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Abstract

Simulations of Innovative Solutions for Energy Efficient Building Facades
by
Aashish Ahuja
Khalid M. Mosalam
Tarek 1. Zohdi

The last decade has witnessed a heightened interest in making buildings more sustainable,
which has been fueled largely by the relative increase in energy costs and advancements
in manufacturing technology. Lighting consumes a substantial amount of the building
energy consumption, making it necessary to look for alternative technology that depends
more on natural lighting. A structural element for fagades called the Translucent Concrete
(TC) panel has been developed for capturing and delivering daylight into buildings that
could reduce our dependence on artificial lighting and save energy. It consists of opti-
cal fibers embedded in concrete that can channel diffused sunlight into the office building
workspace. The transmission of light is analyzed using a newly developed ray tracing soft-
ware that is coupled with an open source software RADIANCE to compute the spatial
illumination in a room. The information on distribution of illumination is applied to oc-
cupancy profiles generated from Markov chain models and is finally combined with light
switching models to estimate the energy saved from using daylighting as an alternative to
artificial lighting. It is observed from calculations on a studied windowless room example
that using TC panels with a practical optical fiber volumetric ratio from constructibility
view point can save at least 44% of lighting energy, spent between 8 am - 6 pm annually.
These results have been presented for a place like Berkeley that due to its proximity to the
Pacific Ocean experiences a Mediterranean type of climate.

The utility of a south-facing wall consisting of TC panels would be enhanced if it can
also reduce the heating and cooling requirements of a room. Using the solar radiation
channeled by optical fibers can offset some of the heating requirements of the room. On
the other hand, if the optical fiber density in the TC panels is high, solar radiation leads to
overheating and in this case cooling loads consume large portion of the building energy.
Moreover, the use of natural daylight in illuminating the office work space reduces heat
dissipation from lighting installations and positively impacts cooling loads. Moreover,



conduction through the walls allows heat to be removed from the room during the morning
but transmits heat from the ambient environment into the room later in the afternoon and
evening. A thermal analysis algorithm is developed to calculate the heat transfer due to
solar radiation, conduction through walls and heat dissipation from lighting installations.
The thermal analysis is coupled with lighting analysis to search for an optimal optical fiber
volumetric ratio for the TC panels that would reduce the energy expenditure on lighting,
heating and cooling with respect to energy spent in a daylight-deprived room with opaque
walls. The TC panels are able to cut down energy expenditure by as much as 18% for a
fiber volumetric ratio of 5.6% which is also consistent with the objective of maintaining
structural integrity and making the fabrication process practical for the construction case
of the TC panels by having fewer embedded optical fibers.
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Chapter 1

Introduction

The translucent concrete (TC) is envisioned as a novel building material which is capable
of transmitting sunlight from the exterior environment to the inside space of the building.
It consists of plastic optical fibers that are embedded in the concrete mix at the time of
construction. The optical fibers acts as light channels that are able to guide light through
them. An innovation such as TC can be used as a part of a building envelope (i.e wall
and roof), since it satisfies requirements which are usually set apart [44]: (a) Envelope
behaving as a structural sub-system, (b) Construction procedure is simple and scalable, and
(c) Movable and mechanized parts are avoided. In this chapter, the objective of pursuing
the development of this new construction material is presented. This would be followed by
an elaborate discussion on the tools that have been developed as part of this report, which
can be used by engineers and architects to model and evaluate the different designs of TC
panels during the pre-construction and planning stages.

1.1 Building facade and building envelope

The building envelope is one of the most visible and technically complex aspects of ar-
chitecture. It is the enclosing membrane in vertical, sloped, horizontal or other geometric
configuration that protects the indoor environment from external environmental impacts. It
is also an interface between the external environment and the indoor environment. More-
over, building envelope regulates the energy consumption, consumption of resources like
materials (e.g. sand, cement, wood, steel) and water and environmental degradation [24].
Apart from its protective and regulatory functions, the building envelope controls solar
and thermal flow, as well as the moisture flow in and out of the building. It also controls
the effects of fire, wind and rain on buildings. The indoor environmental quality (IEQ)
measures the productivity of the people working inside the building and their exposure



to building-health related problems. In fact to achieve a high value of IEQ, critical com-
ponents like indoor air quality, thermal comfort, lighting and acoustic effects should be
regulated properly. A well-built building envelope can control the inflow of pollutants, in-
troduce daylight and views and provide controls to the occupants for thermal and lighting
comfort, thus, improving the overall IEQ for the residents.

