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In this work, a new solution to prevent the overheating of solar collectors in the case of stagnation is
presented. The solution proposed consists of inserting a reflective sheet inside the solar collector be-
tween the absorber and the glass cover to reduce the incoming energy by reflecting solar radiation. This
protection is switched ON or OFF according to the absorber temperature. A prototype has been manu-
factured and tested in outside conditions and in laboratory. The prototype was tested with different

percentages of protection. With 50% of protection, the overheating problem is eliminated. A simplified
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numerical model of the solar collector with the protection was developed and has been validated. The
calculated temperature values are very close to the measured data. The experimental and numerical
results showed the good behaviour of the proposed solution.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Natural gas is the main energy source in the building sector in
Algeria. The use of solar energy in this country, an abundant
renewable energy source, is currently very low. The total installed
area of domestic solar water heaters did not exceed 1000 m? in
2016 [1]. In order to reduce the fossil fuels consumption, a law
promulgated in 1999 focuses mainly on thermal insulation of the
building envelope, greater use of efficient equipment and more
frequent use of active solar systems. The promotion of the solar
systems is now a priority in Algeria, particularly for sanitary hot
water production [2].

This work focuses on the study of liquid flat-plate solar collec-
tors with grid style risers in stagnation conditions. Many
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improvements have been developed since the first solar flat plate
collector was produced, predisposing it to overheating problem
[3-6].

Overheating occurs during stagnation periods when the fluid
flow is interrupted (e.g. power cut, failure of the primary pump) or
when the heat demand is low. In these conditions, the absorber
temperature increases to a very high level [7]. Without protection
against overheating, steam can be produced and the installation
components may be damaged. The standard solar fluid is a mix of
propylene glycol and water. Overheating causes glycol to degrade
and the mix of propylene glycol and water becomes acidic. This
process accelerates scaling, causes premature component degra-
dation and copper corrosion [8,9]. To solve the overheating prob-
lem, several passive and active approaches exist [10]. The most
important of these solutions are reviewed below (non-exhaustive
list).

Drain back system is a traditional solution used to prevent
overheating and freezing in solar systems. Different mechanisms of
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Nomenclature

Capital letters
Heat capacity J kg~! K
Solar radiation W m—2
Mass kg
Surface area or heat transfer surface area m?
Temperature .... .K
s Wind speed m s~

sHdvzon

Small letters

e Thickness m

hc Convective heat transfer coefficient W m—2 K1
hr Radiative heat transfer coefficient W m 2 K !

t Time s

Greek Symbols

a Absorptance (—)

e Emittance (—)

A Thermal conductivity W m~! K~
P Density kg m—>

T Transmittance (—)
Indices

abs Absorber

amb Ambient air

b Bottom

C Glass Cover

f Transfer fluid

ins Thermal Insulation
in Inlet

out Outlet

mb Mid bottom

mt Mid top

p Protection

S Sky

t Top

w Water

the drain back solution are used [11]. This system requires a drain
back tank, space for the pitching of collectors and pipes necessary
for solar fluid drainage. Thus, the effects are: high prices and sig-
nificant maintenance requirements. The overheating is produced in
the absorber, but not in the heat transfer fluid.

Also, many systems include static or dynamic dissipators that
remove excessive heat. They can be integrated into the rear side of
the solar collector, or externally mounted on the primary loop.
Dissipators use natural convection or forced convection by adding
fans to increase the convection heat transfer with the environment.
A novel application called thermoelectric-self-cooling system uses
several thermoelectric modules installed in the solar system. These
modules transform part of the heat into electricity, which is sup-
plied to the cooling system [12]. Natural dissipators are limited and
can’t adjust collector temperature in stagnation conditions. Dy-
namic dissipators can increase complexity and cost of installation.

Natural and forced ventilation of the solar collectors allow
protection against overheating by rejecting the excess thermal
energy. To protect the collector from overheating, a ventilation
channel with a thermally actuated door can be inserted between
the absorber plate and the rear insulation [13,14and15]. The actu-
ated door opens at high temperature operations. Ventilation sys-
tems cause a permanent decreasing in the solar collector efficiency
by introducing atmospheric contaminants and moisture; this can
reduce the collector lifetime [9].

The thermotropic layer provides passive overheat protection by
switching optical properties of the solar collector (transmittance
and reflectance) to reduce the amount of received energy [16].
Thermotropic material can be applied to the glazing and/or to the
absorber. New thermotropic thermal solar systems use a mixture of
vanadium and aluminium oxides [17,18]. For Algerian climates
(Mediterranean and desert), this solution just reduces the tem-
perature of the absorber without eliminating the overheating
problem [19].

