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UNDERGROUND COAL MINE LIGHTING HANDBOOK
(in Two Parts)

1. Background

Compiled by W.H. Lewis'

ABSTRACT

This Bureau of Mines report and its companion report (Information Circular 9074)
have been prepared as a complete reference on underground coal mine lighting. This
report discusses the fundamentals of light and its interrelationship with the visual
process. The purpose of the report is to insure an understanding of the numerous
complex and interrelated factors that must be considered to design and implement a
mine lighting system that will satisfy human needs for good vision and comfort. Topics
include history, objectives, and technical considerations of coal mine lighting; light
physics; light and vision relationships; and disability and discomfort glare.

'Electrical engineer, Pittsburgh Research Center, Bureau of Mines, Pittsburgh, PA.



INTRODUCTION

This Bureau of Mines report and its companion report,
Information Circular 9074, have been prepared as a com-
plete reference on underground coal mine lighting. The
reports are intended to assist those persons who design,
install, and/or mairitain mine lighting systems in making
appropriate decisions. The reports include system design
criteria and procedures, data and specifications to aid in
selection of suitable mine lighting hardware, and guide-
lines for system installation and maintenance.

This report discusses the fundamentals of light and
its interrelationship with the visual process; necessary
background information for anyone involved with mine
lighting. The report provides information to insure an
understanding of the numerous, complex, and interrelated
factors that must be considered to design and implement a
mine lighting system that will satisfy human needs for
good vision and comfort.

The design of good lighting systems for underground
coal mines is no easy task because of the unique environ-

ment and work procedures encountered in coal mines. The
primary objective of these reports is, therefore, to identify
the major problems encountered in this lighting applica-
tion and to provide guidance in the solution of these
problems. If they are carefully designed and implemented,
lighting systems provide mine workers improved visibil-
ity and contribute to improved safety, productivity, and
morale. Properly designed lighting systems can prove to
be a very cost-effective investment for the mine operator.

This report was prepared by BCR National Laboratory
(BCRNL), Monroeville, PA, under Bureau of Mines contract
J0113063. The following contributed significantly to the
production of the report: J. Yingling and K. Whitehead,
BCRNL; A. Szpak, ADS Engineering and Design, Inc.; and
personnel of the CIE Mine Lighting Committee, the Illum-
inating Research Institute, and Applied Science Associates,
Inc.

CHAPTER 1.—COAL MINE LIGHTING

HISTORY

The theory that better lighting results in safer, more
productive operations has motivated the development and
application of artificial light sources for the industrial
environment. After Edison patented the first practical
incandescent lamp in 1879, industrial lighting systems
evolved rapidly to the modern lighting systems that employ
several types of light sources including incandescent,
fluorescent, mercury vapor, sodium, and metal halide
lamps. Research and observation, both qualitative and
quantitative, indicate that improved lighting has in fact
resulted in greater safety, increased production, and
improved worker comfort.

Underground coal mining is one industrial activity
that has not kept pace with the application of improved
lighting technology in the working environment. There
are several reasons for this, including the following:

1. Initially, mining lagged behind other industries
because (1) early lamps had short service life in this appli-
cation because of lack of mechanical strength, and (2) their
light output was low, which provided little improvement
over the open flame lamps then in use.

2. New electrical equipment had to be introduced into
coal mines with particular care because of the potential
that it could entail for explosions and mine fires.

3. Systems could not be permanently installed but had
to be moved as the mine expanded and advanced.

4. The abusive and hazardous mine environment re-
quired the development of special and expensive hardware
and circuitry; the limited market did not provide the incen-
tive to develop this special equipment until mine lighting
was required by law.

Artificial lighting has always been a necessity in the
otherwise totally dark underground mine environment.
The types of light sources that have been used in under-
ground coal mine lighting, summarized in table 1, range
from oil soaked wood chips, reeds, and bulrushes to the
present day incandescent and arc-discharge lamps. Devel-
opments such as the Spedding flint mill, the flame safety
lamp, and the carbide lamp were aimed at providing a
light source that would not ignite a gassy environment.
Prior to perfection of devices that could accomplish this,
hundreds of lives were lost to explosions initiated by light
sources. Initial efforts to use incandescent electric lamps
in the mines occurred in Europe as early as 1902, but

Table 1.—Light sources used in underground mining

Type

Source

Time period ’

Saucer-type open flame lamps
Hanging open flame lamps . . . .. .. ...
Candleholders . . . ... ... ... .c....
Carlisle Spedding flintmili . . . . ... .. ..
Spoutlamps . . . . . ..o h e e e e
Flame safety lamps . . . ... ..... ...
Carbidelamps . ... .............
Arclamps . . . . s e e e e e e
Personallamps . . ... ... ... .....
Caplamps . . . . . . o v v i i e
Facelighting . . .. ... ... ........

Wood chips, reeds, and bulrushes soaked in oil . .
Wick immersed in grease oroil . . . . ... ....
Wickcandles . . ... ....... ... .....
Sparks from flint held against rotating steel wheel. .
Wick immersed inoil . . .. ............
Wick immersed in oil, naphtha, or gasoline . . . . .
Calcium carbide andwater . . . . .. .......
Carbon electrodes and electric current . . . . . ..
Incandescentlamp . . ... . ... ... .. ...
dO e e e e e e e e e e
Incandescent, fluorescent high-pressure sodium
lamps.

10,000 B.C.-16th century.
1500-1900.
1800-1900.
1750-1813.
1850-1920.
1796-present.’
1910-20.7
1878-
1920-55.
1925-present.
1975-present.

' Currently used to check for methane at the working face.

2 Still used in some developing countries and some 1- or 2-person mines.



electric lighting was not successfully used at the working
face for another 25 yr.

The battery powered personal lamp was developed in
the 1920’s and required the miner to carry a heavy, cum-
bersome battery that tended to leak acid. After smaller
and lighter weight batteries were developed, the lamp’s
were mounted on miners’ caps instead of being handheld
as originally used. By 1935, the cap lamp was in common
use and is still a primary source of light in coal mines.

In 1969, Congress passed the Federal Coal Mine
Health and Safety Act, which included a mandate that
“directs and authorizes the secretary to propose and pro-
mulgate standards under which all working places in a
mine shall be illuminated by permissible lighting while
persons are working in such places.” As a result of this
mandate the Bureau initiated a research and development
program to develop (1) information to be used in establish-
ing lighting regulations, and (2) lighting hardware that
could be safely used to gain compliance with these regula-
tions. Major results of this research included—

1. Establishment of 0.06 fL. as the' minimum reflected
light level on all surfaces required by the regulations to be
lighted:

2. Development and successful demonstration of permis-
sible lighting hardware for underground application.

The Federal lighting regulations, 30 CFR 75.1719
through 75.1719-4, were proposed in 1976 and, following
public hearings and comments, were amended and pub-
lished in 1978. These regulations prescribe the require-
ments for illumination of working places, in underground
coal mines, while persons are working in such places, and
while self-propelled mining equipment is operated in such
places. A discussion of these requirements and the Mine
Safety and Health Administration (MSHA) policies in
enforcement are presented in Information Circular (IC)
9074.

OBJECTIVES

The general goal of industrial lighting is to improve
safety and increase production. Statistics show that under-
ground mining is one of the most hazardous industries and
mining personnel should, therefore, benefit most signifi-
cantly from the use of lighting that is consistent with the
capabilities of modern technology. To realize these benefits,
mine lighting must achieve specific goals as follows:

1. Increase the visibility of hazards.—Because of the low
luminance levels and poor contrast in coal mines, hazards
have always been difficult to visually identify. A few exam-
ples of such hazards include frayed or cut cables, mis-
placed tools and timbers that may prevent a tripping
hazard, and slips in roof rock. A primary goal of mine
lighting is to increase the visibility of these objects which
are visibly manifested by subtle details, and, hence, reduce
injuries that may result if the hazards go undetected.

2. Increase visual response of the peripheral field to enable
early detection of hazards.—With the narrow-beamed cap
lamp alone, movement of personnel, machines, and roof or
rib material is difficult to detect when it occurs in a miner’s
peripheral field of vision, outside the localized main beam
of the cap lamp. Another major goal of mine lighting is to
allow miners to quickly detect even subtle movement any-
where in their normal field of vision. This will provide

additional time for personnel to react and thereby avoid
injuries. :

3. Improved vision for performance of tasks.—If miners
can clearly see the details of tasks, they can perform them
faster and with fewer mistakes. Studies in many other
industries have conclusively shown that improved light-
ing increases productivity and work quality. Cost-effective
investments in lighting systems capable of producing very
high luminance level have been made at many industrial
plants. Hence, an important goal of mine lighting is to
illuminate work areas consistent with the needs for opti-
mum performance of underground tasks.

