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Abstract

We studied the reduction of natural convection heat loss from a solar thermal collector
by placing a high-porosity porous medium above the collector plate in a solar thermal
collector system. It is known that natural convection can be diminished in a porous
medium. In order to use a porous medium in a solar thermal collector, it is necessary to
minimize the shading effect of solar radiation caused by the porous medium. In this work,
we used a series of offset wire screens made of fine nylon fishing lines of 0.05 mm in
diameter with 2-mm pitch and a porosity of 0.999. The experimental apparatus consisted
of a copper 300 mm x 300 mm collector plate with a selective absorption film on the
surface. We measured the reduction rate of the convection heat loss from the collector
plate and the shading effect for actual sun radiation by changing the condition of the porous
medium, the temperature of the collector plate, and the inclined angle of the collector plate.
Experimental results of the Nusselt number of natural convection in the high-porosity
porous medium agreed with the equation proposed by Gupta et al. The effect of the
inclined angle on the Nusselt number was small. The net reduction rate of natural
convection heat loss was 7% by placing the high-porosity porous medium above the
collector plate when the temperature of the collector plate was 100°C.

Keywords: Solar thermal collector; Natural convection; Porous medium; Collector
efficiency



1. Introduction

To reduce consumption of fossil energy and to decrease CO, emissions alternative
energy systems are constantly being developed. Solar energy is one of the clean energies.
If every house uses more solar energy as their primary heat source, much fossil energy
could be saved. Currently, a solar thermal collector system to obtain hot water (42°C) for
bath-use is widely used in Japan. In order to expand the usage of solar energy, it is
important to develop a highly efficient solar thermal collector systems to obtain hot water
closer to 100°C. The authors (Hirasawa et al., 2007, 2010, 2011) have been developing a
high-performance flat-plate-type solar thermal collector system. This system is effective
at collecting heat by boiling of water as a working fluid because the pumping power
consumption of the working fluid is very small (Hirasawa et al., 2011). The collector
efficiency of a flat-plate-type is higher than that of a tubular-type because there is no
useless collector space between the tubes. An evacuated solar collector system has a
higher efficiency than a non-vacuum system in terms of collecting hot water closer to
100°C (Hirasawa et al., 2010). Benz et al. (1999) reported that natural convection does
not occur in collectors at pressures lower than 5 kPa and that thermal losses decrease by
30 % compared with that at atmospheric pressure. They also reported that thermal
conduction loss significantly decreases at pressure lower than 0.1 Pa because of the free-
molecular heat transfer in low-density gas. However, the glass plate needs sufficient
strength (e.g., by using thick, curved glass) to withstand the vacuum pressure over the large
area of a flat-plate-type solar thermal collector. Also, it is not easy to maintain the
vacuum condition for a long time in such collectors. There is therefore a need for new
technology to reduce the natural convection heat loss of a non-vacuum flat-plate-type solar
thermal collector. Malhotra et al. (1980) and Hollands et al. (1983) have proposed
technology to suppress natural convection in the collectors by placing transparent sheets
between the collector plate and the glass plate. Platzer (1992), Hollands et al. (1993), and
Ziyan et al. (1997) have proposed technology to suppress natural convection in the
collectors by using honeycomb structure. In this work, we propose reducing natural
convection heat loss by placing a high-porosity porous medium above the collector plate.

There have been previous works on natural convection heat transfer performance in an
enclosed space. It is well known that natural convection does not occur in a horizontal
space with a higher temperature bottom plate when the Rayleigh number Ra is less than
1708 (Cooper, 1981; Churchill, 1983):

gpBAThH®

Racritical = = 1708 (1)

Here, g is the acceleration of gravity, g is the volume coefficient of expansion, AT is the
temperature difference of the top and bottom plates, h is the distance between the plates, v
is the kinematic viscosity, and a is the thermal diffusivity. The Nusselt number Nu of
natural convection in the horizontal space is calculated with the following equation
(Churechill, 1983).
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Lapwood (1948), Katto et al. (1967), and Gupta et al. (1973) studied natural convection in
an isotropic porous medium with spherical fillings with porosity near 0.5. They reported
that natural convection does not occur in porous medium when the porous Rayleigh number
Ra; is less than 4n?:
gpATh® k.
va  h?
where K is the permeability of the porous medium. The permeability is the property of a
porous medium, which is an indication of fluid passage area (Collins, 1961). The Nusselt

number Nu of natural convection in porous medium is calculated with the following
equation (Gupta et al., 1973).

