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Abstract- The paper presents a mathematical formalism to study energy absorbed by base plate and walls of the absorber tray

due to mirror reflected radiation for a solar hot box. The absorber tray has been considered as composed of five surfaces (base
plate and four walls). The study is focused on estimating the reflected solar radiation receiving areas on these five surfaces.
The formalism has been developed using solar geometry angles, collector-reflector design parameters, tracking modes with
appropriate boundary conditions. The expressions derived for the areas of five surfaces which receive radiation reflected by
mirror are presented in form of tables with boundary conditions. The formalism has been studied for various cases such as
non-tracked, azimuthally tracked collector with fixed mirror angle and fully tracked modes. The developed formalism can be
used in general for any flat plate collector with four walled absorber tray. The results of calculations presented here are for hot
box solar cooker with inclined and vertical walls. The study elucidates that reflector is more effective in winters, tracking
requirements are less in winters as compared to summers and more effective heating of load can be achieved for collectors
with inclined walls. This study may serve as a useful aid in better designing of four walled flat plate collectors such as solar
cookers, dryers, distillation stills, water heaters etc.

Keywords- : energy absorption, reflected radiation, flat plate collector, solar cooker, base plate, inclined walls, tracking
modes.

the earlier studies mainly energy absorption has been
considered on aperture area only and therefore the
distribution of energy absorbed on the base plate and four

Solar energy is increasing|y making its way through both walls of the absorber tray has not been studied. Solar thermal
solar PV and thermal technologies [1-6]. The need of the  devices such as hot-box solar cookers, solar stills and dryers
hour is to improve performance of both solar PV and thermal ~ etc. based on flat plate collector have absorber tray as an
systems. Many of the solar thermal devices such as solar hot ~ essential component. In these systems the load is placed on
box cookers, water heaters, distillation stills and dryers etc. the absorber tray which is generally four walled structure
are basically flat plate solar collectors. The performance of ~With base plate. ~The energy absorbed by the tray is

the solar collectors can be enhanced by the use of mirror ~conducted to the load, thus lesser shading of the base plate
reflectors. and more energy receiving area enhances the thermal

) performance of the system. The distribution of absorbed

There have been several studies on flat plate collectors  gnergy hetween base plate and four walls is affected by the
related to the estimation of rate of radiation absorbed for  \yaj height and wall inclination of the absorber tray. Nahar
different collector orientations, reflector orientations, shading  ang Garg [25] conducted a study for the optimization of the
due to single or double reflectors, etc. [7-24]. The earlier  gir.gap between absorber plate and cover glazing for
studies on collector-reflector system as reported in literature  minimum convective losses and minimum shading of the
have considered various aspects and parameters but there is  ahsorher base plate due to the vertical side walls. Sengar
energy between base plate and walls of the absorber tray. In energy distribution pattern in solar hot boxes for global solar

1. Introduction
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radiation. The study focused on distribution of energy
between the base plate and walls of the absorber tray for
global solar radiation. Formalism was developed as a general
case for a flat plate tilted collector with off-south orientation.
Study related to distribution of mirror reflected energy
between base plate and walls of the absorber tray is not to be
found in literature therefore the present work focuses on this
aspect. The four walled absorber tray has been considered as
five surfaces and formalism has been developed to study the
energy distribution pattern for mirror reflected solar radiation
considering the base plate and walls. Here wall height and
wall inclination have also been included. The developed
formalism has been studied for flat plate collector for
reflected radiation for various cases such as non-tracked,
azimuthally tracked collector with fixed mirror angle not
adjusted and fully tracked modes.

2. Methodology

The formalism has been developed for a general
case of flat plate solar collector which has four walled
absorber tray (Fig. 1), thus absorber tray is considered to be
composed of five surfaces j=1 to 5. The mathematical
expressions with boundary conditions have been developed
on the basis of experimental observations of the base plate
and wall areas of the tray receiving reflected solar radiation
for different months for solar collectors [27, 28].

The basic equations have been taken from the
earlier studies mentioned in the literature but the expressions
for reflected radiation receiving areas for base plate and walls
have been developed separately in the present work. The
main steps involved in the present work are

i) Modifying the basic equations related to solar flux
and solar geometry angles for five surfaces of the absorber
tray

ii) Developing expressions for useful reflected
radiation receiving areas with proper boundary conditions for
non-tracked case.

iii) The expressions were further modified and
developed for different cases such azimuthally tracked with
reflector fixed at an angle and fully tracked modes.

iv) Combining above steps and using various
parameters related to solar geometry, solar radiation and
dimensions of collector-reflector, computer programs were
developed for different cases for calculation of energy
absorption by base plate and walls of the tray.

