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Thermal and Thermo-hydraulic Performance of
Finned Double-Pass Solar Air Collector Utilizing
Cylindrical Capsules Nano-Enhanced PCM
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Abstract- Double-pass solar air collector with a finned absorber and nano-enhanced PCM in the lower channel is one of the
significant and attractive designs proposed to improve the performance. This research paper presents a novel mathematical model
of steady-state equilibrium equations created and developed for two air streams: the glass cover, absorber plate, fins, nano-
enhanced PCM capsules, and back plate. The influence of various operating parameters on thermal and thermo-hydraulic
performance was presented and discussed. The simulations were conducted at air mass flow rates from 0.02 kg/s through 0.06
kg/s and solar irradiance levels ranging from 475 W/m? to 1000 W/m2. The proposed collector has an optimal energy efficiency
of 80%, an exergy efficiency of 18.2% at solar irradiance of 1000 W/m? and a mass flow rate of 0.06 kg/s. The minimum and
maximum improvement potentials for solar irradiance levels of 475-1000 W/m? at an ambient temperature of 298 K are 163
237 W. The proposed collector's best findings in the current study are 1.0 m in length and a width of roughly 0.3 m for air mass
flow rates of 0.02-0.06 kg/s.
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Nomenclature

Ac The collector’s area (m?) Re Reynolds number

Asin  The fin’s sectional area (m?) We Width of the collector (m)

Anan  Surface area of nano-enhanced PCM capsules (m?) Wsan  Fan power (W)

CP;  Constant pressure- specific heat of the air (J/kg. K). Vnano  Volume of nano- PCM capsules

Cv Constant volume-specific heat of the air (J/kg. K). Tto Outlet temperature of air (K)
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di Depth of the upper air channel (m)

d2 Depth of the lower air channel(m)

Dn Hydraulic diameter (m)

h Heat transfer coefficient ( W/m2.K)

H:in  Height of the fin (m)

It Incident solar irradiance on the collector (W/m?)
IP Improvement potential (W)

kp Thermal conductivity of absorber plate (W/m.K)
L. Length of the collector (m)

Lsin  Length of the fin (m)

Lnan  Length of Nano-PCM capsule (m)

m Mass flow rate of operating fluid (kg/s)

Mij  Element used in Matrix

n Number of years

Nfin ~ Number of the fins

Number of Nano-PCM capsules

Nu  Nusselt number

Pr Prandtl number

Re Reynolds number

Qrin  Heat transfer rate of fin (W)

Qpem  Heat transfer rate of Nano-PCM capsule (W)
Qu Useful energy gain (W)

T Temperature (K)

Tn Temperature of air in upper duct (K)
Tr Temperature of air in lower duct (K)
Tp Temperature of absorber (K)

Ty Temperature of black plate (K)
Tsi Inlet temperature of air (K)

Constant pressure-specific heat of nano-PCM (J/kg. K).

Up Back plate loss coefficient ( W/m2.K)
Ut Top loss coefficient ( W/m2.K)

Greek Symbols
Absorptivity
Emissivity
Transmittivity
Viscosity (N.s/m?)
Efficiency (%)
Density (kg/m3)
Stefan’s Boltzmann constant (W/m2.K#)
Speed (m/s)

w Wind speed (m/s)

¥ Air speed (m/s)

S S A" N QR

Subscripts

1&2 Upperand lower channel
ambient

back plate
collector
Fluid

Fin

Glass

Inlet

Outlet
absorber plate
Sun

thermo-hydraulic
wind

Sgvoo-@z:roow
= 5

1. Introduction

Solar thermal collectors can create thermal energy by
utilizing the incident of solar irradiance to heat working fluids.
Many of these collectors are categorized based on the
operating fluid (e.g., water or air-based), type of the fluid-
carrying component (e.g., tubes, channels), and even their
flow configurations (e.g., serpentine flow, double-pass flow).
Also can be combined with other energy sources that are
known as solar-assisted systems [1-5]. More research has
utilized nanomaterials for heat transfer applications in the last
decade, including solar collectors. Nanomaterials are
nanosized particles with a diameter ranging from 1-100nm [6-
10]. They exhibit high volume-to-surface ratios, and their size
is minimal, allowing them to show high thermal conductivity.
Moreover, the materials can be engineered to satisfy any
desired properties to fit different applications by simply
changing their compositions [11]. Nanofluids are used as
working fluids for water-based solar collectors because of
their excellent thermophysical properties. Nanofluids are
mixtures of nanomaterials with base fluids. Another material
used in the literature is phase change materials (PCM) [12].
These materials exhibit latent heat properties and can store and
release large amounts of heat through the phase change cycle;
however, PCM has poor thermal conductivity and thus might
offer more resistance to heat flow in solar collectors [13-15].

