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PREFACE

This book deals with the principles underlying the specification and
design of electrical lighting for commercial and industrial buildings. It
is the result of a number of years of experience in teaching the subject to
architects, architectural engineers, and electrical engineers and in con-
sulting with architects. There are books available for teaching illumi-
nating engineering and photometry, buu it ha« been found desirable to
present the subject to the groups mentioned above, since their needs are
not covered by the books published up to the present.

No attempt has been made to treat every type of installation and
equipment, but only the important principles that govern lighting prac-
tice. Both floodlighting and novelty lighting have been allotted what
may seem to be excessive space. This is because of the frequency with
which such information is demanded by both the profession and the
students. Although general illumination design is capably handled by
both architects and utility advisors, the methods available for designing
floodlighting and novelty lighting are much less understood. The last
chapter, ‘“Wiring,” represents the least that the designer of illumination
should know concerning wiring so that voltages may be maintained on
the lighting system.

By the use of simple algebra and trigonometry, a special effort has
been made to eliminate complicated mathematical developments, which
would be beyond the needs of university sophomores in both the en-
gineering and fine and applied arts divisions. The author wishes to
express his sincere appreciation to all the sources from which he has
drawn his information. The material incorporated has been academi-
cally established or approved by the Committees of the Illuminating
Engineering Society. In each instance where possible, direct credit has
been given to the source listed in the bibliography, and only through
oversight or lack of specific knowledge has this been neglected. The
profession has contributed the material included in the text.

The author wishes to express his sincere thankstc Miss Wilma Richard
for reading the manuscript, and to his wife, Kathryn W. Kraehenbuehl,
for reading the manuscript, editing, and proofreading the work. The
author recognizes in special appreciation the assistance given by Mr.
Harry W. Horn and Mr. J. H. Smith, instructors in electrical engi-
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neering at the University of Illinois, associated with him in the teaching
of illumination, for reading the material for technical accuracy and
contributing many suggestions on arrangement and content. Mr.
Elmer F. Heater of the Engineering Experiment Station of the Uni-
versity of Illinois arranged and made the drawings.

J.0. K.

Urbana, Ilhnos
September, 1941
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CHAPTER 1
INTRODUCTION

The application of illumination to modern buildings, and to build-
ings being remodeled, in recent years has become increasingly im-
portant to both architects and engineers. Because the electrical
engineer has developed the most efficient ireandescent source, the
science of applied illumination is closely associated with that pro-
fession; and the recent developments in vapor sources have followed
the development of incandescent sources as a natural sequence, guided
by researches for more efficient light sources.

Intense study of applied light and its influence upon the human
being has developed only recently, and as yet it has not been given the
consideration it deserves by those responsible for the specification and
installation of safe and adequate lighting in industrial and commercial
buildings. It has been the policy, in the past, for the architect to
permit the contractor to assume responsibility for both the illumina-
tion and wiring of the building and to allow the client to choose
whatever lighting equipment pleased him. In industry, the executive
has often, heretofore, been influenced more by the sales talk of a rep-
resentative from a fixture manufacturer than by the principles that
should govern correct lighting installation for manufacturing and
inspection. Since there are investigations which have demonstrated
some of the essential fundamentals in choosing the lighting system
and type of equipment, it behooves both the architect and the en-
gineer to assume the responsibility of becoming informed in this field
and either assuming that responsibility directly or delegating it to
experts in lighting design.

1. Divisien of Labor. There are four divisions in the develop-
ment of a lighting system which are separate, but must be considered
collectively by the individual specifying the finalinstallation. Design
of equipment is one of the duties of the illuminating engineer, an in-
dividual who must be trained in the fundamental science of light and
must have developed experience in the field of application. An ef-
ficient and satisfactory lighting fixture cannot be designed by the
average architect and constructed by the local tinsmith.

1



2 INTRODUCTION

The manufacturer may combine the functions of both equipment
designer and manufacturer, but it is necessary that the means be
available by which shapes can be constructed that follow accurately
the intent of the designer as to the control of the light. Too fre-
quently a manufacturer without a scientific background designs a
lighting fixture, the sale of which depends upon its beauty rather than
upon its quality.

The last operation in the sequence of application is the installa-
tion. Both the designer and the manufacturer must keep in mind the
installation of the equipment and its maintenance. Actual installation
of the equipment is the only task that belongs to the contractor.

A large number of individuals, both trained and untrained, are
found in the lighting application field. Many architects assume the
responsibility, and in other instances the task of specifying the light-
ing falls to the utilities. Few individuals are properly qualified to
analyze the problems and recommend both an adequate and safe
lighting system. The rapid growth of modern illumination has found
the field lacking in trained personnel and, as in all new branches of
engineering, every salesman and every man installing fixtures feels
qualified to act as an expert. There are few consultants, and even
those few are seldom consulted. There is no regulation or legal code
which compels expert attention to the problem; therefore, no one is
willing to pay for the consulting service because there is no fixed
responsibility if the installation is not of the proper kind.

2. Scientific Requirements for Prescribing Light. The science of
light calls for knowledge in advanced fields of mathematics and
physics. In the development of illuminants, chemistry is the basis
of much of the rapid progress that has been made in the last decade.
The engineer holds the same position in the illumination field that he
holds in all other branches. He is the one interested in the economical
application of the product developed by the mathematician, the
physicist, and the chemist. The most important function which the
engineer performs (and which is seldom taught) is the one concerning
economic considerations. Information may be available which recom-
mends some specific amount of illumination or some special type of
equipment but, since the equipment must be purchased and operated,
its final selection as to the amount of illumination will be determined
by balancing the benefits against the cost. Unfortunately this balancing
is too often done without regard to the necessity of at least some benefits.

3. The Human Element in Lighting. Since lighting is for the
benefit of the human race, the needs of the race must be considered



PROFESSIONAL INTEREST 3

in selecting both the source and amount of illumination. A human
being finds expression of feeling through the stimulation of physio-
logical and psychological reactions of the body. The physiology of
the eye and nervous system, which are sympathetic with stimulation
through the act of seeing, is very complicated and must be accepted
as it is, for only slow evolution can change it. The psychology of
the human being may undergo changes as a result of proper training
and conditioning. Without specific training mankind is more likely
to choose that which is aesthetic rather than that which is comfortable.
It is possible, however, for a salesman to create in a customer an
artificial desire for something which is unpleasant both to the aesthetic
senses and to comfort, though such a desire will seldom continue be-
yond the sale and through the full-life operation of the system. It is
the prescribing of comfortable installations and the development of an
appreciation of these which is needed most urgently at the present
time. Some manufacturers and power organizations are attempting
this program, but the natural suspicions of people concerning these
sources of information hinder the rapid adaptation of that which is
new even though it may be of merit. It is the task of both the archi-
tect and the application engineer to become informed concerning the
merits of special equipment and special installations, and to have a
thorough background in the basic information available from technical
societies and committees so that they can make judgments and form
opinions, not from hearsay, but from scientific knowledge. To do this,
there must be training in vocabulary and fundamental sciences and knowl-
edge concerning particulars of many and varied successful installations.

