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AUTHOR'S PREFACE

In treatises dealing with the science of illumination, very
complete descriptions of the various sources of artificial light
are to be found, together with full particulars of the measur-
ing instruments and methods necessary for exact research.
Technical questions in the true sense, involving the estima-
tion, measurement, and calculation of illumination, are,
however, almost always very briefly treated.

It often happens that the realization of the desired result
on the completion of an installation is a matter of chance,
chiefly owing to the lack of data and the want of a simple
method of calculation.

Hitherto, also, artificial lighting has not been of the great
importance which it is to-day, when, with the introduction
of newer and more economical sources of light, and with the
competition between different lighting systems, illumination
requirements are increasing to an astonishing extent.

In view of the large sums now spent on artificial lighting,
very careful examination of any projected scheme becomes
advisable, in order that the desired illumination may be
attained without unnecessary expense.

During the last few years the author has devoted himself
to the task of making actual measurements of illumination,
and to the question of its predetermination. The results are
presented in the principal chapters of this book. These deal
with the estimation, calculation, and measurement of illumina.
tion, branches of the subject which have hitherto received
the least attention. They are the embodiment of articles
published by the author from time to time in the Jowrnal fiir
Gasbeleuchtune and the Elektrotechnische Zeitschrift, special
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vi AUTHOR'S PREFACE

attention having been paid in the compilation to practical
requirements,

The first part of the book is devoted to an explanation of
fundamental principles, as a clear understanding of these is
necessary before any extended investigation becomes possible.
Vagueness in fundamentals is very prevalent in this connection,
and an effort has been made to facilitate comprehension of
these by the use of a simpie analogy.

Methods for determining mean spherical and mean
hemispherical candle-power are then considered in some
detail, as much time is often wasted over long and laborious
constructions for their determination.

There is a final chapter on indirect lighting, in which the
methods of predetermination already given for direct lighting
are shown to be applicable, provided that the necessary
experimental data are available. Indirect lighting has
recently attracted much favourable notice, although for a
long time it was regarded as only practicable with arc lamps,
and was even then considered as a costly luxury.

The greater part of the experimental and practical data
incorporated in the book have been obtained in the
experimental lighting-station of the Berliner Elektrizitiits-
Werke. I am under obligation to the Directors of that
establishment, and desire to express to them my best thanks
for the impetus they have given to this branch of the work,
and for their permission to publish the results. In this
connection I must not omit the names of Dr. Rathenau of
the engineering staff, and Dr. Passavant, a Director of the
Company.

L. BLOCH.

Benix,
May, 1907,




TRANSLATOR'S PREFACE

Wirn the consent of the author, I have made certain altera-
tions and additions to his original work, rendered necessary
by the difference between the English and German units and
standards, and by the lapse of time. These are indicated in
the text by enclosure in brackets. Otherwise, I have en-
deavoured to follow the author’s admirable exposition as
closely as possible. My thanks are due to Mr. G. B. Dyke,
B.Sc., and to Mr. A. P. Thurston, B.Sc., for their careful

revision of the proofs,
W. C. CLINTON.

Uwiversity CoLLEGE,
July, 1912,
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ILLUMINATION

CHAPTER I

FUNDAMENTAL UNITS IN ILLUMINATION

1. Ixrnopvorios.

"Tne most important fundamental magnitudes in the science
of illumination are luminous flux, illumination, and luminous
intensity, or candle-power. The meaning of each one of
these terms should be thoroughly familiar to all who are
called upon to deal with the subject, whereas they are often
confounded with one another, or else wrong relations are
established among them. In order to avoid these errors,
fundamental ideas and definitions will be first set forth as
simply as possible, and comprehension of them assisted by the
use of an analogy.

For the present purpose, the propagation of light-rays may
be realized by likening a luminous source, radiating in all
directions with different intensities, to a sand-blast, sending
sand in all directions in varying quantity. Let such a sand-
blast be placed at the centre of a large sphere, the internal
surface of which is covered with gum, so that the sand im-
pinging on it in a given time at a given place accumulates
there. Neglecting its weight, the sand issuing from the centre
follows radial paths, and strikes the internal surface of the
sphere normally.,

If the intensity of the sand-blast varies in different directions,
the thickness of the layer of sand formed on the internal sur-
face of the sphere will vary in the same way in these directions.
Thus the total quantity of sand transferred in a given time

15



16 FUNDAMENTAL UNITS IN ILLUMINATION

corresponds to the total quantity of light emitted from a
source during this time,

The conception of the total quantity of light is rarely used,
as the radiation from a luminous source is almost always
independent of time, or depends upon it only to a very slight
extent. y

"The emission of light per unit time, known as the luminous
flur, vrequires much more consideration,

9. FLux or Licur,

The total luminous flux emitted by a source, corresponds,
on this analogy, to the total quantity of sand from the sand-
blast reccived over the whole surface of the sphere during

§

l"lt-r._ 1-

unit time. Luminous flux in general will be denoted by the
symbol @, and the total flux emitted from a source by &,
(spherical ). *

Considering for example, only a portion . of the internal
surface of a sphere of radius B (Fig. 1), the quantity of
sand which it receives in unit time corresponds to the luminous
Hux & within the solid angle defined by the area . and the

# [The symbols used for intensity, flux of light, and illumination, are
those given in a “* Report on Photometric Units,” by A. Blondel, and
adopted by the International Electrical Congress at Geneva in 1896.]




ILLUMINATION 17

radius I of the sphere. Upon a concentric sphere of smaller
radius r, this solid angle defines a smaller area s, the ratio
of the two areas being the ratio of the squarves of their
radii.

g e

ST RY

On account of its radial direction of emission, the quantity
of sand ejected within a given solid angle always remains the
same, just as does the luminous flux from a source of light.
The small area s therefore receives the same quantity of sand
as the larger one §. The thickness of the layer which fixes
itself on s will then be greater, and exactly in the inverse
ratio of the areas or the squares of the radii & and ».

3. TILLuMmiNaTioN.

The thickness of the layer of sand deposited per unit of
time on each part of the spherical surface corresponds with
the illumination (/) due to a luminous source at the centre
of the sphere. Just as the thickness of this layer is inversely
proportional to the square of the distance from the centre,
so the illumination will vary according to the same law of
distance from the source.

Again, if the luminous radiation varies in different direc-
tions over the surface of a given sphere, there will be
different illuminations in those directions corresponding to
the different thicknesses of sand. The layer of sand of variable
thickness over a given area .5 can be replaced by a layer of
uniform thickness over the same area, under the condition
that the total quantity of sand remains the same, This
mean thickness represents the mean illumination (X, ) of the
area .5, and its value could be obtained by dividing the total
quantity of sand by the numerical value of the area. This
total quantity corresponds to the luminous flux @ and the
mean thickness of the layer to the mean illumination (%),

hence this last quantity is obtained by dividing the total
2



18 FUNDAMENTAL UNITS IN ILLUMINATION

flux & by the area of the surface .% on which this flux is

incident.
o

i
=g s-'
i

This relation is quite general, and applies to any surface
whatever, whether part of a sphere concentric with the
source or not.

In the case just considered, the luminous rays are incident
perpendicularly to the surface of the sphere, producing what
is known as normal illumination. If, however, the direction
of the light is not perpendicular to the illuminated surface,
but makes an angle & with the normal to the surface, the
same solid angle defines an area in a plane perpendicular to
the direction of the luminous rays, and at the same distance
from the source, such that the ratio of the areas of the two
surfaces is, as—

1:cosa.

Both the thickness of the layer of sand reccived and the
lumination are inversely proportional to the area of
surface, so that the illumination is cos & times the normal
illumination at the same distance, and therefore diminishes
as o increases,

4. Lusmixovs Ixrexsiry, or CanprLe-Powgen.,

The meaning of luminous flux and of illumination having
been made clear, the conception of most frequent use—that of
luminous intensity, or candle-power (C.P.)—can be simply
dealt with. 'Taking a sphere surrounding the sand-blast,
concentric with it, and of unit radius—1 metre for example—
the thickness of the layer at each point of the surface of the
sphere corresponds to the normal illumination at unit dis-
tance from the luminous source, and this illumination is to be
taken as measuring the luminous intensity (7) of the lamp in
the direction considered. To each direction in space there
corresponds in the same fashion a luminous intensity

mr e e i g s

it oo | i —



LUMINOUS INTENSITY 19

determined by the normal illumination due to this source at
unit distance.

According to the definition given on p. 18, the normal
illumination (/) at any distance r, due to a luminous source
of intensity / in that direction, will be given by the relation—

f*.:u= Y § ;1—2.

If radii are drawn from a point source of light in every
direction, each having a length proportional to the corre-
sponding intensities in those directions, a surface is defined
by the ends of these radii known as the photometric
ficure of the source. 'This surface gives an image of the
distribution of light in all directions, yet neither its volume
nor its area can be turned to account. If the figureiscut by
a plane passing through the vertical axis of the source, the
section produced is known as the polar curve of distribution
of light. 'This curve shows, by means of a system of plane
polar co-ordinates, the variation of luminous intensity for all
directions in the plane.

If, for a given source, all such polar curves are alike, then
the photometric figure is a solid of revolution, and the source
is said to be symmetric. If, however, the polar curves are
different for different sections through the vertical axis, the
source is said to be unsymmetric.

For a symmetric source the luminous intensity is the same
in all directions making the same angle with the vertical
axis, a condition not fulfilled by unsymmetric sources,

Instead of beginning with a simple explanation of the
meaning of fundamental conceptions and of their relations
with one another, as set forth above, the tendency in practice
is to consider the intensity of a source as of the first impor-
tance, as it is this property which makes the most direct appeal
to the senses. The eye judges the effect of a source, not by
its total luminous flux or by the illumination resulting, but
rather according to the intensity in the direction in which
the source is seen. In general, the comparison of sources on
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the basis of their luminous intensity should be made in those
directions in which the intensity developed is a maximum.

Before the advent of the electric are, this direction was in
almost all cases in the neighbourhood of the horizontal, and
as the measurement of intensity in this direction was the
most convenient one to make, such sources were usually com-
pared and judged by their horizontal intensity.

The attention paid to more accurate measurement has
shown that differences exist in the horizontal intensity of
most sources, depending on the direction in which the test
is made. The mean value of the horizontal intensity in
different directions should therefore be taken. It is known
as the mean horizontal intensity.

The electric arc cannot be judged by this eriterion, as its
horizontal intensity 1is m]alirelj small ;: the conclusion 1s
therefore unavoidable—that measurements of intensity taken
in a single direction fail as a basis for the comparison of
sources of different type. A quantity is required having the
same meaning and dimensions as luminous intensity, but
taking account of the total luminous flux emitted by the
source. The conception involved is that of the mean spherical
luminous infensity, or mean spherical candle-power.

5. Meax Sruericar. Caxpre-Powkn,

It has already been pointed out in the analogy with the
sand-jet, that luminous intensity in a given direction corre-
sponds to the thickness of the layer of sand deposited in this
direction per second on a sphere of unit radius. If the
whole of the sand received upon the surface of the sphere
were redistributed so that the thickness of the layer became
uniform, this mean thickness would then correspond to the
mean illumination of the spherical surface of unit radius.
This quantity is the mean spherical candle-power (Z).

As the area of the surface of a sphere of unit radius is 4,
and as the whole of the sand on the surface corresponds
to a total luminous Hux (d,), it follows at once that the
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relation between luminous flux and mean spherical candle-
power is—

O=4xl, . . . . (1.

The mean spherical candle-power is a measurable magnitude
of the first importance in the theoretical comparison of
different luminous sources, as it gives a measure of the sum
total of energy emanating from a source as light.

6. Meax Hewmiseuericarn Caxore-Power.

For practical purposes, it is very often not a question of
the total quantity of light emitted by a source, but only of
that part of it really available for lighting. In streets, for
instance, it is only the light emitted in the lower hemisphere
of which the source is the centre that is used. For the com-
parison of sources from this point of view, the quantity known
as the mean hemispherical candle-power has been introduced.

Placing the source at the centre of a sphere of unit radius,
the mean hemispherical candle-power corresponds to the mean
illumination of the lower hemisphere, which is, in terms of
the sand analogy, the mean thickness of the layer on the lower
half of the sphere. If the luminous flux emitted in this lower
hemisphere is denoted by &_, then, as the area of the surface
of the hemisphere is 27,

Dolnls « <« + « @

The highest possible value of the ratio of the mean hemis-
pherical intensity to the mean spherical intensity is 2, and
oceurs when the luminous flux is entirely in the lower hemi-
shere. @_ is then equal to &_. The lower limit of this
ratio is zero in the case when no light reaches the lower
hemisphere.

Usually, by the mean hemispherical intensity is understood
the mean lower hemispherical intensity. There are, however,
cases—as, for instance, with indirect lighting—where the
luminous intensity in the upper hemisphere (7.) is of impor-
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tance. This quantity is related to the corresponding flux
by the equation—

b_=2rl... : : 2 (3).
The total luminous flux over the whole sphere is then—

Po=d_ 4P
and it follows that—
drl = 2wl + 2wl
or 2 =l+1~ . . : . (4).

7. SurRFACE BricoTNESs.

There is still one more fundamental quantity to consider,
and that is surface brightness, sometimes known as intrinsic
brightness, or intrinsic brilliance.

By this is understood the ratio of the luminous intensity of
the source to the area of the surface from which light is
radiated. The greater the surface brightness of a source,
the greater is the dazzling effect produced on the eye, In
order to avoid such disturbance, very bright sources must be
enclosed in diffusing envelopes, which diminish the brightness
by increasing the surface from which light is emitted.

[This dazzling effect, or glare as it is sometimes called, has
been the subject of much discussion, and various means of
estimating it have been proposed. Irofessor L. Weber * of
Kiel defines a system of illumination as “glaring™ when it
exceeds any of the following limits:

(@) If the ratio of the intrinsic brilliance or surface bright-
ness of the source of light to that of the illuminated surround-
ings exceeds a certain limit. This ratio should not exceed a
value of about 100.

(b) If the absolute intrinsic brilliance of the source exceeds
a certain value. The brilliancy of the open candle-flame (about
25 candles per square inch) might be taken as a safe limit.

(c) If the angle between the direction of vision of the eye,
when applied to the work it is called upon to do, and the line

¥ The [lluminating Engineer, 1910, vol. iii., p. 116.
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from the eye to the source of light, is too small. This
minimum angle may be provisionally assumed to be 30°.

(d) When the extent (apparent area) of the illuminating
body is too large. The source should not subtend an angle
of more than 5° at the eye.

Values of the intrinsic brilliance of various sources are
given in Table I. below.*]

TABLE L.
SURFACE BRIGHTNESS OF DIFFERENT ILLUMINANTS.

8 -Powor
Candle-Power Dandle-Bowor

. - |
il Jex SqUATE | por Square Inel., |
T : 2 |
|
| Moore tube ... i 004025 r2-1"5
Gas are lamp, with 1|'1hl-1h'r .l_r'lulu* 0-15-03 1-2
Candle r3 06 214
Cooper-Hewitt L;.mp [el-]_.i]ﬂ u'clrr.l:ltu} 0°45-09 35
Incandescent electric lamp, with
- bulbs frosted to different degrees 03 =125 2-8
| Kerosene oil lamp ... e | 0r45-1-25 3-8
| Mantle gas-hurner unshaded - _ 20-25
Acetylene flame ... e | 12-18 75-120
Enelosed are lamp, {ltjmluhllu' on |
glohe nsed i I 15-30 100-200
Ineandescent electric Lmtp bare | 15-45 1083 300
Nernst filament bare 125-150 GO0 1,000

8. Uxirs axn STANDARDS,

The system of units on which illumination measurements
are based is not absolute, but arbitrary, as no relation has
been established between the magnitudes of the absolute
system of units and those that are here dealt with. A
beginning is made by selecting an arbitrary unit of one of the
photometric quantities, the one chosen being a unit of
luminous intensity, or candle-power.

| The distinction between a unit and a standard may perhaps

¥ Zeitschrift piir Belewchtungswesen, 1903, p. 245 ; [J. E. Woodwell,
The Western Electrician, 1906, vol. xxxix,, p. 509],
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be emphasized here., The actual material standard may or
may not be of the same size as the abstract unit,

Thus the International Candle, as the common unit of
intensity in England, France, and America is called, is a unit
and not a standard. It is maintained by the continued
interchange of standards, reckoned as containing so many
units, between the National Laboratories of the countries con-
cerned.

It is essential for any standard that it should be reproducible
by following a strict specification at any time and place, and
this is the reason why at present all standards of luminous
intensity are flame standards,

In England, France, and America, the Harcourt Pentane
standard® is in use, and is rated as of 10 candle-power when
burning at normal barometric pressure (76 centimetres or
2992 inches) in an atmosphere containing 8 litres of water-
vapour per cubie metre or 13°8 cubie inches to the cubic foot.

In Germany the “ Hefner Kerz " (f1.K.) is the standard, and
its value is exactly 1 Hefner unit when burning at normal baro-
metric pressure (76 centimetres) in an atmosphere containing
38 litres of water-vapour per cubic metre, or 152 cubic inches
per cubic foot. The liquid used in the lamp is amyl-acetate,
burnt through a cotton wick of eircular section, The ratio of
the Hefner unit to the international candle has been fixed
as (9,4

1 Hefner unit =09 international candle.]

All the other units are derived from the unit of luminous
intensity (/).
The unit of illumination i1s the normal illumination on a

*# A, C. V. Harconrt, British Association Reports, 1877, 1883,
1885, and 1898 ; a complete account of all the flame standards is
given by J. A. Fleming, Jouwrn. Inst. Elec. Eng., 1903, vol. xxxii.,
p. 119,

T C. C. Paterson, ““The Proposed International Unit of Candle-
Power,” Journal of Physical Society of London, vol. xxi., p. 867
E. Lichenthal, * Ueber die Abhiingigkeit der Hefuer lampe und der
Pentanlamp von der Beschaffenheit der umgebunden loft,” Zeitsehrift
fiir Instrumenlenkunde Jahrgang xvi., 1895, p. 157.
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surface at a distance of 1 metre from a point source of unit
intensity. It is called 1 lux (E).

[Sometimes the distance is taken as 1 foot instead of
1 metre. The unit is then known as 1-foot candle ( fic.), and
the relation between the two units is—

1-foot candle = 10-76 lux. |

The unit of light flux is the flux emitted per unit solid
angle from a source of uniform unit intensity. It is the
light coming through every square metre of a sphere of
1 metre radius concentric with the source. This unit is
called 1 Lumen (D).

The unit of quantity of light is the quantity of light
emitted per second or per hour when the flux is 1 Lumen.
The unit may be either the Lumen second or the Lumen howr,

The maintenance of a given illumination during a given
time has led to the use of the unit, the L second.

The unit of surface brightness or intrinsic brightness is an
intensity of 1 candle per square centimetre or per square
inch, and has received no special name.

[The latest tabulation of the photometric quantities and
units is due to E. B. Rosa * and is given on p. 206.

In this tabulation the symbol 7' is used instead of & for
illumination, and quantity of light @ is taken as the surface
integral of b, instead of the time integral of F" or &,

The definitions and symbols of these quantities, as given
above, will, however, be retained throughout the rest of the

hook.]

* K, B. Rosa, “ Photometric Units and Nomenclature,” Bulletin of
the Bursan of Standards, No. 4, vol. vi. ; Washington, 1911.
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TABLE II.

FUNDAMENTAL UNITS IN ILLUMINATION

Photometric
Magnitude.

1. Intensity of
light

2. Luminous
Hux

3. Ilumination

4. Radiation...

5. Brightness

G. Quantity ...

7. Lighting ...

Unit.

Candle

Lumen

Lumens

cm? cm?

l Lux = meter-candle

(Eu_l’] le=
cm?

Candles

Lumen hours

milli lnumens

Equation of
Definition.

r=2

(/1]

L

E =,
o pl

E':%ash=mﬁ

e
& eos e

Q=1bS
L=FT

i=angle of incidence of light | measured

—-

Fr=ineident flux,

e=angle of emergence of light | from normal. F,=emergent flux,
m = coeflicient of diffuse reliection or transmission,
(1= m) = coefficient of alisorption.




CHAPTER II

MEASUREMENT AND CALCULATION OF LUMINOUS
INTENSITY, OR CANDLE-POWER

This subject is usually treated in great detail. It will, how-
ever, only be dealt with here in so far as the explanation of
the necessary principles in the measurement and caleulation
of illumination require it.

9. Ture Iistrisurion oF Licur.

The distribution of light from a luminous source is usually
sufficiently well known if measurements are made in a plane
passing through the vertical axis of the source at intervals of
10°.  Observations at closer intervals are only useful in
precise researches or for a very irregular distribution,
Measured values are plotted as polar co-ordinates from the
luminous source as centre, and the line joining these points
gives its curve of light distribution. In this way, for instance,
the curve shown in Fig. 83, p. 128, has been drawn for an
ordinary continuous current arc lamp,

There are two distribution curves in the same vertical
plane, one on each side of the centre, but for quite symmetrical
sources only one of these need be drawn (p. 19). With the
moderate asymmetry usually met with, both sets of measure-
ments should be taken, and the mean of the two observations
made under the same angle on eitherside of the source should
be used to plot an average curve. Lamp-holders have
been constructed which allow of the experimental determina-
tion of this mean value in one observation. For very
unsymmetric sources, measurements taken in one vertical

(7 L

=
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plane only are not sufficient, but should be supplemented by
another series in a plane perpendicular to the first, also
containing the vertical axis of the lamp. The intensity at a
given angle from the vertical is then given as the mean of
four readings, and the mean distribution curve is plotted
from these values,

In practical caleulations, only the mean distribution curve
of such unsymmetric sources will be taken into account, as a
more detailed examination of such sources demands excessive
and unnecessary labour,

10. Meax Seuenican axp Meaxy HeMmispHERICAL
CaxprLe-Power.

In the analogy used above, the mean spherical intensity or
mean spherical candle-power corresponds to the mean thick-
ness of the layer that would be formed by the whole of the
sand received per second upon a sphere of unit radius, the
actual thickness of the layer existing at any given place,
corresponding to the luminous intensity 7 in that particular
direction. The total quantity of sand on the surface of the
sphere can be considered as the integral or sum of all the
separate quantities, IdS, accumulated on the infinitely small
elements of area, dS. The mean spherical intensity will
then be— )

1= ;ﬁ TS wandE seetish

Let O be the source at the centre of a sphere of radius »
(Fig. 2), and having a vertical axis, GOK. Let « be the
angle between this axis and a line joining the element R with
(), and B the angle between the vertical plane containing R
and GOK, and the plane of the paper ; then—

dS=rde * r sin & * d8=7r%sin a dadf.
Making the radius of the sphere unity, and substituting

for d.5 in the expression for I, given above, this becomes—

I¢=;—W‘I sin o dod3.
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As symmetric sources only need be considered, luminous
intensity will vary only with the angle.s, and will be indepen-
dent of 8. Hence the zone of the sphere containing the
point R, and having a width rde, can be taken as the element
of surface d., giving at once—

dS'= rde r sin & 2% =22 sin o do.

Fic. 2.

The mean spherical intensity is then given by—

- i . ,
I ==47I_"|f 2ar sin o do = A I sin o de . {B)s
&=L [

T'o obtain the corresponding expression for the mean hemi-
spherical luminous intensity, the integration need only be
extended over the lower hemisphere—that is, from O to

;-, the area of the hemisphere of unit radius being used to
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determine the mean intensity instead of that of the whole
sphere. Thus—

direae S ,.
I“"':E:-.-HI ,J?TH]II:I(EQL:LI&H] o da P )
=0 i

These formuls are chielly useful when the relation between
luminous intensity [ and the direction of radiation is known.
An example of this is given on p. 132.