The formalism has been developed with continuous
systematic study of shadow patterns and radiation receiving
surfaces (walls and base plate) of solar hot boxes placed in
sun for different months. The mathematical expressions have
been derived on the basis of this study of solar hot boxes with
vertical and inclined walls.

3. Development of the formalism

For any flat plate collector the general expression for the
energy absorbed q due to radiation reflected by the reflector
is given by [29,30]

q=AS @)

Fig. 1. View of absorber tray with five surfaces.

here A, is the area of the absorber plate and S is the
incident solar flux absorbed by the collector.

For specular reflector
S = prlpn COS G, COS G, (Tca)br )

Here p, is the reflectivity of the reflector, I, is the beam
radiation in the direction of sunrays, 6; is the angle of
incidence of sunrays on the reflector, 0, is the angle at which
the reflected ray strikes the aperture of the collector, z.a is the
transmissivity-absortivity product of the glaze for the
reflected radiation.

The value of reflectivity and transmissivity of a glaze for
solar incidence angle from 0° to 90° can be obtained from the
Fresnel laws and equations given below

Reflectivity p = %(p, +pon) (3)
— Sinz(er _‘9|)

P sin(6, + 6) @
— tan2(9r _‘9|)

P an? (6, +6) ©)

where p and p, are the reflectivities of the two
components of polarization.

Similarly transmissivity based on reflection-refraction z
is given as

1
Tr = E(Tr, +Tr,|) (6)
where 7, = _ 1l )
L1+ (2M —1)p,
1-py
and = —" 8
K 1+(2M -1)p, ©
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for M glaze covers.

The transmissivity based on absorption z is given as
7, = e—Kt/cosr (9)

where K is extinction coefficient of glaze material, t is
the thickness and r is the angle of refraction.

The transmissivity of the transparent cover z is obtained
from product of 7 and z, i.e.

T =1,7T, (10)

Here in this formalism the base plate and walls have
been considered so surfaces j= 1 to 5 has been incorporated
in the expression. Thus the modified expression becomes

5
Uar = ZlAJerrj (11)
J:

here j is the index associated with a surface, j =
Lrepresents the absorber base plate and j = 2 to 5 correspond
to the four walls of the absorber tray, g, is the energy
absorbed by the absorber tray of the collector due to reflected
radiation, A is the useful i.e. radiation- receiving area of the
jth surface for reflected radiation and S,; is the reflected solar
flux absorbed by the j" surface.

For specular reflector the modified expression for solar
flux absorbed by j™ surface is

Stj = Prlpn €OS G COS G (z'caj )br (12)

Here 6,; is the angle at which the reflected ray strikes the
j™ surface of the absorber tray and a; is the absorptivity of the
j™ absorber surface.

Therefore the expressions for the useful areas A, are
derived as function of angle of incidence of beam radiation
on the j™ surface (65), zenith angle (&), solar azimuth angle
(vs), surface azimuth angle of collector (y), depth of the tray
(d), the outward inclination of the walls with respect to the
vertical (6,), the length (L) and the breadth (B) of the base
plate of the absorber tray, the length (L") and the breadth (B")
of the aperture of the tray, the slant height or the breadth of
the walls (1), tilt angle of the collector (5), the length (L') and
width (L) of the reflector, the angle that reflector makes
with the collector (%) and the tracking conditions.

3.1 Expressions for Useful Absorber Area for Reflected
Radiation

Considering a Cartesian coordinate system with origin at
one of the corners of the base plate (O), X-axis is along one
of the length edge (OD), Y -axis is along one of the breadth
edge (OA) of the base plate and Z-axis is normal to the base
plate as shown in Fig.1. The sectional view of the absorber
tray making an angle p with the horizontal is shown in Fig. 2.
It is quite obvious from the figure that the unit vector normal
to the absorber base plate (n,) is

n, =k (13)

Horizontat

Fig. 2 Sectional view of absorber tray tilted at an angle f.

For obtaining the unit vector along the direction of
the beam radiation on a tilted surface, first of all the unit
vector is written for a coordinate system (X'Y'Z') with X'
along South, Y’ along East, Z' vertical and X' Y’ plane is
horizontal as shown in Fig.3, and then it is transformed from
the coordinate system X'Y'Z' to the coordinate system XYZ.

z Z
7
| b'
ol 2 Y
A TN
/ I |
o F I \, v
N |
W |
\ | c
¥s RN
— N
\‘ X

X
Fig. 3 View of absorber base plate with coordinate systems
attached to the collector (XYZ) and ground (X'Y'Z’).

