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Abstract:

The term double exposure, flat-plate water solar collector is related to the solar collector which
has the ability to absorb solar irradiation from the upper and lower surface of its own absorber.
Absorption of solar irradiation, from its lower absorber surface is accomplished using reflecting
surface placed below the collector. In comparison with conventional flat-plate solar collector, at
analyzed collector, insulation mounted in the lower part of the collector box is replaced by
glazing. Because of the exclusion of the insulation, therefore reducing overall collector heat
losses, absorber of the same has to be coated with selective coating on both sides. Described
collector is analyzed in order to determine the possibilities of improving its efficiency, in
comparison with conventional collector, which among other things depends on size of the
irradiated area of the lower absorber surface. This paper presents the mathematical model for
determining the irradiated area of the lower absorber surface of the mentioned analyzed
collector-reflector system for different possible positions and dimensions of the reflector relative
to the collector. The model can be used for numerical optimization of the positions and
dimensions of the reflective surface (reflector) relative to the collector. The basis and reason for
the future conducting of the numerical analysis, relies on the fact that it is possible, using
reflector, to increase the collector absorbed solar irradiation, specifically for examined case for
6.52% (10:00 h), 12.53% (12:00 h) and 30.11% (14:00 h).

Keywords:
Double exposure flat-plate collector, mathematical model, absorbed irradiation.

1. Introduction

The need for the increasing usage of the renewable energy sources, specifically in this case, solar
energy, requires conducting a different researchs in order to improve the efficiency of the solar
systems. The most common systems for absorbing solar energy are flat-plate solar water collectors
which by upper surface of its own absorber absorb solar irradiation. This paper points the possible
increase of the amount od energy absorbed by the modified collector system called double exposure
flat-plate water collector. The term double exposure, flat-plate water solar collector is related to the
solar collector which has the ability to absorb solar irradiation from the upper and lower surface of
its own absorber. Absorption of solar irradiation, from its lower absorber surface is accomplished
using reflecting surface placed below the collector. In comparison with conventional flat-plate solar
collector, at analyzed collector, insulation mounted in the lower part of the collector box is replaced
by glazing. Because of the exclusion of the insulation, therefore reducing overall collector heat
losses, absorber of the same has to be coated with selective coating on both sides. There are several
studies[1,2,3] relative to this modified collector-reflective system. Within them optimization of the
tilt angle of the collector and reflector, without taking into consideration the impact of the position
and dimension of the reflector relative to the collector on the system efficiency, is executed. This
paper presents the mathematical model for determining the irradiated area of the lower absorber
surface of the mentioned analyzed collector-reflector system, for different possible positions and
dimensions of the reflector relative to the collector, which can be lately used for numerical
optimization of the positions and dimensions of the reflector relative to the collector.
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2. Mathematical model

The analyzed double exposure flat-plate solar water collector consists of selective absorber and
single glazing on its upper and lower side. Reflective surface (hereinafter reflector) is placed below
the collector in parallel with the same (Fig. 1). Collector-reflector system (hereinafter CRS) is tilted
at angle G relative to horizontal plane, where the collector is fixed while the reflector can be moved
in plane parallel to collector plane. The assumption adopted before conducting the analysis is

reffered to to the fact that solar beam is specularly reflected.
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Fig. 1. a) Schematic diagram of the analysed CRS with unit vectors of the solar beam and normal of
the CRS surface, b) analysed combination of case El (in IZGa plane), with condition L, < Ly, L,/2
< L2 —v, v<L,/2, and case B5 (in SJGo. plane), with condition x = (Ly)/2 + w, L, > L, x < L,/2 <
Lk +w

The influence of the mutual position of the reflector and collector on absorbed irradiation is
determined by the size of the irradiated area of the lower absorber surface (A.z). In order to
evaluate the same all CRS is observed in tree planes: plane perpendicular to the CRS plane (IZGa
plane) and with view from the south, plane north-south (SJGa plane) and CRS plane. There are
different cases of mutual position of the reflector and the collector in both planes for which two
parameters ,,w* i ,,v, which take into account distance of the reflector’s axis from left (right)
collector’s edge, when looking in plane IZGa, are introduced (Fig. 2). The same cases exist when
CRS is projected in SJGa plane, with difference that instead of parameters for reflector and
collector lenght L, the parameters for their width W are used. It is adopted that in IZGa plane,
parameters w, v, x are designates with index 1 and in SJGa plane with index 2.
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Fig. 2. The position of the reflector relative to the collector defined by parameter w (v): a) w = 0
(case A), b) w<L,/2 (B),c)w=L/2(C),d) w>L,/2 (D), e)v<Li/2 (E)if) v=L2 (F)