4. Increasegeneral comfort and reduce fatigue.—Working
in poorly lighted environments causes worker fatigue,
reduces comfort, and adversely affects morale. Improved
lighting offers considerable potential for improving the
psychological aspects of working in a mine environment
and should produce corresponding improvements in related
areas such as productivity, absenteeism, etc.

STUDIES

How close have modern mine lighting systems come
to achieving these goals? This question can only be an-
swered conclusively through controlled studies of mining
operations. Unfortunately, there are many interrelated
factors, such as geologic conditions, seam height, and gas
emissions, which can affect safety and production in the
mine environment. Because these conditions change con-
tinually and are virtually impossible to precisely control
or to isolate, determining the effect of a single factor, such
as light levels, is very difficult. Unlike other safety tech-
nology such as cabs and canopies, “saves” (i.e., prevented -
injuries or fatalities) attributable to lighting systems are
difficult to document or count.

Although the studies described show wide variation
in the magnitude of results and cannot be considered con-
clusive, the analyses consistently indicate improved safety
and/or production in the lighted mine sections.

A more reliable evaluation of mine lighting will
require detailed studies similar to those conducted for light-
ing of roadways, offices, schools, and manufacturing facili-
ties. It should be noted that at many mines there is a
deficiency in accident reporting—the lack of operators’ com-
ments or descriptions of lighting conditions associated with
mining operations or accidents. Lighting data should be
included as part of accident reports to provide an addi-
tional basis for assessing the benefits of face lighting and
in identifying shortcomings.

SAFETY

Halmos?® reported that in a Hungarian mine a 60 pct
decrease in the accident rate was recorded for a lighted
section compared with the rate in a section where only cap
lamps were used. In the same study, another test showed
that increasing the lighting level by a factor of 12.5 (20 to
250 Ix) decreased the number of accidents by 42 pct.

A 24-month study conducted in a West Virginia coal
mine compared the major accident records for one lighted
conventional section with records from five unlighted

2 Influence of Lighting on Productivity and Safety in Mining.



sections. Results showed no accidents in the lighted sec-
tion and a total of 10 accidents (five in one section) in the
five unlighted sections.

Mishra and Dixit? reported that 35 pct of all minor
accidents in India’s coal mines can be attributed to poor
lighting.

Productivity

Halmos describes two studies on productivity. In one
2-month study, the part of the working areas illuminated
with general lighting showed a 5 pct increase per worker
in production compared with production in those sections
using only cap lamps. In a second mine, a similar study
showed a 26 pct increase in production per worker.

In a 1-yr study at a U.S. mine,? a test section equip-
ped with general stope lighting showed a 17 pct increase in
tons per worker-shift over the next highest producing
section.

Opinion Surveys

A joint committee with representatives from the
United Mine Workers of America (UMWA), Bituminous
Coal Operators Association (BCOA), and MSHA conducted
an extensive opinion survey of room-and-pillar face person-
nel in 1979, shortly after implementation of the lighting
standards. The survey indicated an overall favorable re-
sponse to systems implemented in seam heights greater
than 42 in and an unfavorable response to systems in lower
seam height mines, primarily from glare problems. Sev-
eral changes in official enforcement of the lighting stand-
ards resulted from the particular personnel acceptance
problems identified in the survey.

Bituminous Coal Research, Inc., conducted a similar
study in 1980, interviewing management and face per-
sonnel at longwall and room-and-pillar mines. Both manage-
ment and face personnel unanimously approved of longwall
lighting, citing many benefits and no major problems.
Acceptance of room-and-pillar systems increased from the
1979 survey markedly so for low seam height applica-
tions. Many equipment operators, despite an overall favor-
able opinion of the room-and-pillar systems, cited problem
areas, indicating that careful implementation is required
and general improvement is possible.

MAJOR TECHNICAL CONSIDERATIONS

The underground coal mine is one of the most difficult
lighting applications encountered by industrial lighting
designers. There are several unique technical considera-
tions that must be carefully addressed in designing and
implementing mine lighting systems. These considerations
are reviewed briefly in the following and are discussed in
more detail in other sections of this report and IC 9074.

1. Mine lighting is a nonstationary application.—For
most lighting applications, the object or area to be lighted
is confined to a specific location and lighting hardware can
be permanently installed. In coal mining the working face
not only continually advances (or retreats), but several
faces are being mined at the same time by the same

3 A New Psychoengineering Strategy for Safety in Mines.
1 Permissible Mine Lighting Systems Cut Down on Accidents and In-
crease Coal Output.

equipment. The designer, therefore, has two choices. One
is to mount the hardware on the machines so the area
around the machine is lighted regardless of where it is
operating. The second choice is to mount a system semiper-
manently at each active face and move the system as the
face is advanced. Both systems pose unique problems with
respect to electrical design and logistics. At the present
time, mine lighting systems are almost exclusively ma-
chine mounted.

2. Lighting in a low-reflectivity, low-contrast environ-
ment. —Under equal illumination, the brightness of sur-
faces within a person’s field of vision is dependent on the
reflectivity of these surfaces. Reflectivity, or reflectance,
is a measure of the ability of a surface to reflect incident
light supplied by a light source (see chapter 2). In most
lighting applications, exposed surfaces reflect a relatively
high percentage of light, which helps in providing good
visibility of objects and/or surface details. In the coal mine,
nearly all surfaces have low reflectivity, especially the
ribs and face which have an average reflectivity of only 4
pct. Therefore, to provide a given general level of surface
brightness, the output of light sources used in mine light-
ing systems would have to be much higher (15 to 20 times)
than would be required in applications with high reflectiv-
ity surfaces.

Another important lighting design consideration is
the relationship between the light level required for good
visibility of detail, and the contrast between the detail and
the background against which it is viewed. For example, if
critical details such as roof slips or cracks were white
against the dark coal or rock surfaces, very low light lev-
els would be required to see them. However, there is very
little contrast between a slip and its background (often
distinguishing between shades of gray), so higher light
levels are required to make them acceptably visible. This
applies to many other signs of serious mine hazards.

Both low coal-surface reflectivity and low contrast
require that light sources with relatively high output be
utilized to achieve acceptable visibility. As discussed in
item 6 of this section, this can lead to glare problems.
Compromises between visibility levels and reducing the
system’s glare level must frequently be made in mine light-
ing system designs.

3. Abusiveness of the environment.—Few environments
expose lighting hardware to the abuse found in the under-
ground coal mine. The major hazards include impacts from
striking rib or roof, roof rock falling on the hardware,
mechanical shock produced by machine vibration and
motion, and corrosion potential from moisture, salts, and
other corrosive agents found in mines. These conditions
require special consideration in the design and installa-
tion of hardware if adequate service life and acceptable
maintenance costs are to be realized.

4. Poor power regulation.—Light sources and associated
power control devices are sensitive to fluctuations in sup-
ply voltage, especially large and fast fluctuations, and to
extended operation above or below design voltage. The
effects of poorly regulated power include variation in light
output, extinguishment of arc discharge lamps, destruc-
tion of lamps, and a general reduction in service life of
power-conditioning components because of heat buildup.
These problems have been particularly prevalent with dc
power systems, which frequently experience extreme high-
voltage transients and very poor voltage regulation. A sys-
tem designer must, therefore, be familiar with the charac-
ter of a mine’s electrical system and take steps to protect
against poor regulation and/or transients.



5. Increased electrical hazards.—Any time additional
electrical equipment is added to a mining machine, the
potential for an electrical fault and an associated shock
hazard is increased. This makes it imperative that the
system designer comply with all Federal electrical design
requirements, that all electrical devices be of adequate
capacity, and that cables be adequately protected from
mechanical damage. Additionally, lighting systems add
another potential source of heat and electrical arcing which,
in a gassy mine, could trigger a disastrous methane
explosion. Federal and State regulations provide specific
requirements for design of electrical equipment to prevent
such occurrences. A system designer must comply with
these standards, discussed in IC 9074 (chapter 2), assure
that a total system or its individual components will not
ignite an explosive gas-air mixture.

6. Glare potential.—A lighting system is effective only
if it improves a person’s ability to ascertain visual informa-
tion from his or her surroundings. Experience with mine
lighting has shown that in this regard the effectiveness of
many systems is impaired by glare. Factors such as the
high light-source output (as required by low coal-surface
reflectivity), the extreme contrast between light sources
and their low-reflectivity surroundings, the frequent neces-
sity of locating light sources near the line of sight to meet
prescribed light levels, and job procedures that place the

light sources in or near the line of sight of workers at
various times in the work cycle, result in glare problems
that are difficult to resolve. The system designer must be
familiar with the factors that determine the nature, level,
and impact of glare and must also be familiar with design
techniques that can minimize glare potential. These con-
siderations are discussed in Chapter 4, “Disability and
Discomfort Glare” and in IC 9074 (chapter 5).

In addition to these major technical considerations,
each type of machine, lighting hardware, and mine may
have unique requirements that should be considered in
design. It is important that each application be considered
individually to assure the design for that application is
optimum.