The unit vector along the beam radiation (ng) in

Cartesian coordinate system X'Y'Z’ is
n, =Xi1"+Vyj+zkK (14)

here x' =
=—cosd,.

—sing,cosys, y' =-sing,siny,, and 7'
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Accordingly, ny =-sing, cosy,i'—sing,sinyj'—cosg,k’  (15)

Let ny, is the unit vector along the beam radiation in the
tilted coordinate system (XYZ) of the tray as shown in Fig.2

then
N, = Xi + yj+ zk (16)

where the values of x, y and z can be found in terms of x’,
y' and Z' through the following transformation equation.

X\ (cospcosy  cosgsiny -sing \(x'
y |=|-siny cosy 01y 17)
z) \sinpgcosy singsiny cosp )\ 7'

X=Cc0sf cosy x'+cos Bsinyy' -singz'
=-sin@, cos Scos(y - 7, )+sin B cosé,
y =-siny x'+cosy y’
=-sind, siny, cosy +sind, cosy, siny (19)
=sing, sin(y - 7,)

z=cosysing x'+sinysingy’ +cosfz'

(18)

SO (20)
=-sin@, sin g cos(y - 7 )—cos /3 cos 0,
and hence
n, =[-sin@, cos /3 cos(y - 7, )+ sin Bosd, |i
+sind,sin(y - 7, )j (21)

-[siné, sing cos(y - 7, )+ cos Bcos b, |k

The following are the expressions for the normal to the
four walls of the absorber tray
n, =-cosf,j+sing, Kk,
Ny =-cosé,i+sing,k,
n, =cos6,,j+siné, kK,
Ng = CoS6,,i +sing, k

(22)

and the angle of incidence of the direct radiation on the
j" surface () is
cosfy =—(m;)(n,) herej=1to5 (23)
Let the angle of incidence of the sunrays on the base
plate be 6;; as shown in Fig. 2 and vy is the surface azimuth
angle of the collector then
cos(z — 6, )=n,.n,

o (24)
cos @, =cosd, cos B +sind, sin B cos(y -y, )

cos &, = —cosé,,sing, Sin(7_7s)

+siné,, sind, sin fcos(y - ;) @7)
+siné,, cos S cos 6,
cos 6 = sin 8, cos(y — y )cos(6,, — ) 28)

+c0s 6, sin(6,, — )

The surface azimuth angles of the walls in terms of y are
as follows

72=90°+7,73=7,7, =90°—yand 5 =180°~y  (29)

Let the mirror reflector be attached to the top northern
edge of the collector and is adjusted such that it makes an
angle ¥ with the aperture surface as shown in Fig. 4. The
reflector has the common edge L with the collector. The
width of the reflector is L,. It has been assumed that the
reflection is specular. The expressions for the useful areas for
reflected radiation falling on the absorber base plate as well
as on the walls may be deduced as explained below.

From the Fig. 4 it can be seen that the unit vector normal

to the reflector surface, n,, is
n, =sinyi-cosy k (30)

The solar incident angle on the reflector (6;) may be
obtained as

cos &, =—Ny.N,

=sind, cos(y -y, )sin(y — ) - cos 6, cos(y — ) D

nb

Fig. 4. Sectional view of collector with reflector adjusted at
an angle y with the glaze.

According to the laws of reflection in vector algebra, the

cos @, =sin@, cos 6,,sin(y — y ) +siné,, sin Bsin@, cos(y — y, Junit vector along the reflected ray that strikes the collector

+siné,, cos S cos 6,
(25)

cos 6,5 = —sin @, cos(y — y )cos(6,, + )

+cos @, sin(B +6,,) (26)

Ne [14]
Ny =Ng _2[(_nr)'(nb)](_nr)
=Ny + 2[(_nr)'nb]nr

The components of n,; along the X, Y and Z-axes are

(32)
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X, =008 6, sin(B —2y)

— sind, cos(B -2y )cos(y - 7;) 9
y, =sing, sin(y — ) (34)

and
2, = c0s 0, cos(B —2y) (35)

+sind, sin( — 2y )cos(y — ;)

The angle 6, at which the reflected ray strikes the i
surface of the absorber tray may be obtained as

