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Abstract— This theoretical study focuses on the comparison of 

the performance of two solar collectors with the same characteristics 

except for the different water circulation channels. One of the 

channels is copper tube of 10 mm diameter and the other is 

rectangular with 5 mm height. The method used to resolve the system 

of equations from thermal balances is that of Newton-Raphson. The 

code of our simulations has been validated. The results of our 

simulations show that the water temperature and thermal efficiency 

are high in the collector with rectangular channel while the global 

coefficient of heat loss and the number of entransy destroyed are 

higher in the collector equipped with round tube conduit. 

Keywords— temperature, absorber, thermal efficiency, entransy 

destroyed, heat loss 

I. INTRODUCTION 

To obtain a good performance of flat plat solar collectors, 
selective surfaces and surfaces with less easy geometries are 
used. This impacts the cost of solar water heaters. The cost, 
performance and technology of solar collector are three concepts 
that should be the focus of researchers on the field. These 
notions must be treated with care in order to encourage people 
to use solar water heaters. Some authors have conducted 
research in this direction. Among others Zilan Ruken, concerned 
about the cost and thermal efficiency of flat plat solar collectors, 
proposed in this research for the Master, a galvanized iron 
absorber [1]. Aghilas BRAHIMI [2] studied the influence, on 
the thermal efficiency, of the internal and external parameters of 
the solar collector. this is also the case with F. Sahnoune et al [3] 

who studied the influence of external parameters on the thermal 
efficiency of a solar collector prototype. Gerardo Diag carried 
out an experimental study of the characterization of aluminum 
[4]. To increase the performance of the collector by acting on 
the working fluid channel, other authors suggested a double 
passage of the working fluid in a modified geometry channel [5-
7]. 

These various researches make important contributions to 
improving the performance of solar water collectors. In the 
present work, a simple channel is suggested to allow water to 
have more contact with the absorber. Thus, the water will flow 
directly under the absorber unlike other configurations where it 
circulates in round tubes spaced between them. The energy 
performance of this proposed collector is then compared to that 
of the cylindrical water tube solar collector. The two collectors, 
which all operate as a thermosyphon, have the same 
characteristics except that the copper tube water channel has a 
diameter of 10 mm while in the other case, the height of the 
rectangular channel is 5 mm. 

Fig. 1. Sections of solars collectors used; top: rectangular channel – bottom: 
round tube conduit 
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II. THERMAL BALANCES 

The thermal balance is made on the different subsystems of 
solar water heater. 

A. Thermal analysis  on the Solar water heater 

The solar collector consists essentially of the glass, the 
absorber and the heat transfer fluid. The first principle of 
thermodynamics is used for the thermal balance on these 
different elements. Expressions used in these balances are 
identical for both solar collector are the same except the one 
expressing the exchange between the absorber and the heat 
transfer fluid because the both heat transfer fluid channels do not 
have the same configurations. The expression of the first 
principle of thermodynamics on each subsystem is: 

 
ent sor in

dE

dt
φ φ φ= − +  (1) 

With E is the internal energy ; 

entφ : inflow heat flux ; 

sorφ : outflow heat flux; 

inφ : The heat flow generated within the system  

1) Glass thermal balance : We can express this balance by:  

 
1 2

v
v v v

dT
m c A G A K A K

dt
α= ⋅ ⋅ + ⋅ − ⋅  (2) 

With: 

vA Gα⋅ ⋅ : The solar radiation absorbed by the glass; 

( )( )1 , . , .c ab v r ab v ab vK k k T T= + − : This is the convection and 

conduction heat exchanged between the absorber and the glass;  

( )( )2 , . , .c v a r v a v a
K k k T T= + − : This is the convection and 

radiation heat exchanged between the glass and the ambience. 