4. Professional Interest. Many professions contribute their knowl-
edge and interest to the problem of proper seeing conditions for the
human race. Both artificial and natural light are studied in relation-
ship to each other and to people. The installation of a pleasing and
satisfactory lighting system must be a cooperative movement entered
into by several professions, for it would be practically impossible for
any one individual to be qualified to prescribe in all branches of the
lighting field. The final systematic coordination, however, is the re-
sponsibility of one individual — usually the architect or engineer —
who must develop an appreciation of the varied interests of the differ-
ent professions involved. It is essential that some one individual be
able to appreciate that each profession has a reason for advocating
practices peculiar to its own interests, although they may be directly
opposite to those advocated by another group, and to weigh the va-
rious viewpoints carefully in the final solution of the problem.
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The medical profession has the primary interest in the physical
well-being of the individual, and physicians feel that any lighting
gystem which has a detrimental physiological effect should be elimi-
nated. Those in the three basic fields of science solve the fundamental
problems, and it is necessary for the designers to supply the needed
illuminants and the control of the illumination. The architect and
engineer are the ones expected to make available to the public correct
scientific developments for specific use. Another group of specialists
who have not often been consulted in planning are the interior decora-
tors. Unless their problem is included in the design, they may find it
impossible to produce the desired effects.

With so many different professions interested in one problem, it is
necessary that there be a detailed planning of any lighting installa-
tion, that proper consideration be given to each phase, and that all
* phases be made to complement each other. A lighting system and its
installation for pleasing and functional illumination is as important
as the structure itself. The determination of the lighting is not to be
planned after the structure has been completed, but before it is
started. Tolerance and cooperation must be the keynote if the light-
ing system is to be permanent throughout the life of the structure.

6. The Architect and Illumination. In the design of buildings for
commercial or industrial purposes as well as in the design of a public
building, the architect is the central figure. Consultants in the various
fields of heating, ventilation, sanitation, power, and lighting must
work through him, and their work becomes part of his general plan.
This does not mean that the architect arbitrarily fixes the design and
invites others to contribute their parts without any consideration for
their needs.

Frequently the architect assumes the responsibility for every divi-
sion of the building, a method which is likely to produce a much dis-
torted conception of the problem. It is not possible for one person to
be an expert in all the technical problems that enter into the construc-
tion of a modern building. There is a lack of fundamental knowledge
in many fields and of contact with the rapid expansion of nearly all
fields. An expert in each field would approach the problem directly
through knowledge based on scientific research, and not on individual
judgment. It is essential that an architect develop a vocabulary and
an understanding of the different phases of building, but only inas-
much as he needs it for his services as administrator of the plan. The
architect must have this much knowledge because his clients demand
it. The publicity given the development of new illuminants and their
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use attracts the attention of the client, and he will ask questions per-
taining to these developments with the expectation of receiving in-
telligent and valuable answers.

With the advent of the luminous architectural element, another
phase of architecture has been developed. Whereas before illumina-
tion was attached to the architecture, it is now possible to think of
illumination as being the architecture. In many public buildings and
theaters this is quite true. It is desirable that the architect develop a
pleasing architecture with the lighting elements, but it is absolutely
necessary that these elements perform the primary function for which
they are installed, that is, illumination in proper kind and quantity.

To consider lighting for the good of those who use it, it is necessary
that the architect alter and often put aside some preconceived ideas.
The architect who puts a glaring direct light- into a school room, be-
cause of preconceived ideas concerning the looks of some system which
is practically indirect, has not only violated an obligation to his client,
but has allowed personal likes and dislikes to cause discomfort to the
students. He has created an unbearable condition for these individuals
from which they are certain to sustain physical and financial losses
which will increase through the course of years. In so doing, in addi-
tion to failing in a professional sense, he has also failed in civic re-
sponsibility. Opinions should be based upon sound judgments backed
by knowledge; personal prejudices should never be the guiding force.

6. Extent of Knowledge on Correct Illumination. Much of our
present knowledge concerning human needs for artificial illumination
is subjective rather than objective. The word science, because of its
glamour, has been applied in some instances to that part of the sub-
ject which as yet has no objective unit. In other branches, units have
been assigned, often only of relative values, and the investigations are
of a quantitative nature capable of being reproduced. Photometry
and the measurement of many human traits contributing to comfort-
able seeing have been investigated, and an intelligent solution pre-
scribing that which is valuable for human hygiene is being built upon
these objective measurements.

The eye was developed under conditions in which illumination was
high in value and the tasks did not require closg or detailed attention.
It has a sensitivity for detecting light far in excess of the most elab-
orate instruments, but its adaptability is so high that it cannot readily
appreciate a change in illumination, nor can it measure accurately the
difference between the amount of illumination at one point and that
at another.
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Much information concerning human behavior has been accumu-
lated when only very small samples were available, and sometimes
these samples were chosen under circumstances that would not pre-
clude some conditioning produced by atmosphere or association. Re-
search, that should become the basis of a better understanding of the
problem, has been limited to adult population, and the formative years
in which lifelong damage comes to the eye and nervous system have
not been investigated. The problem has created much concern, and
efforts are being made to obtain a clearer understanding; but no ob-
jective answer which would permit the prescribing of illumination for
any specific task beyond the question of a doubt has been established.
There is much to support the contentions concerning proper light
control and the need for illuminations of higher intensity than are
being used today, but what these absolute needs are has not been de-
termined. It is not even known what the highest allowable values of
illumination are.

The average individual does not give much thought to either art
or comfort, but accepts that which is supplied and seeks no further.
The salesman sells the equipment by personal appeal and salesman-
ship, and prescribes the amount of illumination by rule-of-thumb
methods, using formulas no better than the limits under which they
are evolved. Frequently sale of the equipment depends upon what
the salesman has available rather than upon such merits as economy
and service.

In subjects in which the specific knowledge is as limited as it is in
illumination, it behooves those specifying the types and character of
the lighting system to obtain all the objective knowledge available.
Those who purchase lighting systems should recognize the difficulty
of specifying proper lighting and entrust their problem to a disin-
terested expert who is trained to bring to bear upon the problem all
that is known concerning it, and who keeps informed of every new
development and research which will make the solution more reliable.

7. The Point of View of the Architect on Illumination. The fore-
going paragraphs have given the approach of the engineer to the analy-
gis of the problem of illumination. It would be well to investigate the
point of view of the architect concerning the need for a detailed con-
gideration of illumination and its application to the building. The
following excerpts have been taken from a monograph prepared by
Professor Stanley McCandless ® of Yale University and are that por-
tion of the monograph considering the problem in general.

