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Abstract

The use of low-temperature solar thermal energy is of vital importance to households both in temperate zones for heating and in
Sahelian zones for domestic hot water. This study focuses on the thermal analysis and simulation of an uncovered flat plate
collector with parallel tubes using water as the heat transfer fluid. It is based on the analysis of the thermal performance and the
careful selection of each component of the system, namely the coating, the absorber, and the insulator, to obtain optimal
operation of the solar collector. The equations are presented in such a way that they can be easily solved by programming in the
structured language MATLAB. The Newton-Raphson method was used to determine the temperature of the absorber wall after
obtaining a nonlinear equation. Unlike stainless steel and Aluminum, the copper absorber does not store enough energy in itself,
but transmits most of the energy flow to the heat transfer fluid, resulting in outlet temperatures of 82.62°C from a 2m tube,
making copper the most suitable material for an absorber. TINOX and black chrome are better quality coatings, with a tube outlet
temperature of 82.9°C, while that of the selective black plate is 80.12°C. The study also involved a comparative analysis of the
thermal system with four types of insulation at the tube outlet. The water temperature ranged from 81.56°C to 82.32°C with
insulation, meanwhile it was 73.37°C without insulation. As the fluid inlet temperature approaches ambient temperature,
collector efficiency increases until it attains a maximum value of 62%.
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1. Introduction

One of the most pressing global challenges today is to  approaches based on scientific research [1-6]. In a context of
promote sustainable environmental policies and low-carbon  fossil fuel depletion and renewable energy growth [7, 8],
economies in emerging and developed countries. This in-  households and energy-consuming industries are turning to
volves improving the performance of previously ener-  modular solar technologies for decentralized energy produc-
gy-intensive systems while proposing new technological  tion [9]. Energy plays an essential role in the functioning of
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our modern societies, supporting all human activities [10].
The thermal use of solar energy to produce heat from sunlight
is one of the oldest energy conversion methods. This tech-
nology has been known and sometimes even used unknow-
ingly since time immemorial. It has been rediscovered and
reused in the last 45 years. Today, it is ready for application,
but after this short period of growth, there is great potential for
development in this field, especially in solar collectors [11].
The solar thermal collector is the main component in any solar
thermal application. It absorbs incoming solar radiation,
converts it into heat, and transfers the heat to a working fluid
(usually air, water, or oil) flowing through it [12-16]. A solar
collector is a special type of heat exchanger that converts solar
radiation into heat. Without optical concentration, the flux of
incident radiation is at best around 1100 W/m? and is variable.
Different types of solar collectors are available, such as
evacuated tube solar collectors, flat plate solar collectors, and
parabolic trough solar collectors [17]. Flat-plate solar col-
lectors can be designed for applications where energy is re-
quired at moderate temperatures, up to 100<C above ambient.
They both use direct and diffuse solar radiation, do not require
tracking of the sun, and require little maintenance. The main
applications of these devices are solar water heating, space
heating, air conditioning, and industrial process heating [18,
19]. Several researchers have worked on the design and de-
velopment of flat plate collectors [11, 20]. Matrawy and
Farkas studied the important role of the collector configura-
tion and its thermal performance [21]. The parallel tube col-
lector design is one of the most commonly used configura-
tions, in which tubes (risers) are integrated with the absorber
plate and form an integral part of the plate structure [22].
Hashim describes the performance of solar water heating for
flat plate collectors [23]. Azimy et al. increase the heat
transfer surface of the collector pipe in contact with the ab-
sorber plate at the flat-plate solar collector by designing the
pipe in a zigzag shape instead of conventional straight pipe
[24] Another study has been carried out to analyze the col-
lector efficiency of the solar water heater with a rectangular
tube configuration and recycle operation. Amar et al. inves-
tigate the effects of novel green covalently functionalized
gallic acid-treated multiwall carbon nanotube water nanofluid
on the performance of flat plate solar collectors [25].

