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ABSTRACT

In this study, pebble bed as an absorber and storage material was placed in a south facing,
flat plate air-type solar collector at fixed tilt angle of (45°). The effect of this material and differ-
ent parameters on collector efficiency has been investigated experimentally and theoretically.
Two operation modes were employed to study the performance of the solar air heater. An inte-
grated mode of continuous operation of the system during the period of (11:00 am — 3:00 pm)
and non-integrated mode in which the system stored the solar energy through the day then used
the stored energy during the period of (3:00 pm — 8:00 pm). The results of parametric study in
case of continuous operating showed that the maximum average temperature difference of air
between inlet and outlet sections observed on (0.018 kg/s) air mass flow rate were exceeded
(17°C) and the maximum outlet temperature that got was exceeded (34°C) for the three months
(December, January and February) of experiments. Average efficiency was ranged from 53% to
65%. In the case of storage and then operating, the maximum outlet air temperature was ranged
from (27°C) up to (31°C) then decreased with spend of energy to reach (13°C) to (18°C) and the
maximum storage energy was (165.14 W) for the porosity of (0.29) , height of (20 cm) and (0.01
kg/s) mass flow rate. The results also, showed that the solar air collector supplied a solar heating
fraction (SHF) with an average of (0.65) for a meeting room (3 * 4 * 7 m) located in Baghdad as
a case study.

Keywords: pebble bed, active solar heating, thermal collector and storage, experimental and
theoretical study
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1. INTRODUCTION

It is becoming increasingly necessary for countries to obtain power from sources other than
conventional fossil fuels. This is as a consequence of an increasing population, people becoming
more aware of environmental constraints, and the rising cost of conventional fuels. Nuclear and
renewable energy sources will have to provide an increasing percentage of total power capacity.
Nuclear power is still reliant on limited sources of fuel, and has strong environmental and politi-
cal implications, limitations by which renewable energy is generally unaffected. It therefore
makes sense to consider renewable energy sources as a means of power generation. The largest
supply of renewable energy is in the form of solar energy. Several improvements have been
suggested in literature to enhance the performance of the system. The use of porous material in-
side the collector is one method to enhance solar air heater efficiency as suggested by , Donald
and John, 1983. , Paul and Saini, 2003, Mittal et al., 2005 and Ahmed and Mohamad, 2007.
Theoretical and experimental study for a solar collector was presented by Murshid, 2005. Using
porous medium as storage material and heating source, the solar collector was made in case of
continuous operating from 9:00 AM to 4:00 PM. The maximum difference between air input
temperature and air output temperature from solar collector was reached (15°C) and the maxi-
mum efficiency of the solar collector reached up to (50%). Different porous materials have been
suggested, such as mild steel particles, Yeong, 2011. Fused silica glass, alumina and stainless
steel were used by Mawire, 2009. Degirmencioglu, 2006, investigated the effect of the open-
cell polyurethane foam as an absorber material, placed in a south facing, flat plate air-type solar
collector at fixed tilt angle on collector efficiency, Collector is tested under the regulations of
ASHRAE 93-1986 standard named “Methods of Testing to Determine the Thermal Performance
of Solar Collectors”. Air passing through the collector has been provided by a fan. Tests are re-
peated with three air speeds 1.266 m/s, 1.5825 m/s and 1.899 m/s. Maximum average efficiency
is calculated on 1.5825 m/s. Maximum average temperature difference of air between inlet and
outlet sections observed on 1.266 m/s. Maximum outlet temperature that we get is on the same
day with maximum average temperature difference. , Mohanraj and Chandrasekar 2009, de-
veloped and tested performance of an indirect forced convection solar drier integrated with dif-
ferent sensible heat storage maternal. The system consists of a flat plate solar air heater with heat
storage unit, a drying chamber and a centrifugal blower. Drying experiments have been per-
formed at an air flow rate of 0.25 kg/s. Drying of chili in a forced convection solar drier reduces
the moisture content from around 72.8% (wet basis) to the final moisture content about 9.1% in
24 h. Average drier efficiency was estimated to be about 21%. The specific moisture extraction
rate was estimated to be about 0.87 kg/kWh.

