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In this paper, different flow configurations of multipass flat-plate air collectors are explored. Multiple passes are formed from glass
cover, absorber plate, and back plate. Five types of air collectors were analysed and optimized with respect to maximum efficiencies
and minimum cost. )e analytical prediction of the heat exchanger, pressure loss, and efficiencies was presented. )e effects of mass
flow rate from 0.01 to 0.02 kg/s, air channel depth from 15 to 30mm, and collector length from 1.5 to 2.5m on different con-
figurations were examined and compared.)e results of the parametric study show that the triple-pass type has the greatest efficiency,
whereas the smallest efficiency is of the single-pass type. Among double-pass types, the type with two glass covers and natural
convection heat transfer achieved the highest effective and exergy efficiencies due to a reduction in the top loss. Double-pass type with
single glass cover is not recommended from both energy and exergy standpoints. As the collector length increases, the effective
efficiency decreases, but the exergy efficiency increases. )e exergy performance of the triple-pass type can reach up to 5% at the air
flow rate of 0.005 kg/s. Finally, multiobjective optimization using the preference selection index method is conducted with three
targets including effective efficiency, exergy efficiency, and number of plates. Optimal results show that the triple-pass type with the
lowest air flow rate and the longest length is the best. )e effective and exergy efficiencies for the best case were found to be about
52.1% and 4.7%, respectively. However, this type with the highest flow rate and the shortest length is the worst.

1. Introduction

)enational sustainable energy strategy always gives priority
for developing renewable energy. Tropical countries like
Vietnam promote solar energy conversion due to vast and
stable radiation intensity during the year.)e common types
of solar thermal energy conversion are solar power, solar hot
water, and solar hot air. )e first two kinds have been de-
veloping stably and commercially for a long time, while the
solar hot air has been researching. )is continuous research
is due to two major problems. Firstly, the thermal energy of
hot air cannot be stored like hot water because the air specific
heat and density are small compared to water. Secondly, the
small thermal conductivity of the air results in a low

convection heat transfer coefficient. However, the applica-
tion of solar air heater (SAH) is widespread for space heating
[1], regeneration of desiccant [2], and drying of agricultural
products [3]. Facing the needs and limitations of SAH,
research on improving SAH performance is always paid
attention [4]. Heat transfer improvement between the ab-
sorber plate and the air in the collector can be mentioned as
the insertion of vortex generators [5], inclined plates [6], or
roughness ribs on the absorber surface [7] to diminish the
viscous sublayer close to the surface and create mixing of the
primary and secondary flows.

Another measure is the collector duct divided into
multiple air passes to reduce heat loss at the top of SAH
because of the high temperature of the absorber plate.
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Previously, Chandra et al. [8] established an analytical
model and equivalent resistance method to calculate triple-
pass air collector. Predictions from the two approaches were
compared with experimental data to indicate discrepancies.
Choudhury et al. [9] theoretically solved triple-pass air
collector with single and double glass covers. )ey reported
that low air flow rate and short collector length were the
cost-effective solutions. Forson et al. [10] studied the theory
and indoor experiment of double-duct SAH in the natural
convection mode of air. )ey concluded that the collector
efficiency decreased with increasing collector area. Rama-
dan et al. [11] have inserted a packed bed in the first pass of a
double-pass SAH to increase the heat transfer surface. )ey
recommend an air flow rate of less than 0.05 kg/s to achieve
high efficiency. Sopian et al. [12] added porous media to the
second pass of a double-pass SAH. )is correction achieves
collector efficiency up to 70% which is greater than the
traditional single-pass SAH. Ramani et al. [13] expanded the
study of double-pass SAH with the porous material con-
figuration at the second pass. )ey claim that the collector
efficiency is 25% higher than that of the double-pass SAH
without porous and 35% higher than that of the single-pass
SAH. Correction of the absorber surface to enhance heat
transfer has been a concern for the past decade. El-Sebaii
et al. [14] used a v-corrugated absorber surface in a double-
duct SAH.)ey realized that the air temperature leaving the
collector was 5% higher and the efficiency was 14% higher
than the smooth absorber surface. A finned absorber plate
in a double-pass SAH was proposed and examined by El-
Sebaii et al. [15]. )ey reported that the optimum air flow
rate was 0.0125 kg/s to achieve the maximum hydraulic
thermal efficiency of 40%. Ho et al. [16] studied the effect of
air recirculation fraction to the second pass in a wire mesh
SAH. )ey reported that the optimal fraction was 0.5 for
flat-plate collectors and 1 for wire mesh packed collectors.
Yeh [17] studied to divide the airflow between the absorber
plate and the back plate into multiple passes. )e results
showed that when the number of passes increased, the
thermal efficiency increased, but the pressure loss penalty
was not significant.