Nu =1+ 2(1—47f2 j+0.016RaS @)

Ra =4r? (3)
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In this work we try to use the critical porous Rayleigh number Rascritica t0 discuss
experimental results of a high-porosity porous medium. Shiina et al. (2007, 2010)
reported the equation of the critical porous Rayleigh number for the onset of natural
convection in an anisotropic porous medium with thin vertical cylindrical rods. When we
use a porous medium to reduce the natural convection heat loss of a solar thermal collector,
it is necessary to minimize the shading effect of the solar radiation by the porous medium.

In this work, we study the reduction of natural convection heat loss from a solar
thermal collector by placing a high-porosity porous medium above the collector plate.
First we determined the experimental conditions near the critical factors to diminish natural
convection in the porous medium. Next, we measured the reduction rate of natural
convection heat loss and the shading effect with an experimental apparatus under actual
solar radiation. These measurements were performed by changing the temperature of the
collector plate and the inclined angle. Finally, we analyzed the effect of parameters on the
net increase rate of the collector efficiency inserting the high-porosity porous medium in
the flat-plate-type solar thermal collector.

Nomenclature

thermal diffusivity (m%/s)

horizontal pitch of string (m)

shading effect of porous medium
diameter of string (m)
function of porosity

acceleration of gravity (m?/s)

distance between collector plate and glass plate (m)
permeability (m?)

Nusselt number of natural convection
Number of string net layers

vertical pitch of string net layers (m)
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Us inlet solar radiation (W/m?)

J1 absorbed solar radiation on collector plate (W/m?)
g2 upward convection and conduction loss (W/m?)
Js upward radiation loss (W/m?)

Qa backward conduction loss (W/m?)

Js collected heat to cooling water (W/m?)

Ra Rayleigh number

Ragriica  Critical Rayleigh number

Ras porous Rayleigh number

Ras.critical Critical porous Rayleigh number

a heat transfer coefficient (W/m?K)

absorptivity of selective absorption film on collector
porosity

thermal conductivity (W/mK)

kinematic viscosity (m%/s)

inclined angle (°)

Stefan-Boltzmann constant (W/ m*K?)
transmissivity of glass plate for solar radiation
transparency of string
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2. Experiment
2.1 Experimental apparatus and conditions

Figures 1 and 2 show the model of the porous medium in a flat-plate-type solar
thermal collector. This porous medium was a series of offset wire screens made of fine
transparent strings, and the string net layers were placed parallel to the glass and collector
plates. The transparent strings were nylon fishing lines with a diameter of d = 0.05 mm.
Figures 3 and 4 show the experimental apparatus. The collector plate was a 300 mm x
300 mm copper plate with a thickness of 0.2 mm and a selective absorption film on the
upper surface. The absorptivity of the selective absorption film for solar radiation was &
= 0.95, and the emissivity of the selective absorption film for infrared radiation was & =
0.07 (BlueTec, 2009). A copper tube was soldered onto the back side of the collector plate
to flow the cooling water. Above the collector plate there were a porous medium and a 3-
mm thick glass plate. The transmissivity of the glass plate for solar radiation was z; = 0.9.
There was a rock wool thermal insulator with a thickness of h, = 0.05 m below the collector
plate, and the thermal conductivity was A, = 0.05 W/mK. The side wall was a 2-mm thick
Bakelite plate and the bottom wall was an aluminum plate. The enclosed space of the
apparatus was completely sealed. There was a 50-mm thick rock wool thermal insulator
outside the Bakelite plate. The T-type thermocouples were attached at 9 positions on the
back side of the collector plate, 12 positions in the porous medium, and the inlet and outlet
positions of the cooling water. Inlet temperature of the cooling water was changed to 20,
45, 60, and 90°C. The flow rate of the cooling water was about 1.3 x 10° m*/s and the
temperature change between the inlet and outlet was about 10°C. The inclined angle of
the collector plate could be changed from the horizontal (inclined angle & = 0°) to the



