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Abstract. This work constitutes the thermal analysis of parabolic trough solar collector (PTC) in order to obtain its
necessary geometry as function, mainly, of the required thermal load and temperature. For this, a mathematical model
was developed and an algorithm for numerical simulation performed in Matlab® software, was generated. The model
was tested with theoretical and experimental studies getting a PTC length maximum deviation of 7.44 %. In addition, it
was analyzed the PTC geometry sensitivity according to vacuum condition, solar radiation, heat transfer fluid mass flow
rate, thermal load, reflector width and heat transfer fluid type. Finally, the model was applied to a 1 RT ammonia-water
absorption refrigeration cycle obtaining a necessary length of 11.7 m for 1 m reflector width.
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1. INTRODUCTION

Parabolic trough solar collectors constitute a mature commercial solar thermal technology. They are used extensively
in concentrating solar power, solar industrial heating processes, solar chemistry, solar desalination and solar cooling (Xu
et al., 2019). Such devices are proposed for applications requiring intermediate concentration rates and temperatures in
the range of 100 °C to 400°C (Duffie and Beckman, 2013).

PTCs are basically constituted of a parabolic structure covered by a reflective sheet material which reflect the direct
radiation reaching on its surface to a focal line where the receiver (also called absorber) is located. The receiver is basically
a metal tube externally coated with selective material that absorbs the concentrated radiation, transforms it in useful heat
and transmits it to a heat transfer fluid (HTF) that circulates inside. Generally, the metal tube is inserted into a glass tube.
PTCs generally have a tracking mechanism system, which orient it in an east-west direction, tracking the sun from north
to south or in a north to south direction, tracking the sun from east to west (Kalogirou, 2012).

The PTC reflector parabolic geometry is directly related to the receiver diameter (D3 caic) according to Eq. (1) and (2)
(Kalogirou, 2016).

AW
Dj; carc=2 (ﬁ) sin 0.267 Q)

w=4f tan (%) 2

Where, f is the focal length, ¢ the rim angle and w the PTC width. It was noted that the receiver external diameter
used in experimental and numerical works (Ds) do not follow the Eq. (1) and (2) as shown in Tab. 1. This table indicates
that the external receiver diameter used and the theoretical one ratio (D3 /D3 caic) Varies from 1.38 to 13.63, and the glass
cover internal diameter and receiver external diameter used ratio (D./D3) varies from 1.45 to 1.85.

The rim angle (¢,) is defined as the angle between the axis and the line from the focus to the edge of the concentrator
and it is recommended to be 70° and 110° (Gunther, Joemann, and Csambor, 2010). According to Kalogirou (2016) a rim
angle of 90° causes that the average focal-reflector distance and thus the reflected beam dispersion is minimized, so the
inclination and tracking errors are smaller.

On the other side, the cold production through absorption refrigeration systems has been traditionally considered one
of the most desirable applications for solar thermal energy (Li, Zhang and Yang, 2015). A solar refrigeration system
consists basically on the use of absorption refrigeration cycles (ARC) in combination with solar thermal systems to
produce the cooling effect (Musbah et al., 2014), requiring little or no electrical input (Kim and Ferreira, 2008). The
working fluids conventionally used in these cycles are lithium bromide — water (LiBr/ H>0) and ammonia — water
(NHs/H20) pairs (Flores, Roman and Alpirez, 2014). The ARCs have four main components, which are: the generator,
the condenser, the evaporator and the absorber. The energy that drives this cooling system, in this case, is the parabolic
trough solar collector, which feeds the generator.
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Table 1. Reflector geometry and absorber and glass cover diameters.
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This work aims to evaluate the parabolic through solar collector geometry for a given practical application. In addition,

it will be analyzed the sensitivity of PTC geometry as function of relevant variables, also, it will be applied the numerical
simulation to size a PTC for an ammonia-water absorption refrigeration cycle (AARC) as function of its thermal load, the

operating temperature, among other variables. This study is relevant since there is not work in the literature that lead with

sizing a parabolic trough collector as function of a specific thermal application.
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2. METHODOLOGY

The parabolic trough solar collector analyzed here has four main surfaces (2, 3, 4 and 5 as shown in Fig. (1)) that will
be considered in the energy balance between the heat transfer fluid inside the receiver and the environment. Figure 1
shows the PTC cross section indicating its main parts: the reflector, the receiver, the glass cover and the heat transfer fluid
(HTF). In this figure, one can see that the direct solar radiation impacts the reflector and a portion of it is reflected reaching
the glass cover first, then the receiver, being Q5,abs and Qiabs the radiation absorbed by those, respectively. At the receiver,

the heat is transferred from surface 3 to surface 2 by conduction (Q32 cong) @nd then to the HTF by convection (sz com):
Heat losses occur from surface 3 to surface 4 by convection (Q3 +comy) @Nd radiation (Q3 +raq)» then from surface 4 to surface

5 the heat loss is transferred by conduction (Q3 L eon d). From surface 5, heat is lost to environment (6) by convection

(Q56COW) and radiation QSﬁ,ra o~ The energy balances (first law of thermodynamics) were determined considering
permanent regime and kinetic and potential energy fluid variation negligible. Thus, the energy balances on surface 5, 4,
3 and 2 correspond to Eq. (2), (3), (4) and (5), respectively.
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Figure 1. Schematic of the parabolic trough solar collector.

