model or a solar tracking system to complement the optical model. In addition, overall
system performance evaluation is not done daily. A correct representation of such a prominent thermal
phenomenon during the normal hourly operation of the PTSC system on a given day is not provided. The
second case has been discussed in the research literature. For example, focusing on heat transfer analysis and
modeling of the parabolic-trough solar receiver (implemented in Engineering Equation Solver (EES) software),
Forristall [21, 41] modeled the support bracket. The researcher has introduced the support bracket as a source of
heat loss in the system but has not analyzed its thermal effects on the performance of the system in detail. In his
work, Padilla [23] has modeled the support bracket considering fins. The results show that the used model is
thermally better and more conservative than the model [21, 42]. Similarly, Liang et al. [31] and Behar et al. [37]
incorporated different approaches for thermal modeling of the support bracket in their HCE thermal models.
However, their thermal effects have not been analyzed. In most studies, support brackets thermal models have
been selected without an optimal selection criterion. This can be considered a limitation in the thermal
performance analysis of PTSC systems. Although this simplifies the analysis assumptions, it underestimates the
radiation losses at the outer surface of the HCE, the losses through the support brackets as well as the exit fluid.
This study aims to propose a mathematical model for PTSC based on the coupling of optical and thermal
models, taking into account the aspects mentioned above (as one of the limitations of the model in [29, 43]) and
the usability in climate conditions of south and southeast Iran. Also, an optical model of PTSC considering the
final loss of HCE is proposed, along with a solar radiation estimation model based on a single-axis solar
tracking system.
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Physical model

The PTSC (Figure 1a) is assembled on a metal structure placed on the ground. The collector consists of a set of
mirrors with high reflectivity to reflect the maximum solar flux collected on the solar receiver. The solar
receiver consists of a transparent glass cover with a high absorption coefficient, low emission, and high
transmission. The glass cover covers the absorber tube containing the HTF. The solar receiver is located linearly
at the focus of the collector at a distance f. It is also attached to the collector through the support brackets as
shown in the figure. Figure 1b shows the regions near the end of the HCE that are not illuminated by solar
radiation reflected from the collector. When the PTSC lacks a full two-axis tracking system and the incidence
angle increases (different from zero), the entire surface of the HCE cannot be illuminated. This means that the
system cannot receive the radiation collected by the sun reflector. This usually affects the end of the HCE.
These losses are generally referred to as end losses (Xend). Due to the lack of use of the two-axis tracking
system, these losses are not considered in this study. The technical specifications and dimensions of the physical
model are borrowed from [29].
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Figure 1: a) schematic of a PTSC [31] b) ending HCE losses [28]
Equations governing parabolic-trough collector (PTC):

Parabolic-trough collector is used in this study due to high heat transfer with low cross-sectional area, relatively
simpler technology than other methods, and temperature increase up to 400 degrees Celsius.

The geometrical analysis of the parabolic-trough collector is discussed below.
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Figure 2: Correct deployment position of parabolic-trough collector

Figure 2 represents the important computational parameters.
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Figure 3: a) geometric concentration ratio C4 b) acceptance angle f and aperture angle ¥ of parabolic-trough
collector
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where W is the width of the collector aperture, | is the length of the collector, and d. reflects the outer diameter
of the absorber tube.

One of the important parameters of the parabolic-trough collector is 7,,.¢° , Which indicates the optical
efficiency and is obtained as the product of 4 parameters, i.e. reflection, blocking factor, coefficient of passing
through the glass of the absorber tube, and absorption coefficient of the absorber tube.

Nopt,0° = P Xy XTX A =0’ 2-6

Optical efficiency between 0.74 and 0.79 is considered desirable and high quality for parabolic-trough
collectors.

The value of 7,0 is the maximum efficiency and changes according to the change of the angle of incidence
(p). As a result, a correction factor is needed as the angle of incidence correction factor (k(¢)). This correction
factor is calculated using a polynomial as represented in Equation 3.

k(p) =1-2.23073%10"* @ — 1.1 » 10~* * @2 + 3-6
{ 3.1896 * 100 * 3 — 4.85509 = 108 x ¢* 0°< ¢ <80°
k(p) =0 85" < ¢ <90°

Based on the correction factor, the optical efficiency is calculated according to Equation 4-6.