To minimize the solar radiation incoming into the collector in
stagnation, inverse tracking method can be used [20]. This method
is an adequate solution for protecting tracked collectors against
overheating. Nevertheless, solar collectors with a tracking system
are more expensive than traditional fixed collectors and require
more maintenance.

Another solution is the use of a special prismatic layer in front of

the solar heat absorber. Under normal conditions, the prismatic
layer is transparent but totally reflective above the boiling point of
the liquid heating system [21]. Operation temperatures cannot be
easily adjusted with this solution as an appropriate fluid (appro-
priate boiling point) must be selected for each type of solar
collector.

Apply an external shading protection for reflecting the incoming
solar radiation is a common solution. The manually external
shading can be used only for the long periods of no hot water de-
mand. Automated external shading is more practical; it can be
activated automatically when the solar fluid reaches a chosen
activation temperature. Complexity, cost and dependence on
electricity limit the use of this system [8,19].

We studied the thermal behaviour of a flat plate collector
equipped with an integrated shading system. The system is a new
approach and consists of a reflective protection (aluminium sheet)
mounted between the absorber plate and the glass cover. A rotating
mechanism for winding and unwinding the aluminium sheet is
installed on the top part of the solar collector. This mechanism can
be controlled by chosen activation and deactivation temperatures.

As external shading systems, the proposed solution solve the
problem at the source, can be adapted to a wide range of solar flat
plate collectors and the protection rate of the absorber area can be
chosen. Also, the proposed solution protects solar flat plate col-
lectors from overheating without dissipating the heat previously
absorbed unlike the case of drain or ventilation systems. Further-
more, the activation and deactivation temperatures can be chosen
to satisfy specific technical requirements which depend on the
design of the solar flat plate collector. Being inside the solar col-
lector, the proposed integrated shading system is protected against
the meteorological hazards. Thus, less expensive and lighter pro-
tective materials can be used.

It should be noted that the proposed solution does not work
without electric power source and must be designed with high
quality standards to avoid access to the interior of the collector in
case of failure.

The experimental study was conducted in both laboratory and
field conditions. The thermal behaviour of this system has been
numerically modelled. Predictions of the numerical model were
compared with experimental data for its validation. This report
presents some results of this work.
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1- Absorber
2- protection

3- Glass Cover Reflected (1)
4- Opening Incident Radiation
5-Box Radiation

6-Rolled Protection
7- Rotation Axis
8- Insulation

Fig. 1. Schematic of the proposed system.

2. Solution overview

The proposed solution consists of inserting a reflective sheet, in
case of overheating, between the absorber plate and the glass cover.
The solar radiation is reflected before reaching the absorber plate.
The energy transmitted to the circulating fluid is highly reduced
and its temperature is significantly lowered. A schematic section of
our system can be seen in Fig. 1.

The reflective protection is wrapped around a rotation axis at
the top of the solar collector in a special box. The chosen material
for the protection is a silver aluminium mirror film. This material
has a high reflectivity, low emittance and a good flexibility. In
addition, this material is highly resistant to high temperatures. Its
reflectance is equal to 0.82 with an absorption coefficient equal to
0.18 and a thermal emittance equal to 0.1.

3. Outdoor tests
3.1. Presentation of the solar facility

The outdoor tests were conducted on solar thermal

Fig. 2. Solar testing facility.

Table 1
Characteristics of the test outside collector.

Fig. 3. Left: Prototype - Right: Protection mounted on axis.

experimental facility located at University of Miguel Hernandez
(UMH), Elche city, Spain on October 2018. The solar facility is
installed on the laboratory building roof (see Fig. 2). It includes a
solar collector, a pump, an expansion tank and an active heat sink.
The solar collector is facing South and its tilt angle measured from
the horizontal is equal to 45°. The heat transfer fluid used during
the tests is water. The technical characteristics of the tested col-
lector are presented in Table 1.

For the tests, a prototype has been fabricated by modifying a
commercial solar collector. The aluminium sheet introduced be-
tween the absorber and the glass cover has the following sizes:
850 x 1900 x 0.5 mm. In the upper part of the solar collector
frame, an opening was performed in order to introduce the pro-
tection. The reflective protection is wrapped around a metallic
tube fixed behind the solar collector (see Fig. 3). Two small holes
were performed in the lower part of the collector frame in order to
allow the crossing of two wires attached to the aluminium sheet.
These two wires are used for unwinding, manually, the aluminium
sheet.