In this study, the advantage of using packed beds of pebble to store thermal energy for solar
collector has been determined. Effects of various parameters (porosity, height of pebble bed and
mass flow rate) on the collector performance had also been investigated.

2. MATHEMATICAL MODEL

The packed bed solar air heater model has been considered for this present study is
shown in Fig 1. The collector consists of a glass cover plate, a blackened absorber plate and a
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back plate with blackened pebbles packed in the airflow passage between the absorber and the
black colored back plate.

The MATLAB program is used in this work for computer programming. The computa-
tion is composed of a main program for one day per month of experiment work. Also it is appli-
cable for each day of the experiment work by changing the variable inputs and the condition of
experiment day.

Simplified steps were used to analyze the heat transfer for the air flow across the pebble
bed and to calculate the amount of energies and the efficiency. The calculations were based on
the following assumptions: (a) study state. (b) one dimensional heat transfer across the glass
cover. (c) constant temperature across thickness of glass cover. (d) one dimensional heat transfer
across insulation layers. (e) one dimensional heat transfer across the porous media.

2.1 Absorption Energy Calculation
The absorption energy could be calculated by the equation below:

Qap =Fr#lx A (1)
Fi is calculated from Eq. (2) as:
F, = (upTgJe #Fop # Fy (2)

2.2 Loss Energy Calculation

Losing energy is happening from all sides of the solar collector, in spite of the biggest
part of losing is from the absorber surface. However, losing energy from sides and bottom has a
clear effect.
The amount of losing energy is given by the following equation:

Quoe==Up xAx (Tp - Ta} (3)

Mean plate temperature (Tp) is calculated by Duffie and Beckman, 2008, as follows:

Qu/A
B/ (1 Fy) @

TFI = Ti. +
The collector overall heat transfer coefficient (y,) is the sum of top, bottom and edge loss coef-
ficients:

U,=U,+U,+ U, (5)

The top loss coefficient from the collector plate to the ambient for this single glass cover system
is as follows:

Vel ol (6)

hc_p—g"'hr,p—g hw‘l'hr,g—a

The wind heat transfer coefficient is calculated as Duffie and Beckman, 2008.

hy = 5.7 +3.8v @)

The radiation heat transfer coefficient from the glass to the air (h,. g—a) is calculated as:
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hyg-a = £20( T, + T )(TZ + T2) (8)

The radiation heat transfer coefficient from the plate to the glass cover (h,_np_ E) is calculated as:

_ ol Tp+Tg)[TE+TE)
PPET T Eii_g (©)
Ep g

h

The convective heat transfer coefficient is calculated as:

h == (10)

CP—E = Dh

2wd
Ww+d

where Dy, = p, , (P= porosity).

Nusselt number Nt is a function of Rayleigh number Ra which is given by , Duffie and
Beckman, 2008.

1708 (sin1.2f)%° 1708 Ra cosf 1

_ _ _ + T +
Nu=1+1.44 [1 Ra cos B ][1 Racos E] + [[ 52320 :} 1] (11)
The heat removal factor Fr is given as:
Fr = F'F' (12)

Where the collector flow factor F" and the collector efficiency factor F' are calculated as fol-
lows:

_ Hgep.. _ AWME’
= ot e Ep}] (13)
U
Fr=[1+ ‘ -1

T 1.
Nin * 5,
The radiation coefficient between the two air duct surfaces at a mean fluid temperature Ty is:

1o T2, (15)

hy =
T,1
£ oS

p E

The heat transfer coefficient inside the duct is:

h = Nul D—Ii (16)
Where Nul = 0.0158 Re®#

The useful gain is calculated as follow:

Qu = FrA[S - U)(T; — Ty)] (17)

Which is also can be calculated as:
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Qu=ri,* Cp * (Tn - Ti} (18)
"eq. (16) dependent in experimental calculation™

From Eq. (17) & (18), the outlet temperature is:

T, = T1+Qu.fﬂ-1a*cp (19)

2.3 Thermal Efficiency Calculation
The efficiency of the flat-plate solar collector (77,.) is defined as the ratio of the rate of useful

energy supplied by the collector ((2,,) to the rate of incident solar energy in its area.

