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was analyzed by the Preference Selection Index (PSI) method, with three maximum
criteria: thermal efficiency, effective efficiency, and exergy efficiency. Mathematical
models were solved by EES software. Results indicated that the multi-pass (TPLF and
DPLF) type was better than the SPWF type by three criteria. The highest exergy
efficiency of the TPLF and DPLF types was 6.696% and 5.636%. The greatest effective
efficiency of the TPLF and DPLF types was 69.09% and 66.17%. Furthermore, the
optimization results indicated that the three efficiency criteria of the DPLF type were
Keywords: 58.38%, 58.22%, and 4.491% for the best case; the three efficiency criteria of the TPLF
Effective efficiency; exergy efficiency; type were 60.97%, 60.85%, and 5.439% for the best case. The worst configuration was
multi-pass solar air collector; longitudinal  the model with a short collector length, large collector depth, and large fin pitch. The
fins; multi-objective optimization; the PSI  collector efficiency decreased with decreased fin pitch for the configuration with the
method large collector length, short collector depth, and high mass flow rate.

1. Introduction

In recent years, the rapid reduction of natural resources and climate change has spurred countries
to adopt sustainable operating practices. Economic growth increases CO; emissions, so net zero
emissions and sustainable development goals are set for countries [1,2]. Transitioning to a low-
carbon fuel or renewable energy source in the future is essential to meeting sustainable development
goals [3-5]. Solar energy is an available source with large reserves, so the potential for use is huge
[6]. This energy source is an energy use strategy for many countries, including Vietnam. Many devices
exploit this energy source, such as solar batteries, solar water collectors, solar air collectors, etc. The
energy systems with the assistance of solar energy led to reduce costs and are environmentally
beneficial [7]. Among devices using solar energy, the solar air collector (SAC) is used to heat the air
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for drying or heating. It is a form of solar energy exploitation widely applied in life and production
because of its simplicity in manufacturing and operation. However, the air convective heat transfer
coefficient is low, so its improvement is essential. There are several solutions to this problem, such
as adding a rib or fins on the absorber plate, adding the baffle inside the air channel, using a jet plate,
or using a corrugated absorber plate. Wire rib, V-Rib, W-Rib, triangle rib, square rib, rectangular fin,
semicircular fin, triangular fin, round pin fin, wavy fin, inclined baffle, jets plate, corrugated plate as
the solutions have been investigated with promising results [8-28]. In addition, some solutions
combined solar energy storage to enhance the performance and uptime of the units after sunset, or
some evacuated tube solar air collectors or concentrated forms have significantly improved efficiency
compared to the traditional form [29-32]. Furthermore, some studies looking at replacing metal
absorber plates with other materials were also surveyed [33-35]. Several studies on heat loss
reduction through the wall of collector have also been considered [36,37]. All solutions show
improved collector efficiency.

In addition, some studies demonstrate that the collector with multi-pass airflow can enhance
thermal efficiency (TEF) due to reducing heat loss at the top of SAC and increasing air temperature.
Combined solutions have also been considered in many studies. The multi-pass SAC with longitudinal
fins is one of those. Velmurugan and Kalaivanan [38] investigated the multi-pass SAC by the analytical
approach. These authors found the highest TEF for triple-pass SAC and the better economy for the
double-pass SAC. Naphon [39] and Fudholi et al., [40] experimentally studied a double-pass SAC. They
reported that the TEF increased with fin height and fin number. The TEF of double-pass SAC with a
longitudinal fin can reach about 71.37% at m = 0.04kg/s and | = 600 W/m?, which is a promising result.
It is better than a single-pass SAC with other fin types. Garg et al., [41] reported a 40-61% TEF for a
single-pass SAC with fins. Sivakumar et al., [42] evaluated a single-pass SAC with a round pin fin; they
reported that the maximum TEF was 38%. Hosseini et al., [43] reported the TEF was less than 60%
for single-pass SAC with triangular fin. Manjunath et al., [44] reported TEF of 65 % for a single-pass
SAC with spherical fins at m=0.04kg/s and 1=500W/m?. Chabane et al., [18] noted the highest TEF of
51.5% for single-pass SAC with semi-cylindrical fins.

