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PREFACE

Illumination engineering is a study of certain concepts origi-
nating from two quite different philosophies of life. On the one
hand we have a philosophy based upon the concepts of energy
and matter as being cntities within themselves. The outgrowth
of this philosophy has been the formulation of our physical laws
relating the bchavior of things. However, most of us believe
that our existence cannot be explained wholly upon the basis of
these concepts of enprgy and matter as we use them in this
objective philosophy.’

The outgrowth of the other philosophy of life, which we may
call the subjective philosophy, has been the formulation of that
concept called our consciousness. Such a conecept appears in the
fields of religion and psychology and in some parts of the field of
physiology. The illumination engineer is particularly interested
in those aspects of the fields of psychology and physiology per-
taining to the part that consciousness plays in the sensation of
sight.

Illumination engineering is in a very gencral sense simply s
means to an end—a means of attaining this sensation of sight.
Being such a prelude to seeing, the subject must be studied with
the thought always in mind: How will this illumination be
utilized? A study of illumination as a thing apart is a study in
physics; a study of illumination with a thought to utilization is
engineering. There is need for both types of study. However,
the viewpoint of this text is that of illumination engineering.
The text is designed as a general outline of study for clectrical
engineering students.

Terminology in illumination engineering, as perhaps in few
other fields, has been very loosely established by the practicing
engineer and in some cases, the author believes, even by the
authoritative governing bodiecs. An attempt has been made in
this presentation to conform to terminology established by the
authorities in the field wherever such terminology does not lead
to confusion. In those cases where it is felt that the terminology
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vi PREFACE

does lead to confusion, a very definite statement to that effect is
made. Any terminology used in preference to that accepted
by the Illuminating Engineering Society is fully explained. To
facilitate reference to these terms as well as to the standard
definitions, a listing of the new terms used in each chapter will
be found at each chapter heading. This is rather an unprec-
edented procedure in texts, but it is believed that the end justifies
the means.

I several references involving the units of brightness and
luminosity the author has taken the liberty of converting data
in these references to such units as conform to the notations of
this text.

No illustrations of lighting systems are included in the text.
Such adaptations of the fundamentals of illumination engineering
are usually dependent upon the available commercial equipment.
As a result certain illustrations of any collection soon become
obsolete and need replacement. The author has found the
two- by two-inch slide a most convenient tool in this respect.
Slides in color, as those in black, and white, arc now feasible at
very reasonable expense.

Tables of lamp data are issued periodically and hence no text
publication can be up to date with respect to such data. For
study purposes, however, the inclusion of these tables in the text
is highly desirable. Obviously the latest issues of such catalogue
material should be referred to for the actual application of
equipment.

The author wishes to acknowledge the help and suggestions of
his fellow workers, both past and present, in electrical engineering
at Jowa State College, and especially those of Professor R. W.
Ahlquist, who has been associated with him in the teaching of
illumination engineering during the preparation of this text.

W. B. Boasr.

AMEs, Iowa,
February, 1842.
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ILLUMINATION ENGINEERING

CHAPTER 1
THE SPECTRORADIOMETRIC FUNCTION

Symbol Term Definition
Radiation The act or process of emitting energy from
sources. In a very general sense, also,
that which is emitted.

w Radiant energy Strictly that which is emitted by the radi-
ation process. (Typical unit, joules.)
P Radiant power The rate at which radiation is accomplished.
(Typical unit, watts.)
P/A Radiant-power The area density of radiant power. (Typi-
density cal unit, watts per square centimeter.)
J Emission Radiant-power density emitled, trans-

mitted, or reflected (secondary emission)
by a source. (Typical unit, watts per
square centimeter.)

G Irradiation Radiant-power density incident upon a
receiving surface. (Typical unit, watts
per square centimeter.)

I Spectral emission Radiant-power density per unit of wave
length at A wave length emitted, trans-
mitted, or reflected by a source. (Typical
unit, watts/square centimeter per mi-
cron.)

G\ Spectral irradiation  Radiant-power density per unit of wave
length at A wave length incident upon a
receiving surface. (Typical unit, wat's/
square centimeter per micron.)

1. The Frequency Spectrum.—Much of the theory of illumina-
tion is based primarily upon the wave theory of radiation and the
frequency spectrum. As a result, this presentation will utilize
the concept of wave radiation and the associated items of wave

length, velocity of propagation, and frequency of the radiation.
1



2 ILLUMINATION ENGINEERING

It should be realized, however, that the wave theory of ra /iation
is not alone sufficient for a complete explanation of the phe 10mena
of light. A great deal in the way of photoelectric effect s, radia-
tion from hot bodies, and the radiation from atoms ¢annot be
explained satisfactorily on the basis of this thesry For an
explanation of such items another concept is necovs:.ry. This
states that energy is emitted or absorbed only in discete quanta
of magnitude hv,
where h = Planck’s constant = 6.547 X 10~?7 erg-second.

v = frequency, in cycles per second.

Wave mechanics attempts to correlate these two concepts of
radiation by assuming that the wave theory is a mathematical
conception which tells how and where the propagation is accom-
plished, but that at the sending and receiving ends of the path
an interpretation must be accomplished throush the quantum
theory.

To repeat, this presentation will utilize the notation of the
wave-radiation theory. This notation is justifiable inasmuch as
most of the phenomena of illumination engineering involve
conditions that exist in the path of the radiation or of those
conditions as one approaches the source or the receiving
surface.

Evaluation of conditions in or as one approaches the extremes
of the path can be accomplished only through an energy conver-
sion. Instead of dealing with energy quantities or densities that
may exist in a path in an interval of time, a much more desirable
procedure is an elimination of the time element. This results in
evaluating the rate of radiant-energy density, i.e., in evaluating
the radiant-power density. More will be said of the evaluation
later.

Whatever the preceding process is, an important specification
of the radiation is a statement of its frequency or frequencies. If
the radiation is homogeneous, i.e., of a single frequency or of a
narrow band of frequencies, a statement of its magnitude and of
its frequency completely specifies the radiation. If the radiation
is heterogeneous, a more complete specification is necessary.
This subject is discussed in detail in Arts. 2 and 3.

Since frequency is fixed independently of the medium through
which the wave passes, it would seew desirable to express the
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radiation as a function of frequency. Common usage, however,
has established the precedent of expressing such values as func-
tions of the wave lengths that result in free space. Since the
distinction is trivial, this notation will be used in this presenta-
tion. The well-known relationship relating the frequency and
the wave length in free space is

3.00 X 101
=2 0

where v = frequency, in cycles per second.
A = wave length, in centimeters.

The known range of the radiant-energy spectrum extends over
a tremendous range of wave length. A 60-cycle a.-c. circuit has
a wave length in free space of 5 X 10%® cm., or approximately
3100 miles. On the other extreme, radiant energy associated
with cosmic rays has wave lengths of the order of 10~1 to 10-12
cm. Radiant energy easily visible to the human eye has wave
lengths between the approximate limits of 0.40 X 10—* and
0.76 X 10~ cm.

The micron, a much smaller unit of length than the centimeter,
is more convenient to use in specifying wave lengths encountered
in illumination work. Also used in the range of wave lengths
associated with light is the angstrom unit. Relationships among
the units of centimeters, microns, and angstroms are

1 em. = 10* microns (u)

108 angstrom units (11.)

Thus the range of wave lengths of the visible spectrum is approxi-
mately from 0.40 to 0.76x, or from 4000 to 7600 A. The symbols
wand A. as given above will be used as abbreviations of the names
of the units of micron and angstrom, respectively.

2. Radiation from a Line-spectrum Source.—Radiant energy
from a gaseous-discharge source, such as mercury vapor, sodium
vapor, neon, and many others of this type, consists of a radiation
made up of one or more homogeneous component radiations.
The radiation at definite wave lengths is a function of the molecu-
lar or atomic structure of the gas carrying the discharge. Con-
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sequently each substance has characteristic wave lengths of its
radiation. Such radiation is commonly called luminescence,
although this term strictly applies to all types of radiation not
directly associated with temperature.

If a radiation path exists, it can be detected rather simply. by
placing a radiation thermocouple (Fig. 1) in the path and noting
the deflection of the galvanometer. The blackened target of the
device absorbs the radiant energy and transfers it into thermal
energy. This energy then is used in establishing the tempera-
ture of one of the junction points of the thermocouple. If the
other junction point of the thermocouple is maintained at a

Radiation

| Shield

Target : Galvanometer,
| Bisrmuthw
T |

Bismuth-tin Alloy---" :’\/‘; XB/smuth
|
L

| S—

NTemperature
maintained

Fi1g. 1.—A radiation thermocouple.

different (usually lower) temperature, the difference in tempera-
tures of the junction points produces a small electromotive force
which in turn produces a current flow and the galvanometer
deflection. Such a device is very independent of the frequency
when a proper target is used.

If the radiation consists of several component homogeneous
radiations at various frequencies, the measurement of the total
irradiation as made with the radiation thermocouple does not
completely specify the radiation, since it does not tell how the
power density is distributed among the various wave lengths.
To obtain this complete specification of the radiation a spectro-
radiometer (Fig. 2) is necessary. The elements of this device are
the first slit S;, which admits the radiation through a lens a
to the prism b. After the ray passes through the prism and is
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refracted according to wave length, it is conveniently distributed
by lens ¢ upon a movable shielded radiation therirocouple d
which can be adjusted to allow a narrow wave-length band,
entering through slit S,, to be studied independently of all the
remainder of the spectrum.

Va4

\{/_3'

By the use of this arrangement it is possible to obtain the
radiant-power density at each increment of the wave length
admitted to the slit S;. The only restriction on the width of
the slit is that it be narrow enough so that not more than one
component radiation can enter it. If two or more compo-
nents are very close together, it may not be practical to separate
them.

Data on the irradiation resulting from several vapor-lamp
sources for certain stated conditions are given in Figs. 4 and 5.
The summation of the component irradiations for any one of the
sources gives the total irradiation for the stated condition.
Expressed mathematically,

G = EG,- @)
1

where G = total irradiation.
G; = irradiation due to the ith component.
n = number of component radiations.

Assume that the data given in Fig. 3 represent the distribution
of component irradiations for a fictitious source at a specified
receiving surface. If all component irradiations are within the
range of 0.2 to 1.0x as shown in the figure, the summation of

F1G. 2.—A spectroradiometer.
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components yields § +10+34+12+204+6 4+4 + 2 = 62
microwatts per square centimeter. Of this irradiation

562, or 8.06 per cent, is at 0.26u wave length
19¢9, or 16.13 per cent, is at 0.32u wave length
362, or 4.84 per cent, is at 0.43u wave length
12¢4, or 19.35 per cent, is at 0.46u wave length
2949, or 32.26 per cent, is at 0.48u wave length
862, or  9.68 per cent, is at 0.67u wave length
462, or  6.45 per cent, is at 0.83u wave length
%62, or  3.23 per cent, is at 0.92u wave length

Total 100.00 per cent

5 ] | j 1
02 04 06 0.8 10
Wavelengthin Microns

Fia. 3.—Irradiation from a fictitious line-spectrum source at a specified receiving
surface.

The foregoing information completely specifies the radiation

from this source for the specified receiving surface in so far as

most practical usages are concerned. It does not, however, give

? [T 1 T]
Ypon a normal surface at 2

<60 reters from Jamp with no ——4
E reflectors. Arc voltage /74v.,

L current 3.75a., arc length 162 ||
£ cm., arc dia. .5cm. From B.T.

+ Barnes,J0S5.A., 24,1934, p. /48

240

£

Re]

=

(52

0 N 1
0 02 04 14 16 18

06 08 10 12
Wovelength (Microns)

Fia. 4.—Irradiation from a high-pressure mercury vapor lamp.

information regarding polarization or several other concepts that
may be useful under certain rather special conditions.

A representation of the radiation components as in Fig. 3 will
be termed the spectroradiometric function for a line spectrum
source. The magnitude of the component radiations are very
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dependent upon the specified conditions of the test; i.e., the
density of the radiant power generally becomes much larger when
the observations are made closer to the source. The relative
values of the component radiations from a given source, however,
do not depend upon spacing unless there is selective absorbtion
in the transmitting or reflecting medium (if such is present).

Ta0
5 Ypon a mormal surface at 2 m
e frcom Jarmp with 1o reflectors amd|—_]
x Irmeter of arc length exposed. Are
g voltage 7/9v., current 3.70a., totall __]
£20 arclength of tube 128cm., arc i
S metsrZ2dem. Lead glass. Frombarnes.
% ' Il
& o Wi [ ||
0 02 04 14 16 18

0.6 08 10 12
Wavelength (Microns)

Fia. 5.—Irradiation from a low-pressure mercury vapor lamp.

3. Radiation from a Continuous-spectrum Source.—A body
at any temperature other than absolute zero will radiate energy
over a wide range of wave lengths. Such radiation is called
incandescence, or temperature radiation. A hot ingot of steel
is an incandescent source, very effective in producing infrared
radiations. The incandescent-lamp filament is the most common
artificial incandescent source from an illumination viewpoint.

To express how such a radiation is distributed in the wave
length spcctrum, let the width of the slit S, in the spectroradi-
ometer of Fig. 2, be fixed arbitrarily so as to admit a band of
wave lengths of, say, 0.01uy. The width of the slit has a direct
bearing upon the accuracy of the results if the spectral distri-
bution of the radiation varies greatly as a function of wave
length. This is especially true if there are very sharp peaks in
the curve.

The resulting measurement as made by the thermocouple will
involve the width of the slit as wecll as the radiant-power density
of the radiation. Obviously if the width of the slit is doubled,
the reading of the thermocouple will be increased; and if the
radiation as a function of wave length is uniform, the reading
would be doubled. Hence it is desirable to establish a standard
width of slit so that all results will have understandable meanings.
The width established simply on the basis of convenience of units
has been the micron. Values measured by a slit width of 0.01x
must be multiplied by 100 to establish the reading on the basis
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of a micron-width slit. In the investigation of a range of wave
lengths from 0.40 to 0.76u wave length, it is obvious that a slit
of 1u width (on the spectroradiometer scale) would yield no
useful information. Thercfore it cannot be emphasized too
strongly that a unit of radiation from a continuous-spectrum
source of 1 microwait per square centimeter per micron has little
physical significance and that a much more narrow band of
frequencies is used for the measurement.

25

~
o

oﬂ)
w
)3

=
Pid

per Micr

ﬂﬂ I _
e T

%z 04 06 08 ) 10
Wavelength in Microns

F1a. 6.—Irradiation from a fictitious continuous-spectrum source at a specified
receiving surface.

Results of the readings from a fictitious source for a slit width
admitting a band of frequencies of 0.02u wide, when multiplied
by 50 and plotted as a step curve, would appear as in Fig. 6.

The summation of the individual readings (actual microwatts
per square centimeter with no factor of 50 applicd) can be
checked to be 6.1 microwatts per square centimeter.  Obviously
this is the total irradiation, assuming that there is no radiation
outside the range of 0.2 to 1.0u. 'The area of the curve as plotted
(including the factor of 50 in the ordinates) is also 6.1 microwatts
per square centimeter when there is due regard for the two
scales. Hence the artificially broad slit width of 1y for a unit
of Gy is justified on the basis of convenience in obtaining results
when the wave-length scale is plotted in microns.

Instead of plotting results as step curves from such readings,
it is usual to plot them as smooth curves joining the midpoints of
the band width used. Planimeter methods yield rather accurate

results when the curves are plotted to scales comparable with
the accuracy of the data.

6, (Microwatts per sq. cm.
u
!
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The representation of the radiation as a smooth curve (as the
dotted curve of Fig. 6) will be termed the spectrorudiometric
11 -

;9./

N/
/' Abbotts values from 05 A
07 Frogqi ess C‘o/mﬂ/ﬁu ﬁ'

/ JOGA., Feh, 1925, p.2
06

040 044 048 052 05 060 064 066 072
Wavelength (Micron)

F1a. 7.—Average noon sun at Washington, D.C.

Junction for a continuous-spectrum source. Expressed mathe-
matically,

Q= f Gy d\ 3)
0
where G = total irradiation.

G\ = spectral irradiation at X\ wave length.

10

08 \

\ Relative radiation based upon

s{i unity at the maximum.
. \ Ca/a//m‘:a’ from data from
?< 06 Moon, Scientific Basis of
L) \ Murninating Engineering,
2 pages 720 and 773,
o4
&

0.2

0
0 10 20 30 40 50 0

Wavelength (Microns)
F16. 8.—Incandescent lamp at 2950°K.

Data on radiation from several representative continuous-
spectrum sources are given in Figs. 7 to 9.
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4. Radiation from Black-body Radiators.—The International
Committee on Weights and Measures at its biennial meeting in
Paris, June 23-29, 1937, adopted a new system of photometric
units based upon the brightness of a black-body radiator at the
temperature of solidification of platinum. As a result any
discussion of illumination standards must include in some detail
the black-body radiator.

A black body is defined as any body that absorbs all incident
radiant power at all temperatures. Since a body at a constant
temperature radiates the same amount of power that it receives,
it follows that a black body at a constant temperature radiates
more power than any other incandescent radiator operating at
the same temperature.

Black-body radiation can be approached very closely by an
almost completely enclosed cavity whose walls are opaque and
maintained at the required temperature. The degrce of uni-
formity of temperature and the relative smallness of the opening
determine the degree to which black-body radiation can be
approached.

By means of equipment approaching black-body radiators
very closely, various experimenters have determined the spectral
emission in watts per unit area per unit of wave length at various
temperatures, From such data Planck derived the empirical
equation that applies with great accuracy for radiation in the
visible region.

1
h=%Em ®
where J\ = spectral emission, in watts per square centimeter of

emission surface per micron wave-length band at a
wave length of \.

A = wave length, in microns.

T = temperature, in degrees Kelvin.

C, = 36,970.

C. = 14,330.

The solidification temperature of platinum has been measured
by laboratories in the leading technical countries of the world,
and an agreement upon 2046° K. has been made. If the values
of the constants C, and C; and of T = 2046° are substituted in
the preceding equation (the negative one in the denominator has
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no significance at this temperature when X\ is of magnitudes
encountered in the visible region), the equation becomes
Jr = 36,970 "¢ T00 (40)

This spectral distribution of radiant-power density per unit
of wave length constitutes the basis for the new system of

15
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Fia. 9.—Black-body radiator at 2046°K.

photometric units. A great deal more will be said of these units
later. Figure 9 gives results of equation (4a) as a function of
wave length from 0.32 to 0.76u.

6. Radiation from Other Types of Source.—Radiations classi-
fied as luminescence and incandescence have been discussed
under the topics of radiations from line-spectrum and continuous-
spectrum sources respectively. In addition to these two classi-
fications two other types of radiation are known to exist.

Fluorescence (in a strict sense one type of luminescence) is
demonstrated by the new fluorescent lumiline lamps which were
in the process of development for several years and which were
placed on the commercial market in 1938.
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This type of radiation deserves a separate classification because
the initial radiation is of a luminescent character due to an electri-
cal discharge in low-pressure mercury vapor; but a frequency
change in some of this radiation is brought about by allowing the
radiation (a large part of which is below 0.44) to impinge upon a
powder that converts that part of the radiation into a continu-
ous-spectrum radiation at a longer wave length. No long-time
storage process is involved in the fluorescent lamp, although
fortunately the phosphors used in these lamps do exhibit a

100 0.5
n ]
’ \ From Weitz and Cissel), Trans.
80 \ L.ES., 34,1939, . 500. Alf rel-| 04
I ! ative valuves 7o the same
! \ scz;/e. Line 5,95:;‘;70: & g do
< _ not appearm gold lamp & no -
?_ I \‘ Green /ine 5;fcz‘mﬂgpmr/m£d/amp. )
° 60 b ] \ - 03 5
& i &
s \ ¢
* 40 A 0275
;: A-Blue c \ TN Ak &
7 N ZZZ RN
e N TRV AN o
b \, hY
| P / \/x ,,iz: 60/>>-<5§e\\: - La?ed
ogzz-_é-/-"’:/-— A | ST 0
04 05 07 08

Wavele(fgfh (Micron)
F1a. 10.—Relative radiation from several fluorescent lamps operating at the same
total power input.
short-time storage of energy, as considered below under

phosphorescence.

Figure 10 presents data on various commercial fluorescent
lumiline lamps. It will be noted that the radiation conwaing
both line- and continuous-spectrum distribution.

The remaining type of radiation is termed phosphorescence.
Here energy is received by the body in some form consistent with
the radiating body. A storage of this energy takes place, and
the radiation is accomplished either during the irradiation or
after the source of energy is removed. Certain radium com-
pounds exhibit the characteristic. Also, the chemicals of the
flourescent lamp phosphoresce to such an extent as to reduce
the flicker, or stroboscopic action, of some of these lamps con-
siderably. The powders used in the blue lamp exhibit practically
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no phosphorescent action, whereas those of the red lamp phos-
phoresce to such an extent that at 60 cycles the deviation of the
luminous output from the mean is only 10 per cent.

Problems

1.1. What is the total irradiation upon a normal surface 2 m. from a high-
pressure mercury-vapor lamp with no reflectors, using the data from Fig. 47
What percentage of this irradiation is in the wave-length band from 0.40
to 0.76u?

2.1. If the total irradiations are the same upon two surfaces radiated by
the high-pressure mercury-vapor lamp and the low-pressure mercury-vapor
lamp of Figs. 4 and 5, respectively, what are the relative irradiations due to
the 0.5461uline of the spectrum?

8.1. If the total irradiation upon a surface radiated by an incandescent
lamp operating at 2950°K. is 1.5 milliwatts per square centimeter, what is
the power density of this irradiation in the wave-length band from 0.40 to
0.76u?

4.1. What are the relative emissions between 0.40 and 0.76u wave length
for the daylight and for the green fluorescent lumiline lamps of Fig. 10?
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CHAPTER 2
THE LUMINOSITY FUNCTION

Symbol Term Definition
Subjective Relating to somecthing within the mind or con-
sciousness of human beings.
Objective Relating to objects; having the nature of an object
or being that is thought of or perceived, as
opposed to that which thinks or perceives.

Color The sensation due to stimulation of the optic nerve.
Color is subjective.
Brilliance That attribute of color in respect of which all colors

may be classified as equivalent to one or another
of a series of gravs of which black and white are
the terminal members.

Hue That attribute of color in respect of which it differs
from gray. That attribute in respect of which
colors may be classified as reddish, yellowish,
greenish, or bluish.

Saturation The degree of purity or vividness of hue.
VA Relative The ratio defined in equation (5).
visibility

6. Purpose.—In the previous chapter the statement has been
made that radiations easily visible to the human eye have wave
lengths between the approximate limits of 0.40 and 0.76u. The
purpose of this chapter is to establish a definite meaning to
“easily visible,” consistent with that adopted by international
agreement by the International Cormamission on Illumination, in
1924 in Geneva, Switzerland.

7. The Human Eye.—The physiology of the human eye is well
described in many reference works and will not be dealt with
extensively here. The subjective evaluation of surfaces of
objects, or things, as viewed by the eye and interpreted by the
individual has, in the process of the development of our scientific
and artistic ideas, been treated in three classifications. All these
three classifications are grouped by the layman as “color.”

One of the classifications corceived by those individuals
responsible for the earlier systems thus established is the attribute
of color in respect of which all colors may be classified subjectively

14



THE LUMINOSITY FUNCTION 15

as equivalent to one or another of a series of grays of which black
and white are the terminal members. This attribute is called bril-
liance. Itsobjective counterpart will later be defined as brightness.

A second classification of color is that attribute in respect of
which it differs from gray; i.e., according to this subjective group-
ing, colors may be classified as reddish, yellowish, greenish, or
bluish. This attribute is called hue.

The third classification of color is the degree of purity or vivid-
ness of the hue. Two colors may be subjectively evaluated by an
individual as having the same brilliance and the same hue, but one
may seem to contain more white than the other. Conversely one
would evaluate the second color as being a more vivid or pure
color than the first. This attribute is called variously saturation,
purity, or vividness of hue.

These three attributes have guided the philosophy of specifying
colors according to a great number of specification systems, each
of which attempts to condense the general data form of the
spectroradiometric function.

A complete study of color-specification systems is beyond the
scope of this text. The philosophy herein is to treat the human
eye as simply a detector of brightness, which in turn yields the
gensation of brilliance. In so doing the magnitude of the result is
obtained, but the classification according to the other attributes
of color is lost. The treatment of the magnitude alone presup-
poses that the brilliance attribute of color can be separated from
its other attributes, viz., hue and saturation.

Such was the premise of Gibson and Tyndall working at the
National Bureau of Standards in cooperation with the Nela
Research Laboratories about 1921. It is upon their results of
brilliance-comparison tests performed by 52 observers that the
International Commission of Illumination (Commission Inter-
nationale de ’Eclairage) adopted in 1924 a set of values known
generally as the C.1.E. values of visibility. (The letters I.C.I. for
the English name are sometimes used.)

8. The Work of Gibson and Tyndall.—XK. 8. Gibson, physicist,
and E. P. T. Tyndall, research associate for the National Bureau
of Standards, have reported their work on “Visibility of Radiant
Energy” in National Bureau of Standards, Scientific Papers, 475.

A comparison of the brilliance of the two half fields of the
divided-circle type of photometer field subtending an angle of
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3 deg. was made by their observers by the step-by-step method.
The method obtains its name from the fact that the observer
compares the two fields when irradiated by radiant energies only
slightly different in wave length. The magnitude of the irradia-
tion at one of these wave lengths is held fixed, and a variable
magnitude radiant energy of an adjacent wave length matched
against it until an equality of brilliance is attained to the satisfac-
tion of the observer. The procedure is then repeated with
adjacent wave lengths until the observer has covered the spec-
trum over the range where reasonable irradiations will produce
balances.

The size of the steps between wave lengths that are compared is
held small enough so that “little or no hue difference is percepti-
ble.”” The necessity of keeping the wave lengths under compari-
son reasonably close together is readily apparent to anyone who
has attempted comparison-of-brilliance tests utilizing fields differ-
ing very greatly in hue.

9. Relative Visibility.—The minimum emission from one of the
test surfaces necessary to give the arbitrary choice of original
brilliance was found by Gibson and Tyndall to be at a wave
length of 0.55u. At all other wave lengths a greater amount of
cmission was required. The relative visibility at any wave
length A, then, can be defined as

J 0.56p

U = T (5)

where v\ = relative visibility at A wave length.
Jo.s5s = emission of 0.55u wave length from one of the test
surfaces.
J = emission of A wave length giving a brilliance-compari-
son halance from an identical test surface.

From their determinations, Gibson and Tyndall recommended
certain changes in the values of relative visibility which at that
time were being used as tentative standards by the Illuminating
Engineering Society. Their recommendations were made with
the consideration of the results of other investigators of that
period, including Hyde, Forsythe, Cady, Coblentz, Emerson,
Nutting, Reeves, So, Ives, and Priest.

A listing of the values which were recommended to and subse-
quently accepted by the Geneva Conference and which are
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regarded as standard today is given in Fig. 11. The variation of
relative visibility as A takes on various values constitutes the
luminosity function. Note that the independent variable for
both the spectroradiometric function and the luminosity function
is wave length of the radiation.
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Fia. 11,—The luminosity function.

10. Other Spectral Response Functions.—Illumination engi-
neering is concerned principally with the usage of radiant energy
by the human eye. However, radiant energy of the range of
wave lengths from 0.40 to 0.76x and in adjacent wave-length
bands produces other effects where the proper receiver is present.
Many of these effects may be evaluated in much the same manner
as is the luminosity function, i.e., as a relative response.

One example of such usage is found in the field of photography
where a chemical change as a function of wave length may be
expressed as the spectral response of the film emulsion. An
additive factor of time enters here, however, so that the response
is more that of a true energy or energy-density evaluation,
whereas in the illumination field the response is a power or power-
density evaluation.

The action of radiant energy in the ultraviolet range (below
0.40p) in reddening and tanning the human skin is an effect that
has been studied. The spectral response or irritation of the skin
of certain individuals has been determined. Germicidal action
has also been noted to have a spectral response.
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Photoelectric responses of several types of equipment also fall
in this category. Here, however, the response need not be simply
relative, because the magnitude of cause and effect can both be
measured objectively. Chapter 5 deals in detail with these
devices, since they are of extreme importance to the illumination
engineer.

Problems

1.2. Emissions from two sources are identical as to magnitude and the
geometrical distribution of the radiant energy from the surfaces. The
emissions are both of a line-spectrum nature. However, the emission from
surface a has a single radiation frequency of 5.66 X 10! cycles per second,
whereas the emission from surface b has a single radiation frequency of
5.41 X 10 cycles per second. What is the relative effectiveness of these
sources in producing visual effects?

2.2. If the radiation frequency of the emission from surface a had been
3.80 X 104 cycles per second, would the surface have been capable of pro-
ducing the sensation of brilliance?
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CHAPTER 3
THE ILLUMINATION SYSTEM

Sym-~
bol Term Definition
Physical Pertaining te the material universe.
Physiological Pertaining to the functions of living organisms.
Psychological Pertaining to the human mind and its operations,
powers, and functions.
B Brightness The objective stimulus evoking the sensation of brilli-
ance. (Typical unit, candles per square centimeter
of projected area.)

11. Measurements, Units, and the Fourth Auxiliary Funda-
mental.—Engineering makes use of physical, physiological, and
psychological quantities in the broadest sense of these terms. In
order adequately to compare these quantities of the same kind, it
is necessary to establish size, or units. This has been accom-
plished rather completely in the physical sciences. Classifica-
tions have been made in the physiological and psychological
fields, but very little has been accomplished in the manner of
true measurcments.

Considering, then, the physical sciences, where measurements
are being made with certainty, three fundamental concepts seem
to suffice in the dynamical system, v7z., mass, length, and time.
In other systems it is necessary to introduce an additional
auxiliary fundamental concept.

For example in the electrostatic system, electric charge can be
treated as the auxiliary fundamental concept, although charge
density, electric field intensity, electric potential difference (or
electromotive force), electric flux, electric flux density, dielectric
constant (relative permittivity with respect to that for free space
as unity), capacitance, or possibly some other concept could be
used for the basic fourth idea. The point is that once one is
selected all the others can be derived from it and the three pri-
mary fundamental concepts of mass, length, and time.

In the magnetostatic system likewise a magnetic pole can be

treated as the fourth auxiliary concept in that system, although
10
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again magnetic field intensity, magnetic potential difference
(magnetomotive force), magnetic flux, magnetic flux density,
relative permeability with respect to that for free space as unity,
inductance, or possibly some other concept could be used here for
the basic fourth idea.

These two static systems can be considered component parts of
a composite dynamic electromagnetic system using a single fourth
concept. When dynamic relationships are involved, the two
systems are then not strictly independent of each other but can
be related through the velocity of an electromagnetic radiation in
free space. When this combination is accomplished, a choice
still must be made as to what shall constitute the fourth auxiliary
concept in this composite system.

With a dynamical electric-magnetic combination an additional
concept is introduced with all of its ramifications, viz., the rate
of change of charge (or the current) in the electrical circuit of
the two interlinking composite parts. The immediate rami-
fication associated with this new concept is resistance to current
flow. A unit of resistance no doubt lends itself most readily
to the preservation (through a material substance) of all the
concepts discussed above. However, it is very doubtful if it
constitutes a logical fundamental concept. The Electrical
Advisory Committee of the International Conference on Weights
and Measures in June, 1938, felt that no one concept at the
present time justified a choice over all others. Consequently
when they chose the meter, kilogram, and second for units of
length, mass, and time respectively for the new (MKS or Giorgi)
system of electromagnetic units which should take the place of
the international system on Jan. 1, 1940, they simply fixed the
size of the permeability of free space without recommending a
“fourth” fundamental unit in the electromagnetic system.

Consider one more system—the caloric system—and its fourth
fundamental concept before progressing to the illumination
system. The fourth fundamental concept gencrally attributed
to the caloric system is temperature. But whether the ‘‘chosen
one” be temperature, heat, rate of heat flow, or some other
variable, once that one concept is defined and a unit agreed upon
to express size in the system, all other concepts in that system
can be expressed in terms of it and the three fundamental
concepts of mass, length, and time.
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12. Brightness.—Those systems in which a fourth concept is
recognized are surveyed in the preceding article. The conten-
tion of this text is that the illumination system lends itself to
a systematization in exactly the same manner as these other
systems, with brightness occupying the position of the fourth
fundamental concept from which all other concepts in the
system can best be defined.

In the early history of illumination, a choice was made of the
concept of intensity of a complete source, the unit candle, for
the basic idea of the system. With this as a start all other
concepts and their units were defined in terms of the candle. The
choice was logical, in that sources of that period were candle
flames or, later, incandescent lamps having spectroradiometric
functions and geometrical sizes differing not greatly from those of
candle flames.

With advances in the science of illumination toward larger
sources and sources having radically different spectroradiometric
functions from those of candle flames or incandescent lamps, the
limitations of the earlier approach have become increasingly
evident. Consequently the international bodies concerned with
standards, previous to 1937, had already agreed that the use of
the luminosity factors, formerly called visibility factors, was the
only method of heterochromatic photometry that could be
generally accepted, and that the primary standard of light should
be the black-body radiator at the temperature of solidification
of platinum.

In order to fix the values of all the units, it remained only to
agree upon a numerical value for some property of the primary
black-body standard. That property, chosen by the Inter-
national Committee on Weights and Measures, is the brightness
of the black-body radiator. This alone seems sufficient evidence
that the concept of brightness has an important place in the
system of illumination.

But, to carry the point one step further, the idea of the lumi-
nosity function itself is based upon the concept of brightness. In
fact the whole process of seeing is dependent upon the concept
of brightness. The test upon which the luminosity function is
based was a physiological and psychological test in which the
observer made a decision as to one of the attributes of the sen-
sation of color—brilliance. Color is a subjective function, being
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determined by each individual through his psychological
processes and his physiological nervous system. Measurements
upon subjective functions have been and probably will remain
in a very hazy, indefinite state because they depend upon
individuals.

Brightness, however, need not have any such state of indefinite-
ness associated withit. Brightness can be defined as an objective
quantity and as such can be handled in the same manner as we
treat length, mass, and time. For example, a nonselective sur-
face irradiated with a homogeneous irradiation at 0.640u wave
length having a power density of, say, 0.00954 watt per square
centimeter would have exactly the same brightness as an identical
surface when irradiated with a homogeneous irradiation at 0.540u
wave length of 0.00175 watt per square centimeter, although
some observers might judge them to be equally brilliant, others
judge the one having the 0.640n wave-length irradiation more
brilliant, and still others judge the reverse to be true.

True, their relative brightnesses are dependent upon a series of
tests of the sensation of brilliance, but an agreement has been
made that the final recommendations from these tests shall be
the basis for treating spectrophotometric phenomena. No
matter how perfect or imperfect these tests were or how repre-
sentative the observers, the accepted luminosity function fixes
all relative values of any quantity in the illumination sys-
tem as influenced by the wave length of the particular quantity
involved.

13. Luminous Sources.—A source capable of producing the
sensation of brilliance is said to be luminous. In turn this
source possesses the property of brightness. Brightness can be
considered as an inherent property of every element of a luminous
source. It is the cause, and illumination is the result. In the
classical (so called for want of a better name) photometric
system a complete source was interpreted as the cause. In this
treatment the brightness of each infinitesimal element of the
surface will be treated as the source. In those cases where the
source lends itself to a treatment as a whole within the range
of engineering accuracy, the classical results will be derived from
the results of this text.

Other concepts and the units for them and for brightness will
be considered in Chap. 4.
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Problems

1.8, Justify the statement on page 22 that “a nonselective surface
irradiated with a homogeneous irradiation at 0.640x wave length having a
power density of, say, 0.00954 watt per square centimeter would have exactly
the same brightness as an identical surface [observed in the same manner]
when irradiated with a homogeneous irradiation at 0.540x wave length of
0.00175 watt per square centimeter.”
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CHAPTER 4

ENTITIES IN THE ILLUMINATION SYSTEM AND
THEIR UNITS

Symbol Term Definition
E INlumina-  Radiant-power density incident upon a receiving sur-
tion face evaluated in terms of the luminosity function.
(Typical unit, lumens per square foot.)
1 Intensity =~ That property of a complete radiating source which

specifies its ability as a whole to produce luminous
effects. (Unit, candles.)

B Brightness The objective stimulus evoking the sensation of bril-
liance. The objective stimulus in turn is that
property of a radiating source which specifies the
ability of an element of the source to produce
luminous effects. (Typical unit, candles per square
foot of projected area.)

Luminous Radiant power evaluated in terms of the luminosity
flux function. (Unit, lumens.)

L Luminosity Radiant-power density emitted, transmitted, or reflected
evaluated in terms of the luminosity function.
(Typical unit, lumens per square foot.)

14. General.—A short review of the ideas discussed in the
first three chapters will probably be in order before proceeding
to the various entities in the illumination system and their units.
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Fia. 12.—Elements of the seeing process.

Referring to Fig. 12, note that the seeing process can be treated
from an energy viewpoint as follows: A luminous source emits
energy in the direction of an observer. At the observer there
will be a certain density of radiant energy in some interval of

24



ENTITIES IN THE ILLUMINATION SYSTEM 25

time, or, more simply, a density of radiant power. Through the
mechanism of the iris of the eye the effect of this radiint-power
density then is carried into the eye and on to the retina. From
there the nervous system carries the stimuli to the brain, and
the brain interprets the results to the consciousness of the
individual. The dividing line between the objective and the
subjective is not strictly definite. Certainly outside the iris
of the eye the energy action is objective; and the final step of
interpretation by the individusl’s brain is probably purely
subjective. In the intermediate field there is probably both
objective and subjective action.

The physical entities to be developed now are quantities out-
side the consciousness of the human observer, but they are to
be evaluated in terms of a standard, fictitious observer, i.e., the
luminosity function.

Whether or not the result of this evaluation tinges the entities
with the subjective is perhaps a debatable question. Sources,
the geometry of the sources with respect to the receiver, radiant-
power densities, etc., could be carried through on a purely objec-
tive plane with the luminosity function brought in only at the
terminal point of the receiver. However, such has not been the
philosophy of those working in optics in the past, and there
seems to be no justification in going to this extreme. Rather, the
whole system will be evaluated through the luminosity function,
and all entities will be considered as purely objective within
themselves. However, the student should appreciate throughout
the true meaning of the luminosity function and its method of
derivation,

16. Illumination.—Illumination is density of radiant power
incident upon a receiving surface evaluated in terms of the
luminosity function; .e.,

E =k 3G ®)

for a line-spectrum irradiation,
where E = illumination.
G: = irradiation due to the 7th component.
v; = relative visibility at a wave length corresponding
to the wave length of the ¢th component of irradiation.
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n = number of component radiations.
k = a constant depending upon the units of the preceding

variables.
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Fic. 13.—Evaluation of illumi- Fic. 14.—Evaluation of illumi-
nation from a line-spectrum source  nation from a continuous-spectrum
through the luminosity function. source through the Iluminosity

function. (Area of lower curve =
illumination.)
For a continuous spectrum source the summation process is
replaced by an integration process, as

E = k_ﬁ“ 0Gr dA )

where E = illumination.
G = special irradiation at A wave length.
v = relative visibility at the corresponding wave lengths.
With the luminosity function agreed upon, the two preceding
expressions could be utilized for an evaluation of a unit of illumi-
nation, thus fixing all other units in the system. This method has
been suggested by Professor Moon in “The Scientific Basis of
Illuminating Engineering.”” The procedure places the emphasis
upon physical measurements, using the luminosity function as a
purely objective function with little or no consideration as to the
manner of itsderivation. Thename of the unit proposed by Moon
for the illumination thus defined is the lightwatt per unit of area.
However, the governing bodies have not seen fit to follow this
procedure in fixing the new system of units for the photometric
concepts. Instead they have placed the emphasis upon the
brightness of a luminous source. True, the measurement of that
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property (the brightness) is made indirectly; i.e., it is made
through a measurement of a result—the result being the ilivmina-
tion. Such a procedure is not foreign to students in electrical
engineering. The whole concept of a unit charge is based upon a
similar foundation. One does not measure a charge; one meas-
ures a result. In the static system, this is a force action between
two charged bodies. Incidently one obtains an inverse square
law with distance for this phenomenon. An inverse square law
enters between cause and effect in the illumination system.

The naming of the unit of illumination and fixing the propor-
tionality constant k of equations (6) and (7) will be reserved until
the interrelations of the other various functions in the illumina-
tion system have been discussed.

16. Intensity.—Because of the historical past of illumination
entities, the concept of the intensity of a complete source persists
in our literature and nomenclature today. It is carried over even
into the name of the unit of brightness. Therefore this discussion
on intensity precedes that on brightness.

Intensity can be called that property of a complete radiating
source which specifies its ability as a whole to produce luminous
effects. To treat a source as a whole is possible only under the
limited restrictions that the dimensions of the source must be
small with respect to the distance at which the effect is deter-
mined. Early experiments on illumination comparisons resulting
from small sources (originally candle flames) indicated that the
illumination decreased inversely as the distance from the source.
The property of the complete source that specified its ability to
produce the effect (the illumination) was called its ¢ntensity; and
the name of the unit assigned to this property was logically
enough the candle. Expressing the relationship between the
intensity of the source and the illumination upon a plane perpen-
dicular to the source as a funetion of the distance from the source
to the receiver yielded the inverse square law of illumination

I
E"‘ﬁz ®

where I = intensity of the source, in candles.
D = distance from the source to the perpendicular receiv-
ing plane, in feet.
E = illumination, in the hybrid name of foot-candles.
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If the receiving plane be at other than the normal to the line of
action with the source, a cosine function of the angle 8 between
the normal to the surface and the line of action should be inserted,
giving

E = l% cos 8 (8a)

Since illumination is density of radiant power evaluated as

described in Art. 15, justification for the cosine function can be

Ada.
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————— —_—_—

Power Power da’
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Fi1c. 15.—The cosine law of illumination.

placed on a geometric basis. For example, consider an area Aa
receiving radiant power perpendicular to its surface as in Fig.
15(a). If the same radiant power is distributed over another area
Ad’, as of Fig. 15(b), the density of the radiant power will be
reduced inversely as the arca is increased, since Aa’ cos 8 = Aa.
Hence the general form of the foregoing equation is justified.

M~

v/ =

Fia. 16.—Inverse square relationship of illumination and distance from a small
source.

Let us now return to the restriction previously mentioned that
the dimensions of the source must be small with respect to the
distance at which the illumination is determined if the source is to
be treated as a whole. On the premise that radiant power travels
only in straight lines through a homogeneous medium, it is evi-
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dent that, if the source is taken as a very small body, the areas of
Fig. 16 will be directly proportional to the square of thc distance
from the source to the center of the areas. If there is no absorp-
tion of radiant power in the medium through which it passes, the
radiant power upon area a would be identical with that upon
area a' if area a is nonabsorbing. Consequently, the radiant-
power density and the illumination will vary inversely as the
square of the distance D. All this has been based upon the
dimensions of the source being small with respect to D. Now if
the source is increased in size, the minimum D considered must be
fixed correspondingly Jarger.
Consider equation (8a) again.

I
E = Tz 008 8 (8a)

If this equation is solved for the intensity, then

ED?
To fix the restriction that D must be large with respect to the
dimensions of the source, an operational definition of intensity
could be expressed as

. ., ED?
I= 1},‘3? cos B ©)

To illustrate the meaning of this form of the relationship, con-
sider a set of data for a particular source that is not small with
respect to the smaller values of D as given. All measurements of
illumination are made along the same line of action from the
source and upon a surface having its normal directly along the
line of action (z.e., cos 8 = 1.00). The data and calculations of
ED? are given in Table 1. Note that at small values of distance
the product ED? gives an apparent intensity much smaller than at
larger values of D. Note that an increase in L rrom 10 to 15 ft.
gives ED? an increase of only 10 candles. Therefore the inverse-
square-law relationship holds reasonably well in this range and
beyond; whereas in the range much below 10 ft. the law loses all
semblance of meaning.

Naturally the limit of ED?/cos 8 as D approaches infinity
must be finite if the source as a whole is to have a finite intensity.
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TaBLE 1.—DATA ON ILLUMINATION ON A NORMAL SURFACE As A FUNCTION
OF DISTANCE FROM A PARTICULAR SoURcCE

E, ft.-
Dt | | ED?
0.5 | 1510 380

1 940 940

2 375 1500

4 111 1780

6 50.9 1830

8 29.0 1860
10 18.7 1870
15 8.34 | 1880
20 470 | 1880
40 1.18 1880
100 0.188 | 1880

The term apparent intensity as mentioned above is much used
in engineering work. The distance at which the evaluation is
made shculd always be expressed, especially if it is less than 10 ft.,
for sources having maximum dimensions greater than 2 ft., or for
even smaller sources if lenses or certain types of reflectors are
used. Unfortunately the specification of distance is often
omitted. When this is omitted, the remaining data on intensity
may have practically no meaning.

So much for the geometrical limitations of the original idea of
intensity of a complete source.

The student should note that naming of some units for intensity
and for illumination has not yet rigorously fixed the size of these
units. In the past, when the difference in the spectroradiometric
distribution of energy from sources was small, the fixing of size
of units was accomplished by specifying the dimensions and
materials of a standard candle. With the advent of incandescent
lamps the standards were reestablished by agreement. The new
standards were set by various incandescent lamps in the standards
laboratories of the several countries involved in maintaining the
standards. More recently with the development of electric-dis-
charge lamps and indirect-lighting methods and more use of color
in the application of lighting, the need has arisen for the establish-
ment of a precise system of specifying and maintaining a new
standard. This new standard would not have the limitations of
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geometrical size with respect to the distances at which its result-
ing illumination would be evaluated, nor would it be limited
spectroradiometrically.

17. Brightness.—Consider a luminous source having a surface
of any continuous configuration. Instead of treating the source
as a whole and specifying its true luminous effectiveness through
an effect at a great distance, let us fix our attention upon a small

-
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. Point ona Plane ="
Fi1G. 17.—The goometry of the cause-and-effect variables in evaluating illumi-
nation.

element of the surface of area AA, which is sufficiently small for
the element to be considered plane. AI designates the intensity
of the element in some particular direction at an angle of a with
the normal to the element. The relationship between cause and
effect would be (following the rcasoning of the inverse square
relationship previously discussed)

AEp = %Iz cos 3 (10)
or
_ DAE»
" cospB (10a)

where AEr = element of illumination at a point P on a plane
whose normal is at an angle 8 with the line of
action.
AI = intensity of the element of area AA in the direction
of P, and « is the angle with the normal.
D = distance from element to the point at which the
illumination is evaluated.
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Again the restriction must be applied that the distance D must be
great with respect to the dimension of AA. Now, however,
instead of specifying that the distance D shall be made larger and
larger until a limiting evaluation is approached, let us shrink the
element AA in area to accom-
plish the relative increase in D.
If the arca is to be shrunk to its
limiting value of zero, we shall
be evaluating some property at
a point on the luminous surface.
AA does not appear in equation
Fia. 18.—Element of area of a lumi- (10? or (10a). Obviously it is
nous source and its projected area. desirable that the area of the ele-
ment appear in the expressions
before the limit is evaluated. Certainly dividing both sides of
equation (10a) by the projected area of the clement when viewed
along the line of action at angle a will not change the validity of
the expression.
This division yields

Al D*AE, an
AA cosa AA cos acos B
Now shrink the area of the element to zero. Al approaches

zero as AA approaches zero; and likewise AEr (the element of
illumination at the point P) approaches zero as AA goes to zero.
The limit of the expression on the left side of the equality sign is

.. Al 1 dI
Limit o = s a dA (12)

whereas the limit of the right-hand side is

. DAE, _ D' dEs
%}:TJ' AA cosacos B cosa cos B dA s
and these two limits are identical, so
L ar Dk ”
cosadA ~ cosacosB dA
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A picture of what is represented by the left-hand side of this
equation can be obtained by considering Fig. 19. To simplify
the diagram, the point of view is normal to the surface so that
cos a = 1.00. Consider first an element of area AA whose
intensity in the direction of the observer is AI. The ratio of
AI/AA (cos a being 1.00) could be called the average density
of the intensity of the source over the area AA. Actually this

Lurminous Sources,

L -AA
--AA’ <AA

- A4AT<AA
[~~AA"<AA"

F1a. 19.—Shrinking the element AA.

average density of the intensity is simply the average brightness
of the element of area AA.

If the distribution of energy from the element of area AA is
uniform over the surface, and if it is distributed identically, both
spectroradiometrically and geometrically, from every part of the
surface, then the average density is the same as that at every
point on the surface. If the distribution is not uniform, then it is
necessary to reduce the area to a smaller area AA’, whose inten-
sity is AI’.  If this reduction eliminates the nonuniformity, then
the average gives the value at every point. If it does not, then a
further reduction to AA”” and the corresponding AI’’ is necessary,
etc. Eventually the area and likewise the intensity may be made
infinitely small. The limit as AA approaches zero relates the
brightness at the point of shrinkage in the direction of the
observer to the intensity. Thus

1 dI

B= s dd (15)

where B = brightness at a point on a luminous source in the
direction at an angle « with the normal.

Note that equation (15) treats only of the source and relates

brightness and intensity. Now consider the right-hand form of

the equality (14) which contains terms relating to both the cause
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and the effect,
_ D? dE»
T cosacos B dA (16)
Solving for dEk,
dEp = Dliz cos B cos a dA (16a)

This gives the differential amount of illumination at P due to the
differential projected area (cos « dA) in the direction of P, i.e.,
the area effective in producing an illumination at P. If the
receiving plane is perpendicular to the distance P (cos 8 = 1.00),
then the differential illumination at P is & maximum for a given
differential source; whereas if the plane of the receiver is turned
through an angle 8, the differential illumination varies directly
with the cos 8. The D enters as the inverse square for reasons
already considered and pictured in Fig. 16. The linear relation-
ship between the cause B and effect dE » can be justified from an
energy viewpoint. In fact it is upon this foundation of linearity
that the concept of the intensity and the resulting brightness as a
limiting value of AI/(cos o AA) was based.