On the displayed figures parameters used in the model are designated and reffered to: w - the
distance of the reflector axis measured from the edge of the collector to the exterior (outside) of the
same, v - the distance of the reflector axis from the edge of the collector measured to the interior
(inside) of the same, x — the distance between reflector and collector axis, y - the distance between
the reflector and the collector, Lr - the reflector length and L; - the collector length. For each of
mentioned possible position of reflector relative to collector, defined by the parameters w (4 cases)
and v (2 cases), conditions which include different dimensions of reflector lenght and width relative
to collector lenght and width, are considered. Accuratelly, condition when L, < Ly, L, = Ly, L, > Ly,
for the ratio of the reflector and collector lenght is separately considered as the condition when W,
< Wy, W,= W, W, > W,, for ratio of the reflector and collector width. In the relations, beside
previously described parameters, lenght parameters as 4, & @, PansGa bpdansGa PeewGa bpeewca, as well
as angle parameters, which define instantaneous sun position, as projection of the solar altitude
angle on IZGa plane, Bewcq and on SIGa plane, S,56q4, as well as projection of solar azimuth angle
v6¢ on CRS plane, are also included. The form of the relations for irradiated area of the lower
absorber surface depends on whether and how reflected beams form the same area. Because of that,
terms like full shading (POS), full irradiation (POZ) and partial irradiation (shading)(DO), are
introduced. Full irradiation is situation when solar beams begin to separate from the collector edge
or when shadow which collector casts on reflector, does not affect the irradiated area. Otherwise,
there is situation called partial irradiation. The term POS points on situation when beams, which
falling over the collector edge in one of the planes, affect the forming of irradiated area if and only
if the same in other plane fall beside collector edge and reflect on the collector surface. If beams fall
over the collector edge in both planes, in that case there is no generation of the mentioned area. For
the various situation combinations there are various relations for the instantaneous irradiated area of
the lower absorber surface depending on where the same occur whether in IZGa or SJGa plane:

a) P OSewGa'DOnsGa; P OSewGa'P OZnsGa; P OSnsGa'DOewGay P OSnsGa'P OZewGa lP OZewGa'P OZnsGa
A, =82 (1)

b) D OewGa'D OnsGa

Aozr = 5 ’ ap + A‘ ’ bpnsGa (2)
C) P OZewGa'D OnsGa

Aozr = 6 ’ A‘ + A‘ ’ bpnsGa (3)

d) D OewGa'P OZnsGa
Aozr = 6 a P (4)

Within this analysis equations of parameters (eq. 5—-114), that are included in relations for
determination of the irradiated area of the lower absorber surface, as well as all possible
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combinations of mutual position of reflector and collector, when looking in IZGa plane, are

displayed below:

El-v<L/2, L<L,L2<L/2-v.v<L/2,
E3-v<L/2, L<L,L2<L/2-v.v>L/2,
E5-v<Ly/2, L<L,L2=L/2-v.v=L/2,
E7-v<L/2, L <L, L2>L/2-v.v<L/2,
E9-v<Ly/2 L<L,L2>L/2-v.v>L/2,
Ella-v<L/2 L >L,L2+v<L.L/2-v<L/2,
E12-v<L/2, L>L,L2+v=L,

El14-v<LJ/2, L>L, L/2+v>L, L/2+v=30L/2,
Bl-w<L/2, L <L,
B3-w<L/2,L>L,L2<L+wL/2<L/2+w,
B5-w<L/2L>L,L2<L+wL/2>L/2+w,
B7-w<L/2 L>L,L2>L +wL/2<3L/2+w,
BY9-w<L/2L>L,L2>L+wL/2>3L/2+w,
D1-w>L/2 L <L,
Cl-w=L/2 L <L,

qulatiOIlS for ﬂnsGw ﬂewGw VYGa

€08 B e

D2-w>L/2, L, =L
C2-w=L/2,L =L,

E2-v<Ly2, L <L, L2<LJ/2-v.v=L/2,
E4-v<Ly/2, L <L, L2=0LJ/2-v.v<L/2,
E6-v<Ly2, L <L, L/2=0LJ/2—v.v>L/2,
E8-v<Ly2, L <L,L/2>LJ/2-v.v=L/2,
E10-v<Ly/2, L =L,
Ellb-v<Ly2,L,>L, L2 +v<L, L/2-v>1/2,
E13-v<L/2, L >L, L2 +v>L. L2 +v<3L/2,
E15-v<LJ2, L >Ly, L2+ v>L. L2 +v>31L/2,
B2-w<L/2, L =L,
B4-w<L/2 L>L,LR2<L+wL/2=1/2+w,
B6-w<L/2 L>L,L2=L+wL/2>L/2+w,
B8-w<L/2 L>L,L2>L +w L/2=30/2+w,

D3-w>LJ/2, L, > Ly,
C3-w=L/2,L>L,

cos G(cos  -cos 8- cos y +sina - cos 8 -sin y) (5)

B \/[cosG(cosa-cosﬂ-cosy+sina -cos f3-sin y ) + [sin G(cos & - cos 8 -cos y +sin o - cos B -siny)—cos G -sin S’

sin @ -cos f-cosy —cosa -cos B -sin y (6)

Cos ﬁewG a

\/[sina -cos B -cosy —cosa - cos 3 -sin 7/]2 +[sin G(cosa -cos B-cosy +sin ¢ -cos B -sin 7/)—cosG-sinﬁ]2

cos G(cos & - cos 8 -cos y +sin o -cos 3 -siny) (7)

€08 B,

Equations for A (§)

B \/[cosG(cosot-cos/i’-cos;/+sinot-cosﬂ-sin;/)]2 +[sinoz-cosﬂ-cosy—cosoc-cosﬂ-siny]2

El (E1=E2=E4=ES5) For 0° < y64 < 180°, 1gf" ewGa=y/(L,/2+v})

L
ewGa jizj—i_vl_

POS@WG(X" 900 > ﬁewGa >

tg ﬁ ewGa

®)

EI For 180° < ygu < 360°, 12 cwca=y/(Li/2-v1), 1B ewca=/(L:/2+v1), tgB" ewca=/(Li-vi-L:/2),

skeskoksk

18 ewGa=y/(Li-vi+L,/2)

* 2 * ok L
DOeWGa" 900>ﬂewGa Zﬂ :lziy’ ﬂewGa >ﬂewG¢z >ﬂewG¢z :>/1=7r_vl+L (9)

ewGa

tg ﬂ ewGa

2 tg ﬂ ewGa

ok ok otk sk L
POZeWGa" ﬂewGa 2 ﬁewGa 2 ﬂewGa => A= Lr’ ﬁgw(;a > ﬁnga > ﬁewGa = A= Lk -Vt 2r - 4 (10)