normal direction of the solar radiation (about 8 = 60° in December). Inlet solar radiation
gs was measured by the temperature rising speed of a small copper plate with a selective
absorption film on the surface near the atmosphere temperature outside the apparatus. The
small copper plate was a 10 mm x 10 mm plate with a T-type thermocouple soldered on the
back side. There were a rock wool thermal insulator below the plate. When the
temperature of the plate is near atmosphere temperature, the convection, conduction and
radiation heat loss is negligibly small and all absorbed heat is used for the temperature rise
of the plate. The solar radiation q; absorbed on the collector plate in the apparatus was
measured by the temperature rising speed of the collector plate near atmosphere
temperature without the flow of the cooling water. Using this method we can obtain g
and g simply without placing any obstruct sensors in the apparatus. Measuring errors of
gs and q; are estimated to be about £3 %. The shading effect D of the porous medium was
defined as the following equation using the inlet solar radiation gs, the absorbed solar
radiation on the collector plate g, the transmissivity of the glass plate for solar radiation z
= 0.9, and the absorptivity of the selective absorption film on the collector plate & = 0.95.

D=1-01/(0s 7 &) (5)
The shading effect D is the reduction ratio of the inlet solar radiation by the porous
medium. Collected heat gs was measured by the temperature change of the cooling water
at a steady state of the collector plate heated with solar radiation. The upward convection
and conduction loss gz from the collector plate was obtained by the following equations
using the measured values of the absorbed solar radiation on the collector plate q;, the
collected heat by the temperature change of the cooling water s, the temperature of the
collector plat Ty, and the surrounding air temperature T, :

02=01-03-0s-0s (6)
T =T,
W=o T (7)
—+—-1
&, &
q, = (ﬂu/hu )(Tp _Ta) (8)

where gz is the upward radiation loss, g4 is the backward conduction loss, & is the
emissivity of the selective absorption film for infrared radiation (& = 0.07), & is the
emissivity of the glass plate for infrared radiation (glass plate is assumed to be opaque for
infrared radiation g = 1), ois the Stefan-Boltzmann constant, A, is the thermal conductivity
of a rock wool (4, = 0.05 W/mK), hy is the thickness of the wool (hy = 0.05 m), and Ty is
the temperature of the glass plate assumed to be surrounding air temperature T,. We also
measured the upward convection and conduction loss g, at the steady state of the high-
temperature collector plate in a room without solar radiation. The Nusselt number Nu of
the upward convection and conduction loss from the collector plate was obtained from the
following equation.

Ny = %eh )
A iTp -T, ’

where A, is the thermal conductivity of air (1, = 0.028 W/mK) and h is the distance
between the collector plate and the glass plate.



We set five experimental conditions for the porous medium as shown in Table 1. The
structure of the porous medium is shown in Figs. 1 and 2. As the diameter of the string d
is very small, heat conduction rate through the string is small and the heat transfer
phenomena in the porous medium is assumed to be isotropic. The permeability of the
porous medium k of these conditions is calculated with the following equation (Shiina et
al., 2007, 2010) to calculate the porous Rayleigh number Ras:

k=d?f/32(1-¢) (9
foin 1476, 20-9)-07950-¢) )
1-¢ 1+0.4892(L— ¢)—1.605(1— )
7Zd 2
51 o (12)

where ¢ is the porosity of a porous medium. Equations (10) — (12) were obtained from
the flow drag calculation with the Stokes equations of motion for a viscous fluid flowing
perpendicular to the axes of cylinders arrays (Drummond et al., 1984). The shading effect
D of the solar radiation by the porous medium is calculated by the following equation.