Since equation (16a) considers the effect at P caused only by a
differential area of the source, the illumination at P from a
complete source S can be found by integrating over the area of
the source that is visible from the point P. If B takes on different
values as a changes and/or as the position of the element changes,
the brightness is a variable of the integration and must be con-
sidered in the integrand. This gives the general equation for
illumination.

Er = f‘gg cos B cos a dA 17

The j: indicates a surface integration over all the luminous

surface which is visible from the point P.

Consider a source of finite dimensions (as all sources are) that
has dimensions small with respect to the distance from any point
on the source to the point P at which the illumination is to be
evaluated. As the element of area dA takes on positions over the
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surface S, note that the angle 8 changes only slightly. Hence
cos B for the integration process is very nearly constant. Like-

@-\‘@Wma/

\&

F1a. 20.—A small source S auv a large distance D.

wise the distance D from the element dA to P changes only
slightly and likewise is nearly constant. Hence an approximate
solution of the integration would be

E,=~——~ | BeosadA (18)

Previously, in equation (15), brightness and intensity were related
through

p=_L 4 (15)
Separating variables of equation (15) gives
dI = B cos a dA 19)
or, integrating over the surface S,
fiar = f B cosada (20)

Now by j‘. dI is meant simply a summation of the elementary

intensities of all the elements of the surface S. Consequently the
summation process yields the intensity of the source as a whole
from the large distance D in the direction of the point P. With
this substitution,

flar=1= [ Bcosada (21)

in equation (18) we are logically enough right back at the inverse
square law for a complete source.

E,=~ — cos 8 8)
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Considering the right-hand side of equation (21), note that the
integration of B cos a dA over the surface visible from the point
in question is simply the brightness integrated over the projected
area of the source. Now, if the brightness is constant over the
surface,

I=B [ cosadd (22)

Since the integral is simply the projected area of the source from
P, the brightness of a source of uniform brightness can be related
to the intensity as

_ I
projected area of source

(23)

The average brightness of the source is obtained if the brightness
over the surface is not uniform.

With the name candle assigned to the concept of intensity for
many years, an appraisal of the dimensions of equation (23) shows
why the name assigned to the unit of brightness is the candle per
unit area of the source.

Inasmuch as it is possible to eliminate the concept of intensity
of the complete source from the cause-and-effect relationships
[equation (17)], it would be possible to assign to the unit of
brightness a name that is completely foreign to a candle or to any
other unit of intensity. However such has not been done, and
there is no reason why such a procedure is necessary. It is quite
logical that a unit of brightness be a candle per square centimeter, a
candle per square inch, or a candle per square foot, ete.

At the time the committees of the International Conference on
Weights and Measures were considering the adoption of the MKS
or Giorgi system of electromagnetic units, the committee on
illumination recommended that by international agreement the
brightness of a black-body radiator at the temperature of
solidification of platinum, 2046°K., when viewed normal to the
surface should be fixed at 60 candles per square centimeter. All
other units in the system would be fixed in size by this agreement.
The new units were to have been put into effect Jan. 1, 1940.

The temperature of the solidification of platinum was chosen
because this definitely specifies the temperature in a manner that
can be reestablished in any laboratory. On the basis of the old
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system of units such a source gave a brightness of approximately
58.8 candles per square centimeter as determined by laiuratories
in England, Germany, France, and the United States. In estab-
lishing the new units a choice of a full decimal number of 60 was
made. The property of brightness of a source having a definite
spectroradiometric distribution is thus established. For sources
of different spectral distribution the luminosity function must be
applied to the variable under consideration.

Because of the present war very little has been done in
putting into effect any international system of units. Conse-
quently the size of our units in the illumination system have not
been changed as yet. Our national system is still maintained by
certain incandescent lamps at our National Bureau of Standards.
The constant 621, given on pages 43 and 44, will be 633 if the
proposed system is cver finally placed in effect.

Consider a black-body radiator at 2046°K. as a luminous
source. The illumination at some point P on a plane would be
specified in magnitude by

B
E, = J;ﬁ cos B cos a dA 1

However, this alone would not completely specify the illumina-
tion. It would give only its magnitude. An appraisal spectro-
radiometrically is also necessary as in Fig. 14, where the area of
the »\G vs. A curve is also the magnitude as determined above.
Thus it becomes apparent that in illumination one works with a
great number of variables or specifications. The cause and effect
relationships are both geometric relationships, as equation (17),
and spectro-relationships, as partially indicated in Figs. 13 or 14.
The figures treat conditions only at the receiver. A similar
procedure at the source would be possible. However, no concept
in the powcr-radiation system bears the same relationship to
brightness as incident power density at the receiver bears to
illumination. A ecritical survey of the radiation system might
indicate, however, a real need for such a concept.

The integration process, using brightness in candles per unit of
area and cos a dA (projected area of the element) in the same
units of area, is simply the inverse square law more precisely
stated for all conditions. Hence the name of the unit for illumi-
nation, the foot-candle, can still be used. When this term is so
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used, the distance D must be measured in feet. However the
brightness and area of the source need not be expressed in this
same dimension of length. But the dimension used for one must
be used for the other. For example, if brightness is expressed in
candles per square centimeter, then dA must be expressed in
square centimeters. At the same time Ep could be in foot-
candles and D in feet.

Before proceeding to any other concepts, a slightly different
viewpoint on equation (16) may be useful. In the classical
system embodying a fictitious ‘‘ point” source, a great many of
the so-called definitions of the standards committees deal with
solid angles extending outward from the point source. Such
angles from actual physical luminous sources (which always have
finite size) are extremely difficult if not impossible to imagine.
Therefore the mere mention of a solid angle to many individuals
working in illumination tends to suggest a ‘“something’’ having
no absolute physical meaning. Certain solid angles, however,
do have definite meanings in illumination phenomena. A solid
angle such as that which a source (either finite or incremental)
subtends when viewed from a point at which the illumination is
to be determined will be considered. Such a solid angle is illus-
trated in Fig. 21, where Aw is the solid angle that the incremental

Fi1a. 21.—8olid angle subtended by a source.

area AA subtends when viewed from the point P on the receiving
plane. The apex of the angle is at a point, and the angle is
determined by the incremental area of the source projected upon
a sphere whose center is at P and whose radius is any convenient
value D.

Let the value of D be chosen so that the sphere passes through
the incremental area at its point of shrinkage as AA approaches
zero. In the differential form then



ENTITIES IN THE ILLUMINATION SYSTEM 39

dA cos a
do=—pr—

where a is the angle between the normal to the actual surface at
the point of shrinkage of AA and the radial distance D. -
A substitution into equation (16) gives

L_d,
cos B dw

(24)

(25)

If dE, is designated as the normal component of the elementary
illumination at point P, then when the receiving surface is at an
angle 8 (as in the illustration), the relationship between dE, and
dE, is

dE, = dE, cos B (26)
A substitution in equation (25) gives
dE,
B=—- (27)

This expression is in its differential form. Expanding to
include the incremental form,

AE,

Buvz. = E

(28)

Thus the average brightness of a finite source (or portion of a
source) may be approximately determined by the ratio of the
illumination upon a surface normal to the source at its center to
the solid angle subtended by the source. The smaller the portion
of the source considered the better will be the approximation.
This expression is extremely useful in determining the brightness
of a source that is not a simple surface. One example of such a
source is the sky. There is no meaning to sky brightness on
the basis of intensity per unit area. A specification of the
distance at which an area should be evaluated is extremeiy
difficult to imagine. Even if this can be imagined, how does
one arrive at the intensity of such a source? Another application
of this form of cause-and-effect relationship is to the brightness
of a gaseous discharge column where the surface of the arc
stream may be difficult if not impossible to determine.

18. Luminous Flux.—Consideration has been taken at several
points that illumination is density of radiant power incident
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upon a receiver plane evaluated through the luminosity function.
Then illumination can be treated as a density of some concept
in the illumination system. That concept is called luminous flux
and is radiant power evaluated in terms of the luminosity
function. Consider the illumination to be constant at every
point on an area Aa. The flux received by the area then would be

where A¢r = flux received by the receiving area Aa.
E = illumination at every point on A4.
Solving for E,
Adr

= 5= (30)
If the illumination is not the same at every point on the surface,
then the ratio of the flux to the area yields the average illumi-
nation of the area.

Considering equation (30), it is apparent that there is very
little dimensional meaning to the hybrid name foot-candle which
has been handed down to us. The name given to the unit of
luminous flux is the lumen. Consequently a logical unit of
illumination, if the area Aa is expressed in square feet, is the
lumen per square foot. One lumen per square foot and one foot-
candle are numerically the same.

Referring again to equation (30), a limit as the element of area
of the receiver approaches zero can be taken if the flux is not
distributed uniformly over the area. This is the same procedure
as was followed in specifying the brightness at a point on a
luminous source.

_ dgn
E =28 (31)

This relationship specifies the illumination at a point on a
receiving surface in terms of the flux conditions in the immediate
vicinity of the point under consideration.

19. Light.—Light is radiant energy evaluated according to its
capacity to produce visual sensation. Expressed mathematically
for a continuous spectrum source

Q=k [," uWdy (32)
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where @ = quantity of light.
n = relative visibility at A wave length.
W = spectral radiant energy at A wave length.
A = wave length.
k = constant depending upon the units used.
For a line-spectrum source

Q= k 2 v.'We (33)

where W; = radiant energy at the wave lengths at which radi-
ation is accomplished by the source.
v; = relative visibility at the corresponding wave lengths.
k = constant depending upon the units used.

20. Luminosity.—One further concept in the illumination
system is convenient. In considering a source of luminous flux
(which has been considered to the present in terms of its intensity
or brightness) the density of luminous flux leaving the surface is
often of interest. Thus a relationship very similar to equation
(30) can be defined as the luminosity of the source,

Adxr
L = Vi (34)
where L = luminosity of the source.

A¢r = luminous flux leaving the area AA.

If A¢w is expressed in lumens and AA in square feet, the dimen-
sional unit for the luminosity is the same as that for illumina~
tion, the lumen per square foot. As an analogy to the hybrid
name of foot-candle as another unit of illumination, the corre-
sponding term for luminosity is a foot-lambert. Again one lumen
per square foot for emitted flux is numerically equal to one
foot-lambert.

Luminosity is a property of the source at a specified point on
the surface. If the luminosity is not uniform over the area AA,
equation (34) gives the average luminosity of the area. Strictly
then,

_ 99z
L= JA (35)
Very, very much confusion has arisen through an attempt on
the part of the standards committees to combine brightness and
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luminosity under the one name brightness. Brightness and
luminosity are two radically different entities. Let us review
the ideas of each.

Consider a differential element of a luminous source dA. The
brightness of the source at the position of dA in some one particu-
lar direction is related to a differential illumination at a point on
a plane through equation (16). The point P is on the same line
of action as that for which B is specified.

D' dEs
B = cos a cos B dA (16)

Note that the brightness thus expressed is that only in the
direction of the point P. The brightness of the same point on
the luminous source in some other direction than that toward P
is not even considered. It may be the same as that toward P; it
may be different. Whatever it is has no influence on the effect
at P.

Now consider this same element of the source with respect to
its luminosity. From the clement a differential amount of
luminous flux d¢r is emitted. This flux may be leaving the
source in a certain cone (or solid angle), or it may be distributed
in all possible directions. The consideration has not centered
upon any particular direction. In general, therefore, the lumi-
nosity cannot specify the ability of the differential element to
produce an effect at any certain point in space, whereas the
brightness does specify this ability. Conversely the brightness
in some one direction cannot specify the amount of flux leaving
the element.

No attempt is made here to justify the logic of the standards
committees in attempting to group brightness and luminosity
(as herein defined) under the same name brightness. The
principal divergence of nomenclature in this text from the
nomenclature established by the Illuminating Engineering
Society and the American Standards Association is the inclusion
of the term luminosity.

In the literature dealing with illumination one often encounters
the term brightness expressed in foot-lamberts (lumens per square
foot). If this term is interpreted as luminosity and treated as
such, the idea intended to be conveyed by the writer is usually
apparent.
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21. Summary of Entities and Units in the Illumination and the
Radiation Systems.—Table 2 outlines the principal entities in
the illumination system with a typical unit and also gives the
analogous concept in the radiation system.

TABLE 2.—ENTITIES AND UNITS IN THE ILLUMINATION AND THE RADIATION

SysTEMS
IMNumination system Radiation system
Symbol Concept Typical unit Symbol Concept Typical unit
B Brightness Candle/sq. ft. None
I Intensity Candle .. None
¢ Luminous flux | Lumen r Radiant power Watt
Q Light Lumen-second W Radiant energy | Joule
L Luminosity Lumen/sq. ft. J Emission Watt/sq. ft.
E Illumination Lumen/sq. ft. G Irradiation Watt/sq. ft.

A summary of the interrelations among these entities is made
below. The spectroradiometric conversions are presented first.
The constant of 621 lumens per watt is the same constant as the
k of equations (6) and (7). One watt of homogeneous power at
0.55u wave length yields 621 lumens of flux. Power at other
wave lengths is less effective; hence the »; or v\ of the following
eight equalities.

For a line-spectrum source:

lumens\ N
= 621 ( ) v; (pure number)
2

Q (lumen-scconds)

watt
W, (joules) (36)
_ Jumens\ N )
¢ (lumens) = 621 ( —y ) 2 v; (pure number)
P; (watts) (37)
lumens\
sq. ft.) = 621 i
L (lumens/sq. ft.) = 6 ( ot ) 2 v; (pure number)
Ji (watts/sq. ft.) (38)
. _ lumens ]
E (lumens/sq. ft.) = 621 ( wvatt )2 v; (pure number)
G; (watts/sq. ft.) (39)
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For a continuous-spectrum source:

lumens

Q (lumen-seconds) = 621 ( watt) J; v (pure number)
Wy (joules/micron) d\ (micron) (36a)

lumens ®
¢ (lumens) = 621 (—w—a—tt—) J; v (pure number)

Py (watts/micron) d\ (micron) (37a)
L (lumens/sq. ft.) = 621 (Iu‘r‘fz?‘s)f v (pure number)
Jx (watts/sq. ft. per micron) d\ (micron) (38a)
lumens ®
E (lumens/sq. ft.) = 621 ( walt ) J; v (pure number)
G\ (watts/sq. ft. per micron) d\ (micron) (39a)

The interrelations of the illumination system entities at the
source only arce next summarized.

dI (candles)

B (candles/sq. ft.) = —— (pule number) A4 G T6) (40)
_ d¢g (lumcns)
L (lumens/sq. ft) = m“mt—)— (41)

The interrelations of the illumination system entities at the
recetver plane only are as follows:

d¢r (lumens)

E (lumens/sq. ft.) = A G, )

(42)

The general interrelation between entities at the source and at
the receiver plane is

dE (lumens)
_ D (ft.%) " \'sq. ft.
B (candles/sq. ft.) = cos a cos B (pure numbers) dA (sq. ft.)
(43)
or
dE (!umens
1 sq. ft.
B (candles/sq. ft.) =

cos B (pure number) dw (purc number)
(43a)
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It may be noted from the preceding equation that dimen-
sionally a candle and a lumen are the same, since all other dimen-
sions cancel. This dimensional analysis will be considered further
in later chapters.

The approximate inverse square law with restrictions as previ-
ously discussed at great length is

~ p (lumensY .. o o 1
I (randles) = E (W) D2 (ft.2) os B (pure number) (44)

Problems

1.4. Determine the relative magnitudes of the illuminations from the
two mercury-vapor lamps for which data on irradiations are given in Figs. 4
and 5. Consider the larger value as 100 per cent.

2.4. Determine the relative magnitudes of the illuminations from the
(a) daylight, (b) red, (¢) green, and (d) blue fluorescent lumiline lamps for
which data on irradiations are given in Fig. 10. Consider the largest value
as 100 per cent. Plot the calculated spectral distributions for the four
sources, and measure the areas by planimeter. To show the line-spectrum
components graphically on the same sheet with the continuous-spectrum
results, two ordinate scales will be expedient—one for the continuous-
spectrum curves and one for the line-spectrum results.

8.4. A certain indirect-lighting unit has an apparent intensity (candle
power) as measured at 10 ft. at an angle of 72.5 deg. measured from the verti-
cal upright of 1300 candles. What will be the illumination at a point on the
ceiling 9 ft. 614 in. from the center of the support at the ceiling if the hanging
height of the center of the fixture is 36 in.?

4.4. If the fixture of Prob. 3.4 were hung with a hanging height of 24 in.
would it be possible to obtain the illumination at some point on the ceiling
if the apparent intensity distribution at 10 ft. were known for all angles?
If so, where would the point be and what would be the illumination in
terms of the apparent intensity? If it is not possible, why not?

6.4. A circular plane disk of 1 ft. radius acts as a luminous source. At a
great distance along a line perpendicular to the surface and through the cen-
ter of the disk, the intensity of the disk as a whole is found to be 1880 can-
dles. The distance is so large that an increase in it has no appreciable effect
upon the apparent intensity. What is the average brightness of the
source?

6.4. If the brightness of the source of problem 5.4 is uniform over the
source both as to position on the source and as to angle of observation, set up
the relationship between the illumination at a point lying at the intersection
of the central axis of the disk source and a plane parallel to the source at a
variable distance ¢. Integrate the expression giving E, as a function of q.
Substitute from 0 to 100 ft. Compare with Table 1.

7.4. What would be the illumination at ¢ = 1 ft. in problem 6.4 if the
inverse squarc law of the source as a whole were applied using the true
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intensity of 1880 candles? Measure the distance from the center of the
source. Compare this with the illumination at ¢ = 1 ft. by the integral
method.

8.4. A rectangular ceiling coffer of uniform brightness both as to posi-
tion and angle of observation has dimensions of 6 by 6 ft. A desk is cen-
tered under this luminous source at a distance of 7 ft. from the source to the
desk. Considerthesource asa planesurface. What is the illumination upon
the center of the desk?

9.4. If the intensity of the source as a whole (as obtained at a great dis-
tance) in Prob. 8.4 were used in the inverse square law, what would be the
illumination? Use the distance to the center of the source. Compare the
result with that of Prob. 8.4.

10.4. Does the value of illumination at ¢ = 0 in Prob. 6.4 bear any rela-
tionship to the luminosity of the source at its center? If so, what? If not,
why not?

11.4. If the illumination at some point on a particular plane produced by
an incandescent lamp operating at 2950°K. is 20 lumens per square foot, and
the illumination caused by a “gold” fluorescent lamp at some point on
another plane is 10 lumens per square foot, what is the ratio of the irradi-
ations at the respective points?
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CHAPTER 5
'~ MEASUREMENT OF ILLUMINATION

Term Definition
Iluminometer An instrument used in measuring illumination.
Photometer An instrument uscdy in measuring illumination but par-

ticularly adapted to a determination of apparent inten-
sity through the illumination thus measured and a con-
veniently arranged distance scale.

Photoelectric  Any electrical effect due to the influence of radiant energy
having a wave length or wave lengths comparable to
those wave lengths effective in producing luminous effects.

Sensitivity Ratio of the effect to the cause—in light-sensitive cells, the
current produced per foot-candle of illumination,

22. Visual Comparison Methods.—The eye and the associated
nervous mechanism are not capable of measuring any phenomenon
in the illumination system. The eye can detect whether or not
the phenomenon exists but cannot measure it directly. If two
fields that are identical in all respects as to magnitude of bright-
ness and to the spectral character of the emission are visible to an
observer, that observer can compare the brilliance, hue, and
saturation effects that the fields produce and decide that the fields
are identical. If the fields have identical spectral character but
differ in magnitude of their brightness, the observer can detect a
difference in effect or effects and thus know that the fields are not
identical. Beyond this rather elementary routine the eye is not
capable of functioning.

For example, if the fields possess the same brightness but differ
in spectral distribution, the observer is usually in great confusion
as to whether or not the fields have the same brightness. Adjust-
ments on the fields can be made until one field is undeniably more
brilliant than the other. Adjustments can then be made until
the field that was previously less brilliant becomes more brilliant.
But to attempt to adjust until the two fields yield the same sensa-
tion of brilliance produces results that contain an enormous
personal factor if the spectral distribution is not nearly identical.

47
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In the early work in photometry, sources possessed little varia-
tion in their spectral qualities. Hence the eye was used as an
instrument of comparison for balancing effects. When effects
were thus balanced, calculations were made and sizes of other
entities were determined.

With the discovery of the spectral nature of radiant energy and
the subsequent invention of light sources having spectral qualities
of wide variation, the need has increased for measuring instru-
ments of the direct reading type. However, before considering
this type of equipment a short d.escription of a visual comparison
instrument will be made.

23. Macbeth Illuminometer.—The Macbeth illuminometer
differs from other visual comparison illuminometers only in the
details of its construction. The principle of operation is identical
with that of a bar photometer such as is used in photometric
laboratories for visual comparison tests.  The principal reason for
choosing this illuminometer for discussion is that the equipment
as a whole is portable and lends itself to engineering survey use.

In measuring illumination, a test plate is placed at the position
and parallel to the plane upon which the illumination is desired.
This test plate is made of a white material of good diffusing
qualities and hence has essentially constant brightness from all
reasonable angles of observation. (The subject of diffusion is
treated more fully in Chap. 6.) The test plate therefore acts as a
secondary luminous source. The brightness of this plate is
compared with the brightness of a translucent screen within the
instrument which is illuminated by a small lamp of a known
intensity in the direction of the screen. The scale of the instru-
ment is calibrated in foot-candles (or lumens per square foot), and
the user standardizes it himself to allow for the absorption of the
test plate.

The Macbeth illuminometer consists of threce main parts: the
illuminometer proper, a controller, and a reference standard,
together with various accessories.

The illuminometer is shown in Fig. 22. A Lummer-Brodhun
cube is mounted in the rectangular head. (A Lummer-Brodhun
cube consists of an optical combination of prisms for viewing two
fields that are presented to the eye as two concentric areas.) The
photometric fields are viewed through the teclescope. The
aperture opposite the telescope is aimed at or pointed toward
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the test plate or any surface of which the brightness is to be
measured. In the tube, which is 9 in. long by 1.75 in. in
diameter, is a diaphragmed carriage within which is mounted an
incandescent lamp called the working standard. The lamp
carriage is moved up and down in the tube by means of a rack
and pinion operating upon a square rod to which the carriage is
fastened. The rod is seen projected from the tube in Fig. 22.
On one side of the rod to which the lamp carriage is attached is
engraved the scale of the instrument. reading from 1 to 25 ft.-
candles. An index point is attuached to the bottom of the tube.

e

Fi1a. 22.—Cross section of a Macbeth illuminometer.

The second unit of the equipment is the controller. It is sup-
plied with a shoulder strap for convenience of operation and
observation when using the instrument. The controller com-
prises the battery for operating the lamps; a milliammeter; two
close-regulating rheostats, one for the working standard and one
for the reference standard lamp; and a double-throw switch, by
means of which the milliammeter may be brought into either the
working standard circuit or the reference standard -circuit.
Around the edges of the base are six plug connectors; one of
these is for the attachment of the working standard, a second for
the attachment of the reference standard, and the four remaining
ones for battery connections. The equipment is ordinarily
operated from two No. 6 dry cells in series, carried in the leather
case fastened to the under part of the controller. When the
milliammeter is thrown from one circuit to the other, a resistance
is automatically thrown in the circuit from which the milliam-
meter has been removed, this resistance being just equal to the
resistance of the milliammeter, thus avoiding a change of current



50 ILLUMINATION ENGINEERING

through either lamp. The diagram of connections of the con-
troller is shown in Fig. 23.

By using a milliammeter instcad of a voltmeter for the control
of the lamps, there is no likelihood of error due to changes in
contact resistances, the breaking of strands in the flexible cords,
and other possible sources of difficulty.

The third element of the illuminometer is the reference
standard. A cross section is illustrated in Fig. 24. By the use
of the reference standard, the illuminometer may be checked at
any time or place, doing away with the necessity of a darkroom
and auxiliary photometric apparatus and with the inconvenience
and expense of laboratory-standardized working standard lamps

2.2.9 ¢

(-
Fia. 23.—Schematic diagram of Fia. 24.—Cross section
controller. of reference standard.

The ease of frequent calibration permits the use of working
standard lamps at a very much higher efficiency than ever
attempted before, thus securing better color of light and con-
siderably reducing the current demand and consequent drain on
the battery.

The reference standard consists of a metal housing in which is
mounted a standardized lamp, fully protected with diaphragm
screens. The interior parts, after standardization, can be
effectively sealed. The lamp used is seasoned and is run at such
low efficiency and for such short times as to insure the greatest
possible constancy.

The construction of the reference standard is shown in Fig. 24.
In use this element is placed upon the test plate so that the plate
is illuminated by the standardized lamp through the opening
C. Before leaving the factory the reference standard lamp is so
seasoned and calibrated that when a current of the value given
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in the accompanying certificate is passed through the lamp, there
will be a definite illumination upon the test plate. The iliumi-
nometer may then be calibrated by placing the sighting aperture
into the hole marked D and adjusting the current through the
working standard.

If the brightness observed is too large or too small to be read
directly on the scale of the illuminometer, it is necessary to use
absorbing screens. If the brightness observed is too large, the
absorbing screen is placed between the optical cube and the
test plate or other surface whose brightness is to be determined.
If the brightness observed is too small, the screen is placed
between the cube and the working standard.

In making measurements under conditions where a great hue
difference exists between the two fields of the cube, such as for
daylight measurements, special filters may be used to produce a
color match. When using these filters, a factor must be used
in interpreting the results. The factor depends not only upon
the filter but also upon the spectral characteristics of the bright-
ness being observed. (Filters and filter factors are discussed in
detail in Chap. 8.)

24. Light-sensitive Cells.—The term photoelectric is used in a
general sense to indicate any clectrical effect due to the influence
of radiant energy having a wave length or wave lengths com-
parable to but not necessarily identical with those wave lengths
cffective in producing luminous effects. The change of electrical
resistance of selenium when exposed to such radiant energy is
spoken of as a photoelectric action. Such a device requires an
auxiliary source of electrical energy to function.

The ejection of electrons under the influence of such radiant
energy is likewise a photoelectric effect. Various photoemissive
tubes, commonly called phototubes, which are enclosed in glass
and designed to operate in either a vacuum or gas atmosphere,
have been developed. Phototubes also require an auxiliary
source of power to function effectively.

The production of an electromotive force between metals when
exposed to radiant energy of wave lengths comparable to the
wave lengths producing luminous effects is also a photoelectric
effect. Equipment dependent upon this principle of operation
is being used today for direct-measuring illuminometers. The
equipment involved consists of a rigid metallic-base disk support-
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ing a layer of light-sensitive selenium material connected with g
metallic current-collecting ring. The supporting base acts as a
positive terminal, and the metallized top surface as a negative.
Such a device is called a blocking layer or barrier layer cell or
more generally a light-sensitive cell. No auxiliary source of
electrical energy is required for the functioning of this cell. It
ronverts its own electrical energy from the radiant energy
1eceived on its surface. There is no evacuated or gas-filled
space as in the phototube.

26. Light-sensitive Cell Characteristics.—When the cell is
connected to an external circuit, e.g., a microammeter, an
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Fi1g. 25.—Weston, type 1, photronic Fra. 26. -Weston, type 2, photronie
cell (tungsten lamp source at 2700°K.). cell (tungsten lamp source at 2700°K.).

electrical current flows in the circuit. The current output of
the cell varies with the radiation upon it and also with the
resistance of the external circuit. The relationships between
current and incident illumination for several cells are shown in
Figs. 25 to 28. A cell has an internal leakage path which acts
as a resistance in parallel with the resistance of the external
circuit. Consequently for large external-resistance circuits the
leakage current may be comparable to the external circuit.
The internal-leakage resistance decreases as the illumination
increases. Consequently the ‘‘saturation” effect at higher values
of external resistances is accounted for.

A knowledge of the relative spectral sensitivities of light-
sensitive cells is extremely important if the cells are to be used
intelligently. The spectral sensitivity versus wave length char-
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acteristic is essentially constant for a given cell except when a
very high external-resistance circuit is applied. Such a «ircuit
does not yield linear response or high sensitivity and generally
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Fia. 27.—General Electric light- Fig. 28.—G.M. type F-3 visitron

sensitive cell (tungsten lamp source at  self-generating cell (source of radiation

2700°K.). not given but probably tungsten lamp
at 2700°K.).

is avoided. Hence changes in relative spectral response with

change of external-circuit conditions will not be considered in

this discussion.  Relative sensitivities for cells of several manu-
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factures are given in Figs. 29 to 32. On each curve is plotted the
luminosity function as given in Fig. 11. Where it is desirable
that the spectral response of the cell be equivalent to that of the
luminosity function, cells are available with filters. A scale of
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an illuminometer using a cell having a characteristic such as that
of Figure 30 must be calibrated for one particular spectral dis-
tribution of radiant energy. If the same cell is used in an attempt
to measure the illumination produced by another source having
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Fra. 30.—Spectral sensitivity of Weston, type 2, photronie cell.

a different spectral distribution of radiant cnergy, the reading
obtained on the instrument probably will not represent the
illumination. For example, assume that the illuminometer is
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F1a. 31.— Spectral sensitivity of General Electric light-sensitive cell.

calibrated to read correctly for an incandescent tungsten filament
source at 2700°K. If this same cell is subjected to radiant power
of, say, 3500 &, wave length, a substantial deflection on the
instrument would result; whercas the illumination would be
essentially zero. A cell having a spectral sensitivity similar to
the luminosity function would yield essentially no response. 1t
is possible that correction factors be calculated for radiant-power
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densities differing in spectral distribution from that for which
the scale is calibrated. The method is not completely satis-
factory if the illumination being measured is derived from more
than one source each having a different spectral characteristic.

1.0
/. \L
/ ‘\
0.3 t
.‘g I’ \\ \
*06 ,/ \
7 A
S / / LA
2 / NEAN
ey
202 / L uminosity \\ \
& I / / Function N\
- X
0 = | S
025 030 035 040 045 050 055 060 065 Q70 Q75

A (Micron)
Fia. 32.—Spectral response of G. M. visitron self-generating cell.

Reflections from colored reflecting surfaces also complicate the

procedure.

The effect of radiant energy impinging upon the cell from
various angles is another important consideration. Were the

absorbing and reflecting properties
of the cell surface constant for all
angles of incidence, then the effect
of illumination upon the response of
the cell would be constant. How-
ever, these properties vary some-
what, particularly as the angle of
incidence approaches 90 deg. where
the shadow cast by the rim of the
case also tends to reduce the cell
response. The actual response for
a cell is shown in Fig. 33. Other
cells havesimilar but not necessarily
identical relationships.

26. Determination of Apparent
Intensity.—The apparent intensity
of a source in some given direction is
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Fig. 33.—Effect of angle-of-
light incidence on the current
output of a Weston, type 1, cell.
(K¢ = numeric by which the
scale reading must be divided to
yield the true value.)

determined through a measurement of the illumination resulting
at a pointon a particular plane. The position of the planeand the
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distance from the point on that plane to the source are geometric
conditions that must be known. The measurement is usually
made to the center of the light source, which is usually the center
of the filament of the lamp. If more than one lamp is used in a
source, the distance is that to the weighted geometric center of
the group. This position is called the light center. The custom-
ary distance at which measurements of illumination are made
for determining apparent intensity is 10 ft. This establishes a
rather uniform meaning to apparent intensity, but the distance
should be specified. Certain sources, such as spotlights, may
require measurements dat a greater distance if the apparent
intensity is to be useful for application.

The intensity of a light source varies with the direction con-
sidered. A complete determination of the intensities of a source
thus involves not one determination but many. Various means
of making these determinations have been developed. If a
source possess axial symmetry, the complete determination
involves measurements through 180 deg., starting and ending at
the axis of symmetry. Equipment for making such a set of
determinations is herein described.

A distance of, say, 10 ft. from the light center to the point of
measurement of illumination can be maintained by placing a
light-sensitive cell upon a radial arm. The diameter thus
involved is 20 ft., and except in rooms with very high ceilings such
a diameter is impractical. It is generally not possible to swing
the arm in a horizontal plane, since most large units cannot be
operated satisfactorily except with their axis of symmetry
vertical.

A system of mirrors may be used to reduce the maximum
dimensions necessary to manipulate the equipment. One possi-
bility is to use two mirrors, both movable, as in Fig. 34. The
mirrors may be placed in any position so that the intensity is
determined through 180 deg. in a vertical plane. The distance
along the path from the source to the measuring device is usually
10 ft.

A simplification is to use but one mirror as in Fig. 35. The
light incident upon the measuring device is now at an angle 8 not
equal to zero as was the case for the two-mirror distribution
photometer. However, the angle is constant with various mirror
positions, provided the device is positioned properly. The
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absorption by the mirror and the effect of the angle of incidence
must be included in the calibration of the equipment. riotting
the data obtained trom such a device is considered in Chap. 6.
The source may be rotated about its axis of symmetry to give an
average cffect at the measuring device to account for the slight
variation of intensity caused by filament construction and
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tometer with two movable
mirrors,

tometer with one movable
mirror.

irregularities in glassware or reflector construction. With a
light-sensitive cell and microammeter as the measuring device
the averaging can be accomplished by using an instrument having
sufficient damping to reduce needle fluctuations. The maximum
speed at which the source can be rotated is approximately 3 revo-
lutions per second. Beyond that speed, filament distortion due to
centrifugal force may cause errors in results or the filament may
be distorted to such an extent as to cause failure.

27. Determination of Tctal Luminous Flux Emitted by a
Luminous Source.—The total luminous flux emitted by a source
may be determined by one illumination measurement using an
integrating device known as an Ulbrich sphere. The source for
which the luminous tlux is desired is placed inside this sphere, and
the illumination at an opening in the surface of the sphere is
proportional to the luminous flux emitted by the source. (The
direct illumination from the source at the opening in the surface
must be intercepted by a screen.)

The theory of the Ulbrich sphere is based upon several approxi-
mations. The first consideration is that the inner surface of the
sphere shall be perfectly diffusing, 7.e., have constant brightness
from any angle of observation. (Diffusion is considered in more
detail in Arts. 30 and 31 of Chap. 6.) Let a hellow sphere of
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radius a contain a luminous source L. Every point on the
interior of the sphere will have an illumination made up of a
component of illumination direct from the luminous source and
the remainder from the inner
surface of the sphereitself acting
as a secondary source. Obvi-
ously the direct component will
depend upon the position of the
source in the sphere and the
manner of distribution of the lu-
minous flux from the source.
This component is to be shielded
from the measuring device in
the surface of the sphere.

Let the brightness of the sur-
face at the point S in Fig. 36 be B,. The element of illumination
at some other point S’ due to an element of area dA at S then
would be

Fia. 36.—The Ulbrich sphere.

_ B,cos 8 (cos 6dA) B,

dEg = D = pi cos? § dA (45)
But
D = 2a cos 0
and
D? = 4a? cos?
Therefore
B,cos?8 B,
dEy = Iaoos?d — ia dA (46)

Note that dEs is independent of the position of S’ and depends
only upon the brightness of the surface at S and the radius of the
sphere. Since the brightness of the surface at the point S is
constant for any position of S’ (perfect diffusion), the indirect
component of illumination at any point on the sphere due to the
element dA is the same. Now consider S at any point on the
interior. The contribution to every other point is still the same
if the brightness at the new position of S is the same as before.
Strictly, the brightness (which is due not only to the indirect
component but to the direct component as well) is not constant
over the sphere. If the emission of flux is reasonably uniform, the
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direct component of the illumination over the sphere also can be
made reasonable uniform by placing the source near the center
of the sphere. Then the resulting brightness of each point on the
surface is more nearly that at every other point. The variation
of brightness from point to point, even with the same primary
source position, can be made extremely small by using a surface
that reflects a very high percentage of the luminous flux received;
i.e., the indirr2t component can be made large with respect to the
direct component. Inasmuch as the relationship involving only
the indirect components indicates uniform effects throughout the
sphere, the illumination upon a measuring device placed in a
small opening in the wall of the sphere (which is shielded from
the direct rays of the source) is a measure of the flux emitted by
the source. Calibration is accomplished through a substitution
method involving a source emitting a known luminous flux.
Various refinements can be made to compensate for such causes
of error as absorption by the luminaire itself of the luminous flux
that has been reflected one or more times from the sphere.
Obviously this effect would be great were the luminaire large
with respect to the dimensions of the sphere. Consequently
rather large spheres are required to measure with a rcasonable
degree of accuracy flux emitted by large sources.

Modifications of the spherical form are being used with corre-
sponding degrees of accuracy. The first step is to reduce the
sphere to a surface composed of many plane sides. The construe-
tion is much simpler; the investment cost less; and the accuracy
only slightly impaired. The limiting form is the cube, which is
being used to some extent in KEngland. With refinements in
technique in compensating for the errors involved, the final
results can be made quite accurate with respect f.o the simplicity
of the equipment involved.

Problems

1.6. A type 1, Weston photronic cell with glass window is calibrated to
read correctly the illumination from an incandescent-lamp source operating
at 2950°K. If this same instrument is to be used to measure illumination
from a high-pressure mercury-vapor lamp, what factor must be applied to
the reading to give the illumination? Is the instrument more sensitive or
less sensitive to this source of radiant energy than to the incandescent source?
Is this logical?

2.5. The distribution photometer of Fig. 35 utilizes a G.M. type F-3 seif-
generating cell and a 1000 microammeter. The resistance of the extornal
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circuty of the cell circuit is 90 ohms. The distance from the light source to
the cell via the mirror is 10 ft. The mirror reflects 82 per cent of the light
incident upon it at an angle of reflection equal to the angle of incidence.
The distance from the light center to the mirror is 48 in, and that from the
mirror to the center of the cell is 72 in. The center of the cell is located on
the horizontal center line through the light center, and the plane of the cell is
normal to this line. If the cell reccives light at the angle 8 of the problem
in exactly the same manner as the cell of Fig. 33, what is the maximum
apparent candle power at 10 ft. that can be measured by this combination?
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CHAPTER 6
GEOMETRIC GRAPHS AND THEIR APPLICATION

Symbol Term Definition

Geometric graph A graph illustrating some variable in the
illumination system as a function or
functions of geometric quantities (dis-
tances, or angles) as distinguished from
spectroradiometric graphs.

M.S.C.P. Mean spherical can- The mean value of the intensities of a
dle power source taken in an infinite number of
positions uniformly distributed in
dircction from the center of the
luminous source.
M.H.C.P. Mecan hemispherical The mean value of the intensities of a
candle power source taken in an infinite number of
positions uniformly distributed in one
hemisphere whose center is the center
of the luminous source.

Perfect diffusion Having an intensity distribution from an
element of the source which obeys the
relation Al(a) = AI(0) cos «, where
AI(0) is the intensity of the element at
a = 0. Likewise, having a constant
brightness distribution with respect to
angle of observation.

Luminaire efficiency Ratio of flux emitted by the luminaire
and lamp to that emitted by the lamp
alone expressed as a percentage.

28. Intensity-distribution Curves.—Intensity (or apparent
intensity) is a very useful concept in certain illumination calcula-
tions. As has been noted, the relationships involving intensity
of a source as a whole must be applied with caution. However
where methods involving the idea can be used, the calculations
necessary in determining resulting illuminations are greatly
simplified.

The apparent intensity at some specified distance varies with
the direction from the source for most luminous sources. Con-
sequently a three-dimensional graph would be required to express

61
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the apparent intensity as a function of the horizontal and vertical
angles. A family of curves is usually used to represent such data
on a plain sheet of paper—each curve representing the variation
of intensity as one of the angles completes a cycle of 360 deg.
while the other angle remains at some predetermined value.
Many sources have at least
some degree of symmetry. Some
. have planes of symmetry; others
1600 ‘ have axial symmetry (¢.e., sym-
metry except for variation of
intensity with one angle). It is
theoretically possible that a
source have complete symmetry.
For sources with axial sym-
metry the variation is usually
with the vertical angle. For such
sources a plot of intensity versus
the vertical angle through 180
deg. starting and ending at the
axis of symmetry completely pic-
tures the geometric variation of
intensity of the source. Usually
the data are plotted on polar
5 25° coordinates as Fig. 37, which rep-
_Fra.37.—Intensity (candle-power) resents the apparent intensity
f;;?;:’;'jm“ for & standard industrial  4;.¢ ihution at 10 ft. for a stand-
ard industrial reflector and lamp.
The dotted curve represents the distribution for the lamp alone.
(The term candle power is used interchangeably with intensity.)
29. Applications of Intensity-distribution Curves.—The direct
illumination at a location or series of locations as caused by a
source can be determined from the geometry of the position of the
source to that of the point on the receiver plane and from the
intensity- or candle-power distribution curve. The restrictions
of the treatment of the source as a whole must always be
considered.
As an application of the intensity-distribution curve, consider
the luminaire source of Fig. 37 placed with its axis of symmetry
“vertical and with the center of source 8 ft. above the floor (Fig.
38). The illumination at a point P on the floor 6 ft. from a

B° 165 U5 125°
2400

Candlepower at 10 Feet
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point on the floor directly below the fixture is desired. The
illumination at P from equation (16a) is

E, = I 53 €0s B (16a)

where E, = illumination at the point P, in lumens per square
foot.

I = intensity of the source in the direction of P (i.e., at

angle 8 from the vertical),
in candles. ~ ‘%
\,
\

D = distance from the light

0
E NN AN
center of the source to the : R
point P, in feet. > -‘ \\‘\"
8 = theangle between thenor- ! \\
mal to the receiving sur- | N
face at P and the distance | I "N
D (ie., the angle 6 in o 6’-—-——»”5_

. Flg- 38). Fia. 38.—Application of
The intensity cannot be read from the intensity distribution to a

the distribution curve until the angle § ™PIe e

is determined. 6 = arctan 8¢ = 37 deg. From the curve the
intensity of the source in the direction of the point P is
approximately 3700 candles. The distance D is 10 ft., and the
cosine of the angle is 0.80. Hence

3700
(10)?

Since the distance D is exactly 10 ft., the illumination thus
obtained is as accurate as the intensity-distribution curve was
read. If the distance were other than 10 ft., the result would be
approximate to the extent of any change in apparent intensity
with distance. With the point P always on the floor the results
for this source whose maximum dimension probably does not
exceed 18 to 24 in. would probably be in the range of engineering
accuracy. If the point P be brought within several feet of the
source, the result as calculated from the apparent intensity at
10 ft. would have little if any meaning.

Generally the height of all luminaires above some horizontal
plane is constant. Under such conditions the calculation of
illuminations from many units can be systematized to advantage.

E, = X 0.8 = 29.6 lumens/sq. ft.
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If the height of the units above the plane is called h and the
horizontal distance from the point at which the illumination is

Note: For values of 8 larger than 50°see Fig. 40
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Fic. 40.—Continuation of chart for the determination of 8 from values of d and h.

desired to a point on the plane directly below the unit is called ¢
then equation (16a) can be written as

’
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E, (on horizontal) = hz—If)—da cos
= 10 %% (47)

Since h? is a constant of the system, the illumination is deter-
mined when 7(8) and cos? 8 are known.

Likewise, if the illumination upon a vertical plane is desired, the
equation can be written as

. 1 .
E, (on vertical) = R sin
and
= 1(6) "0 (48)
d-
Generally d? will not be a constant of the system, and hence the

simplification of the illumination upon the vertical is not so
direct.
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Values in Degrees of @ for Determining Sin*6

F1a. 41.—Chart for the determination of cos? @ or sin3 6.

In either casc the angle 6 must be determined. The charts of
Figs. 39 and 40 facilitate this determination. The charts are
simply a plot of the tangent functions of 8 and are so arranged
that the angle can be determined for a considerable range of d
and h. Multiples and submultiples of 10 can be employed
against both d and & for enlarging the normal range of the scales.

The charts are independent of units employed for d and h except
that. both must be the same.



66 ILLUMINATION ENGINEERING

The chart of Fig. 41 may be used to advantage in determining
cos® 6 or sin® @ for use in the equations for the illumination upon
the horizontal or the vertical plane respectively. The values
less than 0.1 and 0.01 have been plotted enlarged by 10 or 100,
respectively, for improved accuracy at such angles.

The luminous flux emitted by a source as a whole also can be
determined from the intensity-distribution curve. Consider the
luminous source at the center
in Fig. 42.  About this source
as a center consider a sphere
of radius D. If D is large with
respect to the dimensions of the
source, the intensity as speci-
fied through thelimitas D— «
of ED? is the true intensity of
the source. At some angle 6
with the reference axis (usually
taken as the downward verti-
cal), the intensity is I(6) as
determined from theintensity-
distribution curve. If the in-
tensity varies in the hori-
zontal angle as 6 is fixed, the following method is still applicable.
If such is the case, consider the average value of the intensity for
the particular vertical angle as the horizontal angle takes on all
values through 360 deg. Let d6 represent a differential angle,
and ds be the differential arc subtended by d6 at the distance D, ot

ds = Ddf (49)

The area of the clementary strip as the horizontal angle varies
through 360 deg. is

Fia. 42.—Zonal areas as determined
through angular position.

dA = 2xD sin 0 ds (50)

The average illumination over the elementary strip is I/D?
where I is the average value at 6 deg. as the horizontal angle
varies through 360 deg. If the source is symmetrical except for
variation of 6, then the average illumination or the average
intensity is the same at any horizontal angle at that particular
vertical angle 6.

Inasmuch as d¢ = E dA, the flux passing through the ele-
mentary ares is
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dé = EdA = lézzwpz sin 6 do
= 271 sin 0 df (51)

Integrating between the limits of 6; and 6, gives

bionty = 2 j; " I sin 6.df (52)

In general the intensity varies with the angle . If the mean
value of the intensity between the limits 6, and 6; is taken as a
constant of the integration, then

ooy = 21, l:: j:,:h sin 6 d§
03 2
= 271 N [—- cos 0]31

= 2rxl :: (cos 6, — cos 6) (53)

mean

mean

where ¢cp,—pp = flux in the zone between 6; and 6,.
I un |:: = mecan value of the intensity between 6, and 6,.

cos 8; — cos 0, = difference of the cosines of the respective angles
of the limit.

Equation (563) is the basis for a determination of the luminous
flux emitted by a source from the intensity-distribution curve.
For increments of A6 = (6, — 6,), the various values of 2r
(cos 6, — cos 62) can be calculated. ‘Each of these values
should be multiplied by the mean value of intensity over the Ad.
A summation process through 0 to 180 deg. then adds all the
elements of flux emitted by the source.

The accuracy of the method is determined through two items.
First, the intensity-distribution curve must be a limitiug value
of apparent intensity. If the distribution curve used is taken at
too small a distance D, the luminous flux obtained from the
method in general will be too small. And second, che mean
value of intensity in the increment of A must be used. Often
this intensity is difficult to obtain with great accuracy on polar
coordinates in the region of 6§ = 90 deg. where the intensity may
be changing radically with angle. For this reason a plot on
rectangular coordinates has merits. The smaller the increments
the more accurately the mean intensity may be read from the
curve. The second limitation on accuracy could be stated in
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another manner. If the value of intensity at the middle of

the zone is always used, then the smaller the increments the
better the accuracy.

TaBLE 3.—ZoNAL Constants ForR CoMpUTING Luminous FLux From
INTENSITY-DISTRIBUTION (CURVES

23 0, 02 0, 2m(cos 6, — cos 6,)
10 0 180 170 0.0954
20 10 170 160 0.2835
30 20 160 150 0.4629
40 30 150 140 0.6282
50 40 140 130 0.7744
60 50 130 120 0.8972
70 60 120 110 0.9926
80 70 110 100 1.0579
90 l 80 100 90 1.0911

The values of (cos 6, — cos 6;) from 0 to 90 deg. will be identical
with those from 180 to 90 deg., since the cosine function is
symmetrical about 90 deg. except for a change of sign. Zonal
constants for A = 10 deg. arc tabulated in Table 3.

If 6, = 180 deg. and 6, = 0 deg. of equation (51), the ¢(sem—_ge
is the total luminous flux emitted by the source. Still interpret-
ing the intensity as the mean value in the Af the relationship for
mean spherical candle power of the source becomes

total flux from source
M.S.C.P. = L — (= D)]

total flux
i (54)

If 6; = 90 deg., and §; = 0 deg., the ¢ soo—ee) is the luminous flux
emitted below the horizontal and the lower mean hemispherical
candlepower is

M.S.CP. =

Lower M.H.C.P. = flux of lower hemisphere

27 (1 — 0)
Lower M.H.C.P. = flux of lowezl'whemlsphere (55)

Likewise the upper mean hemispherical candle power is

Upper M.H.C.P. = flux of uppe;t‘whemlsphere (56)
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Equations (54), (55), and (56) bear out the statement made in
the preceding chapter that d¢mensionally the candle and thic lumen
were the same, since 47 and 27 are dimensionless solid angles.

30. Intensity-distribution Curve of an Element of a Source.—
Let AA be the elementary area of a luminous source of such small
dimensions that it may be considered plane. Illuminations
resulting from this source will be considered only at such distances
that the source acts as a point. Consequently for conditions
at the source it is possible to consider the normal to the plane
of the source and at thc same time to consider the source as
a point in evaluating conditions at a distance. This is the same
procedure as that illustrated in Fig.

¥y
17, page 31. ‘

The intensity of the clementary
source can be represented by an /
intensity-distribution curve or
curves. If the intensity is plotted
for variation of angle in some one . -
plane perpendicular to the plane of 7T744
the element, as in IFigure 43, the /
usual intensity-distribution curve v
will result, except that the intensity  Fre. 43.--Intensity distribu-
must always approach zero as the ;f)"“‘:.ci“’m an element of a plane
angle approaches the plane of the )
source. If the distribution curve is to represent conditions exter-
nal to the material boundary of the source, then the complete
curve will exist in an angular variation of only 180 deg.; whereas a
source as a whole may require 360 deg. of observation for a com-
plete distribution curve.

