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ABSTRACT

A concept of indoor solar illumination is described and designed. The solar
illumination system is composed of a none tracking primary reflector and
controlling mirrors. The primary reflector is in form of a truncated tetrahedral
pyramid covered by a thin flat glass sheet on the wide opening of the pyramid to
prevent dust to accumulate on the reflecting sides of the pyramid besides
preventing dust from coming inside the room. The controlling mirrors are plane
and rectangular. Each part of the solar illumination system is optically suited and
compatible with other parts to realize high efficiency. The optical design is
conducted for Baghdad city at interior building in two solstice days over the year.
Research results showed that the design of the solar system is achieved on the base
of minimum and maximum solar illuminance level in 21 June. Tetrahedral
pyramid's dimensions in a question as a solar concentrator for this paper are:
concentration ratio is 3 for 90 cm entrance opening, 25° for half angle and 5° for
controlling mirrors.
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INTRODUCTION

atural light is very important element in the quality of vision. Skylights can

provide satisfactory lighting for activities that can tolerate large variations

in illumination level. Getting good performance from skylights is not as
simple as it may appear. To satisfy a number of requirements, some of which may
not be easily compatible with each other. In single-floor buildings, skylights may
provide a large fraction of illumination requirements. Sunlight is so intense that
skylights can provide virtually any illumination level that is required. Artificial
lighting is still needed at night.

Outdoor sunlight from a clear sky produces an illumination of about 60,000 lux,
most of which comes directly from the sun. Using this fact, you can easily calculate
the fraction of the ceiling area that needs to be converted to skylight. Skylights
must be located where the sun can shine on them directly. A skylight does not
produce a useful amount of daylight if it is shaded by adjacent structures or foliage.
Similarly, skylights are not worthwhile in areas that have heavy cloud cover for a
large fraction of the time, unless the climate is mild and the structure can
accommodate a large area of skylights. Clouds typically reduce solar illumination
by a factor of five to ten [1].

NON- IMAGING OPTICS

Non-imaging optics is a field that deals with the optimal transfer of light
between a source distribution and a target distribution. The most common use of
nonimaging optics is achieving maximal concentration of light. In the simplest
terms, nonimaging optics strives to gather light rays that are incident on an opening
or aperture of a given area, A;,, and to ensure that these rays manage to make their
way to the exit aperture, A.y, Which has a smaller area. As long as the entering rays
become exiting rays, the definition of the concentration ratio, C,, is given as the
ratio of the two areas in equation (1) [2].
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The development of nonimaging concentrators has reached a very high stage of
development. The standard design for these applications is to use truncated
pyramids or hexagons, which are easier to fabricate reliably. The following
analytic results will be specific to the truncated pyramid.

If one considers two sides of the pyramid, as shown in Figure (1), and imagines
a light ray incident on the extreme left edge of the entrance aperture, then the
concentration factor, C,, can be shown from simple geometrical optics to be [2]:
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DOUT
Figure (1) Side view of truncated pyramid which shows angular
relationships involved in estimating concentration ratio.
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In Equation (2) [2], the quantity are as follows: Dj, is the width of the entry
aperture, Doy is the width of the exit aperture, n is number of reflections that the
light rays can make with the interior walls of the concentrator, « is the half —

angle opening of the pyramid and 6, is the angle between the vertical (normal

incidence) and the incident light ray.

There is a restriction on the angles and number of reflections. That restriction is
that after n reflections, the light ray will have acquired no more than a 90° angle
with respect to the vertical axis of the concentrator [3].

2(n+Da + 6, < 90° .(3)

In order to achieve a certain concentration ratio, these three quantities, n, o
and @, , must be optimized. Once that is done, there will be a necessary relationship

between the quantitieser ,8, n and the size (including the slope height) of the
concentrator [3]:

L _Sin[(2n+Ya +6,]-Sin(a +6,)
D 2Sina.Sin(a + 6,)

(4)

out

It should be noted that repeated reflections from the inner surfaces of the
concentrator entails some loss of light power. This is so because no surface is
perfectly reflecting, and thus some light energy is absorbed at each reflection. This
is may expressed as a reflection coefficient less than unity (r < 1). As a light ray
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strikes the surface, the power contained in the reflected light ray will be reduced

from its initial value, Py, ,

to a new value, given by p Py, , where p is reflectivity

of the interior wall of the pyramid . This new light ray will suffer yet another
reflection on its downward path into the concentrator, with a consequent reduction
of its power to p * P;,, and so on. It is clear that too many repeated reflections
reduce the power available at the exit aperture of the concentrator.