Recently, besides evaluating the energy efficiency and
cost of multipass air collectors, the exergy efficiency esti-
mation of the collector has been noted to fulfill the re-
quirements needed for a thermal device. )e exergy analysis
is to quantify the availability of solar radiation which can be
converted into its work potential and irreversibility due to
exergy destruction. Velmurugan and Kalaivanan [18–21]
studied the energy and exergy of multipass collectors with
different configurations including ribbed, finned, wire mesh
absorber plates. )ey reported that a mixed type of wire
mesh in the second pass and fin in the first pass provides the
highest energy and exergy efficiencies. Raj et al. [22] eval-
uated the exergy performance of a SAH under outdoor
conditions. )ey concluded that the exergy efficiency in-
creased with day time and mass flow rate due to the higher
extracted useful energy. Abo-Elfadl [23] proposed 4E (en-
ergy, exergy, economic, and environmental) model to
comprehensively investigate a double-pass SAH. )ey
pointed out that finned SAH is the most feasible one in terms

of exergoeconomic point of view. Experimental studies on
different modifications for multipass SAH have been per-
formed to demonstrate their effectiveness [24–26]. In ad-
dition, with the development of numerical algorithms and
computer processors, CFD (computational fluid dynamics)
studies have been conducted to reduce the experimental
time and costs [27–31]. More recently, Heydari et al. [32]
proposed and numerically examined a novel helical airflow
path around triangular channels. From the simulation re-
sults, the distributions of variables within the SAH such as
velocity, pressure, and temperature are clarified to explain
the mechanism of heat transfer enhancement and the po-
tential for efficiency improvement. Multipass air collector
applications for drying agricultural produce and integrating
photovoltaic are also found in the literature [33–35].

Extensive review indicates that there is more variation in
themultipass air collector to improve heat transfer such as wire
mesh, porous, or fin. But in all, it is still based on a flat-plate
collector with a certain number of passes. No previous works
have been found to address the simultaneous comparison of
multipass SAHs and multiobjective optimization to determine
the most feasible collector. )erefore, this study focuses on
evaluating the flat-plate collector with different number of glass
covers, absorber plate, and back plate in order to examine all
the possible passes of air. Energy, exergy, and optimization
studies firmly confirm the pertinent type among the many
configurations and major dimensions of air collectors through
an analytical investigation coupled to an optimization method
called multicriteria decision-making technique.

2. Model Formulation and Validation

Figure 1 shows the five types of flat-plate collectors that were
investigated for energy, exergy, and optimization in this
study. Type 1 consists of two glass covers, an absorber plate,
and a back plate. )e air travels from top to bottom via 3
passes. Type 2 consists of a glass cover, an absorber plate, and
a back plate. )erefore, two passes can be created from these
plates. Type 3 consists of two glass covers and one back plate
where the air can travels through two passes. A four-plate
configuration with two passes is seen in type 4, in which the
air between the two glass covers is naturally convected. Type
5 consists of two glass covers and one absorber plate with the
air blowing through single pass in order to compare with the
multipass types of 1 to 4.

2.1. &ermohydraulic Modelling. )e mathematical model is
presented in this section with the following assumptions:

(i) Flow is steady, incompressible, and one-dimensional
(1D). In practical applications, such as convective
drying, an air velocity was verified to obtain drying
conditions. )us, the airflow is assumed to be steady.
)e air velocity inside the solar air heater duct is
moderate so that air temperature is high enough to
serve a certain duty. )erefore, the airflow is con-
sidered incompressible. Variation of air pressure and
temperature is along with duct length leading to the
1D flow consideration.
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(ii) )ermal conduction in glass cover, absorber plate,
and back plate is not considered due to their small
thicknesses. )e temperatures of these plates are
homogeneous and equal to the average temperature.
Multipoint temperature measurement on a plate is
required in experiments, and the average temper-
ature can be estimated by taking arithmetic mean
[26].

(iii) )e thermophysical properties of air, glass, and
plates are constants because of low temperature
change of a flat-plate air collector.

Equations (1)–(7) present the energy balance for type 1
as illustrated in Figure 2(a). Type 1 consists of 4 plates (2

glass covers, 1 absorber plate, and 1 back plate) and the fluid
at 3 passes, so it takes seven equations to find seven cor-
responding temperatures. )e thermal balance equation for
the top glass cover is given below. )e solar thermal energy
absorption of the glass is equal to the amount of thermal
energy released to the surrounding by convection and ra-
diation, the heat transfer to the air in the first pass, and the
heat transferred by radiation between the two glass covers
[13]:

αgI � hw Tg1 − Ta( ) + hr,g1,s Tg1 − Ts( )
+ hc,g1,f1 Tg1 − Tf1( ) + hr,g1,g2 Tg1 − Tg2( ). (1)
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Figure 1: Configurations of solar air heater. (a) Type 1: triple-pass, double glass cover. (b) Type 2: double-pass, single glass cover. (c) Type 3:
double-pass, double glass cover. (d) Type 4: double-pass, double glass cover. (e) Type 5: single-pass, double glass cover.
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)e air in the first pass receives heat from the two glass
covers and increases its temperature. )e temperature
gradient can be approximated by the temperature difference
between the inlet and outlet of the channel [16, 20]:

Q1 � mcp Tf1,o − Ta( ) � Lbhc,g1,f1 Tg1 − Tf1( )
+ Lbhc,g2,f1 Tg2 − Tf1( ). (2)

)e lower glass cover absorbs solar radiation equaled to
the convection heat transfer with the airflows at first and
second passes, and the radiant heat exchanges with the upper
glass cover and the absorber plate:

αgτgI � hc,g2,f1 Tg2 − Tf1( ) + hr,g1,g2 Tg2 − Tg1( )
+ hc,f2,g2 Tg2 − Tf2( ) + hr,g2,p Tg2 − Tp( ). (3)

)ermal balance of fluid in the second pass is formed via
convection heat transfer with the lower glass cover and
absorber plate:

Q2 � mcp Tf2,o − Tf1,o( ) � Lbhc,f2,g2 Tg2 − Tf2( )
+ Lbhc,p,f2 Tp − Tf2( ). (4)

)eheat gain from solar radiation of the absorber plate is
balanced with the heat transferred to the fluid at the second
and third passes and with the radiant heat transfer to the
lower glass cover and back plate:

αpτ
2
gI � hc,p,f2 Tp − Tf2( ) + hr,g2,p Tp − Tg2( )

+ hc,p,f3 Tp − Tf3( ) + hr,p,b Tp − Tb( ). (5)

)ermal balance of fluid in the third pass is composed of
convective heat transfer with absorber plate and back plate:

Q3 � mcp Tf3,o − Tf2,o( ) � Lbhc,p,f3 Tp − Tf3( )
+ Lbhc,b,f3 Tb − Tf3( ). (6)

)e back plate received thermal radiation from the
absorber plate equilibrates with the convection heat ex-
change to the air in the third pass and the heat loss from the
back plate to the environment:

hr,p,b Tp − Tb( ) � hc,b,f3 Tb − Tf3( ) + hb Tb − Ta( ). (7)

In the above equations, the fluid temperature (Tf ) in a
pass is taken as the average value of inlet and outlet
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Figure 2: Energy balance diagram for plates and glass covers. (a) Type 1. (b) Type 2. (c) Type 3. (d) Type 4. (e) Type 5.
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temperatures of the pass. )is is due to the fact that the
convective heat transfer coefficient (hc) was developed based
on the fluid bulk mean temperature.

Tf1 � 0.5 Ta + Tf1,o( ),
Tf2 � 0.5 Tf2,0 + Tf1,o( ),
Tf3 � 0.5 To + Tf2,o( ).

(8)

Equations (1)–(7) are rearranged in matrix form as
follows:

S11 −hc,g1,f1 −hr,g1,g2 0 0 0 0

Lbhc,g1,f1 S22 Lbhc,g2,f1 0 0 0 0

−hr,g1,g2 −hc,g2,f1 S33 −hc,f2,g2 −hr,g2,p 0 0

0 4mcp Lbhc,f2,g2 S44 Lbhc,p,f2 0 0

0 0 −hr,g2,p −hc,p,f2 S55 −hc,p,f3 −hr,p,b

0 4mcp 0 −4mcp −Lbhc,p,f3 S66 −Lbhc,b,f3

0 0 0 0 hr,p,b hc,b,f3 S77


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, (9)

where

S11 � hw + hr,g1,s + hc,g1,g2 + hr,g1,g2,

S1 � αgI + hwTa + hr,g1,sTs,

S22 � − 2mcp + Lbhc,g2,f1 + Lbhc,g1,f1( ),
S2 � −2mcpTa,

S33 � hc,g2,f1 + hr,g1,g2 + hc,g2,f2 + hr,g2,p,

S3 � αgτgI,

S44 � − 2mcp + Lbhc,f2,g2 + Lbhc,p,f2( ),
S4 � 2mcpTa,

S55 � hc,p,f2 + hr,g2,p + hc,p,f3 + hr,p,b,

S5 � αgτ
2
gI,

S66 � 2mcp + Lbhc,p,f3 + Lbhc,b,f3,

S6 � 2mcpTa,

S77 � − hr,p,b + hc,b,f3 + hb( ),
S7 � −hbTa.

(10)

)e appendix presents the system of equations for de-
termining the temperatures of the remaining types associ-
ated with the energy balance diagram in Figures 2(b)–2(e).
From equation (9), it is possible to solve seven temperatures
once the convection heat transfer coefficients and radiant
heat transfer coefficients are specified. )e convection heat
transfer coefficient of the top glass cover with the ambient air
is calculated from McAdams’ equation as follows [36]:

hw � 5.7 + 3.8Vw. (11)

)e forced convective heat transfer coefficient of the air
in the collector is predicted using the Dittus–Boelter formula
as follows [37]:

hc � 0.023Re0.8Pr0.4
k

Dh

. (12)

)e natural convection heat transfer coefficient between
2 glass covers of types 4 and 5 is estimated by [20]

hc,g1,g2 � 1.25 Tg2 − Tg1( )0.25. (13)

)e radiant heat transfer coefficient from the top glass
cover to the sky is evaluated by the following correlation:

hr,g,s � σεg T
2
g + T

2
s( ) Tg + Ts( ). (14)

)e sky temperature is calculated from the following
equation [38]:

Ts � 0.0552T1.5
a . (15)

Generally, the radiant heat transfer coefficient between
the two surfaces s1 and s2 is computed from their tem-
perature and emissivity as follows [39]:

hr,s1,s2 � σ T2
s1 + T

2
s2( ) Ts1 + Ts2

1/εs1( ) + 1/εs1( ) − 1
. (16)

)e conductive heat transfer coefficient from the back
plate to surroundings is determined by

hb �
ki
ti
. (17)

)e hydraulic diameter is defined as follows:

Dh �
4Hb

2(H + b)
. (18)
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)e Reynolds number is given by

Re �
2m

μ(b +H)
. (19)

)e thermal efficiency, i.e., first law efficiency, is the ratio
of the heat gain received by air through SAH to the solar
radiation coming from the absorption surface:

ηI �
Q

LbI
, (20)

where Q is the useful heat gain received by the air:
Q � mcp(To − Ta).