A solid figure again would be needed to demonstrate completely
the variation of intensity with both vertical and horizontal
angles. However, a series of curves can be used to represent
conditions at chosen values of one of the angles as has been dis-
cussed previously.

31. Brightness-distribution Curve for an Element of a Lumi-
nous Source.—The intensity of the elementary source will now be
treated as in Art. 17 and in particular as in equation (15), which
related brightness and intensity as

1 dI

= cosaﬂ

(15)
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Instead of considering conditions as an infinitely small source
dA, the source considered is of finite dimensions AA. Hence the

g

\
% d e~
%
=
\ /
\
F1a. 44.—Cosine function plotted
in polar coordinates.

PR S

degenerated form of equation (15)
would be

_ 1 a1

*e 7 cos a AA

where B, is the average bright-
ness of the source A4 in the direc-
tion of a deg. from the normal.
A plot of cos @ A4 as the angle
varies through 180 deg. would be
simply a polar plot of the cosine

(87)

function as in Fig. 44 with a maximum value of AA4.

~Intensity of the

7000 Cand/es
e = <= =S - —

elemenf of
source AA

>

_Ynit Area __ _

,/AA cos &

2000 \Carndles
eA\urit area

b - = =< =

1A verage bright-
ness of source
AA in direction
plotted.

44
F1a. 45.—Maethod of determining brightness-distribution curve from an intensity-
distribution curve for an elementary source.

Since the average brightness of the element is the ratio of the
intensity of the element to the (cosine a AA), the average bright-
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ness distribution for an element AA would be represented by a
point-by-point plot as in Fig. 45.

If the intensity distribution from the element of surface were
identical with the polar plot of the cosine function of the angle
measured from the normal, the division of identities (except for
magnitudes) would yield a constant value of brightness. At
angles of a other than +90 deg. the constancy of the brightness
is obvious. However as a approaches +90 deg., conditions must
be considered as a limiting process. Both the intensity and the
projected area approach zcre, and the value at zero is in the
indeterminate form when Al = 0 and cos a = 0 are substituted.
However, both functions approach zero in an identical manner
and hence the limit at o = +90 is the value AI(0)/AA. The
plot of brightness as « takes on various angles for this special case
is as shown in Fig. 46.

DD

AA co.sa! B

Fra. 46. —Intenmty distribution and brightness distributigfl) for a perfectly
diffusing source.

Such a surface source obviously is an idealized source. The
emission is said to be perfectly diffuse.

32. Application of Brightness-distribution Curves.—In order
that the brightness term of equation (17) be considered constant
for the integration process, each element of the surface must
exhibit the property of perfect diffusion and also each element
must possess the same magnitude of brightness as every other
element. If such be the case, then

COS a COS
E, = B f SLLILL (58)
The integration process is thus greatly simplified.

If the brightness of the source is not constant over the surface,
then a knowledge of how the brightness varies with position and
angle is necessary. For most sources an analytic expression for
18 not simple or perhaps even possible. A series of curves such
as in Fig. 46¢ would specify conditions at chosen points of the
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surface. An approximate result (illumination at a particular
point) can be found by breaking the surface up into sections of
such size that the brightness can be considered as a constant over
each section. The larger the number of sections the more
accurately the true result can be approached. Any general
method dealing with surface sources of nonuniform brightness is
either only approximate or very unwieldy in application.

33. Illumination-distribution Curves.—A representation of
illumination conditions over a surface involves three variables:
the illumination and the two coordinates describing the location
of points on the surface. To picture completely how the
illumination varies over a surface, a three-dimensional plot
is required. The base of the solid could represent the sur-
face involved with the height of the figure a measure of the
illumination.

If one of the coordinates of the surface is held fixed, the varia-
tion of illumination with the other coordinate can be shown on a

:;.10
5 8 s
£, AN
:§ 4 / \\
£, ) N
3 0/ \_
0 2 4 0 1 14

(] 8
Distance (Feet)
¥1a. 47.—Illumination on the working plane along a line passing under a fixture,

plain sheet of paper. Figure 47 illustrates the manner of varia-
tion of illumination on a plane 30 in. above the floor taken on a
line at the intersection of the horizontal working plane and a
vertical plane passing through the center of a fixture. The data
were taken in the Pine Room of the Iowa State College Memorial
Union.

The illumination along another line parallel to the first and
displaced from it 1 ft. could be shown by another curve so
designated in Fig. 48. Several such curves at various displaced
lines are given. Thus a family of curves can illustrate the varia-
tion of illumination over the surface.

Another method of illustrating the variation of illumination is
through an illumination contour map. The preceding method
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represented vertical sections through the three-dimensional solid
which illustrated completely the illumination over the surface.
The second method utilizes horizontal sections of the solid; i.e.,
one curve represents positions on the surface having a chosen

0
[’
% 8 TN {-Center /ine under fixture
3 " VDisplaced one foof
i Y NS Dispraced two feet
e / [ — P %/Is‘p/acm’ four 1vet
'§ * _ 7S \
£ 2 P e eV 4
£ X
3
=0
0 [ 4 10 12 "

6 8
Distance (Feet)
Fia. 48.—Illumination on the working plane along several parallel-line positions.
value of illumination. Another curve represents positions having
another value of illumination, ete. The particular unit illus-
trated in Fig. 48 is symmetrical within itself and hence should
Numbers on lines represent foot-cand/es i//umination
g NN
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Fiu. 49.—Illumination contour for judging pavilion, Iowa State College Animal

Husbandry building.

produce lines of constant illumination which are circles centered
about the point directly below the unit. However, other units
in the room were lighted at the time the data were taken, and
hence the pattern is not so regular. Reflection of light from the
side walls and ceiling of the room also produced some effect which
is also represented in Fig. 48. A pattern for a complete room is
shown in Fig. 49. The illumination illustrated is that in the
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judging pavilion of the Meat Laboratory in the Iowa State
College Animal Husbandry building. The term ¢so-foot-candle
diagram is often applied to such diagrams.

34. Relationship between Brightness and Luminosity for a
Perfectly Diffusing Source.—An interrelationship of the units
associated with brightness and those associated with luminosity
(as defined in this text) has been attempted by the American
Standards Association. Both of the units are then stated as
applying to brightness. The relationship between the units is
established through the medium of a perfectly diffusing source.
Such an attempt at a combination of ideas based upon a special
condition for a source seems to the writer to cause nothing but
confusion. As a result this text will omit completely the ideas
behind the attempt at the combination.

However, for a perfectly diffusing surface, having as it does a
constant brightness from any angle of observation, the relation-
ship between the brightness at a
point on the surface and the
luminosity at the same point is
very convenient. It has been
noted previously that, unless the
brightness of the source is a
constant with angle of observa-
tion, an integration process for a
resulting illumination was prohib-
itively difficult in most cases. A
discussion of reflection factors
and similar items is presented in
Chap. 8. Such conditions have

F1g. 560.—An element of a source to do with illumination and
possessing tho property of perfect luminosity, not with brightness.
diffusion. Hence to obtain the condition
of a surface promoting an effect in a particular direction for the
special case of a perfectly diffusing surface, the relationship
between luminosity and brightness is extremely important.

In Fig. 50 let dA be a differential element of the perfectly
diffusing surface. The brightness of the clement in any dircction
will be a constant value B. The element of illumination on a
hemisphere of radius D resulting from the differential clement
which lies in the plane of the great circle of the hemisphere is
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dE = B cosa dd (59)
D2

Consider an elementary area on the hemisphere. This can be
taken most conveniently as a strip of area (D da) (2xD sin «) as
in the figure. The element of luminous flux passing through this
elementary receiver due to the elementary source d4 is

d¢’ = dE (area of clementary receiver strip)

= (l—l; cos a dA) (2rD? sin « da) (60)

The total of the element of luminous flux passing through the
whole hemisphere due to the elementary source dA4 is

d¢b'=f.=_2d¢,=21rBdAf=0§SinaCOSada

=0
9 /2
= 2B dA [S‘n "]
2 o
= 2rBdA (14) = =B dA (61)

Dividing both sides of equation (61) by dA4,
dox

4 = L =n=B (62)
or
I (lumens)
candles) _ sq. ft.
B <Sq. ft. ) - T (62a)

for a perfectly diffusing source.

Thus the brightness in any direction at a point on a luminous
surface possessing the property of perfect diffusion is numerically
cqual to the luminosity at that point divided by .

Problems

1.6. Plot the illumination upon the floor of Fig. 38 against the distance
from the point directly below the source for a range of distance from 0 to
20 ft. for the source of Fig. 37 with the reflector.

2.8. Determine the number of lumens of luminous flux emitted by the
luminaire of the source shown in Fig. 37. Repeat for the lamp alone.
What is the efficiency of the reflector equipment?

8.6. What is the mean spherical candle power of the luminaire of Fig. 37?
Of the lamp alone?
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4.6. What is the lower mean hemispherical candle power of the luminaire
of Fig. 37? Of the lamp alone?

6.6. Plot the illumination contour map for the data represented in Fig. 48.
Assume that conditions are identical on the two sides of the position a.

6.6. Plot the illumination along the center line of the room, taking the
long length of the room for the data represented in Fig. 49.

7.6. If a black-body radiator at 2046°K. as of Fig. 9 emitted encrgy accord-
ing to the cosine law of perfect diffusion, what would be its brightness from
any angle of observation? How does this value compare with the 58.8 can-
dles per square centimeter of Art. 177
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CHAPTER 7

DETERMINATION OF ILLUMINATION FROM
SURFACE AND LINE SOURCES!

36. General.—In the preceding chapter the intensity-distri-
bution curve of a complete luminaire has been applied to the
calculation of the direct illumination at a point on a receiver
plane. In many instances, however, a source may be so extensive
as viewed from the receiving point that it cannot be treated as a
single unit possessing an intensity. The restrictions upon the
concept of intensity have been considered previously in Chap. 4.

In such cases the fundamental integration process of equation
(17) must be applied. The purpose of this chapter is to apply
this method to several simple elementary geometric forms of
sources and to present the end results in such form as will be
convenient for engineering use.

Many of the sources to be considered will be treated as plane
surfaces. However, the results may be applied to any source
possessing the same brightness conditions as viewed from the
receiving point, provided the boundary of the source from the
point of view of this point is the same as that for the plane source.
The fundamental reason of this extension of the case has been
considered in Art. 17. Examples of other than plane sources will
be discussed in many of the cases considered.

The restriction will be made in all cases that the brightness of
the source shall be constant both as to position on the source
and to angle of view of each respective point.

36. Plane-surface Source of Infinite Extent.—The illumination
upon a plane parallel to a plane luminous source of infinite extent
possessing constant brightness may be obtained by performing
the surface integration of equation (17) over infinite limits.

A judicious choice of variables for specifying dA in the integral
form is usually rather desirable. The polar form of the integral

! No new symbols, terms, or definitions in this chapter on salculation
methods.

7
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will be used here, since the differential area dA may then be
determined through only one variable.

surface of
infinite extent

¥1a. 51.—Source of infinite extent.
The illumination at P due to the differential element of area
dA = 2nrdris
__B¢* \
(r2 g (27r dr) (63)
since dA = 2xrdr, cosa = cos 8 = cos § = q/A/r% + ¢%, and
D? = (r2 4 ¢?). The total illumination at P is

E, = n¢*B j;u 2+ q¥)2 2rdr (64)
= —ngBG* + ¢) | (65)
E, =B (66)

It should be noted that the illumination is independent of
the distance ¢ and is dependent only upon the brightness of the
source. It was demonstrated in the preceding chapter that the
luminosity of a perfectly diffusing source was also equal to =B.
Hence the illumination at P (or the luminous flux density there)
is equal to the luminosity of the perfectly diffusing source (or
the luminous flux density of the source).

Often equation (66) may be employed as an approximation.
In considering the illumination close to sources of rather large
but not of infinite extent, the relationship may be as accurate as
other accuracy limitations of the process. In such cases the
simplicity of the result may be extremely useful. An investi-
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gation as one changes the distance between the illumination-
measuring device and the source will usually show whether or
not the illumination is fairly independent of distance.

37. Hemispherical Source from the Inside.—The illumination

received from the inside of a constant-brightness hemisphere
upon the center of the plane of the
great circle bears a very close rela-
tionship to the case of the infinite-
plane source just considered.

The solid-angle form of the integral
illumination equation applies very
well in this case. Kquation (25) re-
written for dE, gives

dE, = B cos 8 dw (67)

where dw is the differential solid
angle that a differential portion of the
source subtends from the point P.
This differential angle is thc area
2rD? sin 6 d¢ divided by D? of the
hemisphere, or in terms of the linear angle 6,

Fic. 52.-—Hemispherical source.

dw = 2r sin 0 d6 (68)
Since 8 = 6 in Fig. 52,
dE, = 2rB cos 0 sin 6 d6 (69)
The total illumination at P is
E, = 2B ﬁw/z cos 6 sin 0 d6 (70)
= B sin? 0];/2 (71)
E,=7=B (72)

As for the plane source of infinite extent, the illumination is
dependent only upon the brightness of the source. Obviously
in the limit of the boundary conditions the two cases are the
same.

If the illumination equation with the angle 6 as the variable is
applied to the plane infinite source, the integral form will be
identical with equation (70). This can be easily demonstrated
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by referring to Fig. 51. Instead of using r and dr as the variable
and differential, let the angle 6 and the corresponding differential
df be employed. Then dA = 2xD? tan 6 df. (In this example
D was a variable distance.) Substituting in the illumination
equation (17) gives

E, = 2¢B [ cos 6 sin 0.do (73)

which is the same equation as (70) for the hemisphere. It
should be noted that in equation (70) the radius of the hemisphere
is of no importance. Likewise in equation (73) the distance ¢
from the point P to the plane does not appear. This is to be
expected if one interprets the differential illumination as the
result of a luminous differential source subtended by the solid
differential angle dw. The hemispherical case has been con-

Source possessing depth,
such as the skz. ’

~90°
Y

gz PP P P PP - P
(@) (®) (o)

Fi1a. 53.—Several sources cffective in producing an illumination of vB.

sidered, since it lends itself to an evaluation of dw very readily.
With this example of a specific case we can now proceed to the
general case that the configuration of the surface is of absolutely
no importance if the brightness distribution as viewed from
the point P remains constant. Thus the point P might just as
well have been at any point on the great circle as at the center;
or the source could have been of any configuration with the
same boundary conditions. Figure 53 illustrates several sources
that would produce the same illumination at the various positions
of P as would the infinite-plane source, provided the brightness
of the luminous sources were the same.

In the case of sources such as in Fig. 53a and b the illumination
at P becomes discontinuous as the point P approaches a boundary
such as at z in Fig. 53a. The illumination at P, would be only
14w B if the angle of the side of the source were 90 deg. in one
plane as indicated. Outside the source, as at y, the illumination
due to the interior of the source would obviously be zero. If the
point P falls in a corner of the source such as at the intersection of
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three planes the proper boundary conditions should be placed on
the integral and the integration performed and evaluated. The
polar coordinates used in the examples thus far would probably
be insufficient, depending somewhat upon the exact configuration
of the source.

38. Circular-disk Source.—The illumination resulting from a
perfectly diffusing circular plane disk, or from any perfectly
diffusing source possessing a circular boundary from the point of

F16. 54.—A circular disk with P on the axis and upon a parallel plane.

observation P, may be determined by evaluating equation (65)
over the limits of zero to a rather than to infinity, where a is the
radius of the disk. Thus

B, = —ng*B(* + ¢ |] (74)
a? -
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Fia. 55.—A circular disk with P not on the axis but upon a parallel plane.

(or a circular-boundary source) and upon a line perpendicular to
the center of the source.
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The illumination is often desired at a point P not upon the axis
of the circular disk. If the point is displaced a distance s from
the axis position but still upon a plane parallel to the disk, the
illumination can be shown to be

=B a? — q2 — 82
=11 = 76
EP 2 [ + v(qz + 32 + a2)2 — 4(1282] ( )

Equation (75) is obviously a special case of cquation (76) with
s equal to zero. A plot of equation (76) for various ratios of
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F1a. 56.—Plot of variables of equation (76). (Circular disk source on a paralle:
plane.)

E,/B, q/a, and s/ais given in Fig. 56. The curve for s/a equal to
zero is also the plot of equation (75).
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The value of E,/B in Fig. 56 always becomes = for ratios of s/a
less than unity as the ratio g/a goes to zero. This is to be
expected, since with s less than a the point P approaches the
source. The flux density (or illumination) received at P then is
identical with the flux density (or luminosity) of the source.
Since the luminosity and brightness of the perfectly diffusing
source are related through =, the value of E, should also be =B.

For s/a greater than unity the value of E,/B always becomes
zero as the ratio ¢/a goes to zero. This likewise is to be expected,
since the point P then misses the source completely.

For s/a equal to unity the cquation of g/a equal to zero is
indeterminate in form, but by calculus methods E,/B may be
shown to be equal to =/2. This is logical, since with the point P
on the exact boundary of the source, the contribution of the
source to illumination at P is only half as cffective as with the
point P within the boundary.

The curves of Fig. 56 may be applied to sources that do not
subtend complete circular disks

by the method of subtraction of [ Luminous Source
illuminations. |<—~—a,— _ -l-—a,4

1
. . I
For cxample, in Fig. 57 the :
diffusing circular-ring luminous |
coffer source has an outer radius ?
|

1

|

1

of a, =4.5 ft. and an inner
radius of a; = 2.5 ft. The dis-
tance ¢q is 9 ft. The direct | »
illumination at a point displaced L____ .
6.5 ft. from the center of the Fic. 57.—Example of subtractive
source is desired for a uniform method of illumination determina-
source brightness of 1.5 candles Hon:

per square inch. Converting all dimensions to correspond to a

linear measure in feet gives

a, = 4.5 q/a; = 2.00
as =25 q/a; = 3.60
g=29.0 or sfay = 1.44
s = 6.5 s/ay = 2.60
B = 216

If the source were complete with a radius of a: the ratio ot
E,/B from Fig. 56 would be 0.34. However, if the source
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possessed a radius of a,, the ratio of E,/B as obtained from the
same figure would be 0.11. The difference of these values, or
0.23, yields the ratio of E,/B which results with only the ring
as the source. Consequently the illumination at P is 0.23 X 216,
or 50 lumens per square foot.

39. Rectangular Source.—The illumination resulting from a
perfectly diffusing rectangular source may be determined by
performing the integration process over the proper boundary
limits. The rectangular coordinate system will be used because

L\

[y

F1a. 58.-—A rectangular source with the point P on a perpendicular erected at one
corner of the source and on a parallel plane.

of the nature of the boundaries. This results in the evaluation
of a double integral.

Two cases will be considered. First, the receiver plane will he
taken parallel to the plane of the source (or its equivalent
boundary), and second, the receiver plane will be taken perpen-
dicular to the plane of the source but parallel to one of its edges.

In Fig. 58 the differential area dA is dz dy, the valve of D?
is 22 + y% + ¢% and cos @ = cos B = cos 0 = g/+/2* + y? + ¢~

The differential illumination at P due to d4 is

- B
@ty + )

and the total illumination at P due to the complete source is

y=h T=w dz dy
B [ [ ey ™

dE, dz dy 7)
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The integration and substitution of limits yields

E;., = B i___ sin-! ———%
Prv 2 VhE + ¢ VWt F R ¢

w — h 79
T ere vmiiiﬁﬂ 79
The double subscripts on the illumination symbol indicate the

plane upon which the illumination is being considered. The
source in both cases is taken in the 2 — y plane.

14

D

F1G. 59.—A rectangular source with the point P on a perpendicular erected at one
corner of the source and on a plane passing through one edge of the source.

In Fig. 59 the differential area dA is dx dy, the value of D? is
22+ y? + ¢% cos @ = cos § = q/+/x% + y2 + ¢*, and
s 8 = y/NFTFF -
The differential illumination at P due to dA is

B
dEp‘_, = qu:—.—w dx dy (80)

and the total illumination at P due to the complete source is

y=h z=w
dz dy
E,.=B y 1
Ds—z QJ;_O L_o xz + yz + q2)2 (8 )
The integration and substitution of limits yields
E,_.=£ tan‘ly-———i——————sin‘l—w———_—_ 82
i 2( ¢ Vh+¢ Vw? +h + ¢ &2

Again the double subscripts on the illumination symbol indi-
cate that the illumination is upon the z — z plane.
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Since w and h may be interchanged without affecting the
validity of the general geometry of the receiver plane being
perpendicular to the plane of the source and passing through
one edge of the source, the illumination with the point P on the
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Fia. 60.—Plot of variables of equation (79). (Rectangular source on a parallel
plane.)

y — 2 plane may be written by inspection from equation (82).
If the point maintains the same position as in Figs. 58 and 59,
the substitution of —h for w and +w for h in equation (82)
would be necessary, since h as a limit on x in this cquation would
be negative whereas w as a limit on y would be positive. Hence

—tan—! -

B h . h \
E. =2 —1
e =g ( p + o sin vy qz) (83)
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Figure 60 shows the plot of certain ratios of the variables of
equation (79). The upper curve of this figure represents the
condition of an infinite half strip A units wide. If this curve
were extended to very large values of h/q, the ratio should
approach 7/4, since then the illumination at P would be that

0.7
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Fia. 61.—Plot of variables of equation (82). (Rectangular source on a per-
pendicular plane.)

derived from one-fourth of a source of infinite extent as of Art. 36.
It may be noted that at h/q equal to 5 the ratio of illumination
to brightness is approximately only 2 per cent less than /4 and
the slope of the curve is not yet zero.

The plot of similar ratios of variables from equation (82) is
given in Fig. 61. Again the upper curve represents the condi-
tion of an infinite half strip & units wide.

All the equations that have been discussed for the rectangular
source have yielded the illumination upon some plane at a point
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perpendicular to one corner of the source. Although general
equations may be developed for the point P offset from the
perpendicular, the preceding charts may be used directly by the
methods of illumination components.

First let the point P be upon a perpendicular to the source that
falls within the boundary of the source as in Fig. 62.

l(

|

]

[}

1

1

h, E
! £

! 4 90“-?
]

%/

h 1

!

’/

Fte. 62.—A rectangular source with the point P on a perpendicular erected
within the boundary of the source and on a parallel plane.

For example, let the following values be known:

wy, = 3.5 ft. wl/q = 0.70

we = 1.5 ft. we/q = 0.30
h, =13 1{t or hi/q = 0.26
hy = 5.5 ft. he/q = 1.10
q = 5.0 ft.

B = 1.7 candles/sq. in.

If the area A, alone were luminous, the illumination at P would
be 0.370 X 1.7 X 144 ft.-candles as from Fig. 60. If A, alone
were effective, the illumination would be 0.195 X 1.7 X 144
ft.-candles. If A; alone were effective, the illumination would
be 0.130 X 1.7 X 144 ft.-candles. And finally, if A, alone
were effective, the illumination would be 0.055 X 1.7V X 144
ft.-candles. Obviously the illumination at P due to the whole
luminous source would be the sum of these values, or

0.750 X 1.7 X 144 = 184 ft.-candles.
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If the point P had been on a perpendicular to the source that
falls upon one edge of the luminous source but not upon a «orner,

-
Wy

T

“%;90" - PE

/ 7 90> \.E

Fia. 63.—A rectangular source with the point P on a perpendicular erected from
4 point along one edge of the source and on a parallel plane.

RTTTTTT R
>

the summation of two component illuminations would he neces-
sary. Such a case is shown in Fig. 63.

Finally the point P may be upon a perpendicular to the source
that falls outside the boundary of the source as the area A,,34 of

-
=gy
|</

4
7 90

Fiu. 64.—A rectangular source with the point P on a perpendicular erccted
outside the boundary of the source and on a parallel plane.

Fig. 64. Again the component method of computation may be

employed. If the total arca Agzas were luminous, the illumina-

tion at P can be determined from the plot of Fig. 60. If from

this value the illumination due to the area Ajess is subtracted,



90 ILLUMINATION ENGINEERING

the remainder gives the illumination due to the area Ag73.. This
includes the area that is truly luminous but also that due to A4 s721.
Two components must be considered in order to subtract the
effect of this latter area. The illumination caused by Agr is
that due to Ajra less that due to Ase.  Subtracting this net
result from the illumination due to 44734 yields the illumination
due to the area Aizs. Placing the subscripts directly upon the
illuminations and writing as an equation gives

Ei330 = Esrss — Eseas — (Esr20 — Ese10)
= Es13s — Eseas — Esrao 4+ Eyero (84)

40. Strip Source.—The illumination caused by a narrow
rectangular source can be determined from the methods just
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Fra. 65.—A strip source with the point P on a perpendicular erected from a
point displaced a distance s from one end and on a parallel plane.

considered. However, in some cases the illumination compon-
ents may be relative large numbers with small differences.
Such conditions yield very inaccurate results unless computations
from the formulas are carried out to many more significant
figures than the final result is to possess. Consequently the
case of the strip source will be developed independently with
the restriction that the width will be small with respect to the
distance D. A semi-general case will be considered in which the
point P will be displaced from the source in the direction of its
narrow width but will be on a perpendicular to the line through
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one end of the source. Figurc 65 illustrates the geometry
of the case wherc P is on a parallel plane.
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F1a. 66.—Plot of variables of cquation (87). (Strip source on a parallel plane.)

In the figure the differential arca dA is w dy, the value of D?
is 24+ 92+ ¢* and cosa = cos B = cos 0 = q/V/st + y® + ¢~

The differential illumination at P due to dA4 is

. Bew
dEm—u - (y2 + s2 + qg)g dy (85)

and the total illumination at P due to the complete source is

ly
Epy= Betw | ol
e TP o W e o

Ty

(86)
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The integration and substitution of limits yields

E _ __ B¢w h
Pev T 2(s? 4 ¢?) [(s2 + ¢*+ h?)

1 h
————— tan—' —
+ N an \/82+q“:I (87)

The plot of the ratio of the variables 2/¢ and s/q as determin-
ing the magnitude of the cause-and-effect phenomena is given
in Fig. 66. However, in this case a complete isolation of the
ratios h/q and s/q is not possible. Since the ratio of w/q enters
as a direct multiplier, this term is transferred to the ordinate
scale and included in the plot as (¢/w)(E,,_/B).

An example will illustrate the use of the chart. In Fig. 67
the source is a continuous strip luminaire consisting of an enclos-
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Fi1a. 67.—Example of luminous strip source.

ing diffusing glassware about fluorescent lumiline lamps. The
brightness of the glassware is known to be essentially constant
at 1.1 candles per square inch. The point P is on a working
plane 7 ft. 6 in. below the light center and displaced 6 ft. to one
side. From the point P the source is equivalent to a rectangular
source of 7-in. width (ab in the figure). The source extends
8 ft. in one direction and 21 ft. in the other from the plane of the
figure.

Considering first the 8-ft. length as one component of the
source,
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h1 = 8.0

qg="15 hi/q = 1.07
s = 6.0 or s/q = 0.8
w = 0.583 g/w = 12.85
B =1.1 X 144

Entering the chart at the values of hi/q and s/q, the value of
(g/w)(E,, ,/B) is found to be 0.282. Substituting for the known
conditions of ¢/w and B, gives

E, , = 0282 % 1.1 X 144/12.85 = 3.5 ft.-candles.

Considering next the 24-ft. length as the other component
of the source,

’lz = 24.0

q= 7.5 hy/q = 3.2
s = 6.0 or s/q = 0.8
w = 0.583 q/w = 12.85
B =11 X144

Entering the chart at the valuc of he/q and s/q, the value of
(g/w)(E,, ,/B) is found to be 0.365. Again substituting the
known conditions of ¢/w and B gives

E,,_, = 0.365 X 1.1 X 144/12.85 = 4.5 ft.-candles.

The total illumination with both sections of continuous
luminous source acting is the sum of these component values, or
8.0 ft.-candles.

Luminous Strip Source

..... J

D N

Fia. 68.—Example of continuous strip source not extending to the point P.

If the source does not extend lengthwise as far as the point at
which the illumination is desired, the component method may
also be used. Figure 68 shows a longitudinal view of such a
case. The point P may be cither in the plane of the figure or
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not. The illumination due to a continuous strip of the same
brightness and width as the actual strip but extending the full
length h; should first be determined. If the source is the same,
the distance hy = 24 ft., s = 6.0 ft., and ¢ = 7.5 ft., as in the
praceding example, the illumination would be 4.5 ft.-candles as
before.

If the actual source is 16 ft. in length, then h; would be 8 ft.
as in the preceding example. The illumination due to this
length of source was shown to be 3.5 ft.-candies. Consequently
the illumination from the actual 16 ft. of luminous strip source
is 4.5 — 3.5, or 1.0 ft.-candle, at the point P where P is displaced
sideways 6 ft. from the line of the source.

41. General Source of Irregular Shape.—Various plans of
attack can be devised for approaching the problem of irregular-
shaped sources. Higbie has suggested that the scurce be con-
sidered divided into parallel contiguous strips, each of which be
treated according to methods very similar to Art. 40. Others
have devised a mechanical integrator to be used with a model
of the source. Still another method, devised by Greenberg, is a
device involving a special series of scales to be applied to a scale
drawing of the source.

Further development of these and other methods is beyond
the scope of this text; but for detailed information on the methods
mentioned above, references to articles by Cherry et al., Green-
berg, and Higbie will be found at the end of the chapter.

Problems

1.7. The illumination on a horizontal plane outdoors with no obstructions
to any part of the sky is measured and found to be 750 ft.-candles on a cloudy
day with no direct sunlight. If the sky is assumed to be of constant bright-
ness at all positions, what is that brightness in candles per square inch?

2.7. A circular ring coffer similar to that of Fig. 57 has an outer radius a,
of 6 ft. 8 in. and an inner radius a; of 4 ft. 8in. The distance ¢ is 8 ft., and
the distance s is 4 ft. An illumination at the point P of 30 ft.-candles is
desired. What must be the brightness of the luminous portion of the source
expressed in candles per square inch?

8.7. A window 32 in. wide by 48 in. high is located in a vertical wall 28 in.
above the floor. A desk 30 in. high is located in the interior of the room.
What is the illumination upon the horizontal surface of this desk at a
point 5 ft. from the outer wall in which the window is located and displaced
2 ft. from one edge of the window? The window is open to an unobstructed,
clear north sky possessing a brightness that is assumed uniform at its aver-
»ge value of 1 candle per square inch.
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4.7. What would be the illumination in Prob. 3.7 if the sky of all but the
upper 18 in. of the window from the point of view of the point P were
obscured by a very dark building located close by?

6.7. Diffusing panels 12 in. wide and 32 ft. long are located at a ceiling
height of 10 ft. above the floor in an office room as shown in the accompany-

P 7 L A >
B
Ny A
BT fmm /-]
wh | 2 B
Fa. 69.

ing plan. The brightness of the panels is 1.15 candles per square inch.
What is the direct illumination from the strips at the points A and B on
the top of desks 30 in. above the floor?
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CHAPTER 8

ABSORPTION, REFLECTION, AND TRANSMISSION
OF LUMINOUS FLUX

Symbol

(2

Tz

Term
Primary lum-
inous source

Secondary lum-
inous source

Specular

Diffuse

Glare

Spectral reflec-
tion factor
Reflection factor

Spectral trans-
mission factor

Transmission
factor

Definition

A source that is luminous by virtue of incan-
descence, luminescence, fluorescence, or phos-
phorescence.

Any source that is luminous by virtue or reflec-
tion or transmission of luminous flux from or
through the surface.

An ideal specular surface reflects all luminous
flux received by it at an angle of reflection
cqual to the angie ol incidence.

An ideal diffuse surface or transmitting medium
reflects or transmits all luminous Hux in such
a geometric manner that the brightness of the
surface is constant.

A subjective effect—-the result of two or more
surfaces that possess radically different
brightnesses in the direction of the observer.

Ratio of the spectral emission to the spectral
irradiation where the surface acts as a
secondary luminous source due {o reflection.

Ratio of the luminosity at a point on the surface
due to reflection to the illumination at the
same point on the same surface.

Ratio of the spectral emission to the spectral
irradiation where the surface of the trans-
mitting medium acts as a secondary luminous
source.

Ratio of the luminosity at a point on the surface
due to transmission to the illumination at the
closest point on the opposite side of the same
medium.

42. General.—Sources have been considered thus far with
very little reference as to whether they were primary or secondary
sources of radiation.
in the process of conduction of electricity, and fluorescent and
phosphorescent bodies constitute the possibilities of primary
Transparent and translucent bodies having either a

sources.

Incandescent bodies, certain gas chambers

96
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primary or another secondary source on one side constitute
secondary sources when viewed from the opposite side. Trac-
tically all materials—translucent, opaque, or so-called trans-
parent—act as secondary sources when viewed from the same
side that is receiving radiation from a primary or another second-
ary source. This chapter deals with secondary sources.

43. Absorption.—Consider a surface that is illuminated from
another source—either primary or secondary. Some of the
radiant energy received by this surface will be absorbed by the
body and act to raise the temperature of the body. If the body
whose surface is under consideration is opaque, there will be no
transmission of radiant energy having wave lengths between
0.40 and 0.76u through the body. Some radiant energy having
wave lengths in this region may be given off by the body from
the same side as that at which received. It is thought that
neither of the processes—transmission or reflection—can be
absolutely complete. Some energy is lost in the process.

In treating conditions from an illumination-engineering view-
point, radiant cnergies, or radiant-power densities, will not be
considered as such. Rather these items will be evaluated
through the luminosity function. Hence we shall be concerned
not with the amount of energy absorbed but with the amount of
light absorbed.

Generally, materials are not analyzed on the basis of their
absorption of light, but rather upon their transmitting and
reflecting properties. It is well to bear in mind, when studying
reflecting and transmitting phenomena of inactive bodies, that
the difference of the light received over a given area in some time
interval and that transmitted and reflected from the same area
in the same time interval is accounted for by the absorption (or
loss), which may be large or small but is not absolutely 100 per
cent or 0 per cent.

44, Reflection.—Consider now a material that may or may
not be capable of transmitting any appreciable light through the
body. The surface of such a body will in general reflect some
of the light received from another source. We shall be concerned
with the manner in which this light is reflected from the surface—
both geometrically and spectroradiometrically.

If an element of this surface is receiving luminous flux from a
very small source with respect to the distance from the source
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to the element, the luminous flux may be considered as received
at some definite angle with the normal to the plane of the element.
For example, in Fig. 70 the source at S radiates luminous flux

which is received at AA at an angle of
s P ¢9,. If this flux is reflected at an angle

1

6 .J:« o with the normal equal to that of ineci-
' dence, the surface is said to be specu-
[

lar. The ideal specular surface is one
Fia. 70.—Specular reflection.  that reflects all the luminous flux re-
ceived by the element of surface AA
at an angle of reflection exactly equal to the angle of incidence.
If the surface is a perfect specular surface, the observer at P
would have no knowledge that the surface existed in the region
of the point 0. Instead, the image of the source would appear
to be along the line PO and at a distance equal to the sum of PO
and OS. Actually there will usually be a certain amount of
scattering of luminous flux from the surface, and hence the
surface may be evident. Even with the best polished metal
some of the luminous flux is absorbed in the reflection process.
Hence the effect upon an illumination at P on a particular plane
due to a source S having a designated brightness and projected
area will be a reduction in the relationship for illumination as

B cos a cos 8 dA

where k, is the ratio of the apparent brightness of the source
from P along the path POS to that along the path OS direct
from the source. This constant is approximately the reflection
factor of the mirror. Reflec- s '
tion factor will be defined in !
Art. 45.

If, instead of a distribution of
the luminous flux according to
the manner of specular reflec-
tion, the distribution is in such Fra. 71.—Intensity-distribution
a manner that the intensity of curve for diffuse reflection.
an element of surface AA behaves as a cosine function of the angle
from the normal, the surface is said to be diffuse. Furthermore
the distribution of flux is such that the same cosine function of
intensity results regardless of the angle of incidence. Such was
the condition discussed in Art. 31 of Chap. 6.
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Obviously these two conditions are idealized. Actually no
surface behaves in exactly one of these manners. However. the
specular surface can be approximated by a polished metal
mirror; and the diffuse surface can be approximated by a surface
painted with a flat or mat paint.

Between the extreme limits of idealized specular and diffuse
surfaces lie the actual surfaces found in nature. Terminology
associated with these surfaces has not been very rigidly estab-
lished. Indeed there is need for the establishment of better
terminology. Mirror surfaces can he called the practical limit
to which specular reflection. can be approached. The term mat

Fig. 72.—Mat-surface re- Fia. 73.—Semi-mat-surface
flection. reflection.

surface has been used to describe surfaces that most nearly
approximate the ideal diffuse surface. The term semi-mat is
often used to describe a surface which gives a rather continuous
intensity distribution for a small element but which distributes
more flux in the quadrant of the sphere on the opposite side
of the normal from the source. Cross sections through the
solids describing the intensitics for all angles taken through
the plane of the source are shown for several surfaces in Figs. 72
to 75.

The surface of Fig. 72 yields an intensity distribution from a
small element of the surface which is approximately a polar plot
of the cosine function. The brightness at any point on the
surface from any angle of observation is practically constant.
As a result the subjective effect—the brilliance of the surface—
will likewise appear essentially the same from any angle of
observation regardless of the size or the number of the sources.
Hence such sources lend themselves to use as secondary sources
of reflected light. Excessive brightness of one surface with
respect to that of another surface or to another part of the same
surface in the line of vision causes excessive subjective brilliance
effects. When such excessive brilliance conditions occur to an
individual, we say that the source of higher brilliance is “ glaring.”
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With mat surfaces reflected glare is usually a minimum that can
be experienced.

The intensity distribution from the surface of Fig. 73 is regular
but has a maximum value in the region of an angle of reflection
equal to the angle of incidence. The brightness of such a source
would be larger on the right-hand side of the vertical than on
theleft. However, the ratio of maximum brightness to minimum
brightness may not be excessive and hence may not produce
objectionable brightness ratios from various angles of observa-
tion. Rather smooth mat surfaces exhibit this characteristic
of reflection.

Any actual surface may behave radically differently from
what is expected when the angle of incidence is very large. Such

e

-

Fi1a. 74.—Semi-mat-surface reflection at Fia. 75.—Porcelain-enameled
large angle of incidence. steel reflection.

a radical condition as is illustrated in Fig. 74 may occur even on
a mat surface, although the effect is usually more pronourced
on a semi-mat surface. Here the ratio of maximum to minimum
brightness may be quite large.

Other surfaces may behave approximately like diffuse surfaces
for all angles of observation except angles of reflection essentially
the same as the angle of incidence. For such angles the intensity
distribution for an element of the surface may exhibit values
that are decidedly greater than those for a diffuse surface.
Such a possibility is illustrated in Fig. 75 for porcelain-enameled
steel. If a large extent of such a surface is illuminated fairly
uniformly by a rather small source, a fixed observer notes a
rather small spot of excessive brilliance at that part of the
surface where the angles of reflection and the angle of incidence
are essentially the same. At other regions on the surface the
brightness is essentially constant (and smaller than that at the
region just described), and hence the brilliance of the remainder
of the surface appears nearly constant.
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46. Reflection Factor.—If a homogeneous radiation of wave
length N impinges upon a surface, the distribution of luininous
flux from a small element of this surface will behave geometrically
as has been discussed in the preceding article, depending upon the
nature of the surface. If this surface acts as a simple secondary
source, the radiant power reflected by the surface will be of the
same wave length as that of the radiation received. The ratio
of the radiant-power density reflected to that received at a
point on the surface is defined as pa. the spectral reflection factor
at the wave length \. 'Thus

_
= (Tx (89)

where py = spectral reflection factor at a wave length \.
Jx = reflected spectral emission at a wave length \.
G\ = spectral irradiation at a wave length A,

If a homogeneous radiation of another wave length N is
received in the region of the same point on the surface, the
spectral reflection factor for this wave length will be the ratio
of the homogeneous emission of wave length N to the homo-
geneous irradiation of the same wave length. By considering
such conditions for a great number of wave lengths over the
range of 0.40 to 0.76u the manner in which the surface behaves
spectroradiometrically can be investigated. A surface that has
a fairly constant and also a fairly large py over the range of
wave length previously mentioned is said to be a white surface.
A surface that has a p\ that is fairly constant but of smaller
magnitude over the range considered is said to be a gray surface.
And finally a surface that has a p) that is fairly constant but very
small over the same range is said to be a black surface. Thus a
plot of p) as a function of wave length for the three nonselective
surfaces mentioned would appear as in Fig. 76, where curves
a, b, and ¢ would represent the white, gray, and black surfaces,
respectively. The manner in which the spectral reflection
factor behaves outside the range of wave lengths 0.40 to 0.76u
has no significance from an illumination viewpoint unless some
effect can be utilized through fluorescent or phosphorescent
phenomena or through other phenomena not yet discovered.

The three surfaces considered in Fig. 76 were special surfaces.
A more general case would be a surface exhibiting a spectral-
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reflection-factor relationship such as is shown in Fig. 77. The
particular graph represents the spectral reflection relationship
for a red surface. Various limits of wave lengths have been

10
038 (@)
w7
Ll — »)
0.2
oL=—TC T T T(c)
04 05 06 0.7

A(Micron)

Fia. 76.—Spectral reflection factors for several fairly nonselective surfaces.

recommended at various times in order to specify objectively
what conditions for the average individual yield the subjective
spectral hues of red, orange, yellow, green, blue, and violet. One
such recommendation is given in Table 4.

TaBLE 4.—WAVE-LENGTH BOUNDARIES OF THE VARIOUS SPECTRAL Hums
FOR THE AVERAGE INDIVIDUAL
Wave-length Spread,

Hue Microns
Red. ... 0.76-0.63
OraNge. ..ottt s 0.63-0.59
Yellow. ..o 0.59-0.55
GreeN. . .ttt e e 0.55-0.49
Blue....... ... .. ... 0.49-0.45
Violet. ... . 0.45-0.40

If a continuous-spectrum irradiation impinges upon a surface
whose spectral-reflection-factor variation with wave length is

10 known, a product of the two
08 =—] ocurves yields the emission of the
0% / surface as a secondary source.
S If this emission is evaluated now
AN
04 ] through the luminosity function,
0.2 the resulting area under the curve
0 will be the luminosity as speci-

0.4 07

%(Mic,.gﬁ) fied earlier by equation (38a) of
F1a. 77.—A spectral-reflection-factor Chap. 4. The complete pro-

graph for a red surface. cedure is illustrated in Fig. 78.
However, there is no reason why the irradiation cannot be
evaluated through the luminosity function first, thus giving
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the illumination upon the surface. Then this illumination may
be evaluated through the spectral-reflection conditions; 7.¢., the
operation by px and v, can be interchanged without changing
the end effect, which is the luminosity. If such a procedure is
followed for the same Gy vs. \ characteristic of Fig. 78 the results
would be as illustrated in Fig. 79, where the final graph and area
under the curve is identical with that of the final graph of Fig. 78.

& &
0F 05 06 07 0F 05 06 07
A (Micron) A (Micron)
0% : ' 07 oz 0 07

5 06
2 (Micron)

& ~Area=
5 D Nﬂﬁw

05 06
A (Micron)

0& 05 06 07 0% 05 06 07
A (Micron) A (Micron)

04 05 06 07 04 05 06 07
2 (Micron) A(Micron)

~<
?; Area = Juminosify-, E Area =/um/hos/‘7fz//,
o < _—k

0.4 05 0.6 07 0.4 0.5 06 07

A (Micron) A (Micron)

Fi1a. 78.—Process of evaluating lu-
minosity through the emission due to
reflection.

Fia. 79.—Process of evaluating lu-
minosity of a reflecting surface through
a previous evaluation of illumination

from the irradiation.

Thus far the discussion of reflection from a spectroradiometric
viewpoint has centered upon the spectral reflection factor py,
which is defined at a particular wave length through power-
density relationships. To specify completely the conditions of a
reflecting surface spectroradiometrically requires a graph or a
tabulation of py against wave length. With such information
it is always possible to arrive at the luminosity of the surface
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due to reflected luminous flux through either of the two processes
just outlined. However, it is often convenient to specify for a
given surface and a given spectroradiometric distribution of
illumination the ratio of luminosity to the illumination. Such a
ratio is called the reflection factor of the surface for a particular

type of illumination, which should be specified. Thus the reflec-
tion factor is

L
P=T (90)

where p = reflection factor corresponding to the spectroradio-
metric distribution from which the illumination is
derived.
L = luminosity due to reflection.
E = illumination.

The reflection factor then depends upon two items: first, the
condition of the surface, which is specified through a plot of
o VS. N, and, second, the spectral distribution of the illumination.
To state simply that the reflection factor of some surface is a
certain value has no meaning. For illumination derived from an
incandescent tungsten-filament lamp operating at 2950°K. the
reflection factor for some particular surface could be, for example,
63 per cent, whereas for illumination derived from a green
fluorescent lamp the reflection factor of the same surface could
be perhaps as high as 75 per cent or as low as 30 per cent depend-
ing upon the manner of variation of the spectral reflection factor
with wave length. However, even with these restrictions it
may at times be more convenient to work with a series of values
of reflection factors for various illuminants than to work with
spectral reflection factors. For a continuous-spectrum source
the reflection factor represents the ratio of the areas under the
nJx and »G curves, as of Fig. 79. An interpretation for line-
spectrum sources can be made by replacing the integration
processes by simple summation processes.

46. Transmission.—Much the same discussion as was applied
to reflecting bodies can be carried over for analyzing conditions
at the surface emitting luminous flux on a transmitting body.
Consider first a body that transmits all the luminous flux received.
If luminous flux is received at an angle of incidence 6, with the
normal to the surface, and all of this flux leaves at an angle of
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emergence 0; with the normal equal to 6,, this body is said to be
perfectly transparent. Such a condition is illustrated in Fig. 80.
If such conditions could exist, an
observer at P would have no
knowledge that the body ex-
isted in the region of the point
O unless an edge of the body is
at the point 0. Becausc of re-
fraction within the body the
line OP will be displaced but Fia. 80.—Transparent transmission.
parallel to SO'.

Actually no substance transmits 100 per cent of the flux
received. Hence the effect upon an illumination at P on a
particular plane due to the source S whose brightness and
geometry are known will be a reduction in the relationship for
illumination similar to equation (42)

B, = ks f B cos aI;(;iB dA (91)
s

where k2 is the ratio of the apparent brightness of the source
from P along the path PO0’S to that along the path SO’ direct
from the source. This constant is approximately the trans-
mission factor of the more or less transparent body. Transmis-
S sion factor will be defined in Art.
47.

\ If instead of a distribution of
Z ~ luminous flux according to the
manner of perfect transparency,
the distribution is in such a man-
ner that the intensity of an ele-
ment of surface AA in the region
of O behaves as a cosine function
of the angle from the normal, the
body is said to be a perfectly diffusing translucent body.
Furthermore the distribution of flux is such that the same
cosine funetion of intensity results regardless of the angle of

incident light.
Again these two conditions are idealized. Actually no body
behaves in exactly one of these manners. The perfeet trans-
parency can be approximated by a good quality of plate glass

Fia. 81.—Diffuse transmission.
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and the perfectly diffusing translucent body can be approximated
by certain types of so-called opal glass.

Plots of intensity distributions for elements of several trans-
lucent bodies are illustrated in Figs. 82 to 85. Solid opal glass
is a very translucent milky white glass. The flashed opal is a
transparent base with a thin layer of solid opal glass usually
upon only one side of the base. The sand-blasted glass is a

Fig. 82.—Solid opal glass trans- Fra. 83.—Tlashed opal glass
mission. transmission.
S
S
D gy 30°
A
\\\
Fia. 84.—Sand-blasted glass F1a. 85.—Sand-blasted glass trans-
transmission (source at 90 deg. mission (source at 30 deg. from
from surface). surface).

very much less diffusing glassware than the others as is indicated
by Figs. 84 and 85.

47. Transmission Factor.—In a manner similar to that pre-
sented in Art. 45 the spectral transmission factor for a body
may be defined as

N’
™= "C'y—)“
where 7\ = spectral transmission factor at a wave length A.

J\' = transmitted spectral emission at a wave length A,
Gh = spectral irradiation at a wave length A,

(92)
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TABLE 5.—SPECTRAL TRANSMISSION FACTORS FOR SELECTED WRATTEN LIGHT

FiLTERs®

’;:‘:" 2A 6 8 15 22 29 88 | 87 35 | 61 77

Name . K1 K2 G E2 ¥ Infrared D N

Wave

length,

micron

0.20
5

0.30 0 14
5 0 14 0.25

0.40 0 09 0.48
1 [0.01]0.10 0.48
2 {0.51]0.12 0.45
3 0.76 | 0.16 0.38
4 0.83 | 0.21 0.26
5 0.85 | 0.28 0.14
6 0 & | 0.3810.02 0.05
7 0.87 [ 0.50 | 0.10 0 01
8 088 0.63|0.25
9 0 88| 0.74 | 0.44 0.02

0.50 0 88| 0.8 | 0.59 0.18
1 0.8 | 0.83[0.72 (0 03 0.34 | 0.02
2 0.80 | 085]0.79 | 029 0.45 | 0.12
3 0.8 | 0.86 ] 0.82 | 0 58 0.44 1 0.13
4 | 0.8 08708076 .... 0.37 | 0.56
5 0.90 | 0.88{0.85] 0.82 | 0.01 0.28 1 0.76
6 0.88 | 0.86 | 0.84 | 0.23 0.18 1 0.72
7 0.8 [ 0.87 | 0.85 ] 0.55 0.09 | 0.10
8 0.89 | 0.87 | 0.86 | 0.72 0 04
9 0.80(0.88 | 0.87 | 0.83 0.01

0.60 0.8 ([ 0.88 ] 0.88 | 0.85 0.14
1 0.90 ) 0.89 | 0.8 | 0.8 0.12 0.38
2 0.8 (0.8 | 0.87 | 0.39 0.66
3 0.89 | 0.89 | 0.88 | 0.69 0.76
4 0.8 0.90| 0.8 (0.79 0.79
5 0.90 0.89 | 0.87 0.05 0.81
6 0.90 | 0.88 0.20 0.83
7 0.89 0.44
8 0.90 | .... 0.63
9 0.01 0.75

0.70 N 0.05 0.81
5 0.90 | 0.03

0 80 0.95 | 0.55
5 | 0.80

0.90 0.90
5 1 0.95

(Giood in infrared)

a “Wratten Light Filters,” 16th ed., 1940.
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TABLE 6.—SPECTRAL TRANsMISSION FAcTORS FOR SELECTED CORNING

Grass FILTERs®

Filter No. 7381038352215 (254|986 | 440 | 592
Wave length,
micron
0.20
2
4
6 0.06
8 0.36
0.30 ..10.67
2 ..10.80
4 ..]0.81
6 0.58 ..10.77
8 0.87 ..10.56]0.13
0.40 0.91....1....]....].-...[0.13/0.33/0
2 0.09....]....]....]0.01/0.48/0.
4 0.69|. ... .10.58|0
6 0.78|. .. o] ]0.65]0
8 0.83....].... .10.70[0
0.50 0.85(0.10]. . 0.680
2 0.86/0.69|. . 0.61{0
4 0.79|. 0.48/0
6 0.84. 0.30/0
8 0.86/. 0.17/0
0.60 0.40). . 0.09/0
2 0.80- - .10.05|0
4 0.85]- - ..10.03|0
6 0.86 ..{0.02{0
8 A....00
0.70 \ .10
2 ..[0
s | SO O I
1.0 (Good in infrared) {0.60[. .. .|....1....]....
1.5 0.77|.
2.0 0.71].
2.5 0.71].
3.0 0.47|.
4.0 0.10
5.0

.80

87

.70
.73
.69

.83
.60
.84
.87
.10

.50
.88
.90
.90
.84

.88
.90
.35]. ...