Dzl—{l—M}n (13)

c

where y is the transparency of a string. Equation (13) was obtained from that the shading
ratio of each net layer is {2d(1—:,y) c}. The transparency of a nylon string is assumed to

be w = 0.88. Condition No. 1 in Table 1 is the case in which the diameter of the string d =
0.05 mm, the horizontal pitch of the string ¢ = 2 mm, the vertical pitch of the string net
layers p = 2 mm, the number of the string net layers n = 6, the distance between the
collector plate and the glass plate h = 14 mm, and the porous Rayleigh number of Condition
No. 1 was Ras = 25 while the average porosity was determined to be 0.999, which is less
than the critical porous Rayleigh number Ras.riica = 47%, which means there is no natural
convection in the porous medium. Condition No. 2 is the case in which the number of the
string net layers n = 8. The porous Rayleigh number of condition No. 2 is near Ras critical-
Condition No. 3 is the case in which h = 34 mm by inserting 10 mm space between the
glass plate and the top layer of the string net, and another 10 mm space between the
collector plate and the bottom layer of the string net. Condition No. 4 is the case in which
the vertical pitch of the string net layers p is 2 and 10 mm alternately. The porous
Rayleigh number of conditions No. 3 and No. 4 are greater than Ras.riticat, Meaning that
natural convection might occur in the porous medium. Condition No. 5 is the case with
no porous medium. The Rayleigh number of condition No. 5 is Ra = 5.1 x 10° which is
greater than Ragriicat = 1708, so natural convection occurs in the space.

2.2 Experimental results
We measured the shading effect of the porous medium and the upward convection and

conduction loss from the collector plate under five experimental conditions, as shown in
Table 1. Experiments were performed under actual solar radiation on a sunny day at 10:00



—14:00 in December 2012 in Kobe, Japan. We also measured the heat loss at steady state
of the high-temperature collector plate in a room without solar radiation.

Figure 5 shows the experimental results of the shading effect D of the porous medium
for conditions No. 1 — No. 4 measured with a 100°C inclined angle 8 = 60° collector plate
with solar radiation. The calculation result of Eq. (13) is shown as a black line.
Experimental results and the calculation result agreed within a 2 % error rate.

Figure 6 shows the experimental results of the relation between the porous Rayleigh
number Ras and the Nusselt number Nu of the upward convection and conduction loss from
the collector plate for conditions No. 1 — No. 4 measured with a 80°C horizontal collector
plate in a room without solar radiation. The Nusselt number for condition No. 1 was near
1.0, which shows that there was no natural convection in the porous medium. However
the Nusselt number for conditions No. 2 — No. 4 were greater than 1.0, indicating that
natural convection had occurred. For condition No. 2, the porous Rayleigh number was
near Ras critical, DUt ONly weak natural convection occurred. This is because the string pitch
used in the experimental apparatus had some manufacturing errors. The calculation result
of Eq. (4) is shown as a black line. Experimental results and the calculation result agreed
within a 30 % error rate.

Figure 7 shows the experimental results of the relation between the Rayleigh number
Ra and the Nusselt number Nu for conditions No. 1 — No. 5 measured with an 80°C
horizontal collector plate in a room without solar radiation. The calculation result of Eq.
(2) is indicated by the black line. The experimental result of condition No. 5 without the
porous medium and the calculation result were in good agreement. The experimental
results of conditions No. 1 — No. 4 were about 30% lower than the calculation result due to
the effect of the porous medium.

