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Abstract 

The freeze protection is essential in the majority of solar thermal installations to prevent 

breakage of solar thermal collectors. Therefore, there are different methods of protection 

against freezing of flat plate solar thermal collectors, all of them with certain limitations. This 

paper shows a novel freeze protection mechanism in the solar thermal collector by using flexible 

silicone peroxide tubes inside the absorber of the solar collector. We demonstrate, in a 

theoretical and experimental way, that the increase of volume and pressure produced inside a 

solar collector during freezing process can be absorbed using a flexible silicone peroxide tubes 

under all exposure conditions. The parameters that optimize the geometric configuration of the 

solution proposed have been calculated. A collector prototype with silicones peroxide has 

experimentally complied with the Standard ISO 9806:20 13, including freeze resistance test, 

without any significantly influence on its efficiency or pressure drop. Therefore, the solution 

proposed presents an inexpensive, effective, reliable and maintenance-free freeze protection 

system for flat plate solar collectors.  
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1 Introduction 

The use of water in loop heat pipes is widespread due to it is high thermal performance, low 

cost and is non-toxic. Nevertheless, water has high expansion when cooled down to a sub-

freezing temperature, leading to the breakage of the pipe [1-3]. 

Licencia Creative Commons CC BY-NC-ND

mailto:jvera@cener.com


Flat plate collectors are popular in low temperature heating applications and they are 

undergoing constant development in terms of size reduction, materials, efficiency and durability 

[4,5]. Flat-plate solar collector absorbers have selective surfaces that consist of a thin upper 

layer, which is highly absorbent to shortwave solar radiation but relatively transparent to 

longwave thermal radiation [6]. Therefore, the absorbers are made typically of good thermal 

conductors, mostly copper or aluminum, both are rigid. There are other materials, more flexible, 

used to a lesser extent such as EPDM, polypropylene, polyethylene or polymers, although their 

thermal conductivity and efficiency are low. These materials have the advantage of their low 

manufacturing cost and light weight [7-9]. 

The heat transfer fluid of a flat plate solar collector is typically water and in some applications 

air [10,11]. There are currently developments to improve the thermal conductivity of water 

adding nano-sized particles of high thermal conductivity like carbon or metals [12,13]. 

However, this does not prevent when the water contained in the absorber of a flat plate solar 

collector is frozen, its volume and pressure increases, which can lead to the breakage of the 

absorber. To avoid breakage of the absorber, different methods of freeze protection have 

been developed in flat-plate collector installations.   

The main method used in the freeze protection is the addition of propylene glycol to the water 

circulating inside the absorber tubes of the solar collector [14-16]. However, this method´s main 

disadvantage is the degradation of the antifreeze with time as well as its high cost [17,18]. Other 

methods are: 

 The recirculation of water in the collector loop [19,20] which requires forced 

circulation. This method can lead to a high-energy loss and, in some cases, may cause 

reliability problems if electric power is not available to activate the recirculation 

pumps at the required time. 

 Recirculation in reverse flow [21]. This method can lead to a high-energy loss. 

 The installation of an electric resistance along the tubes containing the water in the 

collector [22,23] but this can lead to high electricity consumption. 

 Drain back system [24]. One of the main disadvantages of the drain back solar water 

heater is the significant source of the heat loss when the pump is not working, such as 

night exposure. 

 The automatic drain-down of the installation [25]. These systems require of a special 

control and drained water cannot be recovered. 

 There are other cases where the water storage and solar collector are on the same 

device in order to be always kept above the freezing temperature. For instance, this is 

the case of the system called Integrated Collector/Storage Solar Water Heaters, 

ICSSWH, based on a patented device in 1891 [26,27]. This method can lead to a high 

night energy loss.  

 Other methods of protection with a solar heating system on two-phase using acetone 

or methanol as working fluid [28,29], but the thermal capacity is significantly reduced. 

As described in the bibliography the different methods of protection have advantages and 

disadvantages. Bickle L. W. [30] proposed a method of protection based on introducing a 

flexible tube into the rigid tube of the absorber on the flat-plate solar collector. This method 



was later patented [31], although the patent is now expired [32]. However, this reference and 

the patent indicated neither the characteristics of the material of flexible tube to be used nor 

the behavior of the proposed model in a real solar collector. Additionally, the study neither 

investigated the behavior of the flexible tube when the solar collector reaches high 

temperatures nor its influence on other characteristics of the solar collector (e.g. efficiency 

and pressure drop). Hence, the proposed system Bickle L. W. [30] had not been verified to 

comply with the current regulations. 

In this paper, we propose a theoretical study complemented with an experimental validation of 

a flat plate solar thermal collector, which uses flexible silicone peroxide pipes, filled with air for 

a passive system of freeze protection compared with a commercial collector without flexible 

silicone peroxide pipes. Both collectors have been tested according to Standard ISO 9806:2013 

(efficiency, freeze resistance, pressure drop and behavior at high temperatures tests). 

