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Abstract. A photo-bio Reactor is a system that provides an artificial environment for photosynthetic
organisms (Algae) to perform a chemical conversion. The conversion process of interest is the
conversion of air and liquid pollutants from livestock housing to algal biomass. Light is an important
parameter for the growth of algae. The walls of the PBR are made of acrylic material. The light is fed
to the system through the sidewalls of PBR. The first proto-type built and tested in summer 1998 at
South Dakota Sate University (SDSU) showed that light penetration in the growth medium is an
important factor to achieve high yield. It is also noted that as the algae starts growing, its density in
the growth medium increases and obstructs the light penetration in to growth medium. Acrylic rods
were used as light guides to enhance light transmission into the dense (opaque) algae medium
solution. Different types of light guides were designed and test results are presented. It was found
that light guide light transmission improved from 57% to 97% when the guide is saw cut and ends
smoothed by belt grinder compared to a guide which is saw cut and ends smoothened lathe. Better
distribution of light was obtained when a cone shaped with an angle of 60 °at the center on one side
of the guide is cut. Transmission characteristics of light guide from air to acrylic rod, acrylic rod to air
and acrylic to water interfaces are discussed their performances is compared with test results.
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Introduction

The livestock industry is a major industry in the U.S. Most of the farms or feedlots where
animals are kept and raised are large scale with thousands of animals per farm. The primary
pollutants associated with livestock industry are nutrients (particularly nitrogen, phosphorus and
potassium), ammonia, pathogens and organic matter (EPA, 2001). The photo-bio reactor (PBR)
is a system, which takes these waste products as inputs and gives out environmentally friendly
gasses like oxygen (end product of photosynthesis) and algae biomass. Different types of algae
can be cultured in large-scale systems if the best type of photosynthetic environment can be
identified. The pollutants nitrogen (air and water borne), phosphorous, and potassium are
nutrients for plants and microalgae.

The following is taken from a report published by the Environmental Protection Agency
(EPA) (EPA, 2001). The report describes the following pollutants that can be considered
nutrients for the PBR

1. Nitrogen: Nitrogen in fresh manure exists primarily in the organic ammonium form.
Sixty to 90 percent of total nitrogen in fresh manure is in the organic form. Organic
nitrogen in the solid content of animal feces is mostly in the form of complex molecules
associated with digested food, while organic nitrogen in urine is mostly in the form of
urea ((NH,),CO). Ammonium (NH,") and nitrate (NO3), which are formed after microbial
processes from urea are dissolvable in water and hence bioavailable and therefore have
fertilizer value.

(microbial processes)
((NH2).CO) »(NH,") + (NOs) 1

Depending up on the animal type and specific waste management practices, between 30
to 90 percent of nitrogen excreted in manure can be lost to the air before use as a
fertilizer.

2. Phosphorus: Phosphorus exists in solid and dissolved form, in both organic and
inorganic forms. Dissolved phosphorous in the soil environment consists of
orthophosphates (P04, HPO,?, or H,PO,), inorganic polyphosphates, and organic
phosphorus. Orthophosphate species, both soluble and attached, represent the
predominant forms of phosphorus in the natural environment. About 73 percent of the
phosphorous in most types of fresh livestock waste is in the organic form. As animal
waste ages, the organic phosphorous mineralizes to inorganic phosphate compounds
and becomes available to plants.

3. Ammonia: Ammonium (NH,") is produced when microorganisms break down organic
nitrogen products (e.g. urea (see equation 1) and proteins in manure). This
decomposition occurs in either aerobic or anaerobic environments. In solution,
ammonium enters into an equilibrium reaction with ammonia (NHz) as shown in the
following equation:

NH; = NH; + H* 2

Up to 50 percent or more of the nitrogen in fresh manure may be in the ammonia form or
converted to ammonia relatively quickly once manure is excreted. Ammonia is very
volatile, and much of it is emitted as a gas, although it may also be absorbed by or react



with other substances. Higher pH levels favor the formation of ammonia, while lower pH
levels favor the formation of ammonium.

4. Other Matter: Livestock manures contain many carbon-based, biodegradable
compounds. Potassium in manure is mostly in a soluble form similar to potassium in
fertilizer. Thus potassium in manure can be substituted one-to-one for fertilizer
potassium. The salinity of animal manure is directly related to the presence of the
nutrient potassium and dissolved mineral salts that pass through the animal. In
particular, significant concentration of soluble salts containing the cations sodium and
potassium remain as undigested feed that passes unabsorbed through animals. Other
major cations contributing to salinity are calcium and magnesium; the major anions are
chloride, sulfate, bicarbonate, carbonate and nitrate. Salinity tends to increase as
the volume of manure decreases during decomposition and evaporation.

Other pollutants, which are of interest, are carbondioxide (CO,) and hydrogen sulfide
emitted from confined animal waste storage. Carbon dioxide and hydrogen sulfide are readily
soluble in water and also exists in the ionized state. Carbon dioxide is required for all
photosynthetic organisms to manufacture biomass. Hydrogen sulfide is also used by microbial
algae as a source of sulfur for generation of biomass.