Even though problems still exist, the attitude toward
mine lighting has become more positive as miners gain
experience with working in lighted sections. Significantly,
the results of the survey completed in 1980 showed that,
overall, 74 pct of the miners liked mine lighting compared
with 60 pct that expressed favorable opinions during the
survey conducted in 1979. Improved lighting system de-
sign should result in greater acceptance of mine lighting.
The information in this report and IC 9074 is presented to
assist the coal industry personnel in achieving better light-
ing of their workplaces and its attendant benefits.

CHAPTER 2.—LIGHT PHYSICS

Light is a form of energy that enables us to see; it is
known as visible energy. It is the tool most readily at the
disposal of the lighting system designer to improve the
seeing environment. To use it most effectively; one must
understand light’s physical properties and behavior.

The following topics and associated key concepts will
be addressed in this chapter.

Nature of light . ... .. Radiant energy, wavelength
and frequency, and electro-
magnetic spectrum.

Interpretation of visible Color, brightness, and the
light . spectral luminous efficiency
curve.

Physical behavior of
light .

Absorption, reflection, and
transmission.

Lighting energy quanti- Luminous flux, illumination,
fication, lighting intensity, luminance, cosine
units . . law, and inverse square law.

The section on lighting units presents example problems
to illustrate the use of each major concept in design
applications.

Light is a form of radiant energy; one of several known
energy forms, which include electrical, chemical, atomic,
thermal, and mechanical energy. Light is called radiant
energy because it travels through space from its point of
origin, or source, in all directions as a repeating, or cyclical,
wave pattern, much as the mechanical wave that results
when a pebble is dropped in a pond. Light waves are made
up of both electric and magnetic energy components, and
therefore are called electromagnetic waves.

Electromagnetic radiation is a byproduct of any proc-
ess where an electrical charge is accelerated. Many
processes, both natural and artificial, accelerate charges
and hence produce electromagnetic radiation. Those proc-
esses that produce visible light generally occur on an
atomic or molecular scale and involve acceleration of
electrons. Some of these are (1) heated bodies (e.g., the
common incandescent light bulb), (2) arc discharge (e.g.,
mercury lamp), (3) fluorescence (e.g., a glow-in-the-dark
watch face), and (4) chemical process (e.g., the firefly).

Because it consists of waves, radiant energy is charac-
terized by two special properties: wavelength and frequen-
cy. Wavelength is the distance covered as an energy cycle
repeats itself. Frequency is the number of times the cycle
repeats itself during a unit of time, for instance, in 1 s.
When wavelength is multiplied by frequency, the product
is the speed at which the wave is carried forward from its
source. For radiant energy, this speed is a constant in a
given transmission medium. The speed equals 186,000 mi/s
when the medium is a vacuum, and is slightly less in air.

Visible light is only a narrow part of a broad spectrum
of radiant (electromagnetic) energy. At one end of this
electromagnetic spectrum are cosmic rays; electric power
transmission waves are at the opposite end. Even though
the effect of, uses of, and the generating processes for the
different groups of radiant energy may differ, all are elec-
tromagnetic energy differing only in wavelength and
frequency. The various categories of energy are arranged
on the electromagnetic spectrum on the basis of wave-
length and frequency, as shown in figure 1.

Visually evaluated radiant energy, or visible light, is
that portion of the electromagnetic spectrum with wave-
lengths between 380 and 780 nm. Longer or shorter wave-
lengths stimulate very little or no response in the eye.
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Figure 1.—Radiant energy (electromagnetic) spectrum.

PERCEPTION

The two fundamental interpretations of the light that
enters our eyes is made on the basis of that light’s physical
characterisics. Wavelength composition is interpreted as
color and the combination of energy level and wavelength
composition is interpreted as brightness.

Colors are, simply, the names assigned to various
wavelengths, or mixtures of wavelengths, of visible light.
For example, light wavelengths between 380 to 400 nm
appear violet in color, while light wavelengths of approxi-
mately 600 nm appear yellow (see figure 1).

When seen separately, individual visible wavelengths
of light appear as distinct colors. When light consists of a
blend of the wavelengths across the entire visible portion
of the electromagnetic spectrum, it appears white. (Black
is not a color, just the absence of light.) Certain sources,
such as incandescent light bulbs and the Sun, give off
relatively balanced amounts of all visible wavelengths and
hence appear white. When light sources or reflectors give
off higher or lower amounts of one or more visible wave-
lengths, our eyes distinguish such wavelength imbalances
as colors. Because of the way our eyes interpret wave-
length characteristics of light, mixtures of several wave-
lengths may appear the same as a certain individual
wavelength. For example, blue and yellow when mixed
appear green.

Perception of brightness is affected by two physical
characteristics of light—energy content of the light strik-
ing the eye and the wavelength composition of that light.
The more energy at a given wavelength of light striking
the eye, the greater the sensation of brightness produced.
However, the eye does not respond to all wavelengths in
the 380- to 780-nm range equally. It does not take nearly
as much energy in a beam of 555-nm light for it to appear
as bright as 650-nm light. Figure 2 shows the brightness
response of the eye to different wavelengths of light in
terms of a percentage of the response at the wavelength to
which the eye is most sensitive (555 nm). This is an aver-
age curve; a particular individual’'s response might vary

somewhat. This curve is called the spectral luminous effi-
ciency curve because it depicts the efficiency of light in
producing a brightness sensation at various wavelengths.
As can be seen from the curve, a meter measuring the
total energy of a 650-nm beam of light would have to read
nine times as high as one measuring a 555-nm beam of
light for the beams to produce an equivalent brightness
response.

The spectral luminous efficiency curve represents a
weighting function that must be taken into account when
assessing light energy for illumination design. Light meas-
uring instruments incorporate filtering systems and/or
employ special sensing devices that discriminate against
light wavelengths in accordance with this function. More-
over, the function is assumed in the definition of all stand-
ard systems of lighting units as will be discussed later.

PHYSICAL BEHAVIOR

As a light travels from a light source to a person'’s
eyes and encounters objects in between, it can be altered
in many ways. This section examines these alteration proc-
esses which are important to understanding both the basis
of what is seen and the light control methods that may be
employed in illumination design.

When light or any other form of electromagnetic radia-
tion encounters an object, it is transmitted, reflected, and/or
absorbed. Transmitted light is the light that passes through
an object. That is, it goes in one side and comes out another.
Reflected light is light that does not penetrate an object;
rather it bounces off the object’s surface. Absorbed light is
all the light that is neither transmitted nor reflected; rather
it is “soaked up” by the material. The energy of absorbed
light is changed to some other form such as heat.

Three ratios—absorptance, reflectance, and transmit-
tance—can be used to quantify how light energy striking a
given material is distributed. These ratios define the pro-
portion of absorbed, reflected, or transmitted light relative
to the total amount of light striking an object.
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Figure 2.—Brightness sensitivity of the eye as a function of light wavelength.

The sum of the three ratios always equals 1, but for
any material none of the individual ratios will equal 1.
For example, a material that transmits light never has a
transmittance equal to 1. Rather, its transmittance is
reduced by positive reflectance and absorptance values.
Many objects exhibit zero transmittance, but their reflec-
tance will be less than 1, reduced by a positive absorptance
value. It is evident that an object’s absorptance acts to
reduce the amount of light energy leaving the object’s
surface.

Absorption

If an object selectively absorbs light at certain wave-
lengths, while allowing other wavelengths to be transmit-
ted or reflected, the object is said to have discriminant
absorption properties. The discriminant absorption proper-
ties create wavelength imbalances in the reflected or trans-
mitted light. As noted earlier, these imbalances are dis-
guished by the eye as various colors. Objects that appear
red under a white light contain molecules, given the spe-
cial name pigments, which absorb wavelengths in the blue-
green portion of the spectrum and reflect red light. Blue
objects have pigments that absorb wavelengths in the
green-red portion of the spectrum. Other colors, such as
brown, purple. or pink, can be obtained through the propor-
tionate mixing of pigments with different discriminant
absorption properties.

It is important to recognize that color rendering
through the discriminant absorption of various wave-
lengths of light is a subtractive process. That is, the wave-
length mixture in the reflected or transmitted light can
only be a subset of the wavelength mixture in the light
that struck the object. The total energy of reflected-
transmitted light in a given wavelength region cannot
exceed the energy of light in the wavelength region that
composed the incident beam. However, the relative propor-
tion of one wavelength region to other wavelength regions
in the reflected or transmitted beam may be changed, which
will change the beam’s color. If an object that reflects only
wavelengths from the red portion of the spectrum and
absorbs all others is illuminated by a light consisting of
blue and green wavelengths only, the object cannot reflect

any red wavelengths and would appear much darker and
essentially colorless. Hence, regardless of the discriminant
absorptive properties of an object, the eye cannot see col-
ors that are not present in the source light that illumi-
nates the object. This has impact on the selection of artifi-
cial light sources in cases where color discrimination is
important, as with color coding of wire, pipes, etc.