0.

533

86

.83
.73
.59
.39

.22
.12
.06
.05
.04

.03
.02
.02
.02
.03

.05
.16

[= == [= ===l

[=l=NK=N=N=] === =N] [=R=N=EK=N=]

397

.58
60
.64
67
69

.70
.70
.68
65

.57
.52
.46
.40
.34

27
.21
15

.03

.15
.19
.10
05

398

[\
<o

0.01

“Glass Color Filters,” Corning Glass Works Catalog C-206, 1941.
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Spectral-transmission relationships are given for several trans-
mitting media in Figs. 85 to 88.

The same procedure of evaluation of incident irradiation as
was outlined in Fig. 78 could be applied to a transmitting medium
using the spectral transmission factor instcad of the spectral

10
08 ~

\\
06

& o \
02
0

o
30 35 40

0 05 W 15 20 25
A(Microns)

Fig. 86.—Spectral transmission factor of Pyrex glass, 2 mm. thick
1.0
0.8 \

0.6
&

sl T\
) \

0 05 10 15 20 25 30 35 40
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Fia. 87.—-Spectral transmission of pure water, 21 mm. thick.
10
08
fO'G /V7.6'I (Na 5] No.29
0a &) | 16| )
T ‘:I [
0.2
LA UV
02 0.4 0.6 08 10
A(Micron)

Fia. 88.—Spectral transmission of several Wratten filters for photographic use.

reflection factor. Such a procedure is shown in Fig. 89 where the
J\' is the spectral emission due to transmitted radiant-power
density.

Or by interchanging the evaluation of 7\ ana v the same end
result, luminosity, can be obtained as is illustrated in Fig. 90.

In a similar manner to that for reflection factor, the transmis-
ston factor may be defined as

LI

T=F (93)
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where 7 = transmission factor corresponding to the spectro-
radiometric distribution from which the illumination
is derived.
L’ = luminosity due to transmission.
E = illumination.

For the same reasons as were pointed out concerning reflection
factor, the transmission factor depends not only upon the trans-
mitting medium but also upon the spectroradiometric distribu-
tion of the irradiation from which the illuminstion is derived.

It

A
\

04 05 ) 07
X(Mncron) (M\oron)

07

=3
>
o
>

Ta
%)
ol
o
O |

04 05 .
Mncron) A (M= on)

-Area=
:{ / tb: / O i
S
0F 05 0% 05 06 07
A (Mucron) A (Micron)
S <
04 05 06 07 04 05 0.6 07
A(Micron) A(Micron)
e (Area =/uminosity Q}: Mrea=
= //-\ S ENJuminosity
s Y . .
04 6) 04 05 .06 0.7
2 (Micron A(Micron)
Frg. 89.—Process of evaluating lu- F16. 90.—Process of evaluating lu-
minosity through the emission due to  minosity of a transmitting medium
transmission. through a previous cvaluation of illu-

mination from the irradiation.

Problems

1.8. Plot on poiar coordinates the brightness of cach of the four elements
of area shown in Figs. 72 to 75, assuming that the actual area of the element
is 1 8q. in. and that each unit of radial distance on the diagram is 10 candles.

2.8. The surface for which the spectral-reflection-factor variation is
illustrated in Fig. 77 is irradiated by a “white” fluorescent-lamp source to
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such a degree that the illumination is 20 lumens per square foot. What is
the luminosity of the surface? What is the reflection factor for this
irradiation?

8.8. The same surface as in Prob. 2.8 is irradiated by a green fluorescent-
lamp source to such a degree that the illumination is also 20 lumens per
square foot. What ig the luminosity of the surface? What is the reflection
factor for this irradiation?

4.8. What percentage of the irradiation for the “white’”” fluorescent lamp
is of such wave lengths as evoke each of the sensations of the various hues
us defined in Table 4? What percentage of illumination is of such wave
lengths as to evoke these same hue sensations? What percentage of the
luminosity of problem 2.8 is of such wavc lengths as to evoke these same hue
sensations? Compare these three sets of results.

6.8. Dectermine the average luminosity of the clement of surface for which
the intensity-distribution curve is shown in Fig. 84 if the maximum intensity
is 10 candles and the area of the element is 1 sq. in.
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CHAPTER 9
ELECTRICAL LIGHT SOURCES AND THEIR OPERATING

CHARACTERISTICS
Symbol Term . Definition
£ Life of lamp The average laboratory life of a large number of

similar lamps when burned under carefully
controlled conditions. For design purposes the
life may be designated as that period required
to evaporate a certain percentage of the original

filament.
Cold-cathode  Lamps designed in such a manner that the cathode
lamps or cathodes are operated at approximately the

same temperature as the temperature of the arce

stream of the lamp.
Hot-cathode Lamps designed in such a manner that the cathndo
lamps or cathodes are operated at a temperature very
much higher than the temperature of the are

stream of the lamp.

48. General.—The first commercial electric-light sources were
the open-arc discharge lights of about 1878. Soon after, incan-
descent lamps were introduced, principally in interiors at first
but later as a replacement source for the carly are lights of strect
lighting. Only in recent years has there been any revolutionary
change in the types of lighting sources commercially available.
The gaseous-discharge sources such as mercury-vapor and
sodium-vapor lamps have become quite popular in recent years
for certain applications. It is of interest that these gaseous-
discharge sources have been applied quite liberally as replace-
ment sources for street and highway lighting.  Still more recently
the fluorescent lamp, which is fundamentally dependent upon the
gaseous-discharge action of its are, has become commercially
practical and is being used as a replacement source for many
interior incandescent-lighting systems.

Thus we see that in electric-light sources nothing is static and
permanent in nature. First luminescent sources were developed
and applied; then incandescent sources held the stage; and now

112
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it seems that the cycle is again swinging to the luminescent type
of source.

However, incandescent lamps are being and probably will
continue to be applied in many new installations where condi-
tions may be more favorable to their application. This chapter
will consider all of the present principal types of light sources
and their operating characteristics.

49. History of the Incandescent Lamp.—The first incandescent
lamp is generally attributed to Thomas Edison, who in 1879
produced a lamp using a filament of carbonized sewing thread.
Other earlier lamps utilized carbonized bamboo and paper.
Treating the filament with a hydrocarbon, thus forming a coating
of graphite on its surface, was the first notable advance in pro-
ducing a more uniform filament. Later a filament was produced
by squirting cellulose through a die, then drying and carbonizing
it. .

Thus far all the filaments that had been used consisted of some
form of a carbonized material. Such filaments possessed nega-
tive temperature coefficients of resistivity. In 1905 a process
of heating the treated carbonized material to a high temperature
was developed. In the process the temperature coefficient of
resistivity was changed to a positive value, and the filament was
said to be “mectalized” because of this change. The lamp was
called the GEM (General Electric Metallized) lamp.

True metal-filament lamps were introduced the next year
through osmium lamps and tantalum lamps. Tungsten lamps,
however, soon replaced both of these types in 1907. At that
time no process of drawing tungsten was known, since the tung-
sten was very brittle. The first tungsten lamps used filaments
made by mixing tungsten powder with a binder to form a paste
and then squirting it through a die. The thread thus formed
was then treated and mounted in the bulb. The lamp was very
fragile. In 1911 Coolidge discovered a method of making
tungsten ductile so that it could be drawn directly.

Until 1913 all lamps had been evacuated-bulb lamps. Such
lamps are today known as type B lamps. Langmuir investigated
the possibility of using an inert gas in the bulb to reduce the
large evaporation resulting from the very low pressure at the
surface of the hot filament. Edison had attempted the same
process; but with the low temperature of his filaments the
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increased convection losses due to the gas as a carrier over-
shadowed the effect of reduced evaporation to such an extent
that he obtained practically no light. With the higher tempera-
ture of filament operation possible in 1913, the gas-filled lamp
was found economical in large lamp sizes. In recent years the
minimum lamp size at which the effect of reduced evaporation
predominates over the effect of increased convection losses has
been gradually reduced because of the increased temperature of
filament operation. However even today no standard lamp of
less than 40-watt rating is gas filled. The gas-filled lamps are
designed as type C lamps.

Recent developments in incandescent lamps have been the
coiled and double-coiled filament. Both of these developments
have been made in an effort to operate the filament at a higher
temperature at the same power input. The more concentrated
filament accomplishes this effect by reducing the convection
losses—thus allowing more power to be radiated. Also the
spectral distribution of an incandescent body operating in the
range 2300 to 3500°K. is such that more power is radiated in
the visible region of the spectrum with filaments operating at the
higher temperatures. The result of these two effects is evident
in comparing the initial lumens per watt of various size lamps of
the same voltage rating of Table 7.

60. Incandescent-lamp Ratings.—Lumen and life ratings and
other significant data on various types of incandescent lamps are
given in Table 7. These are taken from the General Electric
Company schedule of March, 1941. The letter in the bulb
designation indicates the shape of the bulb, and the figure indi-
cates the approximate diameter of the bulb in eighths of an inch.
The various bulb shapes and base designations are shown in
Fig. 91. The over-all length is measured from the top of the
bulb to the bottom of the base. The light center length is
measured from the center of the filament to the bottom of the
serew base, to the top of base pins or fins of bayonet or prefocused
bases, to the shoulder of the post of mogul bipost bases or to the
bottom of bulb (base end) for medium bipost bases.

The finish of the bulb is clear, inside frosted, daylight, etec.
The daylight bulbs are those having a light blue glass to filter
some of the red, orange, yellow rays and thus produce a light
that more nearly approximates daylight.
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61. Operating Characteristics of Multiple Tungsten-filament
Lamps.—The lumen output of a lamp is influenced greatly by
the temperature of operation of the filament. At the higher
temperatures more radiation occurs in the visible range of wave
lengths, and hence the evaluation through the luminosity func-
tion yields a greater number of lumens. Obviously a means of
obtaining a higher temperature of filament operatiot is through
a greater power input to the filament. In a multiple type lamp
(i.e., one designed to be operated with others in parallel) this
can be accomplished by increasing the voltage applied to the
lamp.

The higher temperature of filament operation yields still
another result. At the higher temperature the evaporation of
the filament is more rapid. Hence the life of the filament
becomes less at the higher temperature.

The balance between light and life is therefore the controlling
consideration in the design and utilization of incandescent
lamps. Details of filament design will not be dealt with in this
text. Instead, empirical formulas obtained from numerous
tests on lamps are presented in equations (94) to (96). An
excellent consideration of the design of lamps is presented in
“The Scientific Basis of Illuminating Engineering,” by Parry
Moon, for those desiring a more advanced treatment of the
subject.

The operation of multiple incandescent lamps at other than
rated voltages can be expressed rather accurately by the following
empirical relationships, provided the voltage range considered
is not excessive:

2- () o
a-() o
) 5

where ¢ = luminous flux.
£ = life of the lamp.
P = power taken by the lamp.
V = voltage on the lamp.
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The values of the exponents a, b, and ¢ are given in Table 8 for
the several lamp sizes and classifications.

TaBLE 8.—ExrPoNENTS FOR USE IN EQUATIONS (94), (95), AND (96)

Exponent
Classification of lamp
a b c
Type Blamps............................ 3.51 13.5 1.581
Type C 40-50-watt lamps................. 3.68 13.5 1.523
Type C 60-150-watt lamps...... . ....... 3.61 13.5 1.523
Type C lamps 200 watts and larger.........| 3.38 13.1 1.543

62. Economics of Lamp-voltage Variation.—The lowest total
cost of producing light by multiple incandescent lamps depends
greatly upon the voltage of lamp operation with respect to the
rated voltage of the lamp. Two costs must be considered: (1)
the investment cost on the lamp, including its installation, and
(2) the cost of electrical energy used by the lamp during its
lifetime. Cost of the fixture and distribution circuits is not
considered, since this cost is relatively independent of voltage of
operation in the problem under consideration. The amount of
light produced by the lamp during the same time interval is
likewise of primary importance.

One obvious method of determining the most economical
voltage of operation is the substitution of various voltages into
equations (94) to (96) for a given set of conditions. From the
data thus derived, the cost of producing 1 lumen-hour of light
can be determined. If a plot of this data has a minimum point,
the voltage at that point represents the most economical voltage
of operation.

At very low voltages on the lamp, the operating cost per lumen-
hour will be very high, since its efficiency in producing luminous
flux is low; whereas the investment cost will be very low inasmuch
as the life will be extremely long. At very high voltages the
converse will be true, since the life of the lamp will be very short
and the efficiency as a luminous-flux producer very high. Hence
there will be some voltage giving a minimum over-all cost, this

voltage representing the most economical voltage for the partic-
ular set of eonditions.
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A much simpler method of determining the most economical
operating voltage is through the use of differential calculus.
Let ¢ = cost of lamp including installation, in cents.

r = cost of electrical energy, in cents per kilowatt-hour.
V = voltage applied to lamp, in volts.
Vo = rated voltage of lamp, in volts.

&£ = life of lamp, in hours.

£o = rated life of lamp, in hours.

P = power taken by lamp, in watts.

P, = rated power of lamp, in watts.

¢ = luminous flux, in lumens.

¢o = luminous flux at rated voltage, in lumens.
The cost of installing and operating the lamp for £ hours at the
voltage condition V (z.e., for the life of the lamp) is

rPg
¢+ (1000)
The luminous flux obtained (assumed constant over the life of the

lamp) is ¢ lumens, and the amount of light obtained during the
£ hours is ¢£. Therefore the cost per lumen-hour is

. cents _q rP
Unit cost (lumen-hour) T el + 10000 (97a)

Setting up equations (94) to (96) in terms of V, ¢, £, and P to
their rated values gives

0= e (—V‘f) (94a)
£ = 4L (—%)—b (95(1)
P =P, (VVO)C (96a)

Substituting these values in equation (97) yields
. cents _q (7Y (_I_’_)“
Unit cost (lumen hour> T pofo (Vo) Vo
+ _rPo (.K)c _K)_a
1000(,00 Vo Vo

qV"(a—b) (b—a) T_P. OV______O('PC) (c—a)
oo Ut 0000, Y
(98)
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For a given set of conditions concerning some particular lamp
and energy cost, the only variable on the right-hand side of the
cquation is the voltage V. Hence a differentiation of cost with
respect to this voltage will yield

d (unit cost) _ gV
av oo

(b — @) VoD

'I‘PoVo(a_c)

T 10000,

(¢ — a)Vie—a=b  (99)

When the unit cost does not change with respect to voltage, the
condition of minimum unit cost is obtained (there being no
limit on maximum cost). Hence

(b — a)qVoe (¢ — a)rPV e

V(b——u—l) V(c—a—l) — 0
oot + 10005,
or
,,!
I N N T
V= [(F— a> ]000(]] Vo (100)

The expression is arranged so that all differences are positive
as shown in equation (100). The most economical voltage will
be dependent upon a combination of five items: (1) the cost of
clectrical energy; (2) the investment cost of the lamp; (3) the
rated power of the lamp; (4) the rated life of the lamp; and (5)
the exponents a, b, ¢ of the equations for lamp performance.
The only variation in the fifth item is the slight variation among
the various lamp sizes and hence could be considered essentially
a constant parameter of the problem.

A higher energy rate demands a higher operating voltage on a
given lamp for most economical light production. The larger
the rated power and the rated life for a series of lamps the higher
is the most economical voltage. However, the greater the
investment cost for a given lamp the lower is the most economical
voltage.

If the vaiue inside the brackets of equation (100) is equal to
unity, then the economical voltage 1s the rated voltage. For
such conditions the relationship involved among the power rate,
the investment cost, the rated power, and the rated life for
Type C 60 to 150-watt lamps is

4740(] = rPoLo (101)
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Even though a ‘““nuisance cost” equal to several times the
actual price of the lamp is included in ¢, the energy rate r neces-
sary to justify lamp operation at the name-plate rating is sur-
prisingly low on lamps rated at 100 watts or more. Usually
operation at overvoltage is desirable. The use of 120-volt lamps
on 115-volt circuits in order ‘“‘to make them burn longer” is in
practically all cases foolish economy.

The unit cost of producing light by a given lamp operating at
its most economical voltage V is obtained through equation
(98) with the value of V of equation (100) substituted therein.
The result is

Unit cost at most economical voltage

1 -P k1 k2
Ty @ e

where
k1=g:z
gt
k=5
e

63. Effects of Filament Evaporation.—The evapuration of the
filament of an incandescent lamp reduces the diameter of the
filament and thus increases its electrical resistance. On a
multiple lamp this increased resistance results in less current flow
and also in less power input for a given voltage. Consequently
the radiation process is retarded as the lamp is used. On a series
lamp where the current is maintained independently of the
resistance conditions, the increased resistance actually results in
increased radiation as the lamp is used.

The blackening of the bulb of the lamp due to the deposit of
the tungsten on the glass acts as a filter and hence tends to
reduce the radiant power leaving the bulb surface. On multiple
lamps the effect of reduced radiation from the filament, and the
blackening of the bulb, is to reduce the lumen output of the lamp
to about 70 per cent of the initial lumen output at rated life.
On geries lamps the two effects more or less cancel each other,
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giving on larger lamps only a slight increase in lumen output
with aging of the filament. On small series lamps the blacken-
ing of the bulb usually predominates over the increased radiation,
thus giving a slight decrease in lumens output as the lamp ages.

64. Vapor Lamps.—These lamps, which produce luminous flux
by virtue of electrical-current flow through a gas or a vapor, may
be divided into two groups: (1) these operating with a cold
cathode and (2) those operating with a hot cathode.

Lamps of the cold-cathode type comprise the ‘“neon’’ lamps
s0 common in advertising signs. Helium and mercury are used
in a great many of these so-called neon signs in addition to neon.
Argon is usually used in most of them as a carrier gas to assist in
starting the electrical discharge. Various colored glass tubes are
incorporated to obtain the myriad possibilities of neon-tube
lighting. The lamp has an inherently large cathode voltage
drop which causes a correspondingly large power consumption
with no emission of light from that region of the lamp. Hence
the lamps are usually built only in relatively high-voltage units
and even then are not so efficient as the hot-cathode type.

Sodium- and mercury-vapor lamps are the outstanding com-
mercial lamps of the hot-cathode type, although neon, argon,
helium, and several other gases or vapors are being used. The
remaining discussion will be concerned with the sodium- and
mercury-vapor lamps and others of the mercury type.

b66. Mercury-vapor Lamps.—FEarly mercury-vapor lamps
operated at a mercury pressure of approximately 0.025 mm.
The efficiency of the units as luminous-flux producers was such
that approximately 13 lumens per watt were obtained by a
device rated at 450 watts. The present-day mercury-vapor
unit operates at a much higher mercury pressure on the com-
mercial sizes the pressure being approximately 1 atmosphere
when the lamp has attained its full operating temperature. Two
sizes of these units are available: a 400-watt lamp and a 250-watt
lamp. Both are self-contained except for the ballast equipment
necessary to give stable operation on constant-voltage circuits.

The 400-watt lamp consists of two tubular bulbs—one within
the other. At each end of the inner bulb is an electrode consist-
ing of a coil of tungsten wire treated with a mixture of barium
compounds. This treatment serves to produce a copious supply
of electrons when the lamp is in its initial stage of operation. JTn
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addition to the two main electrodes there is an auxiliary electrode
located close to the regular electrode at that end of the tube
nearer the base. This electrode is connected to that located at
the opposite end of the inner tube through a fixed resister of
15,000 ohms. Its action is to assure positive starting in cold
weather and to reduce the time required for restarting following
current interruption. A very carefully measured amount of
mercury and a small amount of argon gas completes the inner-
bulb assembly. The argon gas facilitates the establishment of
the arc discharge at the initial starting period. The outer tube
serves as a heat-insulating jacket.

T
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F1a. 92.—Starting characteristic of a 400-watt mercury-vapor lamp.

For a period of several minutes after the arc is established the
lamp requires approximately 20 volts at 5 amp. as is shown in
Fig. 92. After some 10 or 12 min. the normal operating condition
is reached when the lamp requires approximately 150 volts at
2.7 amp. The amount of luminous flux output is also shown in
Fig. 92.

Should an interruption in the electrical service take place while
the lamp is in operation, the arc will be quenched and cannot he
reestablished until the lamp has cooled sufficiently to reduce the
mercury-vapor pressure to a critical point.

Some form of ballast equipment is necessary for stable opera-
tion of the lamp. For a 230-volt supply this ballast may take
the form of a reactor connected in series with the lamp. For
115-volt supply a transformer possessing high regulation is
necessary, since the operating voltage of the lamp is higher than
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the line voltage. The ballast equipment adds approximately
40-watts loss making the total power supplied to the combination
when the lamp is at full operating condition approximately
440 watts.

Inasmuch as the power factor of the lamp and the ballast
equipment is of the order of 60 per cent, capacitors are often
used to increase the power factor to approximately 90 per cent.

The 250-watt mercury-vapor lamp is used for installations
where a low hanging height is necessary.  The brightness of the
400-watt lamp is such that even with large diffusing fixtures the

16000~ 160~ 8
")
c
(4 ~—~
E12000 —1201- $ 6
= _4:: 8 & Current -
x 2 £ ~J N
= = < N tLurmens]
L- 8000} o 80F3 4 7
2 g € Zumens—,/
° + [y S— s
g 2 5 / /<Vo/7‘agnz
540001~ 404-“2 // —
3
7/
L L 0
0 0 0 16 20

8 12
Time (Minutes)
Fig. 93.—Starting characteristic of a 250-watt mercury-vapor lamp.

glare would be prohibitive. The efficiency of the smaller unit
does not mateh that of the 100-watt unit.

The smaller lamp consists of a single bulb with electrode
arrangement very similar to that of the 400-watt unit. The end
of the bulb opposite the base is coated with a very thin layer of
platinum which in turn carries a protective coating. The
platinum coating is essential in order that heat may be reflected
back into the lamp, thereby preventing any condensation of
mercury from taking place at the tipped end. The pressure of
operation is approximately 300 mm. The starting characteristic
is shown in Fig. 93. The lamp is used only in enclosing fixtures.

Mercury-vapor lamps both larger and smaller than the 250-
or 400-watt size are commercially available. The smaller size
carries a 100-watt rating with an initial luminous efficacy of
32 lumens per watt. The lumen maintenance at 70 per cent rated
life on this lamp is considerably less than for the others, as is
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videnced in Table 8a. Data given here are from the General
lectric Company schedule of March, 1941.

In the past two years the type A-H6, 1000-watt, high-pressure,
aercury-vapor lamp has received considerable application where
n extremely bright, small source is desirable. This lamp has a
luartz bulb with an inside diameter of 2 mm. and an arc gap
5> mm. long. The lamp requires a water jacket and a forced
ooling system.

Whereas the operating pressure on the standard 250- and
00-watt sizes is in the order of 1 atmosphere, the pressure in the
000-watt lamp is approximately 75 atmospheres when steady-
tate operating conditions are attained. When mercury lamps
ire operated at such high pressures, the spectral-line ‘character-
stics of mercury radiation are no longer sharp. Instead they
yecome broadened, and the spectrum between the lines is filled
n with what has been called background radiation. Pressures
18 high as nearly 300 atmospheres have been investigated, and
it this pressure nearly all trace of the line character of the spec-
rum is lost. As a result many colored objects illuminated
»y this source appear more natural in hue than would they under
he lower pressure 250- or 400-watt lamps. However, at the
»xtremely high pressure of 300 atmospheres, for example, the life
f the lamp is extremely short. If the life can be increased when
yperating at such pressure, the lamp will undoubtedly be applied
n many more fields. At the present it is rather limited to those
ipplications where color itself may be of small importance, as in
shotochemical processes, television studios, searchlights, certain
sicture projection applications, and high-speed oscillographs.

66. Sodium-vapor Lamps.—The sodium-vapor lamp consists
of an evacuated tubular bulb enclosing at each end a coiled
tungsten filament (the cathode) and a sleeve of molydenum

(the anode). Each cathode is coated with an active material
to give off electrons freely when heated. Each anode is con-
nected to one side of the respeetive filament coils and acts as a
collector during the half cycle when that end of the tube is
positive with respect to the other. A small quantity of sodium
and also neon at a few millimeters pressure (for starting) are
included in the bulb.

The heat insulation so necessary for vapor lamps is furnished
by a separate, heat-resistant, double-walled flask which encloses
the lamp during operation.
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To operate the lamp each cathode is first supplicd with 6.6 amp.
at approximately 2.5 volts. This is accomplished by shorting
out the arc by a timer relay as is shown in Fig. 94. After a
short preheating interval, the arc potential is applied across the
anodes. This is usually accomplished through a timing device

PocrcFor operated by a bimetallic element.

Gallast After opening the circuit the relay
\/\.g,f‘;’,’;’;‘;;;@) is held open as long as the unit is
- Line in operation. When the voltage
] o is first applied across the elec-
Timer Relay o trodes, the lamp glows with the

Fia. 94 —Sodium lamp civcuit. 1o g ctoristic red neon color.  As
the temperature rises and the sodium becomes vaporized, the dis-
charge gradually acquires the orange-yellow of the sodium are.
The maximum luminous output is reached in about 30 min. The
lamp does not require a cooling period for reestablishment of
the arc following a power interruption.

67. Fluorescent Lamps.—The fluorescent lamp is a form of the
mercury-vapor lamp with an additive feature. In the fluorescent
lamp the mercury-vapor pressure is of the order of magnitude of
0.003 mm. If clear glass were used, the luminous output would
be approximately 5 lumens per watt. However, this low
pressure of operation produces radiation having a very large

TABLE 9.—DATA oN FLUORESCENT CHEMICALS®

. xeiting S.“!H- Fmitted Kimit-
General tivity ted
Phosphor? range,° range,
color . peak, X peak,
microns . microns | *.

microns microns

Caleium tungstate. .| Blue 0.22-0.30] 0.2720 [0.38-0.70] 0.440
Magnesium tung-

state............ Blue-white  [0.22-0.32] 0.2850 (0.38-0.72| 0.480

Zinc silicate. ... ... Green 0.22-0.30| 0.2537 {0.45-0.62| 0.525
Zinc beryllium sili-

cate............. Yellow-white [3.22-0.30] 0.2537 {0.45-0.72| 0.595

Cadmium silicate. . .| Yellow-pink ]0.22-0.32| 0.2400 |0.43-0.72| 0.595

Cadmium borate. . .| Pink 0.22-0.36| 0.2500 [0.40-0.72| 0.615

o From “‘Engineering Data on Fluorescent Mazda Lamps,’ General Electric Company,
Cleveland.

5 In addition to phosphor, manganese is usually present as an activator.

< Minimum measurements taken, 0.22u,
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mount of power radiated at a wave length of 0.2537u.  Various
hosphors are used which respond to excitation of this wave
mgth and whieh emit in the visible range. Data on several
uorescent chemicals are given in Table 9. The powders used
1 fluorescent lamps are white by reflected light. The gold and
>d lamps have additional coatings of colored pigment to enhance
ae desired hues with the phosphors now available. Data on
uorescent lamps from the General Electric Company schedule
f March, 1941, are presented in Table 10.

The starting device is similar to that of the sodium-vapor lamp
1 that the arc is shorted initially by a starting switch. Many
ariations of these starting switches are possible. The type
ow used most generally is the thermal glow switch. On
tarting, the line voltage across the starter switch is sufficient
o produce a glow discharge between a bimetal strip and an
djacent electrode. The heat thus produced by the glow causes
he bimetal strip to defleet against the other electrode. This
ermits sufficient current to flow through the lamp-cathode
cating circuit to heat the cathodes. In the meantime the glow
ischarge has been shorted out allowing the bimetal strip to
ool and the contact between bimectal strip and its adjacent
lectrode is soon broken. As in other mercury lamps a ballast
s required in the circuit, and the inductive kick from this
allast as the contacts open starts the main discharge current
1 the lamp. Once the lamp is started, the voltage upon the
witeh is insufficient thereafter to cause a glow discharge so the
tarter consumes no energy during lamp operation. Prices of
tarters for the various size lamps are given in Table 11. Data
n Tables 11 through 16 arc from *Fluorescent Mazda Lamps
nd Auxiliary Equipments,” General Electric Company, Folder
\, April, 1941. Enclosed within the case of the starter is a
mall condenser for reducing radio interference.

Various types of ballast are available for operating either one
r two lamps. Circuits for these are shown in Figs. 95 to 104
nclusive. The voltage of the supply, the lamp size, whether
ower-factor corrected with capacitors, and whether single- or
wo-lamp operation is desired are factors influencing the choice
f ballasts and the associated circuits. Data on ballasts as
egards their use with lamps of various sizes, circuit voltage,
ignificant physical and electrical data, and prices are given in
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Tables 12 and 12a. The prevalence of 60-cycle a.c. circuits
makes the ballast equipment designed for this frequency the

TaBLE 11.—REPLACEABLE FLUORESCENT STARTERS

Type FS-5 | FS-2 FS-4 FS-74 FS-64 FS-6
. 6-watt| 15-watt |30-watt
Lamp size. ... ; S watt| 20-watt 40-watt% 65-watt | 100-watt | 100-watt

Starter list
price, each.| $0.40 | $0.36 | $0.36 | $0.80 $0.80 $0.80

Number of 2 2 2 4 4 For replace-
starter con- ment in 2-
{acts. contact

starter
sockets

most common. However, for 50-cycle, a.c. service special
auxiliaries are available as is indicated in these tables. At

White == £ Z/Laﬁjﬁ —— =7 Ble

vvvvvv

]
Llack ~~Capacitor |
L — . Compensator |
Yellfow-4--- I

S
=2 Lqmpu ﬁ']—
Tln lﬂm‘g@ 51———

Fie. 95.——Fifteen- and twenty-watt tulamp circuit with integral starting

A-C
L /'rm.__

compensator.
pomn o Ballast _____ - Be
Black l VWAV e
| P a-d .
Compensator ‘Capacitor

! EE_E —E ) I 5

e

Fia. 96.—Thirty- and forty-watt tulamp circuit showing separate compensator.

25 cycles the flicker that results from the cyclic action upon the
phosphors of the fluorescent lamp is intolerable. Consequently
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Black fooo & ”—”—‘-’f—f YV 2 Blue
AL Re ed
1 ¥, b M
Lo e Copacitor __|
—(S
Zamp 2|
)
A\

Fia. 97.—Sixty-five-watt tulamp circuit.

Black e 3Ll
Weite {m_gw Red
_____ — e —
Capacitor 7=
-LP—_Lsz___ﬁl—
A-C ‘
U”e'— Lamp.
® ]
o)

Fia. 98. One hundred-watt tulamp circuit.

Ballast

q
; |
E‘C’apacﬂvr I i

(3 |

Fig. 99.—Fifteen- and twenty-watt high power-factor single-lamp circuit.
Also 30- and 40-watt 199-216 and 220-250 volts.

Capacitor-<._Ballast
r—— =

-
—
Black WA
White 3 _: fed
|A-C line | Eo=——==————= ]

F1a. 100.—8ixty-five-watt high power-factor single-lamp circuit.

Black —___ballast___ -
T AN NMANA——i e
A-C LWV T !
| Ling 7
® l
A\

F1a. 101,—Autotransformer type, 30 and 40 watts, 110-125 volts.
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Black - Ballast

Vv 1 Ble
! I | Blve
ERAAASARMN J
— ]
A-C
| Zing Latnp

—

Fia. 102.—Fifteen- and twenty-watt two-multiple low power-factor circuit.

Ballast

A-C
Line

Fia. 104.—Fifteen- and twenty-watt single-lamp low-power-factor circuit; thirty-
and forty-watt for 199-216 and 220-250 volts. Also 65-watt.

these lamps are not used on circuits of 25 cycles, although with
proper ballast equipment the lamps themselves will operate. As
a result auxiliaries for 25 cycies are not commercially available.

The ballasts of Table 12 contain capacitors for power-factor
correction. The ballasts of Table 12a are not power-factor
corrected. However, capacitors as separate units are available
for such correction. Table 13 lists several of these capacitors
together with the units to be used for correcting various size
lamps.

Tables 14 and 15 extend the data of Table 10 somewhat as
regards the smaller lamp sizes available. The lumen outputs
for the colored lamps are also given.

Table 16 contains information relative to the maximum bright-
ness of the various lamps as measured at the center of the lamp
and perpendicular to the lamp.

68. Operating Characteristics of Fluorescent Lamps.—As for
incandescent lamps, the operating conditions of fluorescent lamps
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TABLE 12.—HI1GH-POWER-FACTOR BALLASTS
High-power-factor Tulamp Ballasts—860 Cycles

— N Approx.| Approx. . :
Lamp Circuit s Weight, List price
watts voltage Sise, in. 1b. ‘ig;’:’ :::;: ealc)h
2- 15 | 110-125 | 1345 X 234 X 1434 334 9 95-100 | $ 3.50
2-20 | 110-125 | 1%43 X 2;’2 X 1454 385 9 95-100 3150
5 50 | 199-230 | 532 X% 9 i | 120 Sl | 4%
2-30 | 220250 | 2% X344 X 9 63 | 1234 | 95-100 4,25
2-30 | 110-125 | 1854 X 25 X 22ikes | 7 18 95-100 625
30| 10ate | 15 X 213 X 22134gs | 7 10% | 95100 6,25
2-30 | 220250 | 15{s X 25 K28 | 7 14 95-100 6.25
a0 | e |5 X3t o & | 159 | eaioo | 40
2- 40 220-250 2 X 3 X 9 652 14 95-100 4:50
2-40 | 110-125 | 15¢s X 23 X 22iked | 7 25 95-100 8,50
240 | 199-216 | 15{s X 254 X 22180¢s | 7 16 95100 650
Tao| mewn | MLxalxamme) g | 2 1) o
— 4] .
2-100 110-125 234 X 34 X 19}} 14 35 95-100 11.50
2.100 | 199-216 | 283 X 3% X 1954 14 35 95-100 11,50
2-100 | 220-250 | 235 X 35 X 19%¢ 14 35 95-100 11,50
50 Cycless
2-15 | 110-125 | 13§ X 2 X 17 3 | 10 95-100 | $ 5.
3-20 | liolzs | 12 X2 X7 |0 95-100 5.00
IR RAEIINE: 1R
2-30 | 110-125 | 1886 X 23 X 22ib¢ed | 733 | 1834 | 95-100 800
2- 30 | 220250 | 134s X 234 X 22184¢b | 7 15 95-100 8,00
2-40| 110198 | 28" X 314 X0 (2o I I -t O B
40| hoas | T XoE ok | M| 2 95-100 8.25
2- 40 | 220-250 125 Laig X2nse | 7 21 95-100 8.28
285 | 110-125 | 284° X 3;§ X 14y 1y | 26 95-100 10,00
2-100 | 110-125 | 28¢ X 334 X 1044 155 37 95-100 15.00
2100 | 220250 | 254 X 33% X 1954 13 37 95-100 13,00
Starting Compensatore
..... | oo | 13ax 1% x 4% | % | | ... | s0.70
High-power-factor Single-lamp Ballaste—60 Cycles
17| 10138 | 16, X 21 1 4 $ 2.50
g \msHel ) B W) . |
30 | 199216 14i: X288 X 10 2 8 |90percent|  3.00
B |z | m | g hee| gl
or .
0| 100 |1MIXX mgé 2 12 higher 3,25
10 | 220-250 | 1743 X 234 X 10 2 13 at 3.28
85 | 110-125 | 23" X 314 X 141 9 24 rated .00
| R xdan | we | e |
X :
100 | 220-250 | 233 X 33§ X 1434 10;’ 24 8.00
50 Cycles
BT EE E I | L
or .
100 | 220220 | 25% X 33¢ X 1432 11 3434 | higher 11.00

* Note that 30-, 40- and 100-watt tulamp ballasts for 50 cycles are }{ in. higher than
correspondmx 60-cycle ballastas.

® Small cross section.

. Startmg
4 Note that 6
34 in. higher than corr

com§enutor necessary for 30- and 40-watt tulamp ballasts
and 100-vun osax_l:le-lnmp ln;h power-factor ballasts for 50 cycles are
yel
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are influenced greatly by the voltage supplied to the circuit.
However, the over-all efficiency of the fluorescent lamp aud its

TABLE 12a.—UNCORRECTED-POWER-FACTOR BALLASTS
Single-lamp Ballasts—60 Cycless

Lamp | Circuit o Weight, | APProx- | Approx. | List
Size, in. watts power | price

watts | voltage Ib. ] ’
) 088 factor | each

5 | 110-125 |13{g x 134 X 434 | 1 2 45 [$1.15
8 | 110-125 [13{ X 134 X 414 1 2.8 50 1.15
15 | 110-125 [1755 X 134 X 4}4 34 414 55 | 0.60
20 | 110-125 124 X 134 X 414 34 414 55 | 0.60
30 | 110-125 |174, X 234 X 83 | 2% | 10 55 | 2.00
30 199-216 (174, X 134 X 61 134 9 60 1.25
30 | 220-250 1742 X 134 X 613 1% 9 60 1.25
40 110-125 (1742 X 214 X 834 214 13 60 2.25
40 | 199-216 {1742 X 134 X 6% 14 12 60 1.50
40 | 220-250 {1724, X 134 X 614 1% 13 60 1.50
65 | 110-125 (174, X 214 X 14} 334 15 45 3.00

50 Cycles

6 | 110-125 |13{¢ X 134.X 4% 1 214 45 |$1.50

8 | 110-125 [13{¢ X 134 X 414 1 3 50 | 1.50
15 | 110-125 (174, X 134 X 634 114 614 55 1.25
20 | 110-125 |1742 X 134 X 6% 1% % 55 1.25
30 | 110-125 |174, X214 X 834 | 2% | 15 55 | 8.00
30 | 220-250 {1742 X 134 X 8% 2% 1344 60 2.00
40 | 110-125 {1742 X 214 X 1034 34 19 60 3.25
40 220-250 {1749 X 134 X 834 214 1514 60 2.25
65 | 110-125 {1782 X 234 X 1414 414 17 45 4.50

Thermal-switch Auxiliary for Direct-current Operation
15-20 | 110-125 |134¢ X 134 X 73{¢| 1} .. |81.60°
Low-power-factor Two-multiple Ballasts

2-15| 110-125 [1769 X 134 X 614 1% 9 55 |81.10
2-20 | 110-125 |1749 X 134 X 6% 1% 9 55 1.10

a See listing of FL capacitors recommended for correcting power factor in Table 13.
¢ Does not include necessary external resistor.

auxiliaries increases with reduced voltage rather than decreases
as for the incandescent lamp. Efficiency and stability are
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opposing factors in the design of fluorescent lamp ballasts.
Consequently a reduction in supply voltage for a given lamp and
ballast, although increasing the efficiency, likewise reduces the
margin of safety as regards stability. Consequently the recom-
mended voltage range is usually considered from 110 to 125

TaBLE 13.—CAPACITORS FOR POWER-FACTOR CORRECTION OF FLUORESCENT

Lamps
Capacity, Over-all List
o Cata;logue micro- Volts Cross SCC 1 Jength, rice
No tion, in . price,
: farads ' in. each
a 118
A| 21F138 4.75 3236i 14 x 2% | 5% $1.55
B | 21F181 6.5 118 1 X 24 5% 1.65
C | 21F182 11 118 114 X 2l 6134{¢ 2.30
D| 21F122 | 17.5 3;;22 14 X 2% | 14145 | 3.50
E 21F123 28 118 1Y X 2y 1413{¢ 4.00
Class FL Capacitors that will correct the
indicated number of lamps to 90%, power
Lamp size Volts factor or better. Data for 60 cycles®
1 2 3 4 5
15-watt T-8 118 A C BB D CcC
20-watt T-12 118 A C D CcC E
30-watt T-8 118 C D E DD DD
40-watt T-12 118 C D E DD DE
30-watt T-8 208%
40-watt T-12 | 236 A AA | AA D D
65-watt T-17 118 E CE BEE EEL EEEE

a Letters indicate Class FL capacitors to be used. Two letters indicate two capacitors
connected in parallel.
volts or multipliers of 4/3 or two times these values. Figure 105
shows typical electrical and luminous characteristics for tulamp
fluorescent ballast and lamp circuits such as are shown in Figs. 95,
96, 97, or 98.

At several points tulamp auxiliaries have been mentioned
without further discussion. Actually the tulamp auxiliary with
power-factor correction accomplishes two results. Since the
single-lamp unit produces a certain degree of flicker, even at
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50 cycles, it is desirable to operate adjacent lamps so that the
peaks of the instantaneous luminous output curves will not
occur simultaneously. This may be accomplished by changing
the current phasing with respect to a common voltage supply.

TaBLE 15.—L.uMEN RATINGS OF Mazpa F Lampse

Lamp watts 6 8 14 15 20 30 40 85 100
White......... 180 | 300 | 460 |615(41){900 (45) (1450 (49){2100 (52)[2100{4200 (42)
Daylight. ... .. 155 | 250 | 370 |495 (33)|730 (36.5)|1200 (40)|1700 (42){1800{3350 (33.5)
Roft white.. ... . ... | 325 435 640 1050 1500
Blue.......... . . e 315 460 780
Green......... R IO 900 1300 22560
Pink.......... VU I T 300 440 750
Gold.......... . . - 375 540 930
Red......... N 45 60 120

|

a Lumen output and efficiency ratings apply at the end of 100 hr. of operation. The
efficiency of daylight and white Mazda ¥ lamps at 70 per cent of rated life is about 85 per
cent of initial rating. Figures in parenthesis indicate lamp lumens per watt.

TaBLE 16.—MaxiMuM BRIGHTNEsSS IN CANDLES PER SQUARE INCH FGR
Mazpa F Lawmps

Lamp watts 6 8 14 15 20 30 40 65 | 100
White............ 5.42) 5.40| 2.88| 4.76| 3.65| 5.48) 3.87| 3.38| 4.82
Daylight.......... 4.65) 4.49| 2.32| 3.87| 2.99| 4.54| 3.10] 2.90| 3.87
Soft white........ veod| o...] 2.04| 3.43| 2.65| 3.98] 2.77
Blue............. .| 2.49] 1.88] 2.99
Green............ .| 7.08] 5.31| 8.63
Pink............. | 2.32{ 1.77 2.88
Gold............. .| 3.65] 2.21] 3.54
Red.............. .1 0.35] 0.24] 0.46

A fluorescent lamp will operate with pure capacitive ballast,
but the results are entirely unsatisfactory. The current that
results is a heavy surge peak which flows only until the condenser
is charged and then remains zero for approximately 14 cycle.
At that time the condenser is charged at opposite polarity and
the cycle is repeated. These heavy surges of current are very
destructive to the electron emissive material of the cathodes;
and furthermore, the current flows for such short time intervals
that the flicker is tremendous.
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Instead a series circuit of capacitance and inductance is used
with one lamp. The circuit is predominantly capacitive and
hence draws a leading current. The current wave form is very
good with the capacitance adjusted so that the resonant
frequency is about 90 cycles for a 60-cycle supply. Thig circuit
is then paralleled with an inductively ballasted lamp, and the
combination is known as the tulamp auxiliary. The lamps
operate at different current phasing, and the power factor of the
combination is 90 per cent or higher. With the tulamp ballasts

Uncertain start- Interior lamp per-
ing and operatin formance and
may result at Recornmended Operating Range danger of over-
excessive Best Performarnce heating avxiliary|
undervoltage may result atex
cessive overvo
130
B L[]
'3% 120 Characfer{s_‘{_i(i Curves
pical Tulam
Eg‘; rluor%scenf Ba|log’rs Totd) W
T g — Y
& 7 W= e
B = =D 7
g | ] = ==+ Dveraly
§f __—==1 %% 7cserm
LR =
iz
e
& |
1 A | )
105 110 15 N8 120 125 130
20 220 230 236 240 250 %0
185 194 203 208 22 20 s
Line Voltages

F1a. 105.—Characteristic curves of typical tulamp fluorescent ballasts.

for the smaller lamps a starting compensator is required in
series with the leading circuit starting switch to alter momentarily
the constant-current characteristic of the leading circuit so the
lamp current will rise sufficiently to permit proper electrode
heating. Like the starter, it consumes power only on lamp
starting, since it is directly in the starter circuit as is shown in
Fig. 95 or 96.

The useful lamp life of fluorescent lamps varies with individual
lamps as is true of incandescent lamps. Tests on lamps require
considerable time for completion, and these tests upon all styles
of fluorescent lamps now manufactured are not complete. How-
ever, the daylight lamp has been studied rather fully, and the
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curve of Fig. 106 gives the maintained lumens as a function of
life for this lamp. Rated ““initial”’ outputs of fluorescent lamps
are based upon conditions at 100 hr., since the initial darkening
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%100
=

.
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w

]

Eeo Note that rated ouf-
3 putrs determined at
2 100 hours. /nitial valves
+ may be severalum-
o« 40 ens per watt higher
% thar rated.

-+

3
o

1
&

(=d

25 50 75 100
100 Hours Per Cent of Rated Life

Fia. 106.—Fluorescent lamp lumen maintenance.

100

No a'/r<ﬁ‘ Q
90 \\i\ p. \
AN
Lamp Enc) o@ ®
80 N £
H 2T LN
+ 170 §°
3
[S)
I 60 A K
._9." Lamp\ Expose
2 0 W Shaded areas show |
% praé:f{e fzgfzr' of
R ercies
& \ X %’:,,C//:;q,d*‘;f;/
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10 led 1o compensate for tube absorpt-

Jon, 5o the data represent actual lampy
output Dratt provided by fom near lamp.

0
0 10 20 3 40 5 0 70 8 9
Surrounding Air Temperature,Degrees Fahrenheit
F1a. 107.—Relative light output of a 15-watt fluorcscent lamp as affected by air
temperature, air movement, and enclosures.

is rather large. Consequently the true initial lumens would
mean very little.

Frequent starting of lamps evaporates an undue amount of
the active electrode material, and consequently the life of the
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lamp is shortened. Rated laboratory life is based upon switching
each 3 hr. of burning.

Fluorescent lamps are greatly affected by air currents and
temperature conditions in the immediate vicinity of the lamp
bulb, as is evidenced by Fig. 107. This chart is for a 15-watt
T-8 lamp with and without a 134-in. glass tube. In general the
lamps operate at their highest efficacy at normal room tempera-
tures of 70 to 80°F. At lower air temperatures, especially when
violent air movement is present, the luminous output is tre-
mendously reduced. Cognizance of this fact must be considered
in applying fluorescent lamps to air-conditioned rooms. The
adverse effect of low surrounding temperatures and air movement
can be offset to a great extent by enclosing the lamps.

Problems

1.9. An illumination survey of a room reveals an average illumination of
11.7 ft.-candles. The lamp sources of the room are 300-watt incandescent,
lamps. A measure of the voltages at the sockets with all lamps on yields an
average voltage at all sockets of 107.8 volts. The lamps are rated at 115
volts. Had the lamps been operated at rated voltage, what would have
been the average illumination? Are any assumptions necessary, and if so
can they be justified?

2.9. An electric customer complains to the power company that his lamps
are burning out too rapidly. A check reveals that the voltage at the socket
is 119 volts. If the customer uses five 60-watt, A-19 inside-frosted lamps
rated at 115 volts an average of 3 hr. per day, how often should he replace a
lamp, assuming that there is no mechanical breakage? If the cnergy rate is
4 cents per kilowatt-hour, what should be his average monthly electric bill
for the five lamps? What voltage would result in the most economical
light production considering a labor cost of replacement equal to the price of
the lamp?

8.9. If five 60-watt A-19 lamps can be replaced by three 100-watt lamps,
what percentage increase in luminous flux will result at rated voltage?

4.9. A 230-volt power supply is available for lighting service. A choice
is to be made as whether to use one clear 300-watt, 230-volt lamp in a fixture
that costs $10.30 or two clear 150-watt, 115-volt lamps in series in a fixture
that costs $17.50. If the lighting service is to be used for 500 hr. per year
and the total fixed charges on the fixture are 20 per cent annually, which is
the most economical way to produce one million lumen-hours of light if
energy costs 5 cents per kilowatt-hour.