Besides assessing the TEF, recent exergy efficiency (EXEF) and optimization analyses have been
interested [23,45]. It evaluates more comprehensively and could determine the best configuration
for the actual production. Hedayatizadeh et al., [46] evaluated SAC with a V-corrugated absorber
plate. They determined the optimal configuration with the greatest EXEF of 6.27%. Luan and Phu [47]
analyzed the EXEF and optimization of multi-pass SAC with a flat absorber plate. They reported the
highest EXEF of 4.7% for the best case of the triple-pass SAC. Farahani and Shadi [48] examined SAC
with an impingement jet. They suggested an optimal model of SAC with the highest EXEF of 1.58%.
The above studies indicated that exergy analysis and multi-objective optimization had been
considered in many different SAC configurations.

The literature review showed that multi-pass SAC with longitudinal fins significantly improved
heat transfer capacity due to increased heat exchange area, enhanced mixing of primary and
secondary airflow, and reduced heat loss of the top collector. It is a promising solution with good
results. The TEF is assessed based on useful thermal energy gain. The effective efficiency (EEF) is
assessed based on useful thermal energy gain and fan energy consumed. The EXEF refers to
irreversibility, demonstrating the ability to generate useful work in a thermal system. The TEF
criterion is not enough to evaluate the performance of the SAC in practice. Therefore, the EEF and
EXEF criteria need to be considered. It was not found in previous studies for that multi-pass SAC with
longitudinal fins. Moreover, many factors affect collector efficiency, and choosing the optimal
configuration for practice is significant in the goal of efficient energy use and sustainable
development. The three efficiency type has different evaluation criteria. Therefore, choosing an
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optimal design configuration that harmonizes according to these three criteria is necessary. Thus, the
primary purpose of the present study was to examine the effects of the collector length, collector
depth, fin pitch, and air flow rate on the EEF and EXEF of multi-pass SAC with longitudinal fins.
Furthermore, multi-objective optimization according to the three maximum criteria of the TEF, EEF,
and EXEF was considered in this study to select the best configuration according to the goal of
harmonization in design. Results can be referenced for the design directly related to this type of
collector.

2. Methodology
2.1 Geometry Model and Energy Balance

Figure 1 displays the geometry of SAC in this study, including the double-pass with longitudinal
fins (DPLF) type and triple-pass with longitudinal fins (TPLF) type [38]. The two models have double
glass.
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Fig. 1. Geometry of multi-pass type with longitudinal fins (a) double-pass type (b) triple-pass type
(38]
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The assumptions made in this study include [47,49]

i. Flow is steady and one-dimensional.

ii. Airis an ideal gas, incompressible and ignore potential and kinetic energy effects.

iii. The temperatures of plates are homogeneous. Thermophysical properties of plates are
constants and ignore the heat loss on both wall sides.

The energy balance for the DPLF type is represented by the following, see Figure 1(a)

Glass 1

“91'1 = hW(Tgl_Ta) + hrgls(Tgl_TS) + hcgng(Tgl_ 92) + hrgng(Tgl_ng) (1)
Glass 2

g2 Tg1-1 = hegrga(Tga—=Tg1) + hrgrga(Tga=Tg1) + hegari(Tyz = Ta) + hrgap(Toa—Tp) (2)
Fluid flow 1

Qp1 = Achegzr1(Tgz=Tp1) + Acheppa (Ty—T71)0 (3)

where 0 dimensionless quantity related to fins, which is determined as [38]:

0=1+ (2NWsLs/A.). tanh[2Wrhey s/ (kpte) ]/ [2Wrhepr/ (kptr)] (4)
Fluid flow 2
Qf2 = Achepp2(To—Tr2) + Achepp2 (Tp—T2)0 (5)

Absorber plate

ap-Tg1-Tgz- I = hepp1(Ty = Tr1)0 + hepra(Ty=Tr2)0 + hrgap(To—Ty2) + hepp(Tp—Tp) (6)
Black plate
Ropb (To=Ts) = hepsa(To—Tf2) + hi(Ty — Ty) (7)

The energy balance equations for the triple -pass type with fins (TPLF) type (see Figure 1(b)) can
be seen below. Furthermore, the single-pass without fins (SPWF) type was used to compare the
performance with the multi-pass type for a visual look.