COS 6 = —Nyy.N; (36)
oSG,y =-Npy.Ny (37)
=—c0s 6, cos(f3 — 2y ) —sin @, sin(8 — 2y )cos(y — 7 )
008 6,, = c0s 4, Sin @, sin(y - 7 (38)
—siné, [cos 6, cos(3 - 2y )+ cos(y — 7, )sin 6, sin(5 - 2y )|
c0s 6,5 = cos 6, sin(8 — 2y — 6,,) (39)
- COS(7 ~7s )Sin 0, COS(ﬂ -2y - ew)
€0s 6,4 =—c0s 6,,sin 8, sin(y — ) (40)
—siné,[cos 6, cos(B—2y) +cos(y - 7, )sin G, sin(B -2y )]
c0s 6,5 = —cos &, sin( — 2y +6,,) (41)

+cos(y -y, )sin@, cos(B — 2y + 6,,)

These angles are used in estimating the absorption of
solar radiation on different surfaces of the solar hot box
absorber tray i.e. walls and base plate using eq. 12.

3.1.1 Useful Base Plate Area for Reflected Radiation

If the mirror orientation is kept fixed then the length of
reflected light (L) can lie within the base plate or overextend
it depending on the ¥, 61, ys and y.

From the Fig.5 it can be seen that ‘by’, the section of the
breadth of the base plate where the reflected light does not
reach due to the back wall height and the mirror angle
adjustment, is given by

by =d tan@, cos|y - 7| -d tang,,  (42)

The value of b can be positive or negative at any instant
as can be seen from the Fig. 5 and 6.

The breadth of base plate ‘b’ which is not in shade due to
the back wall is

b=B-hif tand, cosy -y -tand, >0 (43)

and b=Bif tand, cosly -y - tang,, <0 (44)

The length of reflected light (L) on the plane containing
base plate of the tray is given by
L, =L, cosy+L, siny tang,, if
tané,, cosly - 74| - tand,, >0 (45)

L, =L, cosy +L,, siny tand, +dtand,, —d tanb,,

if tand, cos|y - 4| - tand,, <0 (46)

nb

—== bhg =—

Fig.5. Collector with reflector adjusted at an angle v
such that by is positive.

7

S — B

Fig. 6. Collector with reflector adjusted at an angle
such that bs is negative.

The section of the length of the base plate where the
reflected light does not reach due to the side wall height and
the mirror angle adjustment has been expressed as L, which
is given by

Ly =d tang, sinly - ;| —d tang, (47)
The area of the base plate that receives reflected
radiation has been expressed as A, for the various
conditions of Ly, b, Ls, ys and y. For |y —y,|>90° and 6; >
90° the sun would be at the back of mirror and in that case
instead of reflected radiation, shadow of the mirror would fall
on the absorber tray. The various expressions of A, for the
different orientations of collector and mirror and for the
changing solar angles are presented in Table 1 and Fig. 7.
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| T N
~Jr-rs \

[=x

L

L
Fig. 7(i). Lr<band |y —ys|=0. Fig. 7(ii). L, cos|y — y| <band b tan|y — y5| +Ls < L.
L L

f==Ls=—=

\ b tan|y—ys|
Lr sinfy—ys|

Fig. 7(iif). Ly cos|y -y =band b tan|y —ys[+Ls<L.  Fig. 7(iv). L, cos|y — ys| >band b tan|y — ys| +L,> L.
L L

Y

—{Ls — leLs=

N
Lr =8 b
b N

— Lr sin|y-ys| —

~
~—— Lrsinyl:

~

~
~

b tanky—ys

b tan|y—ys| ——

Fig. 7(v). Ly cos|y —ys| <b,btan|y —ys|+Ls>L  Fig. 7(vi). L, cos|y —ys| <b, btan|y —ys|+Ls>L
and L,sin|y - yg| <L. and Lsin |y —ys| >L.

Fig. 7. Hatched portion shows the radiation receiving absorber base plate area A, for conditions
mentioned below each figure [7(i) to 7(vi), Table 1].

Table 1: Absorber base plate area that receives reflected radiation when collector is non-tracked oriented
off-south.

Conditions Area A Figure
L, <b, |y—ys|=O Fig. 7(i)
L.L,
Ler,|y—7/S|:O L.b -
- Fig. 7(ii
L cosly - s <b LiaL-21, ~ 1, siny - )L, cosly — 9. 7010
btan|;/—73|+LS<L 2
L, cos|y - | =b 1(2 L-2L.-b tan|y—y5|)b Fig. 7(iii)
b tan|y - 7|+ Ly <L 2
L, cos|y —ys|=b l(L— L P cotly -] Fig. 7(iv)
b tanly -y + Ly > L z
L, cosly — 74| <b Fig. 7(v)
btan\y—;/s\ +L>L l(ZL -2L - L, sin|;/—;/s|)Lr Cos|y—7s|
L, sinly -y <L 2
L, cos|y — 75| <b Fig. 7(vi)
btan|y — i+ Ly > L E(LfLs)zcot\y—;/s\
L, Sin‘}/—ys‘ZL 2
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3.1.2 Useful Wall Area for Reflected Radiation

The expressions for the useful wall area have been
deduced here considering the boundary conditions

on L, cos|y — | . When [y —y| #0 and 6, < 90° then one or
two walls may receive reflected radiation at an instant
depending on the boundary conditions.