3.2. Measured data

The ambient temperature and relative humidity, the wind speed
and direction and the global solar irradiance in the plane of the
solar collector were measured using a meteorological station
located very close to the experimental setup (see Fig. 4).

Water temperatures, at the bottom and at the top tubes of the
solar collector, are measured using immersed type PT100 in 4-wire
connection. The hydraulic circuit pressure was also measured.

The absorber temperature is measured using four K-type ther-
mocouples connected along the rear face of the absorber. The Fig. 5
shows the thermocouples positioning. In this figure, the thermo-
couples are called T1 to T4. This positioning allows the measure-
ment of the temperature gradient along the absorber’s longitudinal

Size: 1000 x 2040 x 3.8 (mm); T = 90.8%; Ac=0.93Wm 'K .

Copper absorber with a black selective coating.

9 tubes of 8 mm of inner diameter are welded on the back of the absorber.
Size: 950 x 1900 x 0.8 (mm); ttaps = 95%; Eaps = 5%
Cabs =380 W 1K™ 1; paps=8920 kg m~3; Aps=353.1Wm 'K ..

Glass cover High resistant solar glass
C.=840JW 'K !; p.=2500 kg m~3

Absorber

Insulation

Back thermal insulation: glass wool, thickness = 50 mm; Ajps =0.033Wm™' K.
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Fig. 4. Left: Weather station - Right: Used pyranometer.
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Fig. 5. Thermocouples vertical positions on the absorber surface.

axis in the absorber.

For reading the results, the following symbols are used: Typs is
the temperature obtained with the T1 thermocouple, Tapsmt is the
temperature obtained with the T2 thermocouple, Tipsmp is the
temperature obtained with the T3 thermocouple and Tapsp is the
temperature obtained with the T4 thermocouple.

The data acquisition system Agilent 34970A was used. The
experimental uncertainty was calculated by following [22]. The
uncertainties of the measurements have been estimated from the
available information from manufacturer’s specifications on the

Table 2
Uncertainties of the measurements (95% confidence level).

possible variability of the measure (“Type B”).
Table 2 lists the uncertainties of the measured data for a 95% of
confidence level.

3.3. Prototype testing without protection

In this test, the solar collector is not protected and the circu-
lating pump was stopped at 1:00 p.m. The results of the test are
shown in Fig. 6 (between 12:30 p.m. and 2:00 p.m.).

During the test time (1.5 h) the solar radiation varied between
1000 and 1050 W/m? and the outdoor temperature varied between
25 and 26°C.

At the beginning of the test, the initial absolute pressure was
equal to 3.48 bar and the circulation pump was ON. The water
temperature at the top part of the solar collector Ty oyt Was equal to
77.5°C (outlet) and the water temperature at the bottom Ty i, Was
equal to 71.4°C (inlet). All absorber temperatures vary between
85°C and 90 °C. When the pump is turned OFF, Ty, oyt increases to
reach the saturation temperature which is equal to 150°C at
equivalent absolute pressure which reach 4.75 bar. Absorber tem-
peratures vary between 150 °C and 197 °C. Measurements indicate
that steam is produced. In fact, the temperature at the bottom part
of the absorber Tabs,b = 150 °C, which means that it is at saturated
conditions. On the contrary, in the medium and top parts, the
temperature in the absorber reaches Tabs,t = 197 °C, which means
that the steam is overheated.

The steam in the collector is at Tw,out = 150 °C, due to the tube
was not insulated and saturated steam was measured where the
RTD probe was located.

3.4. Prototype testing with continuous total protection

In this case, the aluminium sheet completely covers the
absorber. The pump is stopped all the day (no water circulation).
This schedule can occur during a system failure or during long
periods of non-use of the solar facility (e.g., holidays). The test re-
sults are shown in Fig. 7.

At the beginning of the test and for an incident solar radiation
below 350 W/m?, the water and absorber temperatures at the
different positions of the solar collector are close to the ambient
temperature (21 °C). Thereafter, at 2:30 p.m., the water tempera-
ture at the bottom collector Ty i reaches a maximum of 42 °C and
the water temperature at the upper collector Ty oy approaches a
maximum of 55 °C. This difference of 12 °C is due to the stratifi-
cation effect in the vertical tubes of the solar collector.