Such method introduces a hollow flexible tube of external diameter D filled with air inside the 

tubes of the absorber of the solar collector, with internal diameter Drig, so that the increase of 

volume produced in the freezing of the water, is compensated by the contraction of the air 

contained inside the silicone peroxide flexible tube located inside the pipe where the water 

circulates as shows in Fig. 1. The silicone peroxide tube must allow volume variation reliably and 

durably without any negative effect on the operation of the absorber. 

Low cost and high durability under all operating conditions were the main criteria for selecting 

the flexible tube material. After the analysis of multiple materials, including different types of 

teflon and silicones, we propose the use of flexible silicone tube, and within this material, the 

silicone tubing blended with organic peroxide for its best performance against the platinum-

cured silicone tubing, since it withstands higher temperatures and has a better physical 

compression capability. 

Other advantages of silicone peroxide are the following: They have high resistance to 

compression deformation, non-toxic, weather resistant, ozone resistant, radiation and moisture 

resistant with the advantage of a relative low price. They are also suitable for food and sanitary 

use and therefore could be used in direct solar systems. The main drawback is the low resistance 

to vapors above 403 K. Table 1 shows its mechanical properties [33]. 

In addition, this freeze protection system could be used in other applications such as loop heat 

pipes or car radiators.  

 

2 Theoretical model 

This theoretical model determines the relationship between the diameters of the copper rigid 

pipe and the silicone peroxide flexible tube to allow absorbing the variations of volume and 

pressure during the process of freezing and overheating in a solar collector. 

For this purpose, the thermal state equations of the different substances that intervene in the 

process have been used, imposing the limitations that the volume variation of the water in the 

freezing process inside the absorber is zero and that the maximum pressure achievable by the 



rigid copper tube is lower than that supported by the copper tube during the freezing and 

heating process. 

The geometric configuration of the whole new absorber tube is given by the parameter rD which 

relates the inner diameter of the copper rigid pipe of the absorber, Drig and the inner diameter 

of the silicone peroxide flexible tube D(Tr, pr) at reference condition (i.e. water at temperature 

Tr= 277 K and a pressure pr = 105 Pa). 

𝑟𝐷 =
𝐷𝑟𝑖𝑔

𝐷(𝑇𝑟 ,𝑝𝑟)
               (1) 

Parameter 𝜀 relates the diameter of the flexible tube at initial conditions (Ti, pi) and at final 

conditions (Tf ,pf). 

𝜀 (𝑇𝑖 , 𝑝𝑖, 𝑇𝑓 , 𝑝𝑓) =
𝐷(𝑇𝑖 ,𝑝𝑖)−𝐷(𝑇𝑓 ,𝑝𝑓)

𝐷(𝑇𝑖 ,𝑝𝑖)
         (2) 

Parameter rv relates the volume of inner air of the flexible tube at initial conditions (Ti, pi) and 

at final conditions (Tf ,pf). 

𝑟𝑉 =
𝑉𝑎(𝑇𝑖 ,𝑝𝑖)−𝑉𝑎(𝑇𝑓 ,𝑝𝑓)

𝑉𝑎(𝑇𝑖 ,𝑝𝑖)
          (3) 

The relationship between the parameters rD, rv and ε is given by equations 9 and 10 and have 

been obtained as follows. It has been assumed that the thickness of the silicone flexible tube 

containing air is negligible. 

The water volumes at the initial and final condition of the freezing process of the copper pipe 

are given by equations 4 and 5: 

𝑉𝑤(𝑇𝑓 , 𝑝𝑓) =
𝜋

4
∙ 𝐿𝑡𝑢𝑏 ∙ (𝐷𝑟𝑖𝑔

2 − 𝐷2(𝑇𝑓 , 𝑝𝑓))        (4) 

 𝑉𝑤(𝑇𝑖 , 𝑝𝑖) =
𝜋

4
∙ 𝐿𝑡𝑢𝑏 ∙ (𝐷𝑟𝑖𝑔

2 − 𝐷2(𝑇𝑖 , 𝑝𝑖))       (5) 

The variation of the water volume inside the copper pipe ∆𝑉𝑤  (𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓) depends on the 

variation of the specific volume of the water ∆𝑣𝑒𝑤(𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓) as shows in equation 6: 

∆𝑉𝑤(𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓) = 𝑚𝑤 · ∆𝑣𝑒𝑤(𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓) = 𝜌𝑤(𝑇𝑖 , 𝑝𝑖) ·
𝜋

4
· 𝐿𝑡𝑢𝑏 · (𝐷𝑟𝑖𝑔

2 − 𝐷2(𝑇𝑖 , 𝑝𝑖)) · ∆𝑣𝑒𝑤(𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓) 