This study focuses on the flat-plate solar water collector
with parallel tubes and no cover. The working principle is as
follows: sunlight passes through the air to the absorber, which
converts the solar energy into heat and transfers the heat to the
heat transfer fluid, completing the solar thermal conversion
process. During the heat transfer process, the collector will
lose some of its heat through conduction, convection, and
radiation. So, how can these losses be minimized to optimize
collector operation? This study analyses the thermal perfor-
mance of an uncovered solar water collector with parallel
tubes in the center of the plate and shows the role of param-
eters such as coating, collector material, and insulation in
achieving optimal operation of the solar collector.
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2. Materials and Methods

As illustrated in Figure 1, the schematization of convective
flows in an uncovered solar collector is presented.

Airat T,
hiing
7 Plate at Tpm
Fluid at T¢
>

Figure 1. Schematization of convective flows in an uncovered solar
collector.

Heat losses on the top and bottom of the absorber plate are
defined by:
Heat losses on the top: ¢’

‘PT = (hwind + hr,a—p)(Tp - Ta)S (W) (1)
Heat losses on the bottom: ¢,
Tp—Ta
o= g —=—S W) )
i hwind

Total heat losses ¢, are obtained (1) and (2), according to
the equations.

pe=¢"+o,= hp (T,—T,)S (W) 3)

1
hp = hying + hra—p + 7 P! (W.m2.°C™

i hwind

“)

g

hp represents the total heat loss coefficient.

Where

(1) hyina: Represents the convection heat-transfer coeffi-
cient between the absorbing plate and the air;

(2) hyq—p: Represents the radiative heat transfer coefficient
between the plate and the air.

The calculation of h,,;,q and h,,_, is performed using

the correlations (5) and (6):
Convection on the flat face: air

_ 0.25
132 (=) if 10* < Gr,.Pr, and
Roping = | Gr,. Pr, 1< 10°

T—T,
L

1.52( )5 else

(%)
where,

(1) Gr, and Pr,: Successively represent the number of
Grashof and the Prandtl number of air;
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(2) T and Ta: Successively represent the plate temperature
and the air temperature;
(3) L: represents the length of the plate.

hypa= 0e(T?>+T)(T +T,) 6)

The exchange between the tube and the heat transfer fluid is
defined by the exchange coefficient h; whose calculation is
done by the following correlation, knowing that in the case of
tubes, the heat transfer fluid used is generally water [26].

B =2 ™

D;

With

(0.023Re,*®.Pr,°® if Re,>5000 and
Nu = i 0.6 < Pr, < 100

@y :Useful energy gain

®)

1.86. (Re,. Pre)%. (%)% . (ﬁ)O'H else

2.1. Useful Energy Transferred to the Fluid

Initially, the temperature profile of the absorber plate in the
Oy direction, perpendicular to the Ox direction of the fluid
flow (as illustrated in Figure 2), will be determined.

Tube & température
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5 i _
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Figure 2. Equivalent electrical diagram of heat transfers in a flat-plate solar collector with parallel tubes in terms of radiation, convection and

conduction resistances [23].

The general temperature distribution on an absorber plate
(fin) in the (Oy) direction is illustrated in Figure 3.

T
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Figure 3. Temperature distribution on an absorber plate.

The heat balance of the piece of plate of unit length be-
tween y and y + dy (Figure 3) is written (Eq. 9):

(1, -1, - 22) = 7 ©)

Apep dy

where ‘e’ represents the thickness of the plate.

The boundary conditions for the absorbing plate are pre-

sented in the following form
d(Tp-T,-45%)

y=0, P2 =0 andy = ZDE,TP=Tt where T,

ay

is the heat transfer temperature.

The general solutions of (Eq.9) is the distribution func-
tion of fluid temperature across the tube can be given by the
equation (10):

Tp(¥)—Ta— ff)sa _ cosh(wy) (10)

Tt T wonlo22)]

The fin efficiency is defined by (Eq. 11):
p = onlo(9) -

o

The tube region also gains a heat flux directly absorbed on
its apparent width D, assumed at a uniform temperature of
T,. The energy gain for this region is (Eq. 12):

do_: = D,. [¢sa - hp (Tt - Ta)] (12)

The total useful energy gained by a tube per unit length in

the direction (Ox) of fluid flow is written by (Eq 13):
do, =1F|¢psq —hy(Tf —T,)] W.m™1) (13)
where the collector efficiency factor F’ is given as (Eqg.