For TPLF, see Figure 1(b)

Glass 1

O(gl-l = hw(Tgl_Ta) + hrgls(Tgl_Ts) + hcglfl (Tgl_Tfl) + hrglgz (Tgl_TgZ)
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Fluid flow 1

Qf1 = Achegir (Tgl_Tfl) + Achcgar (ng—Tﬂ)

Glass 2: tgy. Tgr. 1 = hegapr (Tga—Ter) + hegara (Tez—Tr2) + hrgrga (Tez — Ter) + hrgap(Tez—Tp)

Fluid flow 2

Qf, = Achcg2f2 (ng_sz) + Achcpfz (Tp_TfZ)e

Absorber plate

- Tg1- Tgz- 1 = Nepra(Tp — Tr2)0 + heprs(Tp—Tr3 )0 + hygap (Ty—Tg2) + hepy (To—To)
Fluid flow 3

Qs = Achepes (To—Trs) + Acheprs (Tp—Trs )0

Black plate

hypb (Tp—Tb) = hepgs (To—Trz) + hi(Ty — T,)

The energy balance equations and geometry can be viewed in Figure 2 below.

B . Glass 1
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Fig. 2. The single -pass type without fins (SPWF)

Glass 1

dgr-1 = hy(Tg1—Ta) + hrgrs(Tg1—Ts) + hegrga(Ter—Tgz) + hrgrga(Ter—Tez)

Glass 2

g2 Tg1-1 = Negrga(Toz—Te1) + Negart (Tez—Tr1) + hrgiga(Tez — Tr) + hrgap(Tez—Tp)

Fluid flow

Qn = Achcngl (TgZ_Tfl) + Achcpfl (Tp_Tfl)
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Absorber plate

atp-Tgr- Tgz- 1 = eppr (Tp = Ter) + hrgop (Tp—Tez) + hi(Tp,—Ta)

The heat transfer coefficient (HTC) is calculated by the formulas

The convective HTC between glass 1 with the wind is calculated by the formula [47]

h,, = 5.7 + 3.8V, (8)
The radiation HTC from glass 1 to the sky is calculated as follows [50,51]

hrgis = 0.64(TA + TZ)(Tys + Ts) (9)
where Ts= Ty— 6 is the sky temperature for clear-sky condition.

The conductive HTC through the insulation is calculated by the formula [51]

h; = k;/t; (10)
The natural convective HTC between two glasses is calculated as follows [52]

hegigs = 1.25(Ty, — Ty1) ">’ (11)
The convective HTC between the air with surfaces can be determined [38]

hegs = heps = hepr = Nu.k /Dy, (12)

where Dy and Nu are the hydraulic diameter and the Nusselt number, respectively.
The hydraulic diameter of can be determined

4HB

Dy, = 2(H+B) (13)
The Nusselt number is calculated as follows [38,50]

Nug = 0.023Re%8Pr%* , for smooth channel (14)
Nuy = 0.018Re®®Pr%*, for channel with longitudinal fins (15)
The radiation HTC between surfaces is calculated as follows [50]

hrgige = 0(Th + T5) (Ty1+Ty2)/(1/€g1 + 1/€52 — 1) (16)
hrgap = 0(TE + T2)(Tya+Ty)/(1/eg2 + 1/, — 1) (17)
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Ropp = 0(TZ + T2)(To+T,)/(1/ep + 1/e, — 1) (18)
2.2 Evaluation Criteria

There are three essential criteria to evaluate SAC efficiency: the TEF, EEF, and EXEF. The criterias
are determined as follows

The useful heat received by the air can be determined [38,47]

Qu =m.c,. (T, — Tp) (19)
The TEF is calculated by the formula [38,47]

= (20)
The energy consumption for fans is determined [38,47]

P, =m.AP/p (21)
The pressure loss through the air channel can be determined [38,47]

AP = AP, + APpopng (22)
where APs and APpeng are pressure drop along the channel and 180° return bend, respectively.

The pressure drop along the channel is calculated by the formula [38,47]

AP, = 2pfLV? /Dy, (23)

where f = 0.085 Re™%25 is friction factor for smooth channel; f = 0.079Re 2> is friction factor
for channel with longitudinal fins.

The pressure drop for return bend is determined [38,47]

AP = KyenapV?/2 (24)
where Kpengis a loss factor for 180° return bend, Kpend=2.2 [38,47].

The effective efficiency is calculated as follows [47,51]

Negr = (Q — Pn/ci)/U.A) (25)
where c; is the conversion factor of fans power, ¢; = 0.2 [53].

The energy of SAC received from the sun can be determined [49,54,55]
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Qs = (apty).1. A, (26)
The supplied exergy to the SAC is estimated by the following [49,54,55]

Exin = (1 = Ta/Tsun) Qs (27)
where Tsunis the sun temperature, Tsun = 4350 K [53].