2) Absorber thermal balance at the: We can express this 

balance by : 

 
1 3 4

ab
ab ab v ab

dT
m c A G A K A K A K

dt
α α= ⋅ ⋅ ⋅ − ⋅ − ⋅ − ⋅

 (3) 

For the solar collector of which channel is copper tube, the 
thermal balance on the absorber gives: 

 

1

3 4

ab
ab ab v ab

dT
m c A G A K

dt

d n L K A K

α α

π

= ⋅ ⋅ ⋅ − ⋅ +

− ⋅ ⋅ ⋅ ⋅ − ⋅  (4) 
With

v ab
A Gα α⋅ ⋅ ⋅  the solar radiation absorbed by the 

absorber; 

( )3 .ab f ab fK k T T= − the heat exchanged between the absorber 

and the heat transfer fluid; 

( )4

1

1 ab a
is

is wind

K T T
e

kλ

 
 
 = −
 +
 
 

 the heat lost from the bottom of the 

collector. 
Note that Tab is the average temperature of the absorber.   

1)  Thermal balance at the heat transfer fluid: Considering 

that the speed and the temperature of the water vary only in the 

longitudinal direction y, the heat balance on the water gives: 

 
3

f

f f f f f f

dT
c S dL dA K m c dT

dt
ρ ⋅ = ⋅ − ⋅ ⋅&  (5) 

S is the water channel section 
 S l h= ⋅  (6) 

 2fA l L= ⋅ ⋅  (7) 

 2
f

dA l dL= ⋅ ⋅  (8) 

For the solar collector of which channel is copper tube, 

 
2

4

d
S n

π ⋅
= ⋅  (9) 

 
fA d n Lπ= ⋅ ⋅ ⋅  (10) 

 
fdA d n dLπ= ⋅ ⋅ ⋅  (11) 

2) Sommary of balance equations: Equations (12) translate 

the relationships between the different parameters of the 

different elements of the solar collector: 

 1 2

1 3 4

3

v
v v v

ab
ab ab v ab

f

f f f f f f

dT
m c A G A K A K

dt

dT
m c A G A K S K S K

dt

dT
c S dL dA K m c dT

dt

α

α α

ρ


= ⋅ ⋅ + ⋅ − ⋅




= ⋅ ⋅ ⋅ − ⋅ − ⋅ − ⋅



⋅ ⋅ ⋅ ⋅ = ⋅ − ⋅ ⋅


&

 (12) 

Given that the enthalpy of the collector components varies very 

weakly according the time we neglect the terms in dT
m c

dt
⋅ ⋅  [8].  

Equation system (12) become : 

 1 2

1 3 4

3

0

0

0

v

v ab

f f f f

A G A K A K

A G A K S K S K

dA K m c dT

α

α α

 ⋅ ⋅ + ⋅ − ⋅ =


⋅ ⋅ ⋅ − ⋅ − ⋅ − ⋅ =
 ⋅ − ⋅ ⋅ = &

 (13) 

The solution of the last equation of the (13), after resolution, is 
as follows: 

 .

0

2
exp

ab f ab f

ab f f

T T l k
L

T T m c

 − ⋅ ⋅
= −  − ⋅ &

 (14) 

For the solar collector of which channel is copper tube, 

 .

0

exp
ab f ab f

ab f f

T T d n k
L

T T m c

π − ⋅ ⋅
= −  − ⋅ &

 (15) 

the length of the solar collector is L = 1 m. Equations system to 
be solved is then written: 
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1 2

1 3 4

. .

0

0

0

2
exp 0

v

v ab

ab out f ab f

ab f f

A G A K A K

A G A K A K A K

T T l k
L

T T m c

α

α α

⋅ ⋅ + ⋅ − ⋅ =


⋅ ⋅ ⋅ − ⋅ − ⋅ − ⋅ =


 − ⋅ ⋅ − − =   − ⋅ 
&

 (16) 

 Or   

1 2

1 3 4

. .

