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1. INTRODUCTION

Overhead lighting (i.e. lighting from overhead luminaires) is used for the great majority
of workplaces. Tasks such as reading and writing at a desk are often done with illumination
provided solely by the overhead lighting system used for general room illumination. Some-
times it is advantageous to provide increased illumination in certain parts of the room; this may
be done with local light sources such as desk or reading lamps or with a more directional type of
luminaire (e.g. spotlamps) which for convenience may be mounted on a nearby wall or ceiling.

This Report is about a directional luminaire which has only a minute proportion of its
luminous output outside its main beam. The luminaire consists of a commercial spotlamp together
with a cylindrical baffle attachment which was devised at ARL originally for use in the flying
control cabin (known colloquially as "Flyco') of the aircraft carrier HMAS Melbourne. Light is
required in that cabin for reading, writing, seeing instruments and operating controls and com-
munication equipment. At night, the cabin operators need to be able to see the dim external
scene without hindrance from the cabin lighting-either as disability glare or as reflections in
the windows.

Satisfactory resolution of these apparently conflicting requirements for Flyco was achieved
by using the directional luminaire in conjunction with some internal lighting of instruments
and pushbuttons (Ref. I).

A method for designing a directional baffle is given in Section 3. This melhod is readily
adaptable to the design of lighting systems in air traffic control tower cabins, on ships' bridges,
in railway and crane control cabins and in other situations where operators need panel or desk
illumination with minimal degradation of their external view. Other applications for a spotlamp
with little off-axis illumination seem likely for searchlights, landing lights, in television and
photographic studios, art galleries and intruder detection systems for example.

2. LIGHTING REQUIREMENTS FOR THE FLYING CONTROL CABIN

The characteristics of the spotlamp and baffle were chosen to suit the Flyco application.
Relevant aspects of Flyco workspace layout are described in this section as a basis for any
adaptation of the design for other applications.

2.1 Cabin Window Reflections

Figure I shows a workspace arrangement in which an unwanted image of a luminaire falls
in an operator's field of external view. By day and by night these images (and images of other
objects in the cabin) may cause confusion, glare or masking of objects in the external scene.

Windows in Flyco and some other control cabins slope outwards at the top. This allows
a better downwards view from close to the window, but objects in the upper part of the cabin
interior can then cause unwanted images overlying the external field of view around and above
the horizontal direction. If those objects are moderately dark (as a result of dim illumination of
poorly reflective surfaces), then those images will be relatively faint. However, cabins with light-
coloured ceilings and unshielded luminaires (e.g. exposed fluorescent tubes) will tend to have
relatively prominent images in their windows.

2.2 Overhead Lighting

In the case of Flyco, lighting from overhead luminaires instead of desk lamps was chosen
as the principal means of workspace illumination on the basis of trials in a full-scale wooden



mock-up of the cabin. The advantages demonstrated were:

(i) the illumination throughout the cabin was relatively more even, and this allowed the
overall level to be much lower in the interest of external vision while still providing
enough light for safe movement in the cabin,

(ii) legends and controls on the control panels were more easily seen than when illuminated
only by stray light from nearby local desk lighting and from internally lit instruments
and switches;

(iii) unlike the situation with local desk light fittings, desk activities and external visual
fields were not impeded by the overhead lighting;

(iv) useful reduction of out-in adaptation time seemed attainable with the facility of flood-
lighting the workspace when the external scene was in bright daylight (Ref. 2); and

(v) the better uniformity of desk and panel illumination was subjectively rated to be more
satisfactory for operator comfort and orientation.

Several types of commercially available overhead luminaires were tried. All produced
unacceptably bright reflections in the cabin windows. Reference 3 suggests the elimination or
control of glare by suitable baffles or shades, but even when the best of the luminaires was
improved by fitting a commercially available louvre baffle to improve shielding and directionality,
it was still far from acceptable.

In seeking a light source with better directional qualities, a projector-type spotlamp was
considered. These devices have an illuminated aperture (or 'gate') which is imaged by an
objective lens onto a workplace. Movable edges of the gate allow adjustment of the size and
shape of the illuminated area, as in some theatre 'follow spots'.

In addition to being expensife, the projector spotlamps considered were mostly too large
in physical size for use on sie te pojeto he Flco cabin. The smaller units had
insufficient luminous output for effective use in Flyco's daylight operations. as in (iv) above.
All of these units had their objective lenses visible to its much as 80 frog, the axis. Stray light
from multiple reflections and lens imperfections would render unshaded projectors unsuitable
for this application. Because an effective shade was expected to add substantially to their already
excessive length, projector spotlamps were considered no further.

2.3 Characteristics of the Lamp

Four Phillips PAR 38 pressed-glass lamps ('spot' rather than 'flood' type), each rated at
150 W, were judged in practical trials to be the most suitable for overhead lighting in the Flyco
cabin for the following reasons.

(a) Each lamp produces most of its useful illumination in a cone within -. 15 of its axis.
This seemed appropriate for the given desk-to-panel width and desk-to-ceiling distance.

(b) With four lamps, the cones ,,i light could be arranged to give sufficiently uniform
illuminance over the desk region.

(c) A useful output of about 1600 lumen per lamp (providing an illuminance of over
300 lux at 1.5 m) was thought necessar to provide sufficient supplementary illum-
ination in daylight conditions.

(d) The luminous output of incandescent lamps such as the PAR 38 type can be readily
reduced for night-time use b) voltage reduction. This is accompanied by a reduction in
colour temperature which has some advantages for visual comfort and dark adaptation
of the human visual system at night (Ref. 4).