The exergy of the inlet and outlet fluid is determined [49,54,55]

Ex;qir = m(h; — he) + m.To(s; — se) (28)
EXgair = m(hy — o) +m.To(s,— 5,) (29)
where he and s. are specific enthalpy and specific entropy at ambient temperature, respectively.

The exergy equilibrium equation for a stable system [49]

Ta
Exges = Exin + Exi,air - Exo,air = (1 - Tsun) Qs — m(ho - hi) —m. Te(so - Si) (30)

The variation enthalpy and entropy of fluid is calculated as follows [49,54,55]
h,—h; = Cp(To - Ti) (31)
So— 8; = ¢,In(T, /Ty) — RIn[F,/(P, + AP)] (32)
From Eq. (31) and Eq. (32), the Eq. (30) can be rewritten
Exges = Ein — Qu + meTaln(To/Ta) — mRT,In[F,/(F, + AP)] (33)
The exergy efficiency is expressed as [54,55]
Ny =1 — Exges/Exin (34)
2.3 Multi-Objective Optimization Method

Using the optimization method is necessary to determine the best configuration in design. The
preference selection index (PSI) method was chosen in many multi-objective optimization methods
because its approach was clear and straightforward, and there was no need to select weights.
[47,56,57]. This method has been widely applied in many fields in recent years [47,58]. This study
selected three objective functions to determine the optimal configuration for multi-pass type with
longitudinal fins: the maximum for the TEF, EEF, and EXEF. The calculation steps of this method can

be carried out as follows [47,57,59]

Step 1: Normalization of criteria, for benefit criteria (higher is better)
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i
__m

bi,nl - n;nax
i

— Jefr
bi,ﬂeff - n;r}c]lrx (35)

i

b — N

iLnn — n}?ax

Step 2: Calculate the mean of the normalized criteria

_1gn
My, = Z'Zi=1 biny,
_1gn
My, ; =~ Liz1bing; (36)
_1yn
My, = ;'Zi=1 LN

Step 3: Calculate preference variation value

Xnp = ?=1(bi.m - Mm)
Xnepy = Xiza (bi'”eff - M”eff) (37)
Xy = 7i1=1(bi,7711 - Mnu)

Step 4: Calculate deviation of preference variation value

_ An
dy, =1—770
— 1 _ Mnesr
dneff =1 — (38)
— Xn
dTlU =1- n__li

Step 5: Calculate overall preference value

&n, = dp,/(dy, +dp, . +dy,)

gneff = dneff/(dm + dneff + dﬂu) (39)
& = dﬂu/(dm + dTIeff + dnu)

Step 6: Calculate the PSI value

Ops1 = bi,mgm + b; + bi.ngnu (40)

.neffgrleff

Figure 3 presents the algorithm diagrams for this study. Figure 3(a) is the algorithm diagram to
survey the effects of parameters on the TEF and EXEF. Figure 3(b) is the algorithm diagram for the
multi-objective optimization case. The systems of equations and calculations are solved by the
Engineering Equation Solver (EES) software; this software was developed by Klein and Alvarado [60].
It is very convenient for solving systems of equations, with enough equations and variables, and the
software will find the result quickly.
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|

Input:
Data of the plates: g, oy, T, kg, €y, €1, Eg2, U1, Uz, Tar, T2
Data of the fins: N, Wy, Ls, t;
Data of the air, wind and sun: m, T, V,,, Toun, |
Data of the collector: L, B, H
Data of the insulation: t;, k;

|

Calculate:

The heat transfer coefficients
The outlet air temperature and plates temperature (glass, absorber, black)
(Solve the system of equations using the EES software).

l

Output:
The thermal efficiency, effective efficiency, and exergy efficiency.

(a)

|

Input:
Data of the plates: g, o, Ty, Ky, €, €51, €ga, Oga, Ugp, Te1s Ta2
Data of the fins: N, W;, L¢, t;
Data of the air, wind and sun: m, T,, V,,, Toyn, |
Data of the collector: L, B, H
Data of the insulation: t;, k;
(In range: m = 0.01-0.02 kg/s, L= 1-3 m, H = 15-35 mm,
N = 15-19 (corresponding to fin pitch 24.21-30.67 mm),
take five levels for each parameter.

!

Calculate:

The heat transfer coefficients
The outlet air temperature and plates temperature (glass, absorber, black)
(Solve the system of equations using the EES software).

!

Calculate:
The thermal efficiency, effective efficiency, and exergy efficiency.

!