Qu
e =7, (20)
2.4 The Performance of a Solar Collector in an Active System

It’s a simple procedure which has been devised by Balcomb and McFarland, 1978 and
used by the researcher Murshid, 2005 for predicting the performance of solar collector in ac-
tive systems. This calculation can be made based on the values of solar radiation, heating degree
days, and the thermal loss and solar gain characteristics of the building. In this study, load col-
lector ratio (LCR) was used as the following steps.

Estimate the building loss coefficient (BLC). This is the sum of the building skin conductance
plus infiltration.

BLC = (TUA, + INF) « 24 « 3600 (21)

The solar heating fraction (SHF) is the fraction of save energy to the net load which is calculated
as follows:

SHF = Qsave / Qnet (22)
Qsave = my # ¢ ¥ X3° (Tap — 18)7 (23)
Qhet = BLC * DD (24)
DD = %2% (20 - T,)* (25)

"The (+) sign in Egs. (23) and (25) indicate that only the positive value taken into account”
The auxiliary energy (Qaux) required keeping the building at (20°C) calculated as follows:

Qaux = (1 — SHF) * BLC + DD (26)

2.4 Energy Balance

Based on the assumptions that have been mentioned and used to solve mathematical equations
relating to the performance of solar collector for the collection and storage, we have developed a
mathematical model by performing an energy balance on the solar collector.
The equation of thermal energy balance is written as shown in Fig. 2

(Energy absorbed by the surface absorber) + (Energy entering the air solar collector) = (Energy
leaving the air solar collector) + (Stored Energy) + (Energy lost from the solar collector)
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This can be written in the formula as follows:

lexA+mgrcy*T,=maecy* To+E, +Upx Ax (T, —T,) (27)

The above equation can be written as:-
Qee =l xA—thyxcy* (Ty— Tp) — Upx Ax (T, — Ty) (28)

3. EXPERIMENTAL WORK

Air-type solar collector was used in this project. Basically the experimental setup con-
sists of three main mechanical parts. First and the most important part is the collector itself. Se-
cond part is the inlet and outlet channels. Third part is the blower that provides air stream during
experiments. Pebble bed with (0.29) and (0.34) porosity placed in the collector flow channel in
order to increase heat transfer area.

The solar collector is made locally for the purposes of collect and storage at the same
time. It consists of a reservoir of iron with dimensions of (1x0.6x0.25 m) and a thickness of (2
mm) for the purpose of carrying the weight of the porous material used to make the tank in case
of consistency and stability. Three brackets of iron mesh were installed to support and facilitate
the development of porous media in the collector reservoir, and also to distribute air evenly
across the porous media. (1mm) thickness aluminum plate was used as absorber plate and coated
with black color to receive maximum amount of solar incident radiation. The solar collector was
isolated from all sides and bottom with class wool insulation of (5cm) thickness to reduce the
heat losses. A glass cover (4mm) thickness and (1x0.6m) dimensions applied at the surface of
the solar collector. It was sealed to prevent leakage of water into the solar collector or heat air
loss. The gap between the glass cover and the absorber plate was ranged from (5cm) when the
pebble bed depth was (20cm), and it was (10 cm) when the pebble bed depth was (15cm).