11. Mgeruons ror THE DeETERMINATION 0F MEAN SPHERICAL
AND Meax Hemiseuericarn Caspre-Powkn,

[ Kennelly's Method.

A very elegant method, due to A. E. Kennelly,* can be
deduced at once from equation (6).
The expression— s

7=

=3 I sin o da.

i

can be written as a series of terms—

o EJT

. W -
2I,=|Isin cm’r;r.+JIsinmrE$c e JI sin o det,

L E (n 1)

bt ¥
if the sphere be supposed divided up into »n zones, each sub-
tending the same angle at the centre. :
In each of the above n terms, 7 can differ but little from i
its value at the mid-zone, Hence the summation can be
written

o =T :-r
t " 2
EIQ=IW§siu oedo+d,_|sinode . . . + 1 1=\:'?.iuﬁnfnc
In 2i 2 -
i w m

|:=|;'

] ok

i W

+ 1 simeedoe ... 14 Jsin o da,
w ~ -
;“f__m" R

L Gl

3 n

#* American Illuminating Engineering Society, February 18, 1908,
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Performing the integration—

™ S 2 4 0
Im=fﬂ(1~m.~; )+f.i cos ——cos — |...+J _cos ;--—-)
el n ] i it Foow 2 N
C P 2 In
and—
9
. T . AT « T m
Toel .sm=+T . (ﬁlil —sin ) +1 [\] - COS )
LT " LT 12 N n =N il
B 4 =R 2 2 an

Each term in these two expressions is the difference
between the vertical projections of the mean value of 7 for
the sector at the boundaries of the sector.

The resulting graphical construction is given in Fig. 3.

Let OU'R'P'C be any polar curve of distribution. Draw
radii at equal angular intervals of 15° from 0° to 180°,
This gives a value of 12 to » in the above equations, and is
a sufficiently close division for most work, Describe the arc
AP with O as centre and radius OP” equal to the mid-zone
value of the intensity for the first 15°, The projection 4B of
AP" on the vertical throngh O is the first term in the equa-
tion for 7_. Describe the are P'Q" with P as centre and a
radius PP” equal to the mid-zone value of the intensity for
the second interval of 15°.  The projection BC of this arc on
the vertical is the second term. Repeating this construction
in the manner shown, A G is arrived at as the value of 7 and
(L as the value of 7.

From the relation /_ + I =21, it follows that J{}L =1,.]

Rousseaw's Method. ™

This method is much more widely known than the pre-
ceding, but, as it involves the estimation of an arvea, it is
somewhat longer.

From Fig. 2 the width of the zone of the sphere containing
I, and having an avea d8, is rdz, and the height of this
HOREtee= dh = rdw sin o,

* Rousseau, “° Lumicre Electrique, vol. xxvi., p. GO
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If this value is substituted in the expression for d8' (p. 29),
that relation is transformed to—

dS'= 272 sin o do=27rdh.

(i

Ta I_ 5 -.- =L E ' E ] I- ¥ J J 1I. r¥y |.' ¥ ; ..I d I.- ‘a: ‘-
Fic., 3.—EKexNELLy’s CoxsrrvcTioN FoR MEeax SrHERICAL AxD MEAXN
HEMISPHERICAL INTENSITY.
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Taking a sphere of radius r, and replacing 47 and 27 by
4mr® and 271% in equations (6) and (7),

o= -y

|G S, Al
I 471__,1,{‘ 1270rd = er Idh ;
fi=4v
or
h=-1
%‘I{.’h if 7= unity ;
,r, f..‘.]
and
i % =0
Dacandh =1 -
i EWEJ 125 vdh ’_J 1dh ;

0 .III - | "
r
3 k=an
-

deﬁ if r=unity.

f= -l

Rousseau’s method follows very simply from the formula
obtained in this shape. Let the mean spherical intensity be
required from the curve of distribution given in the right-
hand half of Fig. 4, p. 34. The curve is the same as that
used in demonstrating Kennelly’s method. A circle is
described about O as centre, with a radius of length corre-
sponding to some convenient value of candle-power, say 1,000,
Every section 5§, of the vertical diameter A'G' through the
source corresponds to the height dh of a spherical zone,
The appropriate luminous intensity is set up as an ordinate
from 8, so that A'G being the axis of abscissue,

I=01T=58U,

The line joining the extremities of all such ordinates is the
Rousseau curve, and defines an area which represents {/dh in

the expressson for 7.
The value of [ cnrrespnnding to the point .§ is determined
3
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Fiz. 4.—Howvsseav's Mersop vokr THE DETERMINATION ofF MEeas
SPHERICAL ANXD MgaN HEMISPHERICAL INTENSITY.

by projecting & back to R on the semicircle A LG, and taking
the intercept on OR made by the distribution curve,

The whole area KU, U,G is then divided by 2r, and the
result is the mean sphenml intensity.  Thus,

fim =y
{7
I 2;_\ Idh =

.fe.—:-|-r

Aren KU G
9 %

Also, the mean hemispherical intensity is given by dividing
the area A {7,U,0 by »r=0K. Thus,

=0

Io = l-jffﬂ.a=
;

h=r

KU, U0
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The number of points taken between A" and & may be the
same as the number of observations made to determine the
distribution curve (about 20 for 7_, and 10 for /_), the area of
the curve being then taken with a planimeter.

12. Arrroxivmatre Merwons ror Derermmxine Mpaw
SpHERICAL AND Mreaxy Hewmisenerican Caxpre-Power,

L.

The construction and planimetry of the Rousseau curve
can be avoided in the following way: Divide the diameter
KG (Tig. 5) into twenty equal parts. Determine the
appropriate luminous intensity at the mid-point of each part.
The twenty values so obtained are given to the right of
Fig. 5, p. 86; add these up, divide by twenty, and the result
is the mean ordinate of the Rousseau curve, and the value of
the mean spherical intensity.

Take only the sum of the ten values of the luminous in-
tensity in the lower hemisphere and divide by ten, and the
result is the mean lower hemispherical intensity. The same
procedure in the upper hemisphere gives the mean upper
hemispherical intensity. These values have been worked out
in Fig. 5 for the distribution curve given there, and the agree-
ment between these and the values obtained by the two
graphical methods will be noted.

The accuracy of the values arrived at in this way is of the
same order as that which is possible with the photometric
measurements. When the curve of distribution is fairly
regular, as in incandescent lamps, ten parts only need be
taken instead of twenty.

I1.

An estimate of the mean spherical or hemispherical in-
tensity is often required without tracing the curve of dis-
tribution in detail. Such a measurement is best carried out
with an Ulbricht globe photometer; but, failing this,
L. W. Wild has given a method which allows of the calcula-
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tion of mean spherical or hemispherical intensity from
measurements made at intervals of 30° without drawing the
distribution curve.* The method gives results which are

Candles| .
g a
; —=
Sl
— )
. —
£
37
—= &7
L A
——=i0
208 e
ar i / -.Il : < 'I . = __-.?JJ
e |
o\ e et me g Candles 369
o J i —=tw
200 p= T g e
: : — 525
= L
527
— 720
£5a €re ik
&09 o=
—=7
L : — 50
il | — 7y EFOTH TG0 8007

Fia. 5. —APPROXIMATE METHOD FoR: THE DETERMINATION oF MEeaxy
SrAERICAL AND MeEAX HEMIEPHERICAL INTENSITY.

_ 6700

== 10 = G70 C.P,
1100

Ju= o = 110 C. P,
T80

Io= "5 = 390 C.P.

accurate to about } per cent. for fairly uniform sources, such
as incandescent lamps., The accuracy is smaller with such
unsymmetric sources as arc lamps, but the error seldom
exceeds 3 per cent.

* Electrician, 1905, p. 396 ; Elektrotechnische Zeitschrift, 1906, p. 122,
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The method may be explained by reference to Fig, 4, p. 34.
The area of the slice SUU S, of the Rousseau curve KU, UG
is given by—

Idh = I(89,) = Ir(cos 2—cos «,),

where 7 is the mean of the intensities between the angles o and
-y, and practically agrees with the luminous intensity for the
o + ot

angle - 5
e

The mean spherical intensity is then given by

the expression—

In = ;.r} ik lfﬁ_{ti}h ;:—fua xl} B ;EI{LU": S 11]*
fomm e

The angle (z—a,) may have any value, provided that the
number of sections be great enough. When the interval is
30° the equation becomes—

I, = E{ Igs(cos 0° = cos 15°) + Iy (cos 15° - cos 45°)

+ I gy.(cos 45° = cos T5°) + I, (cos T5° — cos 105°)

+ 4 5p5(c0s 105° = cos 135°%) + 1., (cos 185° - cos 1657)

+ Iysge(c0s 165° = cos 1807) 1.

It would be more exact to take the values of luminous
intensity for 7-5° and 172-5° in place of those for 0° and 1807,
but these terms contribute so little to the sum that this
irregularity is quite permissible. Substituting the numerical
values of cosines in the above from trigonometric tables,

I,=00171 + 012951, 4+ 02241, + 02591,
+ 02240559 + 0129510 + 00017 L 05
or
ICI = ﬂ‘{}lT{Iﬂ_ + IIEI'.'.I :j + U'] 295(.{““ "|‘ Ilﬁﬂ'}
-+ {]'224'{!50: - IIE[I"J - o ﬂ+2 .?!}JLIU'! N . {H}
The mean hemispherical intensity can be ealculated in the
same way, given the values of I at 0°, 30°, 60°, and 82-5°
The equation is—

I_=1, (cos 0°=cos 15°) + I .(cos 15° - cos 45°
b= 0o a0
+ [o(cos 45° = cos T5%) + Ty pe(cos T5° — cos 90°);



38 LUMINOUS INTENSITY, OR CANDLE-POWER

or
I, =2{0-0171 0+ 0°1295(1 50 + Iy o) + 02240 . (9).

As an example of the use of this approximate method, the
calculation of the mean spherical and hemispherical intensity
from the distribution curve of Figs. 4 and 5 is as follows :

I, =400.C.P. 1,,, =400 C.P.
I:?ﬂ"’ = T‘l‘ﬁ uy Ilﬂll:' — 55 "
Iﬁu-’ =T45 Iyipe= . 0
Izi'j'_',"" =505 |, !]::u1= J

From these figures,

I,=0017(400+ 0) + 0-1295 (745 + 0) + 0-224(745 + 55)
+0 259 x 400= 386 C.P.

and

I_=210-017 x 400 + 0:1295(745 + 505) + 0-259 x 400}
=612 C.P.

A comparison of these results with those obtained by the
more exact method, viz.—

1,=890 C.P.,and I =670 C.P.,

shows that there is an error of only 1 per cent. in I° and of
0-3 per cent. in /..

[This method is the numerical expression of Kennelly’s
graphic construction. |

II1.

With the eobject of lessening the experimental work and
rendering the calculation simpler still, the author has de-
duced two formule from the approximate methods already
deseribed, which admit of the calculation of mean spherical
intensity as the mean of six measurements, and the mean
hemispherical intensity as the mean of three measurements
only. They are easy formulx to remember, and give values
exact to 5 per cent. for quite irregular sources.

Luminous intensities are measured at angles of 30°, 60°,
and 80° from the vertical axis for determinations of mean
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hemispherical intensity, and, in addition, at 100°, 120°, and
150°, if the mean spherical intensity is required.
The following formuli are then employed :

Io=sWgqu+ 20000 + Typo + Tygpo 4+ 2 a0 + L) - (10).
I-:;_'ir-.f;;w""ZL-u""'Isﬂ-'} = - ().

Applying this method to the same distribution curve as
before, the values of I are—

Ly.=T45 C.P.
I o=T45
-lr.*ﬂ =:-j:;45 g

—~

Lop>=265 C.P.

l..!u 0 — ;};} 5y

—

= 9.5
and the equation is—

T, = 1(7T45+ 2745 + 535 + 265 + 2:55 + 0) = 393 C.P.
Io=NT45+2'745+535=692 C.P.

The errors are 40-8 per cent, and 433 per cent. respec-
tively from the exact values of mean spherical intensity and
mean hemispherical intensity (/, =390, I_ = (70).

135. Comranrison or InrExsirties oF COMMERCIAL SOURCES
or Licur.

The special characteristics of light sources in common use
are not dealt with here, but as luminous intensity and energy
consumption form the basis of all lighting caleulations, it
appeared advisable to include data of this kind relative to
commercial sources. "These are collected together in Tables
XIV,, XV, and XVL, pp. 147, 148, and 149.

Iirst there is given the range of the normal consumption
generally met with in a given type of lamp ; then, limiting
values for normal efficiency—that is, the consumption per
candle., The luminous intensities of different sources are not
always capable of direct comparison, because the type of
source usually settles whether the wmaximum, horizontal,
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mean horizontal, or mean hemispherical intensity is given.
The next three columns of the table, however, contain specific
consumptions for all sources in relation to mean horizontal,
spherical, and hemispherical intensity. "The last three
columns contain reciprocal values of these quantities, the
numbers giving the return in candle-power for a consumption
of 1,000 watts, 1,000 litres of gas per hour, or 1 litre of fluid
combustible per hour,

Comparisons of the cost of illumination from different
sources are very often set forth in tables of this kind, but
such comparisons can only give conclusive information when
made between intensities and distributions not differing very
widely from one another. I‘or example, exact comparison
can be made between carbon filament lamps and metal fila-
ment lamps, or between incandescent mantles supplied with
gas or petrol vapour, either in regard to economy or pro-
duction of light ; and in either ease the comparison could be
based indifferently on the mean horizontal, spherical, or
hemispherical intensity. But if it is desired to compare
together entirely different light sources, such as incandescent
electric lamps with arc lamps, or incandescent gas lamps with
Nernst lamps, the conclusions arrived at are never free from
errors, and are often entirely untrustworthy, no matter what
kind of luminous intensity the comparison may be based
upon,

It is evident that horizontal intensity is not adapted to
estimates of this kind, neither can reliable figures of cost be
extracted from a comparison of mean spherical intensities.
It is true that the total fluxes of light emitted are contrasted
by this means, but this comparison has already been shown
(p- 21) to have a value more theoretical than practical.

The best figure to use in making these comparisons
practically is the mean hemispherical intensity. It is
then necessary to tuke into account the effect of globes
or reflectors, as these accessories are usually present, and
can materially modify its value. For this reason the
values of luminous intensity, specific consumption, and
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luminous efficiency, in Tables XIV., XV., and XVIL., are all
given for uncovered sources without globe or reflector, the
effect of these being so various that no sufficiently general
mean value can be quoted for covered sources. The influence
of globes and reflectors is, however, given separate treatment
in the next section, because of its great importance in deter-
mining illumination values,

14, Ixvrvesce or (noses axp REFLECTORS,

(1) Globes.

When light sources are to be simply protected from
moisture, dust, currents of air, ete., it is sufficient to surround
them with globes of transparent glass. But if, in addition,
it is desired to lower the surface brightness by radiating from
a larger surface, then various forms of opal, opaline, alabaster,
ground or frosted glass globes are used.*

The effect of such globes in increasing the uniformity of
distribution is great or small, depending upon whether the
initial distribution is irregular or regular. The holophane
globes, due to Mr. A, P. Trotter,t and developed by Pro-
fessor A. Blondel,] are exceptional, as by means of prismatic
ridges arranged in correct positions on the surface of the
globe almost any desired distribution of light can be
obtained,

The use of a globe always diminishes the available luminous
intensity of a source, as a part of the light is absorbed in its
passage through the glass, The diminution is known as the
loss due to absorption, or simply the absorption, and can be
expressed as so much per cent., either of the total luminous
flux, or of the mean spherical intensity without globe. The
value of this absorption varies very much with the shape of

* Monasch, Elekirische Belenchiung, p. 166.

T Proe. Inst. Civ. Eng., 1884, vol. lxxviii., p. 346.

! Bulletin de la Soc. Franguise de Physique, March 17, 1893, p. 84 ;
L' Eciaivage Elecirique, October 27, 1894, p. 508,
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globe and the kind of glass. The following are limiting
values of this quantity expressed as a percentage :

Clear glass globes . : . 3-10 per cent. loss.
Holophane globes ; . .- Bl =
Opal and opaline globes . . 10=20 =
Ground or frosted glass globes . 15-80 L
Alabaster globes : : . 2040, 4
Milk-glass globes . : . 80-50 |, -

The absorption loss is often deduced from the ratio of the
mean hemispherical intensities with and without globes, par-
ticularly with arc lamps. This, however, does not give the
true absorption loss in any case of irregular initial distribution,
because of the rearrangement of light emission in the two
hemispheres. Due to the use of a dispersive globe, the dis-
tribution is rendered more regular, and in the case of an arc
lamp, a relatively larger part of the light is sent into the
upper hemisphere. For that reason, absorption less reckoned
on this basis always appears greater than it really is when
referred to mean spherical intensity, the apparent increase
certainly amounting in general to as much as 50 per cent. The
figures for absorption losses given above should therefore be
multiplied by 1'5 in order to obtain approximately correct
values of the diminution of mean hemispherical intensity of
arc lamps produced by enclosure in dispersive globes.

(2) Reflectors.

As distinct from ordinary globes, the chief use of reflectors
1s to send thelight from the source into those directions where
it will be most useful, usually in the lower hemisphere. On
the one hand, therefore, reflectors increase the mean hemi-
spherical intensity by reflection, while, on the other, just as
with globes, they diminish the mean spherical intensity by
absorption of part of the incident light.

The action of a reflector depends greatly on its design, as
this determines the quantity of light which it can direct from
the upper into the lower hemisphere. Reflectors are not a
great advantage to sources which already send the greater
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part of their light to the ground—as, for instance, in the case
of continuous current arc lamps—but the use of suitable
reflectors can largely increase the mean lower hemispherical
intensity of such sources as electric incandescent lamps or
upright gas-mantles, where, without a reflector, a large part
of the light emitted is sent into the upper hemisphere. The
‘percentage of total luminous flux sent into the lower hemi-
sphere may be increased in such cases from about 40 or 55 per
cent. without a reflector to 60 or 80 per cent. with one ; in fact,
a suitably chosen reflector, properly fixed, and allowing no
light whatever to escape vertically, can make the whole of
the reflected light available in the lower hemisphere.

The loss by absorption in reflectors varies very much with the
construction and material forming the reflecting surface. The
reduction effected in the mean spherical intensity due to this
source of loss generally varies from 5 to 25 per cent. of its value
without a reflector, although sometimes, due to bad reflecting
surfaces, this loss may amount to as much as 40 per cent.

If a given source sends p per cent. of the total luminous
flux into the lower hemisphere, then, in accordance with the
principles given on p. 22, the value of the mean hemispherical
intensity (/') in terms of the mean spherical intensity with
reflector (I'_) is given by—

I 2p

= 1'[Jl’.l"r

o
If this is effected Ly a reflector which produces a diminution
of @ per cent. in the mean spherical intensity without a reflector
(1,), then the mean hemispherical intensity with reflector (1'.)
is given by—
; 2p 100 -«
Fo= 100 100 Lo

An example of the use of this formula is given on p. T4
Another example on p. 83 brings into prominence the great
influence which the choice of an efficient reflector can have on
the desired illumination.

Reflectors are very often found in use that fulfil their
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functions very imperfectly. As an instance, the efficiency of
the sheet-metal reflectors often fitted in street-lanterns above
upright gﬂﬁ-rmantles, is very small.* They increase the mean
hemispherical intensity by 6°5 per cent. only,although, without
the reflector, about 55 per cent. of the total luminous flux is
emitted in the upper hemisphere.

* Wedding, Journal fiir Gasbeleuchtung, 1904, p. 563 ; Drehschmidt,
ibid., 1906, p. T67.




CHAPTER III
THE ESTIMATION OF ILLUMINATION

Tue comparison of different methods of lighting on the basis
of luminous intensity is imperfect, because the resultant
illumination depends not only on this intensity, but also, and
in great measure, on the distribution of the light and the
arrangement of the sources,

Conclusive comparisons can enly be drawn, having regard
to the actual illamination produced. To make matters
simple, and to avoid assumptions, it is of prime importance
to check predetermined values by actual measurement.

The first part of this chapter is devoted to a discussion of
the general principles on which such comparisons can be made.

15. Streer Licwrive.

The question of the correct method of dealing with strect
lighting has been agitated for years in the literature of the
subject, without any definite conclusion being reached. 1In a
memoir entitled ¢ Public Lighting by Arc Lamps,” Professor
Blondel* has put forward, as a result of extended experi-
ments, no less than five criteria as governing the design of
street lighting, and since then many others have been pro-
posed. In order to arrive at estimates as free as possible
from objection, it is essential to keep down the number of
constants used, and to choose these so that they can be
easily predetermined, and afterwards verified by experiment.

In street lighting the quantities to be considered are the
desired vertical and horizontal illuminations. These are the

* Le Geénde Civil, 1894-95, vol. xxvi., p. Z79.
45
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illuminations upon a vertical and upon a horizontal plane
respectively. The horizontal illumination of a street is
deemed sufficient if it is possible to distinguish with ease
objects lying on the ground, orto read a letter or fairly large
print anywhere without difficulty. The recognition of passers-
by, and the legibility of street notices and directions, is, on the
other hand, determined by the vertical illumination. The
two points of view are of equal importance, The question
then arises as to whether there are other grounds for choosing
one of these as a standard in preference to the other, or
whether one alone can be considered as sufficient, as it would
be laborious and tedious if both values were always to be
measured and calculated.

At any point of the street surface the horizontal illumina-
tion has a unique value. On the other hand, the vertical
illumination at any place depends on the orientation of the
particular vertical plane chosen, and on whether the side of
it is considered facing the nearest lantern, or the opposite
side. These two values are, in general, very different. Thus,
a person’s face might be well lit when looking in the direction
of the nearest lantern; but on his turning round with his
back to this source, and with the other lamps far away, his
face might not be lit at all. Vertical illumination can then
present at one and the same place in a street much greater
variations than occur with the horizontal illumination any-
where over the whole surface of the street, without the
particular scheme being considered as useless or even
defective.

A correct estimiate of the vertical illumination at a given
point means, therefore, the evaluation of this quantity in a
number of different vertical planes through the point—for
example, at every 90°—thus giving four observations for each
point, four times as many as are necessary for an estimate of
the horizontal illumination. Naturally, this multiplication
of observations would be tedious, and measurements a
hindrance instead of a help to correct judgment.

So far, then, the evidence is decidedly in favour of the
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horizontal illumination as being the only quantity which is
perfectly definite at every point of the street surface, and
preference is therefore given to this, on the understanding
that a sufficient horizontal illumination also provides for the
claims of vertical illumination. This is usually the case. In
those instances where there are vertical planes not receiving
light from the source—as, for example, in the central lighting
of open spaces, where the vertical planes passing through the
source are not illuminated—the specification for a minimum
vertical illumination naturally would not apply, especially as
in such cases the horizontal illumination may have been
made as great again as usual,

Agreement on this question has not hitherto been arrived
at. In particular, gas engineers still regard the criterion of
vertical illumination as the basis of their lighting schemes,®

For the reasons just given, the horizontal illumination will
be treated as of first importance in the discussion following,
reserving the consideration of vertical illamination for those
cases where it is obviously necessary to do so.

The question also arises as to whether horizontal illumina-
tion should be measured and calculated at the level of the
ground itself, or at a given height above it. For easy recog-
nition of objects lying on the ground, the first should be
taken ; for the ability to read easily, the reference is best
made to a plane at a height of 1'5 metres (4 feet 11 inches)
above the ground. It is also much easier to make measure-
ments at this height than divectly on the ground.

It may, therefore, be stated that street lighting is best esti-
mated on the basis of the horizontal illumination at a height of
1'5 metres, or, in round numbers, 5 feet above the ground.