Within a building envelope, the building facade acts as the most important component
in modulating the energy and environmental performance. With the increase in energy
costs and demand by countries worldwide to control building resource consumption and
pollution, there is a heightened interest in making buildings more sustainable and energy
efficient. Buildings (commercial and residential) consumed almost 41% of the total energy
and 74% of generated electricity that was available for use in the United States in 2011
[11]. A large part of this energy consumption, in the form of electricity, was solely utilized
in artificially lighting the indoors of buildings. The electric energy was derived primarily
from thermal power plants which are not clean sources and contribute to green house gas
emissions. This makes it necessary to search for alternative technology that depends more
on natural lighting. Figure 1.1a details the sources of energy consumption in the USA.
Figure 1.1b gives the distribution of energy in a commercial building [11].

Lighting

Heating
AC 1

Ventilation

Refrigeration

Plug
Loads

Hot
Water

Others

0 5 10 15 20 25
% of Energy Consumed

(a) Sources of energy use (b) Energy consumption in commercial buildings

Figure 1.1: Energy consumed by USA in 2011 [11].




1.2 Daylighting using TC

The utilization of sunlight to illuminate the interior spaces of buildings is beneficial as it
provides the human occupants with a healthy environment and contributes to energy sav-
ings by decreasing the electricity used for artificial lighting. Today, exterior glazing is the
only solution to allow natural daylight to pass through the building’s envelope. Also, we
see that the amount of external glazing used in a building, measured by window-to-wall
ratio (WWR), is increasing in new and retrofitted buildings. A number of industry codes
in the United States like ASHRAE 90.1-2010 and ASHRAE 189.1-2013 were proposed
to limit the amount of glazing citing low insulation value, high solar heat gains, and the
potential for glare within the space. Other reasons to limit glazing but not discussed in this
report could include issues related to building safety and falling hazard of glass curtain
walls under extreme loads by earthquakes [41]. These proposals to reduce the WWR were
voted down and subsequently dropped (twice in ASHRAE 90.1 and once in ASHRAE
189.1) as they limited the occupant’s view to nature and daylight and constrained the ar-
chitect’s design intent.

Since the demand for natural daylighting inside the buildings is well established, building
designers are also beginning to seek means other than windows to capture, transport, and
deliver natural light into the interior spaces of buildings. For example, designers have re-
cently started using flexible solar light pipes for transmitting light into inner rooms of the
building. The interests in using alternative sources of lighting, have led to the development
of a concept called ‘Translucent Concrete’ (TC). This counterintuitive notion is the idea
that light conduits, for example optical fibers, can be embedded in the concrete to allow
light to pass through them. The TC panels are envisioned to coexist with windows in a
building which will neither restrict the occupant’s view to the outside environment nor
hamper an architect’s ability to design buildings which are aesthetically appealing. More-
over, as we will see in Chapter 8, diffused light emitted by the optical fibers in the panel
has the ability to reduce glare and save up to 50% lighting energy with a reasonable fiber
volumetric ratio of ~ 6%. This innovation has the potential to redefine the way people
think of concrete walls, from that of opaque and bland element of the envelope, to one that
is transporting and providing natural daylight into the interior space of an otherwise artifi-
cially lit room. Thus, together with existing building components, the TC panels might be
able to save energy and also offer a comfortable indoor environment to its occupants.




1.3 Previous work on TC

In 2001, the Hungarian architect Aron Losonczi invented LiTraCon”™, the first commer-
cially available form of TC [39]. It was a combination of optical fibers and fine concrete,
combined in such a way that the material was both internally and externally homogeneous.
It was manufactured in blocks and used primarily for decoration. The current price of a
LiTraCon”™ 100 mm thick block is approximately €2140/m? (ex-works), which makes it
prohibitively expensive and difficult to commercialize. During the Shanghai 2010 EXPO,
Italy modeled its pavilion out of TC using about 4,000 blocks. The blocks were rather
heavy to be used as a facade sub-system in buildings. Another product featured plastic
fibers arranged in a grid, namely Pixel Panels, developed by Bill Price of the University of
Houston. These panels transmitted light in a pattern resembling thousands of tiny stars in
the night sky. University of Detroit-Mercy also developed a process to produce translucent
panels made of Portland cement and sand and reinforced the panel with a small amount of
chopped fiberglass. These panels, which were only 2.5 mm thick at their centers, were thin
enough to be translucent under direct light. A number of companies are also producing
translucent concrete with different production systems. Some manufacturers are:

e Florak Bauunternehmung GmbH, Heinsberg/Germany
e LBM EFO, Berching/Germany

e LUCEM GmbH, Stolberg/Germany

e Luccon Lichtbeton GmbH, Klaus/Austria

The primary focus of the TC technology has previously been on its aesthetic appeal and
its application in artistic design. Recently, He et al. [16] published a study on smart
TC which experimentally explored the light emission properties of TC in the laboratory.
Interestingly, there has also been some active research in the development of other light
transmitting facades. As an example, a recent study on a novel translucent facade made of
organic materials like sucrose was published in [14].

1.4 Organization of chapters

The flowchart in Figure 1.2 gives a layout of the organization of chapters in this report. The
first part is devoted to modeling the interaction of sunlight with TC panels and quantifying
the distribution of light as it exits from these panels. In the second part, using the concepts
from statistics, the energy saved as a result of reduction in the dependence on artificial
lighting is estimated. In the last part, a finite difference model is proposed to calculate heat



conduction through the different layers of the TC panel. Two case studies are implemented
that use the concepts presented in the three different parts of developed theory of analyzing
TC panels and links them together. The last part includes conclusions from the study and
alludes the readers to future research that is being conducted to further improve the overall
capabilities of TC panels.




Introduction to

«
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(Chapter 1)
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Figure 1.2: Organization of chapters.




1.5 Summary

In this chapter, the following concluding remarks can be inferred:

L.
2

Buildings contribute to 41% of the total energy that is consumed in the United States.

Harvesting sunlight for illumination of indoor spaces provides a passive strategy for
reducing artificial lighting.

A new building facade material is proposed called Translucent Concrete (TC) that
can channel light using optical fibers embedded in the concrete matrix.

The following chapters will discuss the numerical methods to evaluate the TC panels
as an innovative solution for energy efficient building envelope.




Chapter 2

Geometrical Ray Tracing

Ray tracing methods begin by representing wavefronts as an array of discrete rays. Geo-
metrically, one proceeds by tracking each ray as it changes trajectories. On encountering
a surface, the intersection point is either determined analytically (in case the surface ge-
ometry is simple such as a sphere or a polygon) or using some numerical method, like
Newton’s method. Next, Fresnel's law is applied at the intersection point and the outgoing
ray (reflected or refracted) is calculated. Ray-tracing methods, in general, are suited for
the computation of scattering in systems that are difficult to mesh/discretize. It is assumed
for the applicability of the method that the length scale of the surface features are large
enough relative to the optical wavelength of sunlight (280 nm < A\ < 4000 nm) [68].

2.1 Eikonal equation for light waves

The theoretical derivation of the “Ray Theory™ and the formulation of Eikonal equation for
any wavefront is presented in Appendix A. In this chapter, a numerical method to march
rays in space by discretizing the ray tracing equation is presented. The formulation of a
ray of light wave is given as

d(ns)

ds

where n(z, y, z) is the refractive index of the medium at a space coordinate (z, y, z) and
the direction of light ray is given by the unit vector, S. Let § be described in terms of its
direction cosines, [cos a, cos 3, cos 7], with [, 3, 7] being the angles between the direction
of ray path and [z, y, 2] axes, respectively. Differentiating left hand expression in Equation
(2.1) gives:

=Vn @2.1)

ds .dn
nz =Vn - SK 2.2)



The directional derivative of dn/ds in direction § is written as

d
& —35Vn 2.3)
ds
Combining Equations (2.2) and (2.3) and rearranging the terms give
ds 1 b .
== ;(Vn — (8.Vn)s) 2.4
where 9 Gn B
n n
Vn = [(T)E: oy’ 6—2] = [Nz, My; 1] (2.5)
Equation (2.4) is separated into components which are written as:
d(cosa) 1 B
g ;{nz - (Vn.s) cosa} (2.6)
d(cosB) 1 i
- ;{ny - (Vn.s) cosﬁ} 2.7
d(cosy) 1 N\
e g H{n!', - (Vn.s) cos 'y} (2.8)