Q5,ab5+ Q45,cond = Q56,md + Q56,conv (3)
Q34,md + Q34,canv = Q45,cand (4)
Q3,abs = Q32,cand + Q34,rad + Q34,conv (5)
Q32,cond = QZI,conv = Qu (6)

Where, Qu is the useful heat gain transferred to the heat transfer fluid (W), also, evaluated by the First Law of
Thermodynamics between the inlet and outlet heat transfer fluid at the receiver, as follow:

0,= te,(T -T)) ™

In the previous equation, 7z is the HTF mass flow rate (kg/s), c, is the HTF thermal capacity (J/kgK) and 7, and 7; are
HTF outlet and inlet temperatures (K) respectively.

2.1 Simplifications

Some simplifications are proposed to reduce negligible parameters. On surface 3 the absorbed solar irradiation (Q3 ubs)
is considered constant along its diameter and length. On surface 5, the absorbed radiation is considered negligible
(Q5 s = 0). On surfaces 4 and 5 it is assumed that conduction occurs on a thin wall, with no significant temperature
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variation (7, = Ts). At the annular region (between surfaces 3 and 4), if the pressure is bigger than 0.013 Pa, the convection
heat transfer between the receiving tube and the glass cover (Q3 1.com/) OCCUTS DY natural convection, otherwise, if this
pressure is less than 0.013 Pa, the convection is disregarded (Q'3 secomy = 0), since it is assumed that there is vacuum in this
region (Kalogirou, 2012).

The sky temperature is considered similar to that of the environment to calculate the heat transfer by radiation from

the glass cover to the sky. One-dimension model (1D) in the radial direction is assumed for Egs. (3) to (6), and the surface
temperatures are considered approximately constant. The radiation absorbed by the receiver is defined as:

Qj’,abs = SA (8)

Where A is the collector opening area (m?) and S is the radiation absorbed by the receiver per collector opening area
unit (W/m2), defined by Eqg. (9):

S=n,,1 ©)

In Eq. (9), | is direct solar radiation (W/m?2) and Mopt optical efficiency is given by:

Mo = PT5037K (10)

Where p is the reflector reflectivity, z; is the glass cover transmittivity, o; is the receiver absorptivity, y is the intercept
factor, which represents the rays fraction incident upon the aperture area that reach the receiver and K is the incidence
angle modifier, which quantifies the effect of the incidence angle on the parameters: p, 75, a; and y.

By combining equations of surface 2, it is possible to obtain the useful heat gain:

_ T3 -0A5(T0+T,-)
Qu ln(&)

D> I
Jnk3L | aDjLhy

(11)

In the previous relation, T is the receiver external temperature (K), D, is the receiver internal diameters (m),
respectively, k; is the receiver thermal conductivity (W/mK), L is the PTC length (m) and #, is the HTF convection heat
transfer coefficient (W/m?2K), that is evaluated through the Nusselt number:

hy D)

ky (12)

Nug=

If the flow is in laminar condition, (Re; < 2300) the Nusselt number is Nu = 4.36, for turbulent condition flow (Re; >
10000) the Nusselt number is defined follow the Dittus-Boelter equation:

Nug=0.023Re}*Pr’? (13)

In the Eq. (12), ks is the HTF thermal conductivity (W/mK) and in Eq. (13), Pr and Re are the Prandtl and Reynolds
numbers, respectively, the last one defined as:

4

Re/= Doy (14)
Where I is the HTF dynamic viscosity (kg/ms). By combining Eq. (3) and Eg. (4), one obtains:

Dio(14-1% k(T3 - Ts)
T = esDso(T5-15) + Dshy (T5- 7o) - =L 5= (15)
e3 Dy &5 D3

In the previous equation, o is the Boltzmann’s constant (5.67 x 10-8 W/m2K4), &5 and &5 are the receiver and glass
cover emissivity, respectively, D;s is the glass cover external diameters (m), 4,, is the external air convection heat transfer
coefficient (W/m?K), T is the external glass cover temperature (K), 7, is the ambient temperature (K) and &, is the
effective heat transfer coefficient for natural convection in the annular region (W/mK). If vacuum is considered, the term
2koy(Ts - Ts)/In( D,/ D3) must be disregarded.