TRUNCATED PYRAM
POWER CAPABILITY

ID'S GEOMETRY AND GATHERING SOLAR

A — Concentrator Geometry
To calculate the surface area of reflecting sides of truncated pyramid. One has
to consider Figure (2) which shows geometry of truncated pyramid [3].

Din Dln
Y Dout ,/’/
Dout
(@) (b)

(©)

Figure (2) Pyramid

distribution

(d)

s (a) Top view (b) Side view (c) One side area
(d) areas of triangle (1) and (2) together.
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Surface area of one side, Asufcee, Of truncated tetrahedral pyramid can be
calculated geometrically from Figure (2 - C) given as:

Asurrace = Area (1) + Area (2) + Area (3) ... (5)

Din — Dou
D, — 5o .. (6)

Also, height of the triangle, h, which is the height of the pyramid, is given as:

h—_ D e
tan(«c)

And, slant length, L, of the pyramid is given as:

Dl
Sin(«)

L —

.. (8)

Figure (1) shows « , 6, and % are angles of right angle triangle, sum of its

angles are 7 which is given in the following equation:
a=7r—(92+%) .. (9)

Area (1) & (2) form a triangle see Figure (2 — D).

1, D
_ =_*2D * 1 .. (10
ATrlangIe 2 1 tan(a) ( )
D
=D_.* 1 .. (11
AObIong out tan(a) ( )
So, total surface areas, Ars, for four reflecting sides will be:
Di, — Douty %/ Pin — Dout
= (2 - ol = +2D ... (12
As = o) Ty 20w (12

B — Solar Power Reaching the Interior Building
The visible solar power reaching the interior building i.e; the living room is
given as [4]:
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I:)in = Idir * ATS * ,On * TGIass * VSpectrum- (13)

Where, g is the direct (beam) solar intensity reaching certain place in certain
time.
Tess 1S transmittance of cover glass sheet on the truncated tetrahedral
Pyramid, which is given as:
n,—n
=1-(—2—2)° .. (14)
n,+n,
Where nq and n, are refractive index of glass and air, respectively.
V spectrum 1S the percentage of visible solar light which is 45 % [5].

T

Glass

RESEARCH METHODOLOGY

The aim of this paper is to design a reflecting concentrator as smaller as
possible, besides it achieves as less as possible reflection times on the sides of the
concentrator to minimize losing much solar power as a function of p".To
calculate solar power reaching the indoor building, living room, the following data
should be known:

1. Interior total surface area of the truncated tetrahedral pyramid, the

concentrator.
Reflectivity of the interior surface, p .
Half angle of the truncated tetrahedral pyramid.
Solar incidence angle &, .
Concentration ratio of the truncated tetrahedral pyramid C,.
Controlling angle, ¢, should be known.

The city at which the designer has to conduct his design, namely the
latitude.

Nook~wd

RESULT & DISCUSSION

For choosing proper surface area for the truncated pyramid, knowing the solar
irradiance over a year for Baghdad city (Latitude is ¢ = 33° 20' N [6]) will make
the choice easy. Maximum and minimum levels for solar irradiance are the base for
electing the corresponding days over the year. June 21" is the maximum level will
Dec. 21" is the minimum level see Figure (4).

900
~ 800
§ 700
9:5 600 f/ \\
A E——
£ 00 —— For 21 Dec.
%6 300 / [ \ \
g 200 / \ \;
'5 100

0 T
0] 5 10 15 20
Daytime, (hour)

Figure (4) distribution of direct solar irradiance for chosen days [7].
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Chosen days for solar solstice are detailed on Table (1).

Table (1) Pirect solar irradiance fallen on Baghdad city for chosen days.

Day Time irect Solar Irradiance, |4, W/m2
21 June 8:00 AM 608.1776
12:00 PM 773.7154
21 Dec. 8. AM 241.5614
12:00 PM 614.1756
Solar angle incidence over Baghdad city is given in Figure (5).
%\ 100
g w L
G e
2 o0 ’x‘\ ——a —e—For 21 June
< 50
3 20 \\‘ —=— For 21 December
é 30 X
g 2 N
s 10 . N
g o ‘ ‘ ‘ ‘ ‘ ,
0 2 4 6 8 10 12 14
Daytime , (hr)

Figure (5) Solar incidence angle for Baghdad city in 21 June and 21
December.

It is clear solar incidence angles decreases as daytime passes, and this decrease
is greater in 21 June rather than 21 December.

