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Abstract

This paper presents an experimental energy and exergy analysis for a novel flat plate solar air heater (SAH) with several obstacles and
without obstacles. For increasing the available heat-transfer area may be achieved if air is flowing simultaneously and separately over
and under the different obstacle absorbing plates, instead of only flowing either over or under the different obstacle absorbing plates,
leading to improved collector efficiency. The measured parameters were the inlet and outlet temperatures, the absorbing plate
temperatures, the ambient temperature, and the solar radiation. Further, the measurements were performed at different values of mass
flow rate of air and different levels of absorbing plates in flow channel duct. After the analysis of the results, the optimal value of
efficiency is middle level of absorbing plate in flow channel duct for all operating conditions and the double-flow collector supplied with
obstacles appears significantly better than that without obstacles. At the end of this study, the exergy relations are delivered for different
SAHs. The results show that the largest irreversibility is occurring at the flat plate (without obstacles) collector in which collector

efficiency is smallest.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The main applications of solar air heaters (SAHs) are
space heating and drying. The SAHs occupy an important
place among solar heating systems because of minimal use
materials. Low heat transfer coefficients result from the
unfavourable thermophysical properties of air, which are
widely used in different thermal systems. The efficiency of
SAH has been found to be low because of low convective
heat transfer coefficient between absorber plate and the
flowing air which increases the absorber plate temperature,
leading to higher heat losses to the environment resulting in
low thermal efficiency of such collectors. The remedy is to
improve the heat transfer, which can be achieved by
creating a fully turbulent flow in these systems. There are
different factors affecting the SAH efficiency, e.g. collector
length, collector depth, type of absorber plate, glass cover
plate, wind speed, etc. The absorber plate shape factor is
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the most important parameter in the design for any type of
SAH. Increasing the absorber plate shape area will increase
the heat transfer to the flowing air, but on the other hand,
will increase the pressure drop in the collector; this
increases the required power consumption to pump the
air flow crossing the collector [1].

Several configurations of SAHs have been developed in
literature. Various designs, with different shapes and
dimensions of the air flow passage in plate type solar air
collectors were tested [2-7]. The double-flow type SAHs
have been introduced for increasing the heat-transfer area,
leading to improved thermal performance [5]. This
increases the thermal energy between the absorber plate
and the air, which clearly improves the thermal perfor-
mances of the solar collectors with obstacles arranged into
the air channel duct. These obstacles allow a good
distribution of the fluid flow [8,9].

In history, there has been a noticeable increase of interest
in the applications of second law analysis to the design of
thermal systems [10]. A typical thermal design based on the
first law of thermodynamics allows us to address issues
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Nomenclature

Ac surface area of the collector (m?)

Cp specific heat of air at constant pressure
, (kJ/kgK)

E energy rate (kW)

Ex exergy rate (kW)

Exgest  rate of irreversibility (kW)

I solar radiation (W/m?)

m mass flow rate (kg/s)

M mass (kg)

t time (s, min)

T temperature (°C)

U heat loss coefficient (W/m?°C)

W work rate or power (kW)

Wi total uncertainty of mass flow rate
(%)

Wy total uncertainty of efficiency (%)

W total uncertainty of (7Tj,— T,)/ EXdest
(%)

Greek letters

n thermal efficiency (dimensionless)
Uhit exergetic efficiency (dimensionless)
o optical yield (dimensionless)

Y specific exergy (kJ/kg)

Subscripts

a air

ave average

C collector

c convection

e environment

f fluid

in inlet

out outlet

p plate

r radiation

S surface

related to the energy balance of the system. The second law
of thermodynamic analysis combined with a standard
design procedure of a thermal system gives us invaluable
insight into the operation of the system. However, exergy
analysis, derived from both the first and second laws of
thermodynamics, as compared to energy analysis, takes
into account the quality of the energy transferred. The
main purpose of the exergy analysis is to determine the
reasons of the thermodynamic faults of the thermal and
chemical processes. Exergy (or availability) analysis is a
powerful tool in the design, optimization, and performance
evaluation of energy systems. This analysis can be used to
identify the main sources of irreversibility (exergy loss) and
to minimize the generation of entropy in a given process
where the transfer of energy and material take place
[11,12]. According to Dincer and Rosen [13], exergy
analysis is an effective thermodynamic scheme for using
the conservation of mass and energy principles together
with the second law of thermodynamics for the design and
analysis of thermal systems, and is an efficient technique
for revealing whether or not and by how much it is possible
to design more efficient thermal systems by reducing the
inefficiencies. The concepts and definitions of exergy
analysis are well recognized [14-17].