Nopt,p#0" = Mopt,0° k(@) a6

In order to calculate the energy transferred from the collector to the working fluid inside the absorber, the law of
conservation of energy is applied to the system.
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Figure 4: Energy conservation in parabolic-trough collector

QQ,collectarﬁfluid 6-6

T]system =
QQ,sun—wallector

Qsun_coltector = Ac- Eq. cos ()  6-7
Qcottector_fruida = M- (Rour — hin)  6-8
where A is the opening area and E4 shows the direct solar radiation.
Applying the energy balance to Equation 6-9 leads to the following figure.
Qeottector_fiuid = Ac- Eq-€08(@) 1,0 02k (9). Fo — Qottector ambient 6-9

where F. is the coefficient of soil contamination of the collector and its value in commercial collectors varies
between 0.95 and 1.

Thermal model

The developed thermal model is a one-dimensional model in which the support brackets connecting the collector
to the absorber tube are modeled. Also, the heat exchanges of the system (Figure 5) are analyzed. The
multiplicity of models to quantify heat flow through support brackets and its effect on thermal performance
directs our attention to five thermal models.

In the first model known as Model 0, the support bracket is ignored and not modeled. In the second model,
known as Model 1, the bracket thermal model developed by Forristall [21] is used. In the third model, called
Model 2, the support bracket thermal model developed by Padilla et al. [22] is considered. In the fourth model,
called Model 3, the approach used by Liang et al. [31] is used to model the support bracket. In the fifth model,
called Model 4, the approach of Behar et al. [37] is used. These five thermal models are coupled with optical
models and solar radiation estimation models for thermal simulation and analysis. The details of the thermal
analysis are as follows.

02Te
AeKe (axz) + noptIBeamAcol - [T[De,ouhe—a,conv,ou(Te - Ta) + nDe,ouhe—a,rad,ou(Te - Ts)]

+ [T[Dab,ouhab—e,conv,ou(Tab - Te) + T[Dab,ouhab—e,rad,ou(Tab - Te)] =0
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02T ab

AabKab ( aXZ ) + nothcolAab - [T[Dab,ouhab—e,conv,ou(Tab - Te) + T[Dab,ouhab—e,rad,ou(Tab -

+ [HDab,inhab—f,conv,in(Tab - Tf) + hb,cond(Tb - Ta)] =0

02Ty aTy
Afo (aXz) - mep,fE + T[Dab,inhab—f,conv,in(Tab - Tf) =0
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Figure 5: Schematic of heat exchange process in PTSC and thermal resistance pattern [37]
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Results and discussion

Tl

PTSC is simulated with different aspects considered in mathematical modeling. The input parameters of the
receiver are represented in Table 1. The simulation process was carried out in MATLAB with a wind speed
equal to 5 m/s and data for a period of 5 months from Southeastern Iran Electricity Company. Thermal functions

are quite sensitive to changes in input values.

Table 1: Input parameters of the proposed PTSC

Parameters Unit Value
The inner diameter of the absorber m 0.0158
The outer diameter of the absorber m 0.0178
The inner diameter of the glass cover m 0.057
The outer diameter of the glass cover m 0.06
The length of the collector m 34
The width of the collector - 11
Tracking factor - 0.48
Glass cover transfer - 0.9
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Absorption coefficient of the absorber - 0.9

Absorption coefficient of glass cover - 0.02

Stefan—Boltzmann constant - 5.67*10"-8

The thermal performance is measured based on the HTF outlet temperature as a comparative variable in the
validation. Therefore, various experiments were performed by changing the input parameters of the model such
as radiation, fluid mass flow rate, and fluid inlet temperature to obtain different fluid outlet temperatures. As
shown in Figure 6, HTF fluid velocity, HTF convection heat transfer coefficient, and total heat loss from the
glass to the environment relative to the HTF flow rate were analyzed (5-1). According to the drawn plots,
increasing the flow rate of HTF causes a slight increase in the total heat loss. At the same time, increasing the
flow rate of HTF causes rapid enhancement of the heat transfer coefficient and fluid speed of HTF.

e HTF fluid speed = Total Heat Loss from Glass to Ambient HTF convection heat transfer coefficient
10 10000
9 9000
8 / 8000
7 7000
6 6000
5 5000
4 4000
3 3000
2 2000
1 // 1000
0 0
1 2 3 4 5 1 2 3 4 5
FLOW RATE OF THE HTF flow rate of the HTF

Figure 6: a) HTF fluid speed changes, and total heat loss from glass to the environment relative to the HTF flow
rate b) HTF convection heat transfer coefficient in relative to HTF flow rate

Considering the HTF flow rate equal to 1 and variable inlet temperature (25.3 - 65.3), values of HTF convection
heat transfer coefficient and total heat loss from glass to the environment are analyzed. According to Figure 7,
increasing the inlet temperature increases the convection heat transfer coefficient. Up to a temperature of less
than 35.3 degrees, the total heat loss is very low. From the temperature of 35 to 45, a very large increase
(83.92%) in the total heat loss is achieved and the upward trend continues.