Calculate:
Parameters for the multi-objective optimization method: Normalization of
criteria, mean of the normalized criteria, preference variation value,
deviation of preference variation value, overall preference value.

}

Output:
The Preference Selection Index value (8p5;)

l

Fig. 3. The algorithm organigram (a) for influence survey (b) for
multi-objective optimization
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3. Validation of Analysis Results

In this part, to verify the accuracy of the calculations, validation has been performed with the
input data as follows [38]: | = 1000 W/m?, ti= 50 mm, €p= b= 0.94, £g1= 52= 0.9, 0ig1= 0,g2 = 0.06, aip
=0.95, Tg1 = T2 = 0.84, L = 2000 mm, B = 460 mm, H = W¢ = 25 mm, Lf = L-20 mm, V= 1.5 m/s, ti=
0.95 mm, N =17, kp=50.2 W/m.K, Ta = 306 K, ki= 0.025 W/m.K. The system of equations was solved
by the EES software.

Figure 4 indicates the validation result, which is in good agreement with the analytical approach
result by Velmurugan and Kalaivanan [38]. Further, the verification with the experimental result was
also performed to assess the reliability of the mathematical model: the single-pass model was
compared with the data of Yeh and Lin [61]. The double-pass model was compared with the data of
Velmurugan and Kalaivanan [62]. The result shows that the average error is about 5.02% and 2.14°C
between the present study and the experiment results, respectively (see Figure 5). Therefore, the
data in the results and discussion sections can be trusted.

365
Symbol- Velmurugan and Kalaivanan
360 M Continuous Line- Present results
355 a —S8ingle-pass type without fins
——Double-pass type with fins
350 —Triple-pass type with fins
345
é 340
o}
335
330
325
320
315 =
0 0.01 0.02 0.03 0.04 0.05
(a) m [kg/s]
0.75
0.70
3
c 0.65
£
Q
= 0.60
[]
g 055
B Symbol- Velmurugan and Kalaivanan
£ Continuous Line- Present results
+= 0.50 . )
) —S8ingle-pass type without fins
IE ——Double-pass type with fins
0.45 ——Triple-pass type with fins
|
0.40 =
0 0.01 0.02 0.03 0.04 0.05
(b) m [kg/s]

Fig. 4. Validation with previous publication (a) outlet
temperature (b) thermal efficiency
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0.7
B Experimental result-Yeh and Lin
—Present results
0.6 ]
% 05 ////://'
e .
Ko =
Q
= 04
3}
© L=159m,B=0.265m, H=55mm
g 03 T, = 303K, | = 830 Wim?
2
= 02
[}
£
0.1
0
0.01 0.012 0.014 0.016 0.018 0.02 0.022
(a) m [kg/s]
40
35 B Experimental result-Velmurugan and Kalaivanan

——Present results

30

L=2m,B=046m, H=25mm
Li=1.98m, Wi=25mm, t=1mm
N =17, T, = 306K, | = 600 W/m?

25

20

15

Temperature rise of air [oC]

10 —
5
0 A
0 0.01 0.02 0.03 0.04 0.05
(b) m [kg/s]

Fig. 5. Validation with previous experiment (a) Validation
with Yeh and Lin [61] (b) Validation with Velmurugan and
Kalaivanan [62]

4. Results and Discussion

The influence of operating and geometrical parameters on the EEF and EXEF and multi-objective
optimization is discussed in this section. Figure 6 exhibits the impact of air flow rate on the EEF and
EXEF in the case of fixing parameters as in section 3. The EEF increases with increasing air flow. The
increased air flow rate increases the HTC, enhancing the heat received from the plates. The useful
heat received increases, and the pressure drop also increases. However, the increase in the EEF
proves that the pressure drop penalty is negligible. The multi-pass SAC with longitudinal fin has better
efficiency than the SPWF, demonstrating that the heat loss at the top of the SAC decreases, and air
temperature increases as movement over multiple passes. The EEF of multi-pass SAC approaches the
EEF of the SPWF as air flow increases. It indicates that the pressure loss penalty is significant at a high
flow rate. The highest EEF was 68.99% for the TPLF type and 66.3% for the DPLF type at m = 0.04
kg/s. The path length of multi-pass SAC is 2 and 3 times higher than the SPWF; the EEF difference is
about 0.3-0.4% at a high flow rate.

