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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 is 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
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on the fact that it is possible, using reflector, to improve collector
efficiency, 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.

Rezumat

Termenul colector solar cu apd, plat, cu dubla expunere, este legat de
termenul colector solar, care are capacitatea de a absorbi radiatia solara de
la suprafata superioard si inferioard a absorbantului propriu. Absorbfia
radiatiei solare de la suprafata inferioard a absorbantului se realizeazd cu
ajutorul unei suprafete reflectorizante plasate sub colector. In comparatie cu
colectorul conventional plat, la colectorul analizat, izolarea montata in partea
inferioara a cutiei colectorului se inlocuieste cu o suprafata vitrata. Din cauza
excluderii izolatiei, reducdndu-se astfel pierderile de caldura in ansamblul
colectorului, absorbantul este acoperit cu un strat pe ambele fete. Colectorul
descris este analizat pentru a se determina posibilitatile de imbundtatire a
eficientei sale, in comparatie cu colectorul conventional, care, printre altele,
depinde de marimea zonei iradiate a suprafetei absorbante inferioare. Aceasta
lucrare prezintd modelul matematic pentru stabilirea suprafetei iradiate din
partea inferioard a sistemului mentionat, si ia in calcul diferite posibile
dimensiuni si pozitii a reflectorului in raport cu colectorul. Modelul poate fi
folosit pentru optimizarea numericd a pozitiilor si dimensiunilor suprafetei de
reflexie (reflectorului) ir relatie cu colectorul. Bazd si motivul pentru
efectuarea analizei numerice in viitor se bazeazd pe faptul cd este posibil,
folosind reflectorul, sa se imbundtdteasca eficienta colectorului, in special
pentru cazul examinat, cu 6.52% (10:00 h), 12.53% (12:00 h) si de 30.11%
(14:00 h)

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
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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 is coated with
selective coating on both sides. There are several studies [1,2,3,4,5]
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 instantaneous
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.

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 < Ly/2—v, v<L,/2,
and case B5 (in SJGa plane), with condition x = (Ly)/2 +w, L, > L;, x <

L2<Li+w

The influence of the mutual position of the reflector and collector on absorbed
irradiation (collector efficiency) is determined by the size of the irradiated area
of the lower absorber surface (A,,). 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* 1 ,,*, which take into account
distance of the reflector’s axis from left (right) collector’s edge, when looking
in plane 1ZGo, 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): @) w =0 (case A), b) w < L,/2 (B), c) w = L/2(C),d)w
>L/2([D),e)v<Ly2(E)if)v=Ly/2 (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, < W,, W, = Wy, W, > W, for ratio of the reflector and
collector width. In the relations, beside previously described parameters,
lenght parameters as A, & ap, PansGa DpdnsGas PeewGos bpeewcas as Well as angle
parameters, which define instantaneous sun position, as projection of the
solar altitude angle on IZGa plane, f.,c. and on SJGa plane, Brscas as well
as projection of solar azimuth angle yg, 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
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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'D OnsGw P OSewGa"P OZnsGw P OSnsGa'D OewGa) P OSHSGG—P OZ@WG“ i
P OZewGa"P OZnsGa

4, =64 (1.1)
b) D OewGa'D OnsGa

4,.=(a,+A:b,, (1.2)
¢) POZGa-DOrsGa
A, =6 A+ A b, (1.3)
d) DO pyGa-POZpsGa
4,,=¢a, (1.4)

Within this analysis equations of parameters (eq. 1.5 — 1.114), that are
included in relations for determination of the irradiated area of the lower
absorber surface, as well as all possible combinations of mutual position of
reflector and collector, when looking in IZGa plane, are displayed below:

El-v<Ly2, L. <L, L2<L/2-v.v<L/2, E2-v<Ly2, L
<Ly, L/2<L4f2 —v,v=1,/2,

E3-v<Ly/2,L <Ly, L2<L/2-v.v>LJ/2, E4-v<LJ2,L,
< La, _LI/Z = Lk/2 —V,Vv< LI/Z,

E5-v<Ly/2, L, <L, L2=L/2-v.v=L1J/2, E6-v<LJ2,L,
<L, L/A2=1/2-v.v>LJ/2,

E7-v<LyJ2, Li<Lg,L2>L/2—v.v<Lj/2, ES-v<Ly2,L,
< Lk, LJ_/Z > Lk/2 — Vi V.= LI/25

E9-v< Lk/2, Lr < Lk, Lr/Z > Lk/.?. =V, V> LI/2, E10 - v < Lk/2,
Lr e Lka
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Ella-v<L/2, L, >L L2 +v<IL, L/2-v<L,/2 Ellb-v<Ly2, L
> L, L2 + v <Ly, L2 - v>1,/2,