HTF convection heat transfer coefficient

TOTAL HEAT LOSS FROM GLASS TO AMBIENT

O BN WA OO N ® O

25.3 353 453 55.3 65.3

253 353 453 553 65.3
Inlet temperature INLET TEMPERATURE

Figure 7: a) Variations of HTF convection heat transfer coefficient and total heat loss from the glass to the
environment relative to the inlet temperature

According to the results of the experiments, when the fluid inlet temperature to the HCE is not too high (about
100°C) under constant solar flux (about 930 W/m2), the fluid heats up at a significant rate.

The inlet fluid temperature and mass flow rate were assumed equal to 25°C and 0.08 kg/s, respectively. The
wind speed in the first part of the analysis was considered to be 5 m/s. The support bracket connected to the
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solar absorber is the main source of heat loss inside the system due to exposure to the ambient air. Such heat
losses negatively affect the absorber outlet temperature, which in turn reduces the efficiency of the system.
Figure 8 shows the daily changes in the solar absorber output temperature. An increase in solar radiation leads to
an increase in losses. The heating of the absorber leads to an increase in the amount of heat transferred to the
fluid. The resulting heat is lost due to radiation through the glass cover and conveying it to the support bracket.
The temperature gradient is affected by different wind speeds. This is because more than 98% of the surface of
the support bracket is exposed to the ambient air, which in turn is the main source of heat loss. Increasing the
number of support brackets connected to the absorber tube causes an increase in heat loss. In addition, the
thermophysical properties of the support bracket material, such as thermal conductivity and its capacity to store
heat affect the heat exchange. The output temperature of the absorber of the proposed model is strongly
correlated with different amounts of solar radiation during the day. This may be caused by the thermal effects of
the support bracket on the absorber tube.
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Figure 8: Daily comparison of the solar absorber output temperature of the proposed model to calculate the heat
loss through the support bracket

According to Relations 6-11 and 6-12 and Figure 9, increasing the inlet temperature increases the convection
heat transfer coefficient of HTF and decreases the thermal gain. On the other hand, the decrease in thermal gain
leads to a decrease in the efficiency of the collector.

g_gain = (h1* D2 *pi* (T2(1) —T1—273.15)) L
Efficiency = q_gain/q_ra0 * 100/L/W

34.2

34
33.8
33.6
334

33.2

Efficiency of the collector

33

32.8

1646.6 1913 2152.5 2352.4 2513.5
HTF convection heat transfer coefficient heat gain

958.11 958.49 937.5 936.06 934.33

Figure 9: a) changes in thermal gain compared to HTF convection heat transfer coefficient, b) changes in
collector efficiency compared to thermal gain

HTF flow rate is directly related to HTF fluid velocity. According to Equation 6-13 and Figure 10, the trend of
mass flow rate is upward with increasing fluid speed.
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MASS FLOW RATE

Figure 10: Changes of mass flow rate against fluid velocity

The numerical simulation results of the proposed PTSC mathematical models have been interpreted. The models
developed in this study consider more physical phenomena and reflect the actual performance of a PTSC
system, unlike the model of [29]. The difference between the results of [29] and the results of the proposed
model is due to the quantitative and qualitative simplification of the significant negative effects of
thermophysical phenomena governing the thermal behavior of the supporting brackets under the influence of
solar radiation and ambient air. Padilla [23] has emphasized the effective thermal behavior of the support
bracket in comparing his results with the results of [21]. Also, Kalogirou et al. [45, 46] attributed the observed
discrepancy between the experimental and predicted values of the characteristic curve slope of a collector to the
thermal losses of the support brackets and compared the advantages and disadvantages of this process.

Conclusion

With the aim of presenting a mathematical model of a PTSC in the climatic conditions of south and southeast
Iran, this research is the first step of a longitudinal study on the concentration of solar technologies and their
exploitation in the said territory. The main results of this study are stated as follows.

=  This study provided the analysis conditions of the proposed model through thermal performance, fluid
outlet temperature, and solar absorber. The thermal analysis performed shows that the support brackets
are the source of heat loss in the system regarding quality and quantity. Recorded heat losses of one
support bracket-based thermal model are different from another model.

= In general, the proposed model is sensitive to wind speed changes. This sensitivity is important when
the wind speed varies between 2 m/s and 5 m/s. Beyond this range, the sensitivity gradually decreases.
Therefore, not only optical aspects during abnormal direct radiation but also the contribution of the
support bracket connected to the absorber tube as a source of heat loss in the system should be
considered.
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