53



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 102, Issue 2 (2023) 42-65

The EXEF increases with the number of passes, highest at a low air flow rate. The EXEF tends to
decrease with an increasing flow rate. A high flow rate leads to increased pressure loss, reduced air
temperature, and reduced absorption plate temperature, which leads to increased exergy loss by
fluid friction and heat transfer. The EXEF difference between multi-pass SAC and SPWF type is
insignificant at a high flow rate. The EXEF of TPLF and DPLF types is about 5.888% and 5.024% at m =
0.01 kg/s, which is 2 and 3 times higher than the SPWF. Results show the opposite trend of the EEF
and EXEF under the influence of air flow rate. The airflow rate from 0.01kg/s to 0.02 kg/s offers a

good signal for both the EEF and EXEF.

0.75 - - 0.07
—Single-pass type without fins
——Double-pass type with fins
. 0.70 —Triple-pass type with fins __ ™ 0.06
g i i é
- 0.65 -
& 005 &
[0] [0)
Q 0.60 g
5 0.04
_g 0.55 5
B 003 &
2 050 )
o o)
)] i
c 0.02
= 0.45
0.40 0.01
0.01 0.015 0.02 0.025 0.03 0.035 0.04
m [kg/s]

Fig. 6. Influence of air flow rate on the EEF, and EXEF

Figure 7 points to the influence of collector depth on outlet temperature, the EEF, and the EXEF
at m= 0.02kg/s and fixed data as section 3. The outlet air temperature decrease with increasing
collector depth. It can be explained by the fact that the air velocity decreased with increasing collector
depth, leading to a decrease in heat exchange between the air and the surfaces, see Figure 7(a). The
output temperature of the SPWF type is dropped more sharply than multi-pass SAC with fin. It shows
that the using fin has significantly improved airflow mixing and enhanced heat exchange. The EEF of
the TPLF type increases as H < 19.1 mm and decrease as H > 19.1 mm. Meanwhile, the DPLF and SPWF
types tend to decrease as collector depth increases. It proves that increasing the number of passes
and using fins can compensate for the impacts of collector depth.

The EXEF of the DPLF type increases as H < 16 mm and tends to decrease as H> 16 mm. The TPLF
type increases the EXEF as H < 20.1 mm and decreases the EXEF as H > 20.1 mm, see Figure 7(b). It
shows that the EXEF of multi-pass SAC with the fin is better at small collector depths. Increasing
collector depth leads to a decrease in the EXEF due to increased exergy loss by heat transfer. The
maximum EXEF of TPLF and DPLF types was 4.0386 % and 3.617 % at depth H=20.1 mm and H=16
mm, respectively. Increasing the collector depth is closely related to the air flow rate, influencing the
trend of the EEF and EXEF. Therefore, the collector depth is a factor that needs to be considered in

the design.
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Fig. 7. Influence of collector depth (a) outlet temperature (b) the EEF and EXEF

Figure 8 demonstrates the influence of collector length on the outlet temperature, EEF, and EXEF
at m = 0.01 kg/s and fixed data as in section 3. The outlet air temperature increases with the collector
length because of an increase in the absorption area; see Figure 8(a). The outlet air temperature is
highest for the TPLF type and lowest for the SPWF type. Increasing passes significantly increases the
outlet air temperature. The EEF decreases with increasing collector length, which shows that the
impact of pressure loss is significant; increasing the heat transfer does not compensate for energy
loss due to increased pressure loss. The EXEF increases with collector length. It demonstrates that
increasing the collector length decreases exergy loss by heat transfer, which can compensate for
exergy loss by fluid friction. The highest EXEF is 6.676% for the TPLF type and 5.6% for the DPLF type
at L =3 m. The EEF and EXEF tend to be opposite with increasing collector length (see Figure 8(b)), so

it is a parameter to consider in

design.
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Figure 9 indicates the influence of fin pitch on the outlet air temperature, EEF, and EXEF at m =
0.01 kg/s and fixed data as in section 3. Increasing the fin pitch leads to a decrease in the number of
fins, so the outlet temperature decreases due to a decrease in the heat exchange area and the ability
to mix airflow; see Figure 9(a). The heat transfer capacity and pressure loss decrease with increased
fin pitch. The reduction in pressure loss does not compensate for the reduction in useful heat
received; exergy loss by heat transfer is significant, so the EEF and EXEF tend to decrease; see Figure
9(b). The efficiency and cost have tended to contrast with increasing fin pitch, so it is a parameter to
consider in design.