16. Inrerior LicHrine.

In this connection, the lighting of tables and work-benches
is the chief thing to be considered. Horizontal surfaces are
almost exclusively dealt with, so that for interiors the

* Bloch, Drehschmidt, Kriiss, and Uppenborn, Journal fiir Gasbelewch-
tung, 1906,
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horizontal illumination will be the standard of reference. In
exceptional cases the vertical illumination becomes the im-
portant quantity—as in art galleries, for the illumination
of the walls, and in studios with nearly vertical easels.
Asthen,forinteriors, the horizontal illumination of tableshas
usually to be considered, the height of the horizontal plane of
reference for measurement and calculation is chosen at 0-8to 10
metre (2 feet T} inches to 3 feet 84 inches) above the floor.

~ 17. Meax Hormzoxtar ILrumiNaTioN.

The distribution of light over an illominated surface is, in
general, irregular, the horizontal illumination varying at
different places between a minimum and a maximum. The
knowledge of these two quantities does not, however, give a
correct idea of the value of the illumination. It is easy to
attain to quite large maxima by suspending the lamps at
very small distances above the tables, but then the general
illumination of the room may be wholly insufficient,

On the other hand, the minimum illumination may be
excessively reduced owing to chance shadows of trees or the
like, although the lighting as a whole may be quite good.
Also, in street lighting, the minimum values of horizontal
illumination may be so small that they are not easy to
measure with the available photometric apparatus,

The mean horizontal illumination (/) is, however, a
really practical quantity by which to judge a lighting scheme,
The exact expression for it is given by—

] Jipi o L
L"*-_;S I,rfb—-S

] -

(12).

in which E is the horizontal illumination at a given point of

the surface illuminated, and .8 is the area of thissurface. The

integral is equal to the total luminous flux received, divided by

the surface .5. This compares with the derivation of the con-

ception of illumination from the flux of light given on p. 1%,
The mean horizontal illumination can therefore be written

imately as—
approximately (B

}-"m__z&_ L]
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s being the area of an element of the surface, and F the
horizontal illumination at the centre of it. Let each of these
elements be of unit area, and let = be the number of units in
the surface &, then:

T
Ii"ui:, o

2(Es) 2(E)

=8 2

An approximate integration of this kind permits of the
determination of mean horizontal illumination from a finite
number of measured or calculated values of horizontal
illumination, it being impossible to measure the mean value
directly. Later on approximate methods will be given for
its determination, applicable to both calculated and measured
figures, which will greatly simplify the task of arriving at the
most suitable values in every case,

18. Unirormiry or LiGHTING.

A criterion of the uniformity of lighting is the ratio of the
maximum value to the minimum value of the horizontal
illumination. The greater this ratio, the more irregular the
lighting. A still better estimate of the uniformity of
illumination can be made from the ratios of the maximum
and minimum values to the mean value of the horizontal
illumination. The more uniform the lighting, the nearer
are these two ratios to unity. Particular care should be
taken that the ratio of minimum to mean horizontal illumina-
tion is not allowed to become too small, as otherwise dark
areas are certain to occur. On the other hand, the ratio of
maximum to mean horizontal illumination need not be
brought so nearly to unity, as in many cases specially bright
areas within the limits of the general illumination are
required to read certain type or to see certain objects with

great distinctness.

19. Coxstaxcy or LicHT SOURCES.
While the limits of local variation of illumination are

fixed by the demand for a certain amount of uniformity, the
4
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allowable variations with time will depend upon require-
ments as to constancy. These naturally vary very much,
according to the special purpose of the lighting. In general,
constancy of illumination is not so necessary in the street
as in interiors, less visual disturbance resulting from time
variation in the first case than in the second.

It is almost always sufficient to rely simply on the eye in
estimating the amount of this variation, and it is seldom that
the discrepancies in a series of readings due to this cause are
great enough to warrant the taking of time curves of
illumination.

20, Thne Corovr or Licurt.

Colour plays an important part in judging of the value of
an illumination. The best colour is evidently that which
approaches most nearly to daylight, no definite tint being
predominant. The light of an ordinary arc lamp very nearly
satisfies this condition, while most other artificial sources
have some characteristic colour. Thus for a long time the
greenish tint of the mantle gas-burner was regarded as
objectionable, although users gradually became quite ac-
customed to it, and to-day great dislike is often taken to
the yellowish or reddish tint of certain flame arc lamps.
Special carbons are now, however, available for these
lamps, from which a nearly white light is obtained, thus
getting over the difficulty. There is no doubt that the
strangeness of the colour of these sources is chiefly re-
sponsible for the disagreeable sensations provoked.

This applies with particular force in the case of mercury-
vapour lamps, and has greatly hindered their adoption.
There are hardly any red rays in the light from these lamps,
the result being that objects of a reddish colour appear alto-
gether different ; in particular, the colour of the human skin
is very disagreeable by this light. Such a light is thus
quite unsuitable where wsthetic considerations are paramount.
There are, however, many cases where these lamps might
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well be applied, in which the unusual colour of the light is of
no consequence,

It is often preferable to use a coloured light. For instance,
in restaurant and shop lighting, the warm, slightly reddish
colour of incandescent electric lamps is particularly suitable.
The red colour obtainable with flame arc lamps using im-
pregnated carbons is of use sometimes in enhancing the

appearance of perishable articles of a reddish tinge when
exposed for sale.

21. Erriciexcy or ILLUMINATION,

What is usually known as the efficiency of an illamination
is important in making comparisons between different
methods of lighting. It is the ratio between the energy
used, or its cost, to the illumination produced by it, and
really measures the inefficiency of the lighting, although the
opposite usage is sanctioned by custom. Using the defi-
nition of mean horizontal illumination given on p. 48, the
efficiency can be expressed as the consumption in watts
or in cubic metres or cubic feet of gas per hour, or in litres
or gallons of combustible liquid per hour, for each square
metre or square foot of surface maintained at 1 lux or
1 foot-candle of mean horizontal illumination. As soon as
these * efficiencies™ or economic coefficients are known in a
sufficient number of cases, they afford a simple means of per-
forming approximate calculations of illuminating values, as
will be explained in more detail on p. 95,



CHAPTER 1V
THE CALCULATION OF ILLUMINATION
22. Normar, Horizoxrar, axp Verricar Innvsminarion.

Coxsiper a lamp of which the distribution of light in the
lower hemisphere is given by Fig. 6.

The lamp is suspended at the point O at a height & above
the horizontal plane; the vertical axis of the lamp cuts the
horizontal plane in the point I, often called the foof of the
lamp. The problem is to calculate the normal, horizontal,

Fic. 6.—NonMAL AXD HorizosTaL ILLUMINATION.

and vertical illumination at the point P distant ¢ from the
foot of the lamp, and » from the lamp itself.

The intensity in the direction OP, making an angle «
with the vertical axis, is given by 7 on the distribution curve
of Fig. 6., above. The normal illumination (£) at P—that
is, the illumination on a plane passing through P and per-
pendicular to the direction of the ray OP—is given by (p.19)—
i I
2T a4 h2

52

ENZ (13}.
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The horizontal illumination (/) at P is then obtained by
multiplying the normal illumination just arrived at by the
cosine of the angle which the horizontal plane makes with the
normal plane. This angle is «, the angle between the
normals to the two planes.

The relation 1s—

feosa Ih Ih I costx
By o8 k= =g = ey =

(14).

The vertical illumination at the point P has different
values according to the angle which the vertical plane makes
with the normal plane at that point. To calculate the
vertical illumination (k) at P for the plane /' (Fig. 7), the

FIT}.. T.—D[Aﬁih\l‘[ ILLUTSTRATING THE GALT‘I'L.-IT[I'J.\' OF YELRTICAL
InLuMINATION.

normal to which, PN, makes an angle 2 with the direction of
the luminous ray OP and an angle + with the direction HP,
the relation is (p. 18)—

E,.=Fy cos ,{3=}£ cos 3.
The perpendicular distance from the foot of lamp H to
the vertical plane £ is—

y=1 cos =7 sin o cos y=a cos v ;
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and on substitution—

FE= i 51N o COS = —I; = {ﬂ il T-..
? ? N (a® + k)

"The vertical plane perpendicular to the direction PH is the
one that is nearly always considered, for which—

T-_—[]’ CcOs r}r=1,.'j.'={t,, and Iﬂ=(9{]ﬂ ""E‘:)a

and the vertical illumination is a maximum, having the
value—
: Isina lIa
Ey=Eycos (90°—o)=Ey sin o=—— =~
2 =

Ta I sin o cos®o
v (a® + I h®

& (15).
Which of the expressions for either horizontal or vertical
illumination, given above, would be the easier to use, depends
upon the data available in a given case. In general, & the
height of lamp above the horizontal plane, and a the
distance of the point considered from the foot of lamp, are
known. FE, and E; are then best determined from the last
formula but one in each case. If the angle « is given, and
the height of the post, the last formula are the most suitable.
Calculation of values of horizontal and vertical illumination
can be facilitated by the use of tables. These have been
compiled by a number of authors.* Graphic methods have
also been givent for the determination of horizontal illumina-
tion, but the use of a slide rule is generally easier and quicker.
A purely numerical method will be described later (p. 70),
which allows of the determination of illumination values with-
out the aid of a distribution curve.
The three different kinds of illumination having been

* A. P. Trotter, “ Illumination : its Distribution and Measurement,”
pp- 275-278 ; Uppenborn, Deutscher Kalender fiir Elektrotechniker,
1907, part i., p. 303 ; Monasch, ‘¢ Elektrische Beleuchtung,” Table I ;
Hogner, ** Lichtstrahlung und Beleuchtung” (eighth vol. of ** Elek-
trotechnik in Einzeldarstellungen,” edited by G. Benischke Braun-
schweig, 1906, Tables IV.-VII., p. 28.

T Uppenborn, Kalender fiir Elektrotechniker, 1907, vol, i., p. 304,
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determined, curves may be drawn showing their relation to
either the angle above the horizontal, or the distance from
the foot of lamp, as in Fig. 8. These curves are derived from
the curve of distribution of light of Fig. 43 (p. 168),and for a
height of lamp of 8'5 metres (27 feet 10°5 inches) above the
horizontal plane. They give the illumination as a function

of the distance from the foot of lamp, and show clearly that

Liue
72

Distance from Fool of Lawip.
Fic. 8.—E,=NokMAL ILLUMINATION, ..‘E.'H=H~.-m:f.n:«:'|'m, [LLUMIRATION,

J"Ji. =VErTicAL [LLUMINATION.

horizontal illumination approximates to normal illumination
at short distances, while the vertical illumination does so at
long distances.

23- InLuvminaTion bk to Distmiguren Sounrces,

If a plane is lit by a number of separate sources, L;, L,
Li;r (Fig. 9), at a height & above it, the normal illumination
at any point P in the plane has no meaning, as there is no
plane passing through P which can be so placed as to be
illuminated normally at one and the same time by all the



506 THE CALCULATION OF ILLUMINATION

sources, 'There remains, however, a definite horizontal
illumination, no matter how many sources there may be.
The horizontal illumination at P is evidently equal to the
sum of the horizontal illuminations due to each source
separately, as these quantities are all related to the same
plane. The separate horizontal illuminations due to each
source can then be calculated, as explained above (p. 53),
from the luminous intensity of the source and its distance.
The vertical illumination at P will again depend on the
orientation of the plane selected, and the illumination on it
need only be calculated for those sources which are near
enough to send an appreciable quantity of light there. The
vertical illumination due to each of these sources is determined

.|?-..-".l||-"3"I Hﬁﬂ
o
Fic. 9.—DIAGRAM ILLUSTRATING ILLUMINATION DUE To MANY SOURCES.

separately, and their sum gives the total vertical illumination
on the chosen plane.

A problem that often arises is the determination of re-
sultant horizontal illumination on a line joining two luminous
sources. This is arrived at by superimposing the curves of
illumination proceeding from each source separately. Suppose,
for example, the curve of horizontal illumination furnished
by a source is that given in Fig. 8, and that two such
sources, L; and L;;, are placed at a distance of 30 metres
(98 feet 5 inches). The curves for each are superimposed as
is done in Fig. 10, and the sum of the ordinates Ky and
Ey for a given point gives the ordinate of the resultant
curve at that point. This curve has been drawn in on
the figure.

[The variation of the horizontal illumination over a hori-
zontal instead of a vertical plane can be shown by drawing
lines on the plane, along which the horizontal illumination is
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constant. Such lines are known as iso-lux lines, and simple
methods of drawing these, with examples, have been given by
Trotter.*]

24. Mean Linear ILLuvanxarion.,

The mean ordinate of the curve of horizontal illumination
in the line joining two lamps is often taken as the mean
horizontal illumination. This is true only for the line
between the two lamps, and not for any other portion of the
plane. Hogner+ has introduced the expression “mean linear
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Fro. 10.—VariatioNy oF THE Horizoxrtan InLusmixarion perweexy Two
Licur SoURCES,

illumination ™ for this quantity, and recommends its use for
narrow streets and roadways.

This mean linear illumination is, however, misleading, and
unsuitable for forming a correct judgment of an illumination.
The ground immediately under the lamps is taken into account
in a much greater proportion than its area warrants. 1f the

* A. P. Trotter, ** Illumination : its Distribution and Measurement,”
pp. 49-51.
t Hogner, ** Lichtstrahlung und Beleuchtung,” p. 59,
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illumination is increased by lowering the lamps, the rise in
the value of the mean linear illumination is much greater
than the rise in the actual mean horizontal illumination. It
is better, therefore, to avoid the use of such inconclusive
quantities, and deal only with the mean horizontal illumination
as defined on p. 48.

25, Carcvration oF Meax Horizontarn InnuvamiNaTiox,

The exact calculation of mean horizontal illumination
on an area lit by many sources is long and minute. It
would involve the determination of the horizontal illumination
at a large number of points on the surface in the manner
explained on p. 53, and the construction from these figures of
iso-lux curves, showing the whole distribution of illumination.
The areas of the zones bounded by suceessive pairs of iso-lux
curves can then be ascertained by planimetry, and multiplied
by the mean value of the horizontal illumination over the
zone as determined by the limiting curves. The sum of all
such products, divided by the total area, or, which is the
same thing, by the sum of all the separate areas taken,
gives the mean horizontal illumination in accordance with

the formula —
3,

}r"
g = \r . L]

—

For a single source the iso-lux lines are concentric circles.
The areas of these annular zones are, therefore, easily calcu-
lated, and the determination of the mean horizontal intensity
is made correspondingly simple.

For many sources, the mean horizontal illumination due to
each source separately over the whole area can be found in
this manner, and the total arrived at by summing these values,
The method given by Zeidlert is based on this principle.

* For completely worked examples of this nature, see Maréchal,
““ L'Eclairage a Paris,” Baudry et C'=

Lux, ¢ Die iffentliche Beleuchtung von Berlin,” 1896, pp. 439-457.

t ““ Die Elektrischen Bogenlampen ™ (part six of ¢ Elektrotechnik

in Einzeldarstellung *'), edited by Dr, Benischke, Braunschweig, 1905,
p. 100,
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Blondel* gives some examples of the calculation of mean
horizontal illumination for aveas of any shape, He determines
the luminous flux received by each zone of the surface instead
of its mean horizontal illumination, and thus arrives at the
whole flux over the area considered. He then divides this by
the total area, and obtains the mean horizontal illumination.

The construction and planimetry of iso-lux curves, and the
- caleulations involved, are always very tedious and trouble-
some. Results are more quickly obtained, and a clear idea of
the luminous distribution formed, by dividing the illuminated
surface into a number of equal squares or rectangles, and
calculating the horizontal illumination for the centre of each
square, This quantity is most easily got from a curve of
horizontal illumination for a single lamp, such as that given
in Fig. 8 (p. 55). The distance from the centre of each
square to the foot of every lamp that contributes sensibly to
the lighting at the point considered is measured from the
plan. The value of the horizontal illumination for each of
these distances is determined from the curve of horizontal
illumination, and the sum of these values gives the desired
illumination at the centre of each square. 'The mean of
all these will give the mean horizontal illumination. An
example is worked out in this way on p. 109.

This somewhat lengthy procedure can usually be shortened,
as in most cases the symmetry of the distribution renders it
necessary only to investigate a small portion of the illumin-
ated area. In Iig. 11, for example, where a customary
arrangement of lamps is shown, it is only necessary to divide
a portion of the area into squares, in order to be able to
make a complete calculation for the whole, the lighting being
arranged symmetrically.

With from ten to twenty squares or rectangles, sufficient
accuracy is attained without rendering the work too laborious.

For the practical use of specialists having little time at
their disposal, even the above described method is rather

* Blondel, ““ L’Eclairage par les Lampes a Ave,” Le Génie Civil,
1894-95, vol. xxvi., p. 230,



6O THE CALCULATION OF ILLUMINATION

long. A result is required without much preliminary draw-
ing or calculation, and a suitable method to this end is given

in the next section.®
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26. Smvpririep MerHOop ror THE CArncurnarioNn oF MEAN
Horizonrarn Innuamivarion,

"The principle of the method will be demonstrated, first in a
special case that can be very easily dealt with, and then in
its general application to the problems arising in practice.

Let a circular area S of radius HP = a be lighted from a
luminous source O placed at a height & above the area, so
that HP subtends an angle HOP =« from O (Fig. 12). The
source having the luminous distribution shown, the mean
horizontal illumination over the area .5 is required.

"This would be given by dividing the total luminous flux &
that falls on & by its area (p. 18), as expressed by the
relation—

Hence @ must be determined, and this is done as follows :
The relation between mean lower hemispherical intensity /.,
and the corresponding luminous flux & is given on p. 21 as—

{I};: — 214-!5-1

The mean hemispherical intensity is given as the area of the
Rousseau curve between the limits specified on p. 29. To
determine the area under this curve for any given solid angle «
between 0° and 90° a number of ordinates are drawn,
dividing the area under the curve into parallel strips, and the
light flux corresponding to each strip is calculated. Starting
from zero at the point A, the integral curve of the Rousseau
curve can then be drawn by plotting the sums of the light
flux up to each point along the corresponding abscissa.
The ordinate of the integral curve for =90 or cos «=0°
corresponds to the mean hemispherical intensity., If this is
multiplied by 27, the total luminous flux is obtained for the
solid angle given by «=90° In the same way for any other
angle o, the total luminous flux up to that point is 27 times
the corresponding ordinate .

This integral curve of the Rousseau curve is therefore
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referred to in the following as the curve of luminous
flux.

If the distance O is made equal to unity, the abscisswe of
the curve of luminous flux have the values cos « or (1 — cos «),
depending on whether O or A is taken as origin, As in
general the angle « is not given, but the surface illuminated,
S=ma* and the height of suspension /A, of the source, it is
convenient to express cos o in terms of these quantities.

From the diagram (Fig. 12, p. 62),
13 1 1

NI / a B
\ 1+.’L"* \/1 ‘F-m‘h"a

The quantity 1—cos o, a knowledge of which is necessary
in every case for determining the mean horizontal illumina-
tion, is thus easily calculated from this formula, & and %
being given. The numerical work may be lightened by

COs gl=

AY .
7 drawn in
h

Fig. 35 (p. 154), for values of h between 0 and 100, only one

using the curve connecting (1—cos «) and

setting of a slide rule being necessary to determine 1— cos a.
"T'he first part of this curve has been drawn to a larger scale
in the next diagram (Fig. 36, p. 154), and the same range of
values is also given in the table on p. 155, the use of this being
often more expeditious than the curve,

27. Corves axp Tasres or Lusixovs Frux.

In order to use the simplified method of estimating mean
horizontal illumination just given, a knowledge of the curve
of luminous Hux of the source used is necessary. The deter-
mination of such a curve in every case would be very laborious,
but practical use of the above-described method has shown
that it is convenient, and quite sufficient to draw average
flux curves for each type to a fixed scale, say for a mean
hemispherical intensity of 1,000 C.P. ‘The curves for the
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same type of lamp would be similar, and available for the
calculation of illumination values, whatever the value of the
mean hemispherical intensity of the particular lamp used
might be. A series of these curves is given (pp. 156-176)
for sources usually met with.

The method used in constructing them is the first approxi-
mate one given on p. 35 for the calculation of mean spherical
and mean hemispherical intensity, followed by the con-
struction of Fig. 12, p. 62. In this figure the polar curve
of intensity 4 is on the right, and is drawn for a mean
hemispherical intensity of 1,000 C.P. The numerical values
shown to the right are, as in Fig 5, p. 306, the ordinates of the
Rousseau curve B at the midpoints of ten equal divisions of
the line OA. 'They are, then, the mean heights of ten
rectangles, into which the area bounded by the axis of
abscissze and the Rousseau curve is divided. If OK is unity,
the bases of these rectangles are each equal to 0°1. On
multiplying the numerical values of each ordinate by 0-1,
the area of the corresponding rectangle is arrived at, and the
sum of these products from top to bottom gives the second
series of numbers in Fig. 12. These are the ordinates W of
the sum curve of the Rousseau curve—that is, the ordinates of
the light-flux curve—for values of 1 - cos « equal to 0°1,02,
0-3,up to 1°0. The curve of total flux C is drawn to the left
of Fig. 12 from these values. The last ordinate of this curve
at O should have the value 1,000 C.P., since the distribution
curve 4 was constructed for /o=1,000 C.P.

The equivalent numerical values of light flux are given
(Tables X XII. to XX XII., pp. 157-177), with the curves, as
being sometimes more useful. They can be used as ordinary
trigonometric tables, the two lateral columns giving values of
1 — cos a,and of cos a, W being indicated for every hundredth
part of these. Intermediate values can be obtained by inter-
polation, _

These curves and tables are given for the following

types:
1. 4 Small Straight Luminous Kod.—This curve is often
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useful in theoretical calculation, and is derived from the
equation—
I=1I,. sin o

(Fig. 87, Table XXIL., pp. 156, 157).

2. An Element of Suwrface Luminous on One Swde.—This
is again of theoretical interest, the curve being obtained
from the equation—

I=1I, cos a

(Fig. 88, Table XXIIIL., pp. 158, 159).

8. Naked Carbon or Mctal Filament Glow Lamps.—The
distribution here is only slightly different from Case 1
(Fig. 89, Table XXIV., pp. 160, 161).

4. Carbon or Metal Filament Glow Lamps, with Reflectors
or Holophane Globes, sending more light below the horizontal
than in Case 3 (Fig. 40, Table XXV., pp. 162, 163).

5. Carbon or Metal Filament Glow Lamps, with Reflectors
producing Strong Downward Concentration of light, there
being practically no lateral or upward illumination (Iig. 41,
Table XXVIL., pp. 164, 165).

6. Ordinary Continuous Current Adre Lamps without Globes,
or with new clear glass globes (Iig. 42, Table XXVII.,
pp. 166, 167).

T. Ordinary Continuous Current Are Lamps with Opal or
Alabaster Globes.—The curve and table i1s also available for
flame arc lamps with vertical carbons in opal or alabaster
globes, and for lamps working on alternating current when
fitted with a reflector (Fig. 43, Table XXVIIL, pp. 168, 169).

8. Continuous Current and Alternating Current Lnug*.
burning Enclosed Ares in Opal or dlabaster Globes (Fig. 44,
Table XXIX, pp. 170, 171).

9. Flame Are Lamps with Inclined Carbons and Horizontal
Are in Clear, Opal, or Alabaster Globes (Fig. 45, Table XXX,
pp- 172, 173).

10. Ordinary Upright Gas Mantles with Reflectors, as
usually arranged in street lanterns (Fig. 46, Table XXXI.,
pp. 174, 175)

a
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11. Inverted Gas Mantles (Fig. 47, Table XX XII, pp. 176,
1L

Each of these curves is the mean of from six to twelve
separate curves taken from the author’s practice or from the
literature of the subject.