. . . practically all architects, from the school of Frank Lloyd
right to those who continue to bear with Ralph Adams Cram,
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seem to agree that at night the lighting makes things fit and even
dramatizes the design. There are also sufficient every-day ex-
amples to indicate that lighting, properly used, is a great asset and
promises to influence design far beyond its purely utilitarian
aspects.

Utilities and manufacturers have launched elaborate drives to
make people more light-conscious. New developments are quickl
announced in the press. Designers and architects are flooded witK
printed matter and sales talks until there is danger that modern
lighting may be considered only a passing fad. No doubt in many
instances the uses of light have been too ambitious, but no archi-
tect who has faced the problem of lighting one of his buildings can
deny that his knowledge of how to use light more effectively is
indefinite and confused. He may even have come to feel that
fundamentally lighting must be dcsigned with the rest of the
building and that its final effcet is not so much the problem of the
illuminating engineer but his own responsibility.

Practically all training in the design of architecture, sculpture,
and painting has been carried on under the conditions of natural
illumination. These conditions are almost impossible to produce
with artificial light short of the flexibility provided by stage light-
ing equipment. Assuming that artificial lighting were able to
produce the precise conditions of natural illumination, which it
cannot efficiently, the designer might continue in his present
methods comfortably, but the inefficient and exorbitant use of
power would be as anachronistic and wasteful as the erection of an
all steel building designed to simulate stone architecture. As long
as artificial lighting does not create nature’s conditions upon which
the design is usually based, the appearance of any visual com-
position is bound to be altered. It comes down to the choice of
accepting a questionable appearance under artificial illumination,
using no artificial lighting, or designing for both natural and arti-
ficial illumination. Certainly the last is the only tenet to follow.

Centuries of tradition have accustomed us to judging the visual
arts as they appear under natural light. Inasmuch as our sense of
taste has been developed under these conditions, what should be
the basis for judgment under artificial illumination where the field
of visual expression is so much broader? Some will question its
offering greater opportunity for expression because present-day
equipment does not permit the simulation of natural effects. It is
obviously necessary to judge artificial lighting, even as it can be
produced today, from a different point of view than by the tradi-
tional measuring stick applied to the visual arts, those designed
alone for natural lighting. Ultimately taste must evolve in terms
of our appreciation of these arts as we are actustomed to see them.
From a practical point of view, with the small electric lamp as the
unit of expression, puny and microscopic compared to the sun, we
are forced to see beauty abstractly and not as nature shows it.
The standards are similar to those of the architect designing a modern
building devoid of traditional elements, but insofar as the human
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being responds to the beauty of visual effects developed under
natural light most completely, so the function of lighting, even
though abstractly expressed, is to satisfy these conditions.

If the original conception of a design is somewhat complicated
by this additional problem, it 1s considerably offset by the exten-
sion of the field of expression. The stability of natural lighting as
an asset is less important than the flexibility of well planned
artificial illumination when used as a basis for design. The ability
to emphasize or suppress form, to enforce composition, to lend
mystery and scale, to play with color, and beyond all these to be
able to alter the appearance of essentially static elements, appeals
to the designer. These are obvious possibilities of artificial illumi-
nation, but they will seldom be realized until the designer accepts
the added complications, and treats them as added opportunities.

From one point of view, lighting can be thought of as a struc-
tural material which is used in a building to help it serve various
functions. Lighting has certain characteristics which determine
its use and design like other materials, such as brick, steel, stone,
and concrete. It should be designed by the architect as definitely
as when he uses these materials. Unfortunately today it is com-
mon practice to treat highting like furniture and decoration; equip-
ment that can be added after the building has been designed. It is
something the engineer and the fixture manufacturer can supply
after the building is pretty well started. If this latter point of view
persists, lighting practice is bound to continue in the same channel.
Difficult as it may be to visualize lighting as a structural element
in architectural design, this consideration must eventually exist as
a conviction in the mind of the designer.

It is hardly necessary to amplify this idea further Out of all
the welter and turmoil caused by modern design, very few detail
suggestions are forthcoming. The distillation ejects such terms as
functionalism, simplicity, frank use of materials, and keeping
abreast of the changing functions of modern business, methods,
materials, and living. Perhaps each designer should be free to
choose his own interpretation of these fundamentals. The same is
true with lighting. It is possible to outline the fundamental
characteristics of lighting but the details of application must be
left to the designer and engineer.

If the function of the designer is to visualize in terms of beauty,
efficiency, and functionality; the engineer should undertake the
task of supplying the technical equipment and advice that help to
make the vision a reality. It is no doubt true that there are many
technical improvements to be made to supply this need, but the
engineer is helpless when forced to violate physical laws to fit
lighting into a condition for which it was not planned. The
situation is as fundamentally wrong as expecting gravity not to
work in figuring the weight on building foundations. A great deal
of the criticism of lighting to-day is due to this procedure. Gener-
ally the designer involved blames the engineer unconsciously be-
cause he has not realized his own responsibility in the case. An
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engineer is a technician and a scientist, not a designer, as a rule.
What architect would expect or even allow a contractor to build
his building from a verbal discussion? Yet this is approximately
the procedure of lighting of most buildings to-day.

Lighting is mentioned as one of the new materials which are
now available for architectural design only to support the point
that it should be designed with the building, and that since the
development of the electric lamp, new uses beyond that of giving
visibility where and when natural light does not exist, have be-
come apparent. The design of lighting has three important
aspects; 1. Functions; 2. Characteristics; and 3. Technical De-
velopments.

. . . One of the steps in the appreciation of visuul beauty, such
as a picture, is the composition or pattern of light rays that enter
the eye. Broadly speaking all paintirg, seulnture, and architecture
arc static elements in the secing process. They reflect, transmit,
absorb, and color the rays of natural light that, fall on them and
present a picture or visual impression. The part light plays in
conveying the beauties of the visual arts to the observer is an
accepted condition of their existence. The designer’s degree.of
dependence upon the constant factors in natural lighting becomes
obvious when these conditions do not exist as in the case of most
artificial lighting.

Where there is no light, objects cannot be seen. Therefore,
light gives wvisibility. Bare lamps make things visible, but they
cause eyestrain at thé same time. Good design is of no value
unless it can be seen comfortably. Good lighting can even make it
possible to see things with greater comfort than under the un-
controllable conditions of natural illumination. A careful use of
artificial light enables the designer to determine a definite visual
composttion, to disclose some things and to suppress others, and at
will, to be able to change the appearance of static objects. In the
process the chief motive in the designer’s mind is to provide a com-
position which creates the feeling of appropriate atmosphere.