When reconfiguring a thermal device to improve its heat
transfer, it is likely that pressure loss also increases.
)erefore, it is necessary to evaluate hydraulic dissipated
power. )e pressure loss of the air through the collector is
the sum of the pressure loss due to friction and the minor
loss due to 180° return bend between successive passes:

ΔP � ΔPsmooth + ΔPbend. (21)

)e frictional pressure loss is evaluated as

ΔPsmooth � npassρfV
2 L

Dh

, (22)

where f is the friction factor.
)e friction factor can be calculated by [11]

f � 0.059Re− 0.2. (23)

Minor pressure loss by 180° return bend can be estimated
as

ΔPbend � npass − 1( )Kbendρ
V2

2
, (24)

where Kbend is minor loss coefficient for 180° return bend,
Kbend� 2.2 [19].

)e energy required to transport fluid against pressure
loss is calculated as follows:

Pflow � m
ΔP
ρ
. (25)

)e difference between the useful heat gain and pumping
power is attributed to effective efficiency as

ηeff �
Q − Pflow/Co( )

LbI
. (26)

where Co is the conversion factor considering the thermal
energy equivalent of blower power, Co� 0.2 [38].

2.2. Exergy-Based Modelling. )e input exergy of the SAH is
constituted by the air inflow and solar radiation source as
follows [5, 38]:

∑EXinlet � IAc 1 −
4

3
( ) Ta

Tsun

( ) + 1

3
( ) Ta

Tsun

( )4 , (27)

where Tsun is the sun temperature, Tsun� 4350K [38], and
Ac� Lb is the absorber plate area.

)e exergy losses of a solar air heater have been derived
into five components including optical loss, the loss due to
heat transfer from the absorber plate to the environment, the
loss due to solar radiation absorption of the absorber plate,
the loss due to heat transfer from the absorber plate to the
air, and the frictional loss of the air flowing in SAH. )ese
qualities are quantified as follows:

(1) Optical exergy losses:

EXloss,opt � IAc 1 − τngα( ) 1 −
4

3
( ) Ta

Tsun

( ) + 1

3
( ) Ta

Tsun

( )4 .
(28)

(2) Exergy losses by convection and radiation heat
transfer from the absorber plate to the environment:

EXloss,Qloss
� ULAc Tp − Ta( ) 1 −

Ta
Tp

( ), (29)

where UL is the total loss coefficient:

UL � Ut + hb. (30)

)e heat loss from the top of each SAH is calculated
by convection and radiation heat transfer coefficients
above absorber plate as [38]

Ut �
1

hw + hr,g1,s
+

1

hc,g2,f1 + hr,g1,g2
+

1

hc,p,f2 + hr,g2,p
( )− 1, for type I and III, (31a)

Ut �
1

hw + hr,g,s
+

1

hc,p,f1 + hr,g,p
( )− 1, for type II, (31b)

Ut �
1

hw + hr,g1,s
+

1

hc,g1,g2 + hr,g1,g2
+

1

hc,p,f1 + hr,g2,p
( )− 1, for type IV, (31c)
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Ut �
1

hw + hr,g1,s
+

1

hc,g1,g2 + hr,g1,g2
+

1

hc,p,f + hr,g2,p
( )− 1, for typeV. (31d)

(3) Exergy losses by absorption of radiation by the ab-
sorber plate:

EXloss,Tp ,Tsun
� IAcτ

ngα 1 −
4

3
( ) Ta

Tsun

( ) + 1

3
( ) Ta

Tsun

( )4

− 1 −
Ta
Tp

( ) , (32)

where ng is the number of glass covers.

(4) Exergy losses by heat transfer to the working air:

EXloss,Tp ,Tf
� IAcηITa

1

Tf
−

1

Tp
( ), (33)

where Tf is the mean temperature of the working air,
Tf � 0.5 (Ta+To).

(5) Frictional exergy losses of the working air:

EXloss,friction �
mΔpTa

ρTf
. (34)

)e first two kinds of exergy losses are external losses.
)e remaining kinds are known as internal losses. )e total
exergy losses are determined by summing the above-
mentioned exergy losses:

∑EXloss � EXloss,opt + EXloss,Qloss
+ EXloss,Tp ,Tsun

+ EXloss,Tp ,Tf
+ EXloss,friction.

(35)

)e exergy efficiency can be calculated by summing the
total exergy losses and input exergy as follows:

ηII � 1 −
∑EXloss∑EXinlet

. (36)

2.3. Preference Selection Index Method for Multiobjective
Optimization. Choosing a final solution may involve mul-
tiobjective optimization. In this study, three objective
functions were selected including maximum effective effi-
ciency, maximum exergy yield, and minimum total number
of plates. )e total number of plates is composed of glass
covers, absorber plate, and back plate. )is is a parameter
related to the capital cost of a multiple pass air collector so it
should be minimal. )ere are many multiobjective opti-
mization methods. )e preference selection index (PSI)
method is chosen in the current work due to its explicit
approach, simplicity, and no need to choose weights [40, 41].
)e method is the objective approach oriented to multi-
criteria decision-making which was recently devised by
Mania and Bhatt [42]. Nowadays, the PSI method is widely
applied in many fields [43].