No more data than those given were available in reference
to incandescent gas lamps, the figures quoted being taken
from a memoir by Professor Drehschmidt.*

One or other of these curves will be found to approximate
sufficiently closely to the distribution curve of any light
source not specifically illustrated in this collection.

An inspection of these distribution curves shows that they
vary very greatly among themselves. These variations are,
however, much less marked for curves of luminous flux. For
rough caleulations, therefore, the use of particular curves of
luminous flux can be avoided by treating them all as straight
lines. These lines would pass through zero, each being the
integral of a straight Rousseau curve parallel to the axis of
abscissee.  For a mean hemispherical intensity of 1,000 C.P.,
W then becomes the abscissa 1 —cos o multiplied by 1,000.

Curves have not been given for Nernst lamps, as these are
now seldom installed.

28. Arrricarion or SivreLiriep Mernop 1o tHE CaLcuna-
o8 oF THE Meax Horizonran Iooomivarion or
STREETS AND OPEN Spacks.

The case of a single lamp placed in the middle of a
circular area, already dealt with by this method, is very rare
in practice. In general, it is a question of calculating the
illumination of streets and open spaces of any form whatever,
lit by a large number of lamps. One way of dealing with
this problem would be to consider each lamp, or group
of lamps, as at the centre of a circular area, and then to
determine the mean horizontal illumination on that area by

# Drehschmidt, *° Uber Hiingendes Gasglithlichit,” Jowrnal fiir Gas-
belenchiung, 1905, p. 816,
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the above-mentioned method. Two sources of error would,
however, be introduced by this procedure.

The portion of street or area lit by one lamp has
nearly always a rectangular form. In replacing such a
rectangle by an equal circular area, there will be portions of
the rectangle outside the circle, compensated for by those
places where the opposite is the case—that is, there will be
some places on the periphery of the rectangle where the
illumination will be weaker, and others where it will be
stronger, than that on the periphery of the corresponding
circle. In the result, the mean horizontal illumination, as
deduced from the circular area, will be too high. On the
other hand, illumination coming from neighbouring lamps is
not considered, an error which makes the estimated 1llumina-
tion smaller than the actual. The two errors tend to com-
pensate one another, and frequently the final error is very
small.

In street-lighting this resultant error depends principally
on the ratio between the distance of the lamps apart and
the width of the street. It can be made not to exceed about
5 per cent. by the application of a correction factor & The
value of & has been deduced from a large number of instances
covering very different types and arrangements of lamps.

If X is the ratio of distance of lamps apart to width of
street, then the correction factor is given by—

k=12-01 A,

The distance between lamps in a straight street should be
measured along the street, even when the lamps are arranged
as in the top right-hand diagram of Iig. 11 (p. 60).

In the determination of mean horizontal illumination in
open spaces, there is equally room for the use of the correction
factor &, A is then the ratio of the mean distance of
neighbouring lamps to the greatest dimension of the illu-
minated area. Errors arising from the use of this approxi-
mation may amount to 5 per cent., and only exceptionally to
10 per cent., as has been shown in the greater number of
cases examined,
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The determination of the mean horizontal illumination
£, can then be undertaken as follows:

Let there be a group of = lamps on each standard lighting
an area § of a street or place, let each have a mean hemi-
spherical intensity of J7_, and let their height above the

horizontal plane considered be s.  The ratio f is first deter-

mined, and the corresponding value of 1— cos & is found either
from curves (Figs. 35 and 36) or from Table XXT (p. 155).
A reference to the curves or tables of luminous flux for the
type of lamp used will give, for the particular value of
1—cos o, the value of ¥ corresponding to a mean hemi-
spherical intensity of 1,000 C.P. The luminous flux received
by the surface 8 is then — s

& =2l oo

and the mean horizontal illumination will be, taking account
of the correction factor—

S R S .
L= " To00° . : e

209, Arrrication To INTERIORS,

With interiors, every lamp must be considered as affecting
the illumination of the whole room, as long as the area does
not exceed about 1,000 square metres or 11,000 square feet.
The condition, of course, can only apply when the shape of the
room and the disposition of the lamps is such as to allow of
any lamp lighting any part. On this assumption, the surface
S can be taken as the total surface of the room, both in the

¥

3 JS - y - & "
calculation of s and in Equation 16 above, for the mean

horizontal illumination, where =z is the total number of
lamps alight in the room, each having a mean hemispherical
intensity of /.

It is only in the case of very large interiors that it becomes
necessary to divide up the surface into separate areas, according
to its shape, and thedistribution of the lamps, taking for = the
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number of lamps in each area. This treatment must be adopted
when the conditions approximate to those obtaining in streets
or open spaces, such as occur in railway-stations and markets.

The factor & in Equation 16 has a different meaning for
interiors from that which it has for streets and open spaces.
In the lighting of rooms the increase of the mean illumina-
tion due to reflection from the ceiling and walls must be taken
into account. This increase is very often over-estimated,
because the Hoor and tables in a room are almost always
illuminated at the expense of the walls and ceiling, either by
the use of a’source which in itself does this, as an inverted
gas-mantle, or by a combination of globes and reflectors, as is
common with upright gas-mantles or electric incandescent
lamps, The effect of walls and ceiling, painted or papered in
dark colours, can, under these circumstances, be neglected, and
k can be taken as unity. With moderately light walls and
ceiling, k varies from 1'1 to 12, while if colours approaching
white are used, and if a relatively large amount of light reaches
the walls and ceiling, & can vary from 12 to 1+5.

The special question of indirect lighting, in which all the
illumination is derived from light reflected from the ceiling,
is dealt with in the last chapter (p. 127).

30. ArrvicatioN 1o THE DETERMINATION OF NECESSARY
Intoamixarion, ok 10 THE Numser oF Lawmrs,

Hitherto the number of lamps and the luminous intensity
of each have been assumed as known, and the mean horizontal
illumination calculated from these data. Very often, how-
ever, the problem presents itself in this way :—Given fixed
positions for the sources of light, to determine the luminous
intensity (/_) of the lamps to use, or the number (z) of these
lamps in each group, in order that a given mean horizontal
illumination may be produced on a given area. This problem
may be immediately solved by the method alveady given,
Equation 16 gives—

E.S ) "

Jlr-:: {L,— o OF &= {li;S ! (] j}_
P e
" 1,000 1o 500"
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The quantities in these equations may refer either to the
lighting of streets or of interiors.

Lastly, there is the problem that arises in street-lighting
in which the mean horizontal illumination and the luminous
intensity of the lamps to be used are given, and it is required
to calculate the permissible distance between two consecutive
lamps, and consequently the area .5 that can be dealt with.
In this case it is convenient to proceed in an indirect manner
by determining the mean horizontal illumination for an
assumed distance between the lamps. It is then easy to
modify the distance in the desired direction, and arrive rapidly
at the result.

It must not be forgotten that in most cases this method
does not give a nearer approximation than 5 per cent. Reason-
ably wide variations must, however, be allowed for in nearly
all lamps, and this will produce corresponding variations in
the illumination, so that the application of such an approxi-
mate method as that described is fully justified.

The application of this simplified method to the lighting of
streets, open spaces, and interiors is demonstrated below in a
number of examples.

31. Use orF Frux TasiLes ror THE DETERMINATION OF A
(zivex IrnuvmMINaTIiON.

The tables at the end of the book are not only useful in
the calculation of mean horizontal illumination as hither-
to described, but they also afford a convenient means of
calculating any desired illumination values with sufficient
exactitude for practical purposes without reference to distri-
bution curves.

As the curve of luminous flux is the integral of the Roussean
ALr
curve (p. 61), the value . gl is equal to the ordinate of
d cos o
the latter, and is also the luminous intensity 7 for the

corresponding angle o.
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That is—
d™r B
dcos o

The values of the flux of light are given in the tables for
every hundredth part of cos «. If dcos « is taken as 001,
then &' or A becomes the difference between two successive
values of W, and may be written as—

A=Tdeos =001 I, or I=100 A,

Further, as the tables are all drawn up for a mean hemi-
spherical intensity of 1,000 C.P., the intensity [ under an

angle z of any lamp having a mean hemispherical intensity
of I is given by—

I 100 A A

1.~ 1,000 % 1= 1= 1
A being selected from the appropriate table and for the given
angle . Where A is different on either side of the value of
cos o, the mean of the two values should be used.

As an example, let it be required to find by caleulation the
candle-power of a carbon filament glow lamp at an angle of 45°
from the vertical, the horizontal candle-power being 32.
From Fig. 39 (p. 160), the mean hemispherical candle-power
is approximately—

0'8x82=2506
cos o.=0-707,

and from Table XXIV. (p. 161)—
A=221-212=9,
so that the required candle-power is—
15 =256 % {5=28.

The intensity having been found, the horizontal illumination
(£y) at any point can be determined. Take a point P at a
distance  from the foot of a lamp whose height is A.
Then—

fi
r= <a®+h* and cos a=".
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Determine the value of A from the appropriate flux table,

and (p. 58)—

I A cos o
F,="—cosa=1
H™ )2 =10 2

The maximum value of the vertical illumination at P also

follows as—

i{. Il

}";11'= sin ﬂ'f=}'_.:” j.',
[

g

and the normal illumination 1s—

PET I REN
ﬁ“‘- 2 2 10

32. Gurovr Licurixe.

A number of lamps grouped together can, as a rule, be
treated as a single unit having the same kind of distribution
curve as the single lamp, in spite of small differences due to
their disposition. The flux curves and tables will then apply
to the group as to the single lamp.

This is not the case for the total luminous intensity of the
group, which is not equal to the sum of the separate intensi-
ties, but is less than this, as the lamps shade one another, and
thus reduce the total effective luminous intensity. This can
be allowed for by multiplying the sum of the separate intensi-
ties by a factor varying from 09 to 08, according to the
number and disposition of the lamps.

33. UxrrorMmrry oF ILLuMINATION.

If a definite amount of uniformity is desired in a lighting
scheme, the maximum and minimum values of the horizontal
illumination, as well as the mean, must be determined. The
maximum value can be taken from a curve of horizontal
illumination, as described on p. 55, the effect of other
lamps in the neighbourhood being imperceptible unless they
are very close indeed.

It is generally unnecessary to draw the complete distribution
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curve, as a few trial calculations will give the desired result
sufficiently well.

The point of minimum horizontal illumination must
obviously be the farthest from any of the lamps, and is easy
to find ; its value is at once calculated, knowing the distances
of the nearest lamps. If the given conditions of uniformity
of illumination are not fulfilled, either the height of the
lamps must be increased, or, if this gives an insufficient mean
horizontal illumination, they must be placed closer together,

34. Exavreres ox tae Use or 1HE Sivpririen METHOD
iN Carncvrnations oF ILLuMmMixarion,

Erample 1.—Street Lighting.

A street, 16 metres (52 feet G inches) in width, is to be lit
by groups of metal filament lamps placed along the kerb on
each side of the street, and 80 metres (98 feet 5 inches) apart

.{"qﬁim’
IR =
Fer Vsl
T:F.."'F zﬂiﬁ?wﬂ‘f—
A5 o
Fic. 13,

along either kerb (Fig. 13). Each group, consisting of two
lamps, is enclosed in a transparent glass globe, and is fitted with
a reflector. The height above the ground is 4 metres (13 feet
1 inch), and each lamp has a horizontal luminous intensity of
100 C.P., and takes 1-1 watt per candle,

From Fig. 39, p. 160, the factor connecting 7, . and
I for these lamps is 0-8. Due to the mutual shielding action
of the two lamps, about 10 per cent. of the light is lost, giving
a second reduction factor of 0°9. Absorption due to globe
and reflector amounts to about 15 per cent.. and gives a third
factor of 085, Due to the reflector, 70 per cent. of the total
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light is sent into the lower hemisphere, so that the mean
hemispherical intensity is 1-4 times as great as it would be
without a reflector (p. 43).

The resultant intensity is—

Io=2x100x08x09%x085x14=172 C.P,
The area of street lit per group is—

_30x 16-

G = 240 square metres,

hY
or—
2,582 square feet.

The plane on which the mean horizontal illumination is to
be determined is taken at a height of 1'5 metres (4 feet
11 inches) above the ground, giving—

h=4-1'5=25 and f — 884,
From Table XXI., p. 155, (1 - cos a)=0"725.

The corresponding value of the light flux for incandescent
lamps with reflector (Table XXV., p. 168) is—

V=810,

The ratio of lamp interval to width of street is—

and the correction factor for street lighting is (p. 67)—
k=12-01x187=1-01,

Substituting these values, the mean horizontal illumination

e
&) . il
2w -810 172 . o — 87 lux

Ein: 240 1,000

or——
3

llj“.ij:ﬁiga f.c. (p. 25).
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The economic coeflicient ¢ (p. 51), which expresses the con-
sumption of energy in watts per lux and square metre, or in
watts per foot candle and square foot, will be—

e I (11 P
ST At

In addition, the maximum and minimum values of the
horizontal illumination can be determined.
The maximum value for a single lamp (p. 72) is—
A cos a

Fup= I:] 0 2 °

Neosd .-, . : : - .
—— — being given its maximum value. This can easily be

e
determined by trial from the tables of luminous flux. In the
case considered, the maximum value occurs when cos =1 ;
that is, the point is immediately under the lamp. The influence
of neighbouring lamps on the magnitude and position of the
resultant maximum illumination is here quite negligible.

When— cos =1, A=18,
and—
=172+ 30+ % =86 lux,

1" [(5PET
or—

3:35 f.c.
The minimum value of the horizontal illumination occurs at
the point 2 in Fig. 13—that is, at 15'3 metres (50 feet 2 inches)
from the foot of lamps 4 and B. Hence—

rpq= v 1582 +2:52=15'5 metres (50 feet 11 inches),
2:5

ﬂ“d_ CoOs ':"II'P.-I - 5.3 — []1 ﬁ] .

For this value, flux Table XXV, gives A=7; and the
horizontal illumination at P due to lamp A is—

T 016

ooy =17 — =008 lu:
f'pd lrlel}xl—ﬁ'.ﬁ"’ 00 ll]‘{,

or— 00075 c.f.
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The distance from foot of lamp € to P 1s 13 metres
(42 feet 8 inches).

B J182+2:52=132 metres (43 feet 4 inches),
ald= COS Gp, = Ij i 019

for which A =8, and the horizontal illumination at P due to
C 1s—

Oor—
0014 f.e.

The minimum value of the horizontal illumination is then—
}"Jm”! — Jr.rp f+ I..ljj + I"'PF ‘} x U (.}H + U 1 J'_'U 31 ]llx,

or—
0-029 f.c.
The coeflicients of uniformity will be—
Y ] Plice. % )
3 mes_ 80 _ 121 Fopa, =97, and - Bam s 081 0-08.

I-"m.-n []3] 1h-‘ﬂj"lnnn.::urli! ‘5 '[ ‘imu:a-_ "3 'l

The two last ratios are very different from unity, so that
this illumination would be considered as rather irregular.
This is to be expected from the relatively short dmtance of
the lamps above the plane of reference.

FErxample 2.—Strect Lighting.

A street, 20 metres (65 feet 7 inches) wide, is to be lit by
alternate current flame arc lamps with vertical carbons. The
lamps are run three in series on 120 volts, and have globes of
opal glass. They are hung over the middle of the street. It
is desired to have a mean horizontal illumination of 3 lux
(0-28 foot candles) at 1'5 metres (4 feet 11 inches), but no
coefficient of uniformity is specified. The problem is to
determine the correct distance apart of the lamps.

As no data for the luminous intensity of these lamps has
been tabulated, an approximate estimate will be made from
the values given in Table XVI., p. 149. It is there stated
that continuous current flame ares with vertical carbons have
a mean hemispherical intensity of 2,250 C.P. for a consump-
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tion of 1,000 watts, and that these values should be diminished
by about 30 per cent. in order to apply to alternate
current arc lamps of the same type. This is the same thing
as multiplying the figures in the table by 0-7. Opal glass
globes diminish the mean spherical intensity by absorption to
the extent of from 10 to 20 per cent. (p. 42), and diminish
the mean hemispherical intensity by about half as much again.
The globe may then be taken to absorb 25 per cent. of the
light, giving an absorption factor of 0-75. Each lamp takes
12 amperes at 40 volts, with a power factor of about 0°95.
The consumption of each lamp will be—
W =12 x 40 x 0:95 = 455 watts,

and the mean hemispherical intensity per lamp is—

2,250
1,000

As no coefficients of uniformity are specified, any reason-
able value of the height of lamp above the ground may be
taken. If the very usual value of 8 metres (26 feet 3 inches)
15 chosen, then

h=8-15=06'5 metres (21 feet 4 inches),

;W X 07 x 075 x 455 =540 C.P.

as the vertical distance from lamps to the plane on
which the mean horizontal illumination is to be 8 Lux.
As indicated above (p. 70), the procedure is indirect, and
consists in calculating the mean horizontal illumination for
different distances between the lamps. The best distance to
use is then sufliciently nearly determined by an inspection of
the results. These calculations have been made for lamp
intervals of 30, 40, and 50 metres, and the results given in
Table III. 'The area 5 is that served by one lamp, and the
height / being fixed at 6-5 metres, the next column is immedi-
ately deducible. The corresponding values of 1 - cos e are then
found in Table XXI. (p. 155). The figures for ¥ are taken
from flux Table XXVIII (p. 169), and the mean horizontal
illumination E,, follows from Equation 16 given on p. 68.
As the ratio ) of lamp interval to width of ‘street varies with
x, the factor & is different in each case.
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TABLE III.

L] T
i, | o, | By

fH‘ i
g (l-coso)] ¥. | A | K

o = 5 ®

. 24| gy | | g |3
Distances, = = = 8 ' [ L&
.’LT.DJ-—-I“-I ::-74 Iq —

ol = 3] ‘ ™ &

1

Metres. | FE I;I|. [ |
30 g 5 00N | l:’-_,-l-ﬂl]‘ll-l-'ﬂ 0-574

65415 | 105 387 036

40 | 131 2 | 80O 8,610 189 0-G23 |708|2-0 100 302 028

| - !
o 164 0 il,{lﬂl} 10,750 23'?' 0658 |'I-H:| 2D 'U"ﬂﬁi i'ﬂﬂi 22

The correct distance apart is evidently 40 metres, the data
given not being exact enough to warrant a closer calculation.

Example ‘cl-f;e'ghf.ﬂ'ug of an Open é}mrﬁ.

The Potsdamer Platz in Berlin has an area of about 7,300
square metres (78,500 square feet), and is lit by continuous
current flame arc lamps arranged in two groups of four lamps
each, the distance between the groups being about 45 metres
(147 feet 7 inches), and their height 18 metres (59 feet).
Each lamp takes 20 amperes at 55 voltsy and is fitted with a
transparent glass globe, the combination haying a mean
hemispherical intensity of 3,600 C.P. When grouped
together, their mutual shadowing action reduces this intensity
by 15 per cent., or a reduction factor of 0'85. The area
lit per group is—

) e :
8= L 5,650 square metres (39,250 square feet).

Height of lamps above reference plane is—

h=18 - 1:5=16"5 metres (54 feet 1 inch)},
and—

l‘}r (S BT,
=184,

whence from Table XXI. (p. 155)—
1 — cos o= 0564,
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and from Table XXX, (p. 173) for intensive flame arc
lamps W=(80. 'The greatest dimension of the area is 160
metres (524 feet 10 inches), and with the lamp interval of
45 metres (147 feet 7 inches)—

A=1g5=028 and k=12-01x028=1"17.

Hence, the mean horizontal illumination—

Dar - ﬁHU . 3.000x 085 x 4
3,650 1,000
'This calculated result has been confirmed by direct

measurement on the Platz itself.
The efficiency of the illumination is—

E = * 1117 =167 lux.

2WWxH>3x8

= i “g r .
7300 % 1677 012 watt

o
per lux and square metre, or per foot candle and square
foot.

Foample 4 —Lighting of an Open Space.

A square, with sides of 40 metres (131 feet 2 inches) and
an area of 1,600 square metres (17,200 square feet), is to be

s R
/R — D ——@ S~
a
&
e ¥ 22
g e
- i 4
2
Fic, 14.

lit by inverted gas-mantles. A mean horizontal illamination
of 10 lux (093 f.c.) is required at a height of 1-5 metres
(4 feet 11 inches) above the ground. The minimum
horizontal illumination is not to be below 1 lux (0093 f.c.)
at the same height.

The shape of the area suggests the arrangement of the
lamps in four groups, as indicated in Fig. 14, The height of
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lamps above ground is to be 5 metres (16 feet 5 inches), or
3:5 metres (11 feet 6 inches) above the reference plane. The
correct luminous intensity of the lamps to be used is
required, and the efliciency of the lighting.

The area corresponding to a group of lamps is—

8= 1'2{}—[]:4[}0 square metres (4,300 square feet),
and for =35 metres—
IS'_ & B
B2 325

Hence, | — cos a=0"703 (Table XXI., p. 155), and ¥="T17
‘(Table XXXIL, p. 177).

The lamp interval being 20 metres, and the greatest
dimension of the area being 40 x V2 = 57 metres,

20

A=cx
57

=085, and #=12-0'1 x 0-35=1-165.

As more than one mantle will be required in each lantern,
the factor due to mutual shadowing can be taken as 08
(Equation 17, p. 69), and the luminous intensity of the group
15—

e 10 x 400

T 9w x 0717 x 1°165 x_{ﬁfﬂm CE

Two lanterns to the group, with six mantles in each
lantern, each of 80 C.P., would give the desired result with
sufficient approximation.

From Table XV., p. 148, it will be found that a luminous
intensity of 690 C.P. can be obtained by the consumption
of 1,000 litres of gas per hour (353 cubic feet per hour);
950 C.P. will therefore require a consumption of—

(
;g % 1,000=1,380 litres per hour (487 cubic feet per hour).
The consumption per burner is ]’ﬁ ?Uz 115, and comes

within the limits given in Table XV,, p. 148.
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The economic coefficient of the lighting is then—

1,380 B !
A D) e (0°012 cubic
10 x 400 0-345 litre (0°012 cubic foot)
of gas per hour per lux and square metre, or per foot candle
and square foot.,

The minimum horizontal illnmination oecurs in the corner
of the area at the point P (Fig. 14), and is found by adding
together the horizontal illumination produced there by each
lamp separately.

The distance PdA is—

PA=10V2=141 metres,

and with—
=35 metres,
rog= N TETIE 858~ 146, 08 ar= 2
G S N
I'rom the appropriate flux Table XXXII. (p. 177), A=10
for this value of cos . Allowing for the mutual shadowing
effect of the lamps, the effective mean hemispherical in-
tensity 1s—

=024,

I.=950%x08="T760 C.P.

The horizontal illumination- at P coming from A is
therefore—
v ol 10 0-24
Era 10X 5% 156
The distance PR is—

PB= J102+30%2=31'6 metres.

=1 {]'86-

Hence—
I : 55
rpa= v 3162+ 3:52=31"8, cos =g _Hz{‘r]],
and A=9 (Table XXXIL, p. 177), giving—
( ;
E}r”:?‘ﬁu .} " []11 _ﬂ'{}Tﬁn

10 81-8
For the lamp C, Ep.= Epp, and the lamp D is so far away
that E,; is negligible.
Finally, E, ., =Ep;+2FEp;=086 +2x0075=1-01 lux
(0:093 f.c.), and the condition demanded is just realized.
G



82 THE CALCULATION OF ILLUMINATION

Example 5.—Interior Lighting.