14)

101


http://www.sciencepg.com/journal/ijsge

International Journal of Sustainable and Green Energy

http://www.sciencepg.com/journal/ijsge

1
F’ i

(14)

1 1 ' 1 L€t
[De+F(I-D¢e)] ' hymD; ' A;mD;

2.2. Temperature Distribution in Flow Direction
(Ox)

Consider a tube of length L among the n tubes of the col-
lector, the fluid enters the tube at temperature Ty, and in-
creases in temperature until at the exit it is Tys. According to
the above, each tube gains a useful flux of d¢, per unit
length in the Ox direction of fluid flow. The expression of the
energy balance for a fluid flowing through a single tube of
length dy is given by equation (Eg. 15):

2ol = dpdx = IF[§yq — hy(Ty —To)]dx  (15)

Where,

e (kg.s™1) is the total collector flow rate and n is the
number of parallel tubes; Cr is the Fluid specific heat
0. kg Lk™1).

Assuming F' and hp are position independent, the solution
for the fluid temperature at any position x is (eg. 16):

RN

If the collector has a length L in the flow direction, then
the fluid outlet temperature Tfs is found by substituting L for
X in Eq. 16. The quantity nIL=S is the collector area:

Tf(x)—Ta—%

!
_ niF hy

(16)

myCy

$sa
Trs—Tq—5— !
fs™ia™p SF'h
T = exp (- 5) (17)
Tfe_Ta—hP mygty

The average fluid temperature in the absorber can also be
obtained from Eq. 18:

— - ¢ myCr

Tinoy =1 Jy Tr0dx =Tyt §et 4 C0E (Tre = Ta—
Psa) |1 _SF'hy

o ) [1 exp ( mfcf)] (18)

2.3. Useful Energy Gain

The useful energy gained by the collector area (S) can be
calculated by Eq. 19:

Pu = nfoL doydx = SFR[¢sa - hp(Tfe - Ta)] (19)

Where Fg, the collector heat removal factor can be ex-

pressed as (Eq. 20)
[-ew(=352)]

msCy

1mpC
Fp = S
S hy

(20)
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The overall efficiency of the sensor is finally written as:
The overall collector efficiency is finally written as (Eq.
21):

hy(T fe—Ta)]
G(*i.y)

n=Fg|no— (21)

N, IS the optical efficiency.

The equivalent electrical diagram of the different heat
transfers is shown in Figure 4.

The heat balance at the node level is written

_ Tp-Tq |, Tp—Ta

Pu
Pop = L0 4 Ty 2 22)
With, Rl = R4 = ﬁ, Rz = ;'_Z,Rg = hri_a
Tq
R Rs | [ R
T _
Ps—p Pu
Rz
- L.
R

<

a

Figure 4. Equivalent electrical diagram of heat transfers in a
flat-plate solar collector with parallel tubes and no cover in terms of
conduction, convection, and radiation resistances.

This leads to a nonlinear equation (Eg. 23) whose unknown
isTp

Tp*-eaTa*

Ps—
(Tp)=252(Tp = Ta) (uwina + 00 50

)+

+ hwind +

Tp-Ta
T [e+FR|®Psa— |5

hwing 2

1

1

hwind

A

Tp*-eaTa*

oa
p Tp-Ta

> (Tfe — Ta)]—O (23)

To determine this temperature, Newton-Raphson's method
of solving will be used.
The algorithm of this method is defined by (Eq. 24):

T, (k) = Tp(k — 1) = f(T,(k — 1))/ (9f (T, (k — 1))/
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aT,)(24)

where k is the number of iterations. This iteration is per-
formed once an initial value is given to T, (1). The iteration
will stop when two consecutive values of temperature satisfy
the following condition: |T,,(k) — T,(k — 1)| < ¢

where ¢ is the tolerance. The derivative of the characteristic
function f (T;,) with respect to the temperature T,, is given by
relation (25):

3f (Tp(k-1))
ar,

FRcap(

1

= hyina +40.a,T,°(k — 1) + ———= —
hwind x

3Tp4(k—1)+8aTa4—4Tan4(k_1)) (Tfe —Ta) (25)

(Tp(k-1)-Ta)?

MATLAB software is used to implement this resolution.