)e performance procedure of the PSI method can be
summarised as follows [40, 41]:

Step 1: normalization of criteria

For criteria needed to be maximized, i.e., ηeff and ηII:

di,ηeff �
ηieff
ηmax
eff

, (37a)

di,ηII �
ηiII

ηmax
II

. (37b)

For criterion needed to be minimized, i.e., total
number of glass cover, absorber plate, and back plate:

di,Nplate
�
Nmin

plate

Ni
plate

, (37c)

(i) where i is ith case, there are 135 cases in the current
study, and therefore, i� 1 to 135.

Step 2: find the mean value of an objective

Δηeff
�

1

135
∑135
i�1

di,ηeff , (38a)

ΔηII �
1

135
∑135
i�1

di,ηII, (38b)

ΔNplate
�

1

135
∑135
i�1

di,Nplate
. (38c)

Step 3: compute the preference variation value

χηeff
�∑135
i�1

di,ηeff − Δηeff( )2, (39a)

χηII
�∑135
i�1

di,ηII − ΔηII( )2, (39b)

χNplate
�∑135
i�1

di,Nplate
− ΔNplate

( )2. (39c)
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Step 4: evaluate deviation of preference variation
value

θηeff
� 1 −

χηeff

135 − 1
, (40a)

θηII
� 1 −

χηII

135 − 1
, (40b)

θNplate
� 1 −

χNplate

135 − 1
. (40c)

Step 5: estimate the overall preference value

εηeff
�

θηeff

θηeff
+ θηII

+ θNplate

, (41a)

εηII
�

θηII

θηeff
+ θηII

+ θNplate

, (41b)

εNplate
�

θNplate

θηeff
+ θηII

+ θNplate

. (41c)

Step 6: calculate the preference selection index value
for each case

Ωi � di,ηeffεηeff
+ di,ηIIεηII

+ di,Nplate
εNplate

. (42)

Table 1 displays the input parameters entered into the
mathematical model for all of the collector types examined.
)e above system of mathematical equations is solved in the
Engineering Equation Solver (F-chart software) which
specializes in solving system of nonlinear equations. Figure 3
shows the comparison of the calculated results from the
current study with the published experimental results for
collector types 4 and 5. It can be stated that the results in this
study are slightly overestimated compared to the experi-
mental results. )is is because the predictions are limited as
the above assumptions compared with the practical appli-
cations. However, analytical predictions coincide well with
the experimental approaches. Verifications have been per-
formed about heat transfer and hydraulics of single-pass and
multipass SAHs. Confirmation on the prediction of the
exergy analysis model was presented in our previous study
[5]. It is not repeated here for the sake of brevity. Hence, the
mathematical modelling was extended to the remaining
types and carried out further evaluation for all collectors.

3. Results and Discussion

)is section presents the effects of air mass flow rate (m),
channel height (H), and collector length (L) on the energy
and exergy performance of the types under consideration.
Figures 4 and 5 consider the effect of mass flow rate while the
collector geometry parameters are fixed. It can be observed
in Figure 4 that the effective efficiency increases with the
mass flow rate. As the flow rate increases, the intensity of the
heat exchange increases, thus enhancing the useful heat gain
of the air received from glass cover and plates. However, the

flow rate increases as a result of rising the pressure loss. But
the pressure loss penalty is negligible due to air moving in
the smooth channels. At high flow rates, the efficiency in-
creases slightly because of remarkable pressure loss. It can be
seen that type 1 (triple-pass SAH) has the highest perfor-
mance and type 5 (single-pass SAH) has the lowest per-
formance. )is verifies that a multipass air collector reduces
top loss and higher temperature rise of air because the air
receives thermal energy from four plates (two glass covers,
one absorber plate, and one back plate). )e double-pass
types have fairly close efficiencies in which type 4 reveals
better performance because this type owns two glass covers
in natural convection heat transfer, thus significantly re-
ducing top loss. At a small flow rate, the triple-pass SAH
(type 1) is nearly twice as efficient as the single-pass SAH
(type 5). However, at a large flow rate, the effective efficiency
of type 1 is only 20% higher than that of type 5 due to the
long travel of the air inside the triple-pass SAH.

Figure 5 shows at low flow (less than 0.02 kg/s) the
triple-pass collector earns the greatest exergy performance
followed by double-pass and single-pass collectors. )is is
because the exergy loss decreases with the increase in the
pass number. At low flow, a collector with a large pass
number has a high exergy performance due to the higher
temperature of the fluid and lower temperature of absorber
plate reducing exergy losses. Among the double-pass types
(types 2, 3, and 4), the single glass cover SAH (type 2) has
the smallest exergy performance due to the highest exergy
loss from the absorber plate to the environment. Exergy
performance obtained the maximum value at a certain flow
rate due to trade-off of increase in frictional exergy loss and
a decrease in exergy loss by heat transfer from the absorber
plate to the environment with mass flow rate. At high mass
flow rates, the exergy performances of the double-pass
SAHs seem to be identical. )is means that the absorber
plate temperature of the double-pass SAHs is almost the
same leading to alike exergy losses at those flow rates.