To integrate Equations (2.6), (2.7) and (2.8), the forward Euler scheme is used. The equa-
tions are discretized along the path length, ds, to give:

d(cosa) — (cosa)rs1 — (cosa)y (2.9)
d(cos 3) — (cos B)x+1 — (cos B) (2.10)
d(cosvy) = (cosy)rs1 — (cos )k (2.11)

ds — As (2.12)

where k denotes the integration step, and As is a finite integration step. The discretized
form is expressed as

(cosa)pi1 = %{nx - (V’n.é) cosa}k&s + (cos @)y {2.13)

(cos B)rsr = %{ny - (vn.s) cosﬂ}kAs + (cos B)s (2.14)
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and to determine (cos )41, the property of directional cosines can be used:

(cosY)ks1 = \/1 — (cosa)i,, — (cos B)z,, (2.15)

Finally, the ray position at any instant can be expressed in the following form:

Tpe1 = T + As(cos @) (2.16)
Yk+1 = Yk + As(cos 3) k41 (2.17)
Zk+1 = 2k + As(cosY)k+1 (2.18)

Thus, the time spent by light ray in the optical system is evaluated as:

As As

Tipi=Thi+ — =T + —F (2.19)
u c/n

where u is the wave speed in the medium of propagation and c is the absolute speed of
light in vacuum. Note thatn = %.
Remark: The travel times of different light rays calculated using the discretization pre-

sented above can also be used to assess the dispersion properties of the optical medium.

The value of Vn can be estimated using finite differences as follows:

Vn = [ng,ny,n,]
N [n(:s +0z,y,2) —n(z,y,2) n(z,y+dy,z) —n(z,y,2)
= ox : Sy ’ (2.20)
n(z.y,z +0z) — n(z, y, Z)]
0z

The values of [§z,dy, dz] are chosen to be very small, usually an order of magnitude
smaller than the value chosen for As.

2.2 Reflection

As the ray of light travels in space, it interacts with different objects and travels from one
medium to another. In the process of interacting with surrounding objects/media, a part
of light is reflected and the remaining part is refracted. In this section, the geometrical
representation of reflection is introduced followed by the details on refraction of light in
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the next section.

The law of reflection states that an incident ray makes the same angle with the normal
to the surface as the reflected ray. To model this on a computer, we define the reflection
vector, R, of a normalized incident vector I. The two rays subtend the same angle with a
given surface normal N. The vectors R, I and N all lie in the same plane so R, can be
expressed as a linear combination of I and N.

Re =al+ 8N (2.21)

From Figure 2.1, it is observed that the relation between the cosines of angles formed
between I, N and R, N, expressed as dot products of each pair of vectors, can be written
as

—IN =R..N (2.22)

Substituting the value of R, from Equation (2.21) in Equation (2.22) gives

—LN = N.(al + AN)
— oN.I+AN.N (2.23)
=aN.I+ 3

where N.N = 1. If @ = 1, we obtain 7 = —2(N.I). The final reflection vector is given as

R, =1-2(N.I)N (2.24)

Reflecting
Surface

-
ANN NN

Figure 2.1: Reflection of light from a totally reflective surface. I, N and R, all lie in the
same plane.
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2.3 Refraction

The modeling of light transmission, like reflection, involves generating a new ray and trac-
ing it through the optical medium. The light entering from one medium to another bends
and travels in a new direction. The speed of light in a medium is dictated by the material’s
refractive index. Light travels the fastest in vacuum and slows down in denser mediums.

For some incident ray traveling along vector I in a surface with a refractive index, 7;, and
normal, N, the relationship of the angle of incidence, #;, to the angle of refraction, 6, is
given by:

7; sin @; = n, sin 6, (2.25)
Since there are infinite number of refraction vectors that can make an angle of f; with the
normal, —IN we also add the constraint that the refracted vector, Ry is coplanar to both the
surface normal and the incident vector and thus, is written as their linear combination.

R =al + AN (2.26)
From the Snell’s law, it is derived (as shown in Figure 2.2)

nf(l — cos® 6;) = nf(l — cos® 6‘1)

(1 - [NIP) = (1 - [-NReP) e
Substituting for R¢ from Equation 2.26 in Equation (2.27) gives:
7 (1 = [NIJ?) = 9 (1 - [«(N.I) + B]*) (2.28)
Since R;.R¢ = 1, it can also be deduced:
203(NI)+ 32 =1-a? (2.29)
Solving Equations (2.28) and (2.29) to find the values for « and /3 returns
ol
. (2.30)

A= —(E)(I.N)—\/1 + (2—:')2[(1.N)2 ~H

up

Finally, substituting the values of a and /3 from Equation (2.30) in Equation 2.26, one gets
the refracted vector as:

= -;’—!I - [(%’)(I.N) + \/1 + (%)2{(1.1\1)2 - 1}] N 2.31)
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Figure 2.2: Light follows Snell’s law as it travels from one medium (7;) to another medium
(n¢). Here, n; < n,.