A room with a floor area of 25 square metres (269 square
feet), with moderately light walls and ceiling, is lit by a ring
of electric incandescent lamps, each of 82 C.P. The lamps
are suspended at a height of 2'5 metres (8 feet 2'5 inches)
above the floor, and are enclosed in globes which absorb
10 per cent. of the light, without sensibly modifying its dis-
tribution. "The mean hemispherical intensity of a single lamp
with globe is then (Fig. 39, p. 160) —

I.=82x08x09=23 C.P,

The mean horizontal illumination at a table height of
08 metre (2 feet 75 inches) is to be 30 lux (2'8 f.c.).
The number of lamps in the ring to produce this result is
required.

8= 25 square metres, and 2A=2+5-0'8=1'7 metres;

hence—

D =865, (1 — cos o) =0484 (Table XXI., p. 155),

rﬂ

and W =405 (Table XXIV., p. 161).

With moderately light walls and ceiling, the coefficient
of reflection can be taken as k=11, and using Equation 17
(p- 69)—

2 goxas E ol
T 2w x 23 x 0405 x 11 '
Twelve lamps are therefore necessary.

Allowing 110 watts per 32 C'.P. carbon filament lamp, the

efficiency is —
12x 110

= 0oL 1:8 watts

o

per lux and square metre (foot candle and square foot),

This unfavourable value of the economic coefficient is
partly due to the large amount of energy used by carbon
filaments, and partly to the bad use made of the light, as
lamps without reflectors send a large part of their light
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towards the walls and ceiling. If their illumination is not
a consideration, the mean hemispherical intensity of these
lamps can be increased by about 40 per cent. by the use of
proper reflectors., Taking the same value of 1—cos e—viz.,
0-484, but referring for the value of the flux to Table XXV,
p. 163, ¥ =582, a value about 40 per cent. greater than
that found for lamps without reflector. The mean illumina-
tion at the height of the tables is now almost doubled, and
the economic coeflicient reduced to about half its former
value, If, in addition, metallic filament lamps taking
40 watts tfor 32 C.P. be substituted for carbon filament
lamps taking 110 watts for 32 C.P., the economic coefficient
can be finally brought down to—
405 40
582110

per lux and square metre (foot candle and square foot).

oc=18x% = (-4 watt

Fvample 6. —Interior Lighting.

The room considered is one designed for exhibition pur-
poses, with light-coloured walls, and with a floor area of
150 square metres (1,615 square feet). An abundant illumin-
ation is provided by means of Nernst lamps, Type B,*
distributed uniformly over the whole ceiling at the rate
of one lamp per square metre (per 1°2 square yards). The
lamps are provided with opal glass globes without reflector,
and are fixed immediately under the ceiling, 4 metres
(13 feet 1 inch) above the ground. Each lamp with its globe
has a mean hemispherical intensity of 215 C.P., and takes
55 watts. It is required to calculate the mean horizontal illu-
mination on the tables (0-8 metre or 2 feet 7°5 inches high).

&'=150 square metres, and b= 4 - 0'8=232 metres ;
hence—

A

= 146, and (1 —cos «)=0-579 (Table XXI., p. 155).

¥ The B type of Nernst lamp hasa flat coil-heater, with the straight
luminous rod mounted horizontally underneath it.]
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The curve of luminous flux for these lamps can be considered
as a straight line, so that—

¥ =579,

As the room is painted in light colours, the coefficient of
reflection from the walls can be taken as 1:2, The mean
horizontal illumination is then—
2m % 579 % 215 x 150
150 1,000
and the economic coefficient of the lighting is—
150 x 55
7= 945 x 150
per lux and square metre (per foot candle and square foot).
No further calculations need be made in connection with
this kind of distributed lighting, as it is found that the
results obtained by means of this simple and rapid method
are 1 very good agreement with actual measurements made
in rooms lit in this manner.

E = x12=94"5 lux ;

= (-58 watt

Erample T.—Lighting of a Large Interior.

The booking-hall of a railway-station is rectangular, with
sides of 80 metres (262 feet 5 inches) and 20 metres (65 feet
7 inches), giving 1,600 square metres (17,215 square feet) of
floor area. It is to be lit by eight ordinary continuous
current arc lamps in opal glass globes. The lamps are
arranged in two parallel rows of four lamps each, with
10 metres (32 feet 95 inches) between two successive lamps
in a row, and are suspended 6 metres (19 feet 8 inches) above
the floor. It is required to determine the necessary luminous
intensity per lamp, in order that the mean horizontal illumin-
ation at 15 metres (4 feet 11 inches) above the floor may
reach 25 lux, and to find the economic coefficient of the
lighting.

As the area is much greater than 1,000 square metres
(11,000 square feet), this problem should be treated as one in
street lighting. The effect of reflection from the walls is
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quite negligible. The lamps can be taken in pairs along the
length of the hall, the area per pair being —

1,600
4

h=06-15=45 metres, ffﬂ; 197, (1-cos «)=063 (Table
XXIL, p. 155); and ¥=716 (Table XXVIIIL., p. 169).

A =400 square metres ;

The lamp interval along the hall being 20 metres, and
the width of the hall being also 20 metres—

£U=I, and k=1"2-0'1 x1=1-1.

=50

Applying Equation 17, p. 69—

25 x 400

Io= B W0 C.E.

Ordinary continuous current are lamps taking more
than 8 amperes give a mean hemispherical intensity of
1,500 C.P. per 1,000 watts (Table XVIL, p. 149). Allowing
a loss of 20 per cent. in the clobe, and a further loss of
10 per cent. on the mean hemispherical intensity owing to
redistribution of the light (p. 42), the effective mean
hemispherical intensity per 1,000 watts is 1,500 x 07 =
1,050 C.P. 'This is sufficiently near to the value found as to
be taken the same, and with a supply voltage of 110 and two
lamps in series, the current is -l’f;]:;m-—'lH amperes. The
economic coefficient of the lighting is—

1,000 x 2

' — *g r
7= 55400 0 2 watt

per lux and square metre (per foot candle and square foot).
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35, InrLvexcE or Helcur axp Sracine or Lames,

The effect of the height of suspension of lamps on the
vertical illumination /- is evident from Equation 15, p. 54,
which is—

Ta

N (a®+ b2

As the height of suspension of lamp is increased, the vertical
illumination diminishes at every point whose distance a from
the foot of lamp is fixed. The vertical illumination just
above a given horizontal plane is therefore improved by
bringing the lamps as near to that plane as possible, provided
that their distribution is approximately uniform.

The eftect on the horizontal illumination is, however, quite
different. The relation in Equation 14 (p. 53), giving this
quantity in its simplest form, is-—

: Ih
Ey= T 2

L]
I’l_'_,l_,-z

The horizontal illumination at a point whose distance a
from foot of lamp is fixed increases to a maximum as h is
increased, and then diminishes. The maximum value 1is

reached when—

i oy

h=—==0"707a,

~ 2
as the result of differentiating the expression for Ky and
equating to zero.® 'This relation is, however, only true if the
luminous intensity is constant—that is, if there is a uniform
distribution. The variable distribution curves that are
common in practice give the maximum horizontal illumina-

tion for other values of the ratio f: These ratios have been

the subject of research by M. Blondel, and he gives the
following values for continuous current are lamps -+

* [IJJI_IE]]_]_IUI‘”, Centralblatt fiir Elektrotechnik, vol. ii., p- S HHES ‘
T Uppenborn, Deutscher Kalender fiir Elektrotechniker, 1907, vol. i. ,
p. 303,
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i

Are ]amps without globe . : . —=095
(
Are l: qath fairly clear elass olobe b 085
Are lamps with fairly clear glass globe = 5
) i It .
Arc lamps with opaline globe . , —=1085
[
. ;f_ = 3
Are !:'me:-i with npnl gluhc i ] ) =0-5-0 8
a

Values for gas lamps have also been eiven,®

The height of suspension may often be settled by the
consideration that at the point of minimum illumination, that
minimum should be as large as possible. The calculation is
then reduced to the determination of this minimum value,
and in many cases, as with open spaces, this is sufficient.
The results will, however, always be incomplete unless the
mean and maximum values are given,

It is much more to the point to examine the effect of the
height of suspension on the uniformity of the illumination
and upon the value of the mean horizontal illumination, and
then to fix the height with reference to these.

Uniformity of illumination is particularly affected by the
height of the lamps.  "The higher the lamps ave raised above
the ground or reference plane, the more uniform will be the
illumination as the ratio of maximum to minimum value of
the horizontal illumination becomes smaller and smaller.
The height of the lamps is then particularly dependent on
the specified conditions of uniformity of illumination.

"The luminous intensity is also important, as the greater it
is, the greater should be the height of the lamps in order
that people may not be compelled to use their eyes at very
short distances from intense sources,

The value of the mean horizontal illumination is also
dependent on the height of suspension. This quantity, con-
trary to the minimum horizontal illumination, diminishes as
the height of suspension increases, since the higher the

* Schaars, * Kalender fiir das Gas und Wasserfach,” hsgb. von
Dr. E. Schilling, Minmchen, 1907, vol. i., p. 156,
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lamps, the smaller will be the total flux sent on to a given
horizontal area.

An example will give a clear idea of the variation of these
important quantities with the height of the lamps.

A street, 20 metres (65 feet 7 inches) wide, is lit by lamps
having a mean spherical intensity of 1,000 C.P. The lamps
are hung in the middle of the street, 40 metres (131 feet
2 inches) apart. Light is radiated uniformly from each lamp,
giving a circular arc for the distribution curve,and a straight
line for the curve of luminous flux.

The values of £,,,,s ¥, and E,;, have been calculated
by the simplified method already given, for six different
heights of suspension, varying from 4 metres (13 feet
1'5 inches) to 15 metres (49 feet 2-5 inches), and the results
are given in Table TV. (p. 89).

The maximum horizontal illumination with lamps having
uniform distribution occurs immediately under the lamp, and
diminishes almost inversely as the square of the height of
suspension.

The minimum horizontal illumination on the other hand,
increases as the height of suspension is increased, and has not
yet reached its maximum at 15 metres (49 feet 2'5 inches),
a height beyond which it is not customary to go in practice.

The mean horizontal illumination diminishes with the
height of suspension, but only inversely proportionally to the
square root of the height.

The last column of Table 1V., which contains the ratio
of maximum to minimum values, characterises the uniformity
of the illumination, and it is evident that uniformity depends
a great deal on the height chosen. In the example taken,
heights up to 6 metres (19 feet 8 inches) give too small a
coefficient of uniformity to be recommended in practice,
while for heights above 10 metres (32 feet 95 inches) the
mean horizontal illumination suffers. The right height to
use lies between these limits,

In this way trial calculations enable a decision to be made
as to the height that will give the best results, as much from




UNIFORMITY OF ILLUMINATION 89

the point of view of uniformity as of mean horizontal illumi-
nation. Suitable values for the height of suspension can
usually be deduced from the more extended considerations
given on pp. 90, 91.

TABLE IV,

- VARIATION OF ILLUMINATION VALUES WITH HEIGHT
OF SUSPENSION.

Horizontal Ilumination | “:unl xfl‘
! Height of in Lux. Uniformity.
i Suspension. — e =
Hu.u_'-_fq it E.lrrm:- Eirl Fin- | !::m.”'
| Ymiit
Metres. Ft. In. ! '
[ 4 13 1:=5 595 (25 ' 07 | 8}
| 6 19 8 51 28 10 | 28
i 8 M 3 4-35 158 ; -2 | 132
, 10 32 95 37 102 | 185 | 76
12 a0 4 &1 71 ' 145 4-1)
15 44 2-5 2:45 465 | 155 .

In contrast with the effects produced by variation of the
height of lamp, variation of their distance apart produces
a greater alteration in the values of mean horizontal illumi-
nation, and only to a minor degree aftects the uniformity.

Again, taking the above example, Table V. has been calcu-
lated for distances varying from 20 metres (65 feet 7 inches)
to 80 metres (262 feet 5 inches), the height of suspension
being constant and equal to 8 metres (26 feet 3 inches). The
figures show clearly the effect of alteration of distance between
lamps on each of the magnitudes considered.

"The mean horizontal illumination is almost inversely pro-
portional to the distance between the lamps. The maximum
horizontal illumination varies very little as the spacing is
increased, while the minimum decreases very rapidly, and, as
a consequence, the uniformity of the lighting becomes less and
less as the ratio between maximum and minimum values
increases,
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TABLE V.
VARIATION OF ILLUMINATION VALUES WITH LAMP
INTERVAL.
| : Horizontal Illumination I Want of
' : in Lux. | Uniformity.,
Lamp Interval @. | gt I S M = |
Epian- Lmaz. Emin- -;IJ.”".”' I
el L8 LS
Metres. Ft. In.
20 Ga 7 795 172 42 4-1
) 93 5 60 16°1 23 7
40 151 25 435 158 1-2 13:2
al) 164 0O 3 a0 157 0-7 AL
(0 196 9-5 295 157 045 35
70 229 T 245 157 03 G
80 | 262 5 2-1 156G 02 T4

36. Workine Varves ror HEIGHT oF SUSPENSION AND
Spracing or Lanps.

In current practice for street lighting with upright gas-
mantles or electric incandescent lamps, the posts are from
3 metres (9 feet 10 inches) to 4 metres (13 feet 1°5 inches)
high, and are placed from 25 metres (82 feet) to 50 metres
(164 feet) apart, measured along the street.

With inverted gas-mantles better uniformity is obtained by
making the height between 4 metres (13 feet 1'5 inches) and
6 metres (19 feet 8 inches), the spacing being rather less than
with upright mantles. A height of from 5 metres (16 feet
5 inches) to 6 metres (19 feet 8 inches) above the ground is
used in most installations of high pressure gas. The lamp
interval should then be 50 metres (164 feet) to 60 metres
(196 feet 9-5 inches).

Greater regularity of illumination can be obtained by using
arc lamps than by using gas in most cases, on account of the
greater permissible height of suspension, which may be from
6 metres (19 feet 8 inches) to 12 metres (39 feet 4 inches)
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above the ground, with a spacing of from 80 metres (98 feet
5 inches) to 80 metres (262 feet 5 inches) along the street.
Flame arc lamps send a great quantity of light immediately
under the lamp, so that they can with advantage be used at
a greater height than ordinary ares. A suitable range is
from 8 metres (26 feet 3 inches) to 14 metres (45 feet 11 inches).

[ Prismatic reflectors immediately under the horizontal are
of a flame arc lamp, with inclined carbons, have recently
been introduced with very good results. A greater uniformity
of illumination can be secured in this way without using
excessively high posts.*]

In lighting very large open spaces a height of from
10 metres (32 feet 10 inches) to 15 metres (46 feet 2 inches)
with ordinary ares, and from 12 metres (39 feet 4 inches) to
18 metres (59 feet) with flame ares, is used in order to get a
sufficient minimum on the borders of the area.

For interior illumination no rules can be given either for
height or spacing. 'The shape and size of the room, and the
use to which it is put, determine the lighting. Tt is usual for
the height of suspension to be about two-thirds of the total
height of the room.

The coefficients of uniformity vary in practice within very
wide limits, as may be seen by reference to Tables VIIL and

IX. (pp- 123-126).

37. Workine Varves rorn Meax Honrizonrarn Innvanxarion,

In illumination calculations the value of the necessary
horizontal illumination is usually fixed in advance. It then
becomes a question of arrangement; or with a given arrange-
ment, of determining whether the desired mean horizontal
illumination can be attained. In any case the customary
practical values are required as a starting-point, and these
will now be considered.

For street lighting, the mean horizontal illumination is
regulated by the type of street and the prevailing traffic. In

[* Eleetrician, London, vol. Ixvi,, p. 365. ]



92 THE CALCULATION OF ILLUMINATION

side streets with little traffic, a mean horizontal illumination
of 0°5 lux (0°05 f.c.) to 10 lux (0°1 f.c.) at 1*5 metres (4 feet
11 inches) above the ground is sufficient. 'This, however,
would not be enough to see clearly by except close to the
lamps. These figures must be trebled if the traffic is at all
considerable, and on main roads 8 lux (028 f.c.) to 6 lux
(0:56 f.c.) must be given. |[The dense, fast, motor traffic in
the central districts of larze towns calls for values from three
to four times greater even than these.] Thus, the Kinig-
strasse in Berlin is lit by pressure-gas lamps (* Millennium
Light™) that give a mean horizontal illumination of 12 lux
(11 f.e.), while in the Potsdamerplatz a figure of 19 lux
(175 f.c.) is attained by means of Hame arc lamps.*

The value of the mean horizontal illumination for interiors
depends on the use to which they are put. Detailed data
for different kinds of interiors are given in Tables X VIII. and
XIX,, pp. 151, 152. It might appear that the values given
in Table XVIII. for living-rooms are low, but it must be
remembered that these refer to the wmean horizontal illu-
mination of the whole area. The illumination on a table
underneath a source will naturally be much greater.

88. Workine Varves ror THE Ecoxosmie CoEFFICIENT OF
Comuercian Sovrces or LicHr.

As already defined on p. 51, the economic coefficient o
is taken to be the power or its equivalent used to maintain
a mean horizontal illumination of 1 lux over every square
metre, the figure being the same for 1 f.c. over every
square foot. Its value is easily arrived at as follows :

The mean horizontal illumination is—

2 Iz

S 1,000
this being Equation 16 on p. 68, where the definitions of
the quantities involved are also given.

ff; = .l'..',

[* Formore recent data on street lighting in Berlin, see Journal fiir
Grashelewchtung, 1909, p. 385 ; The Gas World, 1909, p. 419 ; and The
Electrician, 1909, vol. 1xii., pp. 460, 506, ]
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If 4 is the equivalent power consumption per lamp used
either singly or as one of a number forming a group, the
specific consumption per lamp per unit of mean hemispherical
intensity may be written as—

A
1}2}’-!

and the economic coefficient includes this factor as follows :

zd 245 1,000 5 1,000

“EST 2 = . (18).
j":m* ' EW“]"‘IQ:’L.LST e LS i {‘l 8_.-

o
From this it is evident that the economic coeflicient
of lighting depends not only on the specific consumption
of the lamps used, but also on their disposition, and on the
kind of surface that is illuminated, as is shown by the
presence in the preceding expression of the terms W and £.
If the values of 5, W, and %, are known for any given lighting
scheme, then the economic coeflicient can be determined,
Its value, however, for a given method of lighting is confined
within fixed limits. Table XX., p. 153, contains limiting
values of the economic coeflicient for different types of
lighting, deduced from direct measurements or arrived at
by caleulation.

89. Comranison or Cosr or Dirrerext Tyres or
ILLUMINATION.

The economic coeflicient is of service in the first place,
in comparing together the cost of different methods of
lighting, with reference, however, only to the cost of the
energy consumed (electric energy, gas, or combustible liquid),
and leaving out of account accessory expenses (renewal of
electric glow lamps and mantles of incandescent gas-burners,
‘arbons of arc lamps, cleaning, repairs, ete.).

A comparison can be made, for example, between electric
lighting with a consumption of 0°20 watt per lux and square
metre (per foot candle and square foot), and gas lighting,
with an hourly consumption of 045 litre (0:016 cubic foot)
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per lux and square metre, the price of a kilowatt hour, or
Board of T'rade Unit (B.T.U.), being 5d., and that of a cubic
metre of gas 1}d. (2s. 11d. per 1,000 cubic feet).

The ratio of costs of energy in the two cases is given by—

]flfectl‘ic lighting 0'2x0:005 10 .
Gras lighting 0016 x 0035 56

2% d
16 j/eo ]

1'8.

Cost of Current

0 002 004 _006 008 G0 012 014 016
FPruce per Kilowadl Hour

Proce per 1000 cudic feel

Fic. 15.-—RaTio oF Cost oF CURRENT To CosT oF Gas For A GIVEN
ILLUMINATION OVER A GIVEN AREA.

Electrie lighting by ordinary arc lamps at a height of 10 metres (328 feet).
Gas lighting by *° Millennium Light '* (high-pressure gas) at a height ot
57 metres (187 feet). i

The cost of energy is, in this case, nearly double with
electricity than with gas,

A comparison between the economic coefficients for two
different types of lighting can conveniently be made graphic-
ally, when any ratio of prices per unit is taken instead of
fixed values, as the variation of the ratio of cost of energy
to ratio of price per unit is given by a straight line. A
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case dealt with by the author can serve as an example, in
which an illumination by means of arc lamps is compared
with the same illumination by means of gas under pressure.*

The lighting by are lamps involved a consumption of
0-18 watt per lux and square metre, and gas under pressure
an hourly consumption of 0-5 litre per lux and square metre,
Fhese data allow of the construction of Fig. 15, which gives
the ratio of cost of current to cost of gas as a function of
the ratio of price of a kilowatt hour to the price of gas
per 1,000 cubic feet. For example, when the price of a
kilowatt hour is about one-eighth of the price of gas per
1,000 cubic feet, the cost of electric lighting is 20 per cent.
more than the cost of gas lighting; or, if the costs are
to be equal, the price of 1 B.T.Ul. must be one-tenth of
the price of 1,000 cubic feet of gas,

40. Roveu Cavrcvrarion ofF Licurineg Cosrts.

"The values given in Table XX, p. 153, for the economic
coeflicients of the chief systems of illumination in use, can
be applied in the preparation of rough estimates of illumina-
tion when there is neither time nor opportunity to go
through the more exact precedure already indicated.

If the mean horizontal illumination necessary is I,
and the total area to be lit 1s 8, then the economie co-
etheient 1s—

A

o= :
E.5°

and the consumption per unit of area 1s—

A

L
N =r F}'-";rr"

or the total consumption for the area .§ is—

AmoEy 8w « &« (1D}

* L. Bloch, ¢ Vergleichende Verteilung moderner Strassen beleuch
tungen,” Journal fir Gasbelewchtung, 1906, p. 935, and  Elektrotechnische
Zeitschrift, 190G, p. 843,
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Inversely, if the total consumption A, the total area .S,
and the economic coefficient ¢, are known, £, the mean
horizontal illumination, follows, as—.

A

I‘JJ" e G_lsr - » . . (

Let it be required, for example, to light "an office of
50 square metres (538 square feet) area by means of metallic
filament lamps taking 80" watts each. 'To begin with ("Table
XVIIL, p. 151), the mean horizontal illumination necessary
can be taken as 40 lux (37 f.c.), and the economic coefficient
for sugh lamps (Table XX., p. 158) used in interior lighting
is 0:30 watt per lux and square metre. The total con-
sumption is then—

A =08 x 40 x 50= 600 watts ;
that is, it would be nccessary to install twenty incan-
descent lamps of 30 watts each.

Here is another example dealing with street lighting.
Along a roadway, 18 metres (59 feet) wide, lanterns are
placed on the edge of the pavement, on both sides of the
way, 30 metres (98 feet 5 inches) apart. Each lantern is fitted
with two upright gas-mantles, and each mantle consumes
125 litres (4°4 cubic feet) per hour. A rough estimate of the
mean horizontal illumination is required,

The mean value for the economic coefficient of incan-
descent gas lamps (Table XX, p. 153) is a consumption
of 0-5 litre (0-017 cubic foot) of gas per hour per lux and
square metre, The street area corresponding to each lantern

20).

15—
S'=9 x 30 =270 square metres (2,905 square feet),
and the hourly consumption is 250 litres (8-8 cubic feet),
Hence the mean horizontal illumination of the street

will be— 950

g = =0 e
e Tl e

or making the calculation in British units—
88

E, =
0017 x 2,905

=0-178 f.c,
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The selection of a value of the economic coefficient for
different types of lighting between the limits given in
Table XX., p. 153, is determined in the first place by the
specific consumption of the lamps used, and then by the
probable height of suspension. The highest values would
be used for small and dark interiors, and the lowest for large
light rooms.

If there is no determinative condition given, the mean is
taken.