The h,, coefficient can be estimated as follow (Kalogirou, 2016):
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Nu,,= T (16)
For 0.1 < Re,, < 1000,

Nu,,=0.4+0.54Re" (17)
For 1000 <Re,, < 50000,

Nuw=0.3Re‘(i'6 (18)

,ﬂwVDJ'

Re,,= (19)

w

Where kw, p, u and V are the thermal conductivity, density, dynamic viscosity and velocity of the air, respectively. The
effective heat transfer coefficient ke is obtained by (Raithby and Hollands, 1975):

. N\1/4
ky=0.386k, (—2—)"" Ral/* (20)

0.861+Pr,

In the previous relation, k,, Pr, and Ra_ are the thermal conductivity, Prandtl number and Rayleigh number of the air,
respectively, evaluated at surface 3 and 4 average temperature.
By combining Eq. (5) and (6), yields:

aDsLo(1§-19) | 2nlkey(Ts Ty

1 D3 I-¢ D.
L, D3 I-c5, 24
e3 Dy &5 D

SL(w-Ds)=0,+

(21)

If vacuum is considered the term 2xLk,;(T5-Ts)/In( D,/ Ds) must be disregarded.

Finally, the PTC thermal efficiency is defined as the useful heat gain and the radiation incident upon the aperture area
ratio:

Q.

p= (22)

~
hN

2.2 Simulation

Given the nonlinear Egs. (7) to (21), an algorithm was implemented in Matlab Mathworks® software to evaluate the
variables L, T}, T3, e Ts. The algorithm flowchart is shown in Fig. 2. In the first iteration, the temperature 75 was adjusted
to be one-degree Kelvin greater than that of the ambient.
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Figure 2. Algorithm flowchart scheme.

3. RESULTS AND DISCUSSIONS

3.1 Comparison with the literature

The algorithm was compared with one experimental (Sagade, Aher e Shinde, 2013) and two (Marif et al., 2014 and
Kalogirou, 2016) analytical works. The required input variables are: D,, D3, D4, Ds, €3, €5, p, Ts5, a3, 7, K, w, I, S, k3, T,
i1, ¢, and V, giving as result: the collector length (L), the absorber temperature (Ts) and the glass cover temperature (Ts).
The results are shown in Tab. 2. It can be seen in this table that the length collector relative deviation was 0.83 to 7.44 %,

for the receiver temperature 0.04 to 16.27 % and for the glass cover 1.80 to 2.66 %.
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Table 2. Comparison with the literature.

. . . Variation of
. A Sagade, Aher . Marif et al. . Kalogirou This
Variables e Shinde (2013) This work (2014) This work (2016) work the((;(:);ror
L (m) 1.21 1.22 7.80 8.38 20.00 20.62 0.83-7.44
T; (K) 342.15 342.00 449.15 522.21 533.00 549.38 0.04 - 16.27
Ts (K) - 314.52 341.15 332.07 337.00 343.05 1.80 - 2.66

3.2 Parameter sensitivity analysis

In this section, it was analyzed the sensitivity of some relevant PTC parameters. For this, it was used the following
input variables: D, =0.040 m, D; =0.050 m, D; = 0.090 m, ¢; =0.92, ¢5 = 0.87, p = 0.935, 75 = 0.89, a3 = 0.93, y = 0.95,
K=1,w=1m,I=680.08 W/m?, k; =15 W/mK, T, = 546.6 K, riz = 0.32 kg/s and V=5 m/s, it was used Therminol®
VP-1 as HTF. The analysis was made considering all the variables constant and varying only the variable of interest to
verify its influence on the PTC length and thermal efficiency. The parameters analyzed were: direct solar radiation (1),
mass flow rate (siz), useful heat gain (Q'u) and PTC width (w) which are shown in Fig. 3. In addition, the PTC length
sensitivity was analyzed as function of the HTF output temperature (7,) and the HTF type fluid (Therminol® VP-1,
Therminol® 59, water and thermo-solar salt 40% KNO3; 60% NaNQO3), this result is shown in Fig. 4.
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Figure 3. PTC length and thermal efficiency sensitivity as function of (a) direct solar radiation,
(b) HTF mass flow rate, (c) useful heat gain and (d) PTC width for Therminol ® VP-1 fluid.
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Figure 4. PTC length sensitivity in relation to HTF output temperature and several work fluids.

It can be seen in Fig. 3 (a), (b), (c) and (d) that when non-evacuated annular region between the receiver and the glass
cover is assumed, the collector length is bigger. This behavior is justified because the convection thermal losses in this
region.