The absorber temperature and the solar radiation curves are
highly correlated. When the value of the solar radiation exceeds
1OOOW/m2, the absorber temperature at the top Taps: reaches a
maximum of 74°C and the absorber temperature at the bottom
Tabs,» reaches 69 °C. For these temperatures, overheating is avoided.
Thus, the absorber coating is protected against excessive temper-
atures and its physical and optical characteristics are preserved.

Measured Data

Measurement range Uncertainty

Outside Air Temperature (RTD Pt100)

Relative Humidity of Outdoor Air

Wind Direction

Wind Speed

Solar Radiation (Kipp and Zonen CMP 10)
Water temperature (RTD Pt100)

Absorber temperature (Type K Themocouple)
Circuit pressure (Omega Pressure Transmitter)

-20-50°C 03°C
0—-100% 2%
0—-360° 3°

0-50 m/s 0.5m/s
0-1400 W/m? 23 W/m?
-50 -250°C 0.3°C
0-250°C 1.0°C
0—6 bar 0.03 bar
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Fig. 7. Temperatures variation of the tested collector with full protection in case of stagnation Left: Test results between 9:00 a.m. and 6:00 p.m. - Right: Test results at 2:00 p.m.

Table 3
Absolute pressures measured.

Percentage of Absolute initial Maximum absolute

Absolute Pressure Water temperature at the upper Equivalent saturation Interpretation

protection pressure (bar) pressure (bar) Difference (bar) collector (°C) temperature (°C)

75 3.25 334 0.09 76.7 138.2 No steam
production

50 335 3.47 0.12 93.0 138.5 No steam
production

25 3.28 3.48 0.20 108.6 1384 No steam
production

0 3.48 4.80 132 149.7 149.8 Steam
production

Furthermore, there is no risk of steam production in the collector
(see Table 3).

3.5. Prototype testing with activation temperature

The test schedule is detailed below (results are shown in Fig. 8).
At the beginning of the test, the pump was running and the col-
lector was not protected. The pump stops at 12:33, this leads to a
sharp increase in the temperature of the solar collector. When the
water temperature in the upper tube of the Ty, oyt collector reaches
120 °C, the protection is activated. The protection remained active
for the rest of the test. The activation temperature (120 °C) was
chosen to eliminate any risk of the presence of steam since the

circuit absolute pressure was 4 bar.

At the beginning of the test, when the pump is running, the
water temperature and the temperature of the absorber increase
slightly according to the available solar radiation. The water tem-
perature in the upper collector of Tyou: is 5°C higher than the
temperature in the lower collector Ty, At 12:33, the bomb is
stopped. The temperature of the absorber and the temperature of
the water increase rapidly (around 4 °C/min) and at 12:45, Ty, out
reaches 120°C and the temperature of the absorber in the upper
Tabs, + reaches 130 °C.

It is observed that after the pump is stopped, the temperature in
the bottom tube collector Tyy i decreases. This is due to the fact that
the water contained in the cold pipes (return circuit) moves
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Fig. 8. Temperature measurements of the tested collector protected from an activation
temperature equal to 120°C.

towards the inlet of the solar collector to replace the hot water that
rises to the top of the solar collector.

When the temperature at the collector upper tube Ty oy reaches
120 °C, the solar collector is fully protected. The absorber temper-
ature at the top Taps decreases from 130 °C to 100 °C in less than
12 min (-3 °C/min). This temperature drop continues until thermal
stabilization. After 17 min, the absorber temperature at the top Taps ¢
stabilizes at 79 °C and the absorber temperature at the bottom Taps
stabilizes at 59 °C. The water temperature at the collector upper
tube Twour Stabilizes at 68 °C. Thus, after protection, the over-
heating is quickly stopped and the risk of steam production is
eliminated (see Table 3).

3.6. Prototype testing with partial protection

Tests with partial protection of the solar collector were carried
out. Three protection levels, 75%, 50%, 25% were tested. It must be
mentioned that in all the cases, the top of the solar collector has
been protected, where temperatures are highest without protec-
tion (see Fig. 9).

The peak absorber temperature reached for each percentage of
protection has been measured between 12:00 and 2:00 p.m. Test
results are illustrated in Fig. 9. The tests conditions for each test are

¥ Tabst789°C
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listed as follow:

e Collector 75% protected: solar radiation G = 1007 W/m?; wind
speed Ws = 2.4 m/s; ambient temperature Tymp = 25 °C;

e Collector 50% protected: solar radiation G =1010 W/m?; wind

speed Ws = 1.4 m/s; ambient temperature Tapyp = 26.4 °C;

Collector 25% protected: solar radiation G =877 W/m?; wind

speed Ws = 0.7 m/s; ambient temperature Tamp = 24.3 °C.