Figures 6 and 7 show the energy and exergy performance
of multipass SAH with collector length (L) at fixed air flow
rate and channel height. It can be seen that the effective
efficiency of air collectors decreases with increasing collector
length. )is is supposed due to the fact that the outlet air
temperature does not increase linearly with the length. )e
fluid absorbs heat and increases its temperature along the
flow path so that the longer length results in the lower
temperature difference between the hot surface and the fluid.
)e small temperature difference causes an increase in useful
heat gain by less than the order unity of the heat transfer
length. At the same length, the effective efficiency increases
with increasing the number of passes. For all double-pass
types, type 4 is the best and type 2 is the worst as noted
above. )e triple-pass type has the largest slope because of
the highest pressure loss. Contrary to the effective efficiency,
the exergy efficiency increases with the collector length as
can be seen in Figure 7. )is is owing to the fact that the
exergy loss due to heat transfer from the absorber plate to the
fluid decreases because of the small temperature difference
between the absorber plate and the airflow. Triple-pass SAH
can achieve exergy performance of up to 5%. )is is a very
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Table 1: Input parameters.

Parameter Symbol Value Unit

Solar radiation I 1000
W/m2Absorptivity of glass cover αg 0.06

Absorptivity of absorber plate ap 0.95
Ambient temperature Ta 306

K m/s
Wind velocity Vw 1.5
Emissivity of glass cover εg 0.9
Transmissivity of glass cover τg 0.84
Emissivity of absorber plate εp 0.94
Emissivity of back plate εb 0.94
Channel depth H 15 to 30 mm
Collector length L 1.5 to 2.5 m
Air mass flow rate m 0.01 to 0.02 kg/s
Insulation thickness ti 0.05 m
)ermal conductivity of insulation ki 0.025 W/m K
Collector width b 0.46 m
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Figure 3: Verification of the current analytical results with experiments. (a) Comparison with experimental results [20] on type 5. (b)
Comparison with experimental results [11] on type 4.
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Figure 4: Effects of mass flow rate on effective efficiency.
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encouraging performance for a solar air heater. As it is
known, SAH’s exergy efficiency is very low, say 2%, due to
the great exergy destruction of converting solar radiation
into heat [7].

)e effect of channel depth (H) on effective and exergy
efficiencies is shown in Figures 8 and 9 with fixed air flow
rate and collector length. Increasing the channel depth re-
duces the velocity of air blowing through hot surfaces
leading to low convection heat transfer coefficient. Also, the
low air velocity increases the surface temperatures resulting
in increased heat losses such as top loss and the loss from
back plate to the environment. Increasing the temperature of
the plates with the depth increases the exergy losses due to
heat transfer to the fluid and heat loss. Hence, the exergy
performance decreases with the increase in the air channel

depth as shown in Figure 9. However, it is worth noting that
the exergy efficiency of the triple-pass SAH (type 1) reaches
an extreme at the depth of 19mm. )is can be explained by
the fact that at a depth of less than 19mm, the fluid passing
in the 3 passes reduces the temperature of the plates and the
smallest top loss compared to other types. )us, the exergy
performance of the triple-pass type increases with the air
channel depth from 15mm to 19mm.

)e analysis above showed the influence of the design,
operation parameters, and collector type on the performance.
)e characteristics of each collector and the maximum effi-
ciencies have been indicated. To initialize the optimization for
searching the final solution, in this study, there are 5 types of
collector and 3 design and operation parameters including
mass flow rate (range m� 0.01− 0.02 kg/s), collector length
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Figure 5: Effects of mass flow rate on exergy efficiency.
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(L� 1.5− 2.5m), and air channel height (H� 20− 30mm)
each at three levels. Hence, there are 135 cases in total which
need to select the best one. Typically, Table 2 presents 27 cases
for type 1 with inputs and outputs.

Table 3 shows the calculated values from steps 3–5 of the
PSI method for the objective functions under consideration.
Table 4 exhibits selective 10 cases including 5 best cases (the

highest preference selection indices) and 5 worst cases (the
smallest preference selection indices). It is confirmed that
type 1 with lowest flow rate, maximum collector length, and
moderate channel depth reaches the final optimal solution.
)is is also consistent with the statement in the above
parametric study. Otherwise, type 1 with the largest airflow
is the worst case. In addition, single-pass SAH (type 5) is also
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Figure 9: Effects of channel depth on exergy efficiency.

Table 2: Typical cases to be optimized using the PSI method.

Case, i
Design parameters Objectives

Type m, kg/s L, m H, m ηeff Nplate ηII

1 1 0.01 1.5 0.02 0.5796 4 0.03562
2 1 0.01 1.5 0.025 0.5627 4 0.03469
3 1 0.01 1.5 0.03 0.5456 4 0.03316
4 1 0.01 2 0.02 0.5504 4 0.04266
5 1 0.01 2 0.025 0.5359 4 0.04152
6 1 0.01 2 0.03 0.5207 4 0.03975
7 1 0.01 2.5 0.02 0.5209 4 0.04733
8 1 0.01 2.5 0.025 0.509 4 0.04626
9 1 0.01 2.5 0.03 0.496 4 0.04446
10 1 0.015 1.5 0.02 0.6276 4 0.02198
11 1 0.015 1.5 0.025 0.6151 4 0.02459
12 1 0.015 1.5 0.03 0.6017 4 0.02516
13 1 0.015 2 0.02 0.607 4 0.0297
14 1 0.015 2 0.025 0.5958 4 0.03188
15 1 0.015 2 0.03 0.5835 4 0.03209
16 1 0.015 2.5 0.02 0.5854 4 0.03564
17 1 0.015 2.5 0.025 0.5759 4 0.03763
18 1 0.015 2.5 0.03 0.5648 4 0.03765
19 1 0.02 1.5 0.02 0.6513 4 0.005287
20 1 0.02 1.5 0.025 0.6424 4 0.01326
21 1 0.02 1.5 0.03 0.6321 4 0.01661
22 1 0.02 2 0.02 0.6359 4 0.01349
23 1 0.02 2 0.025 0.6278 4 0.02069
24 1 0.02 2 0.03 0.6181 4 0.02352
25 1 0.02 2.5 0.02 0.6195 4 0.01999
26 1 0.02 2.5 0.025 0.6125 4 0.02675
27 1 0.02 2.5 0.03 0.6036 4 0.02927
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three of five worst cases (cases 120, 114, and 111). From the
PSI method, it can be concluded that types 1 and 3 with
suitable geometry and operating parameters are the two
SAHs that should be selected in multipass air collector
configurations.