Therefore, many researchers mix nanoparticles with PCM to
enhance thermal conductivity. The mixtures are called “nano-
PCM” [16-20]. Liu, et al. [21] reviewed the methods for
improving the thermal characteristics of PCM and classified
nanoparticle addition as “zero-dimensional” additives. These
particles included metal and metal oxide nanoparticles as well.
The researchers stated that using nanoparticles, which exhibit
high thermal conductivity, with PCM is useful because,
among other things, of their large specific surface area. [14],
Sarafraz, et al. [22] used a cooling “jacket” or tank, for the
thermal regulation of photovoltaic (PV) modules, by attaching
it to the backside of the PV to enhance its electrical output and
utilize the waste heat as thermal energy. The jacket was
occupied with Multi-Wall Carbon Nanotubes (MWCNT)-
Phase Change Materials (PCM).

The nano-PCM, along with nanofluids, operated within
pipes to extract the heat from the jacket, aided in improving
the collector’s electrical and thermal power generation. The
authors dispersed the nanoparticles within the PCM at 0.3 wt%
to increase its thermal conductivity by 19%. Bondareva and
Sheremet [23] numerically investigated using nano-enhanced
pure n-octadecane poured within a closed copper radiator for
improved thermal performance. The authors reported that the
introduction of modest amounts of the nano-enhancers, Al,O3
nanoparticles, allowed for reducing the heat source's
temperature and effectively enhanced the heat transfer within
the PCM. The PCM can be integrated into thermal collectors
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by (i) directly pouring them into a tank which is connected to
the backplate, (ii) filling the collector’s enclosure with PCM,
(iii) To use PCM capsules, etc. The main challenge for solar
thermal technology is to be economically viable and deliver
higher thermal efficiencies for the end-user; thus, the
researchers tried many modifications to improve and boost the
thermal collector's heat transfer rate and its overall efficiency
[24].

Omojaro & Aldabbagh investigated the performance of a
finned single-pass and a double-pass solar air heater coupled
with a steel wire mesh absorber. The finding indicates a
considerable improvement in thermal efficiency when
comparing the tested collectors with a conventional solar air
heater [25]. The study focused on (i) the effects of combining
a finned absorber plate and nano-enhanced PCM capsules into
a double-pass solar air heater on outlet temperature and overall
efficiency. (ii) the impact of solar irradiance levels [26, 27]
and mass flow rates on the overall performance of the
proposed collector, and (iii) varying the mass flow rates on the
improvement  potential and  exergetic  efficiency.
Theoretically, five equations for the steady-state energy
equilibrium were created and developed for the proposed
collector. the most commonly utilized technique to address the
energy balance equations in the mathematical model involves
matrix inversion method, which is utilized to solve the
equations. To model the proposed collector, the equations of
energy balance were developed using MATLAB and then
numerically simulated. The temperatures of the air collector
components are assessed using a 5x5 matrix, which is
iteratively solved through the "Matrix-inversion technique".
The conditions included solar irradiance levels were varied
from 475 to 1000 W/m?, ambient temperature, and operational
parameters such as the mass flow rates were varied from 0.02
to 0.06 kg/s. To simplify the analysis, some parameters were
considered constant, such as the thermal conductivity across
the fins and absorber. Assumed temperature values were
utilized to assess different heat transfer coefficients and
thermophysical properties. Matrixes [M], [T], and [C] were
generated utilizing the assumed values and [M] was inverted
to predict the mean temperatures of the collector's
components.