Reflection

Special Importance of Reflected Light

The eye does not see light that is traveling through
air (space). Only the source of the light and the objects
reflecting light from that source can be seen. For example,
the sunlight striking the Moon at night cannot be seen.
The space from the Sun to the Moon is completely dark.
Only the light being reflected by the Moon’s surface is
seen. The reflected light, in turn, allows details of the
Moon’s surface to be discerned.

Eyes sense the light that enters them, process the
character of this light, and interpret this character back to
the object that reflected it. This is accomplished by “focus-
ing an image” on the light-sensitive surface of the eye (the
retina). Focusing an image is process by which the light
reflected from points on an object in the direction of the
eye are, through optical mechanisms within the eye,
directed or focused to form an image of the object on the
retina. (See chapter 3 for more details.) In this respect, light
acts as a coded signal carrying information about an object
that reflects it to the eye where the signal is subsequently
decoded and translated. Spatial relationships, brightness,
and color can be discerned. Hence, it is reflected light that
has greatest bearing on what is seen. Because of this, light-
ing designers must evaluate the environment to find out
(1) the proportion of light the environment reflects and (2)
how the reflected light is distributed. As noted previously,
the proportion or ratio of light specific surfaces in the envi-
ronment reflect compared to incident light on these sur-
faces is measurable and is called reflectance. The other
variable important to designers is distribution of reflected
light.



How Objects Distribute Reflected Light Diffuse reflectors represent the opposite extreme. Here,
the texture of the reflecting surface is rough. Light is scat-

Objects distribute reflected light in different ways, tered in all directions. Such a surface would tend to appear
depending upon texture of the surface or near-surface equally bright from any direction of observation. A wall
layers of the object. The simplest case of reflection is shown painted with flat paint is an example of a diffuse reflector.

by a perfectly smooth reflector, such as a mirror. For such
reflectors, the direction of the reflected light is determined
by the direction of the source of light, as shown in figure 3.
The beam angle of the light source and the beam angle of
the reflected light are equal in size, but on opposite sides
of a line perpendicular to the surface. Objects that reflect
light in this manner are called specular reflectors.

The Use of Specular Reflectors in Controlling Light.
—The principle of specular reflectance is used in the
design of reflectors for control of light emission
from lamps and luminaires. In brief, the curvature
of the reflector can be adjusted to control the spread
of the beam from a point source of light. The three
reflectors shown in figure 4 indicate distribution that
can be obtained with three different shapes—para-
bolic, circular, and elliptical.

A. Parabolic reflector

L ]

B, Circular reflector

L

MIXED REFLECTION C. Elliptical reflector

Figure 3.— Classification of retlectors. Figure 4.—Curved reflectors used to control light distribution.



Surfaces may reflect in combinations of diffuse and
specular manners. A polished coal surface, for example, is
primarily a diffuse reflector that reflects light uniformly
over a wide range of directions but with an increase in
light energy reflected at the specular angle of reflectance.
Figure 3 illustrates various classifications of reflectors.

The type of reflector, in combination with the angle of
observation and the incident angle of the source light strik-
ing the object, ultimately determine the perceived bright-
ness of an object and the measured light energy reflected
by an object. This leads to complications in reflectance
measurement and in design procedures for reflectors, which
are a combination of diffuse and specular.

Transmission

Transmission of light through a medium is affected by
various properties of the medium. Transparent materials
te.g., clear glass) transmit light without scatter. Objects
on the other side or within the transparent object can be
seen in sharp detail. Translucent objects (e.g., frosted glass)
also transmit light, but with some degree of scatter. Objects
on the other side or within appear blurred in form.

Light can be controlled by using a material with cer-
tain transmission capabilities to cause scatter. This is
known as diffusion (see figure 5). Diffusion is extremely
important in the design of lighting systems for visual com-
fort (i.e. normal glare reduction). It is achieved through
various means of treating the transmitting object, includ-
ing surface etching, incorporation of light-scattering parti-
cles within the medium, and application of surface coatings.

The effect of diffusion is to make the light source
appear larger and less bright. Consider clear, frosted, and
soft-white household incandescent lamps. The two diffuse
bulbs make the light source appear to be larger and, hence,
reduce the perceived brightness per unit area. In fact, the
clear bulb has a brightness per unit area over seven times
greater than the frosted lamp. Diffusion always results in
some reduction of light energy transmission and, thus,
reduces efficiency of a light fixture. Through proper design
of enclosed fixtures, the amount of energy loss can be
reduced significantly by interreflection, shown in figure 6.

Many transmitting mediums may selectively trans-
mit some wavelengths while absorbing or reflecting others.
This property can be used for removing certain wavelengths
to obtain a desired wavelength composition of the trans-
mitted beam. Such a material can change the color of light
with little alteration of light distribution. The dichroic
reflector, an example of this type of medium, is used in
some headlights to reflect a beam of visible light forward
but transmit infrared wavelengths backwards; if reflected
forward, the infrared energy would tend to heat objects
and people.

The atmosphere is never a perfect transmitter of light
(transmittance |{T] # 1) even in what appears to be the
clearest of conditions. This factor must be taken into
account in some design problems, especially when fog or
dust levels are significant and/or transmission distances
are large. For such problems, transmittance is described
by a transmissivity ratio, transmittance divided by unit
distance.

For instance, light transmissivity is about 0.94 per
mile in a very clear atmosphere. That is, 94 pct of the light
reaches a receiver 1 mile away and 88 pct (0.94 X 0.94)
reaches a receiver 2 miles away. But in even a very light
fog, the transmissivity reduces sharply to only 0.05 per

mile. Only 0.25 pct of the light energy would reach a
receiver 2 miles away. The concept of transmissivity ratio
is primarily used in signal design problems (e.g., in sclec-
tion of a fan-on signal at a mine).

The direction of light backscatter is another very
important factor to consider when working with atmo-
spheric conditions such as dense fog or dust. Backscatter
occurs when the particles in the air reflect the light back
toward an observer looking through the medium. Back-
scatter in undesirable directions can impair visibility. For
example, to prevent undesirable backscatter, it is neces-
sary to use low-beam headlights while driving in a dense
fog.

Figure 5.—Use of surface patterns to control light distribution.

A TYPICAL MATERIAL WITH 60%
TRANSMISSION MIGHT HAVE AN

85% EFFICIENCY IN TRANSMITTING
LIGHT BECAUSE OF INTER-REFLECTION

Figure 6.—Effect of interreflection on net light transmission
for enclosed light fixtures.
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When light passes from one transmitting medium
(such as air) to another (such as glass), its speed will
change. Figure 7 shows the progression of the light-wave
fronts traveling through air into glass. Each line repre-
sents the position of the wave front after equal time
intervals. As the light leaves the less dense medium (air)
and enters the denser medium (glass), it slows down and
the distance traveled in a given amount of time is reduced.
The net eftect is a bending, or deflecting, of the light waves,
which is called refraction. This principle is illustrated by a
straw in a glass of water; the straw appears to be bent at
the point where it enters the water. The degree of bending
is determined by the ratio of the speed of light in the two
mediums.

The principle of refraction impacts upon lighting in
two primary ways.

1. Lenses may be designed utilizing the refraction prin-
ciple to control the distribution of light from a light source.
This is accomplished by adjusting the lens curvature (see
figure 8). These lenses may be used alone or in conjunction
with specular reflectors to control light.

2. The eye utilizes the principle of refraction to obtain a
focused image on the retina. (This is discussed in detail in
chapter 3.)

QUANTIFYING LIGHT ENERGY

This section discusses the fundamental concepts that
are employed by illumination engineers in the quantifica-
tion of light energy for design purposes and explains their
interrelationships. These concepts enable the designer to
evaluate, and thus devise means to control, light energy
levels and their distribution.

Two major systems of units are currently used for the
quantification of light: Illumination Engineering Society
(IES) and International System of Units (SI). The primary
difference between [ES and SI systems is that the IES
system uses U.S. standard measures for linear dimensions
in the unit definitions, while the SI system uses metric
measures. Current U.S. coal mine lighting regulations cus-
tomarily use IES units; therefore, these will be used pri-
marily in this report.

Systems of lighting units are unique in that they
explicitly apply a human weighting function to the physi-
cal energy quantity they measure. That is, all unit sys-
tems take into account how the eye exhibits different sensi-
tivities to various light wavelengths in terms of perceived
brightness and weight the energy measurements accord-
ing to the spectral luminous efficiency curve (fig. 2).
Radiometric units are used to quantify other types of elec-
tromagnetic radiation. They are similar to light energy
units, but do not include a weighting function.

All standard systems of light units employ certain
basic concepts which are based on convenient and mean-
ingful approaches to light energy measurement and quan-
tification. These basic concepts are luminous flux, illumi-
nation (illuminance), luminous intensity, and luminance.
Each of these are discussed in detail. Examples are pro-
vided to illustrate each and show how the concepts are
utilized for design purposes.