The proposed PBR addresses serious environmental problems by using pollutants as
nutrients while potentially producing a high value product. Recent developments in
biotechnology and molecular genetics are leading to the development of an agro-industry, which
harnesses biological systems for a variety of markets. A key element of the emerging agro-
industry is microalgae production. The energy efficiency of microalgae and their ability to
produce large portions of their total biomass in the form of various biochemicals, together with
advances in molecular biology, make microalgae a promising source of biochemicals.
Photosynthetic microalgae can fix atmospheric CO, at greater rates per unit biomass than
higher plants and can be cultivated in a compact space (Ogbonna and Tanaka, 1997). The
variety of microalgae species constitutes an inexhaustible reserve of natural substances and
other by-products of algae origin, including food additives and fluorescent dyes for natural
colors, pharmaceuticals, health foods, unsaturated fatty acids, and polysaccharides (Lee and
Palsson, 1994). High value algal biomass may reduce or offset costs associated with a PBR.

A PBR is a system that provides an artificial environment for photosynthetic organisms
(Algae) to perform a chemical conversion. Light is an important parameter in a photosynthetic
process. Light is emitted both in visible and invisible wavelengths. Each wavelength is
associated with a particular quantum energy. Like all living things algae is favorable to certain
wavelengths in the light spectrum. Certain wavelengths of light are converted into useful energy
in the process of photosynthesis. Apart from using certain wavelengths, intensity plays an
important role in photosynthetic process. Algae near to the light source are exposed to higher
intensity than the algae, which are deeper in the system and also when the concentration of
algae increase in the PBR system the, amount of light reaching the core of the system decrease
due to high algae density. Photosynthesis is a time dependent process. Light energy absorbed
by algae that have already started photosynthesis process is likely lost as thermal energy.

To over come this, it is import to design a light transmission system where, more light
energy is transmitted deeper into the system and not absorbed by algae not needing it, so that
more efficient use of the energy can take place. This paper puts forth a method by which more
light energy is transmitted deeper into the PBR system. This paper also discusses the
efficiency of such light transmitting system.



Change in light intensity with depth and algae concentration

The average light intensity inside a culture is given by the equation 3 (Molina 2001)
I =L 1- exp(-f K_C,) 3
av f quaCb eq a b
Where |, = Average light intensity
lo = Intensity at the culture surface
f eq = the length of light path from the surface to any point in the growth medium, m
K. = extinction coefficient for biomass, 0.0369 m?/g (Molina 2001)

C, = biomass concentration, g/m3

Table 1: Percentage of incident light penetrating with the change in biomass concentration

Depth (mm) 25.4 50.8 76.2 101.6 127.0 152.4
Biomass Concentration (g/L)

0.1 095.46% [91.19% [87.17% [83.39% [79.84% [76.49%
0.2 91.19% [83.39% [76.49% ([70.36% [64.90% |60.04%
0.3 87.17% [76.49% |67.55% [60.04% [53.69% 48.31%
0.4 83.39% [70.36% [60.04% [51.80% (45.16% [39.77%
0.5 79.84% 164.90% [53.69% ©45.16% [38.58% [33.43%
0.6 76.49% 160.04% [48.31% [39.77% [33.43% [28.62%
0.7 73.33% [55.69% [43.71% [35.34% [29.34% [24.91%
0.8 70.36% [51.80% [39.77% [31.68% [26.05% [21.98%
0.9 67.55% 48.31% [36.37% [28.62% [23.36% [19.63%
1 64.90% 45.16% [33.43% [26.05% [21.14% [17.72%
2 45.16% [26.05% |[17.72% (13.33% [10.67% [8.89%
3 33.43% [17.72% [11.85% [8.89% [7.11% [5.93%
4 26.05% [13.33% [8.89% [6.67% [5.33% 4.45%
5 21.14% [10.67% [7.11% [5.33% [4.27% [3.56%
6 17.72% B8.89% 5.93% [4.45% [3.56% [2.96%
7 15.22% [7.62% 5.08% [3.81% [3.05% [2.54%
3 13.33% [6.67% 4.45% [3.33% [2.67% [2.22%
9 11.85% [5.93% 3.95% [2.96% [2.37% (1.98%
10 10.67% [5.33% 3.56% [2.67% [2.13% [1.78%

As noted from Table 1, with an increase in the concentration of algae, penetration of light
into the growth medium decreases. The common methods, which are often used to over come
this limitation, is to either decrease the distance between two light sources, by using a thin
tubular structure (Molina et. al. 2001) or stir the algae medium to increase the efficiency of light
penetration (Gunther 2001). The drawback with the tubular structure is long tubes have to be
constructed, which adds to the cost of the system and air circulation in the tubes is inefficient,
resulting low yields (Molina et. al. 2001). A tube is not suitable for removal of large quantities of
pollutants like carbon dioxide from building air, because only a small volume of growth medium
is exposed to the gas exchange system at any given time. Most of the growth medium is
circulating in the tubes away from the gas and nutrient exchange system. Algae begins



removing nutrients at the nutrient exchange system and depletes them by the time they return to
the exchange system which makes the system unevenly balanced with nutrient concentration. A
drawback of the stirred medium is if stirred vigorously the algae cell wall would be damaged by
the high fluid shear forces. If it is stirred slow, eddy currents will not be established that move
the algae towards the light source thereby decreasing, the efficiency of light for the
photosynthetic process. An alternative method is proposed to increase the efficiency of light
penetration in to the system; i.e. use of light guides, which would transmit the light deep into the
system loosing little/no intensity.