The following observations are:

the absorber temperatures at the bottom Taps, were measured
for the three cases considered in partial protection are very
close; they vary between 83 and 86 °C;

the absorber temperatures at the bottom middle Typsmpb for the
collectors 50% and 25% protected are almost equal and have the
value of 105 °C;

the temperatures of the unprotected parts of the absorber are
always higher than the protected parts of the absorber located
above; thus, the stratification is not regular;

less we protect the absorber more the absorber temperature at
the top middle Taps m increases; it can reach 120 °C in the case of
a solar collector 25% protected.

These results showed that from 50% of protection, it is possible
to avoid easily overheating of the solar system.

3.7. Pressure results

The Table 3 shows the risk of steam production for each case
considered. The absolute pressures measured in stagnation condi-
tion for 25%, 50% and 75% of protection are close to the initial ab-
solute pressure. Without protection, the absolute pressure in the
primary circuit increases by more than 1 bar and steam is produced.

4. Laboratory tests
4.1. Presentation

Laboratory tests were conducted at NanoCorr, Energy &
Modelling (NCEM) Research Group, Bournemouth University,
United Kingdom. The measurements of the absorber and the glass
cover temperatures were performed by using a GUNT ET-202
testing unit [23] (see Fig. 10). The natural sunlight is replaced by
a lighting unit with 25 halogen lamps. With this unit, a radiation of

Tabs,t=96,,9°C

: } E Tw-out=93,0C .||
i Y f
\ "

Tabs,mt=77,9°C

Tabs,mb=78,8°C
Tabs,b=83,8°C

Tw-in=319"C

Tabs,mt=99,9°C

Tabis,mbs, 195, 7°C

(‘ab&,%

Tabs,mt=120,1°C

Tabs,mb=,105,6°C

86,0 |

||

Tabs,b:Si’,l“C

—*—w

Fig. 9. Left to right tested collector with: 75% of protection - 50% of protection - 25% of protection.
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Fig. 10. ET-202 laboratory testing unit [23].

approximately 1152 W/m? is obtained. ET-202 unit includes a pump
which is switched OFF because the aim in this research was to
investigate the stagnation state. ET-202 unit allows for the mea-
surements of various tilt angles of the collector.

During this research, the solar collector is positioned horizon-
tally and the obtained radiation is constant and normal to the solar
collector. This highly unfavorable schedule is very different from
external conditions. The fluid inside the solar collector was water.

During the tests, the solar collector (450 x 450 mm) was located
at a distance of 862 mm from the light source and all the lamps
were lit. The laboratory air temperature was stable at 21°C+ 1 °C.
The obtained absorber temperature was the average of three
temperatures measured by LM35 temperature sensors [24]. These
sensors were positioned in a diagonal pattern. LM35 temperature
sensor is an analog sensor which can be operated at temperatures
up to 150 °C with a precision between +0.5 °C and +1 °C. The glass
cover temperature was measured by using a single LM35 temper-
ature sensor located in its center.

The absorber was coated with a non-selective black paint. The
protection inserted between the glass cover and the absorber plate is
an aluminum foil sheet, the reflective side facing the glass cover and
the non-reflective side facing the absorber. The thermal insulation is
made with high density polyurethane foam. On the sides, the insu-
lation is 20 mm thick, at the back the insulation is 40 mm thick. The
other characteristics of the solar collector used are given in Table 4.

4.2. Experimentation

Three types of tests were conducted in the stagnation case,
these are given as follows:

e Test without protection (see Fig. 11); in this case, the solar col-
lector remains unprotected until the stabilization phase of the
absorber temperature (about 2 h) was reached.

Table 4
Characteristics of the solar collector.

Fig. 11. Left: Collector without protection — Right: Collector with full protection.

o Test with protection (see Fig. 11); in this case, the solar collector
remains protected during the test until stabilization (also 2 h)
had been achieved.

e Test with activation temperature; at the beginning, the absorber
plate is unprotected; when its temperature reaches the activa-
tion temperature (called Tse¢), the protection is switched ON
until the stabilization phase; three activation temperatures
were used as 90, 100 and 110°C.

At the beginning of the tests, all the components of the solar
collector were at the laboratory temperature (21 °C).