IES and SI unit—
lumen (Im)

Luminous Flux Symbol—d¢

<
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Figure 7.—Effect of changing transmission mediums on direc-
tion of light travel.

Figure 8.—Use of curved lens to control light distribution.



Luminous flux is the time rate flow of light energy. Flux is
a power quantity in the same manner as horsepower or
Btu per hour. The unit of luminous flux, the lumen, is
most frequently used to describe the total lighting power
of light sources. Other light energy concepts (e.g., illumi-
nation, luminous intensity, and luminance) use the lumen
in conjunction with various geometric quantities to describe
the distribution of light energy flow to the surroundings.
Light sources are often evaluated for their total lumen
output. For example, a 100-W incandescent lamp produces
about 1,740 Im. Two or more light sources can be compared
on the basis of their total luminous flux, or lumen, ratings.
This is analagous to comparing two or more motors on the
basis of their horsepower rating.

Total lumen ratings of light sources are extremely
valuable for use in making preliminary approximations in
lighting design problems. The number of lumens needed
in a given situation will help determine the size and/or
number of lighting fixtures necessary. These ratings are
usually available from hardware manufacturers.

Symbol—E  IES unit—

footcandle (fc)

IlIlumination

SI unit—lux (Ix)

Illumination (illuminance) is a measure of the density
of luminous flux striking a surface. Mathematically, illu-
mination may be defined as:

E = d/Ap, 1)

where E is the illumination produced by the luminous
flux, ¢, falling on a light-receiving surface of area Ap, (see
figure 9).

The IES and SI systems have different units for
illumination. The lux, used by SI, is the average illumina-
tion produced by 1 Im of light distributed over a 1-m?
receiving area. The footcandle, used by IES, is the average
illumination produced by 1 Im of light distributed over a
1-ft? receiving area.

As an example of the illumination concept, if light
energy flowing at the rate of 9 lm is distributed over area
A, which is equal to 1-ft?, the illumination of area A is 9 fc.
If the same energy is subsequently distributed over larger
area B, which is equal to 3-ft?, then the average illumina-
tion of area B is 3 fc, one-third as great as area A.

It should be noted that the fotal illumination levels
from two or more light sources shining on a surface are

LINES REPRESENT INCIDENTY
LUMINOUS FLUX

ILLUMINATION=
LUMINOUS FLUX @

RECEIVING AREA A,

.4
A

AR

Figure 9.—lllumination.
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obtained by adding the illumination level produced by each
source separately. If light A illuminates the surface to 5 fc
and light B illuminates the surface to 3 fc, the surface
illumination will be 8 fc if both lights operate simulta-
neously.

When determining illumination, ¢ in equation 1 con-
cerns the total lumens striking the receiving surface area,
regardless of the originating direction of the luminous flux.

Until now, only average illumination over the entire
receiving surface has been discussed. The illumination at
any point on the receiving surface may also be determined
simply by considering a very small area around the point
as the receiving area. Point illumination for all points on a
surface equals average illumination if the luminous flux
is uniformly distributed over a surface. If the illumination
is nonuniformly distributed, point illumination, Ep, would
vary for each point on the surface.

Average illumination is an easy quantity to measure.
Instruments are available that contain light-sensitive
materials that convert total light energy striking them to
proportional electrical energy levels. The resultant electri-
cal energy levels can then be measured and read on stand-
ard (although sensitive) electrical meters. Since the area
of exposed, light-sensitive material is known, the electri-
cal energy values can readily be equated to illumination
(energy per unit area) values (footcandle or lux). The sig-
nificance of the fact that illumination is an easy quantity
to measure is that illumination measurements can be con-
verted to other light quantities (e.g., luminous intensity),
which are meaningful but more difficult to measure
directly. Such conversions are illustrated in this report.

Lighting design specifications are often presented in
terms of illumination (footcandle or lux) levels. Specifica-
tions given in such terms (1) enable a good description to
be made of light levels and how light should be distributed
in a given environment, (2) make design calculations sim-
pler than if the specifications are made in other terms
(e.g., luminance), and (3) enable easy on-site verification
that specifications are being met because of the relative
simplicity of taking illumination measurements.

Specifications presented in terms of illumination lev-
els do not consider how a receiving surface reflects light,
however. This is a definite shortcoming because, as noted
previously, reflected light determines what is seen. Vari-
ous properties of the light-receiving surfaces in the sur-
rounding environment can affect reflectivity.

lllumination and the Cosine Law

The cosine law is one of two very useful lighting laws.
(The other—the inverse square law—is discussed later.)
Based on geometric principles, the cosine law states that
the illumination of a surface varies as the cosine of the
angle between an imaginary perpendicular line to the sur-
face (i.e., the normal) and the actual direction of the inci-
dent light (i.e., angle of incidence, 6, see figure 10). To
illustrate the cosine law, imagine a light beam consisting
of uniformly distributed parallel rays traveling in a particu-
lar direction. Assume that 10 Im is incident upon surface
A, with a surface area of 1-ft, in figure 11. Note that
surface A is perpendicular (normal) to the direction in
which the light is traveling. The average illumination of
this surface could be calculated according to the discussion
in the previous section as follows: E; = &/A of 10 Im divided
by 1 ft? equals 10 fc.
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Figure 10.—Determining angle of incidence (6) when applying
the cosine law.

Figure 11.—Basis of the cosine law.

Now, imagine that instead of intersecting a surface
perpendicular to the light’s direction of travel, this same
10-Im beam intersects a surface rotated 6 degrees, as sur-
face A% is in figure 11. The illumination is now uniformly
distributed over a larger area (A?) which is equal to A,
divided by the cosine of 8.

Therefore E, = &/A, which equals &/A;, X cos 6 or
E, X cos 6.

If 0 is 45°, E, = E; cos 45 = 10 (0.5) = 5 fc.
Although the cosine law derived was for average

illumination, the law also applies equally to point illumi-
nation.

IES and SI unit—
candle (c¢)

Luminous Intensity Symbol+—I

Luminous intensity is a concept used to describe how
a light source (e.g., a lamp or luminaire) distributes the
total luminous flux, or lumens, it emits into various por-
tions of the space surrounding the source. The geometric
concept of the solid angle is used to define the particular
portion of surrounding space in question. Before luminous
intensity is discussed, the geometric concept of solid angle
must be explained.

A solid angle is simply a three-dimensional angle. It
is formed by a point at the center of a sphere and a surface,
of any shape, which comprises a part of the surface of the
sphere. Figure 12 illustrates various forms of solid angles.

The dimension of a solid angle, w, is determinated by
finding the area, A, of the sphere subtended, or enclosed,

As
Figure 12.—Solid angle forms.

by the angle divided by the radius, R, of the sphere squared.
Hence,

w = AJRZ. (2)

The unit of the solid angle is the steradian (sr). A sub-
tended surface area of 1 ft? on a sphere of 1-ft radius forms
a solid angle of 1 sr.

Note thatthe spherical area subtended by a solid angle
varies with the radius squared. For example, a 1-sr solid
angle would subtend a 1-ft area on a 1-ft radius sphere.
The same solid angle would subtend 4 ft? on a 2-ft radius
sphere, or 9 ft? on a 3-ft radius sphere. The following
sample problem shows one use of the solid angle concept in
a lighting design problem.

Problem.—A mining vehicle incandescent head-
light with a spot beam has an effective beam angle
of 30°, as shown in figure 13. What spherical surface
area will the beam subtend at 10 and 20 ft? (Note,
beam angle can be converted to solid angle by using
the formula w = w (1 - cos 8) where 6 is the beam
angle.)

Solution.—Equation 2 (w = AJ/R?) defines the
steradian. Therefore, any spherical subtended area,
A, at any distance, R,is A, = wR2. Substituting the
equation given for converting plane angles to solid
angles, A_ = 27 (1 - cos 6)R?.

For 30° beam angle, 6, and radius of 10 ft, A, = 2m
(1 - cos 30°)(10%) or A = (0.84)(100) which equals 84
ft2. When R equals 20 ft, A, = (0.84) (400), which

equals 336 ft2.

This problem shows how the light distributed from a
luminaire might be described using the solid angle con-
cept and how this concept conveniently describes beam
spread with distance.

Luminous intensity is defined mathematically as
follows:

1= d/w, (3)

where I is equal to the luminous intensity of a point source
of light in a direction defined by a particular solid angle, ¢



is the total luminous flux (lumens) emanating from the
point source within the specified solid angle, and w is the
dimension of that solid angle in steradians. The candle is
the luminous intensity unit (both the SI and IES systems)
and equals 1 lm/sr.

Figure 14 illustrates the concept of luminous intensity.
The lines in the figure may be thought of as representing
equal amounts of lumens, or light energy flow. As shown,
solid angle A and solid angle B are the same size, but the
density of luminous flux in solid angle B is greater than in
solid angle A. Therefore, the luminous intensity is higher
in B than it is in A.