Description of areaction growth cell in the PBR

The PBR consists of acrylic panels enclosing the algae growth medium. The
dimensions of the growth cell in the prototype system are 305 mm X 305 mm X 50.8 mm. Two
light panels (305 mm X 305 mm) would be used to light the growth area. Initially when the algae
concentration is low most of the light penetrates through the system, but as the concentration
increases, the light penetration decreases (See Figures 1 - 4). Figures 1-4 show the operation
of prototype PBR. In Figure 1, the medium has a low concentration of algae, hence, light can
be seen passing through the medium and edge acrylic panels, notice the light guides in the
growth medium are clearly visible. Figure 2 and Figure 3 shows a decrease in the visibility of
light in the system. Notice the light guides in the growth medium are less visible and the light
from the side panels is not visible from edge panels. Figure 4 shows the algae concentrations at

Figurel: Initial Stage of algae growth. Figure 2: Intermediate Stage of algae growth.

Figure 3: Intermediate Stage algae growth. ~ Figure 4: Final Stage algae growth (14 days).



the end of the experiment. The light guides are not visible. Light guides were used in prototype
PBR but the effectiveness of the light guides that were abraded on the sides as in this case is
not known. Little light appeared to be leaving the light guides through the abraded guides. This
paper describes the procedure used to develop an effective light guide that achieves more
penetration of light into the algal biomass in the growth medium in the bioreactor.

Objectives:

1. To improve the efficiency of the light transmission through the light guides (clear acrylic
rods) and determine the efficiency of guides with:

@) Different end cutting and finishing.

(b) The perimeter of the rod abraded.
2. Tofind the light pattern produced by the light guide.

Light Guide Construction

The different types of light guides that were developed and tested were all made of clear acrylic
rod 9.525 mm in diameter and 50.8 mm in length. The different types of cutting techniques
used along with different finishes on the cut ends follows.

Type 1. Cut by band saw to length and ends smoothed by belt grinder (Figure 5).

Type 2. Cut by band saw to length and ends smoothed by belt grinder and perimeter
abraded with sandpaper (Figure 6).

Type 3. Cut by band saw to length and ends smoothed by lathe (Figure 7).

Type 4. Cut by band saw to length and ends first smoothed by belt grinder and then

smoothed by wet sandpaper.

Type 5. Cut by band saw to length and ends first smoothed by lathe and then smoothed
by wet sandpaper. The ends are also buffed using red coloring compound
jewelers rouge (Figure 8).

Type 6. Cut by band saw to length and ends smoothed by lathe. One end is cut in the
shape of a cone at an angle of 60° at the vertex (total angle at the tip of the
cone). Both ends are further smoothed by wet sanding and buffed using red
coloring compound jewelers rouge (Figure 9).

The light panel used in the experiment has 64 pixels, each having 6 red light emitting
diodes (LED’s). The panel is divided into two sets of 32 pixels. For the experiment, only one
part (i.e. 32-pixel side) is used, this part of the board is covered by black cardboard and black
electrical tape except for one LED to keep stray light in the measurement area to a minimum.
Light from the uncovered LED passes through a 9.525 mm diameter hole located above it. The
light emitted from the hole is measured with a Foot-Candle / Lux meter, and noted. This
measurement is used as the reference emittance from the uncovered LED throughout the
experiment. The voltage used in the test was 11.0V. Testing was conducted in two parts
identified as A and B as described next.



Figure 5. Type 1 finish; saw cut and
finished with belt grinder.

Figure 7. Type 3 finish; saw cut and ends
lathe finished.

Figure 9. Type 5 finish; saw cut with 60°
cone, cut by lathe and ends buffed.

Figure 6. Type 2 finish; saw cut finished
with belt grinder, sides abraded with sand

paper.

Figure 8. Type 5 finish; saw cut and end
lathe finished followed by buffing.



Part A:

All of the light guide types tested are placed in the hole (slightly more than 9.525 mm
diameter) above the LED. Light is transported through the guide and emitted at the other end.
The light is measured with a Foot-Candle / Lux meter and noted. The light emitted from guide
Types 2 and 6 along the cylindrical (59.8 mm X 50.8 mm) perimeter of the rod was recorded as
well as end emittance.

Part B:

Four samples of Type 5 light guide were made. Each sample is placed in the hole in the
cardboard above the LED. The light coming out of the sample is projected on to a flat white
board, which is held 87.137 mm above the cover, by a stand. The light that is seen on the board
has a circular pattern due to geometric structure and roughness of the ends, see Figure 10.

The dark and bright bands that are visible in Figures 10 and 11 are Newton rings, formed by
constructive interference and destructive interference of monochromatic light (Moller 1988). The
diameter of this light pattern for each sample is measured using a vernier caliper. The length of
each sample is measured and noted. The experiment was then repeated with a flat white board
height of 97.0153 mm above the light source and the diameter of each sample pattern was
again recorded.

Figure 11 shows the wide pattern projected from the cone shaped tip (Type 6) of a light
guide. Figures 10 -15 illustrates the light emission from the clear acrylic rods with different end
finishes and side finishes, as well as from 9.525 mm hole. Figure 12 shows the light pattern for
light emitted from the hole in the cardboard. The light is of uniform intensity. Figure 13 shows
that the lite circle is larger but not as intense for the light guide with rough (grinder finished)
ends. Type 2 (grinded and sanded ends) light guides produced a similar but less intense
pattern, see Figure 14. The lower intensity is due to light emitted from the abraded sides.
Figure 10 and 15 shows similar patterns and intensities as Type 3 and 5 guides indicating
similar light projection.

Figure 10. Light emitted from Type 5 light Figure 11. Light emitted by Type 6 light
guide. guide.



