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A solar flat plate air collector was manufactured in the north of Iran, and connected
to a room as the model to study the possibility of using such solar heating systems in
the northern parts of Iran. This collector was tested as a solar air heater to see how
good it could be for warming up the test room during the winter. The experimental
data obtained through accurate measurements were analyzed using second law ap-
proach to find the optimum mass flow rate, which leads to the maximum exergy effi-
ciency. It was found that for the test setup at the test location, a mass flow rate of
0.0011 kg/s is the optimum mass flow rate for tested conditions which leads to the
highest second law efficiency.
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Introduction

The amount of solar energy striking the earth’s surface depends on the season, local
weather conditions, location, and orientation of the surface but it averages about 1000 W/m? if
the absorbing surface is perpendicular to the sun’s rays and the sky is clear. There are several
ways of absorbing and using this free, clean, renewable, and very long lasting source of energy.
Solar collectors are special devices that can absorb and transfer energy of the sun to a usable or
storable form. Solar thermal collectors, which are a group of solar collectors, can be made in dif-
ferent shapes based on their application. Some types of thermal solar collectors, such as para-
bolic trough, are generally used in solar power plants where solar heat energy is used to generate
electricity.

Flat plate collectors are the most common types of solar collectors and are usually used
as solar hot water panels to generate hot water or as solar air heater for pre-heating the air in do-
mestic or industrial heating, ventilation, and air conditioning (HVAC) systems. A weatherproof
insulated box containing a black metal absorber sheet with built-in pipes is placed in the path of
sunlight. Solar energy heats up water in the pipes causing it to circulate through the system by
natural convection. The water is usually passed to a storage tank located above the collector.
This passive solar water heating system is generally used in hotels and homes such as those
found in southern Europe.

There are many flat-plate collector designs but generally all consist of four major
parts; (1) a flat-plate absorber, which absorbs the solar energy, (2) a transparent cover(s) that al-
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lows solar energy to pass through and reduces heat loss from the absorber, (3) a heat-transport
fluid (air or water) flowing through the collector (water flows through tubes) to remove heat
from the absorber, and (4) a heat insulating backing.

Literature survey

The exergy of a system is the maximum useful work possible during a process that
brings the system into equilibrium with a heat reservoir [1]. Exergy can be destroyed by irrevers-
ibility of a process. An exergy analysis (2" law analysis) is a very powerful way of optimizing
complex thermodynamic systems. The term exergy was proposed by Rant [2] in 1956, but the
concept was developed by Gibbs [3] in 1873. Nowadays, details of this concept can be found in
thermodynamics texts, (e. g. [4-7]). Several researchers have used this powerful method to opti-
mize different thermodynamical parameters of power plant components. As a recent application
of second law analysis, Saravanan et. al. [8] used energy and exergy analysis to study the perfor-
mance of a cooling tower.

The governing equations of exergy balance as applied to solar collectors has been pub-
lished by Bejan et al. [9] and Bejan [10]. Recently Londono-Hurtado et al. [11] developed a
model to study the behavior of volumetric absorption solar collectors (VASC) and the influence
of the design parameters on the performance of the collectors. Their approach is based on the use
of several dimensionless numbers, each of them having a clear physical significance, which play
a key role in the analysis of the collector. The model is then used to conduct a thermodynamic
optimization of VASC, which gives the optimal design parameters that maximize the exergy
output of the heat extracted from the collector. Another notable study is the work of Luminosu et
al. [12] where they experimentally studied an air solar installation. They processed their experi-
mental results through thermodynamic analysis, using energy and exergy methods to find the
best flow rate of passing air.

Altfeld et al. [13, 14] considered different solar air heater configurations including
finned surface. They state that the heat transfer characteristics of the absorber are less important
if highly insulated solar air heaters are considered. Torres-Reyes et al. [15] performed thermo-
dynamic optimization based on first and second law to determine the optimal performance pa-
rameters and to design a solar thermal energy conversion system. They produced graphs of
exergy flow rate as a function of mass flow rate for different collector configurations.

Kurtbas et al. [16] used five different absorber plates for solar air heater including a
corrugated one. They concluded that there was a reverse relationship between dimensionless
exergy loss and heat transfer, as well as pressure loss. The more important parameters in order to
decrease the exergy loss are the collector efficiency, temperature difference of the air, and pres-
sure loss. Ajam et al. [17] derived the equations to study the exergetic efficiency of solar air
heaters and used MATLAB to optimize the system. Ucar et al. [18] made changes to a conven-
tional solar air heater such as dividing its absorber plate to six parts and giving angles to them.
They did an energy and exergy analysis and found that some simple modifications can increase
the efficiency by up to 30%.