(6) 

The relationship between final and initial volume of water inside copper tube in freezing process 

is given by equation 7: 

𝑉𝑤(𝑇𝑓 , 𝑝𝑓) = 𝑉𝑤(𝑇𝑖 , 𝑝𝑖) + ∆𝑉𝑤  (𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓)             (7)  

Substituting equations (4) (5) (6) in (7) and clearing the diameter of the flexible tube at the final 

condition, 𝐷(𝑇𝑓 , 𝑝𝑓) result equation 8 

𝐷(𝑇𝑓 , 𝑝𝑓) = √𝐷2(𝑇𝑖 , 𝑝𝑖) · (1 + ∆𝑣𝑒𝑤(𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓) · 𝜌𝑤(𝑇𝑖 , 𝑝𝑖)) − ∆𝑣𝑒𝑤(𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓) · 𝜌𝑤(𝑇𝑖 , 𝑝𝑖) · 𝐷𝑟𝑖𝑔
2 (8) 



The parameter 𝜀 is related to the parameters rD and rv defined according to expressions 1 and 3, 

through equations 2 and 8 

 𝜀 = 1 − √(1 + ∆𝑣𝑒𝑤(𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓) · 𝜌𝑤  (𝑇𝑖 , 𝑝𝑖)) − ∆𝑣𝑒𝑤(𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓) · 𝜌𝑤(𝑇𝑖 , 𝑝𝑖) · 𝑟𝐷
2  (9) 

𝑟𝑉 = 2𝜀 − 𝜀2                    (10) 

The behavior of the different substances, liquid water, ice, air and silicone, has been 

characterized by the state thermal equations in table 2. 

Fig. 2 and Fig. 3 shows that by varying the temperatures of water and air from 273 K to 277 K 

the maximum increase in a specific volume of water occurs, outside these ranges the volume 

variation of the water is not significant and it´s behavior does not vary with the pressure. In the 

case of air, the variation of the air volume in that temperature range is very small and this 

variation does depend significantly on the pressure variation. 

The increase of the diameters of copper and silicone tubes during the freezing process shows in 

Fig. 1, where increase of volume of water by freezing, ∆𝑉𝑤  (𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓)  must be absorbed by 

a reduction of volume of flexible silicone with air inside, without reaching high-pressures on the 

whole. Therefore, this protection system does not prevent the freezing of the water but limits 

the maximum pressures that the solar collector reaches during its operation. 

When 𝜀 = 1 the maximum contraction of the flexible tube is produced, also resulting in a value 

of rv = 1 in these conditions. The maximum value achievable by rD occurs when the largest volume 

increase of the water is reached in the freezing process, with 𝜀 = 1. According to Fig.2 is verified 

that the conditions of maximum variation of the volume of pure water happen practically when 

passing from Ti = 277 K; pi = 105 Pa to Tf = 273.15 K; pf = 105 Pa, resulting a maximum volume 

variation of water ∆𝑣𝑒𝑤𝑚𝑎𝑥  (277 K, 105 Pa, 273.15 K, 105 Pa) = 9.09 10-5 m3/kg. Substituting this 

value together a density with 𝜌𝑤(𝑇𝑖, 𝑝𝑖) = 999.97 kg/m3, in equation 9, is obtained 𝑟𝐷𝑀𝐴𝑋 =

3.45. 

In Fig. 4 shows the relationship between the three parameters, rD, rv and 𝜺. 

If a value of 𝑟𝐷 is too low, the volume of water available between the inner diameter of the 

silicone tube and the copper tube would be too small, and the water velocity would be very high, 

if it is desired to keep the mass flow rate of water in the absorber with great pressure drop. If a 

value of 𝑟𝐷 is too close to the maximum value of 3.45, the air inside the flexible tube would exert 

a high pressure on the assembly and the copper tube may break, as shows in Fig. 4. 

For the collector absorber to work properly, the variations of volume of the flexible tube with 

air on the inside in passing from initial condition Ti,pi, which corresponds to the initial diameter 

𝐷(𝑇𝑖 , 𝑝𝑖), to the final condition Tf, pf, which corresponds to the final diameter 𝐷(𝑇𝑓 , 𝑝𝑓), must 

allow absorb the volume variations of the water inside the absorber tube when freezing, 

checking that the final pressure pf is less than the maximum pressure supported by the rigid 

tube, thus preventing the absorber from breaking. This relationship between temperatures, 

pressures and geometry is determined by the equation 25 that has been deduced as follows: 



Since it has been assumed that the copper tube of the absorber is rigid, ∆𝑉𝑟𝑖𝑔 = 0  being: 

∆𝑉𝑟𝑖𝑔 = ∆𝑉𝑤(𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓) + ∆𝑉𝑎(𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓) = 0          (15)    

Where 

∆𝑉𝑤 = 𝑉𝑤(𝑇𝑓 , 𝑝𝑓) − 𝑉𝑤(𝑇𝑖 , 𝑝𝑖)             (16) 

∆𝑉𝑎 = 𝑉𝑎(𝑇𝑓 , 𝑝𝑓) − 𝑉𝑎(𝑇𝑖 , 𝑝𝑖)             (17) 

The equation above is an equation as a function of p and T. 