A homely example may serve to point out these general func-
tions of lighting more clearly. We bring a lamp of ample wattage
or candlepower into a darkened room so that we can see. We put a
shade on it to eliminate glare from our eyes and make it comfort-
able. We place it in the room to advantage and select the color
of the shade and the brightness of the lamp to give a satisfactory
appearance. And we find that we have established with the other
elements in the room a certain atmosphere which we call home-like.
These functions extend the usefulness of lighting beyond that of
giving just visibility; visibility which may be adequate in terms of
tllumination but which is uncomfortable, whieh gives a bad com-
position to things in the line of vision and finally which does not
create the right atmosphere.

. . . Artificial lighting does not automatically provide the best
illumination for comfortable vision. The motive behind the re-
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moval of the efficient bare lamp hung in the center of the room
and the substitution of several types of shaded lamps placed about
the room involves a sense of selection that places the efficiency of
effect above cost of current. The difference between natural light
and the arbitrary effect of artificial illumination requires a careful
application of the principles of composition.

Traditional sources, such as lamps, candles, and ornamental
fixtures, will continue to have a place in the scheme of lighting
until something better is provided. Their chief recommendation is
the associations they recall; certainly not their efficiency, because
they fail to satisfy so often the functions of visibility and comfort.
Lighting should not be thought of in terms of fixtures but as a
plastic medium subject to design. Concealed or exposed fixtures
ﬁre incidental to the space filling and revealing characteristics of
ight.

This makes lighting essentially a problem of modern design.
It is practically without tradition, so that every principle of pure
design: — unity, harmony, and balance — must be applied to
supply composition as well as visibility, comfort, and atmosphere.
An arbitrary expression may be as different from any natural or
traditional design we may know, as long as it serves these func-
tions. Certainly the abstract beauty of lighting occasionally seen
in revues and musical comedies can encourage us to believe that
the beauties available with artificial light are more extensive than
those normally found in nature.

. .. If things we see seem to possess a certain quality that
involves our relation to them, something intangible that creates
feeling described as ‘‘home-like,” ‘“peaceful,” ‘‘exciting,” etec.,
lighting must conspire with the inanimate surfaces on which it falls
to help to create this atmosphere. The designer must be impressed
with the care that is exerted in the theater to make the lighting
assist in expressing the mood of the play. How far does the final
effect of an interior reproduce the well-studied rendering prepared
by the designer? In its final form how far does the lighting create
the atmosphere planned? Let us have more designs showing how
rooms can look not simply how some one would like them to look.

Even the natural light illuminating the room establishes the
composition and atmosphere by the orientation and fenestration of
the building. Perhaps a serious study of window placement, the
use of reflectors and colored shades might reveal new possibilities
in creating different compositions and atmospheres with daylight.
Certainly an atmosphere consistent with the function of the room
or building ought to be provided by the designer.

. . . Lighting in these terms (intensity, color, distribution,
movement) is the result of the application of taste and intuition
by the artist. He must be articulate so that his vision can be in-
terpreted by the engineer with available material. The most diffi-
cult problem in creating a definite composition and atmosphere is
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that it is imgoasxble to anticipate the exact technical requirements
which may be necessary to achieve the proper results. In an
plans where the designer has ambition to attempt to employ
the functions of lighting, he must be ready to provide the utmost
flexibility for creating the results. It is not always economical and
sometimes highly experimental, but probably no more so than
many of the gadgets and methods which are constantly being used
because they produce results.

. . . One of the tenets of modern design is the frank and effi-
cient use of materials according to their physical characteristics.
This impnses definite limitations on design which are not easily
overcome, but within which ingenuity soon finds considerable
latitude for expression. The artist is one who capitalizes the
particular characteristics of his medium and makes a virtue instead
of a liability out of its peculiar qualities. Tradition enables us to
appreciate the difference between brick and stone architecture. It
may not yet be time to judge rightly the most aesthetic use of
steel and concrete in architecture, but one of the bases of judgment
of a building lies in the feeling that the material has been efficiently
and honestly used to produce a beautiful effect. This feeling is prob-
ably awakened by the physical laws involved in the use of the various
materials.

The electric lamp has removed so many of the technical limi-
tations incident to the use of artificial light that it can now be
considered as a new material available for use in design. The
physical laws which light rays obey explain many of their funda-
mental characteristics.

We know that the use of steel is based on laws of gravity and
that it is capable of bearing certain loads, resisting shear and
bending, and can be obtained in certain practical forms. Many
of the phenomena of light previously confined to the laboratory
can now be employed practically. This development indicates
that lighting can be used to serve more nearly the functions out-
lined in the previous section. However, this must always be re-
lated to the practical equipment which is available.

. . . Technical aspects of artificial lighting involve problems
dealing with light sources, fixtures, distribution, and the objects
to be lighted. The available equipment, methods of use, and the
design of the space elements determine the technique of procedure.
The designer must coordinate his plans with the characteristics
of light and electrical equipment. Inasmuch as the architect
generally considers the appearance of his desigh under the deter-
minable effects of natural light, this added problem in design for
artificial lighting makes his duties considerably more involved.
The status of technical equipment is such that only a limited
number of ideas can be expressed successfully. The final result
always depends upon the care with which the designer has con-
ceived in terms of the possible. From an exaggerated point of
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view, inasmuch as lighting is probably more limited and less under-
stood than any other medium of design, it might be well to con-
sider lighting first in any design. In this way certainly the
designer would not conceive effects that were impossible to pro-
duce with the available means of expression.

A thorough knowledge of the relationship of the technical
factors and the characteristics of light can only be gained through
experience and the actual handling of equipment. The selection
of the available light sources and equipment for modeling light,
their installation and use, are the practical methods whereby the
resultant distribution can be created most effectively in relation
to the objects to be illuminated.

. . . Obviously, no artificial light source can meet the condi-
tions supplied by the sun, but with the sources available the
disadvantage is offset somewhat by the ability to exert a degree
of control over them. The extent to which the various qualities
of light can be produced and controlled through artificial light
sources is the foundation upon which the structure of lighting
technique is built.

. . . Fixtures are in a sense accessories to the light source and
are generally designed to shape or model the rays of direct ema~
nation. If they are concealed, they can be essentially functional in
form. Traditionally, decoration has provided us with such a range
of ornamental fixtures that even if we now have a much more
efficient source, there is often good reason for affording the extra
cost of the use of the ornamental metal and glass for decorative
purposes. Regardless of the design of the exterior of the fixture,
the optical apparatus contained within should satisfy all the
physical characteristics to which light is subject. In particular, the
location and design of a fixture is determined by the desire to
create a definite distribution in view of its position and the object
or surface to be lighted. Where several fixtures are to be used, the
diel\]tribution from one must be related to the distribution of the
others.

. . . By all odds the greatest contact with the outside world is
due to the presence of the light rays in the space in which the
objects exist. The resulting form of the density, color, and direc-
tion of light rays projected into space from all the fixtures of
various types that are used to create the visual composition, is
considered under the heading of distribution.