E12-v<Ly2, L= L2+ v =1y, E13 - v <Ly2, L; > L,
L/2+v>T, L/2 +v<3L/2,

El4-v<Ly/2,L,>L, L2 +v>1,, L/2 +v=31,/2E15-v<LyJ2,L; >
Ly, L/2 +v>14, L/2 + v >3L,/2,

Bl-w>L,/2,L, <L, B2 -w>L/2, L,
= Ly,

B3-w>L/2,L,>L,L2<L+w L/2<1,/2+w B4-w>L/2 L>
Lk,L/2<Lk+W L/2 Lk/2+W

B5-w>LJ/2, L, >LK,L/2<Lk+w L/2>1,/2+w,B6-w>L/2,L:>
L,LR2=L+w, L/2>0,/2+w,

B7 - w>LQInﬂ%LQ>LVHvLQ<3uQ+wIm W L2, Ly >
L, L2>L +tw, L/2=31,/2 +tw,

B9-w>L/2, L, >1L, L/2>L +w,L/2>30L/2 +w,

D1-w>LJ/2, L, <Ly, D2-w>L/2, L, =Ly,
D3 -w>L/2, L, > Ly,
Cl-w=L/2, L. <Ly, C2-w=LJ/2, L. =L

C3-w=L/2,L, > L

Equations for f,6o fewGo Y6a
’[cosa' (cosG- cosf3- cosy+sinG- sinf3) +sina- cosf3- Sln}’]

cosf,

\m:osa' -(cosG - cos - cosy +sinG- sin ) +sina - cos - siny]’ +(sinG- cos - cosy—sinf3- cosG)’

(L.5)

‘[sma (cosG-cosf- cosy+sinG- sin 8)—cosar-cos - smy]

cosf, g =
J[sina-(cosG-cosﬂ-cosy+smG-smﬂ)—cosa~cos,B-smy/] (smG-cosﬁ-cosy—sin,6’~cosG)2
(1.6)
, lcosa-(cosG-cosﬂ- cosy+sinG-sin B)+ sina-cosﬂ-sinyi
COS Yy =
’ \/(cos,b’-siny)2 Jr(cosG-cosﬂcosy+sin(~?-sin,B)2 (1.7)

Equations for A (§)

EI (EI=E2=E4=ES5) For 0° < yg, < 180", tgB ewca=y/(L/2+v1)
L

POSewGa—' 900 = ewGer > cwCer = /1 =—+ vV, — Y s (18)
2 tgﬂewGa

El For ]800 < VGa < 360 o’ , thB*ewGazy/(Li/*Q“‘VJ); tgﬁ**evea:y/(Lr/2+v1);
188" owca=y/(Li-vi-L/2), 188 ewGa=y/(Li-vi+L,/2)
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* 2 y
DOewGa-' 900 > ewGa 2 ﬂewGa - '2’ = .

ZgﬁewG(Z
L b (1.9)
Y = A="T—v + :

ﬁewGO( g woe oe 2 l tngenGa
POZemCa ﬂgw(,a & ﬂewGa 2 ewGa = /1 L ?

L y (1.10)

A=y ——

ﬁs’wG(Z > ewGa > ewGa — 2 tgﬂew(;a

E2 For 180° < you < 360° 12 ewca=V/Lr 188 ewca=y/(Livi-L/2),
tgf ewca=y/(Li-vi+L,/2)

’ _ Yy 1.11)
DOew o 0°> > / a:>/1_ ( |
G 9 'BEWG(Z ﬂQWG tgﬂ ewGa
POZnga-. ﬁ;v(;a 2 ﬂewGa 2 ﬁZWC{x = /1 L ’
Ly (1.12)
ﬂewGa > ewGa ewGa = 2’ L 2 tgﬂewGa’

E3 (E3=E6) For 0° < yg < 180; 18f ewca=y/(vi-L¥/2),
tgﬂ**ewga:y/(L,/Zva;)

POSeWGa‘. 900 > ﬂewGa’ = ﬂewGa = ﬂ’ L 2
. _L Y (1.13)
Bewea > Bove > Pewca = A= 5 e B h. .