6.9. Will a 15-watt daylight fluorescent lumiline lamp produce one
million lumen-hours of light more cconomically than a 40-watt, A-19 inside-
frosted incandescent lamp? (The two lamps have nearly the same luminous
output.) Consider the power loss in the auxiliary of the fluorescent lamp.
Neglect cost of all “permanent’’ equipment such as fixtures, auxiliary con-
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trols, etc., but consider the cost of the lamps. Both are operated at their rated
conditions. Energy cost is 5 cents per kilowatt-hour.
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CHAPTER 10
ILLUMINATION STANDARDS

Term Definition
Law A statement of an order or relation of phenomena
invariable under the given conditions.
Standard That which is, established as a rule for measuring or as
a model or example.
Visual size The angle subtended at the eye by an object or detail.

Brightness contrast The difference in brightness of two adjacent areas

expressed as a fraction based generally upon the
background brightness. .

69. General.—In establishing recommendations of illumina-
tion for particular usages, the distinction between standards and
laws should be discerned very critically. A law is a statement
of an order or relation of phenomena invariable under the given
conditions. A standard is more casily defined by implication
through what it is not rather than through what it is. A stand-
ard is not a law.

Standards of illumination can be only a decision as to an
economic balance between equipment available and its invest-
ment and operating costs on one hand and rather intangible
personal effects upon the other. There is no equation known
into which these many variables can be substituted and a
recommended standard obtained that will be valid for all indi-
viduals performing even the same visual task.

It is generally conceded that seeing involves at least five
objective relationships—objective at least in the sense in which
some of them have been dealt with in this text. These are (1)
the visual size of the object or certain critical details of it, (2) the
brightness of the object or these details, (3) the brightness
contrast between the object and the adjacent field, (4) the bright-
ness or brightness pattern of the remainder of the visual field, and
(5) the time available for secing. In addition to these objective
factors are the subjective variables of individual observers such
as the person’s visual ability and his intelligence, experience,
reaction time, concentration, distraction, and fatigue.

159
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60. Luckiesh-Moss Visibility Meter.—One particular instru-
ment has been devised which has helped tremendously in estab-
lishing the relative visibility of various tasks as determined
through the objective variables mentioned above. This instru-
ment is the Luckiesh-Moss visibility meter.

The meter consists of two filters with precise gradients of
transmission which may be rotated simultaneously in front of
the eyes while looking at an object or while performing a visual
task.

The relative foot-candle scale of the instrument is based upon
the ability of a person possessing a normal scense of sight to dis-
tinguish through the instrument, when set at a reading of 10, the
critical details of 8 point Bodoni Book type well printed upon a
good grade of white nonglossy paper with black ink when the
task is illuminated by 10 ft.-candles and the surrounding bright-
ness and brightness pattern are reasonable with respect to the
brightness of the background of the task.

The ecritical details (i.e., the space in the letter ¢ which dis-
tinguishes it from o, cte.) of such size type subtend a visual
angle of 3.64 min. when viewed at 14 in. This is the basis for
fixing one point on the relative visibility scale. When the
relative foot-candle scale is set at 10 on the instrument, the
relative visibility scale reads 3.64.

If some task other than the standard task of 8 point Bodoni
Book type is illuminated to 10 ft.-candles and observed through
the instrument, the reading of the relative visibility scale for the
normal individual will be the visual angle of the critical detail
of the task expressed in minutes. Thus a task printed in 4 point
Bodoni Book type upon identical paper with identical ink and
with identical surroundings should require a setting on the rela-
tive visibility scale of 1.60 for the normal individual inasmuch
as the eritical details of such type subtend an angle of 1.60 min.
at 14 in. Thus an absolute mecaning of the scale of relative
visibility is established.

If, however, instead of the instrument filters being adjusted to
achieve the threshold visibility, the illumination upon the task
were increased, such illumination for the normal individual
would be 175 ft.-candles for the 4 point Bodoni Book type. Thus
it is logical that the relative foot-candle scale read 175 when the
relative visibility scale is 1.60. Other points on the relative
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foot-candle scale have corresponding meanings. Consequently
the effect of illumination upon the visual task for a norinal
individual is fixed on the relative foot-candle scale. Once these
scales have been established, they can be used to express relative
visibilities and relative foot-candles needed upon tasks for which
the critical details may be so involved as to preclude specification
as to visual angle.

If it is conceded that the relative threshold visibilities are
linear with respect to the relative visibilities in the normal range
of use, and further if the 10 ft.-candles upon a visual task having
critical details subtending a visual angle of 3.64 deg. is logically
taken as the standard, then the relative foot-candle scale of the
instrument can be used as a scale of recommended foot-candles
for all manner of tasks measured, if the illumination upon the
task during the test is 10 ft.-candles. The scale that has been
referred to here as the relative foot-candle scale is labeled *‘recom-
mended foot-candles’” on the instrument.

61. Recommended Illumination Standards.—Whether or not
the two premises mentioned above can be justified may be argued.
That threshold visibilities are an exaet criterion for visibilities
in the normal range of use is an extremely difficult fact to estab-
lish quantitatively. Dircet measurements on ease of seeing (as
compared to just sceing) are in general not possible. If they
were, there would be no point in using a threshold-visibility
meter such as the Luckiesh-Moss meter. Likewise whether or
not 10 ft.-candles is a logical reference point for the 8 point
Bodoni Book type may also be argued.

Consequently the establishment of standards eventually
depends upon what the public can be sold in the way of adequate
levels of illumination, to the point where the financial limitations
balance any increased advantages in further reductions of energy
used by individuals in performing visual tasks under the lighting
systems thus established. That such standards should not
be static is obvious to the point of some “ideal maximum.”
Advancements in methods of light production, reduction in
electrical-energy rates, mass-production methods applied to
luminaire manufacture, improvements in the control of light,
and many other factors have constantly been changing—some
rather steadily, others by occasional changes that we like to call
revolutionary rather than evolutionary. The discovery of wicks
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as used in early flame lamps, the use of mantels in gaseous vapor
lamps, and the development of all our incandescent and lumines-
cent lamps of today have certainly been factors influencing
changes in standards.

TABLE 17.—RECOMMENDED STANDARDS OF ILLUMINATION: STORES®
(In foot-candles)

For store interiors, high levels of illumination are desirable to facilitate
seeing; yet other aspects, such as making the interior attractive to create an
atmosphere that will stimulate sales, are particularly valuable to the store
owner. In lighting, the storekeeper has a versatile and flexible medium for
advertising and decoration. Hence a factor in the well-lighted store is the
exercising of ingenuity and artistic ability in coanection with general lighting
along with special lighting for prominent merchandise displays. Briefly,
light attracts prospective customers, which makes its use a factor of impor-
tance in meeting competition.

L Special displays inside store
Lighting
(i::l- Show to reduce
Location inte- Show- win- da:yl(;ght . Me-
. case window | Light | .
rior dow | leflec- | col- dium Dark
lx.ght.- tions ored col- colored
ing ored
Large cities:
Brightly lighted district...| 20 [50-100| 200 |[200-1000| 30-50/50—100| 100 or more
S8econdary business loca-
tions.................. 20 |{50-100{ 100 [200-1000{ 30-50({50—-100( 100 or more
Neighborhood stores. .. ... 15 |50-100 50 |200-1000{ 30-50/50—100| 100 or more
Medium cities:
Brightly lighted districts. .| 20 [50-100{ 100 [200-1000{ 30-50(50-100{ 100 or more
Neighborhood stores.. . ... 15 |50-100 50 |200-1000| 30-50/50-100{ 100 or more
8mall cities and towns. ..... 15 |50-100 50 |200-1000| 30-50|50-100| 100 or more

@ From “Illumination Design Data,’’ General Electric Company, October, 1936.

It is the contention of Luckiesh and Moss, based upon researches
in fatigue, nervous muscular tension, and other similar effects,
that measurable advantages can be determined for illumination
levels ranging much above those listed in Tables 17, 18, and 19.
The fact that installations of lighting systems based upon these
recommendations are being made and that the owners of such
installations feel in general that because of them they are gaining
advantages in reduction of errors, better labor conditions, and
employee morale is the best proof that our standards are not too
high for an economic balance. As has always been true, the
illumination level is only one phase of the task of seeing. Whence
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comes the light is just as important as what is its density.
Perhaps we have now reached a point in respect to methods of
light production, electrical-energy rates, and the physical manu-
facturing methods of luminaires where improvements in the
control of light should be the next advancement lest the illumina-
tion levels of lighting systems advance out of proportion to the
quality aspects of those systems.

TABLE 18. —RECOMMENDED STANDARDS OF ILLUMINATION: COMMERCIAL
AND PuBLIC INTERIORS®

In offices, drafting rooms, schoo) classrooms, and other interiors in which
the visual tasks are difficult and prolonged, it is of prime importance to con-
sider lighting not for barely seeing but for easy seeing. Not only is high-
level general illumination required, but supplementary lighting is often
necessary on desks, business machines, and blackboards. Such local light-
ing must be chosen with careful attention to shading, diffusion, shadows,
and reflected glare.

Foot-candles
Armories—drill sheds and exhibition halls. .. 1L
Art galleries:

General. ........... ... .. ... ... 5
On paintings........................... Supplementary
Auditoriums. . ......... ... . i 5
Automobile showrooms.................... 20
Banks:
Lobby....... .. .. 10
CREES. oot Supplementary
Offices. ...... ... .. i 20
Barber shops and beauty parlors............ 20
Churches:
Auditoriums. . ........ ... .. ... ... 5
Sunday-school rooms. ................... 10
Pulpit or rostrum........... ... ... ... .. 15
Club and lodge rooms:
Lounge and reading rooms............... 20
Auditoriums. . .............. ... ... 5
Courtrooms. . ..o vt 10
Dance halls............. ... ... .. ... ... 5
Draftingrooms........................... 30
Fire-engine houses:
When alarm is turned in................. 10
Atothertimes......................... 2
Garages, automobile:
Storage,dead............. ... . 0 2
Storage, live............... ...l 10
Repair and washing department.......... Supplementary

@ From “ Illumination Design Data,”’ General Electric Company, October, 1936.
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TABLE 18.—RECOMMENDED STANDARDS OF ILLUMINATION: COMMERCIAL
AND PusLic INTER10Rs®.—(Continued)

Foot-candles
Hangars, airplane......................... 10
Repair department...................... Supplementary
Hospitals:
Corridors. .. ..o 2
TLaboratories. . .............c. i, 20
Lobby and reception room............... 5
Operating room. .. ..................... 20
Operating table......................... Supplementary
Private rooms and wards (with local
llumination)......................... 20
Hotels:
Lobby......... oo i 10
Dining room........................... 5
vAKitchen. ... L 10
Guest TOOmS. .. .. ... 10
Corridors. . .......ovve i 2
Writing rooms.......................... 20
Libraries:
Reading room.......................... 20
Stackroom.............. ... ... ... 10
Motion-picture theaters:
During intermission..................... 5
During pictures. .. ..................... 0.1
Museums:
General. .............................. 10
Special displays. ....................... Supplementary
Night clubsand bars...................... 5
Office buildings:
Bookkeeping, typing, and accounting. . ... 30
Business machines, power driven (transerib-
ing and tabulating)—calculators, key
punch, bookkeeping................... Supplementary
Conference room:
General meetings. ... ................. 10
Office activitics (see Desk Work, below).
Corridors and stairways................. 5
Desk Work:
Intermittent reading and writing.. .. ... 20
Prolonged close work, computing, study-
ing, designing, ete.................. 30-50
Reading blueprints and plans.......... 30
Drafting:
Prolonged close work—art drafting and
designing indetail.................. 30-50
Rough drawing and sketching.......... 30

¢ From “ Illumination Design Data,” General Electric Company, October, 1936,
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TaBLE 18.—RECOMMENDED STANDARDS OF ILLUMINATION: COMMERCIAL
AND PuBLic INTERIORS®.—(Conlinued)

Foot-candles
Filing and index references............... 20
Mail sorting. .......................... 20
Reception rooms........................ 10

Stenographic work:
Prolonged reading shorthand notes. .. .. 30-50

Vault..... ... .. .. ... ... 10

Post offices:
Lobby......... 10
Sorting, mailing, ete. ....... ........... 20
Storage............. ... ... 10
Offices, private and general ... ... ... 20
File room and vault............... ... ... 10
Corridors and stairways................. 2

Professional offices:

« Walting rooms. ... ..................... 10
Consultation rooms..................... 20
Operating offices............. ... ... .. 20
Dental chairs. .. ... . .. .. .. oL Supplementary

Restaurants, lunchrooms, and cafeterias:
Diningarea............. ... ... 10
Food displays..............ooiio... Supplementary

Schools:

“Auditoriums. ... ... 10
Classrooms, library, offices............... 20
Corridors and stairways................. 5
Drawing room. ...............c.oouenu... 30-50

U-Gymnasium (basketball).............. ... 20
Laboratories........................... 15
Manual training........... ... .. ... ... 20
Sewing room......... ... oo, Supplementary
Sight-saving classes..................... 30-50
Study rooms—desks and blackboards. .. .. 20

Service Space:

Corridors. ..ot 5
Elevators, freight and passenger.......... 10
Halls and stairways..................... 5
Lobby...coovv 10
Storage.......... ... .. ... 5
Toilets and washrooms. ................. 5

Telephone exchanges:

Operating rooms. .............cooviinn.. 10
Terminal rooms........................ 15
Cablevaults.....................contn 5

Theaters:

Auditoriums. . ... ... . L oiiioLe 5

a From “Illumination Design Data,” General Electric Company, October, 1936.
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TaABLE 18.—RECOMMENDED STANDARDS OF ILLUMINATION: COMMERCIAL
AND PusLic INTERIORs®.—(Continued)
Foot-candles

Foyer..... ... i 10
Lobby.....oooooiii 15
Transportation:

Cars:
Baggage, day coach, dining, pullman.... 15
Mail—Bag racks and letter cases....... 20
Storage.........cocoiiiiii 5
Street railway, trolley, bus, subway..... 15

Motorbus...........cooiiiiiiiiiiL 10

Depots:
Waiting rooms....................... 10
Ticket offices, general................. 10
Ticket rack and counters.............. Supplementary
Rest rooms, smoking rooms............ 10
Baggage-checking office................ 15
Storage............. . i 5
Concourse. ..., 5
Platforms............................ 2

4 From “Illumination Design Data,” General Electric Company, October, 1936.

TABLE 19.—RECOMMENDED STANDARDS OF ILLUMINATION: INDUSTRIAL
INTERIORS®

Factory workers are charged with a responsibility for maintaining certain
standards of speed, accuracy, and perfection. Inability to see quickly and
accurately is the cause of slower production, errors, accidents. Under
ordinary lighting many circumstances such as high-speed production, dis-
tracting surroundings, and fatigue may actually reduce seeing conditions
close to or even below threshold where neither certainty nor accuracy of see-
ing is possible. This tendency is definitely counteracted by higher standards
of lighting, and recommended levels of illumination must provide an ade-
quate safety factor in order to maintain visibility well above threshold values
for critical tasks and to provide a sufficient margin so that ordinary routine
tasks may be accomplished with greater ease and less ocular fatigue.

Critical inspection demands a high standard of lighting, both in quantity
of light and quality of lighting. It is uneconomical from the standpoint
of loss of time and material if processes must proceed to the point of final
inspection before flaws and defects are apprehended, particularly if, by the
same adequate lighting on the work, the worker himself might have avoided
these faults.

Foot-candles
Aisles, stairways, passageways.............. 2
Assembly:
Rough............ .. .ottt 10
Medium................ccccviviii.... 20
Fine.... ... i Supplementary

s From “Illumination Design Data,” General Electric Company, October, 1936.



ILLUMINATION STANDARDS 167

TABLE 19.—RECOMMENDED STANDARDS OF ILLUMINATION: INDUSTARIAL
InTERIORS®.— (Continued)

Foot-candles
Automobile manufacturing:

Assembly line.......................... Supplementary
Frame assembly........................ 15
Body manufacturing:
Assembly................ ... ........ 20
Finishing and inspecting............... Supplementary
Bakeries.............. ... .. ..o o 20
Bookbinding:
Folding, assembling, pasting, ete.......... 10
Cutting, punching, stitching. ............ 20
Embossing....................... ..., 20
Breweries:
Brew house............ ... . .. .. ... 5
Boiling, keg washing, filling. . .......... .. 10
Bottling.......... ... ... ... . ... .. 15
Candy making. . ......................... 20
Canning and preserving................... 20

Chemical works:
Hand furnaces, boiling tanks, stationary
driers, stationary and gravity crystal-

Mechanical furnaces, generators and stills,
Mechanical driers, Evaporators, Filtra-
tion, Mechanical crystallizers, bleaching 10

Tanks for cooking, extractors, percolators,

nitrators, electrolytic cells. ............ 15
Clay products and cements:
Grinding, filter presses, kiln rooms........ 5
Molding, pressing, cleaning, trimming. . ... 10
Enameling................... ... ...... 15
Color and glazing....................... 20

Cloth products:
Cutting, inspecting, sewing:

Light goods............. ... ... ..., 20
Dark goods.......................... Supplementary
Pressing, cloth treating (vilcloth, ete.):

Light goods.......................... 10

Dark goods.......................... 20
Coal breaking and washing, screening....... 5
Construction, indoor general . .. ... ... ... 10
Dairy products. ............. .. ..o 20
Elevator, freight and passenger............. 10
Engraving........... ... ... i, Supplementary
Forge shops and welding................... 10

& From ' Illumination Design Data,” General Electric Company, October, 1936,
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TaBLE 19.—RECOMMENDED STANDARDS OF ILLUMINATION: INDUSTRIAL
INTERIORS®.—(Continued)
Foot-candles

Foundries:
Charging floor, tumbling, cleaning, pouring,
shakingout................. ... ..... 5
Rough molding and core making.......... 10
Fine molding and core making. .......... 20
Garages, automobiles:
Storage, live. . ....... ..o L 10
Storage, dead............ ... . L. 2
Repair department and washing.......... Supplementary
Glassworks:
Mix and furnace rooms, pressing and Lehr
glass-blowing machines................ 10

Grinding, cutting glass to size, silvering. .. 20
Fine grinding, polishing, beveling, etching,
decorating................ ... ... ..., Supplementary
Inspection............ooviiinn.. .... Supplementary
Glove manufacturing:
Light goods:

Cutting, pressing, knitting, sorting . . ... 20
Stitching, trimming, inspecting......... 20
Dark goods:
Cutting, pressing, knitting, sorting...... 20
Stitching, trimming, inspecting......... Supplementary
Hangars, airplane:
Storage, live............... .o i, 10
Repair departments..................... Supplementary

Hat manufacturing:
Dyeing, stiffening, braiding, cleaning, refin-

ing
Light. ..ottt 10
Dark....ooovviiniii i 20

Forming, sizing, pouncing, flanging, finish-
ing, ironing:

Light. ...t 15
Dark...oooiiiiiiii it 30
Sewing:
Light.. ... 20
Dark.......oooiiii Supplementary
Ice making, engine and compressor room.... 10
Inspection:
Rough.........ooiiiiiiiiiii it 10
Medium........... ...t 20
Fine......... ... i Supplementary
Jewelry and watch manufacturing.......... Supplementary
Laundries and dry cleaning................ 20

@ From “Illumination Design Data,” General Electric Company, October, 1936.
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TABLE 19.—RECOMMENDED STANDARDS OF ILLUMINATION: INDUSTRIAL
INTERIORS®.—(Continued)

Foot-candles
Leather manufacturing:

Vats. ..o e 5

Cleaning, tanning, stretching............. 10

Cutting, fleshing, stuffing................ 15

Finishing and scarfing................... 20

Leather working:

Pressing, winding, glazing:
Light.........o.o o o0 10
Dark........cooiiii 20

Grading, matching, cutting, scarfing, sew-

ing:
Light. ... i 20
Dark......ooooiiii Supplementary
Lockerrooms. ....... ... .. ... ... 5
Machine shops:
Rough bench and machinework.......... 10

Medium bench and machine work, ordi-
nary automatic machines, rough grind-
ing, medium bufling and polishing. ... .. 20

Fine bench and machine work, fine auto-
matic machines, medium grinding, fine

buffing and polishing.............. ... Supplementary
Meat packing:
Slaughtering. .......... ... ool 10
Cleaning, cutting, cooking, grinding, can-
ning, packing. .............. .. ..., 20
Milling—grain foods:
Cleaning, grinding, rolling. . . ............ 10
Baking or roasting............ ... ... ... 20
Flourgrading.......................... 30
Offices, private and general:
Noclosework.................. ... ... 10
Close work..........coiiiiii i, 20
Draftingrooms......................... 30
Packing and boxing....... .. ... .o oL 10
Paint manufacturing...................... 10

Paint shops:
Dipping, spraying, firing, rubbing, ordinary
hand painting and finishing. ... ........ 20
Fine hand painting and finishing.......... Supplementary
Extra fine hand painting and finishing
(automobile bodies, piano cases, etc.)... Supplementary
Paper-box manufacturing:
Light.. ... .. 10

e From “Illumination Design Data,” General Electric Company, October, 1936.
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TaBLE 19.—RECOMMENDED STANDARDS OF ILLUMINATION: INDUSTRIAL
INTERIORS®.—(Continued)
Foot-candles

Dark..........ooo i 20

Storage of stock................. ... ... 5
Paper manufacturing:

Beaters, grinding, calendering............ 10

Finishing, cutting, trimming........ R 20
Plating. ... 10
Polishing and burnishing. .. ............... 15

Power plants, engine rooms, boilers:
Boilers, coal and ash handling, storage-

battery rooms........ ... ... . ... 5
Auxiliary equipment, oil switches and trans-

formers........... ... ...l 10
Switchboards, engines, generators, blowers,

COMPIESSOTS. . ..ottt vt e 15

Printing industries:

Matrixing and casting................... 10
Miscellaneous machines. ................ 15
Presses and electrotyping................ 20
Lithographing. ........... ... ... ...... Supplementary
Linotype, monotype, typesetting, imposing

stone, engraving. ............ .. ...... Supplementary
Proofreading. .......................... Supplementary
Receiving and shipping.................. 10

Rubber manufacturing and products:

Calenders, compounding mills, fabrie prepa-
ration, stock cutting, tubing machines,
solid-tire operations, mcchanical-goods
building, vuleanizing.................. 10

Bead building, pneumatic-tire building and
finishing, inner-tube operation, mechani-

cal-goods trimming, treading........... 20
Sheet-metal works:
Miscellaneous machines, ordinary bench
WOTK. .ot e 15
Punches, presses, shears, stamps, welders,
spinning, medium bench work.......... 20
Tin-plate inspection..................... Supplementary

Shoe manufacturing:
Hand turning, miscellaneous bench and
machinework.................. ... .. 10
Inspecting and sorting raw material, cutting
and stitching:
Light............. . ... o .. 20

* From “Illumination Design Data,” General Electric Company, October, 1936,
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TABLE 19.—RECOMMENDED STANDARDS OF ILLUMINATION: INDUSTRIAL
INTERIORS®.—(Continued)
Foot-candles
Dark....... ... ... . Supplementary
Lasting and welting................... 20
Soap manufacturing:
Kettle houses, cutting, soap chip and

powder...... ... .. ... e 10
Stamping, trapping and packing, filling
and packing soap powder.............. 20
Steel and iron mills; bar, sheet, and wire
products:
Soaking pits and reheating furnaces....... 5
Charging and casting floors.............. 10
Muck and heavy rolling, shearing, rough by
gage, pickling, cleaning. ... .. ... ..., 10
Plate inspection, chipping................ Supplementary
Automatic machines, light and cold rolling,
wire drawing, shearing, fine by line.. ... 15

Stone crushing and sereening:
Belt-conveyor tubes, main-line shafting

spaces, chute rooms, inside of bins.... .. 5
Primary breaker room, auxiliary breakers
under bins............ ... ... 5
Sereens. ... 10
Storage-battery manufacturing:
Molding of grids. ....................... 10
Store and stock rooms:
Rough bulky material................... 2
Medium or fine material requiring care.... 10
Structural-stecl fabrication................. 10
Sugar grading................. ... oo 30
Testing:
Rough...... ..o 10
Fine............ . i 20
Extra fine instruments, scales, ete......... Supplementary
Textile mills:
Cotton:
Opening and lapping, carding, drawing,
roving, dyeing.......... ... .. ... ... 10

Spooling, spinning, drawing, warping,
weaving, quilling, inspecting, knitting,
slashing (over beamend)............ 20
Silk:
Winding, throwing, dyeing............. 15
@ From * Illumination Design Data,"” General Electric Company, October, 1936.
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TasLe 19.—RECOMMENDED STANDARDS OF ILLUMINATION: INDUSTRIAL
InTERIORS®.—(Continued)

Foot-candles
Quilling, warping, weaving, finishing:
Light goods........................ 15
Dark goods........................ 30
Woolen:
Carding, picking, washing, combing..... 10
Twisting, dyeing. ..................... 10
Drawing-in, warping:
Light goods........................ 15
Dark goods........................ 30
Weaving:
Light goods........................ 15
Dark goods........................ 30
Knitting machines.................. 20
Tobacco products:
Drying, stripping, general................ 10
Grading and sorting..................... Supplementary
Toilets and washrooms.................... 5
Upholstering—automobile, coach, furniture.. 20
Warehouse. .. .ovvveevvnvernnnnnnnnennn. 5
Woodworking:
Rough sawing and bench work........... 10
Sizing, planing, rough sanding, medium
machine and bench work, gluing, veneer-
INE, COOPETAZE. .. \v e i eenennn 20
Fine bench and machine work, fine sanding
and finishing......................... 30

o From “ Illumination Design Data,"” General Electric Company, October, 1936.
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CHAPTER 11

DESIGN OF INTERIOR LIGHTING SYSTEMS USING
COMMERCIAL LUMINAIRES

Symbol Term Definition
Luminaire The ensemble of lamps, sockets, and any other
parts attached thereto for light control,
decoration, or other similar purposes.
C, Coeflicient of distrib-  The ratio of the flux received at the working

Cy ution (indirect, ho- plane to that of the respective component
Cn rizontal, or direct) fluxes of the luminaire.
Room index A reference number used to classify rooms as
to their proportions.
b1 Indirect, horizon- An arbitrary separation of the flux emitted by
b tal, and direct the luminaire according to the “three-curve
on component fluxes caleulation method.”
ér Total flux The total flux from each luminaire received at
the working plane—arbitrarily considered
that which can be utilized.
b1 Lamp flux The flux emitted by the lamps of each lumi-
naire.
n Luminaire efficiency  The ratio of the flux emitted by the luminaire
to the total of the lamp(s) flux(es).
K. Coefficient of utiliza- The ratio of the flux received from each
tion luminaire at the working plane to the flux
emitted by the lamp(s) of each luminaire.
M Maintenance factor  The ratio of the maintained illumination of a

lighting system to its initial value.

62. General.—The calculation of the illumination at a point

on a surface by the use of the candle-power-distribution curve
of a luminaire yields only the illumination produced directly
by the luminaire. In an interior room the illumination at a
point on the top of a horizontal surface is derived not only
directly from the luminaire but also from the ceiling and those
side walls above the surface. The ceiling and walls receive
luminous flux from the luminaire. Some of this flux is reflected
according to the nature of the surface and the spectral character-
istics of the incident flux. After one or more reflections, a
173
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portion of this flux may eventually be received on the horizontal
surface under consideration. The surface being investigated is
generally called the working plane and may be a real plane (as
the actual surface of a desk) or an imaginary plane at some
specified distance above the floor.

A general mathematical formulation of the manner in which
the flux is distributed, reflected, and eventually received at the
working plane is possible. However, as is often the case in
mathematical formulations, the application to any specific case
and the solution of that case may become so involved in mathe-
matics of the more advanced type that even though a solution
were possible, the process would be so involved as to be beyond
the scope of practical engineering usage as we know it today.

Hence the method used at the present time in desigiing
interior lighting systems involving interreflections is an empirical
one called the lumen method.

63. Work of Harrison and Anderson.—The lumen method of
interior lighting design was developed by Ward Harrison and
Earl A. Anderson and is reported in the Transactions of the
Iluminating Engineering Society of 1916 and 1920. Originally
the method was called the three-curve calculation method.

Certain elements of the original method have very definite
advantages, and it is rather unfortunate that the simplification
of the method for the use of the layman has resulted in combining
some of these elements in such a manner that the design data as
they are usually presented! apply only to certain luminaires
whose distribution curves may fit those listed in the design data.

The first investigations of Harrison and Anderson dealt with
rooms in which the floor area was square and whose ceiling height
was variable over a considerable range. Later investigations
involved the effect of the shape of the room as regards length
and width.

Three types of units, whose distribution curves were of quite
different form, were used in the investigations. These three com-
ponent distribution curves (all having a vertical axis of sym-
metry) were called the indirect, horizontal, and direct types.
The direct type was further subdivided under three classifications.
Thus, in applying the method to -any form of distribution
curve, that curve may be broken down into three component

1 “Tllumination Design Data,” General Electric Company, October, 1936.
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curves, with one of these (the direct) to be classified into one
of three subtypes. The details of the application of the method
will be discussed in Art. 67.

Illumination surveys were made upon installations of each
of the five different types of units considered above. The surveys
were made at a working plane of 36 in. above the floor. From
the resulting readings the average illumination on this working
planc was calculated. This average illumination multiplied by
the area of the working plane gave the luminous flux over the
arca. This flux was, of course, measured in lumens; hence the
name of the method.

TABLE 20.—ALLOWABLE SPACING BETWEEN Licnt SoURcEs?

Spacing between out- Spaci .

s 3 . X Spacing between outside )

(:cflmg lets ff)r direct or semi- outlets and wall Approximate

height direct systems area per
(or height|— outlet

in the Maximum Aisles or | Desks, work | (at usual

clear), | Usual, (for units storage benches, ete.,| spacing),

' ft. ft. at ceiling), next to against wall, sq. ft.

ft. wall maximum, ft.

8 7 714 Usually one- 3 50- 60

9 8 8 half actual 3 60— 70
10 9 9 spacing be- 314 70- 85
11 10 1014 tween units 3 85-100
12 10-12 12 314-4 100-150
13 10-12 13 3l5-414 100-150
14 10-13 15 4-5 10C-170
15 10-13 17 4-5 100-170
16 10-13 19 4-6 100-170
18 10-20 21 4-6 100-400
20 and up| 18-24 24 5-7 300-500

o ¥From ‘“‘Illumination Design Data,”’ General Electric Company, October, 1936.

If the flux received at the working plane is divided by the
flux emitted by the luminaire (not the flux of the lamp source
itself), the ratio can be called the coefficient of distribution
for the particular component type of unit and for the particular
room under consideration. The addition of the results of the
three component calculations yields the ratio of the total flux
received at the working plane to that emitted by the luminaire.
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64. Spacing and Mounting Height of Luminaires.—The spac-
ing of the luminaires used in the testing was such as to produce
reasonably uniform illumination over the working plane. Limits
of spacing and mounting height are shown in Tables 20 and 21,
respectively.

The spacing relations apply not only to individual luminaires
but equally so to the spacing between continuous or extended
luminous beam panels, troughs, or sections of coves. There

T T T ! i | |
SRR I R EEEE
----- L Bt S O
Holw x| KXy XX X
Hallan <SR- 00-B0- 0
(@) (b)
XCR(R R X RO RO e O
egogh--g--0h-0-| QD=0 -G-8
nnﬁ}n n{;&n xif.f*nrx oK nﬁﬁmﬁ}n =gt
oox'e oo min o o eORG X
(c) (d)

Fira. 108.—Typical layouts. (a) One unit per bay: satisfactory only where
the bay size is no greater than the maximum allowable spacing an unusual
condition except in high-ccilinged rooms. (h) Two units per bay: usually
applicable in narrow bays where the width is less than two-thirds the length.
(¢) Four units per bay: this is the most common arrangement for the square bay
of usual dimensions. (d) Four-two system: equivalent to three units per bay.
An alternative to four per bay where spacing allows.

are, however, some exceptions in the casce of equipments giving
especially concentrated or exceptionally widespread distribution
of light.

Concentrating louvered downlights or lens plates provide varying
degrees of concentration. The spacing between units to provide
uniformity over a general area or lengthwise of a counter or work-
table should be regulated by the actual distribution character-
istics of the unit. In general, the usual purpose is fulfilled by a
spacing about one-third to one-half the values given in the
table.

Semi-indirect and indirect systems diffuse the light widely
from the ceiling as a secondary source of large area, and the
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spacing between units may be about 2 ft. greater than indicated
mn Table 20. .

Alternate mercury and incandescent units in combination sys-
tems should provide a fair degree of uniformity with cither
system used alone and should permit overlapping and blending
of the light when used in combination. An alternate staggered
layout with the spacing between units not to exceed 0.8 of the
mounting height above the floor is recommended.

In order that the spacing of units conform with the archi-
tectural design of the room, closer spacings than those indicated
in Table 20 may be necessary in certain instances. Several
typical layouts are shown in Tig. 108. Other layouts may be
desirable where the usefulness of varied arrangements may
predominate over appearance.

TaBLE 21.—MouxTtinGg HEIGHT OF Ligar SoURcCEse

. - C . . Semi-indirect and
Direct and semi-direet lighting units indirect lighting
Acu}al l)1stm.1ce Desirable Desirable Actgal Recom-
spacing| of units . . spacing | mended
mounting mounting .
be- from . . . . be- suspension
height in height in
tween | floor, . . . tween | length (top
. .. industrial commercial .
units, | mini- interiors interiors units, | of bowl to
ft. | mum, ft. B ft. ceiling), ft.
7 8 12ft.above floor | The actual hang- 7 1 -3
8 813 if possible—to| ing height 8 1 -3
9 9 avoid glare and| should be gov- 9 1 -3
10 10 still be within| erned largely 10 114-3
11 1014 reach from| by gencral ap- 11 2 -3
12 11 stepladder for| pearance, but 12 2 -3
14 1214 cleaning particularly in 14 215--4
16 14 Where units are| offices and 16 3 -1
18 15 to be mounted | drafting rooms 18 3 4
20 16 much more| the minimum 20 4 -5
22 18 than 12 ft., it | values shown 22 4 -5
24 20 is usually de-| in the sccond 24 4 -6
sirable to| column should
mount the| notbe violated
units at ceil-
ing or on roof
trusses

' From *“Illumination Design Data,” General Electric Company, October, 1936.
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66. Room Index.—The term room ratio was originally used by
Harrison and Anderson to represent certain ratios of the width
of the room to some function of the height from the plane of
work to the source of light. This ratio applied directly to
square rooms. Various methods were proposed at that time
to be used with rectangular rooms.

More recently the term used to specify the shape of the room
has been room index. The same numerical results were used
until recently when some publications have changed the numer-
ical system to a letter system. Such tables as published do not
lend themselves to an interpolation of results. Should the
dimensions of a particular room chance to fall at an edge of the
rather large block of dimensions specified as a particular roora
index, a certain result is obtained. However, if the room
dimensions are changed ever so slightly, another block is entered
and a different room index results. Conversely, if the change of
room dimensions is made in the opposite direction, an enormous
change in dimensions can be made before the room index changes.

Since the same shape of room should always yield the same
room index, inconsistencies are prevalent in such tables. For
example, assume two rooms a and b. Let room a have the
following dimensions: width, 24 ft.; length, 110 ft.; and height,
18 ft. The room index from such a table as discussed gives a
room index of E for indirect lighting systems. Now lct room b
have dimensions just 1.5 times as large. Since the proportions
of the room have not changed, the room index should be the
same. However, if the table is entered with a width of 36 ft.,
length of 165 ft., and height of 27 ft., the room index seems to
be F. Obviously both results cannot be correct.

If the ratio of the height to width and length to width is
plotted for each room index, a rather broad spread of data
results because of the block data form of the table. However,
with approximately 700 points of data a consistent family of
average curves can be obtained. Such a system of curves is
plotted in Fig. 109 and again in Fig. 110 for indirect and semi-
indirect and direct and semi-direct systems of lighting, respec-
tively. The room index is given as a numeric so that the data
can be used later most effectively.

For indirect lighting systems the ceiling is the source of light
to the room, and hence the height considered is the actual ceiling
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F1a. 109.—Room-index chart for indirectly and semi-indirectly illuminated rooms.
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height. True, each luminaire used must be suspended at a
distance comparable with the distribution of light from the
unit; but in so far as wall reflections and absorptions are involved,
the full ceiling height is the important item and not the mounting
height of the unit.

For direct lighting systems in which the luminous flux is
emitted by the luminaire below the horizontal, the ceiling height
is immaterial and the mounting height should be the criterion
for determining the room index.

T
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- 1 \
- Ny ~ A1) \: \
: EAY
l{ < o ) \ AN
) 1 2 3 4 5 0 0.2 04 06
Room Index Coefficient of Distribution

F1a. 111.—Indirect component coefficients of distribution.

Many luminaires are neither completcly indirect nor direct
in their manner of flux distribution. For those units which
emit a majority of their flux above the horizontal, Fig. 109
should be used. For those which emit a majority below the
horizontal, Fig. 110 should be used. For luminaires having
approximately equal distribution, both charts should be checked
and a weighted average used. For example, assume a room
having dimensions of 24 ft. width by 110 ft. length by 18 ft.
height with units suspended 5 ft. from the ceiling. Thus the
ratio of length to width is 4.6, ceiling height to room width
0.75, and mounting height to room width 0.54. Entering the
chart of Fig. 109 gives a room index of 1.9, whereas entering
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the chart of Fig. 110 likewise gives 1.9. Rooms with ceiling
heights of 10 to 20 ft. with mounting heights of approximately
three-fourths the ceiling heights will generally give indexes
approximately the same from either chart. However, it is well
to check each chart if the classification of the luminaire is
doubtful.

66. Coefficients of Distribution.—Harrison and Anderson’s
results on the five component types of curves discussed previously
are tabulated in the Transactions of the Illuminating Engineering
Society, March, 1920. The variables considered for each com-
ponent type of luminaire were the room index, ceiling-reflection
factor, and wall-reflection factor. The floor-reflection facter
for all the tests was 14 per cent. Tests have indicated that the
reflection factor of the floor has very little effect upon the
coefficients of distribution where the floor-reflection factor is
less than 40 per cent. At higher reflection factors, especially if
the ceiling and side walls are also very light, the coefficients of
distribution may be increased as much as 15 per cent. All
results as used today refer to this original floor-reflection factor,
generally with no mention of its magnitude.

The data as presented in the transactions occupy eight pages,
and many cross interpolations are necessary if data are desired
at values between tabulations. Plotting the data in nomographic
chart form obviates the neccessity of many pages of data and at
the same time permits easy interpolation graphically. Figures
111, 112, and 113 represent the data for the three component
distribution curves.

An example will illustrate the manner of use. Assume that
the room index as determined previously is 1.9, that the average
wall-reflection factor is 35 per cent, and that the ceiling-reflection
factor is 70 per cent. Entering the chart of Fig. 111 at the
room-index scale of 1.9 and carrying this abscissa to an interpo-
lated 35 per cent wall-reflection factor point one arrives at a
definite ordinate. Then, carrying this ordinate (which in itself
has no meaning) over horizontally to the 70 per cent ceiling-
reflection factor curve, one finds this to be directly above the
0.34 abscissa on the coefficient of distribution scale. This gives
the coefficient for the indirect component of the distribution
curve. In a similar manner the coefficient for the horizontal
component is 0.39 and for the direct component either 0.71,
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0.74, or 0.76 depending upon whether the direct distribution
curve component is broad, medium, or narrow. The definition
of these three terms will be considered in Art. 67.

67. Three-curve Calculation Method.—The candle-power
distribution curve to be applied in an illumination system must be
separated into its three component curves. Consider a luminaire

180° 170° 160°~ 150°  WAO° >§°
— N
- Jotal o
\ o 120

- Indirect \
—>&=~/ndirec
- / \ 110
100/Z !
U
7 100°
Apparent
Angle &mdle- Zone
power
0 140 .
5 160 |0-10 L
15 170 |0-20 =
25 175 [0- 30 %/
35 175 {0- 40 s
45 170 [0- 50 g
55 | 155  |0-60 g
65 138 [0-70 &
75 120 |0-80 2
85 108 10-9% 3
90 105 +
95 135 |0-100 5
105 290 10-110 g
115 360 10-120 &
125 330 {0-130 <
135 295  10-140 / y
145 240 0-150
155 190 0-160 | 2481 Total Lumens Clear Test Lamp
165 140 0-170| 2521 3000
175 85 [0-180| 2529

Fia. 114.—Separation of candle-power distribution curve into three component
curves.

having a distribution curve such as the solid curve of Fig. 114.
The horizontal component is determined first. This component
will be made the same magnitude at 6 = 90 deg. as the original
curve and will be circular in form (since this was the form of
curve used in the horizontal-component tests).

The total lumens represented by a circular curve such as the
horizontal component of the figure is ¢» = w21(90 deg.) as can
be shown by the methods of Art. 29.
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With the horizontal-component curve subtracted, the indirect-
and direct-component curves remain as shown,

If ¢(90°-180°) is the fdux from the original distribution curve
in the zone above the horizontal, then the indirect component
flux is

or = ¢(90°-180°) — +4.9371(90°) (102)
Likewise the direct component of flux is
oo = ¢(0°-90°) — 4.931(90°) (103)
The horizontal component of flux as discussed above is
du = 9.871(90°) (104)

The classification of the direct-component curve into one of
the three types of broad, medium, or narrow should be made.
The classification i1s an arbitrary one made upon the percentage
of the direct component flux in the 0°-40° zone, considering the
direct component flux as 100 per cent.  The limits of these per-
centages are taken by Harrison and Anderson as

Broad—35 to 40 per cent (or less than 35 per cent if necessary)

Medium—40 to 45 per cent
Narrow—45 to 50 per cent (or more than 50 per cent if necessary)

These limits will be found to apply to practically all common
types of direct-component distributici curves except those with
the flux concentrated in very narrow zones such as special
projector types. These types are seldom used for general
illumination but rather as supplementary sources.

It should be noted that the percentages as indicated above
are for the dircet-component fluxes (as of dotted curves of
Tig. 114) and not for the total fluxes in the respective zones of
the complete distribution curve. However, the percentage as
considered may be found from the total fluxes from the following
relationship.

Percentage of direct-component flux in 0°-40° zone
_ total ¢ in 0°-40° zone — 0.671(90°)
" total ¢ in 0°-90° zone — 4.931(90°)

(105)

If the information upon the distribution of flux is in such
form that the total flux in the zone from # = 0° to 40° cannot be
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determined or even estimated, the medium classification should
be used. '

Having arrived at the subdivision of the flux of the luminaire
into its three classifications from equations (102), (103), and
(104) and with ¢, further classified as of a broad, medium, or
narrow nature, we arce ready to set up the flux on the working
plane in terms of that of the luminaire through the three charts
already considered. Inasmuch as the coefficient of distribution
of each component represents the ratio of flux received to that
cmitted, the total flux received at the working plane from each
luminaire is

¢r = Cipr + Cudpu + Croo (106)
where ¢r = total flux received at working plane from ecach
luminaire.

I

C; = coefficient of distribution as from Fig. 111.

Cu = coefficient of distribution as from Fig. 112,

Cp = coeflicient of distribution as from Iig. 113 (for the
proper broad, medium, or narrow classification, and
o1, ¢, and ¢, are the same as in equations (102),
(103), and (104). .

The sum of ¢:, ¢n, and ¢, obviously represents the total flux
emitted by the luminaire. This flux is not the flux emitted by
the lamp, which will always be larger. If the efficiency of the
luminaire itself be represented by 7, the flux emitted by the lamp
will be

- ¢ + du + dp

(33 ” (107)
or
T
= b + . + o1 (107a)

Kach of these individual ratios can be considered as a component
efficiency, the sum of which is the efficiency of the luminaire.
Jommercial data on luminaires have not been presented in this
fashion, and consequently the concept has little use. However,
this manner of presenting commercial data would be extremely
useful. Many manufacturers give distribution curves in their
engineering literature but often even fail to mention the value
of ».



186 ILLUMINATION ENGINEERING

If each of the component efficiencics of the unit is symbolized
by m:, nu, and np, respectively, for the indirect, horizontal, and
direct components, then equation (106) may be rewritten as

or = (Cor + Cunu + Conp)de (108)
or
K. = %2— = Cont + Cunu + Como (100)

where K, is the coefficient of utilization of the luminaire as a
whole applied to the particular classification of room. The
indirect or direct components of this coefficient may be negative,
but the coefficient itself is always positive.

An application of the foregoing method to an installation of the
luminaire represented by the distribution curve of Fig. 114 will
be useful in clarifying the method.

The horizontal-component flux for this luminaire will be

éu = 9.871(90°)

Il

9.87 X 105
1040 lumens

Likewise the indircct-component flux is

¢ = $(90°~180°) — 4.931(90°)
1040

= 1622 — —5 = 1102 lumens

and the direct component flux is

ép = $(0°-90°) — 4.931(90°)
1040

= 907 — = 387 lumens

The percentage of direct component flux in the 0° to 40° zone is

total ¢ in 0°~40° zone — 0.671(90°) _ 254 — 0.67 X 105
total ¢ in 0°-90" zone — 4.931(90°) 387
= 49 per cent

The direct-component curve will therefore be classified as narrow.
The values of the component efficiencies and total efficiency
of this luminaire are
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"= giL - :%8-(2} — 0.367
= i—i’ - %g = 0.347
1 = %f = 330—80% = 0.129
7= 4,(00;1800) = gggg = 0.843

Let this luminaire be employed in the room used as an illustra-
tion in Arts. 65 and 66, in which the coefficients of distribution
(for an indirect system had there been any distinction in room
index) were

C;r =034
Cu = 0.39
Cp = 0.76 (for narrow classification)

The resulting coefficient of utilization for the combination of
room and luminaire is

Ku = le + Clmu + Cn‘nn
= 0.34 X 0.37 4+ 0.39 X 0.35 4+ 0.76 X 0.13
= 0.126 + 0.137 4 0.099
= 0.36

Values of coefficient of utilization are often tabulated for
combinations of ceiling- and wall-reflection factors and room
indexes for representative distribution curves. These tabula-
tions are useful for a first rough check on the possibilities of
various types of equipment. If the resulting illumination is
desired to an accuracy of better than 10 or 20 per cent, the
method just described should be used. Seldom is it possible
that the shape of the distribution curve of the manufacturer’s
data will fit exactly any of the representative curves listed. The
values of coefficients of utilization for representative types of dis-
tribution curves are given in Table 22. The maintenance factor
shown with each type of luminaire will be discussed in Art. 68.

Although the cocfficients of distribution were originally deter-
mined from incandescent units possessing vertical axes of sym-
metry, the results may be used in determining coefficients of
utilization for luminaires not possessing such symmetry if the
average distribution curve is used. In a paper entitled “The
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Design of Luminaires for Fluorescent Lamps’ in Transactions of
Ilhuminating Engineering Society, November, 1940, the authors
presented a table of coefficients of utilization for typical fluores-

cent fixtures.

A portion of this table is reproduced in Table 23.

A check of several dozen points at random from this table

TABLE 22.— COEFFICIENTS OF UTILIZATION®

75% 50 30
Type of distribu- . .
Type|  tion and Typieal equip- 307130 76 110 75150 74 (30 2110 25 30 75 [10
. ment representa-
No. efficiency .
. ; tive of each group LA
classification
Coefficients of utilization
D - o )
HAigh Bay Open 06 400 .38 .36) L3910 L38) 34| .39 .36
Reflectors 0 8 | .48 4G .46] 47| .46] 45| 46| .43
a. Prismaticglass| 1.0 | .51 .51 .50] .50 .5H0( 49| .50{ .48
b. Mirrored glass 1 2| .550 .54] o4 L5t .62 L6210 52 .51
c. Polished metal 1.5 | A8 .56 W65 .55 L55] .54 .B5| .53
Source bright-
ness—low at nor-| 2.0 [ .60/ .59 58] .59 .58 57| 57| .36
1 malanglesof view| 2.5 | .64 .61} .60] .62] .60] .60| 60| .59
becanse of large | 3.0 { .65 .63] .61 .63] .62] 60| .60] .60
Distribution | shielding angle. | 4.0 | .65] .6t .63 .64] 62| .62| .62] .61
downward, 705 F.C. on vertical — | 5.0 | .66| .65] .64] .64] 63| .62] .62]| .62
fair. Reflected
Maintenance | glare—likely to
factor, 0.70 be severe because
of reflected source
brightness
Parabolic Polished) 0 6 | .29} 27| .26 .28 .27| .26] .28| .26
Metul Reflectors 0 8| .31 .33] .32] .34 .32| .32| .32| .31
a. Louvercd 10| .37] .36] .36] .36] .36 .33 .36 .34
trough—inside-| 1.2 | .39 .39] .38} .38 .38] .37| .38] .36
frosted lamps 1.5 | .41] .40] .39] .40 .39| .38] .39{ .38
b. Open reflectors
—silvered-bowl| 2.0 | .43 .42 .42] .42 42| .40] .41] .40
lamps 2.5 | .46] 44 L43) L4t 43] 42 42] 42
Source bright- 3.0 | .46] .45] .44 .45] .44 L43] 43| .42
2 ness—verylowat| 4.0 | .47] 46| .45 .46] .44 4 44| .44
normal angles of | 5.0 | .47| .46] .46] .46; .45| .44]| .44 .44

Distribution
downward, 50 <}

Maintenance
factor, 0.70

view, F.C. on
vertical —rela-
tively low. Re-
flected glare—
likely to be severe
with the lou-
vered equipment

» From Illumination Design Data, General Electric Company, October, 19306,
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TABLE 22.—COEFFICIENTS

oF UrILizaTioN.*—(Continued)
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T'ype

No.