From the analysis, the influence of the collector length, collector depth, fin pitch, and air flow
rate have a contradictory influence on the EEF and EXEF. Therefore, choosing the optimal
configuration for the design is necessary. The TEF, EEF, and EXEF are optimization targets, with the

criteria: higher is better.
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Fig. 9. Influence of fin pitch (a) outlet temperature (b) the EEF and EXEF

There are four parameters used for analysis to select the best configuration for multi-pass SAC
with longitudinal fins, including collector length (1-3 m), collector depth (15—35 mm), fin pitch (24.21
mm, 25.56 mm, 27.06 mm, 28.75 mm, 30.67 mm), air mass flow rate (0.01-0.02 kg/s), take five levels
for each parameter. Therefore, there are 625 cases to choose the best configurations for each SAC.
Figure 10 shows the preference selection index value for 625 cases of each SAC. According to the
results, the DPLF type has three best cases (451, 452, 326) and three worst cases (21, 521, 396), see
Figure 10(a); the TPLF type has three best cases (179, 180, 481) and three worst cases (521, 522, 523),
see Figure 10(b). The good configuration of the DPLF type with parameter L=2.5m, H =15 mm, Fp=
28.75-30.67 mm, m = 0.15 — 0.175 kg/s. The good configuration of the TPLF type with parameter L =
2 m, H=15 mm, F, = 24.21-25.56 mm, m= 0.0125kg/s. These are configurations that can be
referenced for design. These configurations are consistent with the previous analysis. The detail of
the cases, parameters configuration, and rank are shown in Table 1.

According to the set goal, the best case for the DPLF type is case 451 with configuration (m =
0.0175 kg/s, H=15mm, L=2.5 m, Fp = 30.67 mm), with the TEF, EEF, and EXEF are 58.38%, 58.22%,
and 4.491%, respectively. The TEF, EEF, and EXEF are approximately 60.97%, 60.85%, and 5.439% for
the best case of the TPLF type with configuration (m = 0.0125 kg/s, H =15 mm, L=2 m, F, = 25.56
mm), respectively. Case 21 is worst for the DPLF type with configuration (m = 0.01 kg/s, H = 35 mm,
L=1m, F,=30.67 mm), and case 521 is worst for the TPLF type with configuration (m =0.02 kg/s, H
=35mm, L=1m, F,=30.67 mm). The main characteristics of these configurations are short collector
length, large collector depth, and large fin pitch, which are entirely consistent with the heat transfer

theory.
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Table 1

Preference selection index value
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Fig. 10. Preference selection index value for 625 cases (a) the

DPLF type (b) TPLF type

Ranking of three best cases (1 to 3) and three worst cases (623 to 625), preference selection index value,
configuration

Model Case Rank  Opsi Parameter of solar air heater Thermal Effective Exergy
Mass Configuration efficiency, efficiency, efficiency,
flow H(mm)  L(m) Fo(mm) 7 Nefr N
rate,
m (kg/s)
DPLF 451 1 0.8520 0.0175 15 2.5 30.67 0.5838 0.5822 0.04491
452 2 0.8514 0.0175 15 2.5 28.75 0.5836 0.5819 0.04486
326 3 0.8509 0.015 15 2.5 30.67 0.5626 0.5615 0.04838
21 625 0.7621 0.01 35 1 30.67 0.5726 0.5725 0.03126
521 624 0.7631 0.02 35 1 30.67 0.6392 0.6388 0.01984
396 623 0.7647 0.0175 35 1 30.67 0.6288 0.6285 0.02191
TPLF 179 1 0.8564 0.0125 15 2 25.56 0.6097 0.6085 0.05439
180 2 0.8564 0.0125 15 2 24.21 0.6097 0.6085 0.05439
481 3 0.8563  0.0175 20 3 30.67 0.6004 0.5991 0.05623
521 625 0.7618 0.02 35 1 30.67 0.6748 0.674 0.02199
522 624 0.7629 0.02 35 1 28.75 0.6756 0.6749 0.02205
523 623 0.7639 0.02 35 1 27.06 0.6764 0.6757 0.02210
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In 625 surveyed cases, the highest EXEF of the DPLF and TPLF types is 5.636% and 6.698% for the
configuration with parameters m = 0.01 kg/s, H =20 mm, L =3 m, and Fp = 30.67 mm. The highest
EEF of the DPLF and TPLF types is 66.17% and 69.09% at m = 0.02 kg/s, H=15mm,L=1m, and Fp =
24.21 mm. Table 2 compares the highest EXEF between the present model and previous studies. The
results show that the present model has certain advantages regarding the EXEF.