Figures 8 and 9 show the vertical temperature distribution in the porous medium for
conditions No. 1 and No. 5 measured with the 80°C inclined angle &= 60° collector plate in
a room without solar radiation. The temperature distribution was almost linear for
condition No. 1, indicating that there was no natural convection in the porous medium.
The temperature distribution for condition No. 5 also showed that there was natural
convection.

Figures 10 and 11 show the temperature distribution in the collector plate for
conditions No. 1 and No. 5 measured with the 100°C and inclined angle & = 60° collector
plate with solar radiation. The center temperature of the collector plate was high. The
temperature difference between the top and bottom ends of the collector plate was small for
condition No. 1 because there was no natural convection. However, the bottom end
temperature was lower than the top end temperature for condition No. 5 due to the natural
convection.

Figure 12 shows the effect of the inclined angle & on the Nusselt number Nu for
conditions No. 1 and No. 5 measured with the 80°C collector plate in a room without solar
radiation. The effect of the inclined angle on the Nusselt number was small.

Figures 13 and 14 show the effect of the collector temperature on the collector
efficiency for conditions No. 1 and No. 5 measured with the inclined angle 6=60° collector
plate with solar radiation. We define the collector efficiency as the ratio of the collected
heat gs by the inlet solar radiation gs. The collector efficiency was high at a low collector
temperature because of the low heat loss.



We found that the shading effect D of the porous medium was accurately calculated
with Eqg. (13) and that the Nusselt number Nu of the upward convection and the conduction
loss from the collector plate was well calculated with Eq. (4) proposed by Gupta et al.
(1973).

3. Analysis of collector efficiency

We calculated the effect of the various parameters on the collector efficiency of a solar
thermal collector with a high-porosity porous medium. The calculation conditions were
similar to the experimental conditions, although with a few differences. Figures 1 and 2
show the calculation model of the porous medium in a flat-plate-type solar thermal
collector. The conditions of the porous medium are that it is made of transparent nylon
strings with a diameter of d = 0.05 mm and a horizontal pitch ¢ = 2 mm, vertical pitch p = 2
mm, number of string net layers n = 7, and transparency of string v = 0.88. The inlet
solar radiation was gs = 800 W/m?, the temperature of the collector plate was Tp = 100°C,
the temperature of the glass plate was T4 =25°C, the surrounding air temperature was T, =
25°C, and the downward thermal insulator was a urethane wool with a thermal conductivity
of A4, =0.024 W/mK and a thickness of h, = 0.1 m.

The collected heat per unit area of the collector plate gs was calculated by the
following equation.

05 =01-02-03- 0a (14)
The absorbed solar radiation g; was calculated with the following equation.
01 =0s i & (1 - D) (15)

where g is the inlet solar radiation (gs = 800 W/m?), 79 IS the transmissivity of the glass
plate (75 = 0.93), & is the absorptivity of the selective absorption film on the collector plate
for solar radiation (& = 0.95), and D is the shading effect calculated by Eq. (13). The
upward natural convection heat loss g, was calculated with the following equation.

0= o(Tp - Tg) (16)
where o is the heat transfer coefficient of natural convection calculated from the Nusselt
number using Eq. (4). The radiation loss gz was calculated with Eq. (7). The backward
conduction loss through the wool g, was calculated with Eq. (8). When natural
convection occurred in a horizontal space without porous medium of h = 0.05 m
(experimental condition No. 5), the Nusselt number was Nu = 5 and the upward convection
heat loss was gz = 210 W/m? for our calculation condition. Therefore, the reduction rate
of the upward convection and conduction heat loss without natural convection by placing
the porous medium above the collector plate was defined as {(gx - 02) / 9s}. The net
increase of collector efficiency was then defined as {(d20 - 92) / gs- D }.

Figure 15 shows the effect of the number of string net layers n on the ratio of the
porous Rayleigh number (Ras / Rascriicat) (black broken line), the shading effect D (blue
line, negative value of -D is shown), the reduction of the upward convection and
conduction heat loss (brown line), and the net increase of the collector efficiency (green
line). When the number of the string net layers n = 8 with the string diameter d = 0.05
mm, the net increase of collector efficiency was 7 %, which was the highest.