Luminous intensity can be compared to the spray
intensity of a garden hose with an adjustable nozzle. If a
constant water flow is assumed, the nozzle can be adjusted
to spray over a wide angle in a low-intensity spray or over
a narrow angle in a high intensity spray. Luminous
intensity differs from spray intensity in that the density
of light energy flow (lumens) in a particular solid angle is
considered rather than the density of water droplets in the
solid angle.

As noted, intensity is a directional quantity, with the
direction in question being defined by the line that forms
the axis of the solid angle. The intensity of the light source
may, indeed, vary with direction. Intensity, as calculated
from equation 3, is an average intensity over the entire
solid angle, w. As w is subdivided into smaller and smaller
solid angles, the direction of the intensity is better defined
and the distribution of light from the source is more accu-
rately established. The following problems illustrate the
concept of luminous intensity.

ALL LUMINCUS FLUX
EMITTED WITHIN
30° THIS BOUNDARY

Figure 13.—Beam angle of mining vehicle headlight.
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Problem.—Assume that the manufacturer’s speci-
fications for a headlight show that it emits light at a
rate of 1,800 Im. What is the average intensity of the
headlight beam?

Equation 3 (I = ¢/w) is used to calculate an average
intensity over the entire solid angle formed by the
beam. If w equals 0.84 sr, the solution is I equals
1,800 Im divided by 0.84 sr or 2,143 c.

Problem.—Now assume that the light energy dis-
tribution varies within the beam of this headlight as
follows:

Portion of Share of to-

beam angle tal lumens, pct
0°to 10° ......... 50
10°to 20° ... ...... 35
20°t030° ......... 15

Using equation 3, calculate the average intensity
within each portion of the beam. (Note.—Such a dis-
tribution might be found with typical “spot” 150-W
incandescent headlight fixtures.)

Solution.—In order to use equation 3, w must be
calculated for each portion of the beam. This may be
done using the formula w = AS/R2 and subtracting
the solid angle equivalent of the lower beam angle
defining the range in question from the solid angle
equivalent of the larger beam angle in this range.
Using the formula for converiing beam angle to solid
angle (w = 2m (1-cos 0)) results in the following:

0° to 10° = 0.095 - 0, or 0.095 sr;
10° to 20° = 0.379 - 0.095, or 0.284 sr; and
20° to 30° = 0.824 - 0.379, or 0.463 sr.

To determine lumens within each portion, multi-
ply the total lumens by the appropriate percentage,
as follows:

0° to 10°—0.50 X 1,800 = 900 Im,

10° to 20°—0.35 X 1,800 = 630 Im, and

20° to 30°—0.15 X 1,800 = 270 Im, for a total of
1,800 Im.

The average intensity of each portion of the beam
can be calculated using equation 3.

0° to 10°—I = 900/0.095, or 9,474 c;
10° to 20°—I = 630/0.284, or 2,218 c; and
20° to 30°—I = 270/0.463, or 583 c.

This is a more accurate and useful description or
distribution of light from the headlight than the
2,143-c average intensity previously calculated.
Nonetheless, the preceding example may have pro-
vided useful information if the light source was a
more uniform emitter, as are some lamps.

Inverse Square Law

A common problem in lighting system design is deter-
mining the illumination on surfaces at various distances
from a light source. This problem can be handled using the
inverse square law.

Figure 14.—Concept of luminous intensity.
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Given the intensity of the light source depicted in
figure 15 in the direction defined by the illustrated solid
angle, the flow of luminous flux within that solid angle
can be calculated:

I = &/w, therefore ¢ = Iw.

The illumination of the depicted surface subtended by the
solid angle would be equal to this flux, ¢ divided by the
area of the surface, A_.

Thus E = ¢/A, = Iw/A, since ¢ = Iw.

The solid angle concept allows this area to be defined
in terms of the distance from the source—w = AS/RZ, there-
fore A = wR?

Substituting A = wR? into the illumination equation,
it is seen that

E = Iw/A,, Iw/wR?, and URZ. (4)

This relationship among illumination, intensity, and dis-
tance between the source and light receiving surface is
known as the inverse square law. It enables illumination
of a surface to be calculated if the intensity of the light
source and the distance between the light source and the
surface are known.

In general practice, it is common to calculate the illu-
mination at a point on a surface rather than an area on a
sphere. The inverse square law can then be modified to
use the distance, D, between the light source and the point
rather than the radius, R, of the sphere. Equation 4 then
becomes E = I/D?,

The inverse square law assumes a point source of light.
Most real light sources are not point sources, however.
Nevertheless, the law can be applied, with negligible error,
if the distance between the light source and the illumi-
nated area is greater than five times the maximum dimen-
sion of the light source. Consequently, using the law is
practical for most purposes encountered in lighting design,
except where long, tubular light sources (e.g., fluorescent
lamps) are used.

A second assumption inherent in the inverse square
law is that the surface area is perpendicular to the direc-
tion of light flow. When this is not the case, the inverse
square law can be combined with the cosine law as follows:

E, = E 1 X cos 6 or I/D? X cos 6. (5)

norma

POINT SOURCE
OF LIGHT A

1

AREA 5=

WRA
AREApQ =
wry?

Filgure 15.—Basis of the inverse square law.

The following problem illustrates uses of the inverse
square law.

The average intensity for the central 10° of a head-
light beam was calculated to be 9,474 ¢. Assume that
this is the intensity at the beam axis.

Problem.—To what level of illumination would the
headlight illuminate an area perpendicular to the
lamp axis at a distance of 10 ft? At a distance of 15
ft?

Solution.—Using E = I/D?, when D = 10 ft, E =
9,474 ¢/(10 ft)* or 94.7 fc. When D = 15 ft, E = 9,474
/(15 ft)% or 42.1 fe.

Problem.—What would happen to the illumina-
tion of each surface in the first problem if their nor-
mals (with respect to the direction of the light) were
tilted at an angle of 30° from the lamp axis?

Solution.—Equation 5 can be used to solve for E,
of the surface titled 6° (in this case 6 equals 30°).

At 10 ft, /D? = 94.7 fc, therefore, E, = 94.7 cos
30° (0.866), or 82 fc.

At 15 ft, UD? = 42.1 fc, therefore, E, = 42.1 cos
30° (0.866), or 36 fc.

Alternative solutions are available. If an illumina-
tion level measurement, Ew, is taken at distance D,,
the illumination level, E,, at distance Dy, can be
calculated using a variation of the inverse square
law show in the following.

At distance D, the illumination level is given by
E, = I/D?,, and at distance D, by E, = I/D?,. Set-
ting up the ratio of the two illumination values per-
mits solving for E,:

VD2,

EVE, = 7=
=2 I/D‘)‘l

2
Since I is constant, E,/E, = ll%gland D2,/D?,
2

Solving for E,
E2 = El D21/D22 = El D21/D2.

For the first problem, the value of E at 10 ft was
94.7 fe. Using the alternative solution for E, at 15 ft
E = 94.7 (10/15)%, 94.7 (0.44), or 42.1 fc.

As shown previously, the illumination level on a
surface oriented at angle 6 to the centerline of the light
source is adjusted by a factor equal to the cosine of 8.
Therefore, the alternative equation for E, becomes
E, = Ei(Dy/D;)? cos 6. At 8 = 30°, E; = 94.7(10/15)2
cos 30°, which is 94.7 (0.44)(0.866) or 36 fc.

Candlepower Curves and Their Uses

The most common way of presenting lighting data on
luminaires and lamps is by the candlepower curve or some
variation of this curve. A candlepower curve is a plot of
the intensities of a light source in a particular plane, at all
angles around it. Figure 16 illustrates a candlepower curve
for a household incandescent fixture. As shown, these
curves are usually plotted using polar coordinates.

Candlepower curves are extremely valuable for vari-
ous design calculations. They depict how a light fixture
distributes its total luminous flux into the surrounding
space. Also, because of the relationship between illumina-
tion and intensity—the inverse square law—these curves



may be viewed as depicting a light fixture’s ability to illu-
minate in various directions. The higher the intensity in a
given direction, the greater the ability of that source to
illuminate surfaces in that direction. The curves are
obtained by making illumination measurements at vari-
ous orientations with respect to the lighting fixture and
utilizing the inverse square law to calculate the intensity
at that orientation, as is illustrated in the following
problem.

Problem.—Assume that the headlight is suspended
in the center of a large room. (The room is painted
black to minimize any secondary light reflections
from the walls and ceiling.) An illumination meter
is used to measure footcandle levels on the horizon-
tal plane around the fixture. The measurements are
taken at 3° intervals starting at the lamp central
axis. A constant distance of 10 ft between the light
and meter is maintained while the measurements
are taken (fig. 17). The results of the measurements
are as follows, in footcandles:

0° 96 12° .. 42 24° .. 3
3° 98 15° .. 17 27° .. 2
6° 89 18°.. 9 30 0
9° 60 21°.. 4

Because the beam is symmetrical about the beam
axis, these data can be used to plot a candlepower
curve (light intensity versus angle of observation).