Figure 12. Light emitted from hole. Figure 13. Light emitted from Type 1 light

guide
Figure 14. Light emitted from Type 2 light Figure 15. Light emitted from Type 3 light
guide. guide.

Results and Discussions

Part A:

It can be seen from Table 2 that the smoother the finish (more transparent) at the ends
of the clear acrylic rod, the better the light transmission through the rod. Only 57% of the light
emitted from the 9.525 mm hole is conducted to the end of the Type 1 light guide. The grinder
leaves a rough surface with relatively deep gorges on it. Light incident upon the rough surface
may be reflected back away from the guide. The lathe finish, Type 3 light guide, substantially
reduces the roughness as shown in Figure 7, thereby improving transmittance of the guide to
97% of reference transmission. The lathe yields a much greater increase in transmittance than
sanding although a smaller grit size may improve the performance of the sanded guide (Type
4). Smaller grit will increase the time required to finish the rod end, which would tend to make
the lathe a better choice. Table 1 shows that a Type 5 light guide has transmission efficiency of
114%, which could be attributed to inaccurate measuring technique that does not account for
sensor averaging. Observation of the tests indicates that the amount of light emitted from the
sides of the rod is negligible when compared to the light emitted from the end except for Type 2



and 6 light guides. The abraded light guide transmits 212 lux to its ends, see Table 2. This is
98 lux less than for the Type 1 light guide, which has the same end finish as the Type 2
(abraded) light guide. Assuming the guides have the same light entrance characteristics, it
would follow that the difference in end emittance between the Type 1 and 2 light guides is
emitted through the perimeter of the Type 2 light guide. Table 2 also shows that 24 lux was
measured along the side of the guide. The 24 lux measurement was consistent around the
guide. Lux meters average light intensity over the sensor area. The averaging makes it difficult
to know how much light was measured if the same sensor is not lite by the light guide with the
same amount of intensity per unit area. In a similar manner, light guides Type 5 and Type 6
have similar end finishing which is expected to lead to similar emittance of light. Type 6 light
guide emitted 175 lux while the Type 5 light guide emitted 625 lux. The data supports the
conclusion that approximately 24%-28% of the light emitted from the guide side is measured by
the meter, when measuring emittance from a cylindrical conical shape verses a flat end.

Table 2: Light transmission through light guide Types 1-6.

Type of cut Light measured using foot- | Efficiency
candela / flux meter

Light emitted from 9.525 mm 548 lux -

hole

Type 1 310 lux 56.57 %

Type 3 531 lux 96.9 %

Type 4 370 lux 67.5 %

Type 5 625 lux 114.05 %

Type 2

End emission: 212 lux

Side emission: 24 lux

Type 6

Side emission 175 lux

Transmittance of light through a light guide

When light passes from one transparent medium to another, part of it is reflected and the
remaining part of it is transmitted into the second medium (assuming the medium is not
absorbing). Additionally the transmitted beam changes direction at the interface a phenomenon
known as refraction. Refraction occurs because the wave speeds in the two mediums are
different. The effect of transparent medium on light is defined by its index of refraction. Index of
refraction is defined as the ratio of speed of light in vacuum to the speed of light in the medium.

C
n=— 4
v

Where, n = Index of refraction
¢ = speed of light in vacuum

v = speed of light in the medium

Angle of refraction can be calculated using Snell’'s Law (Equation. 5) (Wolfson and Pasachoff,
1995) when the angle of incidence and index of refraction of both mediums are known, see
Figure 16.
a, =sin? nlSInql
n2

10



Where, q; = angle of incidence (in medium 1)
n; = Index of refraction (of medium 1)
g. = refracted angle (in medium 2)
n, = Index of refraction (of medium 2)

When light crosses an interface into a medium with a higher index of refraction, the light
bends towards the normal, see Figure 16a. Conversely, light traveling from a higher index of
refraction to a lower index of refraction will bend away from the normal see Figure 16b. At some
angle, known as critical angle, light traveling from medium with higher index of refraction to a
medium of lower index of refraction will be refracted at 90°; refracted along the surface (Wolfson
and Pasachoff, 1995), see Figure 16c. Equation 6 yields the critical index of refraction, q.. If
light hits the surface at any angle larger than this critical angle, it will not pass through to the
second medium at all. Instead, all of it will be reflected back into the first medium, a process

known as total internal reflection.

. .n
g, =sint —% 6
nl

Where terms were previously defined.

Critical angles for acrylic to air and acrylic to water interfaces are calculated and found to be
42.16° and 63.46° respectively, using index of refraction of air as 1, water as 1.333 and acrylic
as 1.49.

(@) (b) ()

Figure 16. a) Light crossing from medium of low refractive index to high refractive index. b)
Light crossing from medium of high refractive index to low refractive index. c¢) Light crossing
from high refractive index to low refractive index, shown with critical incident angle.

Using equation 5 the refracted angle in the light guide can be found for different incident
angles. The amount of light that is reflected can be found using Fresnel's Formula as
given by equation 7 (Weast and Astle, 1982).

}/ sin (ql tanz(ql- qz) 7
2 sin (ql+C|2 tanz(ql+q2)

Where R = Ratio of reflected light to incident light, other terms were previously defined.
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If the angle of incidence is zero (i.e. incident angle is normal to surface), R becomes (Weast and
Astle,1982):

n2 B nl 8
n, +n,
Where terms were previously defined.