Esen [19] reported an experimental study to evaluate the energetic and exergetic effi-
ciencies of four types of double-flow solar air collectors under a wide range of operating condi-
tions. He showed that the use of obstacles in the air duct of the double-flow collector is an effi-
cient method of adapting air exchanger according to user needs. Gupta et al. [20] reported
exergetic performance evaluation and parametric studies of solar air heater. They stated that
based on the output energy evaluation, the solar air heater should have high aspect ratio, low
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duct depth, and low inlet temperature of air. They have observed and proved that if the inlet tem-
perature of air is low, then maximum exergy output is achieved at low value of mass flow rate.

Fujiwara [21] analyzed the optimum control and performance evaluation of solar col-
lectors from exergy standpoint. He demonstrated that the maximum capability of collectors is
determined and expressed by a relationship among the collector parameters and the environ-
ment in which they operate. Xiaowu et al. [22] conducted an exergy analysis on a domes-
tic-scale solar water heater to optimize its thermodynamical parameters. They tried to find the
major sources of irreversibilities and their relative importance for a special kind of solar water
heater.

As fossil fuel price is quite high and it is expected to stay up for many years, the idea of
using solar thermal collectors for warming up of houses in the northern part of Iran was consid-
ered by Mohseni-Languri [23]. In this research, a flat plate solar air heater manufactured and
connected to a test room to study the practical utility and efficiency of this method for the sug-
gested area of installation. Some of the objectives of this study are:

— determination of basic engineering characteristics of a simple and economic flat plate solar
collectors for domestic users,

— feasibility study of air solar installation in the northern parts of the country,

— study the energy saving for a test room to estimate the possible energy saving for the
proposed area of installation, and

— optimization of air flow rate for solar air collector using a test room.

Some of the results obtained in this study is presented here, which are focused on the
second law optimization of mass flow rate of working fluid. We have measured/calculated the
average solar irreversibility, average radiation intensity, average useful energy, average air tem-
perature variation, energy efficiency, and exergy efficiency during the day for winter months.
The method used by Luminosu e al. [12] and Esen [19] was employed to analysis the sample so-
lar installation data. All sources of irreversibility were considered to minimize the irreversibility
by optimizing the air flow rate.

Experimental study
Location of the study

The experimental study was done [23] in the north of Iran. The latitude and longitude
of the location are 36°32°39"N and 52°40°44"E. The ambient temperature fluctuates in the
range of 0 to 29 °C during the year in Babol. Due to rainy or cloudy weather, we had to cross out

some days, in which solar energy tests were not possible.

Tablel. Technical characteristics of the collector [23]

Part name Dimension [cm] Material Remark

Absorber 180 x100 x 0.4 Carbon steel Painted black

Insulator 4 Glass wool Thickness
Cover 0.3 Flat glass Thickness
Ducts 10 x5 Aluminum Inlet and exit channels
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Figure 1. A schematic of the designed collector [23]

©

Exit channel

Flowmeter
/

Characteristics of the testing collector

A flat solar air collector was designed
to use in this study. Figure 1 shows a
schematic of the design. The characteris-
tics of the collector are summarized in
tab. 1. The collector was verticaly in-
stalled at a distance of 2.5 m from the
ground to prevent shading by neighbor-
hood buildings. The inlet and exit chan-
nels were connected to the testing room
through two aluminum tubes highly insu-
lated using glass wool of 2 cm thickness.
Figure 2 shows the schematic of final test
setup. The test system was connected to a
room of 4 m x 3 m x 3 m. A small fan of
40 W was used to circulate the air
through the collector and room.
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Figure 2. A schematic of test setup and photo of the collector [23]
(a) a schematic of final test setup, (b) assembled collector in its final place

Measuring devices

To measure the mass flow rate of the air, an anemometer was used to measure the
speed of the air flow. As the temperature was also measured in the ducts, we were able to esti-
mate the flow rate of the air through the channels. There were five thermocouples located in five
critical positions; two thermocouples located in the inlet and outlet ducts, one attached to the ab-
sorbing surface, the other one was placed in the room, and the last one was placed outside of the
room for sensing the ambient temperature (see fig. 2a). The measured temperature inside and
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outside the room were bulk temperature while the other temperatures were local. The accuracy
of temperature measurements were £1 °C. The solar radiation intensity has also been measured
using a local weather station. All the measurement devices were connected to a data logger sys-
tem, which recorded the data every 15 minutes during the test days.