The experiments were conducted on the days of December, January and February in
Baghdad. The collector was located with 45 angle towards the south (For winter load, the tilt
should be (latitude + 10) degrees and for year round use, the tilt = latitude, [12]). Fig. (1) shows
the general aspect of experimental setup. The experiments were carried out at the same time pe-
riods between (11:00 to 15:00) of the days (In the case of continuous operation) and between
(15:00 to 20:00) of the days (In the case of storage and operation) for (0.01 kg/s) & (0.018 kg/s)
of mass flow rates. The air flow through the collector was supplied by an electric blower and
adjusted via a regulator integrated with the blower. The velocity of the air was measured by an
anemometer sensor. The incident solar radiation on collectors’ inclined upper surface was meas-
ured up to date by (Datalogging Solar Power Meter TES-1333R). Type K thermocouples were
placed at inlet, outlet flow channels, back plate, pebble bed, absorber plate, glazing cover of the
collector and a free one to measure ambient temperature.

4. RESULTS AND DISSCUSION

Fig. 3 shows the variation of the intensity of solar radiation with time for the days (21
Dec., 5 Jan. and 10 Feb.). As shown in this figure, the intensity of solar radiation increases
steadily with time and attained peak values at the mid-day then decrease steadily with time as
the sun goes down in the late afternoon. It observed that the maximum solar intensity reaches to
(764.5 W/m?) in (21 Dec) and it is reached to (1005 W/m?) in (5 Jan) while it is (900.3 W/m?) in
(10 Dec).

In the case of continuous operating for the solar collector the solar collector has been run
with electric blower which is working from 11:00 am to 3:00 pm. The temperature was meas-

57



Number 8 Volume 20 August - 2014 Journal of Engineering

ured at different sections, air inlet, air outlet, back plate, pebble bed, absorber plate, glazing cov-
er of the collector and the ambient. According to these measurements, the efficiency, the useful,
storage and loss energy were calculated. Fig. 4 shows the effect of height of the pebble bed on
average temperature (by using thermocouples distributed at three equal distance) of porous me-
dia with time for mass flow rate of (0.01 kg/s) for days in Dec., Jan. and Feb. The temperatures
of porous media increase gradually from (11:00 am) and reach the maximum value at (3:00 pm)
which exceed (30°C) with height of (15 cm) of pebble bed. In one hand variation of temperature
of the porous media with time because the intensity of solar radiation increase gradually and
through this period the temperature of absorber plate increase and this is lead to increase of the
temperature of porous media. In another hand it can be observed that the maximum temperature
of pebble bed is at (15 cm) because it heated faster than (20 cm) pebble bed height.

Fig. 5 shows the variation of inlet air temperature to the collector and the experimental
and theoretical outlet air temperature with time for (0.018 kg/s) mass flow rate for the days of
(21 Dec., 5 Jan. and 10 Feb.). Fig. 5a shows a convergence between the experimental and theo-
retical outlet air temperature and matching point at 12:30 pm. The maximum outlet air tempera-
ture from the solar air collector was (35.5°C experimentally and 33.07°C theoretically). The
maximum temperature difference between inlet and outlet air from the solar collector was
(17.9°C). The convergence with less error was found in Fig. 5b and the matching was achieved
from (1:00 to 2:00 pm). The maximum outlet air temperature from the solar air collector was
(34.6°C experimentally and 33.03°C theoretically) and the maximum temperature difference be-
tween inlet and outlet air from the solar collector was (20°C). The same behavior was shown in
Fig. (5¢) with matching points at (1:00 and 1:30 pm) respectively. The maximum outlet air tem-
perature from the solar air collector was (34.3°C experimentally and 32.9°C theoretically) and
the maximum temperature difference between inlet and outlet air from the solar collector was
(18.2°C). The differences between the experimental and theoretical values in the previous fig-
ures because of the different in the theoretical values of useful energy which are actively in-
volved in the Eq. (19), and that because the theoretical calculation of solar intensity which effect
on useful energy are different from the experimental values of solar intensity. The average of
the maximum outlet air temperature from the solar air collector was (34.8°C) and the average of
the maximum temperature difference between inlet and outlet air from the solar collector was
(18.7°C).