R =

Substituting g, from equation 5 in to equation 7 yields the amount of light entering the
light guide. Table 3 shows the amount of light refracted and reflected through air to acrylic
interface and also angle of refraction (columns 1-4). The same information for an acrylic to air
interface is show in columns 5-8. More than 90% of light enters a light guide for angles of
incidence between about 60% when the incident angle is 80°, see Table 3, columns 1 and 4.
For the acrylic to air interface, Table 3 shows it to have the same light transmittance as air to
acrylic interface (see columns 1, 4, 8) with different refractive angles at both interfaces. The
refractive angle for the acrylic to air interface is the incident angle for the air to acrylic interface
and the incident angle for the acrylic to air interface is the same as the refracted angle of the air
to acrylic interface, see Table3, columns 6 and 1land columns 5 and 3.

Table 3. Incident angle, Refracted angle and percent of light reflected and refracted, Air to
Acrylic and Acrylic to Air interfaces.

Air to Acrylic Acrylic to Air

Incident |Refracted |Percent |Percent |Incident |Refracted [Percent [Percent
Angle Angle Reflected |Refracted |Angle Angle Reflected |Refracted
(Degrees) |(Degrees) (%) (%) (Degrees) |(Degrees) |(%) (%)

) 2) 3 4) ®) (6) ) (8)

0 0.00 3.87% [96.13% |0.00 0 3.87% 96.13%
5 3.35 3.87% [96.13% |3.35 5 3.87% 96.13%
10 6.69 3.87% |96.13% |6.69 10 3.87% 96.13%
15 10.00 3.88% [96.12% |10.00 15 3.88% 96.12%
20 13.27 3.90% [96.10% |13.27 20 3.90% 96.10%
25 16.48 3.94% [96.06% |16.48 25 3.94% 96.06%
30 19.61 4.02%  95.98% |19.61 30 4.02% 95.98%
35 22.64 4.17%  95.83% |22.64 35 4.17% 95.83%
40 25.56 4.44%  195.56% |25.56 40 4.44% 95.56%
45 28.33 4.88%  95.12% |28.33 45 4.88% 95.12%
50 30.94 5.62% [94.38% |30.94 50 5.62% 94.38%
55 33.35 6.82%  [93.18% |33.35 55 6.82% 93.18%
60 35.54 8.75%  [91.25% |35.54 60 8.75% 91.25%
65 37.46 11.87% |88.13% [37.46 65 11.87% [88.13%
70 39.10 16.92% |83.08% [39.10 70 16.92% |83.08%
75 40.41 25.12% |74.88% |40.41 75 25.12% |74.88%
80 41.37 38.60% |61.40% |41.37 80 38.60% |61.40%
85 41.96 61.17% |38.83% |41.96 85 61.17% [38.83%
90 42.16 100.00% ]0.00% 42.16 90 100.00% |0.00%
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Table 4 shows the amount of light refracted and reflected through air to acrylic interface
and the angle of refraction (columns 1-4). The same information for acrylic to water interface
(columns 5-8) is also shown. Light transmittance for the air to acrylic interface is the same as
presented in Table 3. At the acrylic to water interface, more than 99% of all light reaching the
end of acrylic rod is transmitted into the water, see Table 4, column 8. This can be attributed to
the fact that the index of refraction of acrylic is close to that of the water.

Table 4. Incident angle, Refracted angle and percent of light reflected and refracted, Air to
Acrylic and Acrylic to Water interfaces.

Air to Acrylic Acrylic to Water

Incident |Refracted |Percent |Percent |Incident |Refracted |Percent |Percent
Angle Angle Reflected [Refracted [Angle Angle Reflected [Refracted
(Degrees) |(Degrees) (%) (%) (Degrees) |(Degrees) (%) (%)

1) 2) 3 4) 5) (6) ) (8)
0.00 0.00 3.87% 96.13% |0.00 0.00 0.31% 99.69%
5.00 3.35 3.87% 96.13% [3.35 3.75 0.31% 99.69%
10.00 6.69 3.87% 96.13% |6.69 7.49 0.31% 99.69%
15.00 10.00 3.88% 96.12% |10.00 11.20 0.31% 99.69%
20.00 13.27 3.90% 96.10% |13.27 14.87 0.31% 99.69%
25.00 16.48 3.94% 96.06% |16.48 18.48 0.31% 99.69%
30.00 19.61 4.02% 95.98% |19.61 22.03 0.32% 99.68%
35.00 22.64 4.17% 95.83% |22.64 25.49 0.32% 99.68%
40.00 25.56 4.44% 95.56% |25.56 28.83 0.33% 99.67%
45.00 28.33 4.88% 95.12% |28.33 32.04 0.34% 99.66%
50.00 30.94 5.62% 94.38% |30.94 35.08 0.36% 99.64%
55.00 33.35 6.82% 93.18% [33.35 37.92 0.39% 99.61%
60.00 35.54 8.75% 91.25% |35.54 40.52 0.42% 99.58%
65.00 37.46 11.87% 88.13% (37.46 42.84 0.46% 99.54%
70.00 39.10 16.92% 83.08% (39.10 44.83 0.51% 99.49%
75.00 40.41 25.12% |74.88% |40.41 46.44 0.55% 99.45%
80.00 41.37 38.60% |61.40% |41.37 47.63 0.59% 99.41%
85.00 41.96 61.17% [38.83% |41.96 48.36 0.62% 99.38%
90.00 42.16 100.00% |0.00% 42.16 48.61 0.63% 99.37%