𝑚𝑤 · ∆𝑣𝑒𝑤(𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓) + 𝑚𝑎 · ∆𝑣𝑒𝑎(𝑇𝑖 , 𝑝𝑖, 𝑇𝑓 , 𝑝𝑓) = 0          (18) 

Assuming there are no leaks, water mass mw and air mass ma keep constant and equal to those 

at the initial condition. 

𝑣𝑒𝑤(𝑇𝑖 , 𝑝𝑖)
−1 · 𝑉𝑤(𝑇𝑖 , 𝑝𝑖) · ∆𝑣𝑒𝑤(𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓) + 𝑣𝑒𝑎(𝑇𝑖 , 𝑝𝑖)−1 · 𝑉𝑎(𝑇𝑖 , 𝑝𝑖) · ∆𝑣𝑒𝑎(𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓) = 0 (19) 

Dividing the above expression by the total volume of the inside of the pipe 𝑉𝑟𝑖𝑔, it would remain 

that: 

𝑣𝑒𝑤(𝑇𝑖 , 𝑝𝑖)
−1 · 𝑟𝑤(𝑇𝑖 , 𝑝𝑖) · ∆𝑣𝑒𝑤(𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓) + 𝑣𝑒𝑎(𝑇𝑖 , 𝑝𝑖)−1 · 𝑟𝑎(𝑇𝑖 , 𝑝𝑖) · ∆𝑣𝑒𝑎(𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓) = 0 (20) 

Where: 

𝑟𝑤(𝑇𝑖 , 𝑝𝑖) =
𝑉𝑤(𝑇𝑖 ,𝑝𝑖)

𝑉𝑟𝑖𝑔
=

𝐴𝑤(𝑇𝑖 ,𝑝𝑖)

𝐴𝑟𝑖𝑔
               (21) 

𝑟𝑎(𝑇𝑖 , 𝑝𝑖) =
𝑉𝑎(𝑇𝑖 ,𝑝𝑖)

𝑉𝑟𝑖𝑔
=

𝐴𝑎(𝑇𝑖 ,𝑝𝑖)

𝐴𝑟𝑖𝑔
= (

𝐷(𝑇𝑖 ,𝑝𝑖)

𝐷𝑟𝑖𝑔
)

2

=
1

𝑟𝐷
2            (22) 

  𝑟𝑤(𝑇𝑖 , 𝑝𝑖) = 1 − 𝑟𝑎(𝑇𝑖 , 𝑝𝑖) = 1 − (
𝐷(𝑇𝑖 ,𝑝𝑖)

𝐷𝑟𝑖𝑔
)

2

= 1 −
1

𝑟𝐷
2            (23) 

𝑣𝑒𝑤(𝑇𝑖 , 𝑝𝑖)
−1 · (1 − (

𝐷(𝑇𝑖 ,𝑝𝑖)

𝐷𝑟𝑖𝑔
)

2

) · ∆𝑣𝑒𝑤(𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓) + 𝑣𝑒𝑎(𝑇𝑖 , 𝑝𝑖)−1 ∗ (
𝐷(𝑇𝑖 ,𝑝𝑖)

𝐷𝑟𝑖𝑔
)

2

∗ ∆𝑣𝑒𝑎(𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓) = 0  (24) 

Equation 25 represents equation 24 after substituting Drig from equation 1.  

𝑣𝑒𝑤(𝑇𝑖 , 𝑝𝑖)−1 · (1 − 𝑟𝐷
−2) · ∆𝑣𝑒𝑤(𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓) + 𝑣𝑒𝑎(𝑇𝑖 , 𝑝𝑖)−1 · 𝑟𝐷

−2 · ∆𝑣𝑒𝑎(𝑇𝑖 , 𝑝𝑖 , 𝑇𝑓 , 𝑝𝑓) = 0 (25) 

Equation 25 relates the temperatures and pressures that are reached inside the copper tube 

from an initial condition at temperature Ti and pressure pi to another final condition at 

temperature Tf and pressure pf, according to geometry rD, so that there is no volume variation in 

the rigid copper pipe. Subsequently it is verified that there is no rupture in the copper pipes and 

that the final pressure reached in the process pf is less than the maximum pressure supported 

by the copper tube, pmax. 

pf (Ti,pi,rD, Tf)  <  pmax             (26) 

 



3 Experimental analysis 

Experimental analysis is aimed at testing two solar collectors according to Standard ISO 9806: a 

reference collector and a prototype one. Prototype collector is similar to reference one but 

where the silicone peroxide tubes are included and the tube of the absorber diameter is 

modified). The prototype collector has been designed according to the specific geometric 

parameters of rD, rV and ε determined according to the previous theoretical model. It is 

demonstrated that the prototype collector is able to pass all the tests and to withstand the 

freezing cycles. In addition, it is demonstrated that the influence of silicone flexible tubes on the 

energy performance and pressure drop of the collector is insignificant. 