Fig. 6 shows the variation of thermal efficiency with solar radiation for mass flow rate of
(0.01 and 0.018 kg/s) respectively, pebble bed height of (15 cm) and (0.34) porosity for the days
of (22 Jan. and 2 Feb.). The efficiency increases with an increase in the solar radiation. This is
due to the increase of temperature difference which is directly proportion to the efficiency. But it
can be seen that even when the solar radiation decrease after (1:30 pm), the efficiency continue
to rise. This is also because increase of temperature difference and this is a positive point for use
the porous media that help to store heat even when the sun goes down in the late afternoon.

The effect of temperature rise on the efficiency of the solar collector for mass flow rate
of (0.01 and 0.018 kg/s), pebble bed height of (15 cm) and (0.34) porosity for the days of (22
Jan. and 2 Feb.) is shown Fig. 7. The thermal efficiency increases with the increase in the tem-
perature rise because of the direct proportion of efficiency with the temperature rise that has di-
rect proportion to the useful gain and that approved by applying Eqg. (20).

The effect of mass flow rate of air on the variation of inlet and outlet air temperature difference
with time is shown in Fig. 8 for different height and porosity of the pebble bed. It has been ob-
served that the temperature difference increases with increase in mass flow up to (26%). The
figure also shows that the temperature difference has been reached the maximum value between
(1:30 to 2:00 pm) then the curve goes down for the days of experimental work. This is because
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of the behavior of solar radiation shown in Fig. 4. Temperature difference is directly proportion
to solar radiation.

There is a significant effect of mass flow rate on efficiency. It is evident from Fig. 9, that
for higher mass flow rate, efficiency is much higher with a rate ranging from (48%) to (54%).
This behavior has been obtained experimentally and it can be approved theoretically from Eqg.
(20).

Fig. 10 shows the effect of porosity of pebble bed on the variation of air temperature dif-
ference between inlet and outlet of the solar collector with time, which is higher for low porosi-
ty. It has been observed that the values in the two porosity experiment are quite close, but devia-
tion occur with time progress. It can be concluded that there is an increment ranging from (4%)
to (20%) showing the effect of porosity on the temperature difference.

There was no significant effect of porosity on efficiency with higher mass flow rate. This
Is shown in Fig. 11 It has been seen randomly behavior of the curves in the previous figure be-
cause of the effect of the experimental amount of solar radiation which is involve in Eg. (20),
and that because the different weather in which the experiments process.

Fig. 12 shows the effect of height of pebble bed on the variation of temperature differ-
ence with time. It has been shown that the pebble bed with (15cm) height has the higher temper-
ature difference with a rate ranging from (5%) to (29%) in Dec. and Jan. for (0.018 kg/s) air
mass flow rate and ranging from (10%) to (38%) in Feb. for (0.01 kg/s) air mass flow rate. The
solar radiation takes less time to reach pebble bed with (15cm) than the pebble bed with (20cm),
so the lower pebble bed will get more heat and thus the higher temperature difference.

Fig. 13 shows the variation of solar heating fraction for a different height of the pebble
bed. This comparison shows that for (h=15 cm) in the months of December and January, the
(SHF) was higher than that for (20 cm) with a fraction reached to (57 %). While in February, the
behavior was inversed because of the different in (SHF) values which are depend on the amount
of solar intensity measured experimentally. The variation of auxiliary energy that we need to
add it for the days of (27 Dec., 5 Jan., and 10 Feb.) and the days of (10 Dec., 10 Jan., and 23
Feb) was shown in Fig. 14 It was observed that in (5 Jan) it is need higher auxiliary energy
reached to (21, 093 kJ) while in (17 Feb.) less energy must be adding. The maximum auxiliary
energy (2,276 kJ) in (23 Feb.) and it is need (2,795 kJ) in (10 Jan) these amounts depended on
the (SHF) values, where the higher value (SHF) there is less need for the auxiliary energy.