The studies on exergy analysis of SAHs are relatively few
[18-20]. Oztirk and Demirel [18] presented an experi-
mental investigation of the thermal performance of a SAH
having its flow channel packed with Raschig rings. They
observed that the energy and exergy efficiencies of the
packed-bed SAH increased as the outlet temperature of
heat transfer fluid increased. Oztiirk [19] described an
experimental evaluation of energy and exergy efficiency of
a seasonal latent heat storage system for greenhouse
heating with the SAH. Ucar and Inalli [20] presented

thermal and exergy analysis of SAHs with passive
augmentation techniques.

In this paper, we present a comparison between the
results obtained in the case of the double-flow solar air
collector supplied with obstacles and those of the collector
without obstacles. An experimental set-up, described in the
next section, is constructed and tested in Technical
Education Faculty of Firat University, Elazig, Turkey.
The efficiency of the SAH is determined from the
experimental measurements. The influences of various
parameters, such as the obstacles of absorber plate, the
mass flow rate of air and the level of absorber plates in duct
on the energetic and exergetic efficiencies of the SAH are
examined, and the significant variables are identified.

2. Description of the experimental set-up and measurement
procedure

Turkey also has great solar energy potential due to its
location in the Mediterranean Region (36° and 42° North
latitudes). The sunshine period of Turkey is 2624 h/year
with a maximum of 365 h/month in July and a minimum of
103 h/month in December. The main solar radiation
intensity is about 3.67kWh/m? day. The cumulative total
of this is about 1.340 MWh/m? year. The amount of solar
radiation received over all of Turkey, in other words, the
gross solar energy potential is 3517 EJ/year [19].

A schematic view of the constructed double-flow SAH
system and front view sight of collector are shown in
Fig. 1(a) and (b), respectively, and photographs of the four
different absorber plates of the SAH collector are shown in
Figs. 2(a)—(d), respectively. Fig. 3 gives the variations of
meteorological data (mean monthly ambient temperatures,
°C, and mean monthly solar radiation, cal/cm®min)
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Fig. 1. Schematic assembly of the (a) SAH system and (b) front view of collector.

Fig. 2. Types of absorber plates.

measured in Elazig (latitude 38.41°N, longitude 39.14°E,
altitude 1067m above sea level) by the Elazig State
Meteorological Station from 1995 to 2005. Fig. 4 also
shows variation of the mean monthly ambient temperature
and mean monthly solar radiation in 2005 [21].

In this study, four types of absorber plates were used.
The absorbers were made of stainless steel with black
chrome selective coating. Dimension and plate thickness
for all four collectors were 1.25m, 0.8m, and 1mm,
respectively. Normal window glass of 5mm thickness was
used as glazing. Single cover glass was used in all four
collectors. Thermal losses through the backs of the
collector are mainly due to the conduction across the
insulation (thickness 3cm) and those caused by the wind
and the thermal radiation of the insulation are assumed
negligible.
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Fig. 3. Meteorological yearly data for the 1995-2005 period in Elazig [21].
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Fig. 4. Meteorological monthly data for 2005 in Elazig [21].

After installation, the four collectors were left operating
several days under normal weather conditions for weath-
ering processes. Thermocouples were positioned evenly, on
the top surface of the absorber plates, at identical positions
along the direction of flow, for four collectors. Inlet and
outlet air temperatures were measured by two well-
insulated thermocouples. The ambient temperature was
measured by a mercury thermometer placed in a special
container behind the collectors body. The total solar
radiation incident on the surface of the collector was
measured with a Kipp and Zonen CM 11 Pyranometer.

This meter was placed adjacent to the glazing cover, at the
same plane, facing due south. The total solar radiation was
recorded by a Kipp and Zonen CC 12 solar integrator
automatically. The measured variables were recorded at
time intervals of 30 min and include: insolation, inlet and
outlet temperatures of the working fluid circulating
through the collectors, ambient temperature, absorber
plate temperatures at several selected locations, and air
flow rates (Lutron AM-4206 M digital anemometer). The
air was provided by a radial fan with a maximum of
0.537kW power. The radial fan placed at the outlet of the
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collectors sucked in the air. The pressure loss was measured
by means of a digital manometer (AZ 82100) placed
between inlet and outlet of the collector. All tests began at
9am and ended at 4 pm.