When L, COS|7/— }/S| < b then either the wall surface ‘2’
or wall surface’4” would receive reflected radiation
(sidewall). If b < L cosly—p]< b+l or b+l

<L, COS|7/—;/S| then wall surface ‘3’ (front wall opposite to

.1/

~Lr cos|y—ys|—

Fig. 8(i) L, cos|y — 5| <b, btan|y - |

+Lo> L, Ly sin |y —ys| < L. (Side wall)

TA\ = _f_—"iew\
O 2
‘.71{4

Fig. 8(iii) b < L, cos|y —ys| <b+1
L . (Front wall)

btan|7/—7/5|+|-s§
h= L, cos|y —ys|-b, k=btan|y - ys|+Ls

j=htanb,and f=L,sin |y - ys| +Ls
f’

h'

Fig. 8(v) b+ 1< L, cos|y —ys| and b tan|y — ys| +Ls<L.

(Front wall)
f'=L'- (b+l) tan|y - 5| -Lsand h'= L - b tan |y — ys| -

Fig. 8(ii) L, cos|y — 75| <b, btan|y —yg|

reflector) and one of the walls ‘2 or 4’ would receive
reflected radiation at an instant. Wall surface 2’ would
receive reflected light if the projection of the incident sunrays
on the horizontal plane lies to the west of the projection of
the normal of the base plate.

Similarly wall ‘4> would receive reflected light if the
projection of the incident sunrays on the horizontal plane lies
to the east of the projection of the normal of the base plate.
The useful wall area of the absorber that receives the
reflected radiation at any instant is given by the following
expressions presented in the Fig. 8 and Table 3 for the

different conditions onL, cosly - .
Bf
I
—bs <Lr cotly—ys|-

+Ls> L, L;sin

|7 75| > L. (Side wall)

|
= I
W h
Ow AN

—g—

—_p—

—bs—

Fig. 8(iv) b < L, cos|7—}/3| <b+l,
and b tan|y — ys| +Ls < L . (Side wall)

tano. = tanBy+ bs 1 1, p = h tana
and g = h tanf,,

Y

~—bs———b—

Fig. 8(vi) b + I < L, cos|y — 5| and
b tan|y — ys| +Ls < L. (Side wall)

Fig. 8. Absorber wall (front/side wall) area receiving reflected radiation shown as hatched portion for the conditions
mentioned below each figure and expressions are presented in Table 2.

Table 2: Absorber wall area that receives reflected radiation when collector is non-tracked oriented off-south.

Conditions Area Figure

|7 _7/S| #0 Ly COS|7_75| <band Aveia =L COS|}/-}/S| I Fig-87(v)v
. Fig.8(i

and LrS|n|7/-}/s|< L 9.8(i)
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Lrcosly-ys|<band | Ap4=(L—Ls)cot]y -yl Fig. 7(vi),
L, sin)y - 7| > L Fig.8(ii)
Lcos|y -7 >b | Auara =(L—Ls)cot]y -7l E:S'J(Eiv)i)’
|7/ _7/s| #0 Lr COS|7/'7S| <b A‘W2/4 = Lr COS|7'7S|I E:gg(%l)’
and .
b<L - 1
btan|y - y4| - rcosb/b}/s'l Arwa :E(Lr COS|7'75|_b)X
<b+
+tls<L 2L —btan|y — 5| - L sin|y — 74| + (L, cos|y — 5|~ b)tané,,]
Fig. 8(iii) Fig.
Az = (Lr COS|}/—7/S|—b)X 9 8(1) Fio
(2I — L, cos|y —y| + b(tan 0, + %} +bl
8(iv)
b1 <Ly cosly | A =%[L—btan|y—;/s|+ L'—(b+|)tan|;/—ys|]l
1 Fig. 8(v)
Anaia :E(b+ B')I
Fig. 8(vi)
|7_75|:O Ler AYWZand4=LrI
b A =2 (L —b)x[2L+ (L, —b)tan 0,.]
Anvzanda =bl+ (L, —b)21 — L, + b)[tan O, + %J
b+I<L 1 , 1 ,
' 'AY\AB:E[L"‘L]IandAnNZand4:E(b+B)l
3.1.3 Total Useful Absorber Area for Reflected Radiation GE =JH =L, cos y + L, siny cota (50)
The total useful absorber area A, at any instant for the andb. = doota—dtand (51)
S - w

reflected radiation is given by the summation of the useful
areas for reflected radiation of the five surfaces
corresponding to j=1to 5. Thus