2. Description of the System

Figures 1(a) and (b) illustrate two and three-dimensional
drawings of the proposed collector. The glass cover, upper
channel, absorber plate, lower channel, fins, nano-enhanced
PCM capsules, back plate, and insulation are all shown in
Figs. 1(a) and 1(b). The nano-PCM capsules absorb heat as air
travels through the bottom air duct. As shown in the diagram,
the air will enter the upper channel and move towards the
lower channel before returning to the exit. Convection will
absorb the heat from the finned absorber plate, and heat loss
will be avoided by utilizing a glass cover and maintaining a
tight fit. The heat from the absorber will be absorbed by the
fins linked to the rear of the absorber plate via conduction,
allowing more heat to flow into the air. Table 1 lists the
materials used to construct the collector and its dimensions
and specifications. The initial data was collected from the
literature [28, 29] and then optimized as presented in Table 1.

(Longitudinal Section) (Cross Section)
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Fig. 1(a). Novel finned double-pass solar air collector with
nano-enhanced PCM cylindrical capsules (2D drawing)

Glass Cover with adjustable
height to meet requirement of
30-100 mm channel height

Absorber Plate
Fins

Nano-PCM Capsules

Fig. 1(b). Novel finned double-pass solar air collector with
nano-enhanced PCM capsules (3D drawing).

2.1 Nano-Enhanced PCM Cylindrical Capsules

The nano-enhanced PCM capsule design and dimensions
are illustrated in Fig. 2. The PCM used in the current study is
Paraffin Wax which exhibits a high heat capacity; it absorbs
and releases large quantities of energy sources during the
charging and discharging process and at nearly constant
temperatures [30]. Paraffin wax is a commonly used as phase
change material due to its high heat capacity, relatively low
cost, and compatibility with many construction materials.
However, there are other PCMs available that may have
advantages in certain applications [31-34]. One alternative
PCM that has gained popularity in recent years is hydrated
salts, such as calcium chloride hexahydrate and sodium sulfate
decahydrate. These materials have a higher heat of fusion
compared to paraffin wax, meaning they can store more
energy per unit mass. However, they are typically more
expensive and have a lower thermal conductivity than paraffin
wax, which can result in slower charging and discharging
times [32]. Another PCM option is fatty acids, such as stearic
acid or palmitic acid. These materials have a higher melting
point than paraffin wax, which can be advantageous in high-
temperature applications. However, they have a lower heat of
fusion and are more expensive than paraffin wax [35]. Overall,
the paraffin wax allows for performance optimization by
supplying thermal energy during cloudy times or at night and
is useful for applications requiring thermal energy. The
parameters of the tested paraffin wax are demonstrated in
Table 2 [36].
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Table 1. Specifications of proposed collector’s components

Component Materials Parameter Value Unit
Top glass Glass Thickness 5 mm
Height Adjustable mm
Upper air channel - Length 1 m
Width 0.292 m
Absorber plate Aluminum Thickness 3 mm
Height 10 cm
Lower air channel - Length 1 m
Width 0.3 m
Fins Aluminum Number 23 -
Height 30 mm
Length 10 cm
Width 3 mm
Nano-PCM capsules Stainless Steel Number 23 -
Length 29.2 cm
Diameter 4.2 cm
Thickness 2 mm
Backplate Stainless Steel Thickness 2 mm
Insulations Rock wool Thickness 25 cm

End cylinder weld
plate tickness 2mm

Hole for socket threat
insert

End cylinder weld

Pipe diameter 42mm

plate tickness 2mm

Fig. 2. The nano-enhanced PCM capsule of the collector

Fig. 3. SEM image of the Silicon Carbide (SiC)

Silicon carbide (SiC) was used as a nanoparticle in the
studied collector. The incorporation of nanoparticles into the
PCM led to an increase in its thermal conductivity [37]. Fig.

Table 3. Specification of the used nanoparticle (SiC)

3 shows the Scanning Electron Microscopy (SEM) image Item Unit Specification
taken for the nanoparticle of (SiC) and Table 3 shows the
specification of the used nanoparticle (SiC). Manufacturer | - US Research Nanomaterial, Inc.
Appearance - Greyish white powder
Table. 2. The thermophysical properties of (Paraffin wax) PH value - 3-7at20°C
Material Properties Unit Range g:‘::l ti/lze Eg}m3 g22%5 nm
Melting point °C 45 Thermal W/m.K | 370-490
Latent heat kJ/kg 195 conductivity
Thermal conductivity W/m.°C 0.21 Melting point °C 2730
Liquid state density Kg/m? 831 Molar point g/mole | 40.1
Liquid state-specific heat kJ/kg.°C 2.1 Zeta potential | mV 27.8
Solid state density Kg/m? 930 Loss on drying | % < 0.21
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2.2 Staggered Rectangular Fins

The primary purpose of using fins is to enhance the area of
heat transfer, which will ultimately result in an improvement
in the heater's overall efficiency [38-40]. Because of this, the
implications of fin height, number, and arrangement on
performance were theoretically investigated using prepared
mathematical model. Fig. 4 shows the design and
configuration of the fins with its optimized nominals.