Figure 10 shows a comparison of optimal results from
the PSI method for the objective function of effective effi-
ciency. Two configurations compared to the current study
were single-pass SAHs with impinging air jet plate [41] and
V down perforated baffles on absorber plate [40]. It can be
seen that the effective efficiency of flat-plate air collector in
the present study is lower than that of collectors with special
modification and insertion. )is results in low convection
heat transfer coefficient of a smooth duct compared to
others. However, with the change of flow configuration to

types 1 (triple pass) or 3 (double pass), the flat-plate air
collector can compete with other types. Especially at rank 5,
the effective efficiency of triple-pass SAH is approximately
equal to single-pass SAH with the roughness of V down
perforated baffles.

4. Conclusions

)e various configurations of the multipass flat-plate air
collector have been analysed in this paper. )e configu-
rations include the number of passes from 1 to 3, and the
number of glass covers is 1 or 2 with/without back plate.
Independent parameters comprise collector length, air
channel depth, and air mass flow rate to examine the
efficiencies. Multiobjective optimization of the maximum

Table 3: Values of χ, θ, and ε of objective functions.

Objectives Preference variation value χ Deviation of preference variation value θ Overall preference value ε

Effective efficiency ηEff 1.435 0.9893 0.3356
Exergy efficiency ηII 2.025 0.9849 0.3341
Number of plates Nplate 3.582 0.9733 0.3302

Table 4: Results of preference selection index Ω and ranking for 5 best cases (ranking 1 to 5) and 5 worst cases (ranking 131 to 135).

Case, i
Collector

type
Air mass flow rate m, kg/

s
Collector length L,

m
Channel depth H,

m

Objectives Ω Ranking
ηEff Nplate ηII

7 1 0.01 2.5 0.02 0.5209 4 0.04733 0.8493 1
61 3 0.01 2.5 0.02 0.4629 3 0.03864 0.8423 2
70 3 0.015 2.5 0.02 0.5344 3 0.03273 0.8379 3
8 1 0.01 2.5 0.025 0.509 4 0.04626 0.8357 4
4 1 0.01 2 0.02 0.5504 4 0.04266 0.8319 5
120 5 0.015 1.5 0.03 0.4412 3 0.01501 0.6662 131
100 4 0.02 1.5 0.02 0.6125 4 0.01302 0.6571 132
114 5 0.01 2 0.03 0.356 3 0.01942 0.6531 133
111 5 0.01 1.5 0.03 0.3694 3 0.01589 0.6354 134
19 1 0.02 1.5 0.02 0.6513 4 0.005287 0.6231 135
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Figure 10: Comparison of five best cases of the present flat plate, jet plate [41], and V down perforated baffles on absorber plate [40].
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effective, exergy efficiencies, and minimum number of
plates, i.e., glass cover, absorber plate, and back plate, were
conducted using the preference selection index method.
)e main results are drawn as follows:

(i) Triple-pass SAH has the highest effective efficiency
followed by double-pass type and single-pass type.
)e efficiency of the triple-pass type is 30% higher
than that of single-pass type. Among the double-
pass types, type 4 obtained the largest effective
efficiency.

(ii) Exergy performance is maximum when the air flow
rate is between 0.005 and 0.01 kg/s.

(iii) )e triple-pass type has the highest exergy perfor-
mance that is twice as high as the single-pass type.
Type 4 also yielded the biggest effective efficiency
among the double-pass SAHs.

(iv) Effective efficiency decreases when increasing the
collector length. In contrast, exergy performance
increases with the length.

(v) As the collector depth increases, the effective
efficiency decreases. )e exergy performance of
the triple-pass type is maximum at the collector
depth of 19mm. For other types, the exergy
performance decreases when increasing the col-
lector depth.

Adopting the multiobjective optimization, it is
obviously confirmed that the triple-pass solar air
heater is the best arrangement at low flow rate and
the worst case at high flow rate. )is is because at
low flow rate, the effective efficiency and exergy
efficiency of triple-pass type are quite large com-
pared to other types. But at high flow rate, the exergy
performance is too poor with a considerable in-
vestment cost.