Determining the collector parameters (fin temperature, heat
transfer fluid temperature, useful energy gain, etc.) requires
first determining the collector overall loss coefficient (hp).
This value depends on the average absorber temperature (T,,,)
because the temperature on the collector surface is not uni-
form (Figure 3). It is necessary to arbitrarily set the values of
T,, (collector plate temperature at the initial point) and Tt (fin
temperature at the point of transfer with the tubes) such that T,
is only a few degrees higher than T because the fins are small.
The average collector plate temperature is determined by the

following equation 26:

_ Tpot+Tt

T .

(26)

Similarly, the convection coefficient in the tubes also varies
with the water temperature (T,). Therefore, it is necessary to
arbitrarily determine the average water temperature in the
tubes based on the inlet temperature T, and the outlet tem-
perature T,(Eq.27).

_ TretTys
T, = 2L

@27

The fluid outlet temperature will be at Tz = 80 °C. Hence,

T = Tfe+80
€ 2

2.4. Absorber

The main role of an absorber is to capture solar radiation
and convert it into heat energy. It is generally painted black to
absorb all radiation in the visible and ultraviolet spectrum, and
a small proportion in the infrared. The absorber is chosen for
its good absorption coefficient, thermal conductivity, and
corrosion resistance.

The absorbers in Table 1 were selected for this study:

Table 1. Properties of the absorbers used [26].

Matérial p (Kg.m™3)

Copper 8954 386
Aluminium 2707 204
Stainless steel 7833 14

2.5. Heat Transfer Fluids

To evacuate the heat stored by the absorbent sheet, either
water or air is generally used as a heat transfer fluid.
In this study, water will be used as a heat transfer fluid.

2.6. Insulation

A collector must be well thermally insulated, and this with
an appropriate material. These must have a very low thermal
conductivity to minimize thermal losses by conduction
through the faces of the collector. Mineral wools, syn-
thetic materials (glass wool, expanded foams, polyure-
thane, or polystyrene) are generally the insulating mate-
rials used.

103

A (w.m~L.°Cc1)

C, J.kg.°c™t)

383
896
465

Table 2 summarizes the properties of the most commonly
used insulators.

Table 2. Matériaux isolants et leurs propriétés [26].

Isulator Thermal Maximum Tem-
Conductivity perature

Glass wool 0.041 150

Rockwool 0.05 150

Polyurethane 0.027 110

Polystyrene 0.039 85

Expanded cork 0.042 110
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2.7. Surface Coating

Since absorbers are made of metal: copper, aluminum, or
stainless steel, and since metal surfaces tend to reflect light,
absorbers must be coated with a coating also called an-
ti-reflection coating that strongly absorbs the wavelengths of
solar radiation to produce maximum heat for heating. The
major characteristics of coating are absorber plate a and
absorber plate emissivity ¢.

At the beginning of the technology, especially developed
black solar paints were used, then selective coatings that
reduced thermal losses.

Modern coatings used are: Nickel/Black Chrome, black
crystal, PVD (Physical Vapor Deposition), PECVD (Plasma
Enhanced Chemical VVapor Deposit).

The objective is to determine the coating that offers the best

optical efficiency and the best heat transfer fluid temperature.
The Optical efficiency is given by:

Ty*QAyre*G*
G

(28)

n0= ZTU*aTe

Where, t,, Glass transmission coefficient.

a,. The absorber plate absorptivity.

The system does not possess a glass cover (z,, = 1), and
thus the following equation is applicable;

T’O = aTE (29)

3. Results

Simulation parameters are summarized in Table 3.

Table 3. Simulation parameters.

Parameters

Irradiance

Plate temperature Tio
Length of a segment L
Distance between the tube 1
Number of tubes n
Absorber plate thickness e,
Tube outside diameter D,
Tube inside diameter D;
Fluid mass flow rate m
Fluid specific heat C,

Insulation thickness

3.1. Influence of the Coating

The anti-reflective coating is a significant component of the
collector. In essence, it quantifies the extent of solar energy
absorbed by the system. The selection was made for three
commonly used coatings: selective black plate, black chrome,
and TINOX. The central question guiding this study is to
ascertain which of these coatings offers the optimal optical
performance and the highest heat transfer fluid temperature.