Aluminium Full Weld

Aluminium Full Weld

Fig. 4. Configuration of fins on the lower channel with
height 30 mm and length 100 mm each.

3. Thermal Analysis

The proposed collector's steady-state balance equations are
presented. The heat transfer coefficients, dimensions, and
other parameters included in the mathematical model are
shown in Fig. 5. Eg. (1) shows the mean air temperatures of
the proposed solar collector:

Tr = (Tgo + Tri) /2 1)

Where the temperatures of inlet and outlet fluid are denoted
using T; and Ty, respectively.

a, 1,7

Glass Cover C — - \\ ]

“old Air h, !
Cold Air - 2 hy hepg - dy =30 mm

Absorber Plate 9 — 3

! ~
s \ > Uiy
Hot Al _ v 3 ] ___h;_ \

d; =100 mm

S

Nano-PCM

Black Plate

L.=10m 1

Usack

Fig.5. Schematic illustration of heat transfer coefficients for
the proposed collector

The one-dimensional and steady-state balance equations of the
glass cover, upper air channel, absorber plate, lower air
channel, and back plate are as follows:

The thermal balance equation of the glass cover is written in
Eg. (2).

U (Ty—Ta) +hy (Tg— Ter) = hypg (Tp — Tg) + g Iy (2)
U, h, @ and It represent the top loss coefficient, heat transfer
coefficient, absorptivity, and solar irradiance respectively.
While, small letters g, a, f1 and p denote glass, ambient, fluid
first air channel and absorber plate, respectively
The upper air channel's thermal balance is shown in Eq. (3):

a1 = hy (Ty = Tr1) + hy (T, = Tr1) ©)

Eq. (4) shows the thermal energy balance for the absorber
plate:

hrpg (Tp - Tg) + h, (Tp - Tfl)
+ hypp (Tp = Tp)
Npin
+hs (T, — Tpz) + A—Qﬁn
c

= ay 14l

4)

T4, Nrin and Qy;y, represent the transmissivity of the glass
cover, the number of fins and the heat transfer rate of the fin
respectively. Eq. (5) shows the thermal energy balance for
the lower air channel:

Ny (5)
G2 = hy (T, = Tp2) + hs (Ty = Tpz) +— Qpin
c
Ny
+ Aano QNano

The thermal energy balance for the backplate, as in Eq. (6),
and the heat rates energy of the air along with the collector
are shown in Egs. (7) and (8):

hepy (Tp = Tp) = hs (Ty = Ty2) + Up (T — T (6)

Nano

+ A QNano

c
hypbs Nyano @nd Quan, denote the radiative coefficient from
absorber plate to back plate, the number of nano-PCM
capsules and the heat transfer rate of the nano-PCM capsules
respectively.

and
a1 =2m CP(Tpy — Tpi) | We L (7
4z =2 CPe(Tp, — 2Tpy+Ts) | W, L ®)

CPy, m, W, and L. represent Constant pressure- specific heat
of the air, mass flow rate of working fluid, Width of the
collector and Length of the collector respectively.

Eg. (9) is used to determine the energy of convection heat
transfer in nano-phase change materials [41-43] :

X CPNano (9)
(TNano - sz)
At

CPrnano s Prano » VNano @nd Tyano denote constant pressure-
specific heat of nano-PCM, density of nano-PCM, volume of
nano-PCM capsule and Temperature of nano-PCM capsule
respectively. The calculation of the heat transfer through the
conduction rate of fins, Egs. (10) and (11) are used [29, 44]:

1/2
Qpin = [2 ha kpAginLyin] ™~ (T (10)
— Tf,) tanh KHgy,

Qnano = Pnano

X VN ano

129



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

J. Assadeg et al,, Vol.13, No.1, March 2023

o (2 h, Lﬂn)l/z
kpAfin

The Equations (2) to (11) above are represented in a pentagonal
matrix from thermal balance equations as shown in Eq.(12):