2.4 Fresnel relations

A light ray incident on a boundary separating two media produces a reflected wave and
a transmitted (refracted) wave. The vectors for calculating the reflected and refracted
rays have been given in Equations (2.24) and (2.31), respectively. Fresnel relations uses
Maxwell’s equations to define the ratios of light energies that are reflected and transmitted.

The light wave is an electromagnetic wave that has an electric field component, E, which
is perpendicular to the magnetic field, H. A light wave is either p-polarized or s-polarized.
A p-polarized light has an electric field polarized parallel to the plane of incidence (given
by E)), while in a s-polarized light, the electric field is perpendicular to this plane (given
by E ). Light waves, like sunlight, are unpolarized due to the presence of equal ratios of
p-polarized light and s-polarized light. The amount of incident sunlight reflected from the
interface of two media is calculated by considering both cases of polarization [68]. The
electric, E|| and magnetic field, H| of a p-polarized light are expressed as

E| = Ej cos(k.r — wt)e;

2.32
H| = H| cos(k.r — wt)e; W)

where e; and e, are orthogonal to the propagation direction, k. The spatial position of
the wave is given by r, the angular velocity by w and time by ¢. Using Snell’s Law from
Equation (2.25), the transmitted electric field is related to the incident and reflected field
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as shown in
Equation 2.33 and Figure 2.3.

Eji cos0; — Ej, cos 0, = Ej; cos b,

2.33

H;+H,=H,, e
|
I

Figure 2.3: The electric and magnetic field components of a p-polarized light.
The magnetic and electric field amplitudes are related by H, = % which gives
T v? 1
By + EH" B —E, = B tE”t — _Ellt (2.34)

Ht VUt M M

where ji = *‘— is the ratio of magnetic permeabilities for transmission and incident media
and n = g— is the ratio of refractive indices for transmission and incident media and v;
and v, are the magnitudes of velocities of light in the incident and transmitted media.
Equations (2.33) and (2.34) are solved simultaneously to give the following relations for
Fresnel’s reflection and transmission coefficients

Ey, E cos t; — cos b,
By ﬁ cos 6; + cos b,
E| . 2 cos 9,‘

Eji  cosf, + ﬁ cos #;

| =

(2.35)

For the case of s-polarized light, the electric field is perpendicular to the plane of incidence.
The electric and magnetic field system of equations is given as

E,+E,=FE;

2.36
H)j;cos0; — H|, cos b, = H, cos b, &
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The second equation in Equation (2.36) is related to £ as

E ;cos6; — E,,cos6, = &EEM cos by = &EEM cos by = QEM cosfy (2.37)
Ht Vg e 1) 1!

Solving for the Fresnel’s reflection and transmission coefficients from Equations (2.36)
and (2.37) gives

i E., _ cos&,-ﬂgcosﬁt
1= = =
Eii  cosb; + f.fcos 6,

E.; 2 cos 6;

Eii cos; + ﬂ cos 8,

(2.38)

t, =

Using Snell’s law, the reflection coefficients, || and r , in Equations (2.35) and (2.38) are
expressed as

1/2
Leosh; — [1 — ;15 sin? 9‘]

T = . 3 1/2
ffcost?i - [1 — n—‘; sin 9,]

. 1/2

cosf; — 1 [1 — % sin? a,} (2.39)

L= w 172

cos b; + [1 - n—‘; sin® 9;]

The total reflectance, R, of unpolarized light from the interface of two media is

R = %(rﬁ +72) (2.40)

Finally, the fraction of unpolarized light transmitted is simply (1 — fR).