In order to distinguish objects in a natural or specially selected
manner so that the proper visibility, comfort in seeing, composition,
and atmosphere are given, a definite distribution of light must be
provided. In view of the available equipment and traditional
practice, certain methods of lighting have been developed, but for
the most part they have been established due to limitations which
recently have been overcome. As long as the designer treats
lighting as a plastic medium, his method will be of secondary
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importance and determined by the development of equipment, for
each new problem that is presented.

The inability of the fixture to give a range of the qualities of light,
as a rule necessitates the use of several. These fixtures must be
placed about in available positions, and as a result the directions
of the light rays and the intensities and colors of the light sources
determine the form of distribution, which not only illuminates
various static objects but fills the space in which moving objects,
such as people, may pass. Distribution considers particularly the
density and the direction of the light rays from all the instruments
and their additive effect at any point in space. The illumination
of objects and space by several instruments is determined by the
additive effect of all the rays that are superimposed at any point
on the object lighted.

. The general term ‘“object” is applied to things which are
not self-luminous but which are seen because of the light reflected
from them to the eye. Inasmuch as most of the things we see
are not self-luminous, their appearance depends upon the qualities
of the illuminating light. From the standpoint of the object itself,
its pigment, surface texture, shape, size, and position, (which are
usually, though not always, fixed) are determining factors in its
appearance under the illumination that is provided. The position
of the observer in relation to the direction of the light rays illu-
minating the object is also another important factor. Although
the consideration of the object in this section suggests individual
subjects, the relation between all the objects in the field of vision
determines the visual image or composition.

The appearance of objects under natural light is the accepted
condition for pictorial design, so that when their appearance under
artificial light is being determined, the same subjective standard
of taste applies. The difference between the two, however, de-
mands a broader conception of the use of pigment, form, texture,
and position of objects in order to achieve results with artificial
illumination comparable to design under natural light. As has been
suggested before, there are many new possibilities, such as changing
the apparent form and color of objects by means of artificial light
in a way which cannot be approached under natural conditions.
On the other hand, in view of the technical limitations imposed
by the inflexibility of the equipment available and the physical
laws which govern the distribution of light, the design of the
static objects in the field of vision must be related to the lighting.

. The designer should become thoroughly acquainted with
the functions, the characteristics, and the general technical ele-
ments involved in the use of light before he can hope to use it
successfully in his practice. The psychological aspects of lighting
are as yet too general to make it possible to predetermine precise
visual effects. For this reason the designer is cautioned to provide
adequate flexibility in any design for adjustment after the installa-
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tion and the building have been completed, and he should take
care not to try to use light beyond the point where his own in-
formation or good engineering advice will reasonably guarantee the
practical effectiveness of his plans. Lighting is essentially in its
early stages, and it should be permitted all the favors of an ex-
perimental material, but it bids fair to become the most important
new development in architectural design that has occurred since
the beginning of steel construction.

Architects were slow to realize that a material used in building
bridges could be employed to advantage in architectural construc-
tion. When they learned the possibilities and characteristics of
steel, an entirely new style of architecture came into being. It is
possible that a similar evolution with regard to lighting may take
place. Many old conceptions of design must be dropped and new
tastes must be developed before lighting can be used most effec-
tively in design practice.

The foregoing quotations show that the architect who is seriously

considering illumination uses it as a medium of architecture to be
considered and designed with the building as a whole, not something
to be applied after the building is complete. Illumination has possi-
bilities that up to the present have hardly been touched, and it is an
art expected to be developed, producing new tastes in the acceptance
of designs.

[
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CHAPTER 2
OBJECTIVE SPECIFICATION OF ILLUMINATION

DEFINITIONS AND MEASUREMENTS

Illumination in the amount required to give the desired degree of
comfort depends more upon psychological and physiological laws than
upon actual physical measurements of the light. Therefore, since
these factors enter into the specification of the amount of illumination
and the type of system required for a specific task, the problem of
proper and adequate lighting is one which is both objective and sub-
jective, with the subjective factors probably of more importance.

The objective measurements of light depend upon establishing
fundamental units and upon the response of an instrument as sensitive
to every wavelength of light as is the normal eye. The normal eye
responds to the sensations of light according to a curve which has been
determined by many observations on the eye reactions of a large ex-
perimental group of human subjects.

Even though the units for light measurement depend upon sub-
jective data and the human eye still plays an important part in the
duplication of standards, the fundamental units can be duplicated to
a high degree of accuracy for the purposes of comparison. With the
advent of new devices and methods in physical photometry, it is hoped
that in the near future standards may be established entirely free from
the element of human error.

1. The Nature of Light. Light? is defined* as radiant energy
evaluated according to its capacily to produce visual sensation. 'Two dif-
ferent approaches are used in the measurement of light:

a. the radiant flux (P, symbol; expressed in ergs per second or in
watts, the unit) which is the time rate of flow of radiant energy ap-
plicable to any part of the spectrum;

b. luminous flux, (F, symbol; lumen, the unit; abbreviation of the
unit, 1), the time rate of flow of light applicable to the visual region
of the radiant speetrum.

* All definitions in the text will be given according to those of the American
Standards Association for “Illuminating Engineering Nomenclature and Photo-

metric Standards”, approved December 19, 1932,
16
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Luminous flux has been the quantity used by those applying il-
lumination, but in the future it is probable that more interest will be
taken in units that include the two regions adjacent to the visible re-
gion. Figure 1-2 2 shows the curve of relative visibility. This curve
is so arranged that unity will occur at a wavelength of maximum
visibility. The color allocation on the scale represents the usual ac-
cepted classification. It will be seen that the blue and red ends of
the spectrum contribute little to visibility. When measured in wave-
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Fig. 1-2.2 The visibility curves for the normal eye. The relative brightness of
spectrum colors at various wavelengths based on equal energy amounts. For the
light-adapted eye the maximum occurs at 555 mu and for practical purposes is 0 at
400 and 700 mu. Light-adapted eye brightnesses greater than one equivalent foot-~
candle. Dark-adapted eye brightnesses less than 0.0005 equivalent foot-candle.

lengths, at the red end the wavelengths are longer; at the violet end
the frequency is higher (wavelengths are shorter).

The curve of visual response (Fig. 1-2a) has been plotted for the
relative visibility factors recommended by the International Commis-
sion on Illumination,® with recommendations that these represent
the relative visibility factors for general use. In special cases which are
concerned with end regions of the spectrum or with peculiar conditions
these provisional values may be uncertain; care should then be taken
to select and use the values which correspond to the particular prob-
lem. Figure 1-2b shows also the response curve for the dark-adapted
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eye. The transition from curve a to curve b is most marked between
0.2 and 0.001 ft-L. The term wisibslity factor ? (in lumens per watt:
lumens divided by the power rating of the source), for the radiation
at some particular wavelength, is the ratio of the luminous flux at
that wavelength to the corresponding radiant flux, and the relative
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Fia. 2-2. The radiant spectra of which the visible spectrum is a part.
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F1a. 3-2. The region of the radiant spectra used in illumination practice. The
listing gives the comparison between units. The millimicron is the most practical
unit for use in illumination.

visibility factor,® for a particulur wavelength, is the ratio of the visi-
bility factor for that wavelength to the maximum value of the visi-
bility factor.