For the experimental analysis, a geometrical ratio has been taken in which the inner diameter 

of the absorber tubing is 8 mm and the inner diameter of silicone tube of 3 mm under initial 

conditions of 277 K and 105 Pa, which makes the value of rD equal to 𝑟𝐷 = 2.67, 𝜀 =

0.31  and  𝑟𝑉 = 0.53 . This value of rD is less than the permissible theoretical maximum of 3.45. 

In the calculations, the hypothesis of negligible the thickness of the silicone flexible tube was 

made. 

Particularizing the equation 25 for geometry of 𝑟𝐷 = 2.67, initial pressure pi=105 Pa and initial 

temperature Ti= 273 K for the final temperatures between 278 K and 253 K, the final pressure is 

determinate, pf. Figure 5 shown that the final pressure, pf for different temperatures during the 

freezing process does not exceed to 3.3·105 Pa, well below the maximum pressure supported by 

the copper tube. Other represented geometry for different values of rD and different pressures 

and temperatures can be analyzed for freezing processes. 

Fig. 5 shows the configuration corresponding to the hollow flexible pipe is feasible according to 

the results of the model proposed for rD=2.67. 

Particularizing the equation 25 for geometry of 𝑟𝐷 = 2.67, in overheating process, initial 

pressure pi=105 Pa and initial temperature Ti= 315 K for the final temperatures between 315 K 

and 415 K, the final pressure is determinated by overheating process. Fig. 6 shows that the 

maximum final pressure does not exceed 3.8 105 Pa. Other geometries represented by different 

values of rD and different values of pressures and temperatures can be analyzed for the 

overheating process. 

For the experimental validation of the results, a commercial reference collector of Termicol 

Energía Solar brand (model T20MS), with an aperture area of 1.87m2 has been used. It is a 

collector with an absorber type helix of 1.29 l and a copper tube of inside diameter 6 mm and 

thickness of 1 mm. 

The manufactured prototype is identical to the previous one (same absorber surface, glass, 

absorber and posterior insulation) and a helix of the same length as that the commercial one 

has been placed but with copper pipe of inner diameter 8 mm and thickness 1 mm and a hollow 

silicone tube of inner diameter 3 mm and thickness 1 mm. This configuration means that the 

collector has a capacity of 1.24 liters (Fig. 7). 

Both collectors have been testing according to Standard ISO 9806:2013 (Fig.8). The main tests 

to study are freeze resistance, efficiency, behavior at high temperatures and pressure drop tests. 



From the point of view of costs, in the implementation of the prototype we used approximately 

23 meter of flexible tube, which represents a ratio of 12.3 lineal meter/ m2 of collector aperture 

area. The cost of the lineal meter has been 0.2 €, which has meant a collector total cost of 4.6 

€. The reference collector has a cost of production of the order of 2.46 € / m2 of collector 

aperture area. Taking into account this data, the cost of the proposed protection system is of 

the order of 3% the cost of the collector, with no maintenance costs. 

3.1 Freeze resistance test 

This is the main test for the object of the work and therefore the solar collector with the silicone 

peroxide tube inside was subjected to 20 freeze-thaw cycles according to section 15 of ISO 9806: 

2013, with freezing temperatures between -20ºC ± 2ºC during 40 minutes and thaw condition 

to 15ºC ± 2ºC during 40 minutes, plus a rest time of 20 minutes. Fig. 9 shows a freeze-thaw cycle 

(T). The prototype passes the freeze resistance test satisfactorily. 

3.2 Performance test 

This test determines the performance curve of the collector, according to section 20 of ISO 

9806:2013. The most common model of the performance of a thermal solar collector is well 

defined in this Standard as the dependence between the performance thermal  with respect 

to the global solar irradiance G, and the temperature difference between the average 

temperature of the fluid circulating in the collector tm and the ambient air temperature ta as 

follows: 

𝜂 = 𝜂0 −  𝑎1 ∙
(𝑡𝑚 −𝑡𝑎)

𝐺
−  𝑎2 ∙  

(𝑡𝑚 −𝑡𝑎)2

𝐺
        (27) 

The average temperature of the fluid circulating in the collector is the average of inlet 

temperature tin and outlet temperature te. 

𝑡𝑚 =
(𝑡𝑖𝑛 −𝑡𝑒)

2
           (28) 

Fig. 10 show the performance curve of two tested collectors, the collector with inner silicone 

and reference collector. 