E3 For 180" < you < 360°, tgB evca=y/(Vi-L1/2), 188" enca=y/(L/2+V1),

L

tgf ewca=V/(Li-vi-L/2), 2B ewca=V/(Li-vitL,/2)

POSewGw 900 - ewGa & ﬁewGa = /1 L (114)
Kok L y
DO iz > > A=—"F-v + (1.15)
G ﬂewGa > ewGa IBEWGCI 2 1 tgﬂew(}a
POZeWGa'. ﬂ:«-Ga 2 ﬂewGlZ 2 ﬁewGa’ = /L L g
. Ly (1.16)
ﬁewGCt > ewGa = ewGa = /l L 2 tgﬂewGa

Ed (E4=E?7) For 180° < 764 < 360°, 128 enca=/(L/2-V1). 18" ewa=V/(Lic
vi-L/2), tgf’ W,Ga:y/(Lk-—vﬁL /2)

2y
DOewGa-- 90° > 2> wGi =t A = = 5
- ’ tgﬂew(}a
* I, y (1.17)
ﬂpra > ewGa > ﬂewGGf => /1 - 2 1 l‘gﬁgw(;a
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POZewGa ﬂ**Ga’ 2 ewGa > ﬁ::*(;a — 2’ :Lk _vl + Lr - y
2 IgﬁewGa
(1.18)
E5 (ES5=E8) For 180° < yg. < 360° 1B wca=y/(Li-vi-L./2),
tgﬁ**ewGa :y/(Lk'v] +Lr/2)

DOuyier 90°> B, oo > Py = A= —2— (1.19)
ZgﬁewGa

* L ;
POZeWGa,’ IBewGa > i 2 e, B A= Lk —v, + B Y
2 tgﬁewGa

(1.20)
E6 (E6=E9) For 180° < yg, < 360°, 128 eca=V/(vi-L¥/2), 1B avca=V/(Li-

kK

vi-L /2) thB ewGa_y/(Lk'V] +L /2)
POSQ“GO‘ 90 > ﬂewGa = IBew(za = /1 L (121)
L )
DOuy6o: B .. > B, > = A= p— (1.22)
IB ewGo ewGo ewGa 2 fg ﬁewGa
2 *x L ¥y
POZeWGa. ﬂewGa 2 ﬁewGa & ewGuo = /1 = Lk -V +—-
2 tgﬁewGa

(1.23)
E7 (E7=E8=E10=E11a=E11b) For 0° < yc, < 180°, 128 ewca=y/(Li-vi-

k¥ k

L/2), 188 ewca=V/(Li/2), 12B" ewca=V/(L/2+V})

: L Y
POS@wGa 90> = -ajﬂ’: - o
ﬁCWG(Z e 2 ! g IB ewGo
(1.24)
DOewGa-- ﬂ:wGa > ewGo > IB::/GOJ = /1 =5 —Lk * Vl 4 >
tgﬂewGa
(1.25)
POZowGa: B Z Bocy > Prcy = A L, A
ewGar Ga — FewGa ewGo - a
v ‘ ¢ 2 tg/ngGa
(1.26)
E9 For 0° < yg, < 180" tgﬁ*ewua =y/(v;-Lr/2), tgﬁm*ewGa:y/(Lk‘Vi'Lr/Z/)ﬁ

* %k % . B

tgﬁ ewGa:y/(Lk/Z): tgﬁ ewGa . /(L /2 ‘LVJ)
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POSeWGa: 90° > ﬁewGa = IB:wGa = A= Lr ’

* *k L }'
B, S A="L+v, - (1.27)
:BewGa’ ewGa ﬁewGa 2 1 tgﬁnga
" *¥ Kkk L . V
DOewGa- ﬂewGa o ﬁewGD,’ > ewGo = /1 =—- Lk + Vi + ~
2 tgﬂewGa’
(1.28)
sokk sk L s
POZewGa: ﬂewGa 2 ewGa = PewGa =S A=—% Vi~ 4 (129)
2 tgﬁewGa

E10 (E10=Ella) For 180° < 76« < 360°, 1B ewca=V/(L/2-V1),
tgﬁ ewGa:y/(Lk/Z)’ tgﬂ ewGa:y/(Lk"V]+Lr/2)

DOewGa-' 900 > ﬁewGa 2 ﬁ;wGa = ;L = 2y
tgﬁewGa
* ok L _y
o > Powca > = A=—"T-v+ (1.30)
ﬂewGa ewGa ﬂewGa 2 1 tgﬂnga
sk Lr _y

POZeWGa: ﬁethz '>— ﬁewGa > ewGa = 2’ = Lk _vl +

2 tgﬁewGa

(1.31)
E11b (E11b=E12=E13=E14=E15) For 180° < 96a < 360°,
18" o=V (Li/2). 188~ ewGa=Y/(Le/2-V1), taB”"" wia=y/(Li-vitL,/2)

i 2
DOewGa: 90° > lBewGa > ﬂewGa = A= z (132)
tgﬂewGa’
POZewGo: ﬂe*wGa 2 ﬂewGa 2 :vGa' =>A=L, ’
;B;:Ga 8 ﬁe*:v’;a =>A=L, -V, +_l;,___ s (1 33)
2 tgﬂewGa’

E12 For 0° < y6q < 180°, 188 ewca=V/(Li/2), taB”" ewa=Y/(Li/2+V1)