All the measuring devices were calibrated before the experimental study. The statisti-
cal data about the weather showed that we will have clear sky in about 85% of the days in the
winter. In this study, we had excluded the data for those days, in which the sky was cloudy and
so absorbed solar radiation was different from the sunny days. It happened for 76 days during
the winter of studying year.

Energy and exergy analysis
Energy analysis

Based on Duffie et al. [24], the rate of heat received by the heat carrier, which is air
here, from the collector is:

Qa :macp(Tout _Tin) (1)

The specific collector power can be found by dividing of this heat by the area of the

collector [24]: i Qa B 1,C o (T —Tiy) .
’ AC AC

The average daily useful heat per unit area of the collector can be found adding up all
radiation times as:

8 .
qad :3600§qai (3)

in which g, ; is the useful heat per unit area of the collector for the hour 7 of the test day. As we
started the tests at 8:00 a. m. and ended at 4:00 p. m. so 7 could be between 1 to 8. So the energy
efficiency of solar energy that is converted to heat could be expressed by the ratio of absorbed
energy to the total energy of the sun that was available [12]:

Nen =22 (4)
where G, is the solar radiation captured by the collector.
Exergy analysis

Based on Bejan et al. [9] and Bejan [10], there are two sources of entropy generation in
a solar air collector, which are entropy generation due to the friction of passing fluid, and en-
tropy generated due to the thermal heat transfer or temperature change of the fluid flow. We did
the exergy analysis using Esen’s approach [19], considering following assumptions:
— the process is steady-state and steady flow,
— the potential and kinetic energies are negligible,
— air is an ideal gas, so its specific heat is constant, and
— the humidity of air is negligible.

The general exergy balance for a steady-state and steady flow process is:

j = EX heat — Exwork + Exin - Exout (5)
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Considering above assumptions, following relations are available for each compo-

nent:
Exheat :Z(l_%JQs (6)
Exwork =0 (7)
Exiy = Xy [(hyy = hy) =Ty (510 = 50)] ®)
Exout = z mout [(hout - hO) - TO (Sout ) )] (9)

Equation (7) comes from the fact that no work has done during the process. From mass
balance we have:
S =i, = i, (10)

Upon substitution of egs. (6) to (10) in eq. ( 5), the rate of irreversibility will be:

j:[ _%st _ma[(hout _hin)_TO(sout ~Sin )] (11)

S

where Qs is the total rate of the exergy received by the collector absorber area from the solar ra-
diation and is evaluated by relation: )
0, =G A a (12)

where 7 is absorbance-transmittance product of the covering glass and the absorber plate. The
changes in enthalpy and entropy of air in the collector can be obtained using following two ex-
pressions:

houtf hin = Cp(Toutf Tl ) (13)
and
Sout —Sin =C, 1nh—Rlnﬂ (14)

After substituting eqs. (12) to (14) in eq. (11), the final form of expression for irrevers-
ibility rate in the solar collector will be:

: T,
~T,) + i, T,C, In =2

ut

- T, :
1:[ ——Q)Gyﬁﬁx—nngﬂz
T

S

Ul ; POLI
f—%anFi (15)

in in

where T is the apparent temperature of sun surface, which considered to be 6000 K. In this equa-
tion the first term comes from the entropy generated due to heat transfer; second and third terms
are related to the temperature change of passing fluid; last term is related to the entropy gener-
ated due to the friction of fluid. By definition, irreversibility is the total entropy generated times
the ambient temperature [6]:

[=8,,Ty (16)

Therefore, the total entropy generated during the process will be:

gen — a
TO

s in in

. ) ) T . P
S ! |:( —QJGCACTa—man(Tout _Tin) +macp lno_llt_m lilanut (17)
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So the exergy efficiency, as defined through second law of thermodynamics [15], is:

: S
R T S L (18)
EX peat 1_& Q
T, )"

Error analysis

There are two types of errors; one group come from direct measurement, which are
AG,, AT, AP, and Amz; the second group of errors come from indirect measurement, which are
An., and An,,. Based on Luminosu et al. [12] method, following relations can be used for error
analysis: )
Al IAEx heat

Afey == (19)
Ex Ex2
and heat heat
Ag, q,AG
An,, =—2+2—° 20
Me c. TG (20)
where each error component can be evaluated through following relations:
AT  T,AT T,
AEX, . =| — +—2— |4, (ta)G, +| 1= =2 |4, (ta)AG, 21
ht[TS ng() [TSJ() 21
AL =T)AS yoy + S you AT (22)
Ay =| RinLot o T o Tow T 1 G g (ra) BT 4
in Tout TO T()2
wic | e Ly 2 Tt T gl Ly U hp s g o L+ L G, 23)
Tout Tin TO T()2 out in Ts TO
Ad. _CP[Am( - i‘in)+2mAT} 24)

Results and discussions

The errors in the measuring of temperature, mass flow rate, pressure, and solar radia-
tion are £1 °C, £2.4-107 kg/s, £1%, and +1.25 W/m?, respectively. Therefore the maximum er-
rors of indirect measuring of energy and exergy efficiencies estimated to be £0.03 and £0.13 us-
ing eqgs. (19) and (20).