0

0

0

exp 0

v

v ab

ab out f ab f

ab f f

A G A K A K

A G A K A K A K

T T d n k
L

T T m c

α

α α

π

⋅ ⋅ + ⋅ − ⋅ =


⋅ ⋅ ⋅ − ⋅ − ⋅ − ⋅ =


 − ⋅ ⋅ − − =   − ⋅ 
&

 (17) 

for the solar collector with tube channel.  

The heat transfer coefficient by convection between the 

absorber and the glass, , .c ab vk , is a function of the 

characteristic dimension y and of the configuration of the 
absorber. 

 
, .

a
c ab vk Nu

y

λ
=  (18) 

With Nu the Nusselt number.  for an inclination i from the 
horizontal, Nu is given by Droptein relationship [9]:  

 0.330.060 0.017
90

i a

i
Nu Nu Gr

 
= = −  

 
 (19) 

 ( ) 3

2

. . ab v

a

a

g T T y
Gr

β

ν

−
=  (20) 

The heat transfer coefficient by radiation between the ambience 

and the glass , .r v ak  and the one between the glass and the 

absorber , .r ab vk  are expressed by the following relationships 

[10]: 

 ( ) ( )2 2

, .r v a v v a v a
k T T T Tσε= + +  (21) 

 ( )( )2 2

, . 1 1
1

ab v ab v

r ab v

ab v

T T T T
k σ

ε ε

− +
=

+ −

 (22) 

The heat transfer coefficient by convection between the ambient 
air and the glass and between the ambient air and the bottom of 
the collector can be calculated by the Hottel and Woertz relation 
[9]: 

 
, 5.67 3.86c v a ak U− = +  (23) 

The heat transfer coefficient by convection between the 

absorber and the heat transfer fluid .ab f
k is determined using 

the Nusselt number given by: 
- Bar-Cohen and Rohsenow [11] for the solar collector with 

rectangular channel: 

 

( ) ( )

1 2

2 1 2

144 2,87
h

h h

Nu
Ra h L Ra h L

−
 

= + 
  

     (24) 

 
( ) 3

.cos
2

.

ab in f

h

f

g i T T h

Ra

π
β

ν

 
− − 

 =
Λ

 (25) 

 f

f

f
c

λ

ρ
Λ =

⋅
 (26) 

 
.

f

ab f hk Nu
h

λ
=  (27) 

- For the solar collector of which channel is copper tube [12]: 

 1 40,59Nu Ra=  (28) 

 
( ) 3

.cos
2

.

ab in f

f

g i T T d

Ra

π
β

ν

 
− − 

 =
Λ

 (29) 

 
.

f

ab fk Nu
d

λ
=  (30) 

The mass flow 
fm& is determined by relationship: 

 
f f fm A Uρ= ⋅ ⋅&  (31) 

For thermosiphon solar collector, the speed of the fluid cannot 
be imposed because it is generated by the expansion effects of 
the water. When the flow is established in the collector, in the 
hot water and the cold water pipes and considering that the 
water speed in the storage tank is zero, the Bernoulli equation 
is applied to the different sections of water. 

 
Fig. 2. Thermosiphon solar collector representation 

Considering that the singular head losses on section 1 -2 are 
negligible, the speed is then expressed by [13]: 

 ( )
( )

( )
2

0

4

. .

32. . 2 2 1

h cb b

f f

cb b

g D H H
U T T

H H L

β

υ

+
= −

+ + +

 (32) 

 2
h

l h
D

l h

⋅
=

+
 (33) 

The length L4 =L. 

The temperatures Tf and T0 are those obtained respectively 
at the inlet (point 4) and at the outlet (point 1) of the sensor. 
During heating in a day, a quantity of water considered can pass 
through the collector several times. This operating principle 
shows that the mass of water at the outlet of the collector (point 
1) passes through the hot water pipe, the storage tank and the 
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cold water pipe to still end up at the inlet of the collector ( point 
4) to be reheated. Thus, the states of the water in these different 
elements influence the state of the water at the input of the 
collector (point 4). The thermal balances on these different 
elements (hot water pipe, storage tank and cold water pipe) 
enable to determine the temperatures at points 2, 3 and 4 of the 
system [13] 

 2 1

1

expa

a f f

T T L

T T R m c

 − −
=   − ⋅ ⋅ &

         (34) 

with 

 

( )

.