DOorier 90°> Bovia > Bowa = A= (1.34)
tgﬂewGa
POZeya: IB;;Ga 2 Pewce > ﬁ:;'GC( = A= L, +v, —“—X_‘ (1'35)
2 tgﬁewGa

EI3 For 0° < 76a < 180° 188 ewca=y/(L/2+Vi-Li), taB” snca=V/(Li/2),

% %k

1B ewca=/(L/2%V1)
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DOewGa 900 > ewGa = ﬂ;wG(l — ﬂ' = 2y ’

tgﬂewGa
L. ; (1.36)
> Ga = Pewa = A L = |
IHewGa ewGi G 2 tgﬂwGa
Sk L 7 3
POZnga: ﬂewGa’ = ﬂew(;a > ewGa = /1 - i - (1 37)
2 lgﬂew(}'a

E14 For 0° < yg, < 180", tgﬂ*ew,Gazy/(Lr/2+v1—L,J, 198" cwca=V/(L/2+V))

2
DOuya 90°> Boror > Brvge = A=—22 (1.38)
tgﬁew(}a
. * L Y
POZ v P > = A =— g, o = (139)
ﬂewGa ewGa ewGa 2 tgﬂewGa

EI5 For 0° < ygu < 180° tgB wwca=v/(Li/2), 128" ona=V/(L/2+v1-Ly),

*kk

tgﬂ ewGa:y/(Lr/2+V1)
2
DOuigar 90°> B, 00 > Pruge = A=—2 (1.40)
tgﬂewGa
POZgWGa'. ﬂ;wGa' 2 ewGa = PewGa = A= L 2
*% *okk , L y
> > S A="T+vy - (1.41)
ﬂ ewGo ewGo ewGo g tg ,BewGa
B1 (BI=B2=B3=B4) For 0° < yca < 180", tgB"enca=v/(L,/2-W))
. L y
POSouGa: 90°> .o > Brvge = A=—2—w, —
G ﬁ ewG ewG 2 tg,BeWGa

(1.42)
For 180° < yga < 360° 1gB ewca=V/(L/2-W1), 128" cnca=V/(L/2+W1),

*k % *Fkx

tgﬁ e\vGa:y/(Lk+WJ'Lr/2): tgﬂ e»vGa:y/(Lk+W]+Lr/2)
* 2
DOewGoc-‘ 900 > IBewGa > ﬂewGa = /1 = ——"‘y— (143)
tgﬂewG(l
3 L
POZewGa 2> o [ - — A=t Y
ﬁ wGo ewGo ﬂewGa 2 1 fgﬂewGa

(1.44)

POZ@WGO‘: ﬁ;:Ga 2 /BewGa 2 ﬂew( a = A= L ’
Ly (1.45)
2 tglﬁew(}a

*****

ﬂew(;a = ewGa > ewGa = 2’ = Lk + wl +
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B2 For 180" < VGa < 360 D’ tgﬁ*ewGa:y/(Lr/Az'Wl), tgﬁ**ewGa:y/(Lr/2+W’1),
tgﬁ***ewGa:y/(Lk+W’1 +Lr/2)
2y

DO,yca: 90°> B.ocy > Bovoa = A=—5 (1.46)
tgﬁewGa
. - & y
POZewGa-' 2 - = A=—"L—-w +
IB ewGo ewGa ewGa 5 1 tg ﬁew(;a

(1.47)

POZeyGo: ﬁewGa = IB;Ga = A= L, ’

** sk Lr y
ﬂewGa’ > ewGa -~ ewGa = /1 == Lk T W + —2— - tgﬁew(;a (1 48)

B3 For 180° < yga < 360°, 188 ewca=y/(Li/2-W1), 18" ewca=y/(Litwi-Li/2),

k%

108 uGa=V/(L/24W1), 188" ewga=/(LitwiTL,/2)

" 2y
DOewGa-' 900 > ﬁewGa ¥ ﬁewGa = ﬂ’ e } (1 49)
tgﬂewGa
* K3k L » V
POZew ar > > = A=—"-w, + =
G ﬂewG(l ﬁewGa IB€WGa 2 1 tgﬂewGa
(1.50)
POZeWGa'. :B;:Ga 2 ﬁewGa = ﬁ;*Ga = A= Lk >
sookk L y

- P —A=L, +w+—L——— (1.51)

ﬁ ewGo ﬂ ewGo ewGa k 1 2 tg ﬂewGa

B4 (B4=B5=B6=B7=B8=BY9) For 180° < yc. < 360", tgB ewca=y/(L/2-W)),
tgﬁ**ewGa:y/(Lr/Z +WI)’ tgﬂ ew‘Ga:y/(Lk+W1 +Lr/2)