Transmission of light through light guide with flat end

Figure 17 shows light being transmitted through an acrylic rod (light guide). The

transmission of light, begins with a ray of light striking the acrylic rod at the left, see Figure 17.
The ray is incident on the face at an angle of g;. The light ray (or portion) is either reflected at an
angle of q; off the end of the rod or refracted at an angle of g, into the rod. Unless g is very
small, the refracted light will become incident upon the side of the rod at an angle of 90-q,. The
light incident on the side of the rod will be reflected back into the rod at a angle of 90-q, or be
refracted out of the rod at an angle of gs;. The ray will continue reflecting/refracting off of the rod
sides until it strikes the right end of the rod at an angle of g,. The light will then be refracted out
of the end of the rod at angle of g, or be reflected back into the rod at an angle of g,. The
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reflected light will proceed back to the left end and the portion of the light reflected at the left end
will proceed back to the right end. However, the percent of light refracted (column 8) in Table 3
for acrylic to air interface shows that little of the refracted incident light at the left end will return.

Case 1: Acrylic rod surrounded by air

Table 3 may be used to determine the angle of gy, gs, and g, for a given incident angle
(qu) in Figure 17. For instance, assume light is incident upon the left end of the rod at an angle
of 15° (g;). The angle of refraction can be found by locating 15° in column 1 and moving across
to column 2 where the angle of refraction is found to be 10.00°. Column 4 shows that 96.12% of
the light incident on the rod end is refracted into the rod. The critical angle of incidence for
acrylic (n=1.49) and air (n=1.00) is 42.16°, see Equation 6. Column 2 of Table 3 shows that g,
will not exceed 42.16°. The incident angle at the rod side will always be greater that 47.48° (90-
d.). The angle 90-q, is always greater than g, (Equation 6) meaning that no light escapes
through the side of the rod. Figure 17 and columns 1,2,6 and 7 of Table 3 show that the light
will always leave the right end at the incident angle on the left end; g, = g;. The light transmitted
from the left end to the right end is found by multiplying column 4 by column 8 of Table 3. The
example with g; equal to 15° would have a transmittance of 92.24% (96.12% x 96.12%). Note
column 4 is equal to column 8.

o) ,
/
% yit\
Ql\\(\ —”\””’ \&P\\\\ \\q\\_‘>~‘-\\// -
91/\// e A Tl —«E’Fs 4
W \ ) \
90-p |q3 .
Side of acrylic rod % ' End of acrylic rod

End of acrylic rod

Figure 17. Light entering, traveling in and leaving light guide.

Case 2: Acrylic rod surrounded by water

Table 4 and Figure 18 may be used to determine angles ¢, g3, and g, as well as light
transmittance as described in the previous section. Note that column 1 is not the same as
column 6 and column 4 does not equal column 2 in Table 4 as they did in Table 3. This is due
to the index of refraction being 1.333 for water compared to 1.00 for air (n =1.49 for acrylic).
The critical angle of incidence for acrylic to water interface is 63.46°, which means when the
angle of incidence at the sides (90-q,) of the rod is less than 63.46° a portion of the light will
refract out of the rod. To obtain an angle of incidence of 63.46° on the sides of the rods the
refractive angle would be 26.54°, which is possible when the angle of incidence at the air to
acrylic interface is 41.74°. For any angle of incidence greater than 41.74° at the air to acrylic
interface, a portion of the light will be refracted from the sides of the rod in to the water and the
remainder is reflected into the rod. The angle it is refracted at is gs in Figure 17 and can be
found in column 6 of Table 4. For angles less than 41.74° all the light would propagate to end of
the rod; i.e. total internal reflection. So the angle of incidence at the air to acrylic interface is an
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important factor if more light is to get into the water at end of acrylic rod interfacing with water.
The angle of incidence should be less than 41.74°.

Transmission of light through the light guide with a tapered end

The part of the light which undergoes total internal reflection due to the angle of
refraction (g, in Figure 17) at the air to acrylic interface, would be incident on the face of the
tapered end with an incident angle of 60-q,, see Figure 18. As discussed before, some of the
light is reflected and some of it is refracted depending up on the medium the rod is in. The light,
which undergoes reflection at the face, would be incident at the other face at an angle g, see
Figure 18. Again depending up on the medium at the surface of tapered end some of it is
reflected and some refracted.

Case 1: Tapered end surround by air

When the acrylic rod with the tapered end is surrounded by air, all the light would go
through total internal reflection and will be incident on the conical surface. When the incident
angle on the cone face (90-q,, see Figure 17) is greater than the critical angle (41.16°), the light
will undergo total internal reflection and be reflected to the opposite side of the cone, see
Figures 18 and 19. When the angle of incidence at air to acrylic interface is between 0° and
26.17° all the light is reflected off the 1% incident face onto 2™ face. At angles greater than
26.17° more light is refracted of the1™ interface than the 2™ interface (see Table 5).

Incident light at 1%
face \| Normal to

Plane parallel to 15 face
side of acrvlic rod
\

\

<«——— Refracted beam
- from 1% face

Reflected light
from 1% face

Figure 18. Light interaction at 1% face on the cone.

Figure 18 shows the angles qi, 0., and gz. Figure 18 and Figure 19 give the angle of
refraction (q,) for the cone. Table 5 my be used the same as Tables 2 and 3 for the cone end.
Table 5 show that when 90% or more of the incident light on the first interface is reflected
(column 7), the light is then refracted at the second interface (column 12). Likewise, when the
light refracted of the second interface is less than 90%, the light refracted at the first interface is

15



greater than 95%. Little light will escape from the cone end for incident angles (column 1) from
0-90° that enters the rod.