Zg’ ﬂ ewGa

E2 For 180° < ygq < 360°, 188" ewca=V/Ly, 12" ewca=V/(Li-vi-L,/2), 128" ewca=y/(Li-vi+L,/2)

_ry

DOewGa-' 90° > ﬁ > ﬁ:wGa = A=
tgﬁewGa

ewGo

(1)

* *% *% koK L
POZnga.' ﬂewGa 2 ﬂewGa 2 ﬂewGa = /1 = Lr > ﬁnga > ﬁewGa > ﬁewGa = A’ = Lk - Vl + 7’ - y (12)

Zg’ ﬂ ewGa

E3 (E3=E6) For 0° < yg, < 180", 12" ewca=y/(vi-L1/2), 128" ewca=y/(L,/2+Vv1)



* ok L
POSeWGa-‘ 900 > ﬁewGa - ﬁewGa = ﬂl LV ? ﬁewGa > ﬂewGa > ﬁewGa = A’ = - y (13)
2 Zgﬁew(}a

E3 For 180° < yg, < 360°, 128 ewca=y/(vi-L1/2), 1B ewca=/(L,/2+Vv1), tgh" ewca=V/(Li-vi-L:/2),

skeskosksk

l‘gﬂ ewGa=y/(Lk-V1 +L /2)

POSewGa 90° > ﬁemGa 2 ﬁmca =>A1= L (14)
DOewGa-' ﬁ* >ﬁ >ﬁ** Dﬂ=£—V1+ Y (15)
ewGa ewGa ewGa 2 tg ﬁewGa

sk L
POZeWG(X ﬁewGa 2 ﬂewGa 2 ﬂewGa = A= Lr > ﬂewGa > ﬂewGa > ﬂewGa = A= L -V + ?r - [gﬂy (16)
ewGa

E4 (E4=E7) For 180° < ygq < 360°, 128" ewca=y/(L,/2-v1), 188" ewca=/(Li-vi-L:/2), 128" ewca=V/(Li-

Vi +Lr/2)
. 2y . o L v
DO 90° > >B = A= , P A= (17)
ewGa: ﬁewGa ﬁewGa tgﬁewGa ﬂewGa > ﬂewGa ﬂewGa 2 1 Zgﬂeana
POZerGii g, Bucu > Brsiw = 4= L v 4 -2 (18)
' 2 ZgﬂewGa

E5 (E5=E8) For 180° < yg, < 360", 18" ewca=V/(Li-vi-L:/2), 12" ewca=y/(Li-vi+L:/2)

DO@WG(‘" 90° > ﬁewGa > ﬁ:wGa = A= Y (19)
tgﬁewGa
POZeWGa" ﬁ:wGa = ﬁewGa > ﬂ::wGa = /1 = Lk _vl + LV - < (20)
' ' 2 tgﬁewGa

E6 (E6=E9) For 180° < yg, < 360°, tgB" enca=y/(vi-L1/2), 12" ewca=y/(Li-vi-L,/2), 128" ewca=V/(Li-
vi+L,/2)

POSeWGa 900 > ﬂewGa = ﬂewGa = ﬂ’ L (21)
DOeWGa" ﬁ:wGa > ﬁewGa > ﬁ::wGa = /1 = Lr + y (22)
2 tgﬁewGa
sk sk L y
POZ oG > iA=L, - (23)
G ﬂewGa = ﬂewGa > ﬁewGa = 2 [gﬂnga

E7 (E7=E8=E10=E11a=E11b) For 0° < ygu < 180°, 128 ewca=V/(Li-vi-L:/2), 12" enca=y/(Li/2),

kkok

tgf ewca=y/(L/2+v)

* L

POS.v6o: 90° > Booe = Bovee D A=—2+v, — Y (24)
2 tgﬂewGa

DOewG(l,‘ ﬂ;vGa > ﬂewGa > ﬂ:;Ga =) :i_l’k v, + Yy (25)
2 g ewGa

** sk L
POZeWGa" ﬂEWGG{ 2 ﬂewGa > ﬂnga = )" = - +V1 - y (26)
2 tgﬂewGa

E9 For 0° < ygu < 180°. 1B ecwca=V/(vi-L1/2), 12" enca=V/(Li-vi-L,/2), 12" ewca=y/(Li/2),

skeskoksk

tgf ewca=V/(L/2+Vv))
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POSeWGa" 900 > ﬁewGa 2 ﬂ:wGa = ﬂ’ = LV 2 ﬂ:wGa > ﬂewGa 2 ﬂ::rGa = A’ - lér +V1 - t ﬂy (27)
g ewGa

ok otk L
DOeWGa" ﬁewGa >ﬂewGa > ﬂewGa :A :i_Lk +V1 +L (28)
2 g ewGa
otk okt L
POZeWGa: ﬂewGa 2 ﬂewGa > ﬂewGa = /1 =" + vl - y (29)
2 tgﬁewGa

EI0 (E10=Ella) For 180° < yg, < 360°, 1B ewca=V/(L:/2-v1), 12" ewca=V/(Li/2), 128" ewca=/(Li-

Vi +Lr/2)
* 2 * ok
DOeWGa" 900 > ﬁewGa 2 ﬁewGa = ﬂ" = Y ? ﬁewGa > ﬁewGa > ﬁewGa = A= LV i + - (30)
tgﬁ ewGa 2 Zgﬁ ewGo
POZewGa. ﬂewGa = ﬂewGa > ﬂewGa = A’ = Lk - vl +— - ( )
2 ZgﬂewGa