" 2
DOue 90°> B > Brage = A=—22 (1.52)
tgﬂewGa
POZeyGa: ﬂ:wGa =¥ ﬂ:;Gon A=L;>
- L 1.53
ﬂewG(I > ﬁewGaf > ﬂewG{l = 2’ = Lk &5 wl + 2 - tgﬂ);m, ( )

B5 For 0° < yg, < 180", tgﬁ*ewga:y/(Lker;—L,/Z), tgﬁ**ew(;a:y/(])k/Z),

*kk

tgB ewca=Y/ (L,/2-w;)

. L
POSeW a- 900 > > - = ﬂ, =" —w, —
G ﬂew(;a IBewG 2 1 fgﬁnga

(1.54)




L Yy
. . *k — — W, +
DngGa' ﬁewG&’ > /ngGa > ewGa = A 2 Lk Wl tgﬂngaf
(1.55)
ok e 2{ = L,. —-W, — 4
POZewGOL'. ﬁewGOI 2 ewGa > ﬁb’WGa =k 2 : tgﬂewG(I
(1.56)
B6 For 0 g VGa < 180 o, fg)g*ewGazy/(Lk/2)’ lg’B nga:y/(L/Z_wj)
s o > * p— l = L (1 57)
DOewGOL' 90 > ewGa Wi IgﬁewGa
* *k Z/_ Lr - W, — Y (1.58)
POZ{?WG“'. ﬁewGa Z ewGa o ewGa — = 2 : tgﬂewGa

B7 For 0° < ygo < 180% 188 awea=V/(L/2-Liw1), 188 enca=y/(Li/2),

*kk

tgﬁ ewGa:y/(Lr/Z'Wl)
D OewGa:

. s
900 > ewGa 2 ﬂewGa ~ /1 -
tgﬂewGa
ok Lr L +—_27"'—' (1.59)
ﬂ:wGa > ewGa > ewGa = 2/ - —2—_ g —WI tgﬁewGa’
,,* o gnle
POZeWGa'. ﬂewGa’ 2 ﬂewGa’ 2 Pewee = 4= 2 : tgﬂew(;a
(1.60)
B8 For 0° < yg, < 180°, 18 ewGa=y/(L/2-Lirwy), 18" evGa=y/(L/2-W1)
) DB e e 2y (1.61)
DOewGa' 90° > ewGa s tgﬁewG&
* o /1 = 5— = g = })
POZewGa'. ﬁnga = ewGao > Pewga = A= . 1 tg/BchOt
(1.62)

B9 For 0° < you < 180" 1gB aca=y/(Li'2), 18f" evca=y/(L/2-Li-w1)

l‘gﬁ***ewGa:y/(Lr/Z—w/])

A 2y
DOewGa: 900 > ﬁewGa o ﬁew(}& = /1

__ 2y (1.63)
[gﬂew(}a
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ﬂ:wG(Z 2 lBewGaf 2 ﬂewGa = ﬂ’ Lk ?
*k kK Lr y’ %
ﬂew(o > ﬂewGa > ewGa = /1 = —‘2—“‘¥Vl - ¢ ﬂwoa (164)
D1 DI=D2=D3 For 0° < yG, < 180" NOTHING
DI For 180° < yca < 360, tgﬂ ewGa=Y/W1, tgﬁ**ewgazy/l,,.+w1,

k¥

Zgﬂ ewGa:y/Lk+W1; tg,B evaa:y/Lk+L +W’

POZnga.'
ﬁe*wG(}! > ewGa >ﬁ;Ga :>/1: y —wyl’lB:;G(lZIBewG(ZZﬂ::"Ga::)Z’:Lr
tgﬂe"wGa
(1.65)
POZnga IB:::}LZ > PewGe > :wZa = A= L + L Wy =
tgﬂewGa’
(1.66)

D2 For 180° < yc. < 360, tgﬂ*ew(;a:y/w], tgﬂ**ew(;a:y/Lﬂrw;,

2

tgﬁ ewGao :y/Lk+Lr+w’1

. * *% y —
POZeWGa' ﬁewGa & ewGo > ewGa Bt ﬂ’ = —Wl ’ﬂC’WGa — MewGa = /1 L
tgﬁewGa

(1.67)

POZewGa: ﬂ:vGa > Pewca = ﬁ::;,a =>A=L +L t+w——F
tgﬂewGa
(1.68)
D3 For 180° < vyg, < 360", tgﬁ*ewGa:y/Wb tgﬁ**ewga:y/Lk+W],

* k%

tgﬁ ewGa:y/Lr+W1; tgﬁ****ewGa:y/Lk+Lr+wl

POZewGa-'
ﬂewGa> G :\:Gaé/l: 4 —W17ﬁ::/Ga’2 ewGa2 ::Z;aj;i’:Lk
tgﬂewGa
(1.69)
POZoca: B, > Bovow > Bowea = A=L, + L+ W, —
tgﬂewGa’
(1.70)