The performance difference (∆𝜂𝑅) is defined as: 

∆𝜂𝑅 = 𝜂𝐶.𝑅𝑒𝑓 − 𝜂𝐶.𝑆𝑖𝑙           (29) 

Table 3 shows as the performance curve of both collectors has a maximum difference lower than 

2%. 

Table 4 shows the t-test calculation of the results obtained in Fig. 10. The p-value is 0.924. This 

value is greater than 0.05, so there is no statistical significant difference between the efficiency 

curves of the prototype and reference collectors. 

Table 5 and table 6 shows the instantaneous efficiency curves, based on the aperture area, 

obtained to the reference collector and collector with inner silicone. 



3.3 Exposure test  

The exposure test provides operating conditions, which are likely to occur during real service, 

and allows the collector to “settle”, such that subsequent qualification tests are more likely to 

give repeatable results. Both collectors pass the exposure test satisfactorily for a class “A” test 

condition according to section 11 of ISO 9806:2013.  

3.4 Pressure drop test across a collector 

The biggest drawback of introducing a flexible pipe into the absorber tube is the increase in 

pressure drop. Fig. 11 shows the experimental values of the pressure drop in each collector are 

represented as a function of the water flow through the absorber, after testing both collectors 

according to section 28 of the Standard ISO 9806:2013. 

The pressure drop across a collector (∆lP) is defined as: 

∆𝑙𝑝 = 𝐶. 𝑃.𝐶.𝑆𝑖𝑙− 𝐶. 𝑃.𝐶.𝑅𝑒𝑓         (30) 

Table 7 shows as the pressure drop between both collectors has a maximum difference lower 

than 9.5 kPa for these study flow. 

Table 8 shows the t-test calculation of the results obtained in Fig. 11. The p-value is 0.715. This 

value is greater than 0.05, so there is no statistical significant difference between the pressure 

drop curves of the prototype and reference collectors. 

Through this test, it is observed that the pressure drop increase with the flow is slightly higher 

in the case of collector with silicone tube. To overcome this drawback, the reference collector 

types should preferably be used in forced-circulations systems instead of thermosyphon, where 

the increase of the required energy to circulate the fluid due to the slight increase of the 

pressure drop would be contributed by the pump of the forced-circulation system. 

4 Conclusions 

It has been demonstrated theoretically and experimentally that the hollow flexible silicone 

peroxide tube prevent breaking the absorber tube absorbing water volume variations. In 

addition, it has been demonstrated that the solar collector with the flexible tube passes all 

durability tests according to the Standard ISO 9806:2013. Therefore, silicon peroxide tubes 

present an inexpensive, effective, reliable and maintenance-free freeze protection system, 

without any significantly influence on its efficiency or pressure drop. 

This study showed that the performance of the proposed collector prototype (with silicone 

peroxide tube) is similar to the standard commercial collector. The efficiency and the pressure 

drop curves of the proposed collector prototype shows only minor deviations compared to the 

standard (reference) commercial collector. 

Silicone peroxide has a low resistance to steam with temperatures above 403 K, this is 

considered as a limitation for the proposed system. Consequently, the proposed system is 

recommended to be installed in facilities with a controlled overheating process. In this sense, 

using forced circulation systems is favored over using thermosyphon systems, because the 



differential control unit activates the overheating protection mechanism of the collector. Hence, 

once the temperature exceeds 403 K, the circulation pump may be activated to cool the 

collector. 

5 Appreciations 

Thanks to the Termicol, S.L. company for helping us in manufacturing the prototypes. 
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FIGURES 

 

 
 

Fig 1. Collector with silicone tube.  

 

Fig 2. Incremental specific volume of water according to equations 11 and 12 of table 2  



 

Fig 3. Incremental specific volume of air according to equation 13 of table 2  

 

Fig 4. Variation of 𝜀 and 𝑟𝑉 parameters for different 𝑟𝐷 values 
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Fig 5. Final pressure that would reach the copper pipe as a function of the final temperature of 

water for values of Ti=273 K, pi= 1bar and rD=2.67.  

 

Fig 6. Water temperature and absorber tube pressure values reached.  
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Fig 7. Collector absorber 

 

Fig 8. Flow diagram of the experimental validation (ISO 9806:2013) 

 

Fig 9. Exposure time of the absorber for a freeze-thaw cycle (T)  
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Fig 10. Adjustment of the quadratic efficiency curve with respect to the aperture area and 

average temperature of fluid for reference and prototype collectors 

 

Fig 11. Pressure drop with respect of flow for reference and prototype collectors 
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TABLES 

Table 1. Mechanical properties of silicone peroxide. 