3. Thermal analysis and uncertainty

The theoretical model employed for the study of the
solar collector that operates in unsteady state is made using
a thermal energy balance [22]:

[Accumulated energy] + [Energy gain]
= [Absorbed energy] — [Lost energy]; (1)

for each term of Eq. (1) the following expressions are
formulated:

[Accumulated energy] = M, Cp(dTpave/d?), (2)
[Energy gain] = 1 Cy(Tout — T'in), (€)
[Absorbed energy] = y,1Ac, C))
[Lostenergy] = Uc(Tpave — Te)Ac. (5)

By combining Eqgs. (2)—(5), the thermal energy balance
equation necessary to describe the solar collector function-
ing is obtained:

MP CP(dTp,ave/dl) + mcp(Tout - Tin)
=ndAc — Uc(Tpave — Te)Ac. (6)

The optical yield (3,) and the energy lose coefficient (Uc)
are the parameters that characterize the behaviour of the
solar collector. Note that #, represents the fraction of the
solar radiation absorbed by the plate and depends mainly
on transmittance of the transparent covers and on the
absorbance of the plate [22].

The energy loss coefficient includes the losses by the
upper cover, the laterals, and the bottom of the collector.
The upper cover losses prevail over the others, depending
to a large extent on the temperature and emissivity of the
absorbent bed, and besides, on the convective effect of the
wind on the upper cover.

The thermal efficiency of the solar collectors (i) is
defined as the ratio between the energy gain and the solar
radiation incident on the collector plane:

n= mcp(Tout - Tm)/(IAc) (7)

Uncertainty analysis (the analysis of uncertainties in
experimental measurement and results) is a powerful tool,
particularly when it is used in the planning and design of
experiments.

The result R is a given function in terms of the
independent variables. Let wgr be the uncertainty in the
result and wy,w,,...,w, be the uncertainties in the indepen-
dent variables. The result R is a given function of the
independent variables x1,x5,x3,...,x,. If the uncertainties in
the independent variables are all given with same odds,
then uncertainty in the result having these odds is

calculated by [23]
RN L (RN L (RY
ax1 Wi aX2 1% axn Wy
(8)

The independent parameters measured in the experi-
ments reported here are: collector inlet temperature,
collector outlet temperature, ambient temperature, air
velocity and pressure in the duct, and solar radiation.
To carry out these experiments, 7-type thermocouples with
an accuracy of 0.018°C, a metal vane type anemometer
(AM-4206 M, air velocity + air flow) with +2% accuracy,
pressure transducer with +0.3% (at +25 °C) accuracy (AZ
82100, digital manometer) and Kipp and Zonen CM 11
Pyranometer with 1% accuracy were used.

From these measured data, collector efficiency, mass
flow rate and (7;,—T,)/I were calculated [24]. Equation for
efficiency is

n= "th(Tout - Tin)/(IAC)-

If Ac and C,, are considered constants, it can be written:

1/2

WR =

n =f(T0u[’ Tin; 15 m); (9)
equation for mass flow rate is
m= pAcv. (10)

As density of air p is dependent on pressure P and
temperature 7, the following relationship can be estimated:

W= f,T,P). (11)

Following Eq. (8), total uncertainty for mass flow rate
can be written as

1/2
Wy, = a—mw 2+ a—mw 2+ Ot w ik
m — 6Vair Vair 6Tair Toir aPair Py :

(12)
Similarly, the total uncertainty for collector efficiency
and (T;,—T,)/I can be written as

on 2 on 2 on 2

1/2

2
+<2_';W,> ] , (13)

Wy =

oF 2 OF > r \"7?
"= (aTm T‘“) +<6Tom’”°“‘> +<5W’)] ’
(14)
where
F:Tin T,
1

The total uncertainty in determining flow rate, efficiency,
and (T;,—T,)/I were estimated by Eqs. (12)—(14), respec-
tively. Calculations show that the total uncertainty in
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calculating mass flow rate of air, efficiency and (7i,—7T.,)/I
are 45.62%, 1.82% and 1%, respectively.

4. Exergy analysis of case study

This article focuses on the combination of the two laws
of thermodynamics, which are described in the concept of
exergy analysis.

The assumptions made in the analysis presented in this
study are:

(1) steady state, steady flow operation,
(i1) negligible potential and kinetic energy effects and no
chemical or nuclear reactions,
(iii) air is an ideal gas with a constant specific heat, and its
humidity content is ignored,
(iv) the directions of heat transfer to the system and work
transfer from the system are positive.

The mass balance equation can be expressed in the rate
form as

Zmin = Zmoul, (15)

where 71 is the mass flow rate, and the subscript in stands
for inlet and out for outlet.