We have used the average of daily measurements during a winter 2005. The experi-
ments are done for 8 hours a day from 8:00 a. m. to 4:00 p. m.. The number of clear sky days for
winter 2005 was 76. Note that the radiation flux was not constant everyday during the winter
days but our aim was to study the average results for the whole winter during the sunny days.

Figure 3 shows the average solar radiation intensity, captured by the vertically installed
solar collector, and the ambient temperature in °C vs. daytime in winter. The experimental results
for a random month (February) have been added to the plots for comparison. The maximum aver-
age solar radiation absorbed by the flat plate solar collector is occurring around noon from 12:00
to 13:30 local time. Its average decreases slowly and reaches to 400 W/m? at 4:00 p. m. during the
winter. Figure 3 shows that solar radiation in the clear sky, captured by the flat plate solar collec-
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Figure 3. Average radiation intensity and ambient
temperature in winter

Table 2. Average wind speed in winter and February [ms~']

Time of day 8:00 | 10:00 | 12:00 | 14:00 | 16:00
Winter 1.1 1.3 1.3 1.5 1.2
February 1.1 1.4 1.1 1.4 0.9
40
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Figure 4. Average air temperature variation in winter at
different flow rates

tor, is more than 600 W/m? during the
time period of 10:00 a. m. until 3:00 p.
m.. It is a good indication of the solar
potential energy in the test region.

In winter, the average ambient tem-
perature increases and reaches to its
maximum of 17 °C from 14:00 to
14:30; it decreases with decreasing so-
lar radiation. The average ambient
temperature starts from 10 at 8:00 a. m.
and reaches its highest value of 17 °C
at 2:30 p. m. and falls down to 15.5 °C
at 4:00 p. m. in the winter. The average
temperature plot shows how cold is the
winter in the place that solar air collec-
tor was tested to give a good basis for
study on performance of such solar
collectors.

The average wind speed during the
winter and February at 8:00, 10:00,
12:00, 14:00, and 16:00 during day are
recorded in tab. 2. The minimum and
maximum values of average wind
speed are 1.1 m/s at 8:00, and 1.5 m/s at
14:00, respectively for the winter. For
February, the minimum and maximum
values of average wind speed recorded
are 0.9 m/s at 16:00, and 1.4 m/s at
10:00 and 14:00, respectively.

Figure 4 shows the average tem-
perature variation of air as working
fluid in the solar air collector during
the winter as a function of day time at
different mass flow rates. It can be
seen that the lower mass flow rate
causes the higher air temperature
variation along the day. The physical
meaning of this phenomenon is, hav-

ing constant available heat source (solar radiation), in lower mass flow rates, the flowing air has
more time to gain the heat energy from the absorber surface, which causes more increase in its
temperature.

The minimum mass flow rate of air should be selected such that the air circulates
enough in the room during the day; furthermore, higher flow rate may cause some discomfort for
occupants. The optimum mass flow rate depends also on the ambient conditions such as ambient
temperature and solar radiation energy.

The average variation of useful power produced by the solar air collector is plotted vs.
day time during the winter and February for visual comparison in fig. 5. The mass flow rateo of
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m, =0.015 kg/s is selected for calcu-
lation of useful power. According to
the fig. 5, from 11:00 to 15:00 the ab-
sorbed energy is the highest amount
during the day and it is hold for both
graphs, i. e. average useful energy in
winter and February. It can be inter-
preted from fig. 5 that the minimum
useful power during the winter occurs
at 8:00 a. m. at the value of 15 W/m?
and this value increases sharply to
190 W/m? at noon and then remains
constant with some low fluctuations
until 14:30. From 14:30, it decreases
and reaches to 90 W/m? at 16:00. The
same trend also happens for the aver-
age useful energy in the February
month. It should be noticed that this
value is the useful energy produced
per unit area of collector.