The application of illumination was first concerned with only the
visible spectrum and was definitely confined to the definition given for
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light. Recent expansion of the field into both the ultra-violet and
infra-red covers the specification of radiant energy sources not within
the visible spectrum. In these fields are the sun lamps, sterilizing
lamps, and infra-red drying installations.

Figure 2-2 shows the relative position of the region of the radiant
spectra considered in the field of visibility and indicates the additional
expansion of the field into non-visible radiation. Figure 3-2 is an en-
larged section of the region to which the illumination engineer, the
lighting specialist, and the architect confine their interests. The other
portions of the radiant spectra are considered by both the pure and
applied sciences.

The present trend makes it evident that soon those specifying
lighting and the use of radiant energy in the practice of illuminating
engineering and kindred subjects must become conversant with the
radiant spectra and understand the special units designating it.

The various portions of the radiant spectra have units so assigned
that, in practice, the least use must be made of excessively large or
small numbers. These units are:

1 micron (u) = 1 X 10® micromicrons (uu)
=1 x 10* Angstrom units ()
= 1000 millimicrons (mu)
= 0.001 millimeter (mm.)
=1 X 10~ centimeter (cm.)
=1 X 10~% meter (m.)
= 0.039370 mil
= 3.937 x 1075 inch (in.)

In the working range for use in applied illumination, the common
units are:

Infra-red 2000 to 760
Visible region ¢ millimicron { 760 to 400
Ultra-violet 400 to 200

2. Physical Phenomena and Analysis. The physical phenomena
fall into three divisions: cause, opposition, and effect. Objective
measurements are made in each division, and the units are assigned to
each group. The laws of the interrelationships between these three
divisions constitute the objective consideration of physical phenomena.

To make the objective measurements and the deductions for the
operation of the physical laws, the subject is studied as to definitions,
statistical facts, general laws (mathematics), and, lastly, derivations.
The latter depend upon the logical combination of the specific statis-
tical findings with the general natural laws in order to obtain conclu-
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sive proof of actual occurrences or to predict possible results which
may be expected. For example, to solve for the amount of illumina-
tion upon a certain surface when the total output from the source is
known, subtract from this total output the amount of light absorbed
by the surroundings. Before such problems can be solved, all analysis
must be reduced to a language applicable to the specific subject;
therefore, the definitions, the units, and the means of measuring the
units are of the greatest importance.

8. Luminous Intensity. Luminous intensity is a characteristic
applicable to a source, and for definitional purposes the source is a
point source of light. This characteristic is expressed by the layman
as the brightness of the source, but technically this classification is in-
correct and should be avoided.

Luminous intensity ? or candlepower (I, symbol; unit, the candle;
abbreviation of unit, ¢.) is the solid-angular flux density in the direc-
tion in question. Hence, it is the luminous flux on a small surface
normal to that direction divided by the solid angle (in steradians)
which the surface subtends at the source of light. In practice, it is
impossible to have a point source of light; but it has been accepted
that, if the diameter of the source is 20 per cent of the distance from
the measuring instrument, the source acts as a point source for prac-
tical purposes. A ratio of ten to one is used for very accurate scientific
purposes.

The unit of luminous intensity which is used in the United States
within the limits of uncertainty, is the international candle (1909), and
it is a specific fraction of the average horizontal candlepower of a
group of 45 carbon-filament lamps (preserved at the Bureau of Stand-
ards) when the lamps are operated at a specific voltage. This is a
secondary standard, but it is hoped that at some early date an ac-
cepted primary standard can be found for specifying the international
candle. The candle is a basic unit in the determination of other units
for measuring light and its effects.

In photometry,! which is the specialized branch of science dealing
with the measurement of light, several different types of standard
lamps are maintained and used. Since these standards are lamps of
the incandescent type, and the measuring equipment used by the
engineer in the field must be frequently checked by the standards, it
is necessary that the illuminating engineer have in his vocabulary the
words for differentiating between these standards. They are:

a. Primary standards * — a source of luminous intensity that can
be reproduced from specifications.
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b. Secondary standards 2 — a source calibrated by comparison with
a primary standard. These are the basic standards of the present for
there are no primary standards that are satisfactory. Their values
are accepted by agreement. 3

¢. Working standards ? — a source used in laboratory measurements.

d. Comparison lamps 2 — a source used to compare test lamps and
working standards. Not calibrated for luminous intensity.

¢. Test lamp 2 — the lamp to be tested.

Figure 4-2 shows a point source of light of one unit, and when it is
observed at any distance and from any position the photometer P
(obeying the response curve) should record the same value. This is

true because the image formed
_Af% on the retina varies in size with

) s distance in the same proportion

Poin? - a that the illumination varies, so
Source - ’

2 g that the intensity of the image

Fh=g X remains constant. The limitations

N of distance are controlled by the

N% forming of an image on the ret-

Photomerer _:"\’ P ina that will stimulate the nerve

endings.
Fig. 4-2. Intensity is independent of dis- In Fig. 4-2, a point source of

tance and position when a point source of

light is considered. light which has the same intensity

in every direction has been as-
sumed. In practice, sources may not have the same intensity in every
direction and may even be asymmetrical in the distribution of lumi-
nous intensity in all directions. To express a representative distribu-
tion from such sources, the following terms have been applied in
defining regional intensities:

a. Mean horizontal candlepower * (I,, symbol; unit, candle; ab-
breviation, mhep.) is the average candlepower in the horizontal plane
passing through the luminous center of the source. It has been as-
sumed that the source is mounted in the normal manner.

b. Spherical candlepower ? (I, symbol; unit, candle; abbreviation,
sep.) is the average candlepower of the source in all directions in space.

¢. Hemispherical candlepower ? is the average candlepower of the
source in the hemisphere considered.

d. Zonal candlepower ? is the average candlepower of the source
over the given zone.

Figure 5-2 represents the readings taken to obtain the values de-
fined above. The average of the values in the plane P; to Py is the
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mean horizontal candlepower; the average for the whole sphere is the
spherical candlepower. The definitions of the hemispherical and zonal
candlepowers are self explanatory when Fig. 5-2b is examined.

4. Luminous Flux.? Since this is the time rate of flow, the lu-
minous flux multiplied by the time will give the total quantity of
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(a) Herispherical o)

F16. 5-2. (a) Readings for determining the mean horizontal candlepower. The
mean of the readings for the whole sphere 18 the mean spherical candlepower. (b) The
other defimitions for regional candlepower are indicated.
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Fi6. 6-2. (a) Relatiopship between intensity, rate, and illumination. (b) The
foot-candle using the point source. (c) The foot-candle using practical consider-
ations (apparent foot-candles).

light. The total luminous flux from a point source of one candle with
one candlepower in every direction will be 47 (12.57) 1. The lumen *
is defined as the flux through s solid angle (steradian) from a unit
point source of one candle, or the flux on a unit surface, all points of
which are at unit distance from a uniform point source of one candle.