For modes of lighting not included in Table XX., an
approximate economic coefficient can be arrived at by
comparison of specific consumptions of the respective sources
with those of known sources having luminous intensity of the
same order, and a similar distribution curve. Tables XIV.,
XV., and XVIL,, pp. 147-149, permit of these comparisons
being made.



CHAPTER V
THE MEASUREMENT OF ILLUMINATION
41. InLumiNation PHOTOMETERS.

Tue measurement of candle-power by the ordinary photometer
is accomplished by comparing the unknown luminous intensity
of a source with the known luminous intensity of another
source. Actually, the two sources themselves are not com-
pared, but the illuminations which they produce when they are
at known distances from the photometer screen, the value of
the unknown intensity being calculated from these data. Any
photometer based on this principle can be used for the
measurement of illumination as long as the surface in it that
is usually lit by the unknown source can be brought to the
place where a measurement of illumination is desired. The
usual Bunsen, or Lummer-Brodhun photometer head that is
moved along a bench, is not available for this service, as in
general the bench is not portable, and cannot be put in any
desired position.

To meet practical requirements, a large number of portable
instruments have been developed, a detailed account of which
would be outside the scope of this work.* It will be sufficient
here to describe the arrangement used in the streets of Berlin
by the author, together with a few more recent photometers.

Fig. 16, opposite, shows the apparatus as used by the testing
staff of the Berliner Elektrizitiits Werke, mounted on a small
cart for quick and easy transport from one measuring-point
to another. The photometer itself is a Brodhun street photo-

[* Illumination photometers are ﬂlm'{lll'lghlj' dealt with by A. P,

'l']‘i.ﬂ'_ter, “ [Hlumination : its Distribution and Measurement,” pp. 199-
249.]
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meter.* To the right of it is an ammeter, behind which is a
small rheostat, the combination being used to keep the current
constant through the standard lamp. This is a small metallic
filament electric lamp, which is found to be better as a stan-
dard than a benzine lamp, as this last is quite unsatisfactory
unless fixed and sheltered from draughts. The low specific
consumption of the metal filament lamp makes it easy for
small accumulators to keep the voltage on the lamp terminals
constant for a long time at a stretch, the regulation, however,
being better effected by current observation, as in this way
error due to bad contact is eliminated.

To the left of the photometer is the switch and rheostat for
the motor driving the revolving prism, as well as a switch
controlling a small metal filament lamp used to illuminate
the ammeter and photometer scale. T'wo G-volt accumulators
are placed in the body of the truck, one to run the motor
and the other to supply the scale Jamp and standard. A
cover is fitted to protect the photometer and all its accessories
in case of rain, and during transport.

[Fig. 17 gi ves a diagram, and Fig. 18 an external view of
the latest pattern of Trotter illumination photometer. The
illumination to be measured is received on a white screen at
the top of the photometer, and is looked at from above by the
observer. In the middle of the screen is an elongated hole,
through which can be seen another white screen illuminated
by the standard lamp, and capable of being tilted in order to
get photometric balance. As a tilting screen gives a crowded
scale for low illuminations, when the light from the standard
is nearly at grazing incidence, a special Sl]Elil-Eih.'tpE[! am 1s
used to open out the scale for low values. 'This renders the
instrument very suitable for measuring the low illumination
values frequently met with in street lighting.

A 4-volt standard lamp is used, fed from a battery in a
separate case, the lamp being connected by one switch directly
to the battery terminals, or by another through a resistance

['* L. Bloch, Elektrotechnische Zeitzehrift, 1905, p. 1051 ; E, Liehen-
thal, ** Praktische Photometrie,” p. 224, ]
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which is adjusted so that when it is in circuit the scale read-
ings must be divided by ten to get the actual illumination
measured. It is found unnecessary to provide any electrical
measuring instrument continuously in circuit, as the voltage

=
!

Fra, 17.—TrorTER ILLUMINATION PHOTOMETER.

of a battery in ordinarily good condition, and of the capacity
supplied, remains practically constant over any likely interval
of use. The standard lamp is adjustable in position on a
scale to allow for any permanent difference in voltage.
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Attachments are provided for the measurement of daylight
illamination and surface brightness.*

The whole instrument can be mounted on a light tripod,
as shown in Fig. 18, and can be set in any desired direction
from the vertical. The weight with battery, but without the
daylight attachment, is about 7 kilogrammes (15°2 pounds).

A further development of this instrument in the direction

of greater portability and lightness has been made in the
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Frz. 20.—Tue Dow axp McEixxETY LUMETEE.

luxometer,t which is, as shown in Fig. 19, little more than
pocket size.

In the lumeter of Messrs. Dow and MeKinney the illumina-
tion from the standard lamp on the test surface in the photo-
meter is varied by sliding a slotted plate over a window of
translucent glass in the chamber containing the standard lamp.
This window suffers a sudden reduction of area at one point,
thus opening out the scale for the lower readings. The

[* A complete description is given by A. . Trotter, *“ Illumination :
its Distribution and Measurement,” p. 211.

t The Hluminating Engineer, London, vol. iv., p. 656, and the
Efectrician, Industrial Supplement to vol. lxvii., p. 174. ]
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arrangement is shown diagrammatically in Fig. 20, p. 101,*
and an external view is given in Fig. 21, opposite.

The modified Weber photometer due to Messrs. C. H,
Sharp and P. 8. Millar has been redesigned by them with a
view to securing greater portability. They have thought it
necessary to keep the standard lamp-current constant by means
of an instrument always in circuit, and, in order to save weight,
an ingenious Wheatstone. bridge arrangement is used with
the lamp in one arm and a telephone as detector.

The difference between a measurement of illumination and
surface brightness is, that in the first, the light falling on the
surface is intercepted on a standard test-plate which may
either be on the photometer or detached from it ; while in the
second, the light coming from the surface is examined. It is
important that the whole of the aperture through which the
surface is viewed should appear filled by it, and the area of
the aperture should be known in order that surface brightness
may be correctly expressed in candle-power per unit area.
Thus, supposing that photometric balance is obtained at 4 f.c.,
the aperture having an area of 0-5 square inch, then the sur-
face brightness of the surface examined is—

4
05
Portable photometers should have their scales frequently
tested by measuring a known illumination, and then adjusted
if necessary, especially if often used in the open.

=8 C.P. per square inch. |

42. Ox tHE Maxine oF InLumixarion MEASUREMENTS,
AND TIEIR APPLICATION,

Experimental determinations of illumination on completed
installations are desirable, mainly for two reasons: In the
first place, an objective estimate of the amount of illumination

[# The Hluminating Enginecr, London, vol. iii., p. 581; the
Electrician, vol. Ixviii., p. 686.

t A complete description is given in the [luminating Engineer,
1912, vol. v., p. T.]
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provided is arrived at, as appearances only are apt to be very
deceptive, and as values have alrcady been assigned to the
1llumination necessary for most purposes (Tables V..
XVIIL, and XIX., pp. 150-152), actual measurements
decide whether the illumination obtained is reasonably
sufhicient for the given conditions ; secondly, valuable material
-«can be collected in this way, available for the design and
execution of new installations of a similar character.

It is to be borne in mind that measurements should be so
made as to give the result really required. It is not sufficient
to measure the illumination at points on a vertical or hori-
zontal plaue chosen at random, but the measuring stations
should be so selected, and the measurements themselves must
be so conducted, as to render a true estimate of the illumina-
tion possible. Ithas been shown (pp. 45-49) that the best basis
on which to found a judgment of most kinds of lighting is the
mean horizontal illumination. As this cannot be obtained by
a direct measurement, it must be deduced from those that can
be made, The maximum and minimum illumination should
also be determined in a complete test, in order that the
uniformity of the lighting may be estimated,

If a knowledge of the vertical illumination is also desired,
it can be conveniently measured at the same points as the
horizontal illumination, the number of vertical planes
considered being settled beforehand.

It will now be shown how to undertake a series of measure-
ments from which the mean horizontal illumination can be
deduced. An accurate method will first be discussed in con-
nection with some examples of street and interior lighting,
and afterwards an approximate method will be given, developed
on an experimental basis,

43. Tur MEASUREMENT 0OF STREET JLLUMINATION,

"The least complex method of mapping the distribution of
illumination over the whole area of a street or place, and so
deducing the mean horizontal illumination, is to divide the



104 THE MEASUREMENT OF ILLUMINATION

surface into squares or rectangles, and measure the horizontal
illumination in the middle of each, the mean horizontal
illumination being arrived at in the manner described on
p. 58. To get results independent of local peculiarities in
the street, measurements should be extended over two or
three lamp intervals, 'The method then becomes somewhat
tedious, and in a large number of cases it will not be very
easy to extend the measurements to all the assigned positions.

The work can be carried out more simply by restricting
the measurements to certain lines, and not extending them to
all parts of the area. From such data the mean horizontal
illumination can still be calculated, as will be explained. The
best line to select is the one joining two lamps along the
street. In addition, a second line can be taken parallel to
the first, and on the kerb if the lamps are suspended over
the middle of the road, or in the middle of the road if the
lamps are on the kerb. If measurements are made at from
8 to 12 points on a line between two lamps, a sufficiently
exact curve can be drawn without extending the experimental
work too much. It is always better to repeat the tests over
two or three lamp intervals, in order to minimise errors due
to abnormal positions of lamps, troublesome shadows, or the
like. If the lamp intervals are fairly equal, the mean values
for points similarly situated in the intervals can be taken ;
but if the intervals are very unequal, then each must be
treated separately.

44, Workep Exavmrre oN THE MEASUREMENT OF STREET
TLLuMINATION,

As an example of the use that can be made of illumination
measurements, those carried out by the author in the Fried-
richstrasse in Berlin will be discussed.*

The street was then lit by ordinary continuous current arc
lamps, each taking 15 amperes, fitted with globes of opal

* L. Bloch, ¢ Vergleichende Beurteilung moderner Strassenbeleuch-
tungen,” Jowrnal fiir Gasbeleuchtung, 1906, p. 90.
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glass, and erected at a height of about 10 metres (32 feet
10 inches) over the middle of the street. The lamp interval
was about 30 metres (93 feet 5 inches), and the width of the
street 22 metres (72 feet 2 inches). 'The horizontal illumina-
tion was measured at 15 metres (4 feet 11 inches) above the
ground, along a line joining the lamps in the middle of the
street, and also along a line on the kerb parallel to this.
The measurements were extended over two intervals of
24 metres (78 feet 9 inches) and 34 metres (111 feet 6 inches).
T'wo curves of horizontal illumination are thus obtained, as
given in Fig. 22. From these curves it is possible to deter-
Lz
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Fic. 22. —Licarive oF THE FRIEDRICHSTRASSE IN BERLIN WITH
ErLeEcrrICc Arc Lamps.

Measured values of the horizontal illumination :

Curve 4, Along the middle of the street.

Curve B, Along the edge of the pavement.
mine the distribution of light over the whole of the street,
and, as a consequence, the mean horizontal illumination. The
lamp interval for a part of curve 4 is 24 metres (78 feet
9inches). This portion of the curve is redrawn in Fig. 23,
the three lamps concerned in the calculation being shown,
with the normal distance of 80 metres (98 feet 5 inches)
between lamps 7. and 771

The first thing to do is to determine the curve of hori-

zontal illumination due to one lamp. An auxiliary curve
is used for this purpose, derived from the distribution curve
of a similar type of lamp, and, as long as this curve is of
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the same character as that given by the source in question,
the scale to which it is drawn may have any convenient
value,

In this case a suitable auxiliary curve is the normal curve
of distribution for the type of lamp indicated, drawn for a
mean hemispherical intensity of 1,000 C.P.in Fig. 43, p. 168.
Taking a height of 85 metres (27 feet 10 inches) above the
plane of reference, luminous intensities for different distances
a (0—40 metres) from the foot of lamp are measured off

Lamgp. 1T Lamp. T Lamp I
S i et Z¥I ———p
(Distance between Lamps) el
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Fic. 23.—LicuTING OF THE FRIEDRICHSTRASSE,

Measured values of the horizomtal illumination along the line
Joining two lamps.

from the curve. From these values and the height /. of the
suspension, the horizontal illumination can be calculated by

Equation 14 (p. 53)—
: Ih

T (a2 + h2)”

and the auxiliary curve 4 (Fig. 24) obtained by plotting I},
against a.

Table VI. is then made up as follows: The three first
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columns give for 7 points on the median line their distances
tr, @yps dppp, from the foot of lamps I, 11, and 171, in metres and
feet. Column 4 gives the values of horizontal illumination £,
at these points taken from the left half of the curve in
Fig. 23, while column 5 gives values E, taken from points
symmetrically placed on the right half of the curve. 'The
mean values I5 of these two quantities are given in column 6.
This figure 77 is the resultant horizontal illumination due to
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Fig. 24.—LicHTING OF THE FRIEDRICHSTRASSE.

Horizontal illumination due to a single lamyp :
A, Auxiliary curve.
B, Aetual curve,

lamps I, I1, and 111, all other lamps further away having a
negligible eftect.

Values of the horizontal illumination due to each lamp
separately, and corresponding to a;, a;y, and gy, are taken
from the auxiliary curve 4. These are denoted by £, £,
E' ;1 in columns 7, 8, and 9, their sum being—

o=yt v d gy

in column 10.

The curve of horizontal illumination due to a single lamp
must be similar in every respect to the auxiliary curve A
(Fig. 24).
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TABLE VI.
IN METRES AND LUX (METRE CANDLES).
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Hence, its unknown ordinates I, F;, I2;;;, must each bear
to the ordinates I}, E';;, ', of auxiliary curve, the ratio
of the actual illumination—

Hence—
S F E E
.Etj': jrj..h‘-l| Ifflir--j_fjj E”, ﬂ'.]]d FIII_EIII E;-
E,, E;;, and E,;;, are tabulated in columns 11, 12, and 13
of Table VI., and give the horizontal illumination due to a

single lamp for distances up to 42 metres from the foot of
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lamp. The curve B of Fig. 24 can then be constructed from
these figures. Other values derived by this method from
measurements made on the lateral line in the 24-metre interval
have been used in drawing curve B, besides those given in
Table VI., with the result that curve B is a little lower than
the numbers in the table would give by themselves. Curve B3
differs very little from curve 4, showing that the lamps used
in the Friedrichstrasse happen to have a mean hemispherical
intensity of about 1,000 C.P.

The accuracy of the result could be increased by repeating
the calculation with curve B as auxiliary instead of A, but
this refinement is usually unnecessary.

The horizontal illumination coming from a single lamp
having been determined from values measured in the above
described manner, the distribution of illumination over the
whole street can be arrived at. For this purpose a plan of
the portion of street dealt with is divided up into a number
of squares or rectangles of equal area, as described on p. 59.
In this case it will be sufficient to consider one-fourth of the
area comprised between two lamps, as in the other three-
fourths the distribution of light is repeated symmetrically.
The lamp interval is assigned the mean value of 80 metres
(98 feet 5 inches), and the number of rectangles, usually from
10 to 20, is here fixed at 12. Their positions with regard to
the lamps is that shown in the bottom right-hand diagram of
Fig. 11 (p. 60). The distances from the middle points of these
rectangles to the foot of each of the lamps I, I7, and I11, are
measured off from Fig. 25, and set out in Table VII., along
with the corresponding values of horizontal illumination
derived from curve B, Iiig. 24, The sum I of the three
individual values, I5;, I}, and I} ;;, obtained for each point
gives the resultant horizontal illumination at this point of
the street. Finally, the mean horizontal illumination of the
whole street is given as the mean of the twelve values of K,
thus arriving at the most important factor in the estimation
of a system of lighting.
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TABLE VII.
IN METRES AND LUX (METRE CANDLES).
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Curve B also enables the maximum and minimum values of
the horizontal illumination to be determined. The maximum
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occurs at the point M (Fig. 25), 5 metres (16 feet 5 inches)
from 7, 25 metres (82 feet) from [/, and 35 metres (114 feet
10 inches) from 777, Its value is—

E, . =105+05+01=111 lux (108 f.c.).

The minimum value occurs at m, 18:6 metres (61 feet) from
I and 77, and its value is—

E,=18+13=26 lux (024 f.c.).
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Fie. 25.—LIGHTING OF THE FRIEDRICHSTRASSE IN BERLIN WITH
ELEcTRIC ARCc LaMps,

Distribution of illnmination over the surface of the street :
Maximum horizontal illumination, 11°1 lux (1'03 f.e.).
Minimuam 2:¢ ,, (024 ., ).

iy il

Mean % o 68 ,, (0°64 ,, )

Hence the coeflicient of uniformity is—

Earlri:n 1 11-1 L

— = ——m4'Y,
‘F"Htii't J"h

The illumination is sensibly more uniform than is usually
found in street lighting.

Complete data for the formation of a judgment on the
lighting scheme in question have thus been obtained.



112 THE MEASUREMENT OF ILLUMINATION

45. Workep ExaMrrLe ox THE MEASUREMENT OF
Trooaivarion oF Ax OreEN Spack.

When many lamps are on one post, or grouped together in
a single lantern, they can be considered as a single source,
and the curve of horizontal illumination due to a lantern or
group, drawn in the manner described on p. 71, a distribu-
tion curve appropriate to a single lamp of the type used being
chosen as the auxiliary curve 4 (Fig. 24, p. 107).
As an example of this kind of lighting, and of the way in
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Fic. 26.—Li¢ATING oF THE PorspaMiERr PLatz 1¥ BERLIN WITH
INTENSIVE FLaMe Arc Lamps.

Measured values of the horizontal illumination.

which measurements of illumination in an open space can
be treated, the lighting of the Potsdamer Platz in Berlin
will be considered. (See also third example of Calculation
of Illumination, p. 78). -

T'wo groups, each consisting of four intensive flame arc
lamps, are installed, 45 metres (148 feet) apart. Each lamp
takes 20 amperes, is fitted with a transparent glass globe, and
the group is hung at a height of 18 metres (59 feet) above
the ground. Measurements of horizontal illumination were
made every 5 metres (16 feet 5 inches) along a line joining



WORKED EXAMPLE 113

the lamp standards, at a height of 1'5 metres (4 foet
11 inches). The results obtained are given as a curve in
Fig. 26. 'The auxiliary curve for one group has been drawn
in Fig. 27 from the distribution curve of that kind of lamp
(Fig. 45, p. 172) in the manner already described on pp. 104-
109.  From this curve the distribution of illumination over
the whole space due to one source can be determined, the
area being divided up into squares, as shown in Fig. 28, The
value of the horizontal illumination at the middle point of
each square is written within it, but it was only necessary to
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Fie. 27.—LIGHTI®G oF THE PoTsDAMER PraTz,

Horizontal illumination due to the lamps on a single mast.

actually make the caleculation for one-fourth of the number.
The mean value of all these gives the mean horizontal
illumination as—

E, oun=188 lux (175 f.c.).

In this example the maximum value of the horizontal illumi-
nation reaches 89 lux (76 f.c.), the minimum value at the
boundary of the area 1:3 lux (0-12 f.c.), and the ratio—
Emrrr 82 e
£ 15 o

kit
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Fic. 28.—Licuting oF THE PorspaMiER Pratz 1x BERLIN WITH
InTENSIVE FLAME Arc LamPps.

Distribution of illnmination over the whole area.
«(5) Measured values of the horizontal illumination.
@57 Predetermined values of the horizontal illumination.
Position of arc lamps.
Maximum horizontal illumination, 82 lux (7'6 f.c.).
Minimum e .. B Re T R
Mean 5 + 188 .. (70 5 )
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This figure shows that the lighting is rather irregular.
There is not, however, a demand for so great a uniformity in
this kind of lighting as in that of streets, and it is justifiable
to allow a much smaller value round the boundary of the area
than in the middle. It is sufficient that the minimum illu-
mination of the place should be greater than the mean
illumination of the streets running into it.

‘1"6. MEASUREMENT 0F IntERIOR II.LIII‘I-I]N.—"L'I‘IHN.

In dealing with interiors, there are cases in which it is pos-
sible to divide the illuminated surface into a suitable number
of rectangles, and at once measure the horizontal illumination
at the centre of each of these rectangles. The mean of all
these measurements then gives the mean horizontal illu-
mination. The disposition of furniture and other causes
sometimes prevents this method from being used, and recourse
must be had to a somewhat different procedure than that
adopted in street lighting. Then, again, interiors are often
lit from a large number of sources rather close together, while
reflection from the walls and ceiling also becomes important.
From these considerations it will be seen that it is no longer
possible to deduce the distribution curve of a single lamp from
the auxiliary curve and a few observations taken between
two lamps, as in street lighting.

It follows that the measurements to be made and their
application will depend upon the nature of the room and the
arrangement of lamps.

When the room is approximately square or circular, with
the lamps disposed symmetrically, either in a group in the
centre or distributed regularly over the whole room, the mean
horizontal illumination can be deduced from measurements
made along two or three diagonals or diameters. The height
of the reference plane is usually taken at from 0'8 to 10 metre
(2 feet 75 inches to 3 feet 3+4 inches), the height of an
ordinary table, but sometimes 1'5 metres (4 feet 11 inches) is
used, as in street lighting.
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The points at which measurements are made are marked
on a plan of the room with the observed values of the
horizontal illumination, and the distance of each point from
the centre of the room is determined. A curve can then be
deduced, showing the variation of horizontal illumination
along the selected lines through the centre. "This is always
possible for square or round rooms symmetrically illuminated.
One-fourth of the total floor area is then divided into ten or
twenty squares or rectangles, and the distances from the centre
of the room to the centre of each of these areas is measured off
from the plan. The values of the horizontal illumination
corresponding to these distances are then taken from the
illumination curve, and the mean of these gives the mean
horizontal illumination.

If the room is a long rectangle, measurements should be
made along two or three lines parallel to the direction of the
greatest length. Curves of horizontal illumination can be
constructed along these lines, from which values can be read
off for the centres of rectangles dividing up the whole area, or
a corresponding portion of it if the lighting is symmetrical.
When the centre of a given rectangle is not actually on one
of the reference lines, the value of the horizontal illumination
can be found by interpolation as before, the mean of all these
giving the mean horizontal illumination.

47. Worken Examreres on THE MreasureMeENT oF INTERIOR
IurovMiNaTION,

The method just described was applied to measurements of
illumination taken over the floor of a large restaurant. The
floor area was 490 square metres (5,270 square feet), and the
lighting was carried out by Nernst lamps, type A,* fixed in
the ceiling at a height of 7 metres (23 feet) above the floor
and distributed, as shown in Fig. 29. The horizontal illu-
mination was measured at 1'5 metres (4 feet 11 inches) above

* The A type of Nernst lamp has a loop filament projecting vertically
downward with the heater inside it.
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the ground, along two straight lines parallel to the long side

of the room.

The results are indicated at the corresponding
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points of Fig. 29, and from them the curves of distribution
of horizontal illumination along the reference lines have been
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drawn in Fig. 30. These curves permit of the determination
of the horizontal illumination at the centre of each of twenty-
one rectangles, into which one-fourth of the floor of the hall
has been divided, and the mean of these gives the value 56 lux
(5'2 f.c.) as the mean horizontal illumination of the whole
area, 'This hall is therefore brilliantly lit. Due to the dis-
tribution of the lamps over the whole ceiling the lighting is
also very uniform, as is shown by the ratio—
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Fic., 30.—LIGHTISG OF A BESTAURAXNT.

Measured values of the horizontal illumination.

not only of the arrangement of lamps, the kind of lighting,
and the shape of room, but also of the use to which the room
isto be put, when this necessitates specially good illumination
at particular points. Great attention should be paid to such
conditions when making measurements, a purely schematic
series of measurements being abandoned in favour of observa-
tions to suit each case.