El11b (E11b=E12=E13=E14=E15) For 180° < y6, < 360°, 12 ewca=V/(Li/2), 1f" ewca=y/(L/2-v1),

kokok

18 ewca=V/(Li-vi+L,/2)

. 2
DOeWGa" 900 > ﬁewGa > ﬁewGa = ﬂ" = 7-)} (32)
tgﬁewGa
POZ@WG(X" ﬁ:wGa 2 ﬁewGa = ﬁ::'Ga = A= L/f > ﬁ:;Ga > ﬁewGa > ﬂ::Ga > A= Lk " + lér - t ﬁy (33)
g ewGa

EI2 For 0° < ygq < 180°, 188" ewca=y/(Li/2), 1B ewca=Y/(L,/2+Vv1)

DO@WG(X" 90° > ﬁewGa > ﬂ:wGa = A= L (34)
tgﬁewGa
POZeWGa" ﬁ:wGa = ﬂewGa > ﬂ::wGa = /1 = LV + vl - y (35)
2 tgﬂewGa

EI3 For 0° < ygq < 180°, 18" ewca=/(L/24vi-Li), 188" ewca=/(Li/2), 128" ewca=V/(L:/2+V1)

ewG o

* 2 * ok
DOeWGa" 900 > ﬂewGa 2 ﬂ = )L’ = y ’ ﬁewGa > ewGa > ﬂewGa :>/1 :% +vl _Lk + Y (36)

tg ﬂ ewGa tgﬁ ewGo
ok ok L
POZewGa-' ﬁewGa = ﬂewGa > ﬂewGa = /1 = + vl - y (37)
2 tg ﬂ ewGa

EI4 For 0° <y, < 180°, 18" ewca=V/(L,/2+vi-Li), 12" ewca=y/(L,/2+Vv1)

DO@WG(X" 90° > ﬁewGa > ﬁ:wGa = A= 2y (38)
tgﬁewGa
POZeWGa" ﬁ:wGa = ﬁewGa > ﬂ::wGa = /1 = LV + vl - y (39)
2 tgﬂewGa

EI5 For 0° < ygq < 180°, 188" ewca=/(Li/2), 18B" ewca=/(L/2+vi-Li), 188" ewca=y/(L:/2+v1)

> Bl = A=Y (40)

ewGo
tg ﬁ ewGa

DOeyGo: 90° > ﬂ
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* o ok stk L
POZ@WG(X-‘ ﬁewGa = ﬂewGa 2 ﬂewGa = A= Lk ? ﬁewGa > ﬂewGa > ﬁnga = A= 2r * i~ 1 ﬁy (41)
g ewGa

B1 (B1=B2=B3=B4) For 0° < yg, < 180°, tgf" ewca=V/(L:/2-W1)

> By A=y Y 42)

POS,..co: 90° , _
G > ﬂewGa 2 1 tgﬂnga

For 180° < you < 360°, 128 ewca=y/(L/2-w1), 12" ewca=y/(L/2+w1), 128" ewca=y/(Litwi-L,/2),

sk okok

18f ewGa=V/(Litwi+L,/2)

. 2
DO@WG{X" 90° > ﬂewGa > ﬂewGa => A= < (43)
tgﬁewGa
. * ok Lr y (44)
POZeWGa' ﬁewGa 2 ﬁewGa > ﬂewGa = /1 = - Wl +—
' 2 tgﬁewGa

b ook ootk seoklok L
POZeWGa" ﬂewGa = ﬂewGa 2 ﬂewGa = A= Lr ’ ﬂnga > ﬂewGa > ﬁewGa = A= Lk + W * 2r - t ﬂy (45)
8 ewGa

B2 For 180° < ygq < 360°, 19" ewca=V/(Li/2-W1), 128" ewca=y/(L/2+W1), t2f" " ewca=y/(Litwi+L./2)

* 2
DOovGa: 90°> B, > Prsce = A=—2— (46)
tgﬁewGa

* ok L

POZeWGa" ﬁewGa 2 ﬂewGa > ﬂewGa = /1 =—- Wl + L (47)
2 tgﬁewGa
b ok sokok L
POZeWGa" ﬂewGa = ﬂewGa = ﬂ’ = Lr 4 ﬂnga > ﬂewGa > ﬂewGa = /1 = Lk + Wl + 2r B t : (48)
g ewGa

B3 For 180° < yga < 360°, 12" ewca=y/(L,/2-W1), 128" ewca=V/(Litwi-L,/2), 128" ewca=V/(L/2+wy),

skskoksk

18f ewa=V/(Litwi+L,/2)

* 2
DOeuGa: 90°> B, o > Brogy = A= —2 (49)
tgﬁewGa
POZeWGa" ﬂ:wGa 2 ﬂewGa > ﬂ::wGa = /1 = LV - Wl + L (50)
’ 2 tgﬂewGa

b ook sk stk Lr
POZeWGa" ﬂewGa 2 ﬂewGa 2 ﬂewGa = ﬂ’ = Lk 2 ﬂnga > ﬂewGa > ﬂewGa = /1 = Lk + Wl + 2 B 1 ﬂy (5 1)
g ewGoa

B4 (B4=B5=B6=B7=B8=B9) For 180° < ycs < 360", 128 ewca=y/(L/2-W1), 128" ewca=y/(L:/2+W1),

kokok

188 ewGa=y/(Li+wi+L,/2)

> Bl A= (52)