CI CI=C2=C3 For 0° < yg, < 180° NOTHING
Cl For 180° < yga < 360 tgﬁ ewGa=V/Lr, tg[)’ ewGa=V/Li,
tgﬂ***ewGa :y/Lk+Lr~

284




POZewGa:
900 > ewGa > IBJWGa = 2’ = y ? ﬂ:wGa 2 lBewG(x = /B:;Ga = /1 = Lr
tgﬁ,wGa
(1.71)
POZew6a B, > Bosa > Brse = A= L, + L, ——2
tgﬁewGa’
(1.72)

C2 For 180° < yga < 360°, 188" ewca=/Ly, 188" ewca=V/Li+L,

POZeyGor 90° > ewGa = :wGa => A= : 7IBewGaf = :wGa => A= Lr
tgﬂewGa
(1.73)
POZewss: Bzy > Bosoe > Broge = A=L, +L, ——
tgﬁewGa
(1.74)

C3 For 180° < ygu < 3605 186 ewca=V/Li 188 ewca=V/Ls

Z:gﬁ*wewGoc :y/Lk+Lr
POZewGa-'
90° >

* . y * Kk _
> ewGa = 2’ - ’ﬂewGa = ﬂewGa 2 ewGo = /1 - Lk
ﬁewGa

ewGa

(1.75)

POZeyGo /B:;Ga > Povta ® ﬂ:;*c;o =>A=L +L;, - c
tgﬂewGa

(1.76)

Equations for A for 0° < yg, < 180° and 180° < ygq, < 360° are indentical to
equations for & for 90° < yge < 270° and 270" < Yo < 90° respectively
(SJGa plane).

In the case when 7yg,=0°, 360° (180°)—Pewca = 90°, and Yg—=90°
(270°)—Busce = 90°, irradiated area is determined as A = &g, Acar = Eo'h
respectively, where equations for & and A remain same while equations for
Ao and &o differs from case to case
(E1=E2=E4=E5=E7=E8=E10=E11a=E11b=E12 - Ao = LJ2+vi, & =
W./2+v,, E3=E6=E9 - X, = L, & = W,, E13=E14=E15 - % = Ly, & = Wy,
B1=B2=B3=B4=B5=B6 - A, = L./2-w,, & = W/2-w,, B7=B8=B9 - A =
Ly, &= Wy).




Equations for pnsce
EI (E1=E4) For 270° < y6a < 90, t0B nsGa=V/ Wi/ 2-V2, 1B nsGa=Y/Wi/2+V:
DOnsG(x'.

o . =
90 > nsGa 2 nsGa = Pusca = E ’

ﬂ;sGa > nsGor > ;:Ga = anGa = 5_%+V2 (177)

El (E1=E2=E3=E4=E5=E6) For 90° < yga < 270° NOTHING

E2 (E2=E5=E8) For 270" < y6a < 90° — PnsGa =6

E3 (E3=E6=E9) For 270" < yca < 90° —> Prsca = V2 Wi/2+¢

E7 (E7=E10=Ella) For 270" < ya < 90° 108 nsGa=V/Wi/2-V2,
19" nsGa=/Wi/2

DOnSGa:

o i _ 5
90° > nsGo 2 nsGor — PusGa ~ 5 >

* ok W
ﬂnsGaf > nsGa > nsGa = pnsGa = g —_ir_ + V2 (178)
E7 (E7=E8=E9=E10=El11a=E11b) For 90° < yga < 270° — Pusca = Wik -
v-W,/2+¢
E11b (E11b=E12=E13=EI14=E15) For 270° < ygu < 90° — Pnsca = &/2
EI12 For 90° < 9Ga < 270° — Pnsa = €
E13 For 90° < y6a < 270°, 12 nsca=y/(W/2+v2-Wy), taB" wsca=y/Wi/2
DOnSGa:

&

o * =
90 > nsGa 2 nsGor = Poia = E 2

* %k W'.
:anGa > Pusca > Pusca = PusGa — 5"_2-_-\]2 +Wk (179)

E14 (EI4=E13) For 90° < yga < 270" — Pusca = &/2

BI (BI=BZ=B3=B4=B5=B6=B7=BS=B9) For 270° < 964 < 90" — PnsGa
=¢&/2

B1 (B1=B2=B3=B4) For 90° < ygu < 270° NOTHING

B5 For 90° < YGo < 270° — PnsGa — Wi +W2—W,/2+C::

B6F0r 90c> < YGo. < 2700 —> PnsGa = g/

*

B7 For 90° < y6q < 270°, 1gf nsca=y/(Wi/2-Wi-w2), tgB” nsca=V/Wi/2
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DOnsGa:
) » . §
90° > nsGa 2 nsGo = Prsga = 5 ?
* *k Wr
B > Boce > oo = Prce =& w4 W, (1.80)

B8 (B8=BY9) For 90° < yg, < 270" — Ppsca = &2

Equations for pewge are almost indentical to equations for pusge, With
difference that in that case parameters are defined for IZGa plane and for
angle interval of yg,, 180° <vyg, <360° 1 0° <7yg, < 180°.