Figure 6-2 shows a physical demonstration of the relationship be-
tween the candle source and the luminous flux. Any sphere, if it has
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a radius of one unit, will have 47 units of area; therefore, a unit
candle placed at the center of such a sphere and obeying the latter
portion of the definition will be emitting 47 units of light per unit of
time.

The mean spherical candlepower of any light source is a measure
of the source output, for the mean spherical candlepower multiplied
by 4 gives the lumens of the source. In photometric work, the time
element is usually neglected, and the lumen is considered as the quan-
tity of light, which, in a strict scientific sense, it is not.

5. Ilumination. Illumination ? (E, symbol; unit, foot-candle;
abbreviation, ft-c.) is the density of the luminous flux on a surface;
it is the quotient of the flux divided by the area of the surface when
the latter is uniformly illuminated. The foot-candle is the unit of
illumination when the foot is used as the unit of length.

Figure 6-2, since it is drawn with a unit radius of 1 ft., shows the
relationship between the three important basic units used in describing
light and specifying illumination. The source in Fig. 6-2 is 1 c.; the
flux from the source is 47 lumens, and the area ABCD is illumi-
nated to 1 ft-c. If Fig. 6-2c is considered, the surface, though
a square foot, is not illuminated uniformly for it is not equidistant
from the source. Also, if the source ceases to be a point source, the
basic relationships change. Since both these conditions are normally
encountered in practice, the definitions used in application of the art
of illumination consider not true foot-candles but apparent foot-
candles. The apparent candlepower ? of an extended source of light
mesasured at a specific distance is the candlepower of a point source
of light which would produce the same illumination at that distance.

The flux from any source may be considered in two parts or as a
whole, where

total fluz ? is the flux from the source in all directions;

upward fluz ? is the flux from the source above the horizontal plane
passing through its center, and

downward fluz ® is the flux from the source below tbe horizontal
plane passing through its center.

In summary, the relationships may be expressed as:

basic units are candles or candlepower
lumens (F) = 47 x scp.
y foot-candle (E) = F + area
these being properly used for either theoretical or practical applica-
tion.
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Ezample a. Determine the lumen output of an incandescent lamp that
has a mean spherical candlepower of 780 .

F = 47 X 780
F = 12.57 X 780 = 9800 1.

Ezample b. If a surface having a reflection factor of 809 is illuminated
to 20 ft-c. and measures 2 ft. by 4 ft., determine the number of lumens re-
quired to produce this average illumination.

F Light Source

area

F=20x%(2x4)=1601

6. Brightness.® Brightness
(B, symbol; unit, candle per unit Projected Area 2
area or foot-Lambert; abbrevia- (a)
tion, ft-L.) is the quotient of the
luminous intensity of a surface
measured in a given direction
divided by the area of this sur-
face projected on a plane perpen-
dicular to the direction considered.

The brightness of a surface is Source 7
usually not uniform but varies

with the angle at which it is 7))
viewed. This fact should be con-

sidered in making statements of
brightness. Figure 7-2 shows the
relationship between the source

of illumination and the measure Fia. 7-2. (a) Brightness from a source.
of brightness (the projected area (b) Brightness from a reflecting surface.
being considered).

The unit, foot-Lambert, is equal to the average brightness of any
surface emitting or reflecting light at the rate of 1 1. per sq. ft., or the
uniform brightness of a perfectly diffusing surface emitting or reflecting
light at that rate. The average brightness (in foot-Lamberts) of any
reflecting surface is, therefore, the product of the illumination in foot~
candles multiplied by the reflection factor of the surface (E times p).
Candles per square inch multiplied by 1447 (452) will give the bright-
ness in foot-Lamberts for diffusing surfaces.

Ezample c. What will be the brightness of the aurfaee in example b?

B =20 % 0.8 = 16 ft.-L.

The entire subject of brightness is complicated and should be ap-
proached with caution in order to avoid erroneous conclusions. The

T ~Projected
Area
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first work in illumination considered the problems caused by bright-
ness, but when the lumen method of evaluating illumination became
the common practice brightness was neglected. Recently, there has
been a revival of the use of this factor and it seems logical to consider
the specification of proper lighting from the point of view of brightness
instead of foot-candles. In Chapter 3, the subject of brightness plays
a more important part in determining the ability to see than do foot-
candles, since brightness includes the difficulty of the task as well as
the illumination.

7. Ilumination Influenced by the Angle of Inclination of the Sur-

face. In discussing the illumination of a surface, it has been assumed
that the surface is normal at all points to the beam of light. Most
surfaces are not curved but flat; therefore, the quotient of the lumens
divided by the area will give the
apparent illumination, since most
sources are not at such a distance
as to give parallel beams of light.
In a room where the light is well
diffused, the quotient represents
the average illumination on the
surface.
(@) » £y =£,c058 Figure 8-2 shows a surface nor-
mal and inclined to a beam of paral-
lel light rays. In Fig. 8-2a, with
the surface ABCD normal to the
beam, the rays are intercepted by the part illuminated. In Fig. 8-2b,
the surface ABCD is inclined at an angle 6 with the plane normal to
the beam, and the area exposed to the same flux is larger. Its il-
lumination will therefore be less, or the expression for the illumination
on Fig. 8-2b will be E; cos 6.* In computing illumination for specific
surfaces and in making measurements of illumination, this must be
kept in mind or errors will result.

Ezample d. A beam of light, if normal to the surface, would produce an
illumination of 15 ft-c. Determine the average illumination on the surface if
the surface is so inclined that the angle between the original position and the
new position is 30 degrees.

E = 15 X cos 30°
= 15 X 0.866 = 12.99 ft-c.

8. Inverse Square Law.! This is a common law of nature which
does not apply to light alone. A statement of the law is: The illumi-

Fic. 8-2. Illumination on surfaces not
normal to the light.

* Funotions for common angles will be found in the Appendix.
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nation is proportional to the intensity of the source and inversely pro-
portional to the square of the distance of the source from the surface.

This may be expressed as I
9

T &
where E is the illumination, Ig, the luminous intensity in the direction
considered, and d, the distance from the source to the surface. Figure
9-2 demonstrates the truth of the law, for, if the point source of light
illuminates alternately surfaces 1, 2, and 3 ft. from the surface, the
area included at these points will be 1, 4, and 9 sq. ft.

e 171 J-

Point NI -
Source T
(a)
Ac;‘ua/ h \ ~I- T
Source ==
(b)

Fi1e. 9-2. (a) The square law and the point source. (b) The square law in appli-
cation (apparent illumination).