Appendix

A. Thermal Transport Modelling for Solar Air
Heater Types 2 to 5

A.1. Type 2. Glass cover

αgI � hw Tg − Ta( ) + hr,g,s Tg − Ts( )
+ hc,g,f1 Tg − Tf1( ) + hr,g,p Tg − Tp( ). (A.1)

Air in 1st pass

Q1 � mcp Tf1,o − Ta( ) � Lbhc,g,f1 Tg − Tf1( )
+ Lbhc,p,f1 Tp − Tf1( ). (A.2)

Absorber plate

αgτgI � hc,p,f1 Tp − Tf1( ) + hr,p,g Tp − Tg( )
+ hc,p,f2 Tp − Tf2( ) + hr,p,b Tp − Tb( ). (A.3)

Air in 2nd pass

Q2 � mcp Tf2,o − Tf1,o( ) � Lbhc,p,f2 Tp − Tf2( )
+ Lbhc,b,f2 Tb − Tf2( ). (A.4)

Back plate

hr,p,b Tp − Tb( ) � hc,b,f2 Tb − Tf2( ) + hb Tb − Ta( ).
(A.5)

A.2. Type 3. Upper glass cover

αgI � hw Tg1 − Ta( ) + hr,g1,s Tg1 − Ts( )
+ hc,g1,f1 Tg1 − Tf1( ) + hr,g1,g2 Tg1 − Tg2( ). (A.6)

Air in 1st pass

Q1 � mcp Tf1,o − Ta( ) � Lbhc,g1,f1 Tg1 − Tf1( )
+ Lbhc,g2,f1 Tg2 − Tf1( ). (A.7)

Lower glass cover

αgτgI � hc,g2,f1 Tg2 − Tf1( ) + hr,g1,g2 Tg2 − Tg1( )
+ hc,f2,g2 Tg2 − Tf2( ) + hr,g2,p Tg2 − Tp( ).

(A.8)
Air in 2nd pass

αpτ
2
gI � hc,p,f2 Tp − Tf2( ) + hr,g2,p Tp − Tg2( )

+ hb Tp − Ta( ). (A.9)

A.3. Type 4. Upper glass cover

αgI � hw Tg1 − Ta( ) + hr,g1,s Tg1 − Ts( )
+ hc,g1,g2 + hr,g1,g2( ) Tg1 − Tg2( ). (A.10)

Lower glass cover

αgτgI � hc,g1,g2 + hr,g1,g2( ) Tg2 − Tg1( )
+ hr,g2,p Tg2 − Tp( ) + hc,g2,f Tg2 − Tf1( ).

(A.11)
Air in 1st pass

Q1 � mcp Tf1,o − Ta( ) � Lbhc,g2,f1 Tg2 − Tf1( )
+ Lbhc,p,f1 Tp − Tf1( ). (A.12)
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Absorber plate

αpτ
2
gI � hc,p,f1 Tp − Tf1( ) + hr,g2,p Tp − Tg2( )

+ hc,p,f2 Tp − Tf2( ) + hr,p,b Tp − Tb( ). (A.13)

Air in 2nd pass

Q2 � mcp Tf2,o − Tf1,o( ) � Lbhc,p,f2 Tp − Tf2( )
+ Lbhc,b,f2 Tb − Tf2( ). (A.14)

Back plate

hr,p,b Tp − Tb( ) � hc,b,f2 Tb − Tf2( ) + hb Tb − Ta( ).
(A.15)

A.4. Type 5. Upper glass cover

αgI � hw Tg1 − Ta( ) + hr,g1,s Tg1 − Ts( )
+ hc,g1,g2 + hr,g1,g2( ) Tg1 − Tg2( ). (A.16)

Lower glass cover

αgτgI � hc,g1,g2 + hr,g1,g2( ) Tg2 − Tg1( )
+ hr,g2,p Tg2 − Tp( ) + hc,g2,f Tg2 − Tf( ). (A.17)

Air

Q � mcp To − Ta( ) � Lbhc,g2,f Tg2 − Tf( )
+ Lbhc,p,f Tp − Tf( ). (A.18)

Absorber plate

αpτ
2
gI � hc,p,f Tp − Tf( ) + hr,g2,p Tp − Tg2( ) + hb Tp − Ta( ).

(A.19)

Nomenclature

Ac: Area of the absorber plate (m2)
b: Collector width (m)
cp: Specific heat at a constant pressure (J/kg-K)
Dh: Hydraulic diameter (m)
EX: Exergy (W)
f: Friction factor
h: Heat transfer coefficient (W/m2-K)
H: Channel depth (m)
I: Solar radiation (W/m2)
k: )ermal conductivity (W/m-K)
L: Collector length (m)
m: Air mass flow rate (kg/s)
nglass: Number of glasses
npass: Number of passes
Nplate: Total number of plates (absorber plate, back plate,

glass cover)
P: Pressure (Pa)
Pr: Prandtl number
Q: Heat transfer rate (W)
Re: Reynolds number

T: Temperature (K)
t: )ickness (m)
UL: Overall heat loss coefficient (W/m2-K)
Ut: Top loss coefficient (W/m2-K)
V: Velocity (m/s)

Greek symbols
α: Absorptivity
ρ: Air density (kg/m3)
Δ: Difference
μ: Dynamic viscosity (Pa.s)
η: Efficiency
ε: Emissivity
Ω: Preference selection index
σ: Stefan constant
τ: Transmissivity

Subscripts
a: Ambient
b: Back plate
c: Convection
Eff: Effective
f: Fluid (air)
g: Glass cover
I: First law
i: Insulation
II: Second law
o: Outlet
p: Absorber plate
r: Radiation
s: Sky
w: Wind.
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