[My] [T;] = [B] (12)
In all the heat balance Egs. (13) to (27), M;; represent the
temperature factors from My, to Mss while C; are constants
C1to Cs as follows:

(11)

CL=UrTy+ay,lr (13)
_ [—2 m cpf] (14)
2= VVC Lc i
C3=ay 14l (15)
Cy=—0; (16)
Cs=Up Ty a7
M11 = h1 + hrpg + Ut (18)
21 CPy
M22=_[h1+h2+( )]
We L¢ (19)
M33
=Ry + hs + hrpg+hepy
Ng; 1/2
+ AL:;n [2 h4 kpAfianin] tanh KHﬁn (20)
M3, N
= - [hs + % [2 hy kpAfianin]l/z tanh K Hfin] (21)
c
4 CPy
42 VVC Lc (22)
My = —M3, (23)
My,
=~ {hy + by 4 2T
= 3 5 W, L,
N¢; 1
+ " [2 by kpAginLyin]? tanh KHg,
c
N
- Il\ilano [pNano X CPNano X VNano X 1/3600] (24)
c
_ NNano
M4—5 - hS + A [pNano X CPNano X VNano
c
1
X
/3600] (25)
Msy = Mys (26)
Mss = —[hs + hyppp + U]
I;/lano [pNano X CPNano
c
27
X Vano X 1/3600] @7)
(26)

M, h, —h, O 0 T, ] [C]
h, M, h, 0 0 T C,
- hrpg - hz M 33 M 36~ hpp Tp = (@2
0 M, M,; M, Mg |T, C,
0 0 hy My Mg | T | |G

Eg. (29) is employed to evaluate the useful energy gain and
Eg. (30) is presented thermal efficiency of the proposed
collector [45-47]:
Qu =1ty CPr(Tpo — Tri) (29)
__ Qu (30)
Men =1 %A,
mhy is mass air flow rate, CP; is the specific heat of the air,
A, is of the collector area, which is equal to W, x L. and
I stated as incident solar irradiance on the collector. The
physical properties of operating fluid were assumed by Ong
[29, 48-50]
The air-specific heat:

CP; = 1005.7 + 0.000066 (T — 300) (31)
The air density:

pr = 1.1774 — 0.00359 (T — 300) (32)
The air thermal conductivity:

ks =0.02624 + 0.0000758 (T — 300) (33)
The air viscosity:

tr = [1.983 4 0.00184(T — 300)] X 107° (34)

The heat transfer coefficients are calculated as in Equation 34
[49]:
h, =57+3.09,

h,, is convection heat transfer coefficient due to wind and
V,, (wind velocity). The radiative heat transfer coefficient

between glass and sky as Eq. (36):
_ 08y (Ty + Toiy ) (T3 + Ty ) (Ty — Toky)

rgs — T —T

g a

(36)
T, is called ambient temperature and Ty, is known as sky
temperature is calculated from the following formula in Eg.
(37) [29, 48]:

Tsky = 0.0552 T (37)
The radiative heat transfer coefficients (h,pg), (hyppem) and
(hrpg) can be calculated from general formula between two
parallel surfaces as shown in Eq. (38) :

o (T3 +T7) (T, +Ty) (38)
hr12 = 1 1
& &

Eqg. (39) is used to calculate the top loss coefficient U, [49] :

1 (39)
UVe=\+n
w Tgs

The convective heat coefficients are calculated by using
Equation 39:
k (40)
hi23456 = D. Nu
h
The Nusselt Number for the laminar flow region (R, < 2300)
[48,51]:
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0.00190Re Pr (IZ_:)]L” @)

1+0.00563 [Re Pr (ﬂ)]l'17

L¢
The Nusselt Number for  the transition flow region
(2300 < R, < 6000) [48, 51]:
2

N, =54+

=4 1
N, = 0.116 (Rg - 125) Pr3 [1 (42)

N (ﬁ>2/3l (i)o.m
L¢ Hw
The Nusselt Number for the turbulent flow region (R, >
6000) [48, 51] :
N, = 0.018 R2® Pro4
(43)

Dy, is the hydraulic diameter of the ducts and Pr is Prandtl's
Number of working fluids and R, is the Reynolds number
calculated from the following equations [29, 51]

r_2rPrDn
9, ="
D = 4W, d
PT2W+d) (46)