Figures 16, 17, and 18 show the effects of the string diameter d, the horizontal string
pitch ¢, and the distance between the lower and upper plates h on the ratio of the porous



Rayleigh number (Ras / Ras criticar), the shading effect D, the reduction of upward convection
and conduction heat loss, and the net increase of the collector efficiency. When the
distance between the collector plate and the glass plate h was larger than {(n + 1) x p}, a
space was inserted between the glass plate and the top layer of the string net. When the
space between the glass plate and the top layer of the string net is greater than the pitch of
string net layers p, the collector efficiency decreases. The highest net increase of the
collector efficiency was also 7% for all cases. We found that the collector efficiency of
the no natural convection by porous medium was 7% higher than the conventional
collector. In contrast the increase rates of collector efficiency of the evacuated solar
thermal collectors from the conventional collector was 22%, which were obtained for the
distance between the lower and upper plates h =50 mm. Even though the increase rate by
no natural convection by placing a high-porosity porous medium in the solar thermal
collector was low, it is a good way to increase collector efficiency because it is not
necessary to maintain the vacuum condition for as long as a solar collector. Under the
condition of no natural convection by porous medium, the upward convection and
conduction heat loss was 20%, the upward radiation heat loss was 6%, the downward
conduction heat loss was 2%, the reflection and absorption of glass was 12%, and the
collector efficiency was 60%.

4, Summary

We studied the reduction of natural convection heat loss from a solar thermal collector
by placing a high-porosity porous medium above the collector plate. We obtained the
following results.

1. Upward convection and conduction heat loss of a collector plate can be reduced by
placing the porous medium above the collector plate. Under our standard condition, the
net increase of the collector efficiency from the conventional collector was 7%, and the
collector efficiency was 60% when the temperature of the collector plate was 100°C.

2. Experimental results of the Nusselt number of natural convection in a porous
medium with high porosity agreed with Eq. (4), previously proposed by Gupta et al. The
effect of inclined angle on the Nusselt number was small.

Acknowledgments

Authors thank to Mr. Daijo Tsunoda (President of Deutsche Umwelt-und
Geotechnologie Co. Ecos Japan) and BlueTec GmbH & Co. in Germany for supply
collector plate coated with selective absorption film.

References

Benz, N., Beikircher, T., 1999. High Efficiency Evacuated Flat-Plate Solar Collector
Process Steam Production, Solar Energy 65 (2), 111-118.



BlueTec GmbH & Co., 2009. Technical information available from <http://www.bluetec-
germany.de/fileadmin/user_upload/pdf/produktinfos/060609_techn_doku_eng.pdf>
(Accessed September 2009).

Churchill, S.W., 1983. Heat Exchanger Design Hand Book, VDI-Verlarg GmbH,
Hemisphere, 2.5.8.

Collins, R.E., 1961. Flow of Fluids through Porous Materials, Reinhold Publishing Co.,
New York, 10.

Cooper, P.I., 1981. The Effect of Inclination on the Heat Loss from Flat-Plate Solar
Collectors, Solar Energy 27 (5), 413-420.

Crummond, J.E., Tahir, M.l., 1984. Laminar Viscous Flow through Regular Arrays of
Parallel Sold Cylinders, International Journal of Multiphase Flow 10 (5), 515-540.

Gupta, V.P., Joseph, D.D., 1973. Bounds for Heat Transport in a Porous Layer, Journal of
Fluid Mechanics 57 (3), 491-514.

Hirasawa, S., Taniguchi, M., Nakauchi, S., Tanaka, T., 2007. Experiment on Boiling Heat
Transfer Performance in Tube for A Vacuum Solar Collector, Proc. 2007 ASME-
JSME Thermal Engineering Summer Heat Transfer Conference, HT2007-32149.