The measured values of the absorber temperature for the tested
solar collector with protection and without protection are pre-
sented in Fig. 12. Without protection, the absorber temperature
increases quickly during the first 15 min after the lighting up of the
lamps. The absorber temperature reaches 100 °C in about 17 min
and converges to a steady-state temperature of 127 °C. In the case
of an activated protection, the absorber temperature converges to a
steady-state temperature of 73 °C after more than 40 min of a high

1 40—Activated Protection - - —De-activated Protection
120 ‘_______---_-----.._

& 100 ’,’

1 .

it

o

=

E

<

B

0 10 20

30 40 50 60 70
Time (min)

80 9%

Fig. 12. Absorber temperature variations in stagnation condition of the solar collector
tested in laboratory (with and without protection).

Glass cover

Size: 380 x 360 x 3.2 (mm).

0c=0.12; gc = 0.89; 7. =0.85; A\c=093Wm 'K ..
C.=840JW 'K ! - p.=2500kg m >,

Absorber

Size: 340 x 320 x 0.8 (mm).

Non selective coating: tps = 0.9 and eps = 0.9; Aaps = 353.1Wm~ K.
Cabs =380 W 1K™ 1; paps=8920 kg m 3.

Protection

Size: 340 x 320 x 0.08 (mm). C, =902 J W~ "K' and pp,=2700kgm~>; A\p=237Wm 'K ..
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Fig. 13. Laboratory test results of the absorber temperature of the solar collector
protected from different activation temperatures in stagnation condition.

radiation (1152 W/m?), which represents an extreme condition for
the solar panel. The difference between the two cases is significant,
i.e. 55°C.

The measured values of the absorber temperature for the tested
solar collector for different activation temperatures are presented
in Fig. 13. The absorber temperature decreases by more than 15 °C
in the first minutes after the activation of the protection for all
cases. This rapid decrease allows keeping the absorber out of the
overheating zone. The time taken to reach the stabilization phase
after activation of the protection is about 15 min for an activation
temperature of 90 °C and 45 min for an activation temperature of
110°C. In all cases, the absorber temperature converges to a steady-
state temperature of 78 °C after switching ON the protection. In
case of a permanent protection, an almost equal steady-state
temperature has been measured (73 °C, see Fig. 12).

5. Modelling and simulations

In practice, the proposed system must be used with a control
system. The easiest way is to use the ON/OFF control, solution
chosen in this work: the protection is switched ON when the
absorber temperature exceeds a temperature called activation
temperature and the protection is switched OFF when the absorber
decreases below a temperature called deactivation temperature. In
order to evaluate the behaviour of the control system, simulations
were conducted using a calculation model (see section 5.1). Two
cases were tested in this work: solar collector located in Algiers city
characterized by a Mediterranean-climate, and solar collector
located in Adrar city characterized by a desert climate (see section
5.4).

5.1. Heat transfer equations

In order to model the thermal exchanges within the tested solar
collector, we opted for a simplified modelling of the convective and
radiative heat transfers. The following assumptions have been
adopted:

e The physical characteristics of the glass cover, the absorber, and
the insulation are constant.

e The air velocity at the laboratory is constant in the laboratory
and is equal to 0.5 m/s.

e In case of laboratory tests, the laboratory walls temperature is
equal to the laboratory air temperature.

e The transmittance of the glass cover is constant.
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Fig. 14. Heat exchanges representation in flat plat solar collector.

e The physical characteristics of the fluid and of the air gap
depend on their temperature.
e The protection is in contact with the absorber once activated.

For the unprotected solar collector, a system of four differential
equations is obtained from the energy balance equations applying
at the glass cover [25] (equation (1)), at the absorber [25] (equation
(2)), at the thermal insulation (equation (3)) and at the heat transfer
fluid [26] (equation (4)). The equation system obtained for the
simulation of the solar collector without protection is as follows:

M Cc dT¢/dt =ac S¢c G + hres Sc (Ts — Te) + hce.amb Sc (Tamb —
Tc) + hreaps Sc (Tabs — Te) + hceabs Sc (Tabs — Te) (1)

Mabs Cabs dTaps/dt = Tc dtabs Sabs G + hre_aps Sc (Te — Tabs) + hceabs Sc
(Tc — Tabs) + Atube/€tube Sabs-f (Tt — Tabs) + Ains/€ins Sabs-ins (Tins —