The law as expressed does not consider atmospheric absorption of
the light and applies to point sources only. This would not permit an
analysis of the practical problem, for parallel rays of light and light
sources with appreciable dimensions would be excluded. As mentioned
on page 22, the law does apply for practical purposes if the distance is
five times the diameter of the light source.

9. Horizontal and Vertical Illumination at a Point. The tnverse
square law' is used in photometric calculations ard was used exten-
gively in the prediction of the illumination provided by a lighting
system early in the development of the art of illumination. Since
reflected light from side walls and ceiling added to the direct light
component supplied by the source, there was the necessity of using
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factors, determined almost entirely by empirical means. This method
is cumbersome, and the lumen method was developed for predicting
interior illumination, though the point-source method was still re-
tained for lighting systems where there was no additional light by
reflection. Recent lighting has developed a semi-direct system of light-
ing by which the direct component of light is supplied by sources
which may be considered point sources, and the component of indirect
light is supplied by luminaires. This new development has made the
point-by-point method of calculation necessary, and the determination
of illumination at a given point has regained some of its previous
prominence.

Figure 10-2 shows the construction for the calculation of the hori-
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el S
i Nverticar Pane
Fig. 10-2. Illumination on the horizontal and vertical plane from a light source.
zontal and vertical illumination on a surface. In this figure, the dis-
tance H is the mounting height of the source, either above or below
the point to be considered, D is the distance from the axis of the source

to a plane parallel to the axis and through the point, and L is the off-
set distance from D to the point P. By trigonometric calculations,

OP = VvD* + L2
SP = VOP ¢ H?

illumination on the normal

Iy
E - . - . .
Pr (——-—————0 oY cos § horizontal illumination

Iy % D
(VOP + By VD® + I2

Ep, = X sin @ vertical illumination
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These may be reduced to simple trigonometric forms and may be ex-

pressed as

2
EPn “'IO(;;: 6

Ig cos® b
H2
Ig cos® 6 D D
H? H
The tables in the Appendix may be used for obtaining the values of the
powers of the trigonometric functions.

Ep) =

Ep, =

Ezxample e. Determine the (1) normal, (2) horizontal, (3) vertical illumi-
nation at a point on a surface 8 ft. below the source, if the point lies 8 ft. to
the left and 6 ft. in front of the source, which has an intensity of 400 c-p.
in the direction of the point. (Fig. 10-2.)

Distance source to pomt

= V8§ + 6 = 10 ft.
=VE +10* = 128 ft.

10
sm0==——2—§—0782

8
COS&'m’OG%

400

En=m;=2.5fbc.

E, =25 ———e 782 = 1.56 ft-
X\/82+62X04\2 1.56 ft-c.

E, = 2.5 X 0.623 = 1.56 ft-c.
MEASUREMENTS IN THE ART OF ILLUMINATION

As Chapter 3 will show, there are many factors entering
into the design of proper and adequate illumination that cannot be
measured in specific units and for which measuring instruments are
not available, but there are three factors for which we have satis-
factory portable measuring equipment. Though the measurements
of these factors are not conclusive, the information obtained is essen-
tial in making reasonable judgments and specifying illumination that
will prove satisfactory.

10. Measuring Illumination. The foot-candle meter for measuring
illumination was discovered early in the development of the art, and
until very recently it was the only satisfactory instrument with which
the layman could gage and compare lighting installations.

The foot-candle meter is to illumination what the thermometer is
to the measurement of heat. Neither of these instruments indicates
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the comfort that may be derived from the installation. Each instru-
ment, in its field, was early taken as the index of the working of the
installation and is even now thought of by most individuals as the
means for measuring the results. Comparing these two in parallel, it
is found that comfort depends upon:

HeaTing COMFORT ILLuMINATION COMFORT
1. Temperature 1. Foot-candles

2. Humidity 2. Brightness

3. Air motion 3. Uniformity (contrast)
4. Radiation surfaces 4. Glare

Fie. 11-2A. Weston illumination meter.

In each instance, the normal measuring instrument measures only a
small part of the requirements that must be met if the individual is to
be comfortable and the installation is to give minimum irritation to the
nervous system.

Measurements with early foot-candle meters depended upon match-
ing lighted surfaces. Since the eyes of the individuals using the meters
varied, there was seldom close agreement in measurements among
them, and training was necessary before a person could measure the
illumination with any degree of agreement with previous readings.
This type of foot-candle meter has passed with the advent of the
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barrier-layer cell in which the photoelectric effect is used to show an
indication on a meter. It is possible with this type of equipment to

duplicate measurements and for
each individual to obtain results
that will agree with results ob-
tained by others.

The positiveness of these
physical photometers gives a
false security, for there are still
many unreliable factors present.
There are many improper uses
of the equipment which lead to
serious errors which are ignored,
because of the positive indica-
tion of the meter. Figure 11-2
shows two types of these instru-
ments. As will be shown later,
a foot-candle meter in which the
cell may be used in any posi-
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Fic 11-2B  General Electric hight meter.

tion with the indicating meter available for rcading is the best type
because it has the greatest adaptability.
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11, Barrier-Layer Foot-Candle Meters.’
in Figure 11-2 arc of the barrier-layer type and are cquipped with

The instruments shown
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selenium cells. Figure 12-2 shows the response curves of the two types
of cells and the standard visibility curve. It is possible to use a filter
with the selenium cell so that it also approaches the standard visibility
curve. The use of these filters means that the cell sensitivity is sacri-
ficed, and the instrument is not useful for low illumination readings.
The importance of this type of meter was recognized by the Illuminat-
ing Engineering Society, and a committee was appointed to study it.?

TABLE I-25%9

CALCULATED MULTIPLYING FACTORS FOR REPRESENTATIVE BARRIER-LAYER CELLS
CALIBRATED AT 2700° K

Factors by which Readings Are
Color Multiplied for True Illumination
Temperature *
Copper Oxide Selenium
2000° K 1101 0.874
2400° K 1 045 0.965
2670° K 50-w. incandescent lamp
2700° K 1 000 1.000
2705° K 75-w. incandescent lamp
2740° K 100-w. “ “
2810°K 200-w. “ «
2848° K 0 986 1011
2990° K 1000-w. incandescent lamp
3000° K 0 973 1019
4000° K 0.910 1.011
Equal energy spectrum 0 883 0.888
Mercury (L.P.) 0 883 1.123
Mercury (H.P.) 0 851 1.191
Sodium 1.044 1.450
Mercury, yellow line 0 889 1.69
Mercury, green line 0.833 1.99
Mercury, blue line 0 438 0.061
Mercury, violet line 0 198 0.003

* Degrees Kelvin,

The committee found that for continuous spectra, which include
most of our electric illuminants and daylight, smaller errors were made
with selenium cells than with the copper-oxide cell, though the latter
does more nearly approach the standard visibility curve in its responses.

All manufacturers do not cali