Figure 6 shows the average energy
efficiency of the solar air collector dur-
ing the day at different mass flow
rates. Such graphs can be used for opti-
mizing the mass flow rate for the best
energy efficiency for this collector.
From the experimental data, it can be
observed that the energy efficiency af-
fected mainly by mass flow rate and
temperature increase during the day
that the latter parameter is a function of
solar radiation, wind speed, and ambi-
ent temperature. It means that all of
these parameters can affect the energy
efficiency. From fig. 6 it can be con-
cluded that the highest mass flow rate
of m, = 0.025 kg/s has the lowest en-
ergy efficiency and mass flow rate of
m, = 0.016 kg/s has the highest aver-
age energy efficiency during the day.
It is noticeable that energy efficiency
of m, =0.011 kg/s is lower than m, =
=0.016 kg/s and m, = 0.017 kg/s but
higher than m, = 0.025 kg/s.

In fig. 7 the variation of irrevers-
ibility has been plotted vs. day time at
different mass flow rates. It can be

~ Average useful power, winter
= Average useful power, February

14:00 1500 16:00
Time of day [hour]
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Figure 5. Average useful energy during winter,
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Figure 6. Energy efficiency during winter as a function of
day time at different flow rate
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Figure 7. Irreversibility during winter for different mass
flow rates vs. day time
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~ Q=0025kg/s + Q=0.017kg/s seen that mass flow rates of m,=
- g:g-gﬁgg o Q=0014kgss . =0.016 kg/s and m, = 0.017 kg/s
' i A follow the same pattern while the
latter flow rate has a slightly higher
irreversibility most of the time.
They also reach to their maximum
value at noon to 1100 W for this
collector. The highest mass flow
rate of m, = 0.025 kg/s has the
highest irreversibility during the
test time that reaches to its maxi-
‘ ‘ ‘ ‘ mum value of 1500 W at 13:30, and
B0 900 1000 THO0 1200 1300 TEEN, o:gff[hoﬁjoo then decreases to 610 W at 16:00.
From fig. 8 it can be seen easily
that in the flow rate of 0.011 kg/s to
0.025 kg/s, the maximum flow rate
has the lowest and the minimum
flow rate has the highest exergy efficiency. Obviously this is not hold for every mass flow rate
and there might be an optimum flow rate less than 0.011 kg/s bellow which decreasing of flow
rate cause the exergy efficiency to decrease. The range of studied flow rate was selected so that it
meets the required criteria of building HVAC system.
For the mass flow rate of m, = 0.111 kg/s, the exergy efficiency started from 9% at
8:00 and it increases slowly to 51% at 14:00 and then followed by a sudden jump to reach its
maximum of around 85% at 14:45 and then decreasing with some fluctuations to 40% at 16:00.
The curves in fig. § indicates that the higher mass flow rate, the higher second law efficiency.
It can be seen that the minimum exergy efficiency belongs to the higher mass flow rate
and the mass flow rate of m, = 0.111 kg/s has the highest exergy efficiency in our experiments.
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Figure 8. Exergy efficiency during winter per different mass
flow rates in the day times

Summary and conclusion

A solar flat plate air collector was manufactured and connected to a room as the model
to study the possibility of using such solar heating system in the northern parts of Iran. This col-
lector was tested as a solar air heater to see how good it could be for warming up the test room
during a winter. The experimental data obtained through accurate measurements during a winter
were analyzed using energy and energy analysis to find the optimum mass flow rate, which leads
to the maximum exergy efficiency. An exergy analysis showed that entropy is generated in solar
air heating due to the friction of fluid flow, heat transfer between warm walls of collector and en-
vironment, heat transfer between sun surface and absorbing surface, and temperature change of
passing air. It was found that for the test setup at the test location, among the different tested
mass flow rates, a mass flow rate of 0.0011 kg/s is the optimum for tested conditions which leads
to the highest second law efficiency. It was pointed out that the maximum irreversibility, occurs
at noon, when solar radiation is maximum; it decreases as solar energy decreases.

Nomenclature

hN
|

— enthalpy, [kJkg ']
irreversibility, [kW]
mass flow rate, [kgs™']
— pressure, [Pa]

absorbing area, [m’]

specific heat, [klkg 'K ']

Ex — rate of exergy, [kJs']

G — solar radiation flux, [kWm™]

-Q
I

T I~
I
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0 — rate of heat energy received, [kW] Subscripts

q ;?2:, ([)li\l;/e;tize]nergy received by the unit p ~ carier fluid (air)

R — gas constant for carrier fluid, [kag’lK’l] ¢ - co!lector

S — rate of entropy generated, [kWK '] d — daily

T — temperature, [K] gen  — generated

heat — heat energy
Greek letters i — hourly
. . . in — 1nlet flow of carrier fluid

A - error. in measuring or calculation out _ outlet flow of carrier fluid

n — efficiency, [-] p — constant pressure

A — absorbance-transmittance product, [] S — sun

en — cnergy work — work

ex — exergy 0 — ambient
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