Ay = ilmj (48)
2

3.2 Angular Adjustment of Reflector for Maximum
Reception of Reflected Light on Absorber Base Plate

An equation has been developed for angular adjustment
of reflector for azimuthally tracked condition, when the
sunrays do not over extend the base. The condition has been
considered because the heat transfer does not take place
directly between the load and the walls, though indirectly by
conduction some heat may be coupled to the load. By
adjusting the limiting rays on base plate boundary and not
allowing extending on the front wall the angle of incidence
becomes less for base plate and the shadow area towards the
back wall is less. Both these factors give positive
contribution towards increased absorption of radiation on the
base plate area.

The breadth of the base plate

B =

b, +GE (49)

here « is the angle at which reflected ray strikes the
horizontal glaze and base plate.

B = dcote—dtang, + L, cosy + L, siny cota

(52)
(83)

va = 210-6, -2y

B = Lycosy+L,(Siny +d)tan(d, +2y)-d tan g, (54)

Above equation can be solved numerically to render the
values of y for known L, B, d, &, and &,. Here L,,, B, d and
@, are the design parameters of the system and 6, the zenith
angle depends on the solar geometry.

3.3 Expressions for Useful Absorber Area for Some
Special Cases

3.3.1 Non Tracked South Facing Collector

Generally south facing solar systems are preferred in
non-tracked mode for places in northern hemisphere for
maximum interception of solar radiation year round. For this
case the expressions for useful absorber areas are same as
mentioned in Table 1 and 2, the only difference being that
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|y — 74| is replaced by ||as the surface azimuth angle y for
the collector is zero.

3.3.2 Azimuthally Tracked Collector with Fixed Mirror
Inclination

If a collector is tracked azimuthally i.e. the collector
follows the sun’s motion in east-west direction then
mathematically |y —y| =0. This particular case is of physical
significance while considering a collector operating with a
single axis tracking system (azimuthal tracking).

When the collector is tracked azimuthally but the angular
adjustment of the mirror reflector is not done according to the
altitude angle of the sun i.e. the angle that reflector makes
with the collector plane is kept fixed, the area of the base
plate that receives reflected radiation is given by

Am=L.L ifL,<b  Fig.7(i)
Aw=L.b ifL,>b

(55)
(56)

The relations for the useful wall area corresponding to
reflected radiation for a collector, which is tracked
azimuthally but the mirror adjustment is not done have been
presented in Table 3.

Table 3: Absorber wall area that receives reflected radiation
when collector is tracked azimuthally with fixed mirror
inclination

Conditions | Area
I_I' Sb A’WZand4:|—r|
b<L,<b+l Am,:%(L, —b)x[2L +(L, ~b)tana,]

Anganga =bl+ (L, 7b{tan O, +%](2| ~L, +h)
b+l<L 1 ,

r Az = E[L +L ] |
1 ’
An2anda :E(b +B )l

3.3.3 Fully tracked mode

The case when collectors are tracked azimuthally and
mirror is also adjusted is the optimal case where maximum
energy gain can be achieved in case of solar cookers and
hence considered as fully tracked mode. This is helpful while
comparing the energy gain in different tracking modes. The
area of the base plate that receives reflected radiation in this
case would be

Awi=L.b (57)

Here it is assumed that the angular adjustment is done in
such a way that the rays reflected from the topmost edge of
the reflector reach the front edge of the base plate as
presented in section 3.2. Hence in this case the front wall
(surface 3) would not receive reflected radiation but the two
sidewalls would have the following radiation receiving area

Aurzanda = Lr I (58)

here L, is equal to b.

3.3.4 Collector having Absorber Tray with Vertical
Walls

Quite often due to the fabrication simplicity or cost
benefits the flat plate solar collectors, which have absorber
tray with vertical walls are used in several solar thermal
appliances such as solar water heaters, dryers and distillation
stills. Therefore for the estimation of the useful absorber area
for such a collector 8,,= 0 should be used in the expressions
presented in tables 1-3.