2.5 Plastic Optical Fibers (POF)

Optical fibers have been extensively used for short distance and long distance communica-
tions. The flexibility and ease of handling plastic optical fibers compared to glass optical
fibers makes them suitable for this research. An optical fiber generally consists of either
two layers (core and cladding) or three layers (core, cladding and jacket). The jacket acts
as a protective layer for the entire fiber. The light travels in the core of the fiber while
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the cladding works in unison with the core to keep the light contained within the fiber.
The optical fibers, for the TC panels constructed in a lab in UC-Berkeley, only had the
core and the cladding layers since the jacket layer does not transmit light. Also the price
of a batch of jacketless optical fibers was lower which helped in reducing the material
costs. The composition of these optical fibers contained a PolyMethylene MethAcrylate
(PMMA) core protected by a perfluorinated (PF) cladding of small thickness (Figure 2.4).
In general the refractive index of the cladding is less than that of the core; a require-
ment necessary to initiate Total Internal Reflection which is discussed in the next section.
Also, in the case of plastic optical fibers, refractive indices vary slightly over a range of
wavelengths [25]. A refractive index of 1.49 for the core and 1.40 for the cladding were
provided by the manufacturer of the considered type of fiber with a numerical aperture,

N.A = /n2,.— ngiaddmg of 0.51. A complete discussion on the modeling of refractive
indices for the different kinds of fibers is given in Appendix B.

/Concreta _,./" Cladding -Core

|
Optical F

jE 4

Figure 2.4: A computational model of the TC panel with embedded optical fibers (optical
fiber illustration not to scale). The optical fiber has two layers: inner core and outer
cladding.

Total Internal Reflection

Total Internal Reflection (TIR) is a phenomenon which occurs when a propagating wave
strikes a medium boundary at an angle larger than the computed critical angle measured
with respect to the normal to the surface. Necessary conditions for TIR are that the two
involved media should be in contact with each other and the refractive index of the medium
from which the light wave tends to exit should be greater than the index of the refracting
medium. The critical angle for the POF described above will depend on the refractive
indices of the core (7c.re = 1.49) and the cladding (1adding = 1.40). The critical angle is

calculated as: i
sl a -~ o J
. = sin (—1_49) ~ 70 (2.41)
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A POF allows two types of light rays: meridonial rays and skew rays. Meridonial rays
are rays that are confined to the plane containing the axis of the POF and the point from
where the ray originated. Meridonial rays always pass through the optical axis. Skew rays,
on the other hand, travel in a non-planar spiral path and never cross the axis of the POF.
Figure 2.5 shows the trajectories followed by both types of rays. It is also observed from
Figure 2.6 that the transmission of meridonial rays is dependent on the N.A. of the optical
fiber. For the type of fiber considered here, the value of N.A. = 0.51. This implies that
any meridonial ray will only be transmitted through the fiber if the angle of incidence it
makes with the fiber axis at its entrance is less than or equal to sin~*(N.A) = 30.66°. This
constraint does not apply to skew rays and is also observed in Figure 2.6 where the skew
rays were also transmitted beyond the transmission angle set by N.A..

(a) (b)

Figure 2.5: a) Meridonial rays cross the axis of fiber after reflection from the fiber wall. b)
Skew rays travel in a spiral path and do not cross the axis of the fiber.
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Figure 2.6: (a) Light ray incident at an angle ¢ with the face of an optical fiber (b) Percent-
age of light that is transmitted for different incidence angles subtended with the entrance
face of the fiber.

The transmitted power in Figure 2.6b is the light intehsity that exits the optical fiber nor-
malized to the incident power.

2.6 Loss of light in optical fibers

As light travels through the core, it suffers two types of intrinsic losses [69]:

1. Rayleigh scattering in the fiber from the random density fluctuations caused by ir-
regular microscopic structure of the fiber. This loss is inversely proportional to the
fourth power of the wavelength. For a PMMA core, the relation for loss factor is

o\ 4
mentioned in [31] as ag = 13 x (ﬁi-ﬁ) dB/km.

2. Light absorption from electronic transitions between the excited and the ground state
(Urbach’s rule). Loss factor, in this case is expressed as o, = 1.58x 10712 exp(11310%)
dB/km from [32].

Light absorption leads to heating up of the optical fiber, whereas the radiation dissipated
via the scattering process is rejected from the optical fiber. The significant terrestrial ra-
diation (280 nm-4000 nm) is broken into 3 spectra: Ultraviolet (UV) range (280 nm-380
nm), visible light (380 nm-780 nm) and infrared (IR) range (780 nm-4000 nm) of solar
radiation. The intrinsic transmittance of a PMMA optical fiber with rays having an aver-
age optical path length of L (in km) is calculated by applying Equation (2.42) as given in
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[34] to each spectrum of terrestrial radiation.