. .

ln ln
1

2 2 2

ex ex

tu tu is tu

in ex

tu tu

ex

tu is tu wind tu is tu

r r e

r r
R

h r eπλ πλ π

   +
   
   = + +

+

 (35) 

3

2 .

expa b

a b a f f

T T h

T T R m c

 − −
=   − ⋅ ⋅ &

     (36) 

 
.b aR a b c= + +  (37) 

 
ln

2

b b

b

b

r e

r
a

πλ

 +
 
 =  (38) 

 

.

.

ln

2

b b is tu

b b

is b

r e e

r e
b

πλ

 + +
 

+ =  (39) 

 

( ).

1

2 wind b b is tu

c
h r e eπ

=
+ +

 (40) 

To not degrade the performance of the solar water heater, good 
stratification must be maintained in the storage tank. For this, it 
is recommended that the height be greater than double the 
diameter for cylindrical shaped balloons [14-15]. For the present 
work, the collector surface is 1 m2 and the storage tank capacity 
is 90 liters. The height and diameter of the storage tank are 0.9 
m and 0.36 m respectively. 

 4 2

3

expa

a f f

T T L

T T R m c

 − −
=   − ⋅ ⋅ &

 (41) 

III. METHOD AND MEANS OF RESOLUTION 

To solve the equations systems, the Newton-Raphson 
method was used. Matlab version 2010a is used for 
programming and implementation with a time step of 15 
minutes. The values of the results obtained from the Matlab 
software are transported to the Excel version 2013 for the plots 
of the curves. 

The changes in solar radiation and the ambient temperature 
of Abomey-Calavi for the month of September are shown in 
Figures 3 and 4 respectively. 

 

Fig. 3. Solar radiation on Abomey-Calavi. 

 

Fig. 4. Ambient temperature in Abomey-Calavi. 

IV. SIMULATION CONSTANTS 

For the simulation some parameters are fixed : 

The absorber thickness is 0.0015 m and the insulation (glass 
wool)  thickness is 0.1 m. The wind speed is 2 m/s. The absorber 
absorption and reflection coefficients are 0.9 and 0,1 
respectively. The glass reflection coefficient and transmittance  
are 0.05 and 0,9 respectively.  

V. VALIDATION OF RESULTS 

To validate our results, we compared them with those 
obtained in the literature and mainly those obtained by P. M. E. 
Coffi and al [16] and A. A. Karaghouli and W. E. Alnaser [17] 
who plotted the evolution of thermal efficiency as a function of 

( )ab aT T

G

− .  

 

Fig. 5. Evolution of thermal efficiency as a function of ( )ab aT T

G

−  .  

The curve of the thermal efficiency as a function of ( )ab aT T

G

−  

plotted within the context of this work for the collector with 
cylindrical duct (Fig.5) shows that the slope which represents 
the overall coefficient of heat loss is -5.5107. This value of hp, 
compared with those found by P. M. E. Coffi and al [16], A. A. 
Karaghouli and W. E. Alnaser [17] proves a conformity of the 
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results. Indeed by P. M. E. Coffi and al, A. A. Karaghouli and 
W. E. Alnaser found respectively -5.4749 and -5.45 as values of 
hp. 

VI. RESULTS, ANALYZES AND INTERPRETATIONS 

The curves of the Fig. 6, 7 and 8 present respectively the 
evolutions of the temperatures of the glass, the absorber and the 
water outlet at the collector for the two types of solar collector.  

 

Fig. 6. Evolutions of the glass temperatures.  