Distribution
downward, 75 %

Maintenance
factor, 0.75

Source bright-
ness—uncomfort-
ably high unless
mounted either
above 20 ft.
below eye level
s0 that reflector
shields the bright
filament. F. C.
on vertical—fairly
high. Reflected
glare —extremely
severe from pol-
ished surfuces

or

Ceiling 75% 50 % 30 %
Type of distribu- Typical .
tion and YPICRl €aWiP= |y 11 150 % (30 %10 % |50 % |30 %10 % |30 % |10 %
efficiency {nent representa-
classifieation  |1¥® of each group
300"‘ Coefficients of utilization
index
Prismatic Glass 0.6 | .17| .16| .16 .17| .16 .16{ .17| .15
=7 or Polished Metal | 0.8 | .2.| .20| .20| .20 .20{ .19| .20] .19
Reflectors 1.0 | .22} .22| .21 .22| .21] .21] .21} .21
a. Enclosed lens| 1.2 | .24} .23 .23| .23] .22| .22| .22| .22
plate 1.5 1 .25] .24| .24 .24| .23] .23| .23| .23
b. Openlouvered | 2.0 | .26] .25] .25] .25| .25} .24] .25] .24
Source bright-| 2 51 .27| .26] .26] .26 .26} .26{ .26] .25
ness—low, F.C. 30 23] .27] .26] .27} .26] .26] .26] .26
on  vertical—ex- 4 0| .28] .27] .27] .27| .27 .26] .26] .26
Distribution tremely low. 5.0 | .28] .28] .27] .28| .27| .27] .27| .26
downward, 30 ¢, {C"are must be tak-
en in location of
units to avoid re-
Maintenance | flected glare from
factor, 0.70 polished surfaces
Distiibuting Type| 0 6 | .34] .29| .24| .34| .29| .24| .28| .24
Open Reflectors 0.8 | .42| .38 .34| .42] .27] .33} .37| .33
a. RLM  Dome 1.0 | .46 .43] .39 .45| .42| .39( .42] .39
poreelain enam- 1.2 | .50] .47 .43| 49| .46] .43] .45] .42
D eled —inside- 1.5 | .53] .50 .46] .52| .49 .46| .48] .45
frosted lamp
b. Mirrored or| 2.0 | .58 .55 .51] .57| .54 .51 .53{ .51
prismaticglass—| 2.5 | .62| .59( .56] .61} .58 .56 .58 .56
inside-frosted 3.0 | .64] .61| .58 .63] .60| .58] .60| .58
lamp 4 0| .67 .65 .63| .66/ .64 .62| .63 .61
5.0 | .69| .67] .65| .67| .66] .64 .65 .63

o I'rom * Illumination Design Data,”” General Electric Company, October, 1936.



190 ILLUMINATION ENGINEERING

TABLE 22.—COEFFICIENTS OF UTILIZATION.*—(Conlinued)

Ceiling 75% 50 % 30%
Type of distribu- Typi .
Type|  tion and yoieal equiv- |y oo ;130 o110 < 50 230 |10 2 [30 %10 2%
No. efficienc ment representa- |
y .
. ? tive of each group
classification Room
N Coeflicients of utilization
index
Distributing 0.6 | .32 .28] .25| .32| .28] .25 .27] .25
Type Open 0.8 | .40{ .36| .34 .39| .35] .33| .35| .33
Reflectors 1.0 | .43| .39{ .37 .42| .39 .37| .39| .37
a. RLM  Dome 1.2 46| .43 .41| .45] .43| .41] .43 .41
porcelain enam- 1.5 | .48] .45] .43 .47| .45 .43| .45] .43
u eled white-bowl
~ lamp 2.0 | .52 .50| .48 .51| .49| .47 .49 .47
b. RLM Decp| 2.5 .56 .54 .52| .55| .53 .51 .53| .51
\ bowl porcelain| 3.0 57| .55| .53] .56] .54| .52| .54| .52
enameled inside-| 4.0 60| .58| .56| .59| .57 .55| .57| .55
frosted lamp 5.0 | .61 .5¢| .57| .60| .58] .57| .58| .56
Source bright-
5 ness—moderatel y
high but accept-
ably good for
moderate levels
Distribution | of general illumi-
downward, 65 ¢ | nation. F.C.on
vertical—fairly
high. Reflected
glare—consider-
ably less than
clear lamp units—
Maintenance the dome rating
factor, 0.75 better than the
deep-bowl shape
Large-area Diffus- 0.6} .29} .24 .21] .28| .24| .21] .23| .21
ing Reflectors 0.8 } .36] .32 .29 .35| .31| .28] .30| .28
a. RLM Glassteel] 1.0 | .39| .36 .33| .38 .35| .33] .34 .32
diffuser clear 1.2 ] .43] .39 .36{ .41} .38] .36] .37 .35
lamp 1.5 | .45 .42| .39| .43] .10] .38| .39( .38
b. Silvered - bowl
lamps in RLM 2.0 | .49] .46[ .44| .47 .45| .43| .43] .42
Dome 2.5 ] .53] .50 .47| .51] .48| .46 474 .46
¢c. Enclosing 3.0 | .54] .52| .49| .52| .50| .48| .48| .47
glove parchment| 4.0 | .57 .55 .53| .55| .52 .51| .51 .50
6 shade 5.0 | .59| .56{ .54| .56] .54 .52] .562| .51
Source bright-
ness—relatively
Distribution low. F. C. on
downward, 60 % | vertical—moder-
ately high. Re-
flected glare—suit-
Maintenance | ably low for most
factor, 0.70 industrial require-
ments

a From *Illumination Design Data,” General Electric Company, October, 1036.
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TABLE 22.—CoEFFICIENTS OF UTILIZATION.*—(Continued)
Ceiling 75 % 50 % 30%
Type of distribu- Tyni . -
Type tion and ypieal equib- | o1 150 (30 o7 [10 % 50 % {30 %IIO %|30 %10 %
No. efficiency {nent representa-
. ? tive of each group
classification Room o
. Coefficients of utilization
index
Large-area Diffus-| 0.6 | .26| .22| 19| .25 .22/ .19] .21] .19
ing Panels 0.8 | .32] .29| .26( .31 .28 .26| .28| .26
«. Extended| 1.0 | .35 .32} .30 .34| .32| .30 .31] .30
trough reflector 1.2 | .38 .35{ .33] .37| .35 .32| .34| .32
cased opal glass | 1.5 | .40, .37| .35/ .38] .36] .35 .36] .35
cover
b Enameled| 2.0 | .43; .41] .39| .42| .40; .38| .40| .38
7 metal reflector | 2.5 | .46 .44| .42] .45] .43| .42] .43| .42
with diffusing 3 0| .48 .46| .43| .46] .45| .43| .44| .43
Distribution cover plate 4 0 | .50] .48| .46| .48] .47| .46| .46| .45
downward, 55 ¢} Source bright- 50 | .51 .49| .48] .50| .48 .47| .47| .46
ness—generally
low, and control-
Maintenance [lable by increas-
factor, 0.70 ing area
Large-area Diffus-| 0 6 | .19| .16| .14 .18| .16{ .14| .16| .14
ing Panels 0.8 | .23[ .21 .19 .23| .20{ .19( .20| .19
a. Solid opal or 1.0 | .25] .23| .22| .25| .23( .22| .23| .22
enameled glass 1.2 | .27{ .25| .24 .27| .25( .24( .24| .24
cover 1.5 | .29| .27/ .25| .28| .26{ .25{ .26] .25
b. Enclosed sky-
light, 2.0 { .31 .30 .28 .31| .29| .28| .29| .28
8 This group is| 2.5 | .34 .32| .30 .33| .32 .30| .31 .30
Distribution classified sepa-| 3.0 | .35 .33| .32 .34| .32] .32| .32| .31
downward, 40 % | rately only be-| 4.0 | .36 .35 .34| .35| .34| .33 .34] .33
cause of lower| 5.0 ) .37] .36| .35} .36| .35] .34] .34| .34
light output.
Source brightness
Maintenance |-—controllable by
factor, 0.65 source area and
diffusion
Combination 0.6 | .12| .10{ .09]| .12{ .10{ .09| .10} .09
Skylight 0.8 | .14{ .13] .12| .14] .13} .12| .13{ .12
Skylights serv- 1.0 | .16} .15 .14 .16] .14] .14| 14| .14
ing both natural 1.2 | 171 .16) .15| .17] .16] .15| .15] .15
and artificial 1.5 | .18} .17} .16] .18| .16| .16| .16 .16
lighting penalize
efficiency because| 2.0 | .20| .19{ .18 .19{ .18} .18| .18| .18
9 there is no help 2.5 .21| .20] .19] .20| .20 19{ .20| .19
Distribution from multiple re- 3.0 | .22| .21{ .20{ .21| .20{ .20| .20{ .20
downward, 25 % | flections. Qual-| 4.0 | .23 .22 .21| .22| .21 .21{ .21 .20
ity factors with| 5.0 | .23\ .22 .22| .22| .22| .21 .22{ .21
respect to direct
Maintenance | andreflected glare
factor, 0.60 and shadows are
highlv favorable

* From “Illumination Design Data,” General Electric Company, October, 1936
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TABLE 22.—COEFFICIENTS OF UTILIZATION.*— (Continued)

ILLUMINATION ENGINEERING

Type
No.

10

Maintenance
factor, 0.75

area. I, C. on
vertical—fairly
high. Reflected
glare—fairly low

Ceiling 5% 50 9% 30%
Type of distribu-{ ., . ) .
tion and Typical equib= v\ 5 130 o 10 % |50 <6 [30 %10 2 |30 % |10 %
R ment representa-
efﬁ.clenc.y tive of each group| -
classification
i.(oom Coefficients of utilization
index
Prismatic Glass 06| .29| .24| .22 .27 .23| .21 .22| .20
Enclosing Unat 08 .35 .31| .29| .33| .29( .27 .28| .26
or 1.0 | .39| .35| .33; .36| .33| .31 .31 .29
— Open Glass Re- 1.2 .43| .39| .36| .39] .36| .34| .34] .32
Nlector W hite- 1.5 46| .42] .38| .42| .39| .36 .37| .34
bowl Lamp
Source bright-| 2.0 | .50| .46| .43| .46 .43| .40 .40| 37
ness—moderately| 2.5 | .54| .49| .46| .49| .46] .43| .43| .41
high but accept- 3.0 | .56 .52| .48| .51| .48| .45| .45| .42
able in low-watt- 4.0 | .60] .53| .52| .54 .50| .48| .47| .45
Distribution age units, or| 5.0 | .62[ .38| .55] .56 .52| .50 .49 47
upward, 25 ,; | where seeing re-
downward, 55 ¢, | quirements are
casual rath-
er than fixed.
F.C. on vertical—
fairly high. Re-
flected gylare-—
moderately severe
Maintenance | —comparable
factor, 0.70 with units in
Group 5
White Glass En- 0.6 | .24| .20{ .17] .22| .18} .16] .16] 14
closing Globe 0.8 | .30{ .25] .23] .27{ .23| .20{ .21{ .19
or 1.0 | .34 .29] .26] .30| .26| .24} .24| .22
Projecting Lumi- 1.2 | .37) .33] .30| .33| .29 .27 .27| .25
nous Element 1.5 | .41] .36] .32| .36 .32| .29| .29| .27
Cased Opal Panels
Source bright- 2.0 | .45| .41} .37| .40[ .36f .33] .32| .30
ness—moderate, 2.5 | .49] .44 40| .43] .39 .36 35| .33
Distribution | controllable with-{ 3.0 [ .52 .47 .43] .45| .41] .38 .37| 35
upward, 35%; |[in limits by globe [ 4.0 | .55 .51} .47 .48] .44| .42| .40| .38
downward, 45 % | size or luminous 5 0 | .57 .53] .50| .5H0| .46] .41 41| .40

e From *‘ Illumination Design Data,” General Electric Company, October, 1936.
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TABLE 22.—CoEFFICIENTS OF UTILIZATION."—(Continued)
Type of distribu- Tpi . Ceiling 75 % | 50 7 30 %
Type|  tion and ypical equip- |y o630 9]10 % |50 %30 % 10 7% |30 %|10 %
No. efficiency fncnt representa- R
classification |1V of each group in(:jil: Coeflicients of utilization
Enclosed Trans- 0.6 | .16; .12| .09| .12| .09| .07| .06| .05
lucent Bowls 0.8 | .20| .16{ .13| .16| .12| .10] .09| .07
a. Prismaticglass| 1.0 | .24 .19( .16 .18 .14 .12 .11{ .08
y b. Cased glass 1.2 | .27 .23] .19} .21} .17| .14| .12] .10
bottom etched 1.5 | .30| .25[ .21 .23 .19] .16] .14| .12
top
Source bright- 2.0 | .35 .30] .26{ .27/ .22| .20 .17 .14
ness—usually sat-| 2.5 | .38| .33| .29| .29| .25{ .22] .19( .17
isfactory, should 3.0 | .41) .36] .32 .31} .27| .24] 21} .19
12 | Distribution | not exceed 1 can-{ 4.0 | .46] .41| .37| .34} .31| .29| .23] .21
upward, 60 %; |dle per square| 5.0 | .48] .44| .40| .37] .33] .31| .25 .23
downward, 20 % | inch for office and
school applica-
tions. F. C. on
vertical—some-
what less than
semi-direct units.
Maintenance | Reflected glare—
factor, 0.70 inherently low
Open-top Trans- 0.6 | .17| .14| .12{ .13] .10{ .09| .07| .06
lucent Bowls 0.8 .22] .18} .16; .16/ .13| .12| .09 .08
a. Dense glass 1.0 | .25| .21| .19| .18} .15| .14 .11} 09
bowl 1.2 ] .29 .25| .21| .21| .18] .16] .12] .11
b. Plastic 1.5 | .31} .27] .24] .23| .20] .18 .13| .12
13 Distribution Source bright-
upward, 70 %; |ness—very low.| 2.0 | .35 .31f .28| .26 .22] .20 .15 .14
downward, 10% | Other quality 2.5 | .39| .34 .31] .28 .25| .23] .17| .16
characteristica| 3.0 | .41| .37| .34| .30 .27| .25| .18] .17
Maintenance | very excellent 4.0 | .45 .42| .39] .32| .30{ .28 .20| .19
factor, 0.65 5.0 | .47 .44] 41| .34] .32] .30 .22| .20
Shallow-bowl 0.6 15| .12| .10| .10( .08} .07| .04| .04
Reflectors and 0.8 | .19] .15} .14 .13} .10y .09| .06 .05
Shields 1.0 | .22 .18 .16] .14 .12{ .10 .08y .06
a. Mirrored glass 1.2 | .25] .21| .18} .17| .14 .13] .08| .08
Distribution or metal bowlin-| 1.5 | .27[ .24] .21} .19 16{ .14] 09{ .08
upward, 75%; side-frosted lamp
downward, 0% |b. Metalshield—| 2.0 | .31 .27 .25/ .21} .18| .16} .10} .10
silvered bowl| 2.5 | .34] .30 .28| .22] .20] .19] .12| .11
14 lamp 3.0 | .36/ .33] .30] .24] .22| .20] .13] .12
Indirect light- 4.0 | .40 37| .34] .26] .25} .23] .14} .14
ing inherently re-| 5.0 | .42| .39) .37| .28| .26 .25| .16] .14
ceives superior
ranking from the
standpoint of
source brightness,
Maintenance |reflected glare,
factor, 0.65 shadows, and i
other quality con-|
siderations

s From * Illumination Design Data,” General Electric Company, October, 1936.
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TABLE 22.—COEFFICIENTS OF UTILIZATION.%—(Continued)

Ceiling 75% ‘ 50 % 30%
Type of distribu- Typical .
Type| tion and ypical edWP” | walls |50 % |30 <410 %50 % (30 % |10 % 30 %10 %
. ment representa-
No. efficiency .
. N tive of each group
classification
%{oom Coefficients of utilization
index
Deep Metal Bowls| 0.6 | .13[ .10| .09| .08 .07 .06| .04| .03
and Troughs 0.8 | .16| .13} .12| .11 .09 .08 .05( .05
Inherent qual-| 1.0 | .19] .16{ .14| .12 .10{ .09} .06| .05
Distribution ities of indirect 1.2 | .22] .19} .16{ .15} .12} .11} .07| .06
15 | upward, 65%; | lighting 1.5 | .24 .20] .18| .16| .14| .12| .08| .07
downward, 0%
2.0 | .27 .24| .21] .18} .16| .14] .09| .08
2.5 | .30] .26| .24| .20| .18| .16| .10| .10
Maintenance 3.0 | .32| .29{ .26] .21{ .19] .18] .11} .10
fuctor, 0.60 4.0 | .35{ .32{ .30( .23} .21{ .20{ .12{ .12
5.0 | .36| .34 .32| .25 .23| .21 .14] .12
Wall Urn 0.6 | .11] .09| .07| .07| .06} .05| .03] .03
Column Urn 0.8 | .14f .11| .10| .09| .08| .07| .04| .04
Wall Boz 1.0 | .16{ .13] .12| .10| .09| .08} .06] .04
Limitations of 1.2 | .18 .16] .13 .13| .10 .09| .06 .06
space, the size| 1.5 | .20{ .17| .15{ .14| .12{ .10| .07{ .06
and contour of
Distribution |special types of | 2.0 | .23| .20{ .18| .15 .13| .12{ .08 .07
16 | upward, 55%; |indirectreflectors | 2.5 | .25/ .22| .20| .16] .15 .14| .09} .08
downward, 0% | generally sacrifice] 3.0 | .27| .24 .22] .18 .16| .15] .09} .09
efficiency to| 4.0 | .29 .27| .25 .19} .18| .17| .10| .10
achieve the bal-|{ 5.0 | .311 .29} .27\ .21} .19 .18! .12{ .10
ance and har-
Maintenance | mony called for
factor, 0.60 in the general de-
sign plans
Recessed Coves 0.6 | .08 .08 .05 .05 .04| .04] .02| .02
Coffers 0.8 | .10| .08] .07| .07| .06 .05 .03| .03
In small wall 1.0 | .12| .10] .09} .08| .06 .06] .04| .03
coves and ceiling | 1.2 | .13] .11{ <10| .09| .08]| .07 .04| .04
coffers where| 1.5 { .15{ .13| .11| .10{ .08] .08| .05| .04
lamps must be
17 Distribution | deeply recessed 2.0 | .17} .15{ .13} .11] .10| .09| .08} .05
upward, 40 %; |the free opening| 2.5 | .18| .16 .15] .12| .11| .10| .08 .06
downward, 0% | is often relatively | 3.0 | .19] .18} .16| .13| .12} .11} .07| .06
small and the| 4.0 .21 .20 .18 .14| .13| .12 .08 .07
cove output is| 5.0 | .22| .21| .20{ .15} .14| .13| .08| .08
Maintenance |correspondingly
factor, 0.55 | reduced

o From “Illumination Design Data,” General Electric Company, October 1936.
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TABLE 22.—CoEFFICIENTS OF UTILIZATION."—(Continued)

Ceiling 75% 50 30%
I'ype of distribu- Typi ) ] -
Typel  tion and vpical equin- |\ lah o 130 0 10 o |50 % |30 |10 %30 % |10 %
No. efficiency y.nent representa-
classification tive of each group -
1.‘00"‘ Coeflicients of utilization
index
Close Ceiling 0.6 05 .04] .03| .03| .03| .02] .02| .01
Coves 0.8 06| 05] .04] .04] .04} 03| .02] .02
Usually custom-| 1.0 | .07] .08] .05] .05 .04} .04| .02] .02
built to fit indi-} 1.2 | .08| .07| .06| .06| .05 .04| .03| .02
vidual architec-| 1.5 | .09] .08} .07| .06| .05 .05 .03| .03
tural conditions, 2.0 | .10} .09| .08| .07| .06 .06| .04 .05
no general data 2.5 11 10| .09| .08] .07 .06 .04| .0}
18 are certain to ap- 3.0 | .12| .11| .10{ .08| .07 .07| .04| .04
ply to specific 4.0 | J13f 12| .12{ .09] .08 .08 .05 .04
cases. In  large 5.0 14 . 13] .12 .10] .09 .08 .05| .05
important proj-
ects it may be
necessary to build
Maintenance |scale models to
factor, 0.55 predetermine re-
sults

1 From ‘‘ Illumination Design Data,” General Electric Company, October, 1936.

proves the statement made above, since in no instance does the
coefficient calculated from the general method vary more than
0.03 from the tabulated value and in many cases the check is
cxact. Thus as other luminaires are developed, the three-curve
calculation method may be used to very good accuracy. To
generalize this method still more to include asymmetrical
luminaires would complicate it greatly in relation to the increase
in accuracy thus obtained.

68. Computation of Illumination.—The coefficient of utiliza-
tion having been determinced, either accurately or approximately,
the next step is the consideration of the average illumination as
determined by the lamp lumens for an assumed layout as dis-
cussed in Art. 64.

From the definition of the term coefficient of wtilization [equa-
tion (109)] the number of lumens received at the working plane
is the product of the lumens emitted by the lamps in the room
and the coefficient of utilization. The lumens received at the
working plane will be for the initial condition of the installation
if the initial lumens of the lamps are used.
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TaBLE 23.—COEFFICIENTS OF UTILIZATION FOR FLUORESCENT LUMINAIRES

Ceiling 4 75% 50 % 3()7770‘ _
Type [Distribution curves| Walls 5()‘?;,|}3i7(,110% 50‘{/,,|30‘Z.|1()%|30%|Q_"/_0
No. crosswisc only l'{oom Coeflicients of utilization
index

Opaque White Top| 0.6 .35 .301 .26| .34 .30| .26] .29/ .26
0.8 .43 .39 .36| .43] .38| .35 .38| .35
[CEEICERY 1.0 | .48| .44| .41| .46| .43| .40| .43| .40
Open Bottom 1.2 51| .48| .45 .50| .47| .44| .46 .44
1.5 .54 51| .48| .52 .49| .47| .49 .47

776X
19 - 2.0 59| .56 .53| .58| .55| .52| .54 .52
) 2.5 63| .60| .57| .61 .59| .57 .58| .57
3.0 .65| .62| .59| .63] .61} .59 .60| .58
4.0 .68 .065] .63 .66} .64 .62 .63| .61
5.0 69 67| .65 .67 .65 .64] .64 .63

Maintenance

factor, 0.75
Opaque White Top| 0.6 23| .21} .19 .23] .21{ .19| .20| .19
0.8 .29] 26| .25 .28| .26/ .24| .26| .24
1.0 | .31 .20 .28/ .30| .20| .28| .28| .28
Diffusing Cilass 1.2 .33 .32| .30{ .33 .31| .30| .30| .30
1.5 .35/ .33 .32{ .34 .33| .31 .32 .31
20 7% 2.0 .37 .36{ .34| .37 .36 .34| .35| .34
2.5 .40| .38| .37| .39| .38| .37| .37 .36
3.0 .41 .40] .38 .40{ .39 .38| .38 .37
4.0 43| .41} .40] .42| .40| .40| .40 .39
5.0 44 .42] .41] .43] .41] .40] .41] .40

Maintenance

factor, 0.70

Opaque White Top| 0.6 .29 .25] 23] .28| .25 .23| .25| .23
0.8 .35 .32] .30] .34| .31} .30| .31] .30
1.0 .38) .36| .341 .37 .35 .34 .35 .34
Refracting Glass 1.2 41| .38| .37| .40| .38| .37| .37 .36
1.5 .43 .41| .38| .42| .40| .38 .39| .38
21 J70X |\ 9.0 | .46| .44| .42| 45| 43| 42| 43| .42
2.5 .49| .47| .45 .48| .46] .45| .46| .45
3.0 .50] .48| .46| .49 .47| .46] .47| .46
4.0 .52 .50| .49| .51| .49| .48| .48| .47
5.0 .53| .51} .50| .52| .50| .49| .50| .48

Maintenance

factor, 0.70
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TABLE 23.—CoEFFICIENTS OF UTILIZATION FOR FLUORESCENT
LumiNaires.— (Continued)
Ceiling 75% 509, 309,
Type |Distribution curves| Walls [509%]309]10%|50%]30 %10 %30 %]10 7,
No. crosswise only Room . .
. Coefficients of utilization
index
Opaque White Top| 0.6 .26| .24 .23 .25| .24] .23| .25| .23
0.8 .31) .30f .29| .30f .29{ .29 .29 .28
[oooTooo] 1.0 | .33| .33| .32| .33 .32| .32| .32| .31
Louvers 45° Cr. | 1.2 | -36| .35/ .35\ .35/ .34 .33| .34| .33
30° Lo, 1.5 | .38| .37| .36| .36| .35| .35 .35| .34
22 46.0% 2.0 .3G| .38, .38| .38 .38 .37 .37| .36
2.5 .42 .40| .39| .40| .39( .39| .39| .38
3.0 .42| .41] .40 .41] .40| .39| .39| .39
4.0 .43| .42| .41| .42| .41| .40| .40| .40
5.0 .43| .43 .42) .42] .41 .41] .41] .40
Maintenance
factor, 0.75
Open-top Semi- | g g | 40 .35 .31 .38] .34| .30| .32| .30
c";‘{“ﬂ':“:““g 0.8 | .49 .44| .42| .46 .42 .40| .41| .39
© ('V(Zfs 1.0 .54 .50 .47| .50} .48] .45| .46| .44
fooOYOO0Y - | 19 | 58] .54] .51] .55] .52| .49] .49| .48
Open Botton 1.5 | .62| .58 .54| .57| .54| .52] .52 .50
23 2.0 .66] .63] .60| .62] .59] .57| .56 .55
2.5 L71) .67 .64] .66| .64] .62[ .60| .60
3.0 .74 .70| .67| .68| .65 .64| .62| .60
4.0 L7 T4 LT L7168 .67] .65| .64
5.0 .79 .76) 73] .73] .70| .68] .67| .65
Maintenance
factor, 0.70 o
Open-top Semi- 0.6 .26 .22] .20] .24} .21] .19} .20| .18
concentrating 0.8 32| .29| .27| .29| .27| .25| .25| .24
Reflectors 1.0 .35| .32| .30 .32| .30| .28{ .28 .27
- 1.2 .38 .35 .33| .35 .33| .31 .30 .30
COOYOTV 1.5 | .41| .38| .35| .37| .35| .33 .32} .31
Diffusing Glass
24 2.0 .44 .41| .39] .40| .38| .36{ .35/ .34
236% 2.5 47| .44| .42| .43| .41| .39| .38| .37
9232 3.0 .49 .46| .44 .44| .42| .41 .39| .38
4.0 51| .49 .47( .46 .44| .43| .41] .40
5.0 .53 .50| .49| .48| .46| .44| .42| .41
Maintenance .
factor, 0.65
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LuMiNaires.—(Continued)

TABLE 23.—COEFFICIENTS OF UTILIZATION FOR FLUORESCENT

Ceiling 5% 50% 309,
Type |Distribution curves| Walls |50 %30 %10 %50 %30 %10 9%|30 %|10 %
No. crosswise only Room . e .

. Coefficients of utilization

index
Open-top Semi- 0.6 .33 .29| .27 .31| .28| .26| .27 .25
COﬁggmmng 0.8 | .39| .36| .35| .37| .35| .33 .33| .31

1.0 | .43| .41} .39] .40{ .38 .37| .37| .35
OOOYOOT 1.2 | .47] .44] .42| .44] .41] .40| .39 .39

Refracting Glass | 1.5 | .50 .47| .44| .45 .43 .42| 42| .40

25 S 2.0 | .53| .51} .48| .49| .47| .45| .45 .43
G 2.5 | .570 .53| .52| .52| .50| .49 .47| .46
3.0 | .58 .56| .53| .54 .52| .50| .49| .47
4.0 | .61| .58 .57| .55/ .53| .52 .50| .49
5.0 | .62 .59 .58] .57 .55 .53] .51] .50
Maintenance
factor, 0.65
Open-top Semi- 0.6 i\l 2 o6l 25| 26| 23
concentrating ) 30| .27| .26{ .27 .26| .25| .26| .
Reflectors 0.8 | .36 .33 .32 .33| .31| .30/ .30| .28
00 1.0 | .39 .37| .36/ .36| .34/ .34| .33| .32
[Q.U.U%.. 1.2 | .42| .40| .39| .39| .37| .36| .35/ .34
Louvers 45° Cr. 1.5 | .44] .42| .40] .40| .39| .38| .37| .35
30° Le.
26 2.0 | .47| .45 .44] .43| .42| .40] .39| .38
2.5 | .50| .48| .46| .45/ .44| .43| .41] .40
3.0 | .52| .49 .47| .47] .45 .44| 41| .41
4.0 | .53 .51] .50| .48| .46| .46 .43| .42
5.0 | .54] .53 .51] .49| .47| .16 .44] .43
Maintenance
factor, 0.70
T
Open Top 0.6 | .32 .27| .23| .20 .25 .21] .23 .18
|ooolooo| | 0.8 | .38 .33 .29| .34| .29| .26| .27| .24
1.0 | .44 .38| .34| .38| .36/ .30| .30| .25
Open Bottom | 175 | "l "4o| ‘38| .42| .38 34| .33| .31
1.5 | .50| .45| .41| .44| .40| .37| .35 .33
27 4427 2.0 | .56| .51| .47| .49] .45| .42| .40/ .38
" 2.5 | .60| .56 .52| .52| .49| .47| .44| .42
3.0 | .63 .59 .55 .55| .51| .49| .46| .44
4.0 | .67| .64 .61| .58| .56| .54] .49| .47
Maintenance 5.0 | .70| .67| .65 .60| .59] .57| .51| .51
factor, 0.70 N
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TABLE 23.—COEFFICIENTS OF UTILIZATION FOR FLUORESCENT
LumiNAIRES.—(Continued)
Ceiling 75% 509, 309
Type |Distribution curves| Walls 50%|30%|10% 50%|30%110% 537/;,{10%
No. crosswise only | Room .
. Coefficients of utilization
index
Open Top 0.6 | .24| .20] .18] .20] .18| .16| .15] .14
0.8 .30[ .26 .24| .25| .22| .21| .19| .18
L,OPO_'—OO‘OJ 1.0 | .34| .30| 28| .28| .25| .24| 22| .20
Diffusing Glass | 1.9 | .37/ .34| .31/ .31| .28] .26| .24 .23
1.5 .40 .36 .33| .33| .30] .28| .25 .24
28 2.0 44| 41] .38| .36| .33] .32| .28 .27
2.5 .48] .44] .41} .39| .36] .35 .30| .29
3.0 .50| .47| .44| .40| .38| .36 .31| .30
4.0 .5H3| .50| .48| .43| .41| .40 .33] .32
50 .6b6| .52 .50| .45] .43 .41] .35| .33
Maintenance
factor, 0.65
Open Top 0.6 27| .23| .21| .23| .21} .18 .18| .16
0.8 .34 .30) .27 .29| .26] .24| .23| .22
[ooolooo] 1.0 | .37] .34] .31 .32 .29| .27| .26| .25
Refracting Glass 1.2 .41 .38| .35| .36] .33| .31| .28 .27
1.5 .44| .40| .37 .38] .35 .33| .30 .29
29 2.0 48| .45| .42| .41] .38| .36| .33| .32
2.5 .52| .48| .46] .44| .41| .40| .36| .35
3.0 55| .51| .48] .46| .43| .41 .37| .36
4.0 58| .55 .53| .48| .46 .45 .39 .38
5.0 .60] .57 .55| .50[ .48| .46| .41] .39
Maintenance
factor, 0.65
Open Top 0.6 .24 .20 .19| .20| .18} .17| .16| .14
0.8 .29 .26 .24| .25| .22{ .21| .19{ .18
| ocolope] 1.0 | .32 .29\ .28| .27| .25| .24 .22 .20
Louvers 45° Cr. 1.2 .36/ .33[ .30[ 30{ .28| .26{ .23 .23
30° Le. 1.5 | .38 .35| .32| .32| .29| .28| .25/ .24
30 2.0 .42 .39 .36| .35| .32| .31| .27] .26
arx | 2.5 | .45| .42| .30 .37| .35 .33 .20| .28
25.4% 3.0 47| .44| .41] .38| .36 .35 .30| .29
4.0 .50 .47| .45| .40| .39| .37| .31 .31
5.0 .52| .49| .47] .42| .40| .38| .33| .31
Maintenance
factor, 0.70
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Allowance must be made for the depreciation of light output of
the lamps as they age and also for dust and dirt which collect
on the luminaire even with a reasonable cleaning schedule.
The maintained illumination for the average fixture under average
cleaning conditions is in the order of 70 per cent of the initial
value. Some luminaires may not be susceptible to the collection
of dust on surfaces that affect the luminous efficiency of the
unit. For such equipment a higher maintenance factor may be
used. For others, particularly indirect types and any in which
the cleaning schedule may be poor, the maintenance factor may
be considerably lower than 70 per cent. A maintenance factor
for each type of luminaire shown is given in Tables 22 and 23.

Summarizing the conditions stated into the form of an equa-
tion gives

EXA

where ¢, = initial lumens per lamp.
E = maintained average illumination.
A = area of room.
N = total number of lamps.
K, = coefficient of utilization.
M = maintenance factor.

If for a desired value of illumination the calculated initial
lumens per lamp do not coincide with those of a commercial size
lamp, then either the number of lamps used can be varied by
another assumption as to layout or a lamp size can be chosen
such that the original layout gives either a higher or lower
illumination. Judgment must decide which plan should be
followed in any particular case. If the latter plan is followed,
the choice of lamp size may be made according to any arbitrary
rule. Generally if the number of lumens per lamp is more than
one-third the value between commercial lamp lumens, the larger
lamp would be used. A more critical evaluation of main-
tenance factor for the particular use may also enter into the
considerations.

Problems

1.11. A room has a floor area of 26 by 16 ft. 9 in. and a ceiling height of
13 ft. Determine the room index for a semi-direct lighting system with the
luminaires suspended 30 in.
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2.11. The apparent candle-power distribution curve of a diffuse enclosing
globe luminaire is given below. A 200-watt, 115-volt, PS30 inside-frosted
bulb was used in the luminaire during the test. The output of this lamp
during the test was 3680 lumens. .

a. Compute the indirect-, horizontal-, and direct-component fluxes of this
luminaire. Classify the direct component as narrow, medium, or broad.

b. Compute the component efficiencies of the luminaire and the total
cfliciency.

DistriBuTiON DATA FOR PrOB. 2.11

Mid-zone angles, | Apparent candle | Mid-zone angles, | Apparent candle
deg. power at 10 ft. deg. power at 10 ft.
180 zenith 310 0 nadir 457
175 309 5 454
165 302 15 442
155 292 25 414
145 267 35 377
135 236 45 330
125 198 55 286
115 175 65 246
105 175 75 216
95 180 85 194
90 horizon 186

3.11. Design a layout for the room in Prob. 1.11 using the luminaire of
Prob. 2.11 suspended 30 in. The room has no architectural restrictions.
If the reflection factor of the ceiling is 0.70 and the weighted average reflec-
tion factor of the walls (including furniture, windows, ete.) is 0.28, what will
be the initial average illumination on the working plane of the room for
the number of luminaires used?

4.11. Assume that a series of luminaires are available of the form of that
in Prob. 2.11 for the following lamp sizes: 150 watts, 200 watts, 300 watts,
and 500 watts. If the relative distribution curves of all of these luminaires
are similar, what respective maintained average illumination can be expected
if cach size were used in the layout of Prob. 3.11. Use a maintenance factor
of 0.75.
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CHAPTER 12
LUMINOUS ARCHITECTURAL ELEMENTS

Symbol Term Definition
Luminous architec- Any luminous panel, cove, coffer, niche, mold-
tural element ing, column, pilaster, beam, or similar ele-

ment that on its own accord is an integral
part of an architectural treatment.

n  Element efficiency The ratio of the luminous flux emitted by that
portion of the area of the elcment assigned to
one lamp to the luminous flux emitted by
that lamp.

69. General.—The employment of luminous architectural
elements is quite common practice in many interior and exterior
applications. Such elements are necessarily custom-made for
each application, and the general problem becomes one not for
the illumination engineer alone but also for the architect and the
artist.

Certain fundamental principles concerning light control,
efficiencies, desirable brightnesses, uniformity, and similar objec-
tive quantities under the control of the illumination engineer
are the subject matter of this chapter. The problems of achiev-
ing the desired mass, line, and symmetry are problems of the
architect and artist and will not be dealt with here. In the
application of luminous elements, then, a close cooperation
between the illumination engineer and the architect or artist is
extremely important.

The design of luminous elements may be controlled to give
several subjective effects. These effccts may range from an
impression of extremely uniform brilliance of the element on one
hand to a very sparkling highlight effect of the element on the
other. The elements may be classified objectively under one
of four types.

a. Elements of Uniform Brightness.—These elements are per-
haps the most generally applied form of architectural element.
If the primary source is placed behind the element, then highly
diffusing materials such as solid- or flashed-opal glassware or

202
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translucent plastics are required. If the source providing
luminous flux to the element is a secondary source, itself of
reasonably diffuse character, the degree of diffusion necessarv
in the translucent material, which acts more as a cover plate,
may be much less. If there is no abrupt change in the bright-
ness of the element, the subjective effect of uniform brilliance
may be retained even though the ratio of maximum to minimum
brightness of element is as large as 1.5.

b. Elements of Graduated or Shaded Brightness.—If the change
of brightness of the element is gradual but of rather large degree,
very interesting and decorative effects may be obtained. These
results are usually obtained by lighting the element from only
one side or by large spacings between rows of lamps. Line
sources of light such as fluorescent lamps may be used very
effectively in this form of element.

c. Elements Producing Banded Effects.—Transmitting elements
formed of fluted or ribbed glass or plastics and reflecting elements
formed of corrugated reflecting backgrounds produce banded
effects which are highly interesting and spectacular, particularly
if color is used.

d. Elements of Spotty Brighiness—Elements of spotty bright-
ness with definite brightness patterns may be used very effec-
tively for certain decorative purposes. Such elements are not
suitable for sign-letter backgrounds or where the brightness
of the brightest part of the pattern is so great as to be glaring.
Low-diffusion materials with lamps spaced close to the element
produce this type of clement with a great deal of sparkle and
highlighting. Materials with more diffusion with lamps spaced
relatively far apart produce softer spots.

70. Exterior Applications of Luminous Elements.—In exterior
applications, luminous elements are gencrally used for dis-
play and decoration or for luminous signs or backgrounds for
silhouettes. Only seldom is the illumination as produced by
the element upon any receiver surface of any great usefulesss.
Consequently the selection of the brightness level of the element
is usually much less than that which may be employed in interior
applications where the luminous element may be producing a
useful illumination upon a working plane.

Table 24 gives suggested luminosity values for various exterior
applications. If the luminous element is diffusing, the bright-
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ness may be obtained by dividing the luminosity by =. Other-
wise the methods suggested in Art. 71 should be used.

TABLE 24.—SUGGESTED LUMINOSITY VALUES: EXTERIOR APPLICATIONS?®
The selection of luminosity levels is influenced by the following conditions:

(a) Character, size, and brightness of immediately adjacent (competitive)
displays.

(b) Signs as such should always be brighter than other portions of a design.

(c) Character of the institution; e.g., a conservative business will require
less bright displays than a theater.

(d) Relations in brightness of an element to another of the same display, for
the purpose of producing emphasis or a design in brightness.

(e) Extent of entire pattern and size of the elements. Lower brightness
may suffice when scale is large.

(f) In color, a lower brightness often proves cffective.

General brightness of district

Type and application of luminous

element Low Medium High

Luminosity, foot-lamberts

Decorative flush elements (principal units
in design), including panels and recesses.| 30-100 | 50-150 | 100-300
Decorative projecting elements (principal
units in design) . .......... ... ... ... .. 50-130 | 70-170 | 150-300
Decorative elements, e.g., spandrels and
niches (particularly when subordinate

elements in design)................... 30— 60 | 40— 80 | 50-150
Luminous background signs.............. 90-150 | 120-200 | 150-350
Luminous letter-stroke signs............. 150-200 | 200400 | 300-600
Small luminous facades (as small entirely

luminous store fronts and buildings)....| 80-120 | 100-150 | 120-200
Marquee and entrance soffits and marquee

fasci@e. .....oveiiiiin i 80~150 | 100-250 | 200-400

Luminous beams under canopies and
marquees (restricted size, as for gasoline

service stations)...................... 150 250 400
Pylons (as for gasoline service stations,
entrance markers, ete.)................ 100 200 300

a From * Illumination Design Data,” General Electric Company, October, 1936.

T1. Interior Applications of Luminous Elements.—In exterior
elements the luminosity of the element may be a very good
criterion of design, since the brightness of the clement at its
brightest part is generally below such a value as to cause glare.
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This is especially true if the element material has a rather good
diffusing quality. However, in interior applications of luminous
elements it may be desirable to increase brightness of the element.
to as high a value as is permissible without excessive glare.
Consequently the maximum brightness of the element is the
limiting factor and not its luminosity. Of course the brightness
and luminosity are still related through the factor of n if the
surface of the element is perfectly diffusing. Table 25 gives the
limiting values of brightness expressed in candles per square
inch for the various classifications of intcrior elements and also
the corresponding luminosities for perfectly diffusing elements.

TaBLE 25.—SUGGESTED MaXIMUM BRIGHTNEss VALUEsS: INTERIOR
APPLICATIONS®
Factors that influence the selection of a limiting brightness for elements:

(a) Contrast with Surrounding Surfaces.—Too great a contrast produces an
unfavorable appearance; hence the brighter the surroundings, the higher
can be the brightness of the ciements.

(b) Illumination in the Room.—For equal glare effect, the illumination must
be increased by ten times to permit doubling the brightness of the units.

(¢) Position of Elements.—They may be brighter when mounted high out of
the usual field of view or when their light is not directed toward the
observer.

(d) Casual or Prolonged Viewing.—Higher brightnesses are acceptable where
people are passing than where they are in oue position for a considerable
period as in an office or auditorium.

(e) Size of Luminous Area.—As luminous area is increased, the brightness
selected should be lower. This is especially true of elements in walls.

Brightness, | Luminosity of

Classification of source candles/ | perfect diffuser,
sq. in. foot-lamberts
(a) Protruding ceiling elements, 20 ft. or 1 500
more above floor.
(b) For clements in low ceilings, particularly 0.5 250

in larger rooms (lower over mezzanine).

(c) Wall panels or recesses in passages. .. .. 0.4 200

(d) Wall panels and niches not usually in 0.3 125
line of sight.

(e) Decorative panels constantly in view . . . 0.2 75

s From ‘‘Illumination Design Data,” General Electric Company, October, 1936.

T2. Reflecting Materials.—Classifications of reflecting mate-
rials as to specular, mat (diffuse), and semi-mat have been made
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in Chap. 8. The terminology as established there is continued
here. Table 26 gives the range of reflection factors of several
materials used in architectural elements as determined for
illumination from incandescent lamps. None of the materials
listed is extremely selective as to spectral reflection, and conse-

TABLE 26.—REFLECTING MATERIALS®

Reflection
Material Clas.siﬁ- . factor
cation (incandescent
light)
Aluminum-alloy film on glass... . .| Specular 0.90-0.94
Silver plate..................... Specular 0.87-0.92
Glass mirror.................... Specular 0.80-0.90
Aluminum foil.................. Specular 0.85-0.87
Alzak aluminum................ Specular 0.75-0.84
Rhodium...................... Specular 0.70-0.78
Aluminum, polished............. Specular 0.60-0.72
Tin.. ... Specular 0.68-0.71
Chromium..................... Specular 0.62-0.67
Stainless steel.................. Specular 0.55-0.65
Nickel......................... Specular 0.60-0.63
Monel........... ... .. ... ... Specular 0.57-0.62
Aluminum, mill finish........... Specular 0.53-0.55
Black structural glass............ Specular 0.04-0.05
Alzak aluminum................ Semi-mat | 0.72-0.80
Oxidized and etched aluminum. . .| Semi-mat 0.70-0.86
Aluminum, brushed............. Semi-mat | 0.55-0.57
Chromium, satin................| Semi-mat 0.50-0.56
Stainless steel, satin............. Semi-mat | 0.52-0.56
Magnesium carbonate........... Mat 0.93-0.97
White plaster................... Mat 0.90-0.92
White paint.................... Mat 0.75-0.88
White porcelain enamel......... .| Mat 0.60-0.82
White and cream terra cotta.. .. .. Mat 0.60-0.80
White structural glass........... Mat 0.74-0.78
Limestone...................... Mat 0.35-0.58
Sandstone......................| Mat 0.20-0.42
White porcelain enamel......... Specular 0.60-0.80
and mat

* From “ Illumination Design Data,” General Electric Company, October, 1936.
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quently the reflection factors may be applied to any type of
illumination. Certain materials are shown under several
classifications where differences in manufacture result in different
reflecting properties.

73. Transmitting Materials.—The choice of a transmitting
material is more involved than the choice of a reflecting material
if the unlighted appearance of the element is important. Mate-
rials such as the opal glasses generally reflect a considerable
amount of light and appear rather white in daylight. The trans-
mission of such glasses is consequently rather low. Table 27
gives the transmitting characteristics of scveral materials used
in architectural elements. The transmission factor is for incan-
descent light and for the usual range of thickness used. The
factors may be used for other illuminates except for those mate-
rials which are spectrally selective.

TABLE 27.—TRANSMITTING MATERIALS®

Transmission
Material Classification factor (in-
candescent
light)

Fused quartz............. Transparent 0.91-0.93
Clearglass............... Transparent 0.80-0.90
Glass, clear mat (1)....... Semi-translucent | 0.75-0.89
Glass, clear mat (2)....... Semi-translucent | 0.62-0.87
Glass, clear configurated. ..| Semi-translucent | 0.67-0.87
Plastic, clear mat......... Semi-translucent | 0.60-0.80
Alabaster glass configurated| Semi-translucent | 0.60-0.70
Opalescent glass.......... Translucent 0.55-0.85
Flashed-opal glass......... Translucent 0.30-0.52
Alabaster................ Translucent 0.18-0.50
Solid-opal glass........... Translucent 0.12-0.40
Enameled glass........... Translucent 0.27-0.38
White plastic, diffuse...... Translucent 0.03-0.35
Marble, impregnated. ... .. Translucent 0.00%-0.21
Amberglass..............|. ..o 0.40-0.60
Greenglass...............|. ..., 0.10-0.15
Redglass................|. ... ... ... 0.07-0.14
Blueglass............. .| ..o 0.01-0.04

& From ‘' lllumination Design Data,” General Electric Comnany, October, 1936.
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74. Spacing of Lamps in Luminous Elements for Reasonably
Uniform Brightness.—The diffusing property of the transmitting
or reflecting material determines the spacing of lamps in luminous
elements  As materials are more diffusing, the maximum spacing

TaABLE 28.—ELEMENT FoRMS AND KFFICIENCIES
a. Half-cylinder Recess

D =0.5W
S =0.95W
S =1.9D
A=W -08

Efficiency for 0.75 reflection factor background is
Z N A P72 43 per cent. For other surfaces efliciency is p X 57

L per cent.
s Produces a sharply defined luminous area. Range
al ' of effects attainable—uniformity with diffuse back-
_/é\_\, . A ground, sparkle, glitter, or banded effects with

crinkled, fluted, or brushed metallic background.

b. Shallow Recess

D=0.17TW
S =0.251
/ D ke S =1.5D
L’—w J A=W -08
_--__W____

Lfficiency for 0.75 reflection-factor background is

v ) 38 per cent. For other surfaces efficiency is p X 50
St~ per cent.
3, Shallow cavities produce slightly graduated bright-
) ness. As in half-cylinder recess a range of cffects is
S attainable. Check dimensions with physical size of
A / lamp used to ensure ample allowance for inserting
i v lamps.
c. Plane-surface Reflector
D =0.33W
kC> D iz S =0.50W
l' \or* 8 =1.5D
-—-W--- A=W-=-0)8
g v % Efficiency for 0.75 reflection-factor background is
& 30 per cent. For other surfaces efficiency is p X 40
‘i’. per cent.
_i Width is based on 5 to 1 variation of brightness from
o . A
/ center to cdge. In design of cross-section trough,
A \ Y7/ cutoff and angle of view are very important.

<
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TaBLE 28.—FLEMENT ForMs AND KFFICIENCIES.—(Continued)
d. Double Reccss

L---W---J A=W =08
— N Efficiency for 0.75 reflection-factor background is
s+ 39 per cent. For other surfaces efficiency is p X 52
. per cent.
“? 7/, Spacing of lamps to mid-line of element is small, but
’3'1 = interreflection of flux from this region to outside edges
of element reduces brightness graduation.

e. Semi-shallow Recess Side Lighted
D =0.32W
S =0.33W
S =D

A=W-0)8

Efficiency for 0.75 reflection-factor background is
» 25 per cent. For other surfaces efficiency is p X 33

T per cent.