If the effects due to the kinetic and potential energy
changes are neglected, the general energy and exergy
balances can be expressed in rate form as given below [20]:

ZEin = ZEouta (16)
Z Exin - Z EXoul = Z ExdeSt’
or

(172)

(17b)

Using Eq. (17b), the rate form of the general exergy
balance can also be written as

T, . . . . .
Z (1 - 7:) QS -w + Zminwin - Zmoutlpout = EXdesI,

ExXheat — EXwork + Exmass,in - Exmass,out = EXdest-

(18)
where
lpin = (hin - he) - Te(sin — Se), (19)
lpout = (hout — he) — Te(Sout — Se)- (20)

If Egs. (19) and (20) are substituted in Eq. (18), it is
arranged that

T\ . . )
(1 - ?) Qs - m[(hout - hin) - Te(sout - Sin)] = EXdest,
s
(21)

where QS is solar energy absorbed by the collector absorber
surface and it is evaluated by the expression [25]:

0, = H(t)Ac. (22)

The enthalpy and entropy changes of the air in the
collector are expressed by [20]

Ah = hout - hin = Cp(Tf,out - Tf,i]’l)) (23)
T P
As = Sout — Sin = ¢pIn fout _ pp=out, (24)
fin Py,

Substituting Egs. (22)—(24) in Eq. (21), it may be
rewritten as

T T
(1 — _e> H(to)Ac — mep(Trout — Trjn) + mepTeIn f,out
Ts Tf,in
Pout -
— mRT.In = EXdest- (25)
Pin

The irreversibility Exge can be directly evaluated from
the following equation:

EXdest = TeSgen- (26)
The second law efficiency is calculated as
T.S
mp=1— (27

[1—(Te/TY)] 0,

All physical properties of air were selected according to
the following bulk mean temperature:

ATm = (Tin + Tout)/2~ (28)

5. Results and discussions

Collector performance tests were conducted on days
with clear sky condition. The collector slope was adjusted
to 38°, which is considered suitable for the geographical
location of Elazig. The collectors were instrumented with
T-type thermocouples for measuring temperatures of
flowing air at inlet and outlet of the collector, and the
ambient temperature.

The collector efficiency improvements for double-pass
type SAHs were calculated using Eq. (7). Various air mass
flow rates between 0.015 and 0.025kg/s are also investi-
gated at the experiments. Experimental studies had been
performed during the one month (01.07.2005-31.07.2005)
period.

Fig. 5 shows the hourly variation of efficiencies of Types
(I-1IV) at State-Il and mass flow rate is 0.02kg/s,
respectively, during the a month period. The mean
efficiencies for Type I, Type II, Type III, and Type IV
are found to be 38%, 43%, 45%, and 41%, respectively.
The hourly measured solar radiation is also shown in
Fig. 5. As expected, it increases in the morning to a peak
value of 926 W/m? at noon and starts to decrease in the
afternoon. As shown the efficiencies increase to a
maximum value at 12:30 pm in the noon, before it starts
to decrease later in the afternoon. As seen from the figure,
the efficiency of Type-III (great turbulence) is higher than
that of Type-II (middle turbulence), than that of Type IV
(little turbulence) and also that of Type I (no turbulence,
without obstacles), respectively. The study has shown that
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the solar collector supplied with Type I1I than Type I leads
to a very significant improvement in the efficiency—tem-
perature rise couple. It’s because Type III leads to very
great turbulence in the collector unit.

Fig. 6 depicts the hourly variation of the efficiency of
Type III collector at different states (I-1I-111, see Fig. 1b).
The mean efficiencies for State-I, State-II and State-III are
found to be 46%, 58%, and 53%, respectively. It is seen
from Fig. 6 that the optimal value of efficiency is middle
level of the collector for all operating conditions. This
means that in order to achieve the best efficiency in a
double-flow SAH, in which the cross-section areas of upper
and lower flow channels are constructed equally, the mass
flow rates in both flow channels must be the same. The
efficiency decreases when lower channel, as well as upper
channel, goes away from mid-point collector. The obtained

results in this study are very similar to those shown in
Ref. [5]. According to this reference, double-flow type
SAHs had been introduced for increasing the heat-transfer
area, leading to improved efficiency. From the results
obtained for the different solar collector types examined,
we deduce that the introduction of the obstacles in the air
channels is a very important factor for the improvement of
collector efficiency. However, we have observed that the
form, dimensions, orientation, and disposition of the
obstacles considerably influence the collector efficiency.
Fig. 7 illustrates the hourly variation of the efficiency of
Type III collector at State-II, for different mass flow rates
(0.015, 0.02, 0.025 kg/s). The results show that the collector
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Table 1
Exergy analysis of tested SAHs