 

 

Fig. 7. Evolutions of the absorber temperatures.  

 

Fig. 8. Evolutions of the water outlet temperatures.  

It can easily be seen that the collector with round tube has 
higher glass and absorber temperatures than those of the 
collector with rectangular channel. But for the water outlet 
temperature, it is higher for the collector with rectangular 
channel. Evolutions of these different temperatures reveal that 
the amount of heat received by the water is higher at the collector 
with rectangular channel than at the collector with round tube. 
This is explained by the fact that at the level of the collector with 
rectangular channel, the exchange is done directly between the 

water and the absorber and with much more exchange surface 
whereas in the case of the other collector the exchange surface 
is reduced and also the exchange between the water and the 
absorber is via the round tube. Note also that in the morning until 
9:30, the water outlet temperature of the collector with round 
tube is higher than that of the collector with rectangular channel. 
We would better understand what happens when we analyze the 
curves of the Fig. 9 presenting the evolutions of the water mass 
flow rates at the two types of solar collector.  

 

Fig. 9. Evolutions of the water mass flow rates. 

The mass flow rate is higher for the collector with 
rectangular channel. This means that the quantity of water 
heated per unit of time at this collector is higher, hence its 
temperature is lower. Since both systems have the same 
collector surfaces and same storage tank capacites, the water 
cycle is faster at the collector with rectangular channel. So the 
number of cycles of water in this collector will be higher and the 
water will eventually be heated up. After 9:30 am, the water 
outlet temperature at the collector is higher at the collector with 
rectangular channel. 

The phenomenon observed at the different temperatures 
results in a great loss of heat at the collector with round tube. 
Which is confirmed by the curves of the Fig. 10. 

 

Fig. 10. Global coefficient of heat loss. 

At these curves showing the evolution of the global 
coefficient of heat loss of the two solar collectors, we note that 
the collector with round tube generates more loss. In the 
afternoon, it is found that the global coefficient of heat loss at 
the collector with rectangular channel is higher. This last 
observation can be explained by the fact that in the afternoon, 
the water inlet temperature at the collector with rectangular 
channel is higher. However, for solar collectors, when the heat 
transfer fluid inlet temperature is high, the thermal efficiency 
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falls, in other words, the losses are greater. However, this fall in 
efficiency does not make the collector with rectangular channel 
less efficient because the thermal efficiency of a solar collector 
is not only a function of the global coefficient of heat loss but 
also a function of the temperature of the absorber. The thermal 
efficiency curves shown in Fig. 11 confirm that the performance 
of the collector with channel is higher than that of the collector 
with round tube. 

 

Fig. 11. Thermal efficiency. 

 

Fig. 12. Evolutions of the entransy destroyed. 

On the Fig. 12 it is presented for the two types of solar 
collector the evolutions of the entransy destroyed which is the 
loss of the transfer energy ability. It is found that the collector 
with round tube has a higher number of entransy destroyed all 
day. It should also be noted that at the level of the collector with 
rectangular channel, the number of entransy destroyed is higher 
in the afternoon break than in the morning. This is also supported 
by a high water inlet temperature at collector with rectangular 
channel in the afternoon. 

VII. CONCLUSION 

The study of the behavior of these two types of solar collector 
on a typical sunny day enable to assess the daily performance of 
each of them. Through this theoretical study we see that a solar 
collector whose water circulates directly in contact with the 
absorber has a high performance compared to the conventional 
solar collector in which the coolant channel is a tube. The 
temperature and the water quantity heated by the rectangular 
channel is significantly higher than that of the round tube. The 

useful energy is then higher in the case of the rectangular 
channel. Thus, the efficiency is higher and the destroyed 
entransy is lower. But it is necessary to underline the big 
problem which will be faced for the realization of flat plat solar 
collectors whose working fluid will circulate directly in contact 
with the absorber. This problem is that waterproofness in the 
solar collector. 
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