4. Computations

The developed formalism has been used to study the
pattern of energy absorbed by the base plate and walls of the
absorber tray for reflected radiation. The computations and
results presented here are for commercial hot box solar
cooker CSC (Fig. 9).

Fig. 9. The common commercial fiber body hot box solar
cooker (CSC).

Further the computations have been done for energy received
by the aperture and it has been verified that the sum of the
energy absorbed by the base plate and walls is equal to the
energy absorbed by the aperture area. A computer program
was prepared in Qbasic on the basis of developed formalism
taking into account the parameters viz. 8, 7, y, d, 6, L, B,
L', B, |, # and incorporating the various conditions and
expressions presented in section 3. The details of the
parameters used in the computations are given in Table 4.

The extinction coefficient and refractive index of glass sheet
have been taken as 15 m™ and 1.52 respectively. The value of
7. and the tilt factors have been calculated [29]. The values of
I, and g have been obtained through ASHRAE method,
where the values of A, B and C used in the calculations are
the revised values given by Igbal [30]. During the
calculations the average value of absorptance has been taken
for a day depending on the variation of the incidence angle.
On Dec-21 (5=-23.45) the angles vary from 50 to 77° and the
absorptance would vary from 0.91 to 0.81, therefore average
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value of 0.86 for absorptance has been used in the program.
Similarly for 6 = 0° and & = 23.45° the average values of
absorptance are taken as 0.93 and 0.94 respectively [31]. The
reflectivity of the mirror has been taken as 0.80. The
calculations have been done for the tracking modes (i) non-
tracked south facing mode when reflector is adjusted for
maximum reception of solar radiation on the base plate
during solar noon (mode A) (ii) azimuthally tracked mode

Table 4: Parameters used in computations.

when reflector is adjusted for maximum reception of solar
radiation on the base plate during solar noon (mode B) (iii)
fully tracked mode where azimuthal tracking is considered
along with the continuous optimum adjustment of the
reflector (mode C). The reflector angle (y) for maximum
reception of reflected radiation on the base plate for various
declination values calculated using eq. 54 for CSC with wall
inclinations 0° and 20° has been presented in table 5.

S. No. Parameters Details
1. CsC (20°) Base plate-0.16 Aperture-0.21 Wall height- Wall
dimensions sg.m. (0.4m x sg.m. (0.46m x 0.084m. inclination-20°
0.4 m.)) 0.46 m.)
2. CsC (0° Base plate-0.16 Aperture Wall height- Wall
dimensions sg.m. (0.4m x 0.16 sq.m. 0.084 m. inclination-0°
0.4 m.) (04mx0.4m.)
3. Glass sheet Extinction Refractive Number of Thickness  of
co$fficient—15 index-1.52 sheets -2 each-4mm
m
4, Absorptance 0.86 for & = 0.93 for 6 =0° 094 for & =
-23.45° +23.45°
5. Location  and Jaipur (India) Latitude- Longitude- Solar time-8
time 26.55N 75.52°E a.m. to 4 p.m.
6. Tracking modes Mode A Mode B Mode C

Non-tracked

Azimuthally tracked with fixed

Fully tracked

mirror inclination

Table 5: Reflector angle (y) for maximum reception of reflected radiation on the base plate for various declination values.

Solar CSC (0°) CSC (20°)
Time
(hr)
v (6=-23.45% | y(8=0° | yw(56=23.45° | y(§=-23.45° | w(5=0° | y(5=23.45°
in degrees in degrees in degrees in degrees in degrees in degrees
8:00 65.5 74.5 80.5 64 73 79.5
9:00 72.5 82.5 89 71 81.5 88.5
10:00 78 90 98 77 89.5 97.5
11:00 81.5 96 107 81 95.5 106.5
12:00 83 98.5 114 82 98 114
13:00 81.5 96 107 81 95.5 106.5
14:00 78 90 98 77 89.5 97.5
15:00 72.5 82.5 89 71 81.5 88.5
16:00 65.5 74.5 80.5 64 73 79.5
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5. Results and discussions

Fig. 10 shows the variation in energy absorbed by the
base plate and walls of the collector with 8,=20° for reflected
radiation with solar time on three different days of a year.
Here the collector is considered to be kept in non-tracked
mode when reflector is south facing and is inclined at an
angle v with the collector such that maximum solar radiation
is received at the base plate at local solar noon. It is quite
interesting to observe that the maximum reflected energy is
absorbed on Dec-21 followed by Mar-21 and Jun-21. The
energy absorbed at the solar noon due to the reflected
radiation on Dec-21 is 130% more than Jun-21 and 31% more
as on Mar-21.Thus the loss in energy absorbed due to less
global radiation in winters can be compensated to some extent
with the use of reflector. Curve for Jun-21 reveals that if
reflector angle is kept fixed for maximum reception at local
solar noon then the enhancement in energy absorbed due to
reflected radiation is for very short duration 11:30 to 12:30
and that too is only 10-12% of the solar radiation absorbed.
Therefore in summers the role of reflector fixed in one
position is almost negligible and the system can be used
without it.