S A graduated brightness is produced by lamps at one

v side; uniformity if lamps are located on each side with

ratios as given. In small elements allow for easy

v lamp replacement.

f. Silhouette Background

x D =0.25W
! S = 0.561
W S =2.25D
! A=WS8

D k- Efficiency for 0.75 reflection-factor background is
25 per cent.  For other surfaces cfficiency is p X 33

per cent.
Requires polished-metal parabolic trough reflectors
% L with maximum candle power directed to the far edge
T 7 of surface. With ratios given brightness graduations
< will be of the order of 25 to 1. The degree of shading

|< 4 can be lessened by the use of a larger, more concen-
-- 8- trating reflector and by increasing D with respect to W.
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TaBLE 28.—ELEMENT ForMs AND EFfFicieNcies.—(Continued)
g. Flush Panel

067

D= w
S == W
a
8 =15D
a=1tws
a
a = number of rows of lamps
Ty /'L Transmission Factor Efficiency,
/// x/‘¢9 Z of Glass Per Cent
/ : 0.80 65
7? /// 0.70 61
Ll 0.60 56
211 /'A /. 0.50 51
0.40 44
0.30 35
0.20 25

Representative of a great variety of forms ranging from a narrow band
requiring a single row of lamps to large expanses of luminous glass areas
requiring a wide variety of lamp arrangements. Ifficiencies vary slightly
with size and form, but spacing between lamps should conform to the cavity
depth and type of translucent material used.

h. Corner Panel

D =0.4W
S =0.6W
S =1.5D
A=WS
Transmission Factor Efficiency,
of Glass Per Cent

+ // / 0.80 70
////%i/// o s

VA
0.20 26

Lamps should be placed in the corner to permit wider spacing and better
lateral uniformity of brightness with highly diffusing materials. A slight
shading of brightness at the sides may be noticed.
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TABLE 28.—KLEMENT Forms aND EFFICIENCIES.—(Continued)
i. Semi-shallow-recess Panel

D =0.33W
S =0.67TW
Z \,f A=W-08
L““W""“”‘ Transmission Factor Efficiency,
" " of Glass Per Cent,
vl 7 Ly Z 0.80 37
/// '// 0.70 33
i i
/, .
7 i // 0.40 21
2 W 0.30 17
0.20 13

Indirectly lighted transilluminated elements of this character may use
any type of translucent material, the choice being governed by the unlighted
appearance, texture, and efficiency.

j. Shallow-recess Panel Side-lighted

D =0.17W
S =0.30W
S =1.8D
A=W -0)8
Transmission Factor Efficiency,
N . of Glass Per Cent
> v v
p 0.80 21
o1t /; / 0.70 20
7 7 0.40 15
W 0.30 12
0.20 8

A graduated brightness will be obtained by a single trough located on one
side; uniformity if lamps are placed at each side with the ratios as given.
For choice of transmitting medium see ‘‘Semi-shallow Recess Panel” above.
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TaBLE 28.—ELEMENT FORMS AND KFFICIENCIES.—(Continued)
k. Shallow Reflector Side-lighted Panel

D =0.10W
L) S =0.20
] 8 =2D
w A =W8
— Transmission Factor Efficiency,
of (ilass Per Cent
0.80 40
Vi 0.70 38
'/ A // | 0.60 35
8§/ 0.40 26
" = 0.30 20
0.20 13

With highly diffusing translucent materials, the contour of the reflecting
background is relatively unimportant. With less diffusing materials, the
shape affects the graduation of brightness as does the angle of view.,

l. Angular Projecting Element

0 ——
70° 90° o 120° L
D = 0.35W 0.501" 0.87W
S = 0.53W 0.75W 1.3W
S = 1.5D 1.5D 1.5D
A = 2WS PALI 2SS
. [}
4 Transmission | 70° ] _*(;00 T - 120°
factor of glass | -~
Z '/ / 5*_‘\\\\\ 2 Lifliciency, per cent
2N T
L 4’\ 0.80 - 83 74
/o 0.70 . 79 70
A /// ‘\S:\\ 74 0.60 81 73 65
' 0.50 76 65 57
0.40 68 54 48
0.30 H4 44 36
0.20 40 33 29

The depth of the cavity will be determined through the ratios of D to W
for the particular angle of clement. (Nole: D is not defined in the original
references and hence certain ratios given therein may not agree with those
above, except S/D is held at 1.5.)
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TABLE 28.—KLEMENT Forms AND EFriciencies.—(Continued)
m. Rectangular Projecling Element

E/W
0.25 |~ 1.00 1.83
D= | LTy | 250y | 050,
a a a
S = 1 W 0.75 W 0.75 W
a a a
S = 1.4D 1.5D | 1.5D
2E + W)S
L, A= |\ =/
%D&S D {'-4 a = rows of lamps
Fl°
L ' E/W
—-W >
v, Transmission -
sl o factor of glass 0.25 1.00 1.83
557
V4 Jo Efficiency, per cent
I
/ ////
v 0.80 0.78 0.86 0.79
0.70 0.74 0.84 0.76
0.60 0.70 0.80 0.71
0.50 0.63 0.74 0.65
0.40 0.54 0.65 0.56
0.30 0.44 0.54 0.46
0.20 0.30 0.42 0.34

For elements in which the ratio of K to 1" is small a recess will be necessary.
For larger ratios of K to W the recess may be eliminated. Note that the
square element is more cfficient than cither an extremely shallow or a deep
clement.

n. Quarter Cylinder

S =1.5D
™
Transmission Factor Efficiency,
of Glass Per Cent
0.80 0.74
0.70 0.70
0.60 0.65
0.50 0.57
0.40 0.48
0.30 0.36
0.20 0.28

This element has essentially the same efficiency as the 120-deg. projecting
element. For half cylinder multiply efficiency by 1.05.
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TaBLB 28.—ELEMENT ForMs aND EFFICIENCIES.—(Continued)
o. Square Column

D =0.5W
S =07
S =1.4D
s A =4Ws
=] Transmission Factor Efficiency,
o of Glass Per Cent
0.80 0.92
%/// 0.70 0.90
5/ 0.60 0.87
/’f 0.50 0.83
l ;7@// 0.40 0.76
L‘ 0.30 0.65
0.20 0.48

Lamps should be centered in the column and positioned to avoid socket
shadows. Conduit risers should be brought up in one corner so that framing
conceals it.

p. Cylinder
S8 =1.4D
) A =2zDS
Transmission Factor Efficiency,
of Glass Per Cent
0.80 93
0.70 92
0.60 90
0.50 87
0.40 79
0.30 68
0.20 54

Conduit riser should be located on least conspicuous side.

of lamps at a given distance from the diffusing medium becomes
greater. The geometric arrangement of the light sources with
reference to the diffusing medium and the geometry of the light
source itself as well as the possibility of interreflections within
the element influence the spacing limitations.

The critical spacing of lamps may be expressed as the ratio
of the distance between light centers to the distance from the
diffusing medium to the light centers. If the lamps are tubular
lamps, as incandescent or fluorescent lumilines, the critical
spacing is the distance between rows of lamps.
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For materials of low diffusion, such as ground glass and con-
figurated alabaster, the maximum ratio is approximately 0.3,
whereas with solid-opal glass the ratio may be as high as 2 For
flashed-opal glass the ratio is approximately 1.5 for many
configurations of elements.

Table 28 gives the design limitations for a number of luminous
elements. The diffusing material intended therein for trans-
mitting elements is flashed-opal glass and for reflecting surfaces
a good-quality flat paint. Where other materials than these
are used, the limiting dimensions will in general need revision if
reasonably uniform brightness is to vesult.

The dimensional ratios are self-described in each figure. The
area A as shown is the area per lamp that is used in determining
the lamp sizes and the efficiency of the element. The element
efficiency is the ratio of the lumens emitted by the element of
area A to the lumens emitted by each lamp.

76. Calculations upon Element Forms.—The maximum bright-
ness of the element can be determined from the relationship of
equation (111). For spacings such that the brightness is
reasonably uniform, the constant k in the equation may be
taken as 1.0. If single frosted glass is used and the spacings
from lamp to glassware are not increased, the factor should be
taken as approximately 4. Inserting this value in equation
(111) does not climinate spotty brightness. In fact for some
applications this elimination may not be desirable. However,
it does preclude the possibility of having in the field of view a
brightness that is excessive to the extent of producing glare.

The relationship being discussed is
neLM

TA

where B,, = maximum brightness of the element, in candles per

square inch.

efficiency of the element.

flux per lamp, in lumens.

maintenance factor.

area per lamp, in square inches, as from Table 28.

= 452 times the maximum brightness in the field of
view, in candles per square inch, divided by the
average luminosity over A, in lumens per square
foot.

Bn =k

(111)

I

>R
Il
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The term element efficiency loses a great deal of its mean-
ing when the element is not even approximately diffusing.
For sparkle and banded effects the calculation of brightness
becomes rather involved, since the maximum brightness may
not be influenced appreciably by the area of the element but
may be determined more by the brightness of the lamp source
itself. In geneial, the less diffusing the element the greater
must be the spacing of the lamp to the element surface. Beggs
and Woodside have shown that for flashed-opal glassware, for
example, the maximum to minimum brightness is only about 1.3
and is fairly independent of distance of the lamp source to the
glass surface. Acid-frosted glass, however, will have a bright-
ness ratio of approximately 1.5 if the distance from lamp to glass
is 9 in., whereas the ratio is approximately 4 if the lamp is only
4 in. from the glass. A calculation of brightness should not be
attempted from equation (111) if a less diffusing material than
single frosted glass is used. For such materials the brightness
as determined from equation (112) will more ncarly represent
the maximum brightness of the element. However, now the
error in maximum brightness will be smaller the lower the diffus-
ing qualities of the material. Logically a factor less than one
should be inserted in this equation to take account of such diffu-
sion, but no data upon factors are known to the author.

B, = 7(or p)B.’ (112)

where B,, = maximum brightness of the element, in candles per
square inch if diffusion is small.

7(or p) = transmission factor (or reflection factor) of element.

B, = maximum brightness of source of light as viewed
from transmitting (or reflecting) medium, in candles
per square inch.

An example will illustrate the use of the equation relating the
maximum brightness, the efficiency of the element, the spacings
and size of lamp. Suppose that a flush panel as is illustrated in
Table 28 (g) is to be used, that the width of the panel is limited
by architectural features to 7 in., and that the available depth
for the recess is 10 in. Beyond this point any one of a number
of variables may be determined if the other controlling factors
are known. Suppose, for this example, that the length of the
panel is to be fixed at 24 in. and the use is such that the
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brightness of the element shall be not more than 0.5 candle per
square inch, since the panel is to be used over a breakfast nook
in a residence that would be classified as a low-ceiling clcuent
of Table 25. The maximum size of lamps and their arrangement
is to be determined.

If the value of W = 7 in. is substituted into the empirical
relationships of Table 28 (g), the values of D and S are

p - AT

S:

QI o

The available depth of the recess is such that one row of lamps
will suffice; hence

D = 4.7 in.
S = 7 in.

Because the panel is fixed at 24 in. long, the number of lamps
to be used (if incandescent lamps are used) will be 247 = 3.43
lamps. Unless a very dense solid-opal glass is to be used, three
lamps will give a spotty effecct. Consulting Table 27, one finds
that the transmission of solid-opal glass is 0.12 to 0.40. If
spotty cffects are to be avoided. an opal glass having a trans-
mission factor nearer the lower end of this range must be used.
On the other hand, flashed-opal glass has a transmission factor
of 0.30 to 0.52. The gain in efficiency of the unit from 25 per
cent at a 0.20 transmission factor to 51 per cent at a 0.50 trans-
mission factor is evidence that four lamps should be used behind
flashed opal glass. Therefore the corrected value of S to fit an
integer number of lamps is

24

S = T = 6 in. (corrccted)

and
A=WS =7X06=42¢q. in.

The only remaining calculation is the maximum lamp size
that can be used without exceeding the brightness limitation.
In determining this lamp size the value of M in equation (111)
should be taken as 1.0, since the brightness experienced with



218 ILLUMINATION ENGINEERING

new lamps and clean glassware will determine the worst con-
dition of glare. If single flashed-opal glass is used having a
transmission factor of 0.50 the element efficiency will be 51 per
cent. With such glassware essentially uniform brightness
results, and hence k may be taken as 1.0. Substituting these
values in equation (111) gives

TAB, _ mX42X05 _ o0
kndl ~ 1.0 X 0.51 X 1.0

bL =

Reference to Table 7 giving data on incandescent lamps indi-
cates that a 15-watt lamp is rated at 150 lumens. This is
practically the value obtained for ¢,, and hence lamps as large
as 15 watts may be used.

An alternative solution of the problems is the use of fluorescent
lamps rather than incandescent. The 15-watt lamps are manu-
factured in an 18-in. length; the 20-watt lamps, in a 24-in. length;
and others, in lengths longer than the desired architectural
element. Hence the only fluorescent lamps possible are the
15- and 20-watt sizes. The critical spacing of 7 in. will not be
exceeded if the 18-in. lamp is used, since the distance from the
end of the lamp to the end of the element would be only 3 in.
with the lamp centered longitudinally. A tubular lamp has a
low candlepower distribution from its end due to the socket,
and consequently it is well not to crowd the critical spacing in
this dimension. However, the factor of safety here is over 2,
and reasonably uniform brightness will result with flashed-opal
glassware.

The total lumens to be emitted by the lamps must not be
more than 4 X 129, or 516. If ‘“white” fluorescent lamps are
to be used, reference to Table 10 indicates that the 15-watt
size emits 615 lumens whereas the 20-watt size emits 900 lumens.
The 20-watt lamp is obviously too large, but the 15-watt size
could be used with probably no excessive glare.

The ultimate choice of a lamp size depends upon what bright-
ness is desired in order to produce an effect at some receiver
plane. Asis discussed in Chap. 4, such calculations are extremely
simplified if the brightness of the source is uniform both as to
position on the source as is to the angle of view. This has been
the viewpoint in establishing Table 28, and hence equation (58)
would be applied to the problem in question and the value of B
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determined for the desired E,, where E,, is the initial illumination.
Equation (58), repeated, is

cos a cos B dA
B, =p [ omacnpdl (58)

If the value of B exceeds that permitted by the possibilities
of glare, then another try must be made with a larger panel.
In so doing the integral of equation (58) will change. Thus the
problem may degenerate into a successive approximation process
with the successive tries guided by the previous tries.

If the luminous elements are to provide gencral illumina-
tion to a room and are to be carried as ceiling elements, the
three-curve-calculation method may be used instead of the
direct-calculation method of equation (58), which neglects all
interreflections.

Problems

1.12. A silhouette background is to be designed for an outdoor sign in a
medium-brightness district in which there are other signs of a similar nature.
The height of the background is to be 40 in. Pastel color is to be used in
the background, and the reflection factor for incandescent light is 0.55.
Show a cross section of the element drawn to a 1 in. to 1 ft. scale. Specify
the size of incandescent, 115-volt lamps to be used, and indicate their
spacing.

2.12. Half-cylinder recessed ceiling clements with troughs 10 in. wide are
to be used to provide general illumination to a ballroom. The dimensions
of the room are 50 by 130 ft. Three rows of nine elements each, each 55 in.
wide and 10 ft. long, spaced 4 ft. apart longitudinally, are to be used the full
length of the room. The average reflection factor of the walls is 0.15, and
that of the ceiling is 0.75 (including the rccesses). A variable range of
illuminations for 0.5, 2, and 10 {t.-candles is desired. Show a cross section
of the recess drawn to a 1in. to 1 ft. scale. Specify the sizes of incandescent
lamps to be used, and indicate their spacings and arrangements. The
ceiling height is 15 ft.
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CHAPTER 13

TESTING OF ILLUMINATION SYSTEMS BY SAMPLES
AND MODELS

Symbol Term Definition
Sample A partial installation of equipment installed judiciously
for testing.
Model A representation of an object constructed so that all
component parts are in proportion.
Image A representation of an entity in fancied form.
S Scale A numerie representing the ratio of linear dimensions n
factor the model to those in the corresponding original thing.

76. General.—The illumination received at a point on a
recciver plane can be calculated theoretically only if the bright-
ness distribution of cvery surface viewed by that point is known.
If the luminaires within an interior room predominate in this
calculation, the illumination at the point can be determined at
least approximately (as has been discussed in Chap. 4) by
utilizing the apparent candle-power-distribution curve of the
luminaires. If the size of the luminaires is large with respect
to the distances involved, or if other surfaces of sufficient bright-
ness and area (such as luminous architectural clements or the
walls and ceilings themsclves) contribute significantly to the
illumination at the point, then the integration process of Art. 17,
or some approximation based upon the method, must be used.
When all this has heen accomplished, the illumination at one
point on the working plane has been determined. If the illumina-
tions at other points are desired, the process must be repeated
for each point.

The three-curve calculation method (or lumen method) deter-
mines the average illumination upon the working plane and
gives no information upon the illumination at any specific point
in the room. Consequently, if maximum and minimum values
of illumination are desired, this method is not sufficient.

In designing special luminous architectural elements certain
calculations may be accomplished, but the final judgment upon

220
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the suitability of the element may depend largely upon how the
element fits into the architectural achievement as a whole as
regards its size, proportions, and hue.

Consequently such desired results may often be obtained more
rapidly and with better assurance of correctness by one of the
following two methods.

a. Samples of the lighting equipment considered may be
installed under the actual conditions for which they will be used.
When this has been accomplished, measurements by special
methods may be made from which the illumination distribution
in certain parts of the room may be determined. Often of equal
importance, the appearance of the equipment under actual
conditions of use may be ascertained.

b. As an alternative to the sample method of testing, a model
of the installation may be constructed and measurements made
upon the installation in miniature.

Both of these methods are used rather extensively, but seldom
are methods of testing formulated. The purpose of this chapter
is to present such principles as scem applicable to these methods.

77. Testing by Samples.—The method to be described will
apply principally to installations in large interiors in which the
total completed installation would be much larger than the sam-
ple section. This will represent the most general condition, and
modifications of the method can be devised to suit particular
cases.

Suppose that several systems of illumination are being con-
sidered for a large office building. A trial installation into even
one office room (which might measure 80 by 120 ft., for example)
would be a rather ambitious undertaking. Instead, let a sample
installation be made in just one bay of the room or, if the room
is free of architectural obstructions, in any small section of the
room. Obviously a survey under just this section would yield
little useful information, since the cross lighting between bays
would be missing.

The method of images is used rather extensively in other
fields and can be applied here with equal usefulness. Suppose
that the bay containing fixtures is shown as bay FE in Fig. 115.
The illumination at selected stations is determined by a survey
in one quarter of the lighted bay and also in certain adjacent
bays or parts of bays. The illumination readings in these adjacent
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bays will be used, together with those in the lighted bay, to
determine the equivalent illumination as though all bays in the
whole vicinity were likewise lighted.

The illumination at the point a in bay B in the figure is the
illumination at this point due to lighted fixtures in bay E. If
bay B contained the lighted fixtures and bay E were unlighted,
the illumination at the point 11 would be identical with that at a
as measured under the conditions of the test.
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FiG. 115.—Method of images applied to sample installation of lighting equipment
in bay E.

A similar procedure would apply regarding point b in bay D.
Thus the sum of the readings at points a, b, and 11 under the
conditions of the test represent the illumination that would
exist at point 11 with bays B, D, and K all lighted in a similar
manner as was F in the test.

Likewise in bay A a reading at ¢ should be added to the pre-
vious readings to represent the additional illumination at 11 due
to lights in bay A.

A reading at point d in bay F would interchange with point 11
in bay E and hence should be added to represent the contribution
at 11 due to lights in bay F. However, the illumination at
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point d in bay F and at point d’ in bay D would be the same
because of symmetry about the lighted bay. Hence the illu-
mination can be determined by a reading at d’ as well as at .
The same is true regarding points e and ¢’ in bays H and B,
respectively.

The contribution from bays I, C, and G, having readings at
points f, g, and h, respectively, would be included by adding the
corresponding readings at points f’, ¢/, and &’ all in bay A.
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© /ndicates t1haf the reading should be multiplied
by two (2) before adding to the other readings.

© /ndicates that the reading should be multiplied
by four (4) before adding 7o the other readings.

F1a. 116.—Gencral plan of adding illuminations by the image method.

Because the points 1, 2, 3, 4, 5, 9, and 13 liec on a border line
between two bays, it is apparent that readings contributing to
the complete illumination at these particular points in the sta-
tions sclected for the example must be multiplied by either two
(2) or four (4) depending upon whether two fields adjoin each
other or four fields fit together at a corner point.

The complete ficld extending out into the second bay away
from the one lighted is illustrated in Fig. 116. This shows the
general plan of adding the illuminations at the various points.
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All points designated by a given number in this figure should be
added together to yield the complete illumination at that point
in the field. Theoretically the summation would be an infinite
series were there no walls to the room. Actually the contribu-
tion from bays farther away than the second will generally be
negligible except in very high-ceiling rooms with relatively
small bays. ’

The illumination pattern resulting from the summation
gives the illumination at the selected station points for a bay
not near the side walls, since images have been brought in from
all directions even though the readings are taken only in one
quadrant with the center of the lighted bay as the origin. This
fact should be appreciated in judging the equipment as regards
the average illumination produced. In large rooms (rooms with
large room indexes) the side walls, however, affect the average
illumination very little, and it is for this type of room that
the preceding sampling method has its most general application.
Modifications of the method can be applied to other cases.

78. Testing by Models.—The reduction of large buildings,
sections of buildings, or interiors to miniatures can be accom-
plished with reasonable cost. The illumination system, itself
being to the same scale, can then be applied to the miniature, and
the resulting illuminations determined.

A survey of the majority of literature published dealing with
testing by miniature models will reveal that only seldom has an
attempt been made to ascertain other than relative magnitudes
of the results. No attempt will be made here to discuss the
merits or demerits of various testing that has been accomplished.
Rather the purpose will be to point out how quantitative results
may be determined upon the basis of the fundamental relation-
ships of illumination as discussed in Chap. 4.

In any illumination system always three and possibly four
entities may be involved. Let the special case be considered
first in which every part of the system, except the primary
source of luminous flux, is nonselective spectrally. As an
example consider a room that contains surfaces any region of
which has spectral reflection factors over the range of wave
length from 0.40 to 0.76x of a constant value. Other regions
may have different reflection factors, but spectrally every par:
will be nonselective. Subjectively one would say that the room
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was decorated in shades of gray. Whatever be the spectral
nature of the source of luminous flux, an investigation at a point
on any surface in the rooin would reveal an illumination of
exactly the same spectral nature as the source. This follows
from a careful consideration of the fundamentals of Arts. 44 to
47. :

A further restriction will be placed upon the surfaces of the
room. None of the surfaces will be capable of emitting lumi-
nous flux when acted upon by irradiation outside the range of
0.40 to 0.764.

If these restrictions are valid for the system, then the elimina-
tion of the entity of spectral conditions, except as a constant
invariant condition of the system, leaves the three remaining
entities:

a. Conditions involving the magnitude of the sources of the
system (the cause).

b. Conditions involving the magnitude of the illumination on
surfaces of the system (the effect).

¢. Conditions involving the thiree-dimensional physical proper-
ties of the system.

Entities classified under ¢ are constants of the system with the
foregoing restrictions in force and are independent of the cause-
and-effect phenomena. This is not a necessary condition in
order that the method of models may be used, but the resulting
simplification to a consideration of magnitudes alone is rather
desirable at first.

The specification of brightness of the primary sources of the
system fixes the conditions listed under a. The conditions listed
under b are in general those which are desired, and ¢ has already
been discussed for the special case being considered first.

The general equation relating these three entities as regards
their magnitudes was given in equation (17), which is repeated
below.

B
E, = ‘L_I? cos B cos a dA an

When a miniature model is used for testing, certain parts of
the equation will be affected directly by a linear scale factor S.
Obviously such parts will all specify dimensions, either of the
enclosure itself or of any physical parts within the enclosure,
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such as the luminous sources and representations of any furni-
ture, desks, carpeting, or similar furnishings.

Since both the illumination E, and the brightness B in equa-
tion (17) are specifications at poinis on the receiver and source
planes, respectively, no scalc factor should be applied to these
entities. The cosine functions are dimensionless factors and
hence should likewise receive no scale factor. dA and D?
would, however, both receive scale factors of S? since they are
specifications of area or (length)?.  When such factors have been
inserted, they will immediately cancel, since d4A and D? are
reciprocal parts of the equation.

Thus the conclusion can be drawn that the cause-and-effect
phenomena between any pair of points on a source and a receiver
plane are independent of scale of the model when cause is specified
through brightness. Illuminations may be interpreted directly
once the brightness conditions of the model sources are known
with respect to those of the actual sources.

However, if luminaires are used in the system and the cause
phenomena are expressed as apparent intensities of the source
as a whole entity even in its miniature form, then the equation
relating the apparent intensity of the source and the illumination
received directly from the source at a point on a receiver plane
must be studied. This is equation (8a) of Chap. 4.

E, = Dli cos 3 (8a)

The dimensional factor of S?is already included in the apparent
intensity as determined for the miniature luminaire. In building
the model a scale factor was chosen such that

D' = 8D (113)

where D = distance in the full-size (actual) system.
D’ = corresponding distance in the model.
S = scale factor (a numeric less than unity for a miniature
model).
If I’ is the apparent intensity of the miniature model luminaire
and E,’ is the illumination in the model, then

II
T D
If the variables without the primes indicate the true conditions
to be determined, then dividing one equation by the other and

E, cos B (114)
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inserting the relationship of equation (113) gives

E
Ef’ = S?% (115)
or
—_ 2 I
E,=8 I Ey (115a)

If in building the model, care is taken that the apparent inten-
sities of the model luminaires are decreased as the square of the
scale factor, then the illumination conditions as tested will
represent the actual illumination conditions of the full-size
system. Otherwise the ratio of intensities as indicated in
equation (115) must be multiplied by the square of the scale
factor.

When a study has been made of the relations of cause-and-
effect magnitudes in scale models with strictly constant dimen-
sional and reflecting conditions, the method can be expanded
to include even a variation of spectral conditions at any one of
innumerable positions in the room if each position in the full-
size room is matched by identical positions (with due regard to
scale) in the minature model.

The cause-and-effect phenomena that have been studied in the
special case above can be considered between any pair of points
in the model and the corresponding points in the full-size room.
Since each phase of this microscopic examination may be matched
between the two, it is obvious that the relationships regarding
the magnitudes of the individual cause-and-effect phenomena will
likewise hold for the ensemble as a whole.

The application has been made to interiors. The same facts
can be applied to any type of investigation in the illumination
system. One of the most thorough studies on highway-illumina-
tion fundamentals was conducted upon a model built at a one-
eighth scale factor.

Problems

1.13. A sample installation of four fluorescent luminaires, rated at 200
watts each (four 40-watt “white” lamps with auxiliaries), in one bay of a
large room yielded the results shown in Fig. 117. The ceiling height of the
room was 10 ft., and each bay was 18 by 16 ft. At the corner of each bay
was a column 24 in. square, which greatly reduced the lighting into adjacent
diagonal bays as is indicated in the data. (a) Determine the illumination
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at the stations selected in one quarter of one bay for all bays in the vicinity
also lighted in a similar manner. (b) Draw an illumination contour map
of the quadrant for increments of illumination of 5 ft.-candles. (c) Using
a planimeter, determine the areas between adjacent contour lines. Multiply
these respective areas by the mean illuminations of the areas. What is the
average illumination by this method? (d) Compare the results of (c) to
the average illumination determined by the average of the data points of (a).

2.18. A model of a football field and its illumination system is constructed
to a 1/50 scale. Two floodlights of different distribution are being con-
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sidered for the actual installation. One of these, designated as A, 18 repre-
sented in miniature so that the relative distribution matches the original
exactly but the magnitude of all its apparent intensities taken at 2 ft. are
1/1000 as large as the full size unit when taken at 100 it. The second unit,
designated as B, likewise possesses proper relative values, but in it the
apparent intensities at the same respective distances are in the ratio of
1/1500. A measurement of the illumination at a specified point on the
miniature playing field with an installation of miniature sources of type 4
gives 23 ft.-candles. A measurement using type B gives 19 ft.-candles on
the model at the same position. What will be the illumination in the full-
size installation in each case?



CHAPTER 14
DESIGN OF FLOODLIGHTING SYSTEMS

Symbol Term Definition
bs Beam lumens The luminous flux within such a solid angle from
the source that the apparent candle power
of the source 18 not less than 10 per cent of
the maximum heam candle power.

Floodlight Lamps having concentrated filaments, generally
lamps used in narrow-angle floodlights.

Setback con- A type of skyscraper building construction in
struction which at various elevations above the street

level the floor area of the successively higher
levels is decreased.

79. General.—The nighttime lighting of exterior areas serves
many useful purposes. Such lighting extends into the fields of
advertising and recreational pursuits as well as into the purely
utilitarian fields such as the lighting of railway and industrial
yards, parking areas, and similar locations. The application
of the term floodlighting to such uses is generally an erroneous
procedure, since the efficient lighting of areas from relatively
large distances requires equipment possessing rather restricted
distributions of luminous flux rather than a “flooding” distribu-
tion. However, regardless of the spread of the beam, the term
floodlighting has been adopted by common usage and so will be
used here.

80. Beam Spread.—The specification of the manner in which
the luminous flux is emitted by the floodlighting unit is generally
stated in terms of the angle of the beam. If the unit is not
symmetric about a central axis, two angles may be specified—
one measured perpendicular to the other.

The angle (or angles) so specified is the total angle of the beam
in that direction and not simply that from the central axis
outward. The angle is considered as extending between such
values that the beam candle power is decreased to 10 per cent
of the maximum beam candle power as determined at some

specified distance (generally 100 ft. or more if the beam angle
229
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is small). Light emitted in zones outside this angle is usually
disregarded, since it is seldom of any use except where the relative
ratio of the area to be lighted to the distance from the source
to the area is large.

The characteristics of the beam are determined by the design
of the reflector contour and of the lens system (if such is used),
together with the size and position of the primary source. A
floodlighting unit may have a minimum beam divergence with a
high beam candle power or a greater beam divergence with more
luminous flux in the beam. Generally high efficiency and narrow
beam spread are conflicting conditions, and usually one is
obtained at the expense of the other.

81. Location of Equipment.—The location of equipment is
usually determined through a coordinated study of the physical
surroundings, the desired lighting effects, and the equipment
available and its characteristics.

Small buildings of simple architectural treatment are generally
most effectively displayed when illuminated rather uniformly.
The floodlights may be placed on roofs of other buildings or on
curb posts. The distance from the building to the floodlight
should generally be not more than 200 ft., and the lights should be
so located that the incident light is received nearly perpendicular.

Larger buildings with setback features and towers lend them-
selves to nonuniform illumination. Units should be located
just inside the parapets and enough above the floor level of the
setback to prevent immersion in rain water or snow but at such
elevation as to shield the units from external view.

Floodlighting of monuments must be accomplished with the
light sources in such positions as to produce natural shadows
on the statuary. Usually this requires that the light come from
above the horizontal and often from several angles.

When ground surfaces are to be floodlighted, the equipment
is generally located on poles or on the roofs of adjacent buildings.
In general the floodlights should be located as high as possible
in order to reduce glare. Recommended mounting heights are
listed in some of the tables that follow.

82. Types of Equipment.—Floodlights may be classified gener-
ally into one of two types—enclosed units and open units.

The enclosed-type unit consists essentially of a reflector and a
lamp source mounted in a metal housing and covered with either
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a glass cover plate or a lens. The reflector materials most
commonly employed are silvered glass, chromium plate, and
polished aluminum, with the silvered glass used in the majority
of the enclosed-type units.

The open-type unit is generally less expensive and is suitable
only for broad-angle projection. The reflector, usually made of
porcelain enameled steel, aluminum, or chromium plate, acts
to direct the light in a broad beam and also prevents rain or
snow from reaching the lamp bulb. Obviously the open-type
unit is suitable only when the light is to be projected horizontally
or downward, since the reflector as & whole cannot safely be
tilted upward.

The advantages of the enclosed type of unit are (a¢) more
accurate control of the beam: (b) more permanence in construc-
tion; and (c¢) a higher maintenance factor, since the reflecting
surfaces arc protected from dust and dirt.

The advantages of the open-type unit are (a) low initial cost
and (b) light weight. The latter factor reduces the size and
hence the cost of poles and brackets used in mounting the units.

83. Levels of Illumination.—The illumination required for the
particular application depends greatly upon the seeing tasks
involved and upon the surrounding conditions. The previous
discussion concerning illumination standards in Chap. 10 applies
equally well here.

For tabulation purposes the illumination levels for good prac-
tice are represented in several parts. The principle applications,
excluding building and monument floodlighting and recreational
lighting, are presented in Table 29. Recommendations for
various recreational lighting applications are covered in the
discussion and figures that follow in Art. 85. Recommendations
for floodlighting buildings and monuments are given in Table 30.

84. Calculations for Floodlighting.—Various means of arriving
at the number of floodlighting units to be used and the size of
lamps to be used therein have been cstablished. Most of these
methods are some form of the “lumens in the beam” method
or modification of it to suit particular requirements.

If the area to be floodlighted and the average illumination to
be obtained are known, then the product of these values gives
the total number of lumens of luminous flux that must be
reccived by the surface. If the positioning and directing of the



232 ILLUMINATION ENGINEERING

TABLE 29.—RECOMMENDED STANDARDS OF ILLUMINATION
FOR Outrboor LIGHTING®

Foot-candles
Automobile parking spaces....................... 1
Bulletin and poster boards:
Bright Surroundings:
Light surfaces....................ooi L. 50
Dark surfaces..............ciiiiiiiin... 100
Dark surroundings:
Light surfaces............... ... ........ ... 20
Dark surfaces. ............ ... ... ... ... .... 50
Buildings:
Construction work................ .. ... L 5
Excavation............. ... . .. i 2
Circus:
SeaS . 2
ATeNnas. .. ... .. 10
Featured attractions. ......................... 50-100
Coal Yards—protective.......................... 2
Dredging.......... ... .. ... . 2
Drill fields........... ... i 5
Flags—floodlighted................. ... ........ 30-50
Gasoline filling stations:
At PUMPS. o 20
Yard and driveways. ... 5
Loading docks and platforms.................. ... 5
Lumber yards............. . ... i 1
Motordromes:
SeatS. .. 2
Track. ..o 20
Piers:
Freight..... ... ... . 5
Passenger.............coiii i 5
Prisonyards.............. ... . i, 5
Protective industrial . ......... ... ... .. ... .. ... 2
QUATTIES. ... oottt 2
Railroad yards:
Receiving............. ..., 0.1
Classification............. ... ... ..., 0.2
Shipyard construction.................. ... ... 5
Smokestacks. ... ... i 15
Storage yards. ........ ... i 1
Waterfalls. . ...t 10
Watertanks..................coiiiiiiiia... 15

o From Westinghouse ‘‘ Illumination Design Handbook,” 1936, and " Illumination 1)esign
Data,” General Electric Company, 1936,
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projectors with due respect to the beam spread has been accom-
plished properly, then the total lumens received at the surface
divided by the lumens in the beam give the number of projecting
units needed. A maintenance factor of 0.70 is generally included
as in equation (116),

_Ar X E

N—O.7X¢'a

(116)

where N = number of floodlighting units.

Ar = area to be lighted.
E = average illumination desired.
¢ = lumens of flux in the beam.

TasLE 30.—Foor-cANDLE RECOMMENDATIONS FOR FLOODLIGHTING
BuiLpiNGs AND MONUMENTsS®

Approxi- | Foot-candles for downtown®
mate buildings in cities of
reflection
factors, Over | 50,000 | Under
per cent | 50,000 |to 5,000 5,000

Representative building
materials

White terra cotta. . ............
Cream terra cotta............... 75 15 10 5
Light marble...................

Light gray limestone.............
Bedford limestone...............
Buff limestong..................
Smooth buff face brick...........
Briar hill sandstone. ............
Smooth gray brick..............
Medium-gray limestone..........
Common tan brick..............

50 20 15 10

35 30 20 15

Dark field-gray brick............
Common red brick.............. 20 50 30 20
Brownstone.....................

s From **[llumination Degign Data,”” General Electric Company, 1936.

® For buildings in outlying districts use the foot-candles recommended for downtown
buildings in cities of the next smaller classification.

Nore: Buildings composed of material having a reflection factor much below 20 per cent,
cannot economicallv be floodlighted unless there is a large amount of light trim,
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The method seems simple in application, but selection of the
floodlighting unit itself often cannot be made until the number
of lumens of flux in the beam is fixed and until the geometric posi-
tioning of the unit and the portion of the total area to be covered
by each unit have been definitely determined.  Also in applica-
tions to uniform illumination the beam spread of the unit
selected must be coordinated with the area to be lighted. In
applications to nonuniform illuminations the average illumination
E in equation (116) may have practically no meaning where the
point-by-point values of illumination may be more important
than the average. Hence equation (116) is generally useful only
in arriving at a first approximation of the number of units if
certain values of ¢p are available. From this start, then, the
system can be designed by a successive trial and error method.

The selection of the type of unit for the first approximation
must be governed by familiarity with what is reasonable. To
apply an extremely small beam-spread unit to floodlighting a
relatively large area from a reasonably small distance is obviously
not economical, since an enormous number of small units would
result. Conversely, the beam spread of a single unit should not
at the most be appreciably greater than that required to cover
the total area; or light spill will reduce the average illumination
on the area of interest.

Table 31 is useful in arriving at this first approximation step
for several applications.

Table 32 gives the beam lumens, ¢5 in equation (116), for
typical floodlighting units. The catalogue data on the beam
spreads and beam lumens for the particular units to’be actually
chosen later should be consulted at that stage in the design.
However, the values given in the foregoing table are sufficiently
accurate for the first approximation. Projectors employing
“floodlight’’ lamps generally have high beam efficiencies.
However, the “general service” lamps cost less, have a longer
rated life, and can be burned in any position. For a beam spread
greater than about 15 deg. there is no particular advantage in an
extremely concentrated light source such as the floodlight lamps,
and hence the general service lamp would normally be chosen.

Having arrived at several possibilities of the number of flood-
lighting units of some general classification as to beam angle
(or angles), catalogue data on units of this type should be
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TaBLE 31.— A GUIDE To THE SELECTION OF THE PROPER BEAM SPREAD®

\ . C s
Representative floodlighting dig:::}'e P bos
applications et f:t roper beam spread
away, ft.

Buildings two or three stories high,
lighted from marquees or posts at
curb...... 10—~ 30 | Broad

Buildings lighted from across street or

some distance away:

Arcas less than 3,000 sq. ft.......... 50-160 | Medium

Areas more than 3,000 sq. ft........ 50-100 | Broad

Areas less than 3,000 sq. ft.......... 100-150 | Narrow

Areas more than 3,000 sq. ft......... 100-150 | Medium

Areas less than 10,000 sq. ft......... 150-300 | Narrow

Areas more than 10,000 sq. ft........ 150-300 | Medium
Buildings of the setback type:

Setbacks one or two stories high... .. On building | Broad or medium

Setbacks three or more stories high. . .| On building | Medium or narrow
Columns and ornaments.............. 2- 10 | Narrow
Construction work, parking spaces,

gasoline stations, ete............... At edge Broad
Football stadiums.................... 50-100 | Medium

a From ‘' Floodlighting,” General Electric Company, 1931.

consulted. With the project laid out to scale the manner of
aiming and spacing of the projectors should then be determined.
Since probably only a few of the projectors may be lighting the
surface with their light reccived perpendicular, great care must
be taken in the selection of lamp sizes, beam spreads, and degree
of overlapping of light from the several projectors if the surface
is to be illuminated reasonably uniformly. It is at this point
in the design that the trial-and-error system may become
laborious. Tables of average coverage areas, classified as to the
beam spread and the position of the total arca to be lighted with
respect to the projectors, arc very convenient in facilitating this
step. The data apply whether the lighted area is vertical or
horizontal.

Table 33 presents these data for various angles of beam spread.
The value of D in the table is the distance from the projector to
the plane of the lighted surface or area, measured perpendicular
to the surface, as illustrated in Fig. 118 for a vertical surface.
The distance Z in the table determines the average angle of
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TasLE 32.—Beam Lumens oF TyeicaL Froopuigating UNiTs®

Projectors de- Projectors designed for general
signed for flood- service lamps
light lamps®
Beam spread — - Average beam lumens
samp
I:il;:p Al\)'s;zglgc size, Reflector Reflector
watzs Jumens watts | diameter diameter
12 to 16 in. | 18 to 24 in.c
Narrow 300 1400
(15 deg. and less) | 290 | 1100 1 5001 2500
750 cee 5500
500 2600 1000 e 7800
1500 e 10,500
Medium - 300 1700
(16-29 deg.) 250 0 M50 Se0 | 3000
750 4900 6000
500 2800 1000 7000 8500
1500 e 12,500
Broad . 300 1900
(30 deg. and over)] 220 | 12901 5001 34100
750 5200 6200
500 2900 1000 7400 8800
1500 R 13,000

s From “ Floodlighting,” General Electric Company, 1931.

b These lamps have concentrated filaments and can be burned in any position except
within 45 deg. of the vertical, base up.

< These large units are recommended for long throws or where the installation will be
kept in operation for at least five years or where there are unusually severe operating
conditions.

throw and consequently determines the average area covered
by each projector. One of two conditions will always apply:

a. If a perpendicular from the plane of the lighted surface to
the projector falls within the total arca to be lighted, Z is one-
half the distance from the base of the perpendicular to the
farthest edge of the surface to be lighted. This is the condition
shown as (a) in Fig. 118.

b. If the perpendicular from the plane of the lighted surface to
the projector falls outside the total arca to be lighted, Z is the
distance from the base of the perpendicular to the mid-point
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of the total area to be lighted. This is the condition shown as
(b) in Fig. 18.

The value of Ay is the average area lighted effectively by each
projector, corrected to allow for overlapping of the beams to a
degree to ensure reasonable uniformity.

//‘/ N . U4
~ ~Outline of total
" e fo be //;/;'f:d -Outline of total
Outline of B area 70 be /ighted
Tighted by one NV etline ofarea
; ighted by one
projector \‘ !p roecTor
\ Cogy 2N,
=Tl A
e
\ ( . J (.

(b)

TF1u. 118. ~Lixplanation of terms in Table 33.

These values are sufficient to determine the number of pro-
jectors necessary to give uniformity in the coverage. The
number of projectors necessary obviously is

.__AT

N =7,

(117)
where N’ = number of projectors necessary for reasonably uni-
form coverage.
Ar = total area of lighted surface.
Ag = average arca lighted effectively by each projector
from Table 33.

The values of L and W from the table give the actual length
and width of the cllipse lighted by each projector if Z is taken
as the actual distance from the center of the ellipse to the perpen-
dicular point regardless of the area to be lighted. These values
are not used in the design procedure at this stage but are useful
in laying out the beam patterns over the entire area later.

If the number of projectors obtained from equation (117) is
smaller than or at most equal to the number obtained from
equation (116), then the value obtained from equation (116)
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TABLE 33.—SroT SizEs—IIMENSIONS AND AREAS®
(Average effective coverage for various beam spreads and locations of
projectors.  All distances in feet.)

10-deg. beam-spread projector 15-deg. beam-epread projector
D ¥4 Ag L w D Z Ag L w
0 S5 3 3 0 10 4 4
10 8 4 3 10 20 6 5
15 20 21 7 4 15 20 50 11 7
30 52 14 6 30 130 21 9
40 113 22 8 40 290 37 12
0 11 4 4 0 25 7 7
20 23 7 5 20 50 11 8
25 40 7 16 8 25 40 170 25 13
60 195 31 11 60 490 49 18
80 450 54 15 80 1200 90 24
0 38 9 9 0 90 13 13
20 47 11 9 20 110 15 14
50 40 81 14 11 50 40 190 22 17
60 150 22 14 60 340 33 20
80 260 32 17 80 600 49 25
0 67 13 13 0 170 20 20
40 110 17 14 40 250 25 22
75 80 220 28 18 75 80 540 43 29
120 530 48 25 120 1210 74 38
160 1040 76 32 160 2500 119 49
0 120 17 17 0 310 26 26
40 150 20 19 40 390 31 28
100 80 250 29 22 100 80 580 44 34
120 470 43 28 120 890 66 41
160 830 63 33 160 1950 98 51
200 1300 80 42
(] 270 26 26 0 610 39 39
40 300 28 27 40 680 42 41
150 80 400 34 30 150 80 900 51 45
120 570 43 34 120 1310 65 51
160 860 57 39 160 1970 86 58
200 1280 74 44
0 480 | 35 35 0 1090 | 53 53
40 510 37 36 40 1160 55 54
200 80 600 41 38 200 80 1360 61 57
120 770 48 41 120 1730 72 61
160 1030 58 45 160 2330 87 68
200 1370 71 50
0 1080 52 52 0 2460 79 79
40 1110 53 53 40 2520 80 80
300 80 1200 56 54 300 80 2720 85 82
120 1350 61 57 120 3070 92 85
160 1580 68 60 160 3590 102 90
0 3010 87 87 0 6810 132 132
40 3030 88 88 40 6870 133 132
500 80 3120 90 89 500 80 7070 135 133
120 3270 93 20 120 7410 139 136
160 3490 97 92 160 7900 145 138

o From “Illumination Design Data,” General Electric Company, 1936.
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20-deg. beam-spread projector

25-deg. beam-spread projector

D z As L W D z Ax L w
0 18| s 5 0 0| 7 7
10 3| 8 7 10 50| 10 8
15 20 93 16 9 15 20 160 20 12
30 250 | 30 13 30 460 | 41 17
40 620 55 17 40 1300 83 23
0 44 9 9 0 70 11 11
20 100 15 12 20 150 19 14
25 40 330 | 34 17 25 10 540 | 45 22
60 1030 | 73 25 60 1060 | 105 34
80 2920 145 36 80 7270 251 53
0 155 18 18 0 210 20 20
20 195 21 19 20 320 26 24
50 40 330 | 30 23 50 40 550 | 38 | 29
60 630 | 45 28 60 070 | 58 | 36
80 1160 68 35 80 2060 90 45
0 310 26 26 0 480 33 33
40 410 | 34 30 40 710 | 43 38
75 80 1010 | 59 39 75 80 1630 | 75 50
120 2320 | 102 52 120 3930 | 135 67
160 5050 | 171 67 160 9060 | 238 88
0 490 35 35 0 770 44 44
40 610 | 41 38 40 980 | 52 48
100 80 105 | 50 46 100 80 1700 | 75 58
120 2000 | 90 56 120 3200 | 116 72
160 3700 136 69 160 6340 180 89
200 6650 201 84
0 1100 | 53 53 0 1740 | 67 67
40 1230 | 57 55 40 1940 | 71 69
150 80 1630 | 69 60 150 80 2580 | 87 76
120 2380 89 68 120 3820 113 87
160 3610 | 117 79 160 5020 | 151 | 100
200 5550 | 156 91
0 1940 71 71 0 3090 89 89
40 2080 | 73 72 40 3280 | 92 91
80 2470 | 82 77 80 3010 | 104 98
200 120 3160 | 97 83 200 1 190 5030 | 123 | 104
160 4240 | 118 | 01 160 6800 | 150 | 115
200 5800 | 146 | 102
0 4400 106 106 0 6940 133 133
40 4520 | 108 | 107 40 7140 | 136 | 134
300 80 4890 | 114 | 110 300 80 7740 | 143 | 138
120 5530 | 123 | 114 120 8790 | 156 | 144
160 6480 137 120 160 10,300 173 152
0 12,200 176 176 0 19,300 222 222
40 | 12,300 | 177 | 177 40 | 19,500 | 223 | 222
500 80 | 12,700 | 181 | 179 500 so | 20,100 | 228 | 225
120 | 13,300 | 187 | 181 120 | 21,100 | 235 | 228
160 14,200 195 185 160 22,500 246 233

s From *Illumination Design Data,"” General Electric Company, 1936.



240

ILLUMINATION ENGINEERING

TaBLE 33.—Spor S1zEs—DIMENSIONS AND AREAs.—(Conlinued)

30-deg. beam-spread projector

35-deg. beam-spread projector

D zZ Ag L w D Z Ar L w
0 45 8 8 0 60 9 9
10 80 12 10 10 110 14 12
15 20 240 26 14 15 20 360 32 17
30 790 56 21 30 1430 79 27
40 2900 133 33 40 8690 262 50
0 100 13 13 0 140 16 16
10 140 16 15 10 170 19 17
20 220 23 18 20 310 28 20
25 30 430 36 21 25 30 660 45 27
40 920 59 28 40 1430 75 34
50 1830 94 37 50 3270 131 45
60 3950 155 46 60 8590 249 63
0 350 7 27 0 510 32 32
20 450 33 29 20 650 37 34
50 40 800 46 35 50 40 1160 55 41
60 1590 73 44 60 2440 90 53
80 3200 117 56 80 5300 151 69
0 700 40 40 0 970 47 47
20 790 43 42 20 1070 51 49
40 1060 53 46 40 1460 63 54
75 60 1590 69 53 75 60 2200 83 61
80 2480 93 61 80 3620 114 73
100 4000 128 72 100 5780 160 84
120 6400 175 84 120 10,100 226 103
0 1130 54 54 0 1560 63 63
40 1430 63 58 40 1980 74 68
100 80 2550 92 70 100 80 3560 110 82
120 5050 146 89 120 7510 180 106
160 10,300 | 234 112
0 1760 67 67 0 2440 79 79
40 2130 73 71 40 2870 88 83
125 80 3090 97 80 1256 80 4350 116 96
120 5200 138 96 120 7430 167 113
160 9140 200 116
0 2540 80 80 0 3510 95 95
40 2880 86 85 40 3900 102 97
150 80 3820 105 92 150 80 5300 125 108
120 5700 135 107 120 8000 166 123
160 10,300 234 112
0 4500 107 107 0 6250 126 126
40 4800 111 109 40 6660 132 129
200 80 5700 125 116 200 80 7950 149 136
120 7500 150 127 120 10,300{ 178 148
160 10,200 184 141

¢ From " Illumination Design Data,” General Electric Company . 1936.
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40-deg. beam-spread projector

50-deg. beam-spread projector

D z Ax L w D z Ar L w
0 80| 1 11 0 130 14 | 14
5 m | 13 | 12 5 1| 17 | 16
15 10 150 | 17 | 14 s | 10 260 | 22 | 18
15 310 | 25 | 19 15 5% | 33 | 25
20 630 43 23 20 1250 63 30
25 | 1150 | 65 | 27
0 185 18 | 18 0 35| 23 | 23
10 240 22 | 20 1u 00| 28 | 26
25 20 450 | 33 | 24 a5 | 20 800 | 44 | 32
30 970 | 55 | 32 30 | 2050 | 83 | 44
40 | 2300| 98 | 42 40 | 6950 | 187 | 66
50 | 6450 | 194 | 60
0 320 | 26 | 26 0 520 | 33 | 32
10 380 | 28 | 27 10 580 | 37 | 33
a5 20 510 | 35 | 32 a5 | 20 890 | 47 | 39
30 850 | 49 | 35 3 | 1550 | o7 | 47
40 00| 71 | 43 40 | 3000 | 105 | 59
50 | 2700 | 106 | 52
0 a0 | 33 | 33 0 780 | 42 | 42
10 520 | 35 | 3¢ 10 820 | 44 | 42
45 20 650 | 40 | 37 o | o2 wro | 52 | 47
30 800 | 49 | 42 30 1550 | 67 | 53
40 1320 | 66 | 46 40 | 2460 | 91 62
50 | =2100| 87 | 55
0 640 40 40 0 1030 51 51
20 790 | 46 | 44 20 1300 | 59 | 56
55 40 1320 | 66 | 51 55 | 40 | 2330 88 | 68
60 | 2650 | 104 | 65 6o | 5250 | 152 | 88
80 | 5600 | 172 | 83
0 1020 | 51 51 o | 1es0| 65 | 65
20 1180 | 55 | 54 20 1940 | 72 | 69
70 40 | 18| 71 | 60 70 | 40 | 2860| 903 | 78
60 | 2700| 98 [ 70 60 | 5000| 135 | 94
80 | 4700 | 142 | 84
0o | 00| 62| 62 0| 2460| 79 | 79
20 1680 | 67 | 64 20 | 2vs0| 85 | 82
85 40 | 2130 78 | 69 g5 | 40 | 3600 | 102 | 90
60 | 3080| 100 | 78 60 | 5400 133 | 108
80 | 4750 | 132 | 92
100 | 7500 | 181 | 106
o | 2100] 73| 73 0 | 3s00| 93 | 93
20 | 2280| 78 | 74 20 | 3r00| 98 | 986
100 40 | 2r00| 8 | 79 wo | 40 | 4s00f m2 f 02
60 | 3500 | 104 | 87 60 | 7800 | 138 | 113
80 | 5000 130 | 98
100 | 7300 | 188 | 110

a From * Illumination Design Data,’”” General Electric Company, 1936.
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will satisfy the conditions of uniformity of illumination. If the
number obtained from equation (117) is greater than that from
equation (116), then the choice of another floodlighting unit
must be made to satisfy the conditions of both relationships.
The new design should employ either projectors of wider beam
spread or more projectors with smaller lamps.