4. Thermo-hydraulic Analysis

The efficiency of thermo-hydraulic (n,;) of the proposed
collector [52, 53]:
_ (Qu - Wfan) (47)
Nen = 7IT XA,
Q is useful energy gain and W, (the amount of fan power
necessary to force the operating fluid throughout the
collector). The fan power is calculated as:

P
Wi = — 12 (48)
nfan X Nmotor

Nran (Efficiency of fan) and 1,0, (efficiency of motor) =

0.9 and the pumping power can be defined:

P, = ;
f
. 2
AP:(&) l (L_C>3f (50)
Aap Pr Dy

Agyp is the air passage area of the air (L, x d ) and f (friction
factor for Reynolds numbers) are determined from equations
[54-56]:
For Re < 2550
24 d (51)
f = +09 <L_c)

For 2550 < Re < 10*%

d
f = 0.0094 + 2.92 Re~015 (L—>
c

(52)

For 10* < Re < 10°

d
f = 0.059Re %2 + 0.73 (L_> 53)
C
The total pressure drops (AP) for the double-pass solar air

collector can be calculated using Eq. (53):
AP = AP p; + APy, (54)

The exergy efficiency (n.,) and improvement potential and
(IP) of the proposed collector can be obtained from Egs. (55)
and (56) based on Gool [57]:

Exg (55)
Nex =1 — =

Exi
IP = (1—-1,) Ex, (56)

Where Ex; is Exergy input of solar irradiance and Ex, is
Exergy destruction.

5. Results and Observations

The performance of the proposed collector is assessed
utilizing various mass flow rates and solar irradiance values.
The collector's thermal and hydraulic efficiency has been
evaluated, as shown in Fig. 6. The thermal efficiency is just
0.9% more than the hydraulic efficiency. Since the hydraulic
efficiency accounts for the power loss in the fan, it will always
be lower than the thermal efficiency. The lower the hydraulic
efficiency, the more power is required for a fan to move a mass
of air at a certain pace.

85%

80%

y (%)

75%

Efficienc

70% | g Thermal efficiency

=—@— Thermal-hydraulic efficiency

65%

0.02 0.03 0.04 0.05 0.06
Mass flow rates (kg/s)

Fig. 6. Thermal and Thermal-hydraulic efficiencies of the
proposed collector versus air mass flow rates for
[:=1000W/m2

Most of the research focuses solely on achieving the highest
possible thermal efficiency without accounting for power
losses caused by fans, blowers, and pumps. When power
losses are considered, an air mass flow of 0.03kg/s produces
the greatest results, with a 75% efficiency. If solar irradiation
and mass flowrate efficiency are the primary considerations,
running the collector at 0.06kg/s results in maximum thermal
efficiency of 80%. At 0.06 kg/s, the thermal efficiency is
approximately 22.3% more than the thermal-hydraulic
efficiency. At a total solar irradiation of 1000W/m?, Fig. 7
shows both outlet temperature and exergy efficiency versus
different air flow rates from 0.02 through 0.06 kg/s. With the
addition of the mass flow rate of air, the temperature of the
output air will decrease. The air moves faster via the channels,
allowing for a shorter heating time. However, because more
of it goes through, the temperature decline in the output air is
neither linear nor continuous. The temperature drops more
quickly initially, between 0.02kg/s and 0.03kg/s, a loss of
1.16%. When the mass flow rate rises to 0.04 kg/s, the
temperature drops by 0.59%, and at 0.05 kg/s, the temperature
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drops by 0.36%. The highest exergy efficiency is recorded at
0.02kg/s; then, as the air mass flow rate increases, the
efficiency decreases, which is also due to energy losses.
Unlike thermal efficiency, the peak exergy efficiency is only
22.7%. It is noteworthy that thermal energy is low-grade
energy because heat rapidly dissipates.

30% 310
0,
< 29% 308
S <
é‘ 20% e
2 306 &
= [<5]
£ 15% 2
) [<5)
S 304 2
% 10% =
(@)
. 302
5% | -—#— Exergy efficiency
—— Outlet temperature
0% 300
0.02 0.03 0.04 0.05 0.06

Mass flow rates (kg/sec)
Fig. 7. The efficiency of exergy and temperature at the
proposed collector outlet versus air mass flow rates of
I7=1000W/m?