DOewGa-' 90° > ﬁ tgﬁ
ewGa

ewGa

* b ok stk Lr
POZeWGa" ﬂewGa 2 ﬂewGa 2 ﬂewGa = A= Lk > ﬂnga > ﬁewGa > ﬁewGa > A= Lk + W + 2 - t ﬂy (53)
8 ewGa

B5 For 0° <y < 180°, 188" cwa=/(Litwi-Li/2), 188" ewca=y/(Li/2), 128" ewca=V/(Li/2-w1)

. L
POSeWGa" 900 > ﬂewGa 2 ﬂewGa = )L’ == Wl - y (54)
2 tgﬂewGa

3407



DOevGa: ﬁ:wGa > Booa > ﬁ::oa = A= L —L—w + 4 (55)
2 Zgﬁew(}a
ewGa- ﬁewGa = ﬁewGa > ﬁewGa = A’ = - Wl - ( )
2 Zgﬁew(}a
B6 For 0° < ygq < 180°, 128" cwca=y/(Li/2), 128" ewca=/(L:/2-w1)
DO@WG(X" 90° > ﬁewGa > ﬁ:wGa = A= < (57)
tgﬁewGa
POZ . * ok Lr y 58
ewGa- ﬁewGa = ﬁewGa > ﬂewGa = /1 = - Wl - ( )
2 tgﬂewGa

B7 For 0° < ygq < 180°, tgB" cwca=y/(Li/2-Li-w1), 188" ewca=y/(Li/2), 128" ewca=V/(Li/2-w1)

* 2 * ok
DOeWGa" 900 > ﬁewGa 2 ﬁewGa = j" = 2 ’ﬁewGa > ﬁewGa > ﬁewGa = A= 5 _Lk -W + 4 (59)

tgﬁewGa 2 Zgﬁew(}a
POZewta: B, 2 By > Brrve = A =22 —w, ——2 (60)
2 tgﬁ ewGa

B8 For 0° <y < 180°, 188" ewa=y/(L/2-Li-w1), 18" ewca=V/(L/2-W1)

DO 90°> Py > fray = A= — 22 (61)
tgﬁewGa
POZeWGa" ﬁ:wGa 2 ﬁewGa > ﬁ::rGa = A’ = LV - Wl - y (62)
2 Zgﬁew(}a

B9 For 0° <y < 180°, 188" cwca=/(Li/2), 128" ewca=/(Li/2-Li-wy), 12" ewca=/(Li/2-w1)
DOewGa-' 90° > ﬁ

* 2y
> Py > A= (63)
¢ tgﬁewGa

ewGa

* *k ok sokok L
POZewGa.' ﬂewGa e ﬂewGa e ﬂEWGa = l = Lk > ﬂewGa > ﬂewGa > ﬂewGll = /1 = 2r Bl Wl N t ﬂy (64)
g ewGa

D1 DI=D2=D3 For 0° < y5, < 180° NOTHING

D1 For 180° < vyga < 360° tgﬂ*ewga=y/w1, tgﬂ**ewga=y/Lr+w1, tgﬂ***ewga=y/Lk+w1,
tg,B ewGo, =y/Lk_i_Lr_i_"V]

OZuwGer o > o > B =5 2= t L B 2 Bae 2 Bonga = A=L, (65)
4 ewGa
POZewG(x-‘ ﬁ::”’;a > ﬁnga > ﬁ:::a fm— A, = Lr +Lk + w, — ; ﬁy (66)
g ewGa

D2 For 180° < ygq < 360°, 188" owca=y/Wi, 18B" ewca=Y/Litwi, 1B ewca=y/Li+Li+w;

POZewGa: B> Bosce > By = A= . ﬁy W, Bosga = Bowoa = A =1L, (67)
g ewGa

POZowGa Blrsy > Bosiw > Bonga = A =L, +L, +w, - ﬂy )
, > 2 tg ewGa

D3 For 180° < ygu < 360° 128 ewca=y/wi, 12B ewca=V/Litwi, 12 ewca=y/L,+wr,
tgﬂ ewGo, =y/Lk—f—Lr_f—"V]
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POZeWGa" ﬂ:wGa > ﬂewGa > ﬂ::wGa = /1 = y - Wl ? ﬁ::’Ga z ﬁewGa z ﬂ:‘iz’a = /1 = L/‘ (69)

tg ewGa

POZeWGa" ﬁ::z}a > ﬁewGa > ﬁ:::a = A’ = Lr + Lk + Wl - y (70)

Zg’ ewGa

CI CI=C2=C3 For 0° < yg, < 180° NOTHING
ClI For 180° < ygqa < 360", tgﬂ*ewga=y/Lr, tgﬂ**ewga=y/Lk, tgﬁ***ewga=y/Lk+Lr
>ﬁ:wGa :/1: y ’ﬂ:wGa ZﬂewGa Zﬂ:wGa :>/1:Lr (71)

ewG
’ tg ﬁ ewGa

POZeWGa" ﬂ::wGa > ﬂewGa > ﬂ:;;a = /1 = Lr +Lk - t ﬂy (72)
g ewGa

C2 For 180° < yg, < 360°, 12" ewca=V/Ly, 128" ewca=V/Li+L,

POZewGa-' 90° > ﬁ

>ﬂ:wGa:)L’= y ’ﬂewGa=ﬂ:wGa:>Z’=Lr (73)

ewG
‘ tg ﬂ ewGa

POZeWGa" ﬂ:wGa > ﬂewGa > ﬂ::wGa = /1 = Lr +Lk - ¢ ﬂy (74)
g ewGa

C3 For 180° < ygqa < 360", tgﬂ*ewGa=y/Lk, tgﬂ**ewga=y/Lr, tgﬂ***ewga=y/Lk+Lr

POZewGa-' 90° > ﬂ

S B D A= Blice 2 Bue 2 Brrge = A=L, (75)

ewG
‘ tg ﬁ ewGa

POZeWGa" ﬂ::wGa > ﬂewGa > ﬂ::FGa = /1 = Lr + Lk - Y (76)

tgﬂewGa
Equations for A for 0° <y, < 180° and 180° <yg, < 360° are indentical to equations for & for 270° <
Y6a < 90° and 90° < yg, < 270° respectively (SJGa plane).