Solution.—The inverse square law permits each
illumination measurement to be converted to an
intensity measurement by multiplying it by the
square of the distance to the point of observation—E
= I/D?, therefore I = E X D2

Since all measurements were made at 10 ft, the
footcandle readings can be multiplied by 100 (10?) to
obtain the intensity in candles at that distance.

135° 120°
1 ]

15

CANDLEPOWER

15°

Figure 16.—Candlepower curve for a typical Incandescent
fixture.

HORIZONTAL PLAN

Figure 17.—Light measurement to establish candlepower
curve for a mining vehicle headlight.

10°

10,000+ ‘

9000+ ‘
8000+

0° ...96fc ..9600c 18 ...9fc .. 900¢c
3° ...98fc ..9800¢c 21° ...4fc .. 400¢
6° ...89fc ..8900c 24° ... 3fc .. 300¢
9° ...60fc ..6,000c 27° ... 2fc .. 200c¢
12° ... 42fc .. 4200c 30° ... 0fec Oc
15° . 17 fe . 1,700 ¢

Figure 18 shows these values plotted on polar coor-
dinate paper to obtain the candlepower curve.

A candlepower curve applies only to the intensities in
a single plane that passes through the light fixture. To
fully describe a fixture’s light distribution, several candle-
power curves in different planes may be necessary, depend-
ing on the symmetry of the light distribution.

One of the primary uses of candlepower curves is to
utilize these data to calculate the surface illumination that
the fixture would provide, given the geometry and dimen-
sions of a particular setting. The following sample prob-
lem illustrates an application of this technique, which
involves the inverse square and cosine laws. Note that the
technique is also applicable to determination of illumina-
tion levels obtained from more than one luminaire. In this
case, the calculations would be performed for each lumi-
naire separately and the obtained illumination values
would be added at each point.

CANDLEPOWER

30004
2000

T~

1000

0°

LAMP AXIS

>4-50°

F20°

~30°

L40°

160 °

+70°

+80°

-90°

Figure 18.—Candlepower curve for a mining vehicle headlight.
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Problem.—Usingthe candlepowercurve established
for the mining vehicle headlight in the previous
problem, determine the illumination levels on the
coal face if the headlight is mounted on the center of
the inby end of the cutting machine and the machine
is 8, 12, and 16 ft from the face.

Solution.—The inverse square law and the cosine
law, coupled with the candlepower curve, enable cal-
culation of illumination at any point on the coal face.
Perform the calculations for 1-ft intervals from the
beam axis, as shown in figure 19.

Illumination on a surface normal to the direction
of light travel is defined by the inverse square law as

normal = Ie/Dz. When the surface is not normal to
D, as is the case in this problem, the actual illumina-
tion is reduced according to the cosine law— E
= E, rma) X COs 8 = IO/D2 cos 6.

Both D and 6 can be determined by using trigo-
nometry. Referring to figure 19, it can be seen that
D? = X2 + Y2 Also, tan 8 = X/Y, therefore, 6 = arc
tan X/Y.

Perform the calculationsfor Y = 8 ftand X = 2 ft

actual

from beam axis: D? = X% + Y? 22 + 82 = 68;
D = 68 or 825 ft; and 8 = arc tan X/Y = arc

tan 2/8 or 14°.

To calculate E_, .;, a value must be first ob-
tained for I, when 6 equals 14°. This is done by
consulting the candlepower curve, where the value
shown for I, is 2,300 c. Hence, E = Iy/D? cos 6,
2,300/68 cos 14°, or 33 fc.

actual

The footcandle values obtained from the calcula-
tions in the preceding problem for different distances from
the lamp axis and for the specified distances from the
face are presented in table 2.

Table 2.—Footcandle values for different distances from lamp
axis and specified distances from coal face

Distance from headlight

Distance from to face, ft—

lamp axis, ft 8 12 16
0 ...t 150 67 38
L 121 64 38
2 e 33 38 34
I 6 15 18
L 2 5 8
S e 0 2 5
6 ... 0 1 2
7 e 0 0 1
- 0 0 1
9 .. 0 0 0

Because the candle power curve for the headlight
is symmetric about the lamp axis, lines of equal illumina-
tion will form concentric rings as shown in figure 20.

D=¥X“+Y
X
©=ARCTAN

COAL
FACE

Figure 19.—Geometry for performing illumination calculations.

FOOTCANDLE LEVELS

HEADLIGHT 8°
FROM FACE

COAL FACE

Figure 20.—Pattern of illlumination with headlight 8 ft from
mine face.

The preceding problem has illustrated how candle-
power curves can be used to obtain illumination patterns
on a surface for various luminaire locations. When curves
are not symmetric, as for a fluorescent lamp, similar
calculations can be performed using candlepower curves
for different planes and then drawing lines to connect the
points of equal candlepower levels.

Three conclusions can be drawn when comparing the
values in table 2. As distance from the face is increased—

1. The luminaire distributes the light over a wider area;

2. Peak illumination levels are decreased; and

3. Differences inillumination between the various points
tend to decrease; i.e., light distribution becomes more even.

Depending upon their intended use, candlepower
curves can be converted to other forms for the sake of
convenience. A commonly used alternative form is the
isofootcandle curve. The following problem illustrates the
conversion to and the application of isofootcandle curves.



An isofootcandle curve shows the distance a source
will illuminate to a certain footcandle level in the
various directions around the source. A typical draw-
ing includes a family of curves at different footcan-
dle levels.

Problem.—Using the inverse square law, convert
the headlight candlepower curve to an isofootcandle
curve. Use this curve to determine the illumination
levels of a surface normal to the lamp axis and 35 ft
away.

Solution.—To convert the candlepower curve to an
isofootcandle curve, first read the candela values for
a sampling of angles. For the purposes of this prob-
lem, the values will be read at 5° intervals. (To insure
more accurate curves, one would read the values at
smaller intervals, particularly where intensity val-
ues change rapidly.)

After the readings are taken, the inverse square
law is used to calculate the distance the luminaire
will light to the various footcandle values. The results
of these calculations are summarized in table 3.

Assume the 2-, 4-, and 6-fc isolines are to be plotted.
By taking the distance values for the various footcan-
dle values of interest (2, 4, and 6 fc), the isofootcandle
curves can be plotted on polar-coordinate graph paper
as is shown in figure 21.

Illumination at a surface 35 ft along the lamp axis
may be determined simply by drawing such a sur-
face on the isofootcandle curve (fig. 21). Distances
from the axis where the isolines intersect the sur-
face may be scaled from the drawing. Because the
headlight isofootcandle curve is symmetric about its
axis, the isofootcandle lines would appear as shown
in figure 22.

It is evident that use of an isofootcandle curve
makes determination of footcandle levels much eas-
ier than the technique using candlepower curves
applied in the preceding problem.

Luminance Symbol — L. IES unit — Candle per
square inch (¢/in?)

SI unit — Candle per
square meter (c/m?)

In physical terms, liminance is a concept used to quan-
tify the density of luminous flux emitted by an area of a
light source in a particular direction toward a light receiver
such as an eye. The area of a light source, in practice, may
be an area of a light reflecting surface, such as a wall or
desk top; an area of a light emitter, such as a lamp; or an
area of a light transmitter, such as a diffusing lens on a
luminaire. The most common definition of luminance, L,
is

1 I

L= A, projected = A, cos 6

(6)

Referring to figure 23, I is the intensity of light produced
by area A, of the source in the direction of the receiver, P,
and A_ projected is the projected area of the source when
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Table 3.—lllumination distances at various degrees from lamp

axis and varlous levels of luminous intensity

Degrees Luminous Distance of illumi-
from inten- nation of 2, 4,
lamp sity, or 6 fc, ft
axis c 2fc 4fc 6 fc
[0 9,600 69 49 40
5 i i e e 9,400 68 48 39
10 ......... 5,300 51 36 29
15 .o 1,700 29 21 17
20 ... ... 500 16 1 9
25 ... 0 300 12 9 7
30 ... 0 NAp NAp NAp
NAp Not applicable.
20° 10° o° 10° 20°
100
90
80
707 +-30°
2 fo om—
4 fc == 607 l
——— 40°
6 fc O’_ . L «
- . O
50"
o '
+50°
» L60°
40'
+70°
+80°
WORKING FACE —
90 °
35 30 20 0’
SCALE 1"'=20"

Figure 21.—Isofootcandle curve for a mining vehicle head-

light.