Incident light at 2™
Sace

<«— Normal to

2™ face
Reflected Iight/ b0l
from 2" face
Refracted

heam 2™ face

Figure 19. Light interaction at 2™ face on the cone.

Case 2: Tapered end surrounded by water

When the acrylic rod with a tapered end is surrounded by water (except for the left end),
all light reflected off the rod (see Figure 17) will be incident on the 1% cone face. When the
incident light angle on the 1% cone face is between 44° and 60°, all the light is reflected from the
1% cone face to the 2™ cone face, see column 5 and 7 of Table 5. Over 96% of the reflected
light of the 1% cone face is refracted at the 2™ cone face. Angles of incidence of the first cone
face between 18°-34° will be refracted out of cone. Little light will be reflected internally out of
the conical section of the rod. This is because all the incident angles for the 1% interface of the
cone are below the critical angle (63.46°) for the acrylic to water interface.
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Table 5. Incident angle, Refracted angle and percent of light reflected and refracted, Air to acrylic and Acrylic to air Interface at each

face
Air to Acrylic Acrylic to Air

1st Face 2nd Face
Incident |Refracted |Percent |Percent |(Incident |Refracted |[Percent |Percent |Incident |Refracted |Percent |Percent
Angle Angle Reflected |Refracted |Angle Angle Reflected |Refracted |Angle Angle Reflected |Refracted
(Degrees) |(Degrees) |(%) (%) (Degrees) |(Degrees) |(%) (%) (Degrees) |(Degrees) (%) (%)
1) 2) 3) 4) () (6) () (8) 9) (10) (11) (12)
0.00 0.00 0.04 0.96 60.00 0.00 100.00% |0.00% 0.00 0.00 3.87% 96.13%
5.00 3.35 0.04 0.96 56.65 0.00 100.00% |0.00% 3.35 5.00 3.87% 96.13%
10.00 6.69 0.04 0.96 53.31 0.00 100.00% |0.00% 6.69 10.00 3.87% 96.13%
15.00 10.00 0.04 0.96 50.00 0.00 100.00% |0.00% 10.00 15.00 3.88% 96.12%
20.00 13.27 0.04 0.96 46.73 0.00 100.00% |0.00% 13.27 20.00 3.90% 96.10%
25.00 16.48 0.04 0.96 43.52 0.00 100.00% |0.00% 16.48 25.00 3.94% 96.06%
30.00 19.61 0.04 0.96 40.39 74.92 24.95% |75.05% [19.61 30.00 4.02% 95.98%
35.00 22.64 0.04 0.96 37.36 64.71 11.65% |88.35% |22.64 35.00 4.17% 95.83%
40.00 25.56 0.04 0.96 34.44 57.43 7.64% 92.36% |25.56 40.00 4.44% 95.56%
45.00 28.33 0.05 0.95 31.67 51.47 5.91% 94.09% |28.33 45.00 4.88% 95.12%
50.00 30.94 0.06 0.94 29.06 46.37 5.05% 94.95% (30.94 50.00 5.62% 94.38%
55.00 33.35 0.07 0.93 26.65 41.94 4.58% 95.42% |33.35 55.00 6.82% 93.18%
60.00 35.54 0.09 0.91 24.46 38.10 4.32% 95.68% |35.54 60.00 8.75% 91.25%
65.00 37.46 0.12 0.88 22.54 34.82 4.17% 95.83% |37.46 65.00 11.87% |88.13%
70.00 39.10 0.17 0.83 20.90 32.11 4.08% 95.92% |39.10 70.00 16.92% |83.08%
75.00 40.41 0.25 0.75 19.59 29.97 4.02% 95.98% |40.41 75.00 25.12% |74.88%
80.00 41.37 0.39 0.61 18.63 28.42 3.99% 96.01% |41.37 80.00 38.60% [61.40%
85.00 41.96 0.61 0.39 18.04 27.48 3.97% 96.03% |41.96 85.00 61.17% [38.83%
90.00 42.16 1.00 0.00 17.84 27.17 3.97% 96.03% |42.16 90.00 100.00% |0.00%
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Table 6. Incident angle, Refracted angle and percent of light reflected and refracted, Air to Acrylic and Acrylic to Water interface at