The energy absorption by the base plate and walls of the
collector with vertical walls (6,=0°) for reflected radiation
has been shown in fig. 11 for three different declinations. On
comparing fig. 10 and 11, it can be seen that radiation
absorbed by the base plate in December is 18% more for the
systems with inclined walls though the energy absorbed by
the walls is almost equal. As expected the energy absorption
by the base plate and walls is 10-40% higher in March and
June for the system with inclined walls.
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Fig. 10. Variation in hourly energy absorbed by the base plate
and walls of the solar collector CSC (20°) for reflected
radiation for three different declinations (5).
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Fig. 11. Variation in hourly energy absorbed by the base plate
and walls of the solar collector CSC (0°) for reflected
radiation for three different declinations (5).
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Fig. 12. Variation in hourly energy absorbed by the base plate
and walls of the solar collector for different tracking modes
A, B and C for reflected radiation on Dec-21 (5 = -23.45°).

The effect of various tracking modes on the energy
absorbed by the CSC (wall inclination 20°) due to the
reflected radiation for three different days (Dec-21, Mar-21
and Jun-21) of a year has been presented in the form of graphs
in Fig. 12-14. Figs. 12-14 clearly show that the maximum
energy absorbed is for mode C and minimum is for mode A
for all the three representative days. It is quite interesting to
see that the energy absorbed by the base plate on Dec-21 for
mode C is 118% more than the corresponding value for mode
A, while the energy absorbed by the walls is almost the same
and the total energy absorbed for mode C is 89% higher than
the energy absorbed by the mode A. On Jun-21 for mode C
the energy absorbed over the day by the base plate, walls and
total energy is 18 times, 5.3 times and 14 times more than the
corresponding values for tracking mode A. Another
interesting point to observe is that the total energy absorbed
over a day for non-tracked mode (A) on Dec-21(840 kJ) is 10
times more than the energy absorbed on Jun-21 (80 kJ). On
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comparing the tracking modes B and C it has been found that
the percent difference in the total energy absorbed for the two
modes is 1.5%, 32% and 177% for Dec-21, Mar-21 and Jun-
21, respectively.
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Fig. 13. Variation in hourly energy absorbed by the base plate
and walls of the solar collector for different tracking modes
A, B and C for reflected radiation on Mar-21 (5=0°).
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Fig. 14. Variation in hourly energy absorbed by the base plate
and walls of the solar collector for different tracking modes
A, B and C for reflected radiation on Jun-21 (5 = 23.45°).

The formalism can prove to be useful in better designing
of flat plate collector- reflector systems and in improving
performance.

6. Conclusions

A mathematical formalism has been developed for
estimating energy absorbed by the base plate and walls of the
absorber tray of a flat plate collector for reflected radiation.
Expressions for useful reflected radiation receiving areas for
base plate and walls of absorber tray for various cases such as
non-tracked, azimuthally tracked collector but mirror angle
not adjusted and fully tracked modes have been developed

and presented. Results of calculations for hot box solar cooker
CSC have been reported. The study shows that the maximum
reflected energy is absorbed on Dec-21 followed by Mar-21
and Jun-21. If reflector angle is kept fixed the energy
absorption in summers is for very short duration and only 10-
12% of the solar radiation is absorbed. The study reveals that
the radiation absorbed by the base plate in December is 18%
more for the systems with inclined walls though the energy
absorbed by the walls is almost equal whereas the energy
absorption by the base plate and walls is 10-40% higher in
March and June for the system with inclined walls. This
indicates that more effective heating of load can be achieved
for collectors with inclined walls. The study of various
tracking modes shows that for December the azimuthally
tracked and fully tracked modes are almost equivalent.
Tracking requirements are more in summers and the energy
absorption for fully tracked mode is 177% higher than the non
tracked mode.

This formalism can be used in general for any flat plate
collector-reflector systems to study the energy distribution
pattern on walls and base plate of a four walled absorber tray
for reflected radiation. It can also be used to study solar hot
boxes with inclined walls, different walls and base plate
materials, and aid in efficient designing.
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