The optical design of the pyramid is chosen to achieve concentration ratio equal
to three. So, the input opening will be 0.9 m for 0.3 m output opening facing the
roof of the interior building, i.e; the living room.

For truncated tetrahedral pyramid design, first of all, one has to check different
values of half angle of the pyramid to find height (h), slope height (L) and total
surface area (Asurace), Se€ Figures (6 and 7).
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3 \
o
£ 2
E \
g1 ———s
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Figure (6) Pyramid's dimension, height and slope height as a function to
pyramid's half angle« for D;, =0.9m, Dy, =0.3mand C, = 3.
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It is clear as pyramid's half angle « increases, pyramid's dimensions decrease. So,
a = 25° is the proper half angle.
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Figure (7) Pyramid's surface area as a function to pyramid's half angle « for
Din=09mM, Dot =0.3mand C, =3.

Figure (6) and (7) are detailed in Table (1).

Table (1) Pyramid's height, slope height and surface area as
a function to half angle.

Pyramid Half Height (m) Slope Height (m) Surface Area
Angle o, (degree) (m?
2.5 6.868 6.874 1.120
5.0 3.427 3.407 0.6041
7.5 2.277 2.297 0.4316
10.0 1.70 1.72 0.3451
12.5 1.352 1.385 0.2929
15.0 1.119 1.158 0.2578
17.5 0.951 0.997 0.2326
20.0 0.823 0.876 0.2135
22.5 0.724 0.783 0.1985
25.0 0.643 0.709 0.186

Also choosing different values of a versus number of reflection on the sides of
reflecting interior pyramid, n. for 21 June and 21 December is given in Figure

(8and 9).

18
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o
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Pyramid Half Angle, (degree)

Figure (8) number of reflections on the interior sides of the pyramid as a
function to pyramid’s half angle o for 21 June.
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Figure (9) Number of reflections on the interior sides of the pyramid as a
function to pyramid’s half angle « for 21 December.

It is clear that, as pyramid's half angle increases, number of reflections decrease,
hence decreasing solar power loss. Decreasing number of reflections is lower at 21
December rather than 21 June. Also it is lower at 8:00 AM rather than 12:00 PM
for 21 December.

Solar spot rib length on the ground of the interior building which is shown in
Figure (10).

Dout

—— e ——

Light Rib Length

Figure (10) Shows (a) solar spot rib length on the ground of the interior
building (b) controlling mirror angle.
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Figure (11) Solar spot rib length versus solar incidence angle for different
angles of controlling mirror.

It is clear that as solar incidence angle decreases, solar spot rib length increases.
The increase of rib length is greater as controlling mirror angle, ¢, increases.
Solar illuminance is given in the following Figure.

35000

30000 /’
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5000 =

O m
0 60

Solar Incidence Angle, (degree)

Figure (12) Solar illuminance versus different solar incidence
Angles @ 21 June.

Figure (12) is detailed in Table (2).

Table (3) solar angle incidence at 8:00 AM and 12:00 PM for different mirror
controlling angles versus illumination.

Daytime | Angle of IHlumination for different mirror controlling angles
(hr) Incidence (Lux)
(deg) 0° 5° 10° 15° 20°
8:00 53°.026 31494 15177 8677 5451 3622
12:00 9°.929 822 558 364 221 119
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To find the proper luminance for human eye, see Table (3) which shows the level
of each case as follows [9]:

Table (4) llluminance level for different cases.

Illuminance, (lux) Example
50 Family living room.
80 Hallway / toilet.
100 Very dark overcast day.
400 Sunrise or sunset on a clear day.
500 Office lighting.
1000 Overcast day, typical TV studio lighting.

Geometrical data of the truncated tetrahedral pyramid are given as following:
90 Cm for input opening, 30 Cm for output opening, 3 for concentration ratio, 94%
for reflecting sides reflectivity, 25° for half angle, 5° for angle of controlling mirror
and 0,1864 m? for surface area.

llumination data for the upper geometrical, for 2.5 m living room height, data
are:
For 21 June: 15177 Lux @ 8:00 AM and 558 Lux @ 12:00 PM.
It is clear the values of illumination over a day are going with Table (3).

CONCLUSIONS

It is clear that, one can use truncated tetrahedral pyramid concentrator as a
cheap, practical and easy to be handled as a free, green illumination source. A
concentrator of three times concentration ratio is achieved by designing a reflecting
pyramid of silver sides of 25° half angle, 5° for controlling mirror and 0.1864 m? as
a surface area. The lower illumination level is achieved by these dimensions for
Baghdad city which is 558 Lux.
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