In the case when yg,=0°, 360° (1807)—Bewca = 90°, and y5,=90° (270°)—Pnsce = 90°, irradiated area
is determined as Aoz = & Ao, Ao = oA respectively, where equations for £ and A remain same while
equations for A and & differs from case to case (E1=E2=E4=ES5=E7=E8=E10=E11a=E11b=E12 -
7\0 = Lr/2+V1, éo = Wr/2+V2, E3=E6=E9 - 7\,0 = Lr, éo = Wr, E13=E14=E15 - 7\,0 = Lk, E_,o = Wk,
B1=B2=B3=B4=B5=B6 - 1, = L,/2-w, & = W,/2-w,, B7=B8=B9 - A, = Ly, & = W\).

POZewGa-' 90° > ﬁ

Equations for pusga

El1 (EI=E4) For 90° < yga < 270°, 120 nsa=V/W/2-v2, 120 nsca=y/W/2+v;

DOnSGa" 900 > ﬂnxGa 2 ﬂ:xGa = pnxGa = i ’ﬂ:xGa > ﬂnxGa > ﬂ::Ga = Pusca = 5 _%_F vy (77)
El (EI=E2=E3=E4=E5=E6) For 270° < yg, < 90° NOTHING

E2 (E2=E5=E8) For 90° < y6, < 270° — pusGa = &

E3 (E3=E6=E9) For 90° < y5, < 270° — PusGoa = v2-W,/2+¢&

E7 (E7=E10=E11a) For 90° < yga < 270°, tgB nsca=y/W,/2-2, 12" nsca=y/Wi/2

* * sk W
DOnSGa" 900 > ﬂnxGa 2 ﬂnxGa = pnxGa = i ’ﬂnxGa > ﬂnxGa > ﬂnxGa = pnxGa = 5 - 2" + v2 (78)

E7 (E7=E8=E9=E10=E11a=E11b) For 270° < y54 < 90° — Pusca = Wi -vo-W/2+¢&
E11b (E11b=E12=E13=E14=E15) For 90° < yg, < 270° — pusca = &/2

E12 For 270° < y6a < 90° — Pusga = &

EI3 For 270° < vy < 90°, g8 nsca=V/(Wy/24v2-Wi), 128" nsca=y/Wi/2

DOnsG(x-' 900 > ﬂnsGa 2 ﬂ:sGa = pnsGa = i ’ﬂ}:\‘Ga > ﬂmGa > ﬂ;:Ga = Pisca = 5 - VZr -V, + Wk (79)
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El4 (EI4=E15) For 270° < y64 < 90° — PusGa = &/2
B1 (B1=B2=B3=B4=B5=B6=B7=B8=B9) For 90° < y6, < 270° — PusGa = &/2
B1 (BI=B2=B3=B4) For 270° < yg, < 90° NOTHING
BS5 For 270° < 964 < 90° — Pusca = Wi +wo-W,/2+¢&
B6 For 270° < 964 < 90° — Ppsga = ¢
B7 For 270° < ygqa < 90°, 12 nsca=V/(W,/2-Wi-w3), 12" nsca=y/Wi/2
o * * ok W
DOnSGa" 90 > ﬁnsGa 2 ﬂnsGa = pnsGa = i 2 ﬂmGa > ﬁnxGa > ﬁnxGa = Pusca = ff - 2r + w, + Wk (80)
B8 (B8=BY9) For 270° < y64 < 90° — pusGa = &/2

Equations for pewgq are almost indentical to equations for pnsga, With difference that in that case
parameters are defined for IZGa plane and for angle interval of Ygq, 180° <yge <360° 10° <ygq < 180°.

Equations for a, (DOcwco-DOnsa)
El (E*1=E4=E7=E10) For 180° < YGa < 270° (for 270° < ygq < 360° — t2(360-y64)), t2(YGo-
180°) =(L,/2-v1)/PnsGa 12€(YGa-180°) =(Lk -vi-L¥/2)/PnsGa

7 ~180°) <18, ~180°)< 5, ~180°)" =, =L, Q)
tg(yGa - 1800)< tg(yGa - 1800)* = ap = % + vl + tg(yGa - 1800) pnxGa (82)
8, ~180°)> 187, ~180°)" =@, = L =+ gl 190, (53)

E1 (EI=E2=E3=E4=E5=E6) For 0° < yg, < 180° NOTHING (for 90° < yg, < 180° — tg(180"-
Y6a))

E2 (Eg=E3=E5=E6=Eﬁ=E9) For 180° < 6, < 270° (for 270° < yg4 < 360° — tg(360-y64)), 12(YGo-
180°) =0, t2(y64-180°) =(Ly -vi-L¥/2)/DnsGa

18(rc, ~180°) <ig(rg, ~180°)<1g(r,, ~1809) = a, =L, (84)
187, ~180°)> tg(r, ~180°)" = @, = L = + =~ 1g (15, ~180°)- p,, (85)

E7 (E7=E8=E10=E11a=EI11b=E12) For 0° < y, < 90° (for 90° < yg, < 180° — tg(180"-y:,))
8162 800, ) 8(ra, ) =0= a, =240 ~1(r5,) P (86)