Figure 5 shows the impact of the nature of the coating on
the temperature of the heat transfer fluid in its flow direction

Value/unit

1000 W.m?
100 C

2m

15 cm

14

1 mm

11 mm

10 mm
0.014 kg/s
4180 W/m?C

4 cm

through a tube. It is evident that the heat transfer fluid exhibits
varying temperatures, contingent upon the nature of the
coating in question. At the outlet of the tube and with a
TINOX or black chrome coating, the heat transfer fluid tem-
perature is 82.9<C; when using a selective black plate, the
temperature is 80.12<C; finally, when there is no selective
coating (bare copper), the temperature is 43.93<C. This result
is justified when calculating the optical efficiency of these
different coatings (Table 4): the coating with the highest op-
tical efficiency is the one that increases the fraction of solar
energy absorbed the most.
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Figure 5. Influence of the coating on the temperature profile of the fluid in the flow direction (0x).

Choosing a coating with high selectivity is also important,
meaning the fraction of absorbed radiation should be signifi-
cantly higher than the fraction emitted by infrared radiation. TINOX 95
This would ensure a maximum temperature at the fins.

Coating Optical efficiency (%) (Eq. 35)

It has been established that, contingent upon the nature of

Table 4. Optical j . . . L
able 4. Optical fficiency the coating (Figure 6), black chrome and TINOX facilitate a

Coating Optical efficiency (%) (Eq. 35) greater transmission of energy to the heat transfer fluid
compared to a selective black plate.
Copper without coating) 5 The best coatings are therefore TINOX and black chrome.
The choice of one or the other depends on the manufacturing
Selective black plate 92 process and economic constraints.
Black Chrome 95
3500 -

—--Copper

----- Selective black plate
—Black Chrome

= -TINOX

u

Useful energy gain ¢ (W)

30 35 40 45 50 55 60 65 70 75 80
Fluid inlet temperature Tfe (°C)

Figure 6. Influence of the coating on the useful energy gain as a function of the heat transfer fluid inlet temperature.

the sizing of a collector. The absence of glass necessitates the

3.2. Influence of the Nature of the Absorber selection of a material with both good thermal conductivity
Plate anc_j diffusivity._ Indeed, the abso_rber must be capable of
swiftly transferring the energy received to the tubes. The most

The selection of the absorber constitutes a pivotal phase in ~ commonly used materials are copper, stainless steel and
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aluminum. Iron is not utilized due to its propensity for oxida-
tion.

Figure 7 describes the temperature distribution of the ab-
sorber plate between two consecutive tubes. The temperature
contribution of the fins decreases from the middle of the space

-
[=2]
o

-
a
o

y
N\

—
B
=)
T
\
\,
,

130 - 4

120 /

Fin temperature Tp_ (°C)

-
-
o

~

——

separating the two tubes. We observe that stainless steel has a
much better temperature at its fins than aluminum; Copper is
the material with the lowest temperature. These observations
reflect their heat accumulation capacity in the material.

- -Cu
—Al
—--INOX

100

-0.08 -0.06 -0.04 -0.02

0 0.02 0.04

y (m)

Figure 7. Influence of the nature of the absorber plate on the fin temperature profile.

The temperature of stainless steel (INOX) is higher, but it
has lower diffusivity (Table 5). Therefore, it poorly transmits
the received energy, which creates heat accumulation within it,
hence its high temperature compared to aluminum and cop-
per.

Table 5. The thermal diffusivity of the absorber plate used.

Absorber plate Diffusivity (a = p% x 107%m?2. s)
P

Copper 108

©
o
1

2]
o
T

~
o

Fluid temperature T(°C)
a [=2]
o o

H
o
T

w
o

Absorber plate Diffusivity (a = f x 10~%m2. s)
P

Aluminium 86

Stainless steel 4

Figure 8 shows the fluid temperature profile in its flow di-
rection. When copper is used, the outlet fluid temperature is
better throughout the tube, reaching a value of 82.62<C at its
outlet; aluminum comes next with 81.85<C, and finally INOX
with 67.99<C.

1 L L |

1.2 1.4 1.6 1.8 2

x (m)

Figure 8. Influence of the nature of the absorber plate on the heat transfer fluid temperature profile in the direction of fluid flow.
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It follows that, depending on the nature of the collector
material used, the heat transfer capacity to the fluid is better

3500

(W)

53000

N
[3.]
o
o

2000

Useful energy gain ¢

20

1500

10 30

~a
~
~~.
~
~
-~
-~
-~
~
~
~a
~~
~
-
~
-~
~a

40

when copper is used.
Aluminum comes next; finally, INOX.