5. CONCLUSIONS

The main conclusions from the present work may be stated as follows:

e The increment of efficiency due to pebble placing can be observed easily in spite of de-
creasing the solar radiation.

e The solar collector supply hot air up to (29 C°) with average temperature difference of
(14 C°),

e The efficiency of the solar collector increases with the increment of air velocity with a
rate ranging from (48%) to (54%).

e Decreasing the pebble bed height, increasing the efficiency with a rate of (4% to 30%)
and the increment of the temperature difference ranging from (10%) to (38%) for a given
mass flow rate.

e The variation of air temperature difference between inlet and outlet of the solar collector
with time was higher for low porosity with an increment ranging from (4%) to (20%).

e The solar collector supplied a solar heating fraction (SHF) with an average of (0.65).
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7.NOMENCLATURE

A = area of solar collector, m?.

As = area of skin condition, m%

BLC = building loss coefficient, J/DD.

Cp = specific heat of air, J/kg.°C.

Fd = dust coefficient, dimensionless.

Fsh = shading coefficient, dimensionless.

Ft = effective transmittance-absorption factor, dimensionless.
FR = heat removal factor, dimensionless.

F' = collector efficiency factor, dimensionless.
F" = collector flow factor, dimensionless.
Dh = hydraulic diameter, m.

DD = degree-Day, °C.

H = coefficient of heat transfer, W/m?.K.

It = total incident radiation, W/m?.

INF = infiltration, W/°C.

K = thermal conductivity, W/m.K.

L = length of bed, m.

m.a = mass flow rate of air, kg/s.

Nu = nusselt number, dimensionless.

Pt = porosity, dimensionless.

Q =energy, W.

Ra = rayleigh number, dimensionless.

Re = reynolds number, dimensionless.

S = absorbed solar radiation, W/m>.

SHF = solar heating fraction, dimensionless.
T = temperature, °C.
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Ub = back loss coefficient, W/m?.K.
Ue = edge loss coefficient, W/m*.K.
Ul = overall loss coefficient, W/m?.K.
Ut = top loss coefficient, W/m?.K.

GREEK SYMBOLS

a = absorptance of surface for solar radiation, dimensionless.

B = tilt angle, degree.

T = glass transmittance, dimensionless.

A = difference, dimensionless.

n = efficiency, dimensionless.

gg = penetration of glass cover, dimensionless.
o = bultzmann constant, dimensionless.

gp = emittance of surface, dimensionless.

SUBSCRIPTS

a = ambient, dimensionless.
b = bottom, dimensionless.
¢ = convection, dimensionless.
e = edge, dimensionless.

f = fluid, dimensionless.

g = glass, dimensionless.

i = inlet, dimensionless.

m = mean, dimensionless.

0 = outlet, dimensionless.

p = plate, dimensionless.

r = radiation, dimensionless.
u = useful, dimensionless.
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GLASSCOVER
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height of pebble bed —pramp—
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Figure 1. Cross section of the solar air heater.

Figure 2. Energy balance on the solar collector.
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Parameters: (h=height of pebble bed, m'=air mass flow rate, p=porosity)
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Figure 3. Variation of Solar radiation with time (h=20 cm, m'=0.018 kg/s , p=0.29).
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Figure 4. Variation of temperature of porous media with time for different pebbles bed heights
(m'=0.01 kg/s, p=0.29).
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Figure 6. Effect of solar radiation on efficiency with time.
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Figure 8. Effect of mass flow rate on variation of temperature rise with time.
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Figure 12. Effect of height on variation of temperature difference with time.
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Figure 13. Variation of solar heating fraction for different height of pebble bed
(p=0.29, m'=0.018 kg/s).
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Figure 14. Variation of the auxiliary energy.
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