E9 For 0° < yg, < 90° (for 90° < yg, < 180° — 1g(180°-y64)), 1€(y6a-180°) = 0, tg(y6a-180°)" =(v;-
Lr/z)/pnsGa

tg(yGa )* S tg(yGa )S tg(yGa )** = ap = Lr (87)

sk L
Zg(7/c;oz)>tg(7/c;oz) =a,=v+ 2r _Zg(7Ga)'pnsGa (88)

Ella (El11a=E11b) For ]89: < Y60 < 270° (for 270° < ya< 360° — 1tg(360-y64)), 12(y6a-180°) =(Ls
-VI-LF/Z)/anG(D tg(yG(l'](?O() = (LI‘/Z'VI)/pnsGa

tg(v6, —180°) <tg(ys, —180°)<1g(y,, —180°) = a, =L, (89)
180, ~180°) < el =180 = 0, =2 v+ g7, ~150°) i, (90)
(. ~180°)> 18070, ~190°)" = 0, = =+ i, ~190°) pc, Q)

El2 (*EIZ=E13=E14=E**15) For 180° < yg, < 270° (for 270° < yga < 360° — t2(360-y64)), 12(YGa-
180°) = 0, t2(y64-180°) =(L,/2-v1)/PnsGa
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tg(y6, —180°) <1g(ys, —180°)<1g(ys, —180°) =a, =L, (92)
18076, ~180°)> 187, ~180°)" =, = L =0+~ gy, ~180°)- Py, ©3)

EI3 (E13=EI4=E15) For 0° < yg, < 90° (for 90" < ye, < 180" — 1g(180"ycs), 1g(yGa-1807)"= 0,
tg(yG(l'](?O () :(LI‘/2+V1'Lk)/pnsGa

tg(yGa )* Stg(yGoz)Stg(yGoz )** = ap = Lk (94)
sk L
Zg(7/c;oz)> Zg(VGa) =a,=m +7r_zg(7/Ga)'pnsGa (95)

Bl (BI=B2) For 180° < ygu < 270° (for 270" < yga < 360" — 1g(360-y64), 12(yGu
]80() Z(Lr/2+wl)/pnsGa; tg(yGa'](?O () =(Lk+"V]'L;‘/Z)/pnsGoc

1275, —180°) <1g(ys, —180°)<1g(y,, —180°)" = a, =L, (96)
tg(yGa - 1800)< tg(yGa - 1800)* = ap = %_ Wl + tg(yGa - 1800) pnxGa (97)
12(76q —180°)>1g(y5, —180°) = a, =L, +w, +%‘Zg(m ~180°)- P, (98)

BI (B1=B2=B3=B4) For 0" < yg, < 180° NOTHING (for 90° < yg, < 180° — tg(180°y6,))

B3 (B3=B4=B5) For 180° < yG, < 270" (for 270° < yg, < 360° — 1g(360-ycs), 1€(yGu
180() :(Lk+W1'Lr/2)/pnsGa; tg(yGa'](?O() = (Lr/2+wl)/pnsGa

tg(7 6, —180°) <tg(yg, —180°)<tg(ys, —180°) =a, =L, (99)
18070, ~180°) < ey, ~180°) = a, =2~ 18y, ~180°) Do, (100)
12(76q —180°)> 1g(y 4, —180°) = a, =L, +w +%‘Zg(m ~180°): P64 (101)

B5 (B5=B6) For 0° < yg, < 90° (for 90° < yG, < 180° — tg(180™-yc4))

« + L
tg(yGa)Ztg(yGa) ’tg(yGa) :0:> ap = 2’ _Wl _tg(yGa)'pm‘Ga (102)

B6 (B;6=B7=B8=B9) *Iior 180° < yga < 270° (for 270° < yga < 360° — t2(360-y64)), 12(YGo-
180°) =0, tg(yca-180°) =(L./2+W1)/PnsGa

tg(7 6, —180°) <tg(ys, —180°)<tg(yy, —180°) = a, =L, (103)
tg(yGa _1800) > tg(yGa _1800)** = ap = Lk + Wl +%_tg(y6a _1800)'anGa (104)

B7 (B*Z=B8=B9) For 0° < yga < 90° (for 90° < yga < 180° — 1g(180°-y64)), 12(y6a-180°)"=0, 1g(yce-
180°) :(L;‘/2'W]'Lk)/pnsGa

tg(yGa )* Stg(yGoz)Stg(yGoz )** = ap :Lk (105)

sk L
12(roa)>18(rs,) =a, = > M ~18(V60)* Pusca (106)

Equations for bpnpsgo (DOewGa-DOnsca)
El1 (EI-E15) For 90° < yg, < 270°

DOnSGa" b = % + V2 - anGa s 2pnsGa + bpnsGa > Wk = bpnsGa = Wk - 2anGa (107)

pnsGa

EI (E1-E6) For 270° < yg, < 90° NOTHING
E7 (E7-E15) For 270° < y6a < 90° — bpusa = Wi -2Pnsca
B1 (B1-BY9) For 90° < yg, < 270°
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DO}’ISG()(-' b = E —W, = DuGa ® 2pnsGa +bpnsGa > Wk = b

pnsGa )

B1 (BI-B4) For 270° < yg, < 90° NOTHING
B5 (B5-BY9) For 270° < yG, < 90° — onsGa = Wi =2PnsGa