- -Cu
—Al
—--INOX

~~
~
S~
~~
~-—.

~c—en
~s—
S~ea
\.N.W

50 60 70

Inlet temperature Tfe (°C)

Figure 9. Influence of the nature of the absorber plate on the useful energy gain as a function of the heat transfer fluid inlet temperature.

Figure 9 describes the useful energy transferred by the
collector to the fluid depending on the latter's inlet tempera-
ture. Taking into account the heat transfer capacity, copper,
aluminum, and stainless steel are, in descending order, the
materials that diffuse the most useful energy to the heat
transfer fluid.

3.3. Influence of Collector Plate Thickness and
Tube Spacing

It is a matter of evaluating the impact of collector plate
thickness and tube spacing on the efficiency of the fins.

TR

[y

2095~

8

3 0.9

g hp= 6.9 W/m?.°C ep(m)

— 0.19

5 4

+0.85 - 0.13

[ 0.11

2 0.10

3 0.8~ 0.08

3 0.0 0.04

© 0.75 | ] | | | 0.07
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Tube spacing (m)

Figure 10. Fin efficiency as a function of tube spacing and absorber thickness.

It can be seen from Figure 10 that the larger the thickness
(ep) and the smaller the space between the tubes (l), the better
the collector efficiency, F'.

These two parameters act, therefore, simultaneously on the
fin efficiency and its temperature. Indeed, the fin temperature
is a function of the spacing between the tubes and the absorber
thickness.

3.4. Insulation

The purpose is to study the influence of the nature of the
insulation on the behavior of the system. In this section,
copper is used as the absorber.

Figure 11 illustrates the temperature profile of a fin when
different types of insulation are used. In the middle of the
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space separating the two tubes, the absorber temperature
varies very slightly from 104.7 to 105.0<C with an insulation
system. The fin then gains 4.2 to 4.5<C in temperature com-
pared to an insulation system.

It appears that polyurethane is the best insulator, which

allows for storing heat in the collector plate; polystyrene,
glass wool, expanded cork, and rock wool come next, re-
spectively. Thus, the choice of insulation also depends on its
maximum operating temperature, as shown in Table 2.

106
——Without insulation

—_ —Expanded cork
R xp
. [ TITEEE SRS AL, e Glass wool
o 104 - -Rockwool
= —4—Polyurethane
g 103 —--Polystyrene
s
g 102
g
= 101

100 L | | | | | 1 * >

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
y (m)

Figure 11. Fin temperature profile.

Figure 12 shows the fluid temperature profile in the direc-
tion of flow when using different types of insulation. The tube
outlet temperature varies from 81.56<C to 82.32<C with in-

sulation. Without insulation, this temperature is 73.37<C. It is
therefore imperative to use insulation that will prevent heat
loss.

100
O 80
L
(&)
—
5 60
)
©
-
8 40 - ——Without insulation
E —Expanded cork
----- Glass wool
ﬁ 20 = =Rockwool
—+—Polyrurethane
0 ‘ ‘ ‘ —=-Polystyrene
0 0.5 1 1.5 2
x (m)

Figure 12. Temperature profile along the flow.

The heat transfer fluid exits the system with a temperature
close to 82<C (Figure 12): the system effectively functions as
a low-temperature thermal collector.

As illustrated in Figure 13, the useful energy transferred by
the collector to the fluid is contingent on the inlet temperature

108

of the latter, and this is the case for different types of insula-
tion. It has been demonstrated that the useful energy is higher
when using polyurethane, followed by polystyrene, glass
wool, expanded cork, and rock wool in decreasing order.
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Figure 13. Influence of the nature of the insulation on the useful energy gain as a function of the inlet temperature of the heat transfer fluid.

Polyurethane is the best insulator, but it can only be used at
relatively low temperatures (see Table 2). With a view to the
results obtained, the type of insulation used has a small in-
fluence on the output characteristics of the insulated system.
Consequently, the most appropriate insulation is that which
can withstand a maximum operating temperature that exceeds
the system's internal temperature (plate temperature). The
dimensional parameters of the collector are the determining
factor in this regard.