(FOOTCANDLE LEVEL)
(OFC)

(6FC)

@ §" 10" 15’ 20’ DISTANCE

COAL FACE

FROM

BEAM AXIS

Figure 22.—Pattern of illumination with headlight 35 ft from

mine face (determined by isofootcandle curve).
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As

LIGHT SOURCE
(EMITTER, TRANSMITTER,
OR REFLECTOR)

LIGHT RECEIVER

~N
Ag PROJECTED = Ag COS ©
I= INTENSITY OF Ag IN DIRECTION OF P

Figure 23.—Concept of luminance.

viewed from the receiver. A  projected is equal to A  cos 8
where 6 is the angle between the normal to A, and the
angle of observation. Figure 23 illustrates the concept.
When A_ is large, L is the average luminance of A_; as A,
decreases, L. approaches a value of point luminance.

The luminance concept is extremely important in illu-
mination design because it is a physically measurable
quantity that correlates with the subjective evaluation of
“brightness” when viewing a surface or object. The mathe-
matical definition of luminance (equation 6) does not,
perhaps, appear meaningful at first. However, its signifi-
cance becomes evident when one manipulates the vari-
ables involved and compares the effect on the magnitude
of luminance with the effect on the subjective evaluation
of brightness, if the same manipulation were to be observed
in an actual lighting application.

First, vary the intensity, I, of the source while keep-
ing the area, A, constant. For example, envision looking
at an incandescent light bulb connected to a dimmer switch
and the switch being manipulated to increase or decrease
intensity. As the intensity of the bulb increases, so does
the subjective evaluation of brightness of the area observed,
and, in accordance with equation 6, so does the luminance.

Next, consider the effect of varying the area of the
source while keeping the intensity of the source constant.
In this case, envision 10 lighted wax candles first distri-
buted over a 25-in? area and then over a 10-in? area. If the
point of observation was distant from the two areas, the
intensity in that direction would be approximately con-
stant in both cases. However, the average luminance (see
equation 6), as well as the subjective evaluation of bright-
ness would be greater when the candles were distributed
over the smaller area.

Finally, vary the distance of observation. In this case,
consider observing the wall of a room from 8 and 12 ft.
From equation 6 it can be seen that luminance is indepen-
dent of distance. Likewise, the wall appears smaller, but
not more or less bright as one moves away from it.

To summarize, luminance and, therefore, the percep-
tion of brightness—

Vary directly with the intensity of a light source of con-
stant area;

Vary inversely with the area of a light source having a
given intensity; and

Are independent of distance of observation.

A final variable of importance is the direction of
observation. As noted previously, both light sources and
light reflectors do not always distribute their flux uni-
formly; hence, their intensity varies with angle of ob-
servation. In addition, the projected area of the source also
varies with angle of observation. Because of this, no gen-
eralizations can be made with respect to the effect of angle
of observation except that angle of observation does have

bearing. Candlepower curves (in the case of lamps and
luminaires) and accurate reflectance measurements can
be used to establish these effects.

Average Luminance and Candlepower Curves

A candlepower curve of a luminaire can be used in
conjunction with the physical dimensions of the source
and the definition of luminance to calculate the average
luminance of the source when observed from a particular
point. This calculation is useful in assessing the visual
comfort (i.e., level of glare) of lighting designs. The follow-
ing sample problem illustrates calculation of the average
luminance observed at certain positions.

Problem.—Assume that the lens of the mining
vehicle headlight has a 4.5-in diameter. If an indi-
vidual looks directly at the fixture from position P
(fig. 24), determine the average observed luminance
by using the candlepower curve derived previously.
What is the average luminance observed at position
Q?

Solution.—Average luminance is equal to inten-
sity divided by projected surface area. Projected sur-
face area may be determined by multiplying the
actual area by the cosine of the angle of incidence, 6:
Ap = Aa cos 6. From geometry, actual area =
w(dianm/2)?, w(4.5/2)% or 15.9 in? projected area in P
direction = 15.9 X cos 15° or 15.4 in?, and projected
area in Q direction = 15.9 X cos 5° or 15.8 in®.

From the candlepower curve (fig. 18), it can be
seen that the intensity at 15° in the P direction,
equals 1,700 c. Also, the intensity at 5° in the Q
direction, equals 9,400 c.

It is known from equation 6 that Laverage =
VA ojectea- Therefore, Lp = 1,700 ¢/1.54 in?, or 110
¢/in? and L, = 9,400 ¢/15.8 in?, or 594 c/in%

Notice that the distance to P or Q did not enter the

calculations since luminance is independent of dis-
tance.

As noted in a previous section, isointensity curves for
luminaires are obtained by taking illumination (footcandle)
measurements in a low-reflectance room and calculating
intensity values using the inverse square law. Since coal
mines and mine simulators are typically low reflectance,
approximate luminance values of machine-mounted lumi-
naires can be calculated directly from illumination mea-
surements taken on-site without the necessity of having
candlepower curves. The following problem explains this
technique.

Problem.-—The measured illumination at an opera-
tor’s station 6 ft from a single luminaire is 4 fc. For
purposes of this measurement, the illumination
meter was angled to the luminaire for maximum
reading. The projected area of the luminous surface
of the luminaire in the direction of the operator is 30
in%. Solve for the average luminance of the light-
emitting surface.

Solution.—Iy = ED? and L. = Iy/Ap; therefore,

L = ED%Ap, L = (4X6%/30 or 4.8 c/in’.
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Figure 24.—Locatlon of observation points P and Q for deter-
mining luminance of headlight.
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PERFECTLY DIFFUSE REFLECTING SURFACE

Figure 25.—Relatlonship between intensity and angle of obser-
vation for a perfectly diffuse reflector.

Perfectly Diffuse Reflectors and Emitters

Consider a small flat surface emitting or reflecting
light such that the intensity varies with direction of obser-
vation as [; = I X cos 6 (see figure 25).

As mentioned earlier, the projected area of the surface
at any angle 6 is A, = A . cos 6.

If the luminance at any angle 6 is determined, then L,
= I/A, = I mal X cos 6/A | X cos 6 =1

normal = constant.

For a small, flat surface, luminance is constant for
any angle of observation. Such a surface is called a
“perfectly diffuse” reflector or emitter. Many materials,
such as a wall painted with a flat paint, approximate this
distribution of emitted or reflected luminous flux.

For such a perfectly diffuse reflector or transmitter,
the ratio of the luminance, L, of the surface to the total
lumens per unit area emitted by the surface can be shown
to equal a constant, m; luminance divided by lumens emit-
ted per unit areas equals the constant, .

Because of this relationship, illumination designers
often consider lumens emitted per unit area to be the same
as the luminance quantity. If the area is in square feet,
the quantity lumens per square feet is given the special
name of footlamberts. Luminance measured in footlamberts
will be represented in this text by the symbol L’. Substitut-
ing into the constant equaling equation, L' = L/m.

The conversion between footlamberts (an L' quantity)
and candles per square inch (an L quantity) is 144 X 7 or
452 fl, = 1 ¢/in%. The value of the footlambert concept
becomes evident in the next section.

norma normal/
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Also note that since the luminance of a perfectly dif-
fuse reflector has a constant relationship with the lumens
emitted per unit area, this luminance could be easily mea-
sured directly with a photoelectric device similar to an
illumination meter that converts light energy to electrical
energy. The only requisite is that the field of acceptance of
the device must be totally subtended by the area for which
the luminance is being measured. Hence, such a device
would be inadequate for small objects, but would work fine
for large surfaces such as interior walls, coal ribs and roof,
ete.

Relationship Among Reflectance, lllumination, and
Luminance

Reflectance, p, is the ratio of reflected to incident light
energy, which may be defined as lumens emitted per unit
area divided by lumens incident per unit area.

For perfectly diffuse reflectors, lumens emitted per
unit area is luminance, L’, and lumens incident per unit
area is illumination, E, therefore,

p=L/E. (7

This is an extremely important equation for illumina-
tion design because it can be used to determine the illumi-
nation that should be provided for an environment, given
the desired luminance (i.e., brightness) level and the reflec-
tance of the environment. The following sample problem
utilizes equation 7.

The simple relationship among luminance, illumina-
tion, and reflectance represented by equation 7 applies
only to perfectly diffuse reflectors. Although no surface
exactly meets this criterion, such a relationship often
applies over a wide range of viewing angles making the
use of the formula a practical matter in many cases.
Although coal has a specular component in its reflection,
the cleaved surfaces are generally not well oriented. In the
main, coal can be considered a diffusing surface, and for
practical purposes of analysis, perfectly diffusing. In some
design problems, detailed reflectance measurements from
many angles of observation are often made to assess the
limits to which this equation may be applied.

Problem.—Using the footcandle distribution de-
rived for a surface 35 ft from a headlight, determine
the luminance of the surface if it is coal with a
reflectivity, p, of 4 pct or if it is rock-dusted coal with
a reflectivity of 35 pct. In both cases, assume that the
surface is a perfectly diffuse reflector.

Solution.—Because it is assumed that the surface
is a perfectly diffuse reflector, luminance values in
footlamberts can be determined by multiplying the
footcandle values by the reflectiv