When a satisfactory adjustment has been accomplished (if
such is necessary after the first trial), a layout of the area should
be made with the actual beam spreads in both dimensions
projected on the surface to be lighted. If certain of the pro-
jectors cover larger areas at greater distances than others, the
aiming should be so adjusted for overlapping that more over-
lapping occurs in these areas. This condition results when
either Z or the dimension parallel to W is large with respect to D.
If either is the case, a relocation of a portion of the projectors
may be desirable. The total area to be lighted may then be
broken into as many parts as there are positions of projectors,
and each considered separately. The increased cost of mounting
the projectors at many locations must be balanced against the
possible increase in uniformity. The values of Z given in Tabie
33 for each respective beam spread and value of D generally will
be found reasonably limited in this respect.

86. Setback Floodlighting Design.—The methods of calcula-
tion previously discussed fail when the value of D is relatively
small with respect to Z. This is the condition existing in flood-
lighting of large buildings from setbacks at various levels of the
building. The spread of the upper portions of the beam is quite
large with respect to the spread at its lower portions. Hence
for a symmetrical beam the illumination at the upper regions
would be very much less than that closer to the projector.

A knowledge of the distribution of the luminous flux in the
beam becomes extremely important if beams for several pro-
jectors are to be combined to give desired effects of illumination.
Tests have been made upon many projectors as used for flood-
lighting service. The average results of these tests are shown
in Fig. 119. Both horizontal and vertical angles are shown
divided into four equal parts. This divides the beam into
16 sections. The percentage of beam lumens in each of these
sections is shown in the figure. Under extreme conditions of
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uniformity the percentage of flux in sections 6, 7, 10, and 11 may
be as small as 10 per cent, with this reduction made up by
increased flux in sections 2, 3, 14, and 15.

The side elevation in Fig. 120 shows a projector mounted on
the parapet on a setback at a distance D from the building with
the beam so adjusted that its axis makes an angle of § with the
vertical. The points C, D, E, F, and @ represent the respective
levels of the same points of the beam cross section shown in
Fig. 119.

The front elevation in Fig. 120 shows the horizontal distribu-
tion of the beam having a horizontal spresxd of H degrees. The
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Fia. 119.—Distribution of luminous flux in percentage of total beam lumens.
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beam as incident upon the building is shown divided into the
same areas as in Fig. 119.

For assumed positioning of the unit, the pattern covered by
each section of the beam can be laid out to scale. The sections
can then be measured by some convenient method such as by a
planimeter. Knowing the beam lumens within the sections,
one can determine the resulting average illumination over each
section.

The combination of beams of several characteristics may be
desirable in accomplishing specified degrees of graduated illumi-
nations of each section of a building between setbacks. Non-
symmetrical projectors may also be used which place more
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lumens in the beam sections 4, 8, 12, 16, and smaller amounts
in the respectively lower sections of the beam. If such projectors
are employed, a knowledge of how the luminous flux is distributed

G Far Edge of Bearrr G
No8 | No.7Z
b F WM £ of Upper Half of Beam | F
//
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F16. 120.—Beam outline on illuminated surface.

must be acquired before the design of spacings and aimings can
be completed.

86. Recreational Lighting.—The methods previously described
may be applied in lighting recreational sports areas as well as
for the lighting of other areas. However, many designs have
been established for many of the more popular sports, and
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certain combinations of equipment have been found to give very
good results. The arrangement of units and recommendations
as to the number and size of projectors are included in the follow-
ing figures for some of these sports.

6 8
=N

<N\

Fic. 121.-—Floodlighting of baseball fields.

a. Baseball.—The location of groups of floodlighting banks
is shown in the accompanying figure. Approximately 10 per
cent of the lights should be placed on each of the positions 1, 2,
5, 6, 7, and 8, with 20 per cent on each of the positions 3 and 4.

TaBLE 34.-—RECOMMENDATIONS FOR BasEBALL LiGHTING

Load at
normal . .
Class voltage, Mounting height, ft.
kilowatts
. . Open units—100 (minimum)
Major league........... | 750-1000 3Enclosed units—120 (minimum)
Open units—100 (minimum)
Ad 400- 600 3Enc]osed units—120 (minimum)
Aand B................ 200- 350 80-90
Cand D................ 175- 250 70-80
Semi-pro.... ........... 100~ 150 60-70
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Acceptable installations result when they conform to the recom-
mendations of Table 34.
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F1a. 122.—Floodlighting of Class A softball fields.

b. Softball.—The size of the audience, the size of the field, and
the skill of the players are the principal factors that govern the

TABLE 35.—RECOMMENDATIONS FOR SOFTBALL LIGHTING

Number of 1500-watt lamps

on each pole

Distance from home Total kilowatts at

plate to outfield, ft. Poles Poles Poles rated voltage
1and 2 3and4l 5t08
Class A (8 poles)

150 2 3 2 27
150-200 2 4 3 36
200-240 3 5 5 54
240-280 4 8 6 72

Class B (6 poles)

150 2 2 3 21
150-200 2 3 4 27
200-240 2 4 5 33
240-280 3 6 6 45
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illumination requirements for softball. Open-type reflectors
with 1500-watt general service lamps are generally used. Units
on infield posts should be mounted not less than 40 ft. high.
Outfield units should be 40 to 60 ft. above ground depending on
distance from home plate. Figure 122 illustrates the 8-pole
field mounting system. Only 2 poles may be used at the outfield
boundary, as indicated in class 4
B in Table 35, each located 26
deg. from the first- and third-
base lines.

¢. Football—Floodlighting
units may be installed on poles
erected on each side of the field
rather close to the side lines or %wmd?&“ from g’ig,“n”(,:'f)"
may be mounted behind the  Fie. 123.—Recommended mount-
spectators at a greater distance iunngitlswights for football floodlighting
from the field. When the dis- ’ .
tance from the side lines to the projectors is more than 30 ft.,
enclosed types of units should be used. Otherwise open-type

of

)
\

g

Recommended Hef
Floodlights (Feet
S
\

0

TABLE 36.—RECOMMENDATIONS FOR FOOTBALL LIGHTING

Distance] Total Total
of poles | number | number . Total
Classification from | of 1500- | of poles Ll;fe};ts kilowatts
side watt | (one-half 1 at rated
lines of | flood- |on each| P%¢ voltage
field, ft. | lights side)
Field accommodating sev- || 15— 30 80 10 8 120
eral thousand spectators. [{30—- 75 80 8 10 120
375—120 84 6 14 126
The better than average 315— 30 60 10 6 90
installation............ 30- 75 64 8 8 96
75-120 60 6 10 90
Average high-school and 315— 30 40 10 4 60
small college field.......[<{30- 75 40 8 5 60
75-120 42 6 7 63
Minimum installation for
low-cost project........ 15- 30 32 8 4 48

units are generally used. Table 36 summarizes the recom-
mendations for several classifications of fields.
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The recommended mounting height is dependent upon the
distance of the floodlights from the side lines of the playing field.
The relationship may be determined from Fig. 123.

d. Others.—Recommendations for the number of locations,
mounting height, and the number and size of floodlights for
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F16. 124.—Miscellaneous floodlighting layouts.

several minor sports are included in Table 37. These particular
recommendations are based upon average municipal require-
ments, and reasonably good results will be obtained if these arc
followed as a general guide. The locations of units are illus-
trated in Fig. 124.
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TaBLE 37.—RECOMMENDATIONS FOR GENERAL SPORTS LIGHTING

Total
. kilo-
Sport Number of | Mounting|Number and size w::ts
locations height of floodlights
rated
volt~
age
Tennis.................| 4 (2 courts) 30-35 8—1500 watts | 12
Tennis..... .......... 6 (4 courts) 30-35 16—1500 watts | 24
Badminton........ ... 2 30 4—1000 watts | 4
Boxing................ 4 18 8—1000 watts| 8
Bowling.. ............. 12 25 12—1500 watts | 18
Croquet . ............ 4 20 4—1000 watts | 4
Horseshoe............. | 2 (4 courts) 20 2— 750 watts 1.5
Tec hockey............ T8 35 12—1500 watts | 18
Shuffleboard........ ... 1 20 2— 200 watts | 0.4
Swimming pool (under-| From 2 to 3 watts per| 1000 or 1500
water lighting). square foot of pool, watts
bottom surface

Problems

1.14. The front of a building 65 ft. wide by 125 ft. high is to be rather
uniformly illuminated above an elevation of 12 ft. The building is in a
city of 75,000 population, and its front surface is of Bedford limestone.
Rental space is available on the roof of a building across the street. The
roof of this building is 40 ft. above street level, and the floodlights must be
loeated in one position 110 ft. from the closest point on the surface to be
illuminated and opposite one edge of that surface.  Prepare a layout of the
projectors to be used specifving the aiming position for each projector.
What average illumination will be maintained with the equipment chosen?

2.14. A parking arca 80 by 150 ft. is to be floodlighted. On one side of
the area is a two-story building extending back 120 ft. from the street. The
back end of the parking area borders on an alley, and the other two sides
border on streets. The roof of the adjoining building is 30 ft. above the
parking area and can be used for locating floodlighting units. Prepare a
layout of a floodlighting system for this area showing all equipment as
regards size, beam characteristics, and aiming positions.

8.14. A high-school football field is to be illuminated by floodlighting units
placed 15 ft. from the side lines.  The football field is 300 by 160 ft. Show
a layout of the system of floodlighting units giving size of units, beam spread,
mounting heights, and aiming positions.  For the floodlighting units chosen,
what is the average illumination upon the playing field if the units are
operated at rated voltage?
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CHAPTER 15
DESIGN OF STREET-LIGHTING SYSTEMS

Symbol Term Definition
Discernment The recognition of the presence of an object
and its identifying contours.
Iso-foot-candle A diagram illustrating points of equal illumi-
diagram nation.
B’ Equivalent veiling A glare condition can be expressed as a veiling
brightness brightness that would reduce visibility
equivalently.

87. General.—The major purposes of urban street lighting
as formulated by the Committee on Street and Highway Lighting
of the Illuminating Engineering Society are

a. To promote safety and convenience in the streets at night
through adequate visibility.

b. To enhance the community value of the street.

¢. To increase the attractiveness of the street

The first of these purposes applies equally well to the lighting
of interurban highways, since safety is the major factor to be
considered in such lighting.

The principal technical problems of lighting either the urban
street or the interurban highway involve means of providing
conditions of visibility adequate for accurate, certain, and com-
fortable seeing. Consequently the problems of both are here con-
sidered jointly. Wherein radically different methods are utilized
to obtain adequate visibility in street- and in highway-lighting
practice, the distinction will be clearly drawn.

Many of the definitions and tables of this chapter are taken
directly from ‘“Recommended Street Lighting Practice,” Trans-
actions of the Illuminating Engineering Sociely, January, 1941.

88. Visibility.—Under the relatively simple traffic conditions
of a generation ago the standards of lighting for streets and
highways were rather adequately fulfilled by equally simple
expedients such as lanterns and arc lamps. Today greatly
increased traffic volume and speed have necessitated an enor

mous rise in our standards. As in other seeing tasks, the
251
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visibility of the critical objects of the street or highway depends
upon their size, brightness, brightness contrast with their back-
ground, brightness pattern of the surrounding visual field, and
the time available for sceing. This last factor has been tre-
mendously reduced in our present modes of vehicular travel.
Consequently other factors must compensate for the short time
intervals involved if visibility is to be maintained at an adequate
level. Except for the size of the critical objects, the other
factors involved are at least partially under the control of the
illumination engineer.

89. Methods of Discernment.—A clear understanding of how
one discerns an object on a street or a highway at night is essential
to an illumination engineer if he is to be capable of designing an
adequate and efficient highway- or street-lighting system.

a. Silhouette—An object is discerned by silhouette when the
general level of brightness of all or a substantial part of it is
lower than the brightness of its background. This method of
discernment predominates in the observation of distant objects
on lighted streets and highways where the objecet itself may
possess relatively low average brightness in the direction of the
observer whereas the street or highway may possess a relatively
high background brightness.

b. Reversed Silhoueite—An object is discerned by reversed
silhouette when the general level of brightness of all or a sub-
stantial part of it is higher than the brightness of its background.
Such brightness of an object depends upon direct illumination
on its side toward the observer. The outline of the object is
discerned against a relatively dark background with little or no
knowledge as to the surface details of the object.

c. Surface Detail—When an object is scen by virtue of the
variations in brightness or in its spectral emission over its
surface, without regard to its general contrast with its back-
ground, it is discerned by surface detail. Such brightness
depends upon a rather high direct illumination on the side
toward the observer.

Where high illumination is employed, as on some business
streets and heavy-traffic thoroughfares, discernment of near-by
objects is accomplished chiefly by surface detail. In the first
case it may be desirable to ascertain the individual nature of
objects so as to recognize acquaintances, read street names, and
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accomplish similar operations. In the condition of heavy-
traffic thoroughfares the pavement may be largely obscured by a
shifting pattern of vehicles, and hence discernment by either
type of silhouette may be seriously impaired. Since discernment
by surface detail involves recognition of the smaller details of
objects, it is a relatively high order of seeing, which contributes
to assurance and comfort as well as to safety.

d. Glint.—When luminous flux falls on a specular surface, the
reflection forms an image at the observer, not of the object, but
of the luminous source from which the flux originated. Usually
the reflecting surface is not a plane and hence the image may be
distorted. A. J. Sweet in ‘“Fundamentals of Rural Highway
Lighting”” states the process of such discernment very lucidly
in saying: ‘“The observer, therefore, does not truly ‘see’ the
object, but discerns its presence by an unconscious process of
reasoning, deducing from the experience of life that a light
source would not be in the location from which the light comes,
and further deducing, by the apparent position and by the nature
of the blurring, the character of the object which is producing the
reflection.”  This method of discernment is called discernment
by glint.

e. Shadows.—An object, which may be invisible because of
equality of brightness between itself and its background, may
cast a shadow. This shadow may present an interruption
of the general brightness pattern to an observer, thus disclosing
the presence of the object. The object is therefore discerned
by a mental interpretation of the disturbed brightness pattern.

Although illuminating engineering opinion varies considerably
as to the relative importance of discernment by the various
methods, it is generally agreed that except for business streets
and heavy-traffic thoroughfares lighting systems designed
primarily for the direct-silhouette method give maximum safety
conditions for a very moderate expenditure. Reid and Chanon
have suggested that, until more precise criteria are established,
we consider discernment by silhouette and by surface detail
for design and evaluation purposes as having the following
relative importance:

a. Open-highway high-speed traffic with large clearance
distances between adjacent vehicles, discernment by sithouette
90 per cent and by surface detail 10 per cent.
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b. Heavy-traffic thoroughfares, discernment by silhouette
70 per cent and by surface detail 30 per cent.

c. Well-lighted business districts or extremely heavy-traffic
thoroughfares where pavement is largely obscured by dense
traffic, discernment by silhouette 50 per cent and by surface
detail 50 per cent.

90. The General Design Problem.—A careful study of the
various physical characteristics of the street or highway to be
lighted is required if the lighting design is to provide adequate
visibility conditions. The following points of view should be
considered:

a. Type of street or highway— classification according to the
use of the street or highway and of abutting property.

b. Trafic—the character, speed, and volume of vchicular
traffic and the volume of pedestrian traffic.

¢. Dimensions and configurations—the width of street and
sidewalk areas (if such exist). Curb contours or absence of
curbs.

d. Street or highway surface—the type and spectral- and geo-
metric reflection characteristics of paved or unpaved surfaces.

e. Buildings—the predominating type of building construc-
tion on adjacent areas and the character of use. (This applies
principally to street lighting.)

f. Transportation—public-transportation facilities by street
railway or buses. (This likewise applies principally to street
lighting.)

g. Parking—the location of parking lanes or highway “shoul-
ders” and the amount and method of parking.

h. Trees—the presence or absence, kind, location, and height
of trees; spread of branches over street, highway, and sidewalks;
and the height of lower branches.

The classification of streets and highways may be made
according to the character of the abutting property. Generally
the method by which the lighting is accomplished is influenced
by this classification. The nature of the source of luminous
flux, the type of luminaire, and the style of post are items that
would be so governed. Headings under which the classification
could be accomplished are:

a. Primary business streets
b. Secondary business streets
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. Industrial streets

. Residential streets

Boulevards

. Viaducts and bridges

Urban express roadways

Alleys

Two-lane interurban highways
Three-lane interurban highways
. Four-lane interurban highways
. Divided traffic lane highways

~F e e TR e o

The Street Lighting Committee of the Institute of Traffic
Engineers has recommended that streets be classified in accord-
ance with their traffic as is shown in Table 38.

TABLE 38.—CLASSIFICATION OF STREET TRAFFIC
Volume of Vehicular
Traffic (Maximum
Night Hour, Both

Classification Directions)
Very light traffic.............................. Under 150
Light traffic.......... ... ... .. ... ... .. 150- 500
Medium traffic. .............................. 500-1200
Heavy traffic........................ .. ... ... 1200-2400
Very heavy traflic. ........................... 2400-4000
Heaviest traffic.......... ... .. ... ... ... ..., Over 4000

Except for installations of lighting equipment such that dis-
cernment by surface detail is accomplished, a specification of the
illumination required upon a street or highway gives only a
partial specification of the necessary conditions. The ultimate
specification should be in terms of the visibility afforded by the
system. At the present time such specifications are only in
proposal form, although much progress is being made in this
aspect of lighting. The values given in Table 39, then, hold
only when the pavement-reflection characteristics are favorable,
as in the case of light concrete or light-finished asphalt. Some-
what higher values should be employed where street-surface
reflections are less favorable. Where there is considerable
pedestrian traffic, provision should be made for adequate lighting
of sidewalks.

Various combinations of lamp sizes, types of luminaires,
longitudinal spacings, and mounting heights may produce the
illumination levels of Table 39. Certain ranges of combinations
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TaBLE 39.—LUMENs PER SQUARE Foor (FoOT-CANDLES) RECOMMENDED
FOR VARIOUS TyrEs oF Roapway CARRYING TRAFFIC oF VARIOUS
DEGREES OF DENsITY

Very light Light Medium Heavy Very heavy
traffic traffic traffic traffic traflic

Classification

Aver- | Mini- | Aver- | Mini- | Aver- | Mini- | Aver- | Mini- | Aver- | Mini-
age | mum | age | mum | age | mum | age | mum | age | mum

Principal busi-

ness streets . . 0.4 0.1 0.810.2 1.2 10.3 1.5 0.4
Secondary busi-
ness streets .| .. .. 0.3 ]0.07 0.6 | 0.15 1.0 |1 0.25 1.3 0.3

Through high- i
speed arteries
(other than
business
streets).... . . . 0.3 | 0.07 0.6 1 0.15 1.0 | 0.25 1.3 0.3

Express free
ways and via-

ducts........ 0.4 0.1 0.8 102 2 0.3
Residence
streets ......| 0.1 ] 0.02 0.2 10.05 0.4 ]0.1

Industrial ware-
house streets.| 0.1 | 0.02 0.2 1005 0.4 0.1

TABLE 40.—GENERAL CONSIDERATIONsS IN SizE AND Locarion or UniTs

Mount- .
Lamp ing Spacing measured
Classification . along middle line
lumens | height,
it of street, ft.

1000 15 90-110, staggered
Very light traftic............... 3 2500 20-22 | 130-170, staggered
4000, 25-30 | 200-250, center
2500 16-18 | 100-120, staggered
Light traffic.................... 3 4000 20-25 | 130-170, staggered
6000, 22-25 |130-170, centered
6000 20-25 | 100-120, staggered
§ 10,000 22-27 | 130-170, staggered
15,000 25-30 | 130-170, staggered
10,000, 24-28 | 100-150, opposite
; 10,000, 24-28 75— 90, staggered
15,000, 24-28 | 150-180, opposite
Very heavy traffic.............. 15,000 25-30 |100-150, opposite
Heaviest traffic................. 15,000, 25-30 | 100, opposite

Medium traffic.................

Heavy traffic. .................
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shown in Table 40 have been found to produce effective results
for most well-designed commercial luminaires of today. Because
of greater street widths, larger lamps or closer spacings usnally
are required on business streets to produce desired results.
Among the values in the table the larger lamps or the closer
spacings are appropriate on business streets.

91. Surface Brightness of Streets and Highways.—Except
for those streets upon which discernment of objects is principally
by surface detail, the tabulated values of illumination in Tables
39 and 40 are only general guides. More important than the
maximum, average, or minimum illumination are the brightness
and brightness variation of the pavement as viewed by the
motorist and pedestrian.

Many studies of pavement brightness, employing widely
different techniques, have been made. These studies have
established the fact that practically no hard-surface roadway
is capable of reflecting luminous flux diffusely where the angles
of incidence viewing may be relatively large. The general
discussion in Art. 44 considered the case of such large angles
of incidence.

A pedestrian or a motorist whose eyes are 56 in. above the
pavement views a level pavement at 200-ft. range at a viewing
angle of 1.34 deg. At closer range the angle is larger, e.g., being
1.8 deg. at 150 ft. Conversely at greater range the angle
becomes smaller, approaching zero at the horizon. The bright-
ness of the roadway at approximately 200 ft. ahead of the vehicle
is of primary importance to the operator of such a motor vehicle
traveling at speeds greater than those encountered in business
districts.

Reid and Chanon have reported the results of a laboratory
study upon the reflecting properties of several sections of roadway
surface cut from roadways that had been in use for eight or
nine years. With the incident light adjusted to predetermined
values, brightness measurements were made with the Luckiesh-
Taylor brightness meter. This instrument is a visual com-
parison device similar to the Macbeth illuminometer previously
described but with a very restricted field of view. The incident
light was directed on the pavement samples at angles from
0 deg., or nadir, to 89 deg., corresponding to all lamp positions
of significance in street and highway lighting. For representa-
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tive mounting heights these angles embraced test points over
surfaces up to 100 ft. in width and within 1500 ft. of the source.
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gram for traffic-worn concrete to gram for traffic-worn asphalt to
give uniform pavement brightness give uniform pavement brightness
of 0.32 candle per square foot of 0.32 candle per square foot
(lamp mounted 25 ft. high). (lamp mounted 25 ft. high).

Angles in view were investigated from 1.8 to 0.9 deg. The
brightness values for the angles in this range differed so slightly
that only the angle corresponding to 200-ft. range at 56-in.
elevation was used in the main tests.

Two sets of data are reported (both upon dry samples): one
upon concrete, the other upon asphalt. The reflection factor
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of the concrete was 22 per cent, representing principally the
diffuse characteristic of the surface. That for the asphalt
pavement under similar conditions of measurement was 8 per rent,.

The manner in which the data are presented by Reid and
Chanon can best be described with reference to Fig. 125. The
area represents a section of a traffic-worn concrete street. The
lamp is located at the origin of the coordinate system shown
and is mounted 25 ft. above the pavement. The path of the
observer is always along the dashed line in the figure, which is
14 ft. to the left of the lamp position. Note that for concise-
ness in presentation the scale of dimensions perpendicular to the
path is expanded with respect to that along the path. Imagine
an observer at the 400-ft. point looking toward the pavement in
the general direction of the lamp (upward on the figure). At the
point on the path directly 200 ft. before him, note that the iso-
foot-candle diagram gives an approximate value of 0.2 ft.-candle.
This indicates that if the illumination at this position on this
particular pavement is 0.2 ft.-candle for the lamp position as
shown, the brightness of the pavement will be 0.32 candle per
square foot. Any point on the pavement 200 ft. distant from the
observer still at the 400-ft. mark will also exhibit the same bright-
ness if the illumination at the respective point is that obtained
from the iso-foot-candle diagram. (The observer must always
be looking in the general direction of the path but not necessarily
along it. As he comes closer than 200 ft. to the lamp position,
he may be looking at points past the lamp.)

If the illumination is z foot-candles from some actual light
source at some point on the surface as viewed from a location
on the path, then the brightness of such a point will be 0.32
(z/iso-foot-candle value from the figure) in candles per square
foot, since the cause-and-effect phenomena are lincar.

The mounting height of the lamp is 25 ft. for the figure as
shown. However, this chart can be used in obtaining brightness
results for any mounting height within reason. The relationship
between illumination and the pavement brightness is dependent
only upon the angle of incidence for a fixed observer and a
fixed pavement point. Consequently, if the height of the lamp
is h feet rather than 25 ft., the scales of the street area must be
changed in the same proportion, viz., /25, thus maintaining the
iso-foot-candle curves at the same angles of incidence as before.
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Although technically only points 200 ft. distant trom the
observer can be investigated as to brightness, actually any
points more than perhaps 75 or 100 ft. away from the observer
will yield brightnesses possessing very little error.

By means of an iso-foot-candle diagram for a particular
luminaire, the brightness in candles per square foot produced at
each point on the roadway by the luminaire may be obtained by
dividing the delivered foot-candles by the foot-candles from the
iso-foot-candle diagram and multiplying the ratio by 0.32. A
similar determination for other near-by luminaires permits a
summation of the brightness produced at each point. The
curves of Art. 29 may be employed to advantage if the photomet-
ric data on the luminaire is in terms of its intensity distribution.

A similar iso-foot-candle diagram is shown in Fig. 126 for a
traffic-worn asphalt pavement.

The spacing, mounting height, and size of lamp may be
adjusted to give various degrees of uniformity of brightness as
well as to obtain the actual values of brightness for a particular
luminaire. In general the more uniform the brightness of the
roadway surface the less opportunity there will be for failure
to discern an object because it chances to lie in a region of low
brightness.

The curves of Fig. 125 and 126 are not general relationships
that can be applied under all conditions with no errors, and their
limitations should be realized in applying them to street- and
highway-lighting designs. As the data are presented, the
observer must always be on a line 14 ft. offset from the position
of the lamp. If other paths of observation are required, tech-
nically the curves would need to be replotted, taking account
of the 200-ft. distance as a variably rotated radius. Actually,
except for points close to the lamp, a very good approximation
can be obtained if, with the new street plan stationary, the family
of iso-foot-candle lines is rotated with the lamp as a pivot until
the axis through the valley of the lines.(which is shown as the
dotted curve) is tangent to the desired viewing position at such a
distance from the lamp source as seems most desirable. Such a
method may be applied in laying out brightness patterns for
curving as well as straight roads.

The results as shown in the data apply to dry pavement
conditions. For two points, one in line with the lamp and the
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other outside the possible high brightness area, the ratio of
brightness for a given illumination may be, for example, 5 to 1
(or the illumination for a constant brightness may be 1 ta 5)
under dry conditions. Wetting the surface changes the specular
condition of the pavement tremendously, and the same points
may exhibit a brightness ratio as high as 4000 or 5000 to 1 for
equal illuminations. Consequently the data give not even an
approximation for moisture conditions on the pavement.

92. Evaluation of Discernment by Silhouette.—The visibility
of an object discerncd by silhouette increases as the pavement
brightness increases.  Tests by Reid and Chanon upon 25 observ-
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Fra. 127. -Obstacle brightness by silhouette.

ers with so-called normal cyesight yielded the results shown in
Fig. 127. The values of relative visibility are average readings
on the Luckicsh-Moss visibility meter for the observers. The
object represented a I-ft. disk of virtually zero brightness at a
200-ft. distance. The study was a laboratory study with no
sources possessing high brightness in the field of view. The
values are carried to a relative visibility of 1 because this may be
considered the minimum degree of sceing having any direct
value as applied to safety on streets or highways.

This value corresponds to a minimum pavement brightness of
approximately 0.003 candle per square foot. If all conditions
were favorable to the ultimate degree, this brightness could be
obtained with an average illumination of an extremely small
fraction of any of those of Table 39 (of the order of magnitude
of several hundredths of 1 ft.-candle). Kxceedingly accurate
control of the luminous flux would be necessary both from the
viewpoint of the illumination distribution upon the roadway



262 ILLUMINATION ENGINEERING

and, more important, for the elimination of direct glare of the
source from the observers viewpoint.

Upon level highways these two goals are in general mutually
contradictory when the economics of longitudinal spacings are
considered. However, upon upgrade hills the glare from the
source can be reduced tremendously when the observer views that
hill from mear the crest of another hill. Such conditions can often
be observed when the roadway of an upgrade hill is illuminated
only by the headlamps of an oncoming vehicle descending the
hill while the observer is still descending a previous grade and
before he approaches the minimum elevation. Under such
conditions the glare from the lamps on the oncoming vehicle is
exceedingly low and hence is not veiling the roadway brightness
from the obsecrver’s view.

The average illumination upon the pavement for several
hundred feet in front of the oncoming vehicle is of the order of
magnitude of several hundredths of 1 ft.-candle. The roadway
is hence of the range of brightness of minimum seeing conditions
for discernment by silhouette. An observer who has noted this
effect will generally agree that such pavement brightness will
permit discernment by silhouette of objects subtending reason-
ably large visual angles but that for smaller objects the pavement
brightness is not conducive to rapid discernment.

93. Evaluation of the Loss in Visibility because of Glare.—
Street- and highway-lighting systems produce a degree of blind-
ing and hence a reduction in visibility because of the glare
inherent in the system. This blinding effect has been studied
by several observers. It is generally concluded that the angle
of the glare source with respect to the line of vision is an impor-
tant specification of the blinding effect. The blinding effect
decreases as this angle is increased. Researches by Holladay
have indicated that the distance of a given source from the
observer is likewise a contributing factor. This seems logical,
since the portion of the retina occupied by the image of a par-
ticular blinding source is a variable with distance—the area
increasing as the object becomes closer even though the retinal
brightness may be constant. Holladay has shown that the
blinding effect may be expressed as an equivalent veiling bright-
ness empirically related to the conditions of a single glare source
through
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7.3E;
B =55 (118)

where B’ = equivalent veiling brightness, in candles per square
foot.

E; = illumination from the glare source at the observer’s
eyes and upon a plane normal to the line from the
eyes to the glare source, in foot-candles.

o = angle between the source and the line of vision,
in degrees.
For two or more glare sources the resultant veiling brightness
was found to be approximately the sum of the equivalent veiling
brightnesses due to each acting alone.
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Fi1a. 128.—Effect of glare on discernment.

A motorist driving along a lighted roadway is subjected to
constantly fluctuating veiling brightnesses dependent upon the
particular lighting system. In general at speeds of 25 to 40 miles
per hour the loss of visibility has been found to be approximately
20 per cent greater than for a constant veiling brightness equal
to the average for successive roadway positions. Tests upon
11 observers by Reid and Chanon for various amounts of veiling
brightness produced the results of Fig. 128. Pavement bright-
nesses ranging from 0.02 to 0.6 candle per square foot were
employed in the study. The curves are average ones that apply
with reasonable accuracy to all pavement brightnesses in this
range. '

Minimum acceptable mounting heights are shown in Table 41
for reasonable glare conditions.

94. Relationship between the Illuminating Engineering Society
Code Classifications of Traffic and Relative Visibility.—Although
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TABLE 41.—MINIMUM AccEPTABLE MOUNTING HEIGHTS FOR LLUMINAIRES,

IN Feer®
. . , s i
When using l.uml When using semi- | . using diffus-
naires of maximum | concentrating lumi- .
. . ing globes only
. concentration (beam naires (beam .
Lamp size, (maximum candle-
candle-power candle-power cquals .
lumens . power approximate
approximate 6/10 3/10 of lumen
. . 1/10 of lumen
of lumen rating) rating) (see rating)
(see note b) note c) e

1,000 (d) 15 15 15
2,500 (e) 18 18 18
4,000 20 18 18
6,000 22 18 18
10,000 25 21 18
15,000 28 24 18
25,000 33 27 20

NoTes: a. Observe that the above are recommended minimum mounting heights,
mounting heights than these generally are preferable.

b. For example, a reflector-refractor type of luminaire providing this high degree of
concentration.

c. There are other luminaires that have been designed to give some degree of light redirec-
tion with reflecting or refracting equipment (sometimes using outer globes) which do not
attain the high degree of concentration defined in column 2. Irom a glare standpoint
these can be mounted somewhat lower as indicated.

d. The 1000-lumen lamps are to be used for between-intersection lighting only, on very
light-traffic streets and in alleys. No conditions of street lighting prevailing in the United
States justify the use of smaller than 1000-lumen lamps. The 2500-lumen lamp is the
smallest size that may be used with good economy.

e. On forested streets a 15-ft. mounting height for 2500-lumen lamps may be permissible
provided close spacing is used with post-top units.

Higher

no classifications of relative visibility appear in the 1940 Recom-
mended Practices of Street Lighting” of the Illuminating Engi-
neering Society as standards, Reid and Chanon have proposed
values based upon their researches. These values of relative visi-
bility or revisions of them hold promise of later being accepted as
standards. The proposal is incorporated in a graphical con-
struction chart embodying the essential ideas discussed in this
chapter. A modification of the chart appears in Fig. 129 and
is in reality a plot of Fig. 127 and the upper curve of Fig. 128.
An example will illustrate the use of the chart. The following
data are known from calculations, as previously discussed, or
from tests: (a) the average pavement brightness is 0.09 candle
per square foot; (b) the obstacle brightness is 0.02 candle per
square foot; (c) the street is a heavy traffic thoroughfare; and
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(d) the average equivalent veiling brightness from equation (118)
is 0.03 candle per square foot. The relative visibility is desired.

The construction details follow: Mark the points P and O on
the respective pavement-brightness and obstacle-brightness
scales. Draw a construction line joining these points. Deter-
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Fiag. 129.—Street-lighting evaluation chart for observer in motion at 25 to 40
miles per hour.

mine the intersection of this line with the heavy-traffic thor-
oughfare, yielding point W. This construction weighs the
discernment by silhouette and by surface detail in the ratio of
70 to 30, respectively. Project vertically downward to an
interpolation on the family of equivalent-veiling-brightness
curves to the value of 0.03 candle per square foot. The ordinate
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at this point (V) is the relative visibility for the conditions stated.
The value is found to be 1.55. This value projected to the right
enters the block labeled heavy-traffic conditions or medium-
traffic conditions depending upon whether minimum recom-
mendations or hazard recommendations are considered. The
result is the average evaluation of the system. Often of more
interest is the lowest value of visibility afforded by a system.
The lowest values of pavement and obstacle brightness and the
highest value of veiling brightness encountered at any position
on the street or highway should be used for such an evaluation.

96. Critical Discussion.—At best the method just described
may be of relatively low precision. The data represented in
Figs. 127 and 128 were obtained for discernment by silhouette
alone. The first weighing process (itself on a rather arbitrary
basis) brings in discernment by surface detail. From that point
on, the weighted value is treated to relationships obtained actually
for silhouette discernment.

Also the numerical evaluation of veiling brightness is subject
to the limitations of equation (118). If several sources are
contributing to the blinding effect, the summation of the com-
ponent veiling brightnesses yields only an approximation of the
integrated effect.

The interrelationship between traffic classifications and relative
visibilities can be arrived at only by practice. Such practice
cannot come about overnight.

It is only when we can measure concepts in a subject that
that subject can advance from the classification of an ‘“art” to a
‘““science.”” In the past much in street lighting has been ‘“art.”
There is need that it be a science, and only by establishing the
size of things can that end be attained.

Consequently we are much in advance of the days when
planning a street-lighting system consisted of mounting a map
on a board and sticking in colored-headed pins to represent
lighting units on different classifications of streets. If the heads
of the pins came too close together, one of two things was wrong—
either the scale of the map was too large, or the luminaires were
being placed too close together. Which was wrong was a matter
of conjecture. The engineering of street and highway lighting
has passed through the embryonic stage. It is now coming into
its own right.
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Absorption, 97
Angstrom unit, 3
Angular correction, light-sensitive
cells, 55
Apparent intensity, 29-30
determination of, 55
Architectural elements,
202
banded effects, 202
brightness of, 215
graduated or shaded, 202
spotty, 202
uniform, 202
table, 208-214
efficiency, 202, 215
table, 208-214
exterior, 203
luminosity values, 204
interior, 204
maximum brightness limits, 205

luminous,

B

Badminton courts, floodlighting,
248-249

Barrier layer cell, 52

Base designations, lamp, 114

Baseball fields, floodlighting, 245

Beam lumens, 229, 234, 236

Beam spread, 229, 235

Black-body radiator, 10-11, 21, 36

Bowling greens, floodlighting, 248-
249

Boxing rings, floodlighting, 248-249

Brightness, 15, 19, 21, 22, 24, 31-39,
41-42

architectural elements of, 215

Brightness, relationship between, and
luminosity for perfectly diffus-
ing source, 74-75
surface, of streets and highways,
257-261
veiling, equivalent, 251, 263
Brightness contrast, 159
Brightness-distribution curve, 69
Brilliance, 14, 15, 22
Bulb shapes, lamp, 114

C

(‘aloric system, 20
Candle, unit, 21, 27
Candle power, 62
distribution curve, 61-63, 173, 220
determination of, 55
mean hemispherical, 61, 68
mean spherical, 61, 68
Circular-disk  source, illumination
from, 81-84
oeflicient of distribution, 173, 175,
182, 185, 187
chart, direct, 181
horizontal, 181
indirect, 180
C'oefficient of utilization, 173, 186
table, fluorescent luminaires, 196—
199
incandescent luminaires,
195
Cold-cathode lamp, 112
Color, 14, 15, 21
Commission of Illumination, Inter-
national, 14, 15
Component flux, 173
direct, 184
horizontal, 184
indirect, 184

188—
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Continuous-spectrum source, 7-9,
26, 40, 102

Contrast, brightness, 159

Correction, angular, light-sensitive
cells, 55

Cosine law, illumination, 27

Croquet courts, floodlighting, 248-
249

D

Density, radiant-energy, 2
radiant-power, 1, 2
Diffuse reflection, 98
Diffuse surfaces, 96
Diffusion, perfect, 61
relationship between luminosity
and brightness, 74-75
Direct component flux, 173, 184
Discernment, 251
methods of, 252
by silhouette, evaluation of, 261
Disk, circular, illumination from,
81-84
Distribution, coefficient of, 173, 175,
182, 185, 187
chart of, direct, 181
horizontal, 181
indirect, 180
Distribution curve, brightness, 69
illumination, 72
intensity (candle power), 61-63,
173, 220
determination, 55
Dynamical system, 19

F

Efficiency, luminaire, 61, 173, 185
Electromagnetic system, 20
Electrostatic system, 19
Elements, luminous architectural,
202
banded effects, 202
brightness of, 215
graduated or shaded, 202
spotty, 202
uniform, 202
table, 208-214
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FElements, luminous architectural,
efficiency, 202, 215
table, 208-214
exterior, 203
luminosity values, 204
interior, 204
maximum brightness limits
205
Emission, 1
spectral, 1, 10, 16
Enclosed floodlights, 230231
Energy, radiant, 1, 41
spectral, 41
Entities, illumination system, sum-
mary, 4345
Evaporation, filament, incandescent
lamp, 138
Eye, numan, 14, 25

F

Filament evaporation, incandescent
lamp, 138
Filter data, Corning, 108
Wratten, 107
Floodlight lamps, 229
Floodlighting, badminton
248-249
baseball fields, 245
bowling greens, 248-249
boxing rings, 248-249
croquet courts, 248-249
equipment for, location, 230, 235
types, 230
foosball fields, 247-248
hockey rinks, ice, 248-249
horseshoe courts, 248249
Floodlights, enclosed, 230-231
open, 230-231
Fluorescence, 11, 96
Fluorescent lamps, 11-13, 112, 144-
157
ballast equipment for, 150, 151
circuits for, 147-249
operating characteristics, 149-157
power-factor correction, 149, 162
ratings, 146, 153, 154
spectral irradiation from, 12
starters for, 147

courts,
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Flux, lamp, 173

luminous, 24, 39, 41

determination, 57, 66—68

total, 173
Football fields, floodlighting, 247-248
Foot-candle, 27, 37, 40
Foot-lambert, 41
Frequency, 1, 3

G

Gaseous-discharge lamps, 112, 139
Geometric graphs, 61

Gibson and Tyndall, work of, 15
Glare, 96, 99, 263

Glint, 253

Graphs, geometric, 61

H

Harrison and Anderson, work of, 174

Hemispherical source, illumination
from the inside, 79

Heterogeneous radiation, 2

Hockey rinks, ice, floodlighting, 248—
249

Homogeneous radiation, 2

Horizontal component flux, 173, 184

Horseshoe courts, floodlighting, 248-
249

Hot-cathode lamp, 112

Hue, 14, 15

wave-length boundaries of aves-
age individual, 102
Human eye, 14, 25

I

Illumination, 24, 25
components, 88
cosine law, 27
determination of,

source, 81-84
hemispherical source (inside), 79
irregular shape source, 94
planc surface source of infinite

extent, 77-78
rectangular source, 84-90
strip source, 90-94

circular-disk
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Illumination, distribution curve, 72
inverse square law, 27-29
measurements, visual methods, 47
standards, commercial and public

interiors, 163-166
floodlighting, 231-233
industrial interiors, 166-172
recommended, 159, 161-172,

231-233, 256
stores, 162
street lighting, 256

Illuminometer, 47
Maucbeth, 48

Image, 220

Images, method of, 221-224

Incandescence, 7, 96, 112

Incandescent lamps, 21, 112-139
base designations, 114
bulb shapes, 114
economics of voltage variation,

135-138

filament evaporation, 138
history, 113

life of, variation with voltage, 134
operating characteristics, 134
ratings, 115-133

spectral irradiation from, 9

Indirect component flux, 173, 184

Intensity, 21, 27, 62
apparent, 24, 29-30

determination, 55
distribution curve, 61-63, 173, 220

element of source, 69

International Commission of Illumi-
nation, 14, 15

Interreflections, 173, 214

Inverse square law of illumination,
27-29

Irradiation, 1, 5, 9, 25
spectral, 1, 26

Iso-foot-candle diagram, 74, 251, 258

L

Lamp, cold-cathode, 112
floodlight, 229, 234
fluorescent, 11-13, 112, 144-157
flux, 173
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Lamp, gaseous-discharge, 112, 139
hot-cathode, 112
incandescent, 21, 112-139
life, 112
mercury vapor, high-pressure, 6,
139-143
low-pressure, 7
sodium vapor, 143-144
Law, definition, 159
Light, 40
center, 56
Light-sensitive cells, 51-55
angular correction, 55
barrier layer, 52
Line-spectrum source, 3-7, 25, 41
Luckiesh- Moss visibility meter, 160
Lumen, 40
Lumen method, 174, 220
Lumens, beam, 229, 234, 236
“Lumens in the beam’” method,
floodlighting calculation, 231,
233
Luminaire, 173
Luminaire cfficiency, 61, 173, 185
Luminescence, 4, 96, 112
Luminosity, 24, 41, 102, 109
function, 17, 21, 22, 102, 110
relationship between, and bright-
ness, for perfectly diffusing
source, 74-75
Luminous architectural
202
banded effects, 202
brightness of, 215
graduated or shaded, 202
spotty, 202
uniform, 202
table, 208-214
efficiency, 202, 215
table, 208-214
exterior, 203
luminosity values, 204
interior, 204
maximum brightness limits, 235
Luminous flux, 24, 59, 41
determination, 57, 66-68
incandescent lamp, variation with
voltage, 134

elements,
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Luminous source, 22
primary, 86
secondary, 97
Lummer-Brodhun cube, 48

M

Macbeth illuminometer, 48
Magnetostatic system, 19
Maintenance factor, 173, 200, 215
Mat surface, 99
Mean hemispherical candle power,
61, 68
Mean spherical candle power, 61, 68
Mercury vapor lamp, high-pressure,
6, 139-143
low-pressure, 7
Micron, 3
Model, 220
of lighting installation, 221
Models, testing by, 224-227

O

Objective entities, 14, 22, 25, 159
Opaque bodies, 97
Open floodlights, 230-231

P

Phosphorescence, 12, 96
Photoelectric, 47, 51
Photometer, 47
Physical concepts, 19
Physiological concepts, 19
Plane surface source of infinite
extent, illumination from, 77-78
Planimeter, 7
Platinum, 21
temperature of solidification, 36
Power, incandescent lamp, variation
with voltage, 104
radiant, 1
Primary source, 96
Psychological concepts, 19

Q

Quantum theory, 2
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R

Radiant energy, 1, 41
spectral, 41
Radiant-energy density, 2
Radiant power, 1
Radiant-power density, 1, 2
Radiation, 1
heterogeneous, 2
homogeneous, 2
thermocouple, 4
Radiator, black-body, 10-11, 21, 36
Recommended standards, illumina-
tion, 159, 161-172, 231-233,
256
commercial and public interiors,
163-166
floodlighting, 231-233
industrial interiors, 166-172
stores, 162
street lighting, 256
Recreational floodlighting, 244-219
Rectangular source, illumination
from, 84-90
Reflecting materials, 205-207
Reflection, 97
diffuse, 98
specular, 98, 206
Reflection factor, 96, 104, 206
spectral, 96, 101
Relative visibility, 160, 261, 265-266
speetral, 14, 16, 25, 26, 41
Reversed silhouette, 252
Room index, 173, 178
charts for, 179
Room ratio, 178

Sample, 220

of lighting installation, 221
Samples, testing by, 221-224
Saturation, 14, 15
Scale factor, 220, 226- 227
Secondary source, 96, 97
Seeing, process of, 24
Semi-mat surfuce, 99
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Sensitivity, 47
spectral, relative, light-sensitive
cells, 52-55
Setback construction, 229
floodlighting, 242-244
Shadows, 253
Shufflehoard, floodlighting, 248-249
Silhouette, 252, 261
discernment by, evaluation of, 261
reversed, 252
Size, visual, 159
Sodinm vapor lamp, 143-144
Softbull fields, floodlighting, 246-247
Solidification temperature, platinum,
36
Source, continuous-spectirum, 7-9,
26, 40, 102
line-spectrum, 3-7, 25, 41
luminous, 22
primary, 96
secondary, 97
Spacing, of lamps in architectural
clements, 214
of luminaires, interiors, 176
street lighting, 256
Spectral emission, 1, 10, 16
Spectral irradiation, 1, 26
fluorescent lamps, 12
incandescent lamps, 9
mercury vapor, high-pressure, 6
low-pressure, 7
sun, 9
Speetral reflection factor, 96, 101
sensitivity, relative, light-sensitive
cells, 52-55
transmission factor, 96
Spectroradiometer, 5
Speetroradiometrice function, 6, 8, 21
Specular surfaces, 96
Specular reflection, 98, 206
Spot sizes, floodlight, table, 238-241
Spread, beam, 229, 235
Standard, definition, 159
Standards, illumination, 159, 161-
172, 231-233, 256
commercial and public interiors,
163 -166
floodlighting, 231-233
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Standards, illumination, industrial
interiors, 166-172
stores, 162
street lighting, 256
Street lighting, evaluation chart, 265
units, location, 256
mounting heights, 256, 264
Street traffic, classification, 255
Strip source, illumination from, 90—
94
Subjective entities, 14, 21, 25, 159
Subtraction method of illumination,
83
Sun, spectral irradiation from, 9
Surface, detail, 252

mat, 99
semi-mat, 99
specular, 98

Swimming pool, floodlighting, 248-
249

Symmetry, intensity distribution, 62
System, caloric, 20

dynamical, 19

electromagnetic, 20

clectrostatic, 19

magnetostatic, 19

T

Tennis courts, floodlighting, 248-249
Thermocouple, 4
Three-curve calculation method, 174,
183, 220
Total flux, 173
Traffic, street, classification, 255
Translucent bodies, 96, 207
T'ransmission, 104
diffuse, 105
perfect, 105
Transmission factor, 96, 109, 207
spectral, 96, 106

ILLUMINATION ENGINEERING

Transmitting materials, 207
Transparent bodies, 96, 207

U

Ulbricht sphere, 57
Unit candle, 21, 27
Units, illumination system, sum-
mary, 4345
Utilization, coeflicient of, 173, 186
table, fluorescent luminaires, 196-
199
incandescent luminaires,

195

188

\'s

Vapor lamps, 112, 139
Veiling brightness, equivalent, 251,
263
Visibility, 251-252
loss in, because of glare, 262
meter, Luckiesh-Moss, 160
relative, 160, 261, 265-266
spectral, 14, 16, 25, 26 41
Visual methods, illumination meas-
urement, 47
Visual size, 159
Voltage, incandescent lamp, cco-
nomics, 135-138

w
Wave length, 3
Wave-radiation, theory, 1, 2
Working plane, 174

Z

Zonal constants, 68