Hirasawa, S., Kawanami, T., 2010. Study on Collector Efficiency of Flat-Plate-type
Evacuated Solar Collector to Get Hot Water near 100°C, Proc. 14th International Heat
Transfer Conference, IHTC14-22242.

Hirasawa, S., Kawanami, T., Okawa, Y., Shirai, A., 2011. Effect of Operation-Control
Methods on Collector Thermal Performance of Flat-Plate-Type Evacuated Solar
Collector System to Get Hot Water near 100°C, Proc. of 22th International
Symposium on Transport Phenomena, Paper-No.11.

Hollands, K.G.T., Wright, J.L., 1983. Heat Loss Coefficients and Effective Products for
Flat-Plate Collectors with Diathermanous Covers, Solar Energy 30 (3), 211-216.
Hollands, K.G.T., lynkaran, K., 1993. Analytical Model for the Thermal Conductance of
Compound Honeycomb Transparent Insulation, with Experimental Validation, Solar

Energy 51 (3), 223-227.

Katto, Y., Masuoka, T., 1967. Criterion for the Onset of Convective Flow in a Fluid in a
Porous Medium, International Heat and Mass transfer 10, 297-309.

Lapwood, E.R., 1948. Convection of Fluid in a Porous Medium, Mathematical Proceedings
of the Cambridge Philosophical Society 44, 508-521.

Malhotra, A., Garg, H.P., Rani, U., 1980. Minimizing Convective Heat Losses in Flat Plate
Solar Collectors, Solar Energy 25 (6), 521-526.

Platzer, W.J., 1992. Directional-Hemispherical Solar Transmittance Data for Plastic
Honeycomb-Type Structures, Solar Energy 49 (5), 359-3609.

Shiina, Y., Ishikawa, K., Hishida, M., 2007. Natural convection Heat Transfer in a
Horizontal Porous Enclosure with High Porosity, Journal of Japan Solar Energy
Society, B, 73 (728), 1045-1051 (in Japanese).

Shiina, Y., Hishida, M., 2010. Critical Rayleigh Number of Natural Convection in High
Porosity Anisotropic Horizontal Porous Layers, International Journal of Heat and
Mass Transfer, 53 (7-8), 1507-1513.

Ziyan, H.Z.A., Richards, R.F., 1997. Effect of Gap Thickness on a Rectangular-Cell
Compound-Honeycomb Solar collector, Solar Energy 60 (5), 271-280.

10



Table 1 Experimental conditions of porous medium.

Condition No. 1 2 3 4 5
Diameterd | 4 o5 | 005 | 0.05 | 005 | 0
(mm)
Horizontal pitch 5 5 5 5 0
¢ (mm)
Vertical pitch p 5 9 9 2,10 | 0
(mm)
Number of
string net layers | 6 8 8 8 0
n
Distanceh 1 1) | 15 | 34 | 58 |50
(mm)

11
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Fig. 1. Model of porous medium in flat-plate-type solar thermal collector.

e el
R - tl B ]
C
diXE |

— — —

Fig. 2. Schematic view of string net.
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(wool, 50mm thickness)
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Fig. 3. Experimental apparatus.

Fig. 4. Outside view of experimental apparatus.
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Fig. 8. Temperature distribution in porous medium for condition No. 1.
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Fig. 12. Effect of inclined angle on Nusselt number for conditions No. 1 and No. 5.

80

70 Condition No.1
60 |
50 |
40 r
30
20 |
10 +

Collector efficiency (%)

O 1 1 1 1 1 O

40 60 80 100 120 140 160

Temperature of collector plate (°C)

Fig. 13. Effect of collector temperature on collector efficiency for condition No. 1.
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Fig. 14. Effect of collector temperature on collector efficiency for condition No. 5.
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Fig. 15. Effect of number of string net layers.
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Fig. 17. Effect of horizontal string pitch.
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Fig. 18. Effect of distance between collector plate and glass plate.
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