3.5. Variation of the Collector Efficiency as a
Function of the Inlet Temperature

The curve below shows the variation in collector efficiency
as a function of the inlet temperature of the heat transfer fluid.

As demonstrated in Figure 14, for a constant ambient
temperature and irradiance, the collector efficiency is opti-
mized when the heat transfer fluid temperature is in closer
proximity to the ambient air temperature.

35L | 1 | 1

0 0.005 0.01 0.015 0.02

0.025

! ! ! ! ! |
0.03 0.035 0.04 0.045 0.05

(Tfe-Ta)/GT, (m 2.°C/W)

Figure 14. Variation of the collector efficiency as a function of inlet temperature.

However, this efficiency decreases as the fluid inlet tem-
perature is higher than the ambient temperature. This is why
one should not seek high heat transfer fluid temperatures with
a flat plate.

As demonstrated in Figure 15, deviation of the efficiency
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curve is observed compared to Figure 14: the heat transfer
coefficient, hp, and the collector heat removal factor, Fg, are
no longer considered constants. In reality, these parameters
(hp and Fr) vary with the operating temperature and solar
radiation.
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Figure 15. Real curve of the flat plate collector.

This result is usually obtained under experimental condi-
tions that reflect the real operating state of a flat plate col-
lector.

4. Conclusions

The present study is predicated on the analysis of the
thermal performance of an uncovered flat plate solar collector
with parallel tubes. The effectiveness of the collector is con-
tingent upon optimization of its constituent subsystems. The
following conclusions are drawn from the analysis:

(1) The most efficacious coatings are TINOX and black

chrome.

(2) Given the elevated diffusivity and selectivity exhibited
by copper, it is considered optimal for use as an ab-
sorber plate.

(3) Any thermal system must be insulated, irrespective of
the nature of the insulation provided, on the condition
that its operating temperature range coincides with the
temperature range of the collector.

(4) The collector efficiency, F', is optimized when the
thickness of the absorber (ep) is substantial and the
spacing between the tubes (I) is diminished.

(5) The collector efficiency is optimized when the heat
transfer fluid temperature is closer to the ambient air
temperature.

When the heat transfer coefficient hp and the heat removal
factor FR are no longer considered constant and vary with
operating temperature and solar radiation, the efficiency curve
deviates and behaves as it does in real operation.

The optimal functioning of an uncovered flat-plate solar
collector with parallel tubes is contingent on the judicious
selection of a suitable coating. TINOX or black chrome has
been identified as the most appropriate option in this specific
instance. These coatings are to be applied to a copper absorber
plate that is to be protected by an insulator. However, to en-
hance the heat flux transmitted to the heat transfer fluid, op-
timizing the heat transfer coefficient to the fluid would be
judicious. One potential solution to this issue would be to
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modify the geometric configuration of the tubes.

Abbreviations
Cr Fluid Specific Heat
Cp Specific Heat Capacity, J/kg°C

D¢, Di  External Diameter, Internal Diameter of a Parallel
Tube, Hydraulic, m

F Fin Efficiency Factor

F Collector Efficiency Factor

FR Heat Removal Factor

G soLar Radiation Incident on Absorber, Maximum
Solar Radiation, W/m?

g Gravitational Constant, m/s2

he, hy, Heat Transfer Coefficient: Convection, Radiation,

hyind from Wind, W/m?°C’!

hi Heat Transfer Coefficient Inside Tube, W/m?°C’!

L Length of Collector, m

n Number of Glass Covers

Pr Prandtl Number

Nu Nusselt Number

Gr Grashof Number

Re Reynolds Number

Tp Cover Temperature, Mean Plate Temperature, C

Tfe, Tfs Fluid Input Temperature, Fluid Output
Temperature, C

h, Coefficients: Heat Loss, Collector Overall Heat

Loss, Top Loss, W/m?°C"!
1 Tube Spacing, Width of Collector, m

€ Absorber Plate Thickness, m

G Irradiance W/m? Greek Letters

A Thermal Conductivity, W/m°C

Pu Heat Useful Gain, W/m?

€ Absorber Plate Emissivity

c Absorber Plate Absorptivity

Pu Useful Energy Gain (W)

T Glass Transmission Coefficient

no Optical Efficiency

m Total Collector Flow Rate, kg.s™?
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