 
Unit Silicone 

Tensile Strength 
MPa 6.8-8.7 

psi 990-1265 

Elongation at break % 570-795 

Hardness Shore A: 50-80 

Brittle temperature K 193 

Max. Operating temperature K 488 

 

Table 2. Thermal equations of state used for liquid water, ice, silicone and air 

Reference Material T-p range Equations used Parameters 

[34] 
Liquid 
water 

273.15 – 

288.15K 

0.1 -10 MPa 

𝑣ew(Tf,pf) = 𝑣e0cw (1 + λ (Tf- T0w + 

a∙pf)2 - k0∙ pf 

(11) 

𝑣 e0cw = 1.00008 ∙ 10-

3 m3/kg 

λ = 8 ∙ 10-6 K-2 

T0w= 277 K 

a = 2 ∙ 10-7  m s2 K/kg 

k0= 5 ∙ 10-10  m s2/kg 

[35] Ice 
150 K-273.15 K 

0.1 -10 MPa 

𝑣esol(Tf,pf) = 𝑣e0sol exp(αVsol (Tf - T0sol)-

kTsol (pf - p0sol)) 

(12) 

𝑣e0sol = 1.091 ∙ 10-3 

m3/kg 

αVsol = 171.6 ∙ 10-6 K-1 

kTsol= 0.12 ∙ 10-9 Pa-1 

T0sol= 273.3 K 

p0sol= 101325 Pa 

[36] Air 
59.75K-2000K 

1-2000MPa 

𝑣ea (Tf,pf) -> RefProp Program 

(13) 
RefProp Program 

[37] 
Silicone 

250 K-500K 

0.05 -10 MPa 

 𝑣esil(Tf,pf) = 𝑣e0sil exp(αVsil ∙ (Tf- T0sil)-

kTsil (pf- p0sil)) 

(14) 

𝑣e0sil = 5.555 ∙ 10-4 

m3/kg 

αVsil = 1.71 ∙ 10-4 K-1 

kTsil= 2 ∙ 10-7 Pa-1 

T0sil= 273.3 K 

p0sil= 101325 Pa 

 

Table 3. Energy efficiency difference between reference and prototype collectors 

Tm-Ta/G (m2 ∙ K/W) 0 0.021 0.042 0.063 

∆𝜼𝑹 (%) 0.600 0.832 1.147 1.547 

 

 

 

 



Table 4. T-test of collectors’ efficiency curve 

T-test 

Parameter 
Reference collector 

efficiency curve 

Prototype collector 

efficiency curve 

Median 0.656 (-) 0.646 (-) 

Variance 0.021 (-) 0.022 (-) 

Significance level 0.050 

Degrees of freedom 6.000 

t statistic 0.100 

p-value 0.924 

Critical value of t 2.447 

 

Table 5. Parameters of collector efficient curve with silicone peroxide 

Collector with flexible tube 

Parameter Value 
Standard 

deviation 
Unit 

η0 0.807 0.01 -- 

a1 3.942 0.286 W/ m2·K 

a2 0.025 0.002 W/ (m2·K2) 

 

Table 6. Parameters of reference collector efficient curve 

Reference collector 

Parameter Value 
Standard 

deviation 
Unit 

η0 0.813 0.012 -- 

a1 3.852 0.293 W/ m2·K 

a2 0.024 0.002 
W/ 

(m2·K2) 

 

Table 7. Pressure drop difference, ∆𝒍𝒑 

Flow rate 
(Kg/min) 

0 0.6 1 1.5 2 

∆𝒍𝒑 (kPa) -- 1.7 3.4 6.3 9.5 

 

 

 

 

 

https://en.wikipedia.org/wiki/Degrees_of_freedom_(statistics)


 

 

Table 8. T-test of collectors´ pressure drop 

T-test 

Parameter 
Reference collector 

pressure drop 

Prototype collector 

pressure drop 

Median 16.052 (kPa) 20.227 (kPa) 

Variance 238.452 (kPa) 368.884 (kPa) 

Significance level 0.050 

Degrees of freedom 8.000 

t statistic -0.379 

p-value 0.715 

Critical value of t 2.206 

 

  

https://en.wikipedia.org/wiki/Degrees_of_freedom_(statistics)


Nomenclature 

𝐴𝑎(𝑇𝑖, 𝑝𝑖) (𝑚2) → Total area in any cross section to the axis of the cylinder occupied by the 
flexible tube at the initial condition 