Equations for a, (DOewce-DOnsco)

El (EI=E4=E7=E10) For 180° < yg, < 270° (for 270° < yg, < 360° —
12(360-y6,)), 12(v64-180°) =(L,/2-V1)/PnsGa 12(ye-180°) =Ly  -vi-
Lr/Z)/pnsGa

tg (¥, —180°) <1g(y,, —180°)<tg(ys, —180°) = a, =L,

(1.81)
18 (Voo ~180°) < 18(7a, ~180°) = @, ===+, + (V0 ~180°)- Prce
(1.82)
19(V5n —180°)> 12(¥5, —180°) = a, =L, —v, + g —1g(Y5y —180°)" Prca
(1.83)

E1 (E1=E2=E3=E4=E5=E6) For 0° < yg, < 180° NOTHING (for 90° <
Y6a < 180° — 1g(180*-yG,)

E2 (E2=E3=E5=E6=E8=EY) For 180° < yg, < 270° (for 270" < yga <
360° — 1g(360-y6,). 12(v6a-180)"= 0, 1g(y6-180)" =(Lx -v1-L/2)/Pusca

18 (Voo —180°) <1g(75, —180°)< 1g(yg, ~180°)" = a, = L,
(1.84)
k% L °
tg(yGa _1800)> tg(VGa _1800) = ap - L/c Y +§L_tg(7Ga —180 )'pnsGa

(1.85)
E7 (E7=E8=E10=E11a=EI11b=E12) For 0° < yg, < 90° (for 90° < yg, <
180° — tg(180°-ys,))
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* * _L
tg(yGa)ztg(yGa) stg(yGa) :0:>ap: 2r+v1_tg(7Ga).pnsGa

(1.86)
E9 For 0° < yga < 90° (for 90° < yga < 180° — tg(180°-yg4)), 18(VGa~
1809)°= 0, 1g(yoa-1807)" =(vi-L¥/2)/Pnsca

tg(yGa )* = tg(}/Ga)S tg(?’(}a )** =a,=L, (1.87)

tg(}’Ga)> tg(}/Ga)** = da, =V +‘%— tg(?’ca)' PrsGa (1.88)
Ella (E11a=E11b) For 180" < yga < 270° (for 270° < y6a=< 360° —
t0(360-y65),  18(yGa-180°)"=(Li  ~Vi-Lr/2)/Pnsco tg(yea-180)"= (L/2-
V])/pnsGa
t2(y.. —180°) <1g(yq, —180°)<1g(¥s, ~180°)" = a, =L,

(1.89)

* L
tg(yGaf = 1800)< tg(yGa —1800) — ap = —5‘ + Vl + tg(yGa _1800)' pnsG(Z
(1.90)

*k L
tg(VGa “1800)> tg(?’ca _1800) = a,= L, —v +—§r—-_tg(7Ga _1800)'pmc}a

(1.91)
E12 (E12=E13=E14=E15) For 180° < yg, < 270" (for 270 < ycs < 360"
s 19(360-764), 18(1Ga-180)"= 0, 18(¢Ga-1807) " =(Ln/2-V1)/PrsG
2 (., —180°) <1g(ys, —180°)<1g(yg, —180°) = a, =L,
(1.92)

** L o
tg(yGa - 1800)> tg(?’Ga = 1800) = ap = Lk - Vl 3 _Er_— tg(yGa _180 ) PrsGa
(1.93)
E13 (E13=E14=E15) For 0" < yGa < 90° (for 90° < yg, < 180" — tg(180°-
VGa): 18(6a-1807) = 0, 18(y6a-180°) =(L/2+V1-Li)/Pnsa
tg (YGa) s tg(;/Ga')S tg (YGa) = ap = Lk (194)

K% L
18(You)> 18(Voa) = a, =vi+—= te(Yeu) Prsce (1.95)
BI1 (B1=B2) For 180° < yga < 270° (for 270° < yga < 360" — t2(360-y64)),
10(76a-180°) "=(Ly/2+W1)/PrsGas 18(7Ga~1807) " =(Li+Wi-L,/2)/DnsGa
12y, —180°) <i1g(¥s, —180°)< 1g(¥g, —180°) = a, =L,
(1.96)
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. L
18(Foo ~180°) < 18(7e ~180°) = @, = 2~ 0, + £(16, ~180°): P
(1.97)
% L
tg(yGa _1800) > tg(yca _1800) = ap . Lk + Wl + 2r _tg(yGa _1800)' pnsGa