A2 b () —(ar + a.)L)d\
(L) = Jx Bol )eip( (ar + a)L) e
2 E,(A\)dA

where the solar spectral distribution as a function of the wavelength ()\) is defined as
E,(\) = Wl—] with C; = 8.097x10~* Wm? and C, = 2.497x10°% m. The
outcome of applying 2.42 is to calculate the attenuation in the intensity of each ray as a

function of the length travelled by the ray in an attenuating medium like an optical fiber.

Modeling roughness in optical fibers

The roughness is quantified by the deviations in the direction of the normal vector of a real
surface from its ideal form. Roughness plays an important role in determining how light
will interact with the fiber. During the construction process of the TC panels, the fibers
are cut and sanded. This causes the top and bottom surfaces of the fibers to be produced
unevenly. The surface roughness at the two ends of the fiber can change the incidence
angle of a light ray. The interaction of light ray with surface asperities is modeled as a
random variable with two states, say 0 and 1, and upon having say ‘1’, a new normal is
randomly and uniformly generated which is considered to be orthogonal to the irregularity.
This simulates the condition that the light ray encounters an asperity on the fiber surface
half of the time and the normal to the asperity can be directed in any direction.

NN,
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2.7 Summary of Algorithm

The entire algorithm of geometrical ray tracing is summarized in Figure 2.7

Steps to perform Ray Tracing

1. Define the position and velocity o.f N light rays in the medium at time ¢ = 0.

2. Advance the light rays in the medium by using Equations (2.16), (2.17) and (2.18)
3. Update time using Equation (2.19)

4. If a ray encounters a new medium

1) Solve for the point of intersection of the ray with the interface of the two media.
Let the intersection point be (1, T, x3)

ii) Compute the normal to the interface surface. For a surface, ®, describing the

2 : : _ _V&(z1.22,z3)
Vi B
1ntcrface, the normal is given as N TV®(z1,22.23)]l 12

iii) Compute the reflected ray (R.) and refracted ray (R¢) with respect to the nor-
mal using Equations (2.24) and (2.31). (The incident ray (I), reflected ray (R.),
refracted ray (R¢) and normal (IN) should all lie in the same plane)

iv) Determine if there is a possibility of TIR by comparing incidence angle with
critical angle from Equation (2.41):
e If there is TIR: Light is totally internally reflected. Calculate R, using
Equation (2.24).
e If TIR is not achieved: A fraction of light is refracted while the remaining

fraction is reflected. Calculate Re using Equation (2.24) and Ry using
Equation (2.31).

v) Calculate the losses incurred by the light rays inside the medium due to scatter-
ing (ag), absorption (a.) and interface roughness.

5. Update all ray front positions using Equations (2.16), (2.17) and (2.18).

6. Repeat steps (4) and (5) until all the rays have reached their destination.

Figure 2.7: Algorithm for ray tracing method.
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Example

The method presented in Figure 2.7 was applied to the case of a Translucent Concrete
(TC) panel which consists of two materials, concrete and optical fibers. The sequence of
light propagation in the TC panel is shown in Figure 2.8. The optical fiber is a transparent
medium while concrete is opaque. As can be observed from the figure, a fraction of light
rays (represented by arrows) interacting with concrete is reflected from the surface. The
remaining fraction is absorbed by concrete. On the other hand, optical fibers allow light
rays to enter into the tube and travel through the tube by TIR.

Figure 2.8: Ray tracing in a TC panel (1) The rays are travelling towards the TC panel (2)
The rays intersect with the top of the panel (3) A fraction of the rays enter into the optical
fibers while the rest are reflected away from the TC panel (4) The rays that enter into the
optical fibers are channeled through it while the remaining rays travel further away from
the panel.

2.8 Summary

In this chapter, the following remarks can be made:
1. Geometrical ray tracing is derived from the Eikonal equation for light.

2. A forward Euler method is developed to march rays in space as they travel in differ-
ent media.

3. When a ray strikes the face of an optical fiber, it reflects some of its light and refracts
the remaining fraction of light energy. This phenomenon can be quantified using
Fresnel Relations.

4. Rays propagate inside an optical fiber using Total Internal Reflection (TIR).

5. The TIR condition is dependent on the critical angle of the selected optical fiber.

































































































































































































































































































