𝐴𝑟𝑖𝑔 (𝑚2) →  Total area in any cross section to the axis of the inner cylinder to the rigid pipe at 

the initial condition 

𝐴𝑤(𝑇𝑓 , 𝑝𝑓)(𝑚2) → Total area in any cross section to the axis of the cylinder occupied by the 

water at the initial condition 

a1 (W/(m2K)) →  Heat loss coefficient at (Tm-Ta) = 0  

a2 (W/(m2 K2)  → Temperature dependence of the heat loss coefficient  

C.P.C,Sil (kPa) →  Pressure drop across the collector with flexible tube 

C.P.C,Ref (kPa) → Pressure drop across the reference collector  

𝐷 (𝑇𝑓 , 𝑝𝑓)(m) → Inner diameter of the flexible tube at the final condition 

𝐷(𝑇𝑖, 𝑝𝑖) (m) → Inner diameter of the flexible tube at the initial condition 

𝐷𝑟𝑖𝑔 (𝑚) → Inner diameter of the copper tube 

𝜌𝑊 (𝑇𝑖 , 𝑝𝑖)(kg/m3) → Water density at the initial condition 

𝐿𝑡𝑢𝑏(𝑚) → Length of pipe 

𝑚𝑤(kg) → Mass of water inside the rigid pipe 

𝑚𝑎(kg) →  Mass of air inside the silicone tube 

𝑝𝑖(Pa) → Pressure at initial condition  

𝑝𝑓(Pa) → Pressure at final condition 

𝑟𝑎(𝑇𝑖, 𝑝𝑖) →  Ratio between initially air volume in the silicone flexible tube and total volume in 

the rigid pipe  

𝑟𝐷𝑀𝐴𝑋 →  Maximum ratio between diameter of the rigid tube and diameter the silicone flexible 

inner tube during freezing process 

𝑟𝑤(𝑇𝑖, 𝑝𝑖) →  Ratio between initially water volume and total volume of the rigid pipe 

𝑇𝑖 (K) → Temperature at initial condition 

𝑇𝑓 (K) → Temperature at final condition 

𝑉𝑤  (𝑇𝑓 , 𝑝𝑓)(𝑚3) → Volume of water under final temperature and pressure condition 

𝑉𝑤  (𝑇𝑖, 𝑝𝑖)(𝑚3) → Volume of water under initial temperature and pressure condition 

𝑣𝑒𝑎(𝑇𝑖, 𝑝𝑖) (m3/kg) → Specific volume of air under initial temperature and pressure condition 

𝑣𝑒𝑎(𝑇𝑓 , 𝑝𝑓) (m3/kg) → Specific volume of air under final temperature and pressure condition 

𝑣𝑒𝑠𝑖𝑙(𝑇𝑓 , 𝑝𝑓)(m3/kg) →  Specific volume of silicone at the final condition 

𝑣𝑒𝑠𝑜𝑙(𝑇𝑓 , 𝑝𝑓)(m3/kg) →  Specific volume of ice at the final condition 



𝑣𝑒𝑤(𝑇𝑖, 𝑝𝑖) (m3/kg) →. Specific volume of water under initial temperature and pressure 

condition 

𝑣𝑒𝑤(𝑇𝑓 , 𝑝𝑓) (m3/kg) → Specific volume of water under final temperature and pressure 

condition 

𝑉𝑟𝑖𝑔 (𝑚3) → Inner volume of the rigid pipe 

𝑉𝑎(𝑇𝑖, 𝑝𝑖) (m3) → Inner volume of air of silicone tube under initial temperature and pressure 

condition  

𝑉𝑎(𝑇𝑓 , 𝑝𝑓)(m3) → Inner volume of air of silicone tube under final temperature and pressure 

condition 

𝑉𝑤(𝑇𝑖, 𝑝𝑖)   (m3) → Occupied volume by water under initial temperature and pressure condition 

𝑉𝑤(𝑇𝑓 , 𝑝𝑓) (m3) →. Occupied volume by water under final temperature and pressure condition 

∆𝑉𝑤(𝑇𝑖, 𝑝𝑖, 𝑇𝑓 , 𝑝𝑓)(𝑚3) → Incremental volume of water (between the initial and final condition) 

∆𝑉𝑟𝑖𝑔(𝑚3) → Incremental volume inside of metallic rigid pipe 

∆𝑉𝑎(𝑇𝑖, 𝑝𝑖, 𝑇𝑓 , 𝑝𝑓)(𝑚3) → Incremental volume of air inside the silicone tube (between the initial 

and final condition) 

∆𝑣𝑒𝑤𝑚𝑎𝑥(m3/kg) →  Incremental maximum specific volume of water in the freezing process 

∆𝑣𝑒𝑤(𝑇𝑖, 𝑝𝑖, 𝑇𝑓 , 𝑝𝑓)(m3/kg) → Incremental specific volume of water (between the initial and 

final condition) 

∆𝑣𝑒𝑎(𝑇𝑖, 𝑝𝑖, 𝑇𝑓 , 𝑝𝑓)(m3/kg) → Specific volume increased of air inside the silicone tube (between 

initial and final condition) 

0  → Zero-loss collector efficiency 

ηc,Ref → Efficiency of the reference collector  

ηc,Sil  →  Efficiency of collector with flexible tube 

 

 