In Fig. 3 (a) it is noted that the increase of the direct solar radiation leads to decrease the PTC length. In addition, the
lower the direct solar radiation, the greater the PTC length difference between the annular vacuum and non-vacuum
condition. This may be due to a smaller difference 7% - 7% (Eq. (21)) in non-vacuum situation for low solar direct radiation
However, when the radiation reaches around 700 W/m?, the collector length becomes gradually shorter and the vacuum
and non-vacuum lengths have approximately the same value. It can also be noted that the thermal efficiency for vacuum
condition is higher due to the thermal losses are smaller than non-vacuum condition.

Figure 3 (b) shows that PTC length initially increases with the HTF mass flow rate in laminar condition. After,
approximately at 0.11 kg/s, in turbulent condition, the PTC length begins to rise slightly and then becomes nearly constant
(from 0.3 kg/s). The interval between 0.045 kg/s and 0.11 kg/s represents the transient flow state and it is not considered
in the graph. It is also verified that the thermal efficiency follows the inverse behavior of the collector length for the
laminar flow state, but for the turbulent flow it does not vary significantly.

In Fig. 3 (c) it is observed that the PTC length for vacuum and non-vacuum conditions start approximately with the
same value and as the useful heat gain increases, they move apart, following an increment approximately linear. This may
be due to the smaller difference 7%- 7%, as mentioned in Fig. 3 (a). It is also noticed that for vacuum situation the thermal
efficiency is higher, because in non-vacuum situation there is the thermal losses by convection.

In Fig. 3 (d) it is observed that the PTC length varies inversely to its width. For smaller PTC width the difference
between the collector lengths for vacuum and non-vacuum is bigger. Such a difference is related to the smaller difference
T4 - T% for smaller width values, resulting in the same situation as commented in Fig 3 (a). The thermal efficiency, for
non-vacuum condition is lower due to bigger thermal losses occurring in the non-evacuated region.

Figure 4 illustrates the PTC length behavior as function of HTF. All HTF are considered to be in liquid condition. The
temperature (7,) range for Thermo-solar salt in liquid condition (260°C-593°C) starts at 285°C, differing to others HTF
that begin in 100 °C. The PTC length behavior of Therminol® VP-1 and Therminol® 59 are very similar because their
thermophysical properties do not vary considerably. PTC working with water gets shorter PTC length compared to the
other fluids. The necessary PTC length for Thermo-solar salt is closer to water than to the other two fluids.

3.3 Sizing a PTC for an ammonia-water absorption refrigeration cycle

The proposed algorithm was applied to size a PTC for a 1 RT ammonia-water absorption refrigeration cycle.
According to Zavaleta-Aguilar (2015a) the COP (coefficient of performance) of this cycle is approximately 0.52 so it is
necessary Qu =6763.3 W to drive this AARC. The necessary temperature to promote the ammonia-water separation into
the distiller is around 373 K to 408 K which depends on the solution concentration, solution mass flow rate, among others
(Zavaleta-Aguilar, 2015b).

For dimensioning the PTC it was established ¢ = 90° and w = 1 m. From Egs. (1) and (2) one can obtain f = 0.25 m
and D3 .,..= 0.0047 m, this value will be incremented in 4.5 times (according to Tab. 1), giving as result Ds = 0.0207 m.
It was chosen a receiver thickness of 1 mm, so D, =0.0187 m. The glass cover internal diameter is shown to be 1.6 times
D3 (according to Tab. 1) so D, = 0.0331 m. A glass cover thickness of 0.0028 m, gives as result D; = 0.0387 m. Other
parameters are: ¢; = 0.92, &5 =0.87, p = 0.935,7,=0.89, a3 =0.93,y=0.95,K =1, w=1m, =900 W/m?, k; = 15 W/mK,
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Ts=298.15 K, T, = 408 K, iz = 0.8426 kg/s and ¥ = 5 m/s. The HTF considered is Therminol® 59. The results of the
simulation are shown in Tab. 3.

Table 3. Results for the ARC.

Variable description Variable | With vacuum | Without vacuum
PTC lenght L (m) 11.66 12.59
HTF inlet temperature Ti (K) 404.08 404.08
Receiver temperature T3 (K) 409.83 409.55
Glass cover temperature Ts (K) 318.63 311.51

4. CONCLUSION

The proposed model was satisfactory considering the complexity of the equations involved, getting as maximum
length relative error of 7.44 %. Sensitivity analysis of PTC showed that the receiver and the glass cover temperatures are
determinant for the collector sizing, as well as, the vacuum condition in the annular region between the receiver and the
glass cover. In addition, Fig. 3 (b) showed that the laminar or turbulent flow condition influences directly the collector
length and, consequently, on its thermal efficiency. It was also possible to verify the thermal efficiency behavior as
function of some project variables. This model can be used to evaluate the geometry of any parabolic collector as a
function, mainly, of the thermal load, the required operating temperatures, among others.
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