Tabs) (2)
Mins Cins dTins/dt = Ains/€ins Sabs-ins (Tabs — Tins) + NCins-amb Sins (Tamb
- Tins) (3)
Mg Cr dT/dt = Atube/€tube Sabs-f (Tabs — Tr) (4)

For the protected solar collector presented in Fig. 14, a system of
five differential equations is obtained from the energy balance
equations applying at the glass cover (equation (5)), at the pro-
tection (equation (6)) and at the absorber (equation (7)). Equations
(3) and (4) seen previously remain unchanged. We obtain the
following system of equations:

M Cc dTe/dt = 0 S¢ G + 0 T S¢ G (1 - op) + hrees S¢ (Ts — Te) + hce-amb
Sc (Tamp — T¢) + hrc—psc (Tp —T) + hcc—psc (Tp - To) (5)

M, Cp dTp/dt =T oy Sp G + hrep Sc (Te — Tp) + heep Sc (Te — Tp) + Ap/
ep Sabs-P (Tabs — Tp) (6)

Mabs Cabs dTabs/dt = Ap/ep Sabs-p (Tp — Tabs) + Atube/€tube Sabs-f (Tf —
Tabs) + Ains/€ins Sabs-ins (Tins — Tabs) (7)

During the laboratory experiments, we have radiative heat
transfer between the glass cover and the walls of the laboratory. In
the equation (1), the sky temperature is replaced by the laboratory
temperature (21 °C). The convective heat transfer coefficient be-
tween the room air and the walls is assumed to be constant and
equals to 4.5W/m2K. The calculation formulae concerning the
other convection heat transfer coefficients are given in the
appendix.

The calculations were performed by using numerical models
built in the MATLAB/Simulink graphical environment. To solve the



A. Amiche et al. / Renewable Energy 151 (2020) 355—365 363

= = =Tabs,Exp =-= Tabs,Sim G
80 1400
225

70 ot Lowie 1200

pra “a .
P
_ 27 ™ 1000
QL 60 z° \ >
1 4 \ 3
e A \, 800 =
2 / \ )
@ 50 1 =
g [ \ 5
2 e 600 &
g , M 4
& 40 7 S E
.. \ 400 2
\,
30 4 200
’
20 0
9 10 11 12 13 14 15 16 17 18 19
Time (h)

Fig. 15. Absorber temperature results of outdoor test and numerical simulation in
stagnation condition (collector fully protected).

systems of equations, various methods were used such as Runge
Kutta of order 4 and Euler’s method.

5.2. Validation with outdoor tests

For the validation of the numerical model, we compared the
measured and calculated values of the absorber temperature (see
Fig. 15). The experimental results developed with total and per-
manent protection were used. The mean absolute percentage error
between experimental and numerical data is 1.26%.

5.3. Validation with laboratory tests

For the validation with laboratory tests, we compared the
experimental results for two cases: with protection and without
protection (see Fig. 16). The temperatures measured and calculated
are similar, very close and converge to the same steady-state
temperatures. The mean absolute percentage error between
experimental and numerical results varies between 2.76% and
6.20%.
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Fig. 16. Absorber temperature results of laboratory test and numerical simulation in
stagnation condition (with and without protection).

Simulation results in both cases (with and without protection)
are higher than experimental results, especially from the 20th to
the 60th minute. From the 80th minute, simulation and experi-
mental results tend to stabilize to the same value: 127 °C without
protection and 74 °C with protection.

Based on these results, the simplified numerical model can be
considered acceptable. In our opinion, it's not necessary to use
more complex modelling techniques at this stage of the study.

5.4. Application of the numerical model

Numerical simulations in were first performed for a solar col-
lector located in Algiers city: latitude equal to 36.7° N, longitude
equals to 3.06° E. Solar collector used for the simulations has
similar characteristics to solar collectors seen during the tests. The
solar collector is facing south and its tilt angle measured from the
horizontal is equal to 45° and the circulating pump is off. The
simulations were performed on July 21st. The city of Algiers is
characterized by a Mediterranean-climate. The outside tempera-
ture varies between 25 °C at five o’clock in the morning and 34 °C at
three o’clock in the afternoon. Fig. 17 shows climatic data adopted
for the simulations.

The protection system works in the following way. The protec-
tion is switched on as soon as the absorber temperature exceeds
90°C. It is switched off as soon as the absorber temperature de-
creases below 70°C. The results of the simulations are shown in
Fig. 18.