Table 2

Comparison of the highest EXEF of the present model and previous studies

Collector type Reference Comment

Double-pass, double glass and v- Hedayatizadeh et al., [46] The highest EXEF was 6.27%
corrugated plate

Double-pass, double glass, fins and Assadeg et al., [63] The highest EXEF was 2.5-4.2%
phase change material

Single-pass, 11 roughness shapes Phu and Luan [51] The EXEF was less than 2% for eleven rib
type type

Single-pass, double glass, using Bahrehmand et al., [64] The EXEF less than 2%
rectangular fins or triangular fins

Double-pass with porous material Abo-Elfadl et al., [65] The highest EXEF was 3.6 %
Double-pass with V-shaped finned Abo-Elfadl et al., [66] The highest EXEF was 2.5 %

Jet pate Matheswaran et al., [53] The highest EXEF was 4.36 %
Double-Pass with V rib-roughened Singh et al., [67] The EXEF was less than 5.5%
Double-pass, double glass and present study The highest EXEF was 5.636%
longitudinal fins

Triple-pass, double glass and present study The highest EXEF was 6.698%

longitudinal fins

Figure 11 compares the three best cases of the multi-pass SAC with the SPWF type according to
the criteria. The TEF, EEF, and EXEF of the DPLF type increase by 2.54-2.68%, 2.44-2.61%, and
0.345-0.417% compared with SPWF type; see Figure 11(a). The TEF, EEF, and EXEF of the TPLF type
are about 7.99-8.17%, 7.89—8.08%, and 1.296—1.328% higher than the SPWF type; see Figure 11(b).

Figure 12 compares the EEF and EXEF of the three best cases of the present study with
contemporary work; the single-pass SAC with V-down perforated baffles and multi-pass SAC without
fins are considered [47,56]. The EEF and EXEF of the TPLF type are better than the DPLF type. The
multi-pass SAC with fins is higher EEF and EXEF than the multi-pass SAC without fins. The multi-pass
SAC s less the EEF than the V-down SAC, and the EXEF is the opposite. It shows the harmony of exergy
performance and efficiency in the present results, and multi-pass SAC with longitudinal fins yielded
promising results.
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5. Conclusions

This study investigated the exergy efficiency, effective efficiency, and optimization of multi-pass

solar air collectors with longitudinal fins. Multi-objective optimization by the PSI method with three
maximum criteria: thermal efficiency, effective efficiency, and exergy efficiency. There are 625 cases
surveyed for each type, with the range of 0.01-0.02 kg/s air flow rate, 1-3 m collector length, 15-35
mm collector depth, and 24.21-30.67 mm fin pitch. The main findings are as follows

i. The triple-pass SAC with longitudinal fins has better thermal efficiency, effective
efficiency, and exergy efficiency than the double-pass SAC with longitudinal fins on
average 2.99%, 3.01%, and 0.9% for best cases.

ii. The highest exergy efficiency of triple-pass and double-pass with longitudinal fins was
6.698% and 5.636% at m = 0.01 kg/s, H=20 mm, L=3 m, F, = 30.67 mm.

iii. The highest effective efficiency of triple-pass and double-pass with longitudinal fins was
69.09% and 66.17% at m = 0.02 kg/s, H=15mm, L=1m, Fy=24.21 mm.

iv. The thermal efficiency, effective efficiency, and exergy efficiency were 58.38%, 58.22%,
and 4.491% for the best case of double-pass SAC with longitudinal fins (m = 0.0175 kg/s,
H=15mm, L=2.5m, Fp=30.67 mm). They were 2.56%, 2.47%, and 0.35% better than
the single-pass SAC without fin.

v. The thermal efficiency, effective efficiency, and exergy efficiency were 60.97%, 60.85%,
and 5.439% for the best case of triple-pass SAC with longitudinal fins (m = 0.0125 kg/s, H
=15mm, L=2m, Fy=25.56 mm). They were 8.17%, 8.08%, and 1.296% better than the
single-pass SAC without fin.

vi. The good configuration of double-pass SAC with longitudinal finsat L=2.5m, H=15 mm,
Fo=28.75-30.67 mm, m = 0.15 — 0.175 kg/s. The good configuration of triple-pass at L = 2
m, H =15 mm, F, = 24.21-25.56 mm, m = 0.0125kg/s. These are configurations that can
be referenced for design.

vii. The worst case for the multi-pass SAC is the configuration with a short collector length,
large collector depth, and large fin pitch.
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