(1.98)
BI (BI=B2=B3=B4) For 0° < yg, < 180° NOTHING (for 90° < yg, <
180° — tg(180°-y5,))
B3 (B3=B4=BS5) For 180° < yg, < 270° (for 270° < yg, < 360° — tg(360-
Y6))s 18(06a-180) =(LitW1-L,/2)/Dnscer 18€(06a-180°)""= (L/24W1)/Prsca
tg(yGa - 1800)* = tg(}/Ga - 1800)S tg(?’ca - 1800)** — d, = Lk

(1.99)
18 (Yo, —180°) < 1g(y5, —180°) = a, = —%—wl +18 (Voo —180°)" Pra
(1.100)
18(Vou —180°)> 1g(¥s, —180°) = a, =L, +w, + Z —18(V6, ~180°) Poyga
(1.101)

B5 (B5=B6) For 0° < yg, < 90° (for 90° < yg, < 180° — tg(180*-y5,))
* * L
12 (Vea) 2 18(oa) - 18(Foe) =0=a, == m, ~12(¥Yea ) Prca

(1.102)
B6 (B6=B7=B8=B9) For 180° < yg, < 2*70" (for 270° < ygu < 360° —
12(360-76,)), 12(y6a-180°) =0, 12(yGa-180°) =(L,/2+W1)/PnsGa
18 (Voo —180°) <tg(y5, —180°)< g (¥, —180°) =a, =L,

(1.103)
E .
tg(?’Ga _1800) > tg(7Ga _1800) =a, = L, +w + ,; —tg(}/Ga —180 )'pnsca
(1.104)

B7 (B7=B8=BY9) For 0° < y5, < 90° (for 90° < yg, < 180° — 1g(180 “V6a)),
tg(yGa']SO 7*:0’ Zg(yGa"]80 () :(L/Z'M')I“L/c}/JUnSGu
12(Voa) S18(V6a)S18(Voa) = a, =1L, (1.105)

[g(yGaf)> tg(7Ga) = a, :?r“’wl “tg(y(;a)'pmgg (1.106)
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Equations for bpncoe (DOewca-DOnsco)
El (EI-E15) For 270° < yg, < 90°

W
DOnsGa: b =—"+ Vo = PusGa?

pnsGo
2
2pnsGa + bpnsGa > Wk = bpnsGa = Wk - 2p,1s(;0, (1107)

E1 (E1-E6) For 90° < yg, < 270° NOTHING
E7 (E7-E15) For 90° <y, < 270° — bpnsca = Wi ~2PnsGa
B1 (B1-BY) For 270° < yge < 90°

. S— __.r — e
DOnSGa- bpnsGa - 2 W, = PusGa?

ansGa i bpnsGa > Wk = bpnsGa - Wk - 2pnsGa (1108)

B1 (BI-B4) For 90° < yg, < 270° NOTHING
B5 (B5-B9) For 90° < ygu < 270° — bpnsGa = Wi ~2Pnsta

Equations for a,, byewce DOewga-POZysca)
E1 (EI-E5) For 180° < yg, < 360°

Lr
DOewGa: bpewGa = _2— + Vl - pewGO!’

bpewGa L zpewGOl >L, = bpewGa - Lk ~2P w6 (1.109)

DOoyGa: A, =b 60 + AsDposoa T 2Pewca > L = @, =1y —2Pca T A
(1.110)

E1 (EI-E6) For 0° < ycs < 180° NOTHING

E7 (E7-E15) For 0° < yg, < 180°

DOQWG“'. bpewGO( = Lk - 2pewGa > d, :Lk —2pewGa +4 (1111)

BI (BI-BY) For 180° < yg, < 360°

DOeWGa" bpewGaf = .5’"_ —W, - Pewce

2pewGa’ + bpewGa > Lk = bpewGa = Lk - 2pewGa (11 12)

DOey6o: a, =b 0+ AoBposce + 2Pewca > Ly = @y = Ly = 2Py + 4
(1.113)

BI (B1-B4) For 0° < y, < 180° NOTHING

B5 (B5-B9) For 0° < yg, < 180°

DO@WGO‘: bpewGa - L/c - Zpew(?a 2 ap = Lk —2pewGCz’ +2‘ (1 1 14)
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3. Conclusion

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
efficiency of the CRS, specifically in this case for 6.52% (10:00 h),
12.53% (12:00 h) and 30.11% (14:00 h) [6].
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