At about 10:00h in the morning, the absorber temperature
reaches the activation temperature of 90 °C. At this time, the pro-
tection is switched ON and the absorber temperature decreases and
reaches the activation temperature of 70°C after 15 min. At this
time, the protection is switched OFF and the absorber temperature
increases and reaches the deactivation temperature of 90 °C after
13 min. This cycle is repeated twelve times a day.

In the second step, the simulations were performed for the same
solar collector located in Adrar city: latitude equals to 27.97 °N,
longitude equals to 0.187° W. The circulating pump is off. The Adrar
city is characterized by a desert climate. Fig. 19 shows climatic data
adopted.

Until 05:30 p.m. and after the second operating cycle, the pro-
tection remains switched ON and the absorber temperature re-
mains above 70°C (see Fig. 20). The cycling behaviour disappears
because even protected the absorber temperature doesn’t decrease
to reach the deactivation temperature of protection, this is due to
the high value of the outside temperature. The protection is
switched OFF at 05:30 p.m. after the decrease of the solar radiation.

For the two cases, time between starts of the rotating systems
does not exceed 15 min, which seems acceptable.

6. Conclusion

In this work, a new solution to prevent high temperatures and
steam production due to stagnation in the solar collectors has been
successfully tested. The proposed solution consists of inserting a
sheet of aluminium, in case of stagnation, between the absorber
plate and the glass cover. This protection may be total or partial. A
prototype has been manufactured and tested.

The experimental study was conducted in both laboratory and
outdoor conditions. Tests with an activation temperature were led:
at the beginning, the absorber plate is unprotected; when its
temperature reaches an activation temperature, the protection is
switched ON until the stabilization. Several coverage rates have
been tested in field conditions.

A numerical model of the thermal behaviour of the solar col-
lector was developed and validated with experimental results. This
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Fig. 18. Simulation results of absorber temperature — Collector located in Algiers city.

model takes into account only the cases of solar collectors without
protection or with full protection.

The experimental tests and calculations show that the solution
gives good results. Based on outdoor tests, we show that from 50%
of partial protection, it is possible to avoid easily overheating. Based
on laboratory tests, when the solar collector subjected to extreme
solar radiation (normal radiation of 1152 W/m?) is fully protected,

°C Outside Temperature
50

Adrar

46
42
38

34

30

8§ 12 16 20 24
Time (h)

1000

95

85

Temperature (°C)

7 8 9 10 11 12 13 14 15 16 17 18
Time (h)

19 20

Fig. 20. Simulation results of absorber temperature — Collector located in Adrar city.

the absorber temperature does not exceed 80 °C. In addition, the
proposed system can be adapted to a wide range of solar thermal
panels.

Based on the results obtained, the proposed solution can be
considered as promising to prevent overheating of solar collectors.
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Fig. 19. Climatic data —Adrar city.
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During the tests, the overheating protection system has been
moved manually. We have developed a preliminary design of
thermal solar collector with a motorized rotary mechanism which
allows an automated movement of the protection by using the
electrical power. Future works will aim to make the proposed
system less dependent on the electrical grid. This device could be
powered by rechargeable batteries or by photovoltaic cells.

Many factors influencing the switch-on frequency of the control
system are the tilt angle, orientation, size and efficiency of the solar
collector, activation temperature values and weather conditions.
Future works will study the influence of these parameters.

It is also remains to build a numerical model which takes into
account the heat transfers in the partial protection case. Future
works will take over this aspect.
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Appendix. Heat transfer coefficients

Heat exchange between Formula

Glass cover and Absorber ~_Nuxe

A
With Nu =1+ 1,44 [1

hc

~ 1708(sin 1,8 )
Ra cosf

1

1708 Ra cosp\3
[1 " Ra cosﬁ] + ( 5830 ) -1

Glass cover and Protection ~ Nux(e/2)

hc 3
withNu = 1+ 1,446(1 — 1708 /Ra cosp)

e: distance in meters between two faces.

A: Conductivity in W m~! K~ of the air (air gap).
B: Tilt angle in degrees of the solar collector.

Nu: Nusselt Number.

Ra: Rayleigh Number for the air (air gap). The heat transfer due
radiation (hr) between two surfaces is estimated by considering
them as two infinitely parallel grey surfaces. This hypothesis allows

the use of the equation cited below to calculate the radiative heat
transfer coefficient between two surfaces 1 and 2. If the tempera-
tures of the two surfaces are T; and T, and if the emittance of the
two surfaces are g1 and &5, we have:

o(Ty +To) (T3 + T3)
1 4 1 -1

e e

hr=
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