= Wk - 2pnsGa (108)

pnsGa

Equations for a,, bpewca (DOewca-POZnsca)
EI (EI-E5) For 180° < yg, < 360°

L
DOeWGa" b = j + Vl - pewGa 4 bpewGa + 2pewG¢z > Lk = bpewGa = Lk - 2pewGa (109)

pewGa

DOewo: a, =b,,,q,
EI (E1-E6) For 0° < yg, < 180° NOTHING

E7 (E7-EI5) For 0° < yg, < 180°

DOevGo: bpenge =Ly =2P e > @ =Ly =2Dpge + 4 (111)
BI (BI-BY) For 180° < y6, < 360°

+ 20D e + 2Penga > L = @, = L =2 60 + A (110)

L
DOeWGa" b =—"- W, = PewGa? 2pewGa + bpewGa > Lk = bpewGa = Lk - 2pewGa (1 12)

penGa =
DOewo: a, =b,,,q,
BI (B1-B4) For 0° < yg, < 180° NOTHING

B5 (B5-BY9) For 0° < yg, < 180°

DOewGo: b =L, ~2Ppias a4, =L =2p,c,+A  (114)

+ 20D e + 2Penga > L = @, = L =2 60 + A (113)

pewGa

3. Results and discussion

The values of the angles G, fewces PusGas Y« and y, [ determine the combination of the defined
situations and therefore the method for determining the irradiated area. For date 20.06., G = 35", p =
0.85, location latitude and longitude 45°, 20°, orientation of the tilted CRS surface of 180°, §/Z =
80% and CRS dimensions of L; = 0.6 m, W;=0.4 m, L,=0.487 m, W,=0.618 m, y=0.249 m, v,
=0.034 m, w, = 0.051 m, the values for relation parameters for irradiated area of the lower absorber
surface are calculated, from previously described equations and [6], and shown by table (Table 1):

Table 1. The calculated parameters i, (TQ)dirref, (T0)diss B, V. PewGas PrsGa Vaafor 20.06., 06 - 18 h

06:00h 08:00h 10:00h 12:00h | 14:00h | 16:00n | 18:00h
i(°) 81.51 54.04 27.39 14.29 35.99 63.21 90
(T0) i ref (-) 0.10 0.74 0.83 0.84 0.81 0.62
(tat) i (-) 0.30 0.72 0.74 0.74 0.73 0.68
B () 19.75 40.81 60.39 68.09 5438 33.75 12.99
Y () - 96.86 128.30 19237 | 244.62 - -
Pewia (7) - 38.00 66.41 85.28 56.96 - -
PrsGa (7) - 62.88 74.40 76.45 72.07 - -
V6 () - 111.81 122.59 198.90 | 243.55 - -

From calculated values of the parameters for these hours it can be concluded that there are only
combinations of the situations DOewGa-DOnsga and POScwca-DOnsgq for angles f = 54.38°, 68.09°
and f = 60.39° respectively. As for the other possible combinations concerns, the same for angles f
= 19.75°, 33.75° and 12.99° were not considered because the same angles are less then angle G,
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which is why 4,., = 0. For f = 40.81° 4,., = 0, because no reflected beams hit the lower absorber
surface.

250

200
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w
—4—Ordinary collector

100
~#—Double-faced collector

50

0
06:00h 08:00h 10:00h 12:00h 14:00h 16:00h 18:00h

Time (h)

Fig. 3. The comparative diagram of the absorbed irradiation (W) of the double exposure collector
and collector without reflector

The values of angle f = 54.38°, 60.39° and 68.09°, for which the irradiated area of the lower
absorber surface is generated, only contribute to increasing of the absorbed solar irradiation, for
11.43 W (at 10:00 h), 26.44 W (at 12:00 h) and 61.79 W (at 14:00 h), which can be seen from the
Fig. 3 that shows the comparative values of the calculated absorbed irradiation for double exposure
collector and collector without reflector, using equations from [6]. The major contribution of the
increasing of the absorbed solar irradiation is associated for f = 54.38° at 14:00 h. The values of the
irradiated area, obtained for mentioned angles are 62% (54.38°), 20% (68.09%) and 10% (60.39%) of
the lower (upper) absorber surface which is 0.24 m’.

The described mathematical model allows determining of the instantaneous irradiated area for
double exposure flat-plate CRS, for its arbitrary tilt and arbitrary position and dimensions of the
reflector relative to collector. Thus, the developed model will be used for numerical determination
of the optimal dimensions as well as optimal positions of the reflector relative to collector. The
basis and reason for future conducting of that analysis relies on the fact that by reflector it is
possible to increase the absorbed solar irradiation of the CRS, as a one of possibilities for increasing
its efficiency, specifically in this case for 6.52% (10:00 h), 12.53% (12:00 h) and 30.11% (14:00 h).

References
[1] Souka AF. Double exposure flat-plate collector. Solar Energy 1965;9(3):117-8

[2] Souka AF, Safwat HH. Determination of the optimum orientation for the double exposure
flat-plate collector and its reflectors. Solar Energy 1966;10(4):170—4

[3] A. F. Souka, H. H. Safwat, Theoretical evaluation of the performance of a double exposure
flat-plate collector using a single reflector. Solar Energy 1969;13(3):347-52

[4] D. C. Larson, Mirror enclosures for double-exposure solar collectors, Solar Energy
1979;23(6):517-24

[5] D. C. Larson, Optimization of flat-plate collector-flat mirror systems, Solar Energy
1980;24(2):203-7

[6] Nikoli¢ N, Luki¢ N. Matematicki model apsorbovanog solarnog zracenja dvostruko
ozracenog, ravnog, vodenog solarnog kolektora. KGH 2010: Zbornik radova 41.
Medunarodni kongres o klimatizaciji, grejanju i hladenju; 2010 Decembar 1-3; Beograd,
Srbija.: 460-71.

3413