The lowest exergy efficiency is 7.9% at the mass flux is
0.06 kg/s. The drop-in exergy efficiency increases with the
increase in mass flow rate, as it begins with a drop of 5.7%
when varying the mass flow rate from 0.02kg/s to 0.03 kg/s.
Then increasing the mass flow rate to 0.04 kg/s leads to a drop
in exergy efficiency of 11.2%. At 0.05 kg/s, the exergetic
efficiency decreases by 23.1%. Finally, when increasing mass
flux from 0.05 to 0.06 kg/s, exergetic efficiency drops by
45.8%. This is also because heat is low-grade energy, and the
increased mass flow rate requires increased fan power. Fig. 8
showcases the extent to which the fan power increases with
respect to how much useful heat the collector produces at an
incident solar irradiance of 1000 W/m2. Minimal change is
observed in useful heat gain with the increments in mass flow
rate, where the heat produced is 225.9 W at 0.02 kg/s, and it
reaches 231.5 W at 0.03 kg/ s a 2.47% increase. At 0.04 kg/s,
the increase reaches 2.59%. The increase in heat production
will continue to drop in its amount as the mass flow rate
increases until it stabilizes at a certain range. Nonetheless, the
drop in the increased production of the thermal-hydraulic and
exergetic efficiencies showcases that improving the thermal
performance by simply increasing the mass flow rate is not a
viable solution.

The exergetic efficiency of the studied collector is only
maximized if the exergy losses are minimized. Therefore, the
concept of Improvement Potential (IP) is used to analyze this
process of solar air heating. Fig. 8 shows the improvement
potential of the proposed collector as the mass flow rate is
varied from 0.02 to 0.06 kg/s and for incident solar irradiance
values of 475, 675, 875, and 1000 W/m2. The highest IP is
around 237.4 W, which occurs if the collector receives 1000
W/m? of solar irradiance. The graph depicts how increased

sun irradiance increases improvement potential by allowing
more energy into the system, as shown in Fig. 9.

400

s Useful heat production (Watts)

350
= @ = Fan Power (Watts)

300
250

150
100
50

0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06
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Fig. 8. Useful heat gain and power of fan of the studied
collector versus air mass flow rates of 1;=1000W/m?,
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Mass flow rates (kg/s)

Fig. 9. The proposed collector's improvement potential
versus mass flow rates at different solar irradiance levels

6. Conclusion

This research paper presented a numerical analysis of a
proposed collector's performance by developing a steady-state
energy balance model to represent the collector design and
account for the collector's components. The main features of
this collector are the use of rectangular longitudinal fins in a
zigzag pattern and the nano-phase change materials (nano-
PCM) stored within capsules. Different mass flow rates,
ranging from 0.02 to 0.06kg/s, were used to view the changes
in the collector’s performance. The thermal, thermo-
hydraulic, and exergy efficiencies were analyzed, as were the
outlet air-fluid temperature and improvement potential. The
following are the study's main findings:

e Increasing the mass flux of air from 0.02 to 0.06 kg/s led
to an increase in the thermal efficiency of the proposed
collector from 75.3 to 80%, respectively, at an incident
solar irradiance level of 1000 W/m2,
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When the mass flux increases from 0.02 to 0.06 kg/s, the
thermo-hydraulic efficiency falls from 74.6 to 65.7%.

The peak thermal efficiency is 80%, achieved when the
studied collector is subjected to 1000W/m? and operates at
a mass flow rate of 0.06 kg/s.
hydraulic efficiency is 75%, which is achieved for the
same solar irradiance (1000 W/m?) but at a mass flow rate
of 0.03 kg/s

The outlet air temperature drops with the increase in the
mass flow rate. The temperature peaks at 309.2 K when
the mass flow rate is 0.02 kg/s, and it reaches its lowest
point, which is 302 K when mass flux of the air is 0.06
kg/s.

The peak exergetic efficiency is 22.7% when the mass
flow rate, solar irradiance, and ambient temperature are
around 0.02 kg/s, 1000 W/m? and 298.16 K. The
improvement potential is at its highest, around 237.4 W,
when the solar irradiance is 1000 W/m? at the mass flux of
the air is 0.06 kg/s.

While peak thermo-

In addition, for further improvement some parameters such as
air humidity effect on the collector was neglected in this study.
So, if it would be considered in future work, the results will be
more reliable and similar to the real physical processes in the
system.
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