each face.
Air to Acrylic Acrylic to Water

1st Face 2nd Face
Incident |Refracted |Percent |Percent |Incident |Refracted [Percent |Percent |Incident |Refracted |Percent |Percent
Angle Angle Reflected [Refracted |Angle Angle Reflected |Refracted |Angle Angle Reflected [Refracted
(Degrees) |(Degrees) |(%) (%) (Degrees) |(Degrees) |(%) (%) (Degrees) |(Degrees) (%) (%)
1) 2) 3) (4) 5) (6) (1) (8) 9) (10) (11) (12)
0.00 0.00 0.04 0.96 60.00 75.47 11.20% |88.80% |0.00 0.00 0.31% 99.69%
5.00 3.35 0.04 0.96 56.65 69.02 4.71% 95.29% |3.35 3.75 0.31% 99.69%
10.00 6.69 0.04 0.96 53.31 63.68 2.47% 97.53% |6.69 7.49 0.31% 99.69%
15.00 10.00 0.04 0.96 50.00 58.90 1.48% 98.52% |10.00 11.20 0.31% 99.69%
20.00 13.27 0.04 0.96 46.73 54.48 0.98% 99.02% |13.27 14.87 0.31% 99.69%
25.00 16.48 0.04 0.96 43.52 50.33 0.71% 99.29% |16.48 18.48 0.31% 99.69%
30.00 19.61 0.04 0.96 40.39 46.41 0.55% 99.45% (19.61 22.03 0.32% 99.68%
35.00 22.64 0.04 0.96 37.36 42.71 0.46% 99.54% |22.64 25.49 0.32% 99.68%
40.00 25.56 0.04 0.96 34.44 39.21 0.41% 99.59% |25.56 28.83 0.33% 99.67%
45.00 28.33 0.05 0.95 31.67 35.93 0.37% 99.63% |28.33 32.04 0.34% 99.66%
50.00 30.94 0.06 0.94 29.06 32.88 0.35% 99.65% |30.94 35.08 0.36% 99.64%
55.00 33.35 0.07 0.93 26.65 30.09 0.34% 99.66% |33.35 37.92 0.39% 99.61%
60.00 35.54 0.09 0.91 24.46 27.57 0.33% 99.67% |35.54 40.52 0.42% 99.58%
65.00 37.46 0.12 0.88 22.54 25.37 0.32% 99.68% |37.46 42.84 0.46% 99.54%
70.00 39.10 0.17 0.83 20.90 23.50 0.32% 99.68% |39.10 44.83 0.51% 99.49%
75.00 40.41 0.25 0.75 19.59 22.01 0.32% 99.68% |40.41 46.44 0.55% 99.45%
80.00 41.37 0.39 0.61 18.63 20.92 0.31% 99.69% |41.37 47.63 0.59% 99.41%
85.00 41.96 0.61 0.39 18.04 20.25 0.31% 99.69% |41.96 48.36 0.62% 99.38%
90.00 42.16 1.00 0.00 17.84 20.03 0.31% 99.69% |42.16 48.61 0.63% 99.37%
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Part B:

Measurement of divergence angle at the end of acrylic rod

Table 7 shows the results from part B testing. Divergence angle (f) is calculated using
equation 9. The divergence angle with the white cardboard at 87.13 mm from the base of light
guide is 15.57° and at 97.02 mm it is 15.10°, the average is 15.33°.

Table 7 — Results from the test for divergence angle measurement (Part B)

Height from the base of the
rod to white card board,
(mm) 87.1347 97.0153

Diameter of light on the cardboard, (mm)
Length of rod, (mm)
Sample 148.27 29.71 34.35
Sample 2148.95 31.80 37.30
Sample 3149.53 30.67 36.12
Sample 4550.29 30.35 33.38
Divergence d
angle — —»
| |
| T ! | A
h-1
Light guide h
7 |
LED Panel
I
\4

Figure 20. Light guide with divergence angle.
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Where, d = diameter of the ring formed by the light guide, see Figure 21, mm
h = height from base of the rod to white card board see, Figure 21, mm

| = length of light guide see, Figure 21, mm

From this average divergence angle, it can be deduced using the procedure explained for light
transmission through a light guide with flat ends, that the maximum angle of incidence is about
15.33° at the air to acrylic interface. It is also noted that at this angle of incidence at the air to
acrylic interface all the light undergoes total internal reflection, when the light guide is
surrounded with air. Hence all the light is emitted from the end of guide. Figures 21 and 22
show the projected area at the end of guide. The projected area when light refracts from acrylic
to water interface is less for the same incident angle yielding a more intense beam of light. The
index of refraction of water (1.333) and acrylic (1.49) are similar resulting in less bending of the
light as it moves from on medium to the other.

LED — ] Light guide

Figure 21. Light transmission from Acrylic to air.

LED —— ] Light guide

Figure 22. Light transmission from Acrylic to water.
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The incident angle for the left end of the rod shown in Figure 17 was determined for the angle of
refraction of light from the right end given in Table 7 as 15.33°. The incident angle determined
may be used with Table 5 to determine the light pattern of the light guide with a tapered
(conical) end. Table 5 shows that for incident angles of 0°-20°, (column 1) the refracted angle is
0°-20°. This range of refracted angles translate to angles between 60°-80° from horizontal at
the right end of the rod, see Figure 19. The expected light pattern would be emitted radially 10°
towards the cone tip from the perpendicular to the cone centerline starting at the cone base.
Figure 15 shows a similar pattern was developed by the light guide verifying the validity of the
predicted light guide performance. lllumination patterns thus can be predicted for different
mediums and geometries using the procedure presented.

Summary and Conclusions

Light guides as an alternative method to transmit light into a PBR was investigated.
Based on theoretical and test results the following conclusions are drawn.

1. Light transmitted through an acrylic light guide increases with quality of surface finish
significantly.

2. The light guide with abraded sides, Type 2, emitted approximately 30% of the light
refracted into the rod through the abraded sides.

3. A theoretical argument for light transmission through a light guide was presented. The
procedure was verified by comparing the predicted light pattern for the conical end light
guide to the observed pattern using incident angles determined from flat end light guide
tests.

4. Light guides placed in a water medium should have an incident angle less than 41° if it is
desired to transmit light to the opposite end of the guide.

5. Dark and light bands were formed with Type 5 light guides. The bands are likely Newton
rings and may affect light intensity measured by a lux meter.
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