An example in which the measurements and their applica-
tion were made to suit the particular circumstances of use
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is that of the lighting of an art exhibition. The hall is
nearly square, with an area of 330 square metres (8,550 square
feet), and is lit by four continuous current are lamps, each

£t @87 80 oy b
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Fic. 3l.—LicHTING OF AN ArT ExHIBITION WITH ELECTRIC ARC LAMPS.

¥ (71> Measured values of the vertical illumination,
Measured ,, ., horizontal i,
sy  Pre-determined values of the horizontal illumination.
Maximum horizontal illumination, 89 lux (83 fe.).
Minimum o2 i 19 ,, {175 ,, ).
Mean . " 54 ,, (50 ., %

taking 12 amperes at 55 volts, and each fitted with a diffusing
globe. The lamps are 5 metres (16 feet 5 inches) above
the ground, and measurements of illumination were made
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at a height of 15 metres (4 feet 11 inches). The positions
of the lamps, the several points at which measurements were
made and the values found, are shown on the ground-plan
in Fig. 81. The curve of Fig. 82 is obtained from these
results, and gives the values of horizontal illumination as
a function of the distance to the foot of the nearest lamp.
The horizontal illumination at the centre of each of sixteen
rectangles, forming one-fourth of the square, can be read off
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Distance from Foot of Lamp.

Fic, 32, —LicHTING oF AX ARr EXHIBITION.

Measured values of the horizontal illumination.

from the curve, and the means of these sixteen values gives
the mean horizontal illumination at 54 lux (50 f.c.).
The coefficient of uniformity is given by the ratio—

Loz 89
e 19

and is not particularly good for an interior. In this case,
however, the vertical illumination of the walls is of more
importance, as a good illumination is required on the
pictures placed there., Measurements of vertical illumination
were made close to the walls, the points chosen and the values
obtained being indicated on Fig. 81 by the numbers in
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brackets. ‘The arrows perpendicular to the walls indicate
the direction in which measurements were made., A com-
parison of values at the points considered show that the
differences between vertical and horizontal illumination are
very small.

48. Siurre MeETHODS oF MAKING AND APPLYING
Intomixarion MEASUREMENTS.

The method just described and illustrated by examples
gives exact results, and can be used without any particular
preliminary knowledge. It often happens in practice that
there is not much time for these measurements, how-
ever desirable it might be to make them, and in those
cases a simplified method can be used involving the least
possible amount of measurement and calculation, yet giving
results which can be relied upon in judging of the illumina-
tion.*®

The examination of a very large number of measurements
of illumination has shown that the value of the mean hori-
zontal illumination can be caleulated approximately if the
maximum and minimum horizontal illumination have been
correctly determined. The two values should be measured
in as many places as possible, say from four to six, and
the mean taken in order to get a result independent of
accidental ecircumstances. These points can be fixed by
eye, or by a few trial readings, positions of special illumina-
tion due to shadows, for instance, being carefully avoided.

The calculation of the mean horizontal illumination by
this short method depends on the uniformity of the lighting
as defined by the ratio of the maximum value (£, ) to the
minimum value (). For interiors this ratio is nearly

4

always less than three, and in such cases the value of F

o T TH 5]
is given at once by taking the arithmetic mean of the
maximum and minimum,

* L. Bloch, “Die Verwertung von Beleuchtungsmessungen ™
(Jowrnal fir Gasbeleuchtung, 1907, p. 1521



122 THE MEASUREMENT OF ILLUMINATION
For—
g

E

VDS S D
r ~a I _ =max T Smin
. <'3'= I"nret‘!ﬂ_' 9 - . (21}‘
LR

W - : : I':umr -

For street lighting the ratio 7 is generally much
“min

greater. The conditions and formule are, then,

For—
Idm.ﬂ.]: ::}3 P : A 1 s
m {<T|j 'r"-mc{m =0 IB{an:u 3 IDEJ;«EEN:' . {‘]'2}*
And for—
;}WI{}TU -Elmc'mt 0 Utlﬂif:mam = 10Emin] . {23}*

i

Approximate figures can thus be obtained very simply and
rapidly,

The experimental data leading to these empirical formula
are collected together in Tables VIIIL. and IX., pp. 123-126.

They contain actual measurements of illumination of
streets, squares, and interiors, varying according to the type
and arrangement of the lamps, the current taken, or the
gas burnt. Some data have also been given on the economic
coeflicient, showing the consumption in watts or litres per
hour to get a mean horizontal illumination of 1 lux and
and square metre (1 f.c. and square foot).

Column 14 of the tables contains the values of mean
horizontal illumination as the result of exact calculation, and
column 15 gives the approximate values, calculated from equa-
tions 21, 22, and 23, the errors tabulated in the last column
being seldom over 10 per cent., and in no case above 16 per
cent. The coeflicient of uniformity is given in column 13.

This simplified method is of especial value wherever great
exactitude is not required, and is available in most practical
cases.
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CHAPTER VI
INDIRECT LIGHTING

49, lLacur Sovrces vor Ixpirecr TnoousixaTion.

Inpirecr lighting is a special branch of the science of
illumination. Its essential feature is that all, or nearly all,
of the light emitted by the sources is sent on to the ceiling or
walls of the room, and illumination is effected by the light
reflected from these surfaces. A very uniform illumination is
thus secured, with an almost complete suppression of trouble-
some shadows, while the invisibility of the actual sources isin
itself an aid to clear vision,

Electric arc lamps, incandescent gas mantles, and in some
cases metal filament lamps provide the best sources for in-
direct lighting. Are lamps should be worked with ordinary,
unimpregnated carbons, and they can be arranged as for
direct illumination—that is, with the highly luminous positive
carbon at the top, and the less luminous negative carbon
underneath, The naked lamp under these conditions sends
nearly all its light into the lower hemisphere, as shown in
curve 4, Fig. 33 (p. 128), where it will be seen that the mean
hemispherical intensity (/_) is almost double of 7. Tor
the purpose of indirect lighting, this light must be sent
upwards, and this can be done by fixing a reflector coated
with white enamel underneath the lamp. A reflector of
this kind absorbs about 40 per cent. of the total light, the
resulting distribution being given by curve B, Fig. 83. An
examination of these curves, and a comparison of the new
values of the mean spherical intensity with the mean upper
hemispherical intensity, shows that practically all the light is
sent into the upper hemisphere, and used to light the ceiling.

127
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Curve B is almost circular, and is very much like the curve
given for an element of luminous area radiating from one
face (Fig. 88, p. 158).
If the enamelled iron reflector is replaced by one of opal or
fandles

A p=—
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Fiz. 33.—LicuT DisTrRIBUTION CURVES FROM AN ORDINARY CONTINUOUS
CunreNT ARc Lamp, TAKING 12 AMPERES AT 42 YoLTS.
Curve A, Without reflector—
Ia=060 C.P. Io=1,085C.P
Curve £, With enamelled sheet-metal reflector for indirect lighting—
Iy=3840 C.P. I~=0660C.F.

milk glass, allowing some light to traverse it, the so-called
semi-indirect lighting is obtained (p. 146), in which some of
the light passes directly below.
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Arc lamps can also be used in which the relative positions
of the carbons are reversed, the positive carbon being under-
neath, and the negative carbon above. The distribution in
the upper hemisphere is then almost exactly the same as that
given in the lower hemisphere with the usual arrangement of
carbons ; the light of the arc goes dirvectly to the ceiling, and

“loss by absorption in the reflector is avoided. A small
reflector must, however, be placed under the arc to prevent a
direct view of it from below. The output of light under these
conditions is almost the same as for an ordinary are, but the
working of the lamp is less regular, and the shadows cast on
the ceiling by accessories become more marked. The inverse
arrangement of carbons is to be preferred where the highest
possible efficiency is aimed at, but the normal arrangement is
better if it is desired to create a good general impression
of the lighting, and to have the lamps working in the
best way.*

Incandescent gas lamps for this purpose should also be
fitted with large enamelled reflectors in order to divert the
downwardly-directed radiation upwards and on to the ceiling,

The type of gas lamp with which the best results have
been achieved is that in which the gas is burnt under
pressure in large units grouped together. The advantage of
uniform illumination can be secured in this way with a small
number of lamps, the same degree of illumination by in-
direct means from ordinary burners only being possible with
a much larger number.

Metallic filament lamps are finding increasing use for
indirect and semi-indirect lighting. The cost is greater than
with are lamps, but not so much greater as to be more than
made up for by the greater convenience. 'The lamps can be
placed, for example, in a channel along the wall, and con-
cealed from view by a cornice, from whence they send their
light on to the walls above them and on to the ceiling. A very
fine luminous effect can be obtained in this way, particularly

* Zeidler, “ Die Elektrischen Bogenlampen,” pp. 34 and 57;

Monasch, Elelktrische Belewchtung, pp. 87 and 89.
g
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if no source is directly visible from the room below. There
is, however, a great loss of light, rendering the method an
uneconomical one, and only to be regarded as a luxury.

50. Errecr or THE Corour or Warrs axp CrinLiNe.

With indirect lighting, the original light is only of use
after reHection from the Lﬁ.lll]lg and walls, and it is therefore
evident that the colour of these surfaces should be such that
loss of light by absorption is kept as small as possible.

The following figures have been given by Sumpner® for the
reflecting power of different surfaces :

TABLE X.

Reflecting Power.
Kind of Surface. T

Per Cent.
White blotting-paper 82

White cartridge-paper ... G
Tracing-cloth

aee 3
Tracing-paper ... i e
Ordinary foolseap B i
‘\L%[mpms o e B0O-70
Tissue-paper (one thic Lill;_,hh.] 40
Tissue-paper (two thicknesses) R 1
Yellow wall-paper e SRR
Blue paper e
Dark brown paper e |
Deep chocolate paper ... 4
Plane deal (clean) ... 40-50
Plane deal (dirty) e )
Yellow cardboard : )
Parchment (one thic kllE‘-‘-‘u]' - 22
Parchment (two thmknesscs) e, P
Yellow painted wall (dirty) o2
Yellow painted wall (clean) e 40
Black llﬂt]l e R
Black velvet ... e o

[ In the majority of cases the above numbers are approximate
only. The first four surfaces referred to were, however, care-
fully tested, and the numbers obtained represent the mean of

many observations. The source of light was a carbon fila-
ment glow lamp.]

[* W. K. Sumpner, Philosophical Magazine, Series 5, vol. xxxv.,
February, 1893,
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The surfaces tested in these experiments not being of the
kind commonly used in indirect lighting, further tests were
carried out in the Laboratory of the Berliner Elektrizitiits-
Werke.

Seventeen different kinds of ceiling surface and three
different kinds of paper were prepared on sheets of cardboard
20 x 25 centimetres (79 x 9'8 inches), and their reflecting
power investigated. The way in which this was done is
shown in Fig. 34.

The test-sheets were illuminated by an ordinary arc lamp
without a globe. The luminous intensity on the sheet was
that given by the are lamp in the direction making an angle

3
Fic. 34.—DiAcRAM OF ARRANGEMENTS FOR THE MEASUREMENT OF
ReFrLEcTING PowEn,

¢ with the vertical, and was determined by direct measure-
ment. The distance of the source L from the centre O of the
test-sheet being r, and the direction of the luminous ray
arriving at O making an angle « with the normal ON to the
sheet, the illumination at the centre O is given by—

. fcosx
I'rf.:.: j|'2

As LN is perpendicular to NO, measurement of the distances
LO and NO gives

NO
LO®

Cos o=
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The light reflected from the test-surface was measured by a
photometer. The photometer screen was placed parallel to
the test surface at a distance @ along the normal, as shown
in Fig. 84, from which it is also evident that the window B
defines a circular area on the test-sheet from which alone
luminous flux can reach the photometer screen. The value s
of this area can be obtained by direct measurement of the
diameter of the circle seen when the eye is placed at §. The
surface s receives from the arc lamp a mean illumination I,
and therefore a luminous flux—

D= Es (cf. p. 17).

To get the luminous lux coming back from the surface s,
it must be considered as a source of which the maximum
intensity is /,normal to the surface. "This luminous intensity
is proportional to £, and s, and can be written—

Iu - XE“:IT.

The luminous intensity from such a surface element, assuming
that the light is radiated wholly on one side of the test-sheet
is, according to Lambert’s law, proportional to cos «. 'The
law of distribution of reflected light will then be—

=1, cos o,

and the corresponding distribution curve is a circle of di-
ameter I, (p. 65, and Fig. 38, p. 158). The mean hemi-
spherical intensity is for this curve of distribution (Eq. 7,
p- 30)—

LU

2

I J sin o do= f“t:uauxsincufm=
0

This result can also be seen at once from the normal dis-
tribution curve (Fig. 38, p. 158), where—

I,=2,000, and I_ = 1,000 C.P.
The mean spherical intensity is, then, half of the mean hemi-
spherical intensity, as the light is distributed all on one side.
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Hence— I = i’ f
and the total luminous flux is—
O =4dnl =wl,=XTEs=XTD
The reflecting power p of the surface is expressed as the ratio
_of luminous flux reflected to luminous flux received, thus—

D,
ps = T

I, is measured by the photometer, and if p is the photometer
reading, and ¢ the photometer constant—

L1}
I, ca®p,
and the reflecting power is given by—
D, I, wea'p ear?
= - e = — = * 1),
=" Egs [cos % Is cos o 7
.;r.'.’.

Multiplying the values of p by 100, we get the figures in per
cent. The values of the reflecting power of the various sur-
faces tried, given in the table below, have been arrived at in
this way.

TABLE XI.
Kind of Surface. Reflecting Power.
Coated Surfaees : Per Cent.
Pure white stone set AL
Zine white (pure) v tae0
Limewash ... . 0665
2 with chrome-yellow (light) ... ... 8665
i ;5 chrome-yellow (dark) ... o 04D
o ,s ochre (light) ... ... B65
,» ochre (dark) ... .. B2
=3 s» green (light) ... e BGD
e .+ green (dark) . ik |
- ,» ochre and green (light) ... I 15 18
" ,» ochre and green (dark) ... e O1%3
. ,» red (light) .. B35
1 ,» red (dark) . 605
4 ., blue (light) ... .. 600
L ,, blue (dark) ... e 030
5 .» umber (light) ... ... 960
s ,» umber (dark) ... oo 4075
Papers : '
White writing-paper ... s .o 0680
Yellowish paper e 670

Yellow paper e GO0
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An inspection of the figures brings out the fact that pure
white stone or zine white is a better reflector than white
paper. The limewash commonly used on ceilings has, on the
contrary, a reflecting power 10 per cent. less than the two
first. Usually, the whiteness of limewash is modified to a
yellowish, greenish, or bluish tint, as a dead white appears
cold and unpleasant. Experiments were therefore made on
two samples of each colour, one slightly and the other
heavily tinted. 'The lightly-tinted test-sheets matched the
colourings usually met with very well. The experiments with
the darker colours were useful, as these are sometimes used.
The results show that the reflecting powers of the dark colours
are decidedly smaller than those of the corresponding light
colours, with the single exception of chrome-yellow. The
smallest addition of colour produces some diminution in the
reflecting power, except with chrome-yellow, ochre and
green, which give the same figure as pure limewash. The
ceilings of rooms in which it is intended to use indirect
lighting should, therefore, either be white or, at the most,
tinted a light yellow or green.

Experiments were also made to find out whether the colour
of incident light exercised any sensible effect on reflecting
power. For this purpose a mercury vapour lamp in a quartz
tube was used instead of the arc lamp, thus replacing a nearly
pure white light by one giving chiefly green and yellow rays
with only a slight admixture of red. The differences found
in the reflecting power were, at the most, 5 per cent. The
chrome- }elluw surfaces, both dark and light, gave a reflecting
power 5 per cent. higher with this light, while the red and
blue surfaces, on the other hand, gave values 5 per cent. lower.
"The differences being so small over so great a range of colour,
it may be taken that, with usual sources, the reflecting power
is independent of the colour of the light.

From these and other results, the reflection factor p can be
taken to have the values—

Pure white ceilings (new) : . p=0"65
Lightly-tinted ceilings (new) : . p=06
Lightly-tinted ceﬂmgs (after long use) p=0-5-04
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51. CarcvraTioxy or Ixpmrecer InLuMINATION.

In the nature of things, it would be much more difficult and
more complicated to calculate an indirect than a direct
illumination—in fact, aceurate predetermination has to be
abandoned in favour of approximations based on the results
of experience. Suitable experimental values for such approxi-
mate calculations will be given later, the method followed
being similar to that set forth on p. 61, for the calculation
of direct illumination.

In the first place, the mean horizontal illumination of the
ceiling must be determined, this being the first surface lit by
the lamps, and this calculation ean be made in a manner
that has already been completely dealt with. The total
ceiling surface being 5, and the distance from sources to

ceiling 7', ;;52 can be determined. Table XXI. (p. 155), gives

1 —cos &', and ¥’ can then be obtained from the table of Hux
for the source used—viz., Table XXVIL (p. 167) for arc
lamps with the normal carbon arrangement, and Table X XXI.
(p. 175), for upright gas-mantles with reflector. The mean
upper hemispherical intensity 7_ must be taken instead of 7o
The factor I due to reflection from the walls can be neglected
to begin with. The mean horizontal illomination of the
ceiling is (Eq. 16, p. 68)—
5 27V Iz

Tl N« 1060

The procedure is then similar to that given on p. 132 in
connection with the measurement of reflecting power. Each
element of ueiling area N itself becomes a luminous source,
and if the illumination at d8§ is I, then the maximum
luminous intensity of such a source is—

dl,=XE'dS.

The distribution of light is like that given in Fig. 88 (p. 158),
and the mean hemispherical intensity of an element of area
will be (p. 132)—

1

{
ar, ="
al
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The whole ceiling behaves then as a source of which the mean
hemispherical intensity is—

7= [d.; —JJXF’JS IXE' S

the mean horizontal illumination E',, of the ceiling being
defined by the relation—

o\ Eds (Bq. 12, p. 48).

E =
i1 *S'l‘-

(1 -cos o) can be determined from the surface .5 and the
height % of the ceiling above the plane for which the useful
mean horizontal illumination k£, is to be caleulated, and the
corresponding value of W taken from Table XXIII. (p. 159).
The mean horizontal illumination then follows in the same
way as above, viz.—

Fu=2n¥ I, , 9% 4XE,S,
S fooc S @ 1000
o ¥ -

=X71 0007 »* =Py gpo’ mk

as on p. 133 it has been shown that—
X =p,

the reflection factor for the ceiling surface.

The factor W depends very greatly on the height of the
room, and the factor /' on the reflection from the walls, as well
as on the increase of illumination due to multiple reflection.

The procedure in these calculations will be made plain by
the investigation of two examples, in the course of which it
will become evident that it is possible to make approximate
calculations of indirect illumination, although these may be
more complicated than with direct. More factors are
required in order to arrive at correct estimates, such as p, the
reflection factor for the ceiling, and £, the reflection factor for
the walls ; further, the mean upper hemispherical intensity of
the combination of lamp and reflector used is not often well
known, and has to be estimated. These preliminary calcula-
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tions are useful in cases where there are no practical data to
go upon, as some indication is.then afforded of the results to
be expected before actually testing the installation,

1

52. Examrres ox THE CAarcvrarioNn ofF INDIRECT
ILLuMmNaTION.

(1) Electrie Lighting.

The Commission on Indirect Lighting of Schoolrooms and
Drawing Offices, appointed by the German Union of Water
and Gas Engineers, carried out some experiments at Munich
on a drawing office 156 square metres (1,680 square feet) in
area and 4°8 metres (15 feet 9 inches) high, indirectly lit by
three continuous current arc lamps with inverted carbons.®
The total power taken by the lamps was 2,137 watts. From
Table XVI. (p. 149), ordinary arc lamps taking more than
8 amperes give a mean hemispherical intensity of 1,500 C.P.
per kilowatt, which could be considered in this case with
carbons inverted, as mean upper hemispherical intensity.
Part of the light sent into the lower hemisphere is returned
by a reflector; this light may be taken as an approximate
compensation for the somewhat lower efliciency of the lamp
with inverted carbons, giving as the mean effective upper
hemispherical intensity—

1,500

= 87=28,205 C.P.
I me}: 2,187 =8,205 C.F

The lamps were placed 075 metre (2 feet G inches) below
the ceiling, and the illumination was measured at 1 metre
(8 feet 3 inches) above the ground. The calculated value at
this height is arrived at as follows—

From 8= 156 square metres and 2" =075 metre,

e =278,
and— R ey (e = — = (0895,
/1e8
\ | e -
'Ti'h =

* Journal fir Gasbelenchiung, 1904, p. 709, Experiment 11.
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From Table XXVII. (p. 167) ¥ =958. The mean hori-
zontal illumination on the ceiling will then be—

y _2mx958 3,205
“m=""756  _ 1.000

The height of the ceiling above reference plane is—

fh=4'8 — 1= 388 metres,

=124 lux (115 f.c.).

and—
‘S'r
2= 108 ;
whence—
1 - cos «=0'526 (Table XXI., p. 155),
and—

¥ =775 (Table XXIIL, p. 159).

As the ceiling had been given a wash of pure white just
before the experiments, the reflection factor from the ceiling
can be taken as p=0-65.

The mean horizontal illumination at 1 metre (8 feet
3 inches) above the ground, neglecting the reflection factor
for the walls, is—

E, =065 x 0°775 x 124 =625 lux (58 f.c.).

Direct measurement made by the Munich Commission
gave a mean horizontal illumination of 84-4 lux (78 f.c.).
Hence the reflection factor for the walls, which has hitherto
been neglected, is—

844

=5

1:35.

The values given for this factor on p. 69 for walls of a
light tint, with direct lighting, lie between 1:2 and 1-5.
The above calculation confirms values of the reflection factor
of this order as available also for indirect lighting.

(2) Lighting by Gas.

Experiments with indirect lighting by gas under pressure
have been described by Schumann,* from whom the following
example is taken :

* Journal fiir Gasbeleuchlung, 1907, p. 112,
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A classroom in a secondary school in Munich, 77 square
metres (828 square feet) in area, and 3'85 metres (12 feet
7°5 inches) high, was lit indirectly by six pressure gas lamps
with mantle-burners. The light radiated below was sent to
the ceiling by reflectors painted white, The total consump-
tion for the six lamps was 1,470 litres (52 cubic feet) of aas
per hour. From Table XV. (p. 148) “ Millennium ™ lamps
give a mean spherical intens ty of 640 C.P., and a mean lower
hemispherical intensity of 570 C.P, for a consum ption of 1,000
litres (85°3 cubic feet) per hour. The mean upper hemis-
pherical intensity without reflector for this hourly consump-
tion will then be (Eq. 4, p. 22)—

I'.=2I -I_=1,280-570="710 C.P.
About 40 per cent. of the light sent below is absorbed by the
reflector, and GO per cent. returned to the upper hemisphere.

Under these conditions the mean upper hemispherical
Intensity with reflector becomes—

I' . =710+06 x 570=1,050 C.P.

The hourly consumption being 1,470 litres, the mean upper
hemispherical intensity of the six lamps is—

I z=1,050

= el

1.000

The distribution of light in the upper hemisphere for these

lamps fitted with reflectors is almost the same as that of the

normal lamp in the lower hemisphere. The normal curve of

distribution given for this type can be used to complete the
calculation.

The lamps are hung at a height of 2-7 metres above the
ground, hence—
K =885-27=1'15 metres;
and it follows that—

x 1,470=1,550 C.P,

Syl TT FH
B Taa— U0

I T332
74 (Table XXI, p. 155),

—il

1 —-cos o'=0"
and—

¥’ =788 (Table XXXIL, p. 177).
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The mean horizontal illumination of the ceiling is then—

v 2w x788 1,550
EmiE e & 00

The plane of reference being 09 metres above the
ground—

=995 lux (925 f.c.).

h=3885-09=295 metres,
S*Hos
F=ﬁ_8 8,
1 - cos 2=0488 (Table XXI., p. 155),

and—

W="738 (Table XXIII., p. 159).