1053

Solar Mass flow rate Exergy input, Exi,(kW)  Exergy output, Exou Irreversibility, ExXges Exergy loss (%) Second law efficiency,
col. (kg/s) (kW) (kW) 1 (%)
State  State State State  State State State  State State State  State State State State  State
1 11 111 I 11 1 | 11 111 I 1T 111 1 11 111
Type I  0.015 0.39  0.381 0.385 0.10  0.111  0.105 0.29  0.27 0.28 7435 70.86 72.72 25.65 29.14 27.28
0.2 0.381 0.372  0.375 0.10  0.120 0.11 0.281 0.252  0.265 73.75 67.74  70.66 26.25 32.26 29.34
0.025 0.375 0.340  0.355 0.11 0.115  0.112 0.265 0.225 0.243 70.66 66.17  68.45 29.34 33.83 31.55
Type I 0.015 0.351 0.342  0.347 0.138 0.140 0.139 0.213  0.202  0.208 60.68 59.06 59.94 39.32  40.94  40.06
0.2 0.341 0.330 0.335 0.143 0.148  0.145 0.198 0.182  0.19 58.06 55.15 56.71 41.94 44385 4329
0.025 0.33  0.324  0.327 0.148 0.155 0.15 0.182 0.169 0.177 5515 52,16  54.12 44.84 4784 4588
Type 0.015 0.31 0.328  0.316 0.145 0.170  0.155 0.165 0.158  0.161 5322 48.17 50.94 46.78 51.83  49.06
I
0.2 0.32  0.321 0.318 0.150 0.180 0.175 0.17 0.141 0.143 53.12 4392 4496 46.88 56.08 55.04
0.025 0.30 0.310 0.314 0.148 0.189  0.180 0.152 0.121 0.134 50.66 39.03  42.67 49.34  60.97 57.33
Type 0.015 0.362 0.351  0.355 0.118 0.12 0.119 0.244 0.231 0.236 67.4 6581 6647 326 34.19 33.53
v
0.2 0.350 0.34 0.35 0.121 0.125 0.123 0.229 0.215 0.227 6542 63.23  64.87 34.58 36.77 35.13
0.025 0.343  0.331 0.338 0.131 0.129 0.13 0.212  0.202  0.208 61.8 61.02 61.53 38.2 3898 38.47

efficiency increases with increasing air mass flow rate of air
m and solar radiation 1.

Fig. 8 shows that the hourly variation of the inlet and
outlet collector temperatures of Type III at mass flow rate
is 0.02kg/s, for all states. The results show that the
collector inlet and outlet temperatures increase with the
solar radiation I. As shown, the inlet air temperature
increases to a maximum value of 35.6°C at 12:30 pm
before it starts to decrease in the afternoon. The outlet air
temperature increases to a peak value of 58.9 °C at 13:00
pm and then decreases as solar radiation drops to lower
values later during the day.

Irreversibility of each of SAH has been calculated and
the results have been shown in Table 1. The exergy analysis
was carried out in July of 2005 in Elazig for different mass
flow rates, different types of collectors, and different states
of absorber plates. It can be seen that Type I is the collector
in which the exergy loss is the highest (74.35%, for
0.015kg/s and State I). In Type III with each staggered
absorber plate, exergy loss is the lowest (39.03%, for
0.025kg/s and State II). Furthermore, the second law
efficiency or exergetic efficiency of each of SAHs has been
calculated. It is clear from Table 1 that the point of the
lowest #y; typically occurs in Type I (25.65%, for 0.015 kg/s
and State I). The maximum #y; occurs in Type III (60.97%,
for 0.025kg/s and State II).

6. Conclusions

A detailed experimental study was conducted to evaluate
the energetic and exergetic efficiencies of four types of
double-flow solar air collectors under a wide range of
operating conditions. According to the results of the
experiments, the double-flow type of the SAHs has been
introduced for increasing the heat-transfer area, leading to

improved thermal and exergetic efficiencies. The optimal
value of efficiency is middle level (State-II) of collector for
all operating conditions. In addition, this study has allowed
us to show that the use of obstacles in the air flow duct of
the double-flow collector is an efficient method of adapting
in air exchanger according to user needs. Test results
always yield higher efficiency values for Type III than for
Type 1 (without obstacles) flat plate collector. The
obstacles ensure a good air flow over and under the
absorber plates, create the turbulence, and reduce the dead
zones in the collector.

The largest irreversibility occurs at the flat plate SAH
(Type 1), since, in flat plate collector (Type I) only a little
part of solar energy absorbed by the collector can be used
in the exergy analysis.

Consequently, given the different operative and atmo-
spheric conditions that can happen in practice, it must be
taken into account the possibility of scheming different
experiences, in order to determine the influence of the
different variables on the collector efficiency and the
characteristic parameters of the solar collector.
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