"This ceiling also had been newly whitewashed immediately
before the experiments, so that the factor p for the ceiling
reflection can be taken as 0'65. Leaving the factor for
reflection from the walls out of account, the mean horizontal
illumination is—

=065 x 0°738 x 99:5=48 lux (4'5 f.c.).

Direct measurement in the room gave 65 lux (6°0 f.c.).
The reflection factor for the walls is then—

65

k= T 1'36,

a value very nearly the same as before.

53. MEASUREMENTS AND DaTA For THE APPROXIMATE
Carcvnarion oF Ixpirecr Licnrine.

Practical data are obviously best derived from measure-
ments made on existing installations. A summary of
measurements of indirect illumination made and published
by different experimenters, which may be regarded as giving
standard figures for this kind of lighting, are therefore
collected together in Table XII. (pp. 142, 143). Investigation
shows that there is sufficient agreement among these figures
to warrant their use in the preparation of new schemes,
the most important values being those of the economic
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coeflicient (consumption per lux and square metre) and the
ground area per lamp. The measurements in this table
coming from the Berliner Elektrizitits-Werke give more
unfavourable values for the consumption per lux and square
metre than the others, because the colouring of the walls in
the rooms that were tested was unsuitable for indirect
lighting.

Limiting values of the economic coeflicient for different
methods of indirect lighting are given in Table XIIL. (p. 144),
deduced from the figures already quoted, and from a large
number of other experimental results. By means of these
limiting values and Tables X VII., X VIIIL., and XIX. (pp. 150-
152), which give figures for the illumination necessary in
the lighting of interiors according to the use to be made of
them, simple and rapid approximate calculations of indirect
illumination can be made in the same way as has been
indicated (p. 95) for direct lighting.

The smaller values of the economic coefficient quoted in
"Table XIIIL. apply to freshly-coated ceilings, As the colour-
ing gradually becomes darker with time, an allowance must
be made for this in the preparation of lighting estimates,
with the object of securing a sufficient illumination after
lapse of time has diminished the reflecting power of the
ceiling, The lower values given in the Table should not
therefore be used, but numbers approximating to the mean.
In a well-kept installation the ceilings should be white-
washed at least every three years, if electric light is used, and
every two years if gas light is used.

When the total consumption for the lighting of the room
has been arrived at by means of the economic coeflicient, the
approximate number of lamps necessary can be determined
from the values given in Table XIII. for the normal con-
sumption per lamp. The greater the number of lamps, the
more uniform will be the lighting. The numbers given in
Table XII., referring to the area per lamp, could also serve as
starting-points in estimating.

Complete tables relating to the number and intensity of
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TABLE XIIL

PRACTICAL VALUES FOR THE ECONOMIC COEFFICIENT IN
INDIRECT LIGHTING.

e —— — — S — - S —

|
r . | Consumption per Lux
Lighting by Means of— Do Cnnaumptlunl and Square Metre

|

|

|

| | per Lamp, | (per f.e. and sq. ft).
Continuous current arc  400-900 watts | 022030 watt

lamp with normal ar-
rangement of carbons

Continuous current arc 400-900 watts [ 0°16-0"28 watt
lamp with inverted car- |

hons |
100-180 litres per | 0'39-0'56 litre per
sz J 3 hour | hour
Ordinary gas-mantles { 35-0'5 cubic feet | 0014 — 002 cubic
per hour foot per hour

sure gas hour haur
““ Selas 7 and  ““ Mil-| 7-17 cubic feet per | 0°1-0°15 cubic foot
" lennium ” light hour per hour
| | I

———— — —_ - ———nn = = = o ——

Mantles using high-pres- Jl 200-500 litres per | 0°28-0'44 litre per

lamps used in indirect lighting by electricity and gas have
been published.”

An example of the rough estimation of illumination by
indirect lighting is as follows :

A drawing office of 100 square metres (1,075 square feet)
area is to be lit by ordinary arc lamps, and is to have a
mean horizontal illumination of 70 lux (6°5 f.c.). The total
power and the number of lamps is to be determined.

In Table XIII. the consumption per lux and square metre
for the type of lamp to be used is given as a mean value of
031 watt, The total power taken to light the room will
then be—

W=ck, S=031x70x 100 = 2,170 watts.

* Uppenborn, Deutscher Nalender fiir Elekirotechniker, 1907, pp. 306,
308 ; Hogner, * Lichstrahlung und Beleuchtung,” Tables XXII. and
XXIIIL., p. 50; Schaars, Kalender fiir das Gas und Wasserfach, 1907,
p. 161.
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Four lamps might be used, each lamp taking 550 watts,
or 10 amperes at 55 volts, thus giving two in series on
a 110 volt cireuit.

54, Compranison oF DiFrerEnT Kinps oF LicHriNG.

A comparison of different methods of indirect lighting can
also be made on the basis of the economic coeflicient and the
price per unit of the power supply. The procedure is the
same as with direct lighting (p. 39). In so far as establish-
ment charges cannot be assumed as approximately the same,
they must be taken into account in making comparisons,
their effect on the result often being very great. The Munich
Commission of the German Union of Gas and Water
Engineers (p. 142), in an addendum to their report on in-
direct lighting, has made comparisons of cost between
different systems.* The numerical results obtained are
naturally very variable, as the prices of units of gas and
electricity are very different, as are also the conditions of use.

If the values of the economic coeflicient for indirect
lighting (Table XIIIL, p. 144) are compared with those of
direct lighting for sources of the same type (Table XX.,
p. 153), it will be found that they are not very different.
It would appear, at first sight, an extraordinary claim to
make that indirect could be as economical as direct lighting,
because of the obvious losses by absorption in reflectors and
ceilings, There are, however, absorption losses in direct
lighting due to globes and reflectors, although on a somewhat
smaller scale. Further, the total light in direct schemes is
not made use of in the same proportion as in indirect
lighting, the reflecting properties of walls and ceiling not
being usually so good, thereby resulting in the loss of a
considerable part of the light.

The result is that for interiors the energy consumption
is not essentially different for the two systems using lamps of
the same type. Evidently, in particular cases, as, for instance,

* Jouwrnal fiir Gasbeleuchtung, 1904, pp. 720-722,
10
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when a concentrated light is desired on a table, and the
illumination of the rest of the room is not important, direct
lighting is much more economical than any indirect system

could be.
55. Semi-Ispirecr Licurive.

It often happens that it is neither necessary nor agree-
able to light a room without producing any shadows.
The visibility of the source may also not be of great im-
portance, although an illumination as uniform as possible,
without too heavy shadows, is desired ; resort can then be
had to semi-indirect lighting. The opaque reflectors of the
indirect method are replaced by others made of opal or
frosted glass, Some portion of the light then passes directly
below, while a great part is sent to the ceiling and distributed
as before. In general, a more favourable performance can be
obtained in this way with arc lamps having the normal
arrangement of carbons, the consumption per lux and square
metre being about 15 to 25 per cent. less than with indirect
lighting. Taking account of this difference, numbers in
Table XIII. could still serve as a basis for the calculation of
such an illumination.




APPENDIX
ENERGY CONSUMPTION AND YIELD OF LIGHT
FOR COMMERCIAL SOURCES.
TABLE XIV.
LAMPS USING LIQUID COMBUSTIBLE.

MEernic Uxirs,

Normal Mean Valucs,

Normal Economic | -
ﬂ::nnsump- Coefficient, | Cuble Centimetres  Intensity per
tion per | in Cubic | per Candle Hour,  Litre per Hour,
| Lamp in | Centimetres - o

Kind of Lamp.

|  Cubie | per Candle | = ia |
Centimctres Hourof £F | 2 |E8 |, !
per Hour, | Horizontal 22 | & | 3% | hor I, =
' Intensity. | =3 | € | HE |
| | wo | = |

Petroleum lamps = 50-150 | 5°0-33 30 | 44 l 6:1 | 260 225 160
| Petrolenm mantle | ,

lamps ... v | 50-100 1'7-11 | 1'8 | 18 | 2-8 | 750 | 560 | 430
| Aleohol  mantle
lamps ... ... | 90-150 2:8-17 | 2°1 |31 |41 | 480|320 | 240
ExcLisn UNirs.
B~ E?,;;umml- i Mean Values, |
Normal | sl Cil® | ooy e Tnohes per Intensity per
Consump- i Lf,'fﬁf{',’iﬂt Candle HﬂurI.E Gallon pm? AT, |
Kind of Lamp. Enn PEY | Inches per - —
AP M| Candle | | = =3
Gallons per | poo o | = | 8 §1§ I |
Hour. | Horigontal | E€ 5§ | 8% | ‘o | & | o
| Intensity, | =2 g | =g |
s o e I ' = = A |
Petroleum lamps |0-01-003 0-30-0-20| 024 027 0°37 1,1801,020 730 i
Petroleum mantle ' |

B

lamps ... .. 001-0:02 010-0'07|0:08 0-11 0-14 3,4002,550/1,050
Alcohol  mantle | | | |
lamps e | 0°01-0080°17-0*10}0°13 0°19 | 025 2,151]'1 A0 1,1]'1!1]'

REMARKS ON TABLES XIV., XV., XVL

1. All the figures given for intensity refer to lamps without globe or
reflector. For the effect of these on the intensity, see p. 42,

2. The data on the consumption of electric arc lamps and vapour lamps are
given for operation at normal voltage, and include losses in control resistances.

3. The yield of light from alternating current arc lamps is from 25-50 per
cent, less on the mean hemispherical intensity, and from 20-40 per cent. llm-',s
on the mean spherical intensity than with continnous current. Inversely, the
economic coefficient is greater with alternating current are lamps than with the
corresponding continuous current are lamps.

147
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TABLE XV =*

LAMPS USING GASEOUS COMBUSTIBLE.
MEeTrIc UNITS.

i |I Maan Values. :
r Normal T
Normal | Li Intensit 1l
Consump- Cfﬁc{azﬂ?ﬁ" Gnuflil-ga ﬁ;r Eit::;: Ifc{-mﬂrnuﬂr{ru
: tion per | L
Kind of Lamp. Lamp in Ié?_:‘;g’]lpg; = F
| Litres per | = : R
T e 4 € B e o | 0o
,_| e TR ARG S
| ' 3
Two-hole acetylene | I | ;
burner 20-60 10-0¥ |08 12| 13 |1,290 820 | 750
Lighting Gas at| | .'
| Norinal Pressure. | '
|Slott-ed burner | '
(Bugg)  140-500 13-9 131 387119 90 57| B3
Argand burner | 100-500 11-8 9| 12 | 14 | 112f 81| 72
Upright gas-mantle 80-180 1:8-1'3 15 | 271 | 214 | 640 480 | 410
[nverted g gas-mantle  60-120 2°0-0 9 14 |17 |14 | 690 600 | 690
Lucas Light ..l 250-650 1-3-1-1 1-2 | 1:7 | 1'9 | 820/ 600 | 530
| Pressure Gas, | ' | |
| Millenninm Light | |
i and Pharos Llff]it 200-1, 200 1°3-09 11 | 15 | 1'8 | 900| 640 | 570 |
i‘:h_las Light . 200-1,500 1+1-09 1'0| 1:3 | 1:5 l,ﬂﬂﬂi 750 | 640

Excrisa Uxrrs.

 —

| Mean Values,
. Wormal |- - ™
| Normal i Cubic Feet per Intensity per 10
[ ﬂ:msum]l- ¢f:;:;";f£ﬁ,1 Candle Hoﬂr. Cubic Fecsi'- ?:r:r Hr.
Kind of Lamp. 1{::.’;;!{“:; Gubio Feet per | ————— - —
20| Candle o i Rt | |
Cubic Feet | yiovizontal |23 | & | 28 |
per Hour. | Intensity. 2% g |8 E [fhor| L | I
i | B | PR ! |
w o |
e PRIIE Sl L
| |
Two-hole acetylene | | !
burner ... .| 0°7-2:1 | 0°085-0:025 |0-0280-0420-045 365 | JSDI 210
Lighting Gas at | ' '
Normad Pressure. | ‘
Slotted burner . |
(Sugg)| 5:0-17-5 | 04503 |04 (065 (067 | 25| 16| 15
| Argand burner 3°5-175 04-028 (03 04 1005 | 32| 23| 21|
Upright gas-mantle, 2°8-6-4 | 0°065-0-045 0°05 0-0750°085 180 | 185 | 115 |
Inverted gas-mantle 2-1-4:2 | 0-07-0°03 [0°05 (006 [0-05 lilﬁl 170 | 195
Lucas Light 8:8-28 | 0°045-0'04 [0°04 [0-06 [0-07 | 230 | 170 | 150
Pressuire Gas. |
Millennium Light | I
and Pharos Light ' 7-42 0°045-0-03 [0-04 |0°05 [0°065/ 255 | 180 160
iScI:m Light o 7=52 | 0°04-003 |0°035/0-045/0°05 | 28D 4 215 180
| | |

* See Remarks on p. 147.
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150 APPENDIX

TABLE XVII.

WORKING VALUES FOR MEAN HORIZONTAL ILLUMINATION IN
STREET LIGHTING.

Mean Horizontal Iliuminatinn

15 Metre (4 Feet 11 Inches) above |

Type of Street. the Ground. i

I

Lux. Foot Candles. |

Side streets with little traffic ... |  0:5-10 0:05-011
Side streets with heavier traffic 1:5-3:0 0-15-0-3
Main roads 3:0-6-0 0-3 -06
Centres of heavy traffic ... | 10:0-30-0 1-0 -3-0
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TABLE XVIIL

WORKING VALUES FOR MEAN HORIZONTAL ILLUMINATION IN
INTERIORS.

Mean Horizental Hlumination
10 Metre (3 Feet 35 Inches)

Type of Interior. | above Floor Level.

Lux. Foot Candles. i
' Bedrooms and corridors f =110 0-H=1+0
| | |
Ordinary living rooms and i
hotels ... s 10-20 1:0-2-0
Hotel lighting in special cases | 20-30 2:0-3-0

Offices, sale-rooms, school and
lecture rooms, restaurants ... 25-50 2-5-5+0

———— e -,
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APPENDIX 153

TABLE XX.

WORKING VALUES FOR THE ECONOMIC COEFFICIENT OF
COMMERCIAL LIGHT SOURCES.

Consumption per Lux and Square Metre or !

- . per Foot Candle and Square Foot.
Lighting carried ont

with— | - — - :
‘ Street Lighting. Inferior Lighting, |
|
Carbon electric glow Watts, Watts.
lamps ... 0-9-1-3 - 0-55-1-3
|
= " I
Metallic electrie ! ;
glow lamps i 0-28-045 | 0-17-0-45 ;1
Ordinary continuous|
| eurrent arc lamps ‘ 0-17-0 28 0:17-0-33
Continuons current
flame arc lamps ... 0:055-0-13 - |
' Litres

' Litres per ;Uuhie Feet per| ..
Hour. Hour. [I]mn'.

Upright gas-mantles 0-4-0-6  0-014-0-021 0-3-0-60-0105-0-021

Cubic Feet per |
Hour. '

High - pressure up-
right gas-mantles 0-:3-0-6 0:0105-0-0210-2-0-4 0-007-0-014

Inverted gas-

mantles 0-25-0-45 0-009-0-016 0-2-0-4 0-007-0-014
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INDEX

AssoreTIoN, coefficient of, 26 Coeflicient of reflection, 26
i losses, 42 ' o of uniformity, 49, 76,
Acetylene burners, 148 89-91, 123-126
Alabaster globes, 42 Colour of light, 50
Aleohol mantle lamps, 147 Composing-rooms, lighting of, 152
Ampyl-acetate, 24 Consumption, specific, 40
Arc lamps, alternating current, 65, Continuous current arc lamps, 65,
123, 168-171 128, 125, 126, 142, 143, 144, 149,
i continuous current, 65, 153, 166-171

123, 125, 126, 142, Correction factor, 67, 69
143, 144, 149, 153, Cost of lighting, 93

166-171
o flame, 65, 123, 158, 168, Dow, J. S., 101
169, 172, 173 Drawing office, lighting of, 125,
,, inverted, 129, 144 126, 142, 148, 167
Argand burner, 148 Drelhschmidt, 47, 66
Art-gallery lighting, 125, 126 .
Art-room lighting, 48, 119-121 | Economic coeflicient, 51

Feconomic coefficient, working
Bloch, L., 89, 47, 60, 95, 99, 104, values of, 92, 153

121 | Efficiency, definition of, 39, 51

Blondel, A., 16, 41, 45, 59, 86
Board of Trade unit, 94 Factory lighting, 152
Burners, Argand, 148 ' Flamme are lamps, 65, 123, 153,

., inverted gas-mantle, 66, 168, 169, 172, 173

148, 152, 176, 177 Flemng, J. A., 24
,,  ordinary, 152 Flux of light, 16
,  Sugg, 148 ' Foot candle, definition of, 25

., upright gas-mantle, 635, Friedrichstrasse, lighting of, 105-
142, 143, 144, 148,152, | 111

174, 175 | Frosted globes, 41
Candle, International, 24 | Gas lighting, 79, 142, 143
s  -power, 18 . - high - pressure, 123,
,» surface brightness of, 22 124, 129, 142, 143,
Carbon filament g%n::w lamps, 65, 144, 152
149, 152, 153, 160-165 2 ' high - pressure, in-
Carbons, impregnated, 149 direet, 129, 144
,  inverted, 125, 126, 143, (tas-mantles, inverted, 66, 90, 152,
143 176, 177
Clear globes, 42 5 upright, 65, 90, 152,
Coefficient, economie, 51, 92, 153 | 174, 175
5 of absorption, 26 Glare, 22

178



INDEX

Globes, effect of, 41
Glow lamps, carbon and metal
filament, 65, 152, 153, 160-165

Harcourt, A. C. V., 24
Hareourt Pentane standard, 24
Hefner-Kerz, 24

High-pressure gas lighting, 128,

124, 129, 142, 143, 152

Hogner, 54, 57, 144

Holophane globes, 41, 42

Horizontal %luminatiml, 46, 53, b5
61, 86

Hurizont.&l intensity, 20

Illumination, definition of, 17

horizontal, 46, 53, 55,
61, 86

linear, 57

L]

"
48, &

nnrmal 18, 52, 50

phntmm.t.ers 98- 102

vertical, 46, 53, 55, 86

Impregn&t:ed l::u.rhunb, 149

Incandescent lamps, carbon and |

bk ]

metal filament, 65, 149, 152, 153, |

160-165

Incandeseent lamps, gas, 65, 66,

90, 152, 174, 175, 176, 177
Indirect lighting, 125, 126, 127-130
Inefliciency, definition of, 51
Intensity, horizontal, 20
lean hemiaphermal .31

147-149
mean horizontal, 20, 147 -

149
mean spherical, 20, 28,

147-149
Intensive flame are lamps, 65, 172,

173
Interior lighting, 47, 68, 82, 83, 84, |

125, 126, 151, 152
Inl;ernmiunal candle, 24
International unit, 24
Intrinsie brightness, 22
Inverted are lamps, 129, 144
Inverted ecarbons, 125, 126, 142,

143
Inverted gas mantles, 66, 90, 152,

174, 175
Isolux lines, 57

Keith light, 152
Kennelly, A, E., 80, 38

7%

11

7%

sl

mean lmrlg‘.un tal, :

Kennelly's method, 50
Kilowatt hour, 90
Konigstrasse, lighting of, 92
Kriiss, 47

Lamps, acetylene, 148
' arc, 65, 123-126, 129, 142-
144, 149, 153, 166-173
carbon and metallic fila-
ment, 65, 149, 152, 153,
160-165
Nernst, 66, 83, 116, 125,
126, 149
oil, 147
.+ vapour, 134, 149
Lehmann-Richter, 142, 143
Liebenthal, E., 24, 99
Lighting, cost of, 93
indirect, 125-130
interior, 47, 68, 82, 53,
B84, 125-126, 151, 152
of art gallery, 125, 126
of art room, 48, 119-1:41
of composing-room, 152
of drawing office, 125-126,
137, 142, 145
of factory, 152
of Friedrichstrasse, 105-
111
of Konigstrasse, 92
of mills and workshops,
152
of open spaces, 79
of Potsdamer Platz, 78,
112-115
i of restaurant,
125-126
| of schopls, 139
s semmni- indltml-. 125-126
street, 45, -:, 123, 124
Lmea.r l.llummat.mn aT
|
|
|
|

R

LR ]

11
| '

| ¥

116-118,

| Lucas light, 145
| Lumen, definition of, 25
hour, definition of, 25
s  second, definition of, 25
| Lumeter, 101
Lulrmmus flux, definition of, 16
Luminous intensity, definition of,
15
Lummer-Brodhun photometer, 98
Lux, definition of, 25
,» second, definition of, 25
Lux, H., 58
Luxometer, 101
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Maréehal, 58
MeKinney, I£. V., 101

Mean hemispherical intensity,
definition of, 21
Mean hemispherieal
tables of, 147-149
Mean horizontal
calenlation of, 61 5
Mean horizontal illumination,
definition of, 48, 58
Mean  horizontal illumination,

working values of, 91
Mean horizontal intensity, defini-
tion of, 20

Mean horizontal intensity, tables |

of, 147-149
Mean spherical intensity, defini-
tion of, 20, 28

Mean spherical intensity, tables of,

147, 149
Mercury vapour lamp, 134, 152
Metal filament glow lamps, 65,
149, 152, 153, 160-165
Metre candle, 26
Mill lighting, 152
Millar, P. S., 102
Millennium light, 92, 142-144, 148
Monasch, 41, 54

Nernst lamps, 66, 83, 116, 125, 126,
149
Normal illumination, 18, 52, 55

Oil lamps, 147
Opal and opaline globes, 42
Open spaces, lighting of, 79

Paterson, C. C., 24

Pentane standard, 24

Pharos light, 148

Photometer, Lummer-Brodhun, 98

= Trotter, 99

Photometers, illumination, 98-102

Photometric figure, 19

Polar eurve, 19

Potsdamer Platz, lighting of, 78,
932, 112-115

Radiation, 15, 16
Reflecting powers, tables of, 130,
133

INDEX

| Reflection, coefficient of, 26
factor, 134
Reflectors, loss due to, 43
- sheet metal, 44

intensity, | Restaurant lighting, 116-118, 125,

126

illumination,  Rosa, E. B., 25

| Rousseau, 51
Rousseau’s method, 81

| Schaars, 144
| Schools, lighting of, 139
| Sehumann, 142, 143
| Selas light, 142, 143, 144, 148, 152
Qemi-indireet lighting, 125-126
Sharp, C. H., 132
Sheet-metal reflectors, 44
Show-room lighting, 125, 126
 Specific consumption, 40
| Standard eandle, 24
| Street lighting, 45, 73, 123, 124
Sumpner, W. E., 130
Surface brightness, caleulation of,
e eaoz] 02
definition
23
table of, 28

{
' ¥ 31 ':’f:

L 33

| Trotier, A. P., 41, 54, 57, 98, 101
| Trotter photometer, 99

- Olbricht, 35
| Uniformity coefficient, 49, 76, 89-
| 91,123-126
Unit, Board of Trade, 94
i ., international, 24
| Units, table of, 26
Uppenborn, 47, 54, 86, 142-144
| Upright gas-mantles, 65, 90, 152,
174, 175

| Vapour lamps, mereury, 134, 152
Vertieal illumination, 46, 53, 55, 86

Weber, L., 22
Wedding, 44

| Wald, L. W., 35

| Woodwell, J. E., 23

| Workshop lighting, 152

Zeidler, 58, 129
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