(e) The PAR 38 lamp is available with a dichroic reflector which transmits near infrared
radiation and thereby reduces the heating effect of the light beam with little effect on
its colour or quantity.
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(f) Having a relatively small emitting face (about 100 mm diameter), the PAR 38 can be
shaded more easily than lamps of larger diameter.

Further specifications of the PAR 38 lamp can be found in Appendix B.

2.4 Characteristics of the Shade

The purpose of the lamp shade is to reduce the amount of stray light escaping from the
overhead PAR 38 spotlamp with minimal interference with its - 15' cone of useful illumination.
For the chosen luminaire positions in the Flyco cabin, stray light outside a - 35' cone could
illuminate the windows and cause the reflection problem described in Section 2.1 above.
Consequently 35 was chosen in the shade design as the maximum off-axis angle for direct ray
paths from the lamp face passing outside the shade. This angle is called the cut-off angle, y.

Practical trials in the cabin mock-up were used to give an indication of the maximum length
of shade that could be used without encroaching too much into the already limited standing
headroom. Obviously if there were no limit at all, the shade could extend right down to the desk
and there give a sharp cut-off to the illuminated area. On the other hand, if the lower end of the
shade is constrained to be too close to the lamp, it is not possible to intercept enough of the off-
axis unwanted light unless the aperture is made smaller than the emitting face of the lamp. This
would be wasteful of the available light and rectification would require a smaller lamp and a
compensating increase in the number of luminaires.

A shade length of 180 mm and a circular aperture of 100 mm diameter (yielding a cut-off
angle of about 35- ) was deemed to be an acceptable compromise between several competing
factors: headroom required: extent, quantity and evenness of workspace illumination: and the
cut-off angle between illuminated and shaded regions.

The final characteristic demanded of the shade pertains to stray light rays outside the cut-off
angle. These result from reflection and or diffraction of source rays by the inner surface of the
shade. Because performance is inversely related to the amount of stray light, the inner surface
should have a form having a small total reflectance.

3. DEVELOPMENT OF THE SPOTLAMP BAFFLE

3.1 Conventional Methods of Shading

Conventional methods for limiting off-axis illumination include the use of shades and
louvre devices as shown in Figure 2. Shades are usually cylindrical or conical in shape: louvres
can have linear, grid or cylindrical elements. The effectiveness of these is related to the light
absorbing properties of the inrier surfaces of the device. Even %kith materials having unusually
small total reflectanccs (such as black flock paper and black velvet), as much as I ",, of the
incident light may be reflected. A cylindrical shade with an inside lining of clean black flock paper
was tried in the FI)co mock-up: the window reflections were still unacceptably bright. Therefore,
it appears that an. arrangement which allows the light to escape after just one reflection, even
from clean black flock paper. could be unsatisfactory. Furthermore. black flock paper and black
velvet are notoriously difficult to keep clean and deposits of airborne dust soon degrade the
special light absorbing properties of that type of material.

3.2 Light Traps

The amount of unwanted escaping light can be reduced by the use of light traps. As shown
in Figure 3, the increased attenuation is physically the result of two, three or more reflections
rather than one.

If the surfaces are each painted matt black and have a total reflectance of about 4",,. the
ratio of reflected to incident light for each emerging ray is less than (0-04)A where k is the number
of reflections undergone by that ray. Overall reflectance will be less than (0'04)2 or I '6 - 10 3.
If the surfaces are black gloss, specular reflections will tend to predominate rather than diffuse
reflections and emerging rays will mostly have undergone three or more reflections so that the
overall reflectance will be less than (0-04) :1 or 6.4 • 10 ".

The rationale of the light trap is that no element of the surface visible to the observer should
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be illuminated directly by the source. The glare stops used in ancient and modern telescopes are
usually placed according to a similar criterion. The geometrical arrangement for the inner
surface of a cylindrical shade is shown in Figures 4, 5 and 6. In this Report, a shade fitted with
light traps is called a baffle. It is shown in Appendix A that the cut-off angle, Y. is given by

...arctat ), " '

where W is the baffle diameter, H is the baffle length and D is the lamp diameter. It is further
shown that the spacing between adjacent ring stops must be no more than

S TH (2)

where T is the ring stop width, in order to prevent observation of rays which have undergone
just one reflection (viz. reflection from the inner shade surface only).

The minimum number of spacings, N, is found by evaluating W, T and rounding up to the
next integer. Should that ratio be integer, then

W
N T T (3)

The number of ring stops is (N - 1).

3.3 Internal Edges

For a baffle of cylindrical external shape, the light trap stops were initially envisaged as flat
rings cut from sheet material, as shown in Figure 5. The cross section of the rings would be rect-
angular of small but finite thickness. The inner faces of these rings would then perform like the
inner surface of a cylindrical shade without light traps reflections, both specular and diffuse,
from these inner faces could occur as shown in Figure 7. As a result, light from the source could
be directed outside the cut-off angle after just one reflection. Although only a small fraction of
the total luminous flux could be so directed, the performance would nevertheless be degraded
below that of ideal light traps (i.e. perfectly black stops with optically sharp edges).

This effect will be reduced towards the limit set by diffraction if the internal face is machined
to a sufficiently sharp edge. Figure 8 shows the angles a, and a,, which should be smaller than
the path angles #I and fl. in order to optimise the light trap effect. Using the geometrical analysis
derived in Appendix A, the following are upper limits for of and 12 for each ring stop:

= arctan n H (4a)NIV T

and

" arctan (I - n)( D2H (4b)

where the rings are numbered

n 1, 2, . . .. I

as shown in Figure 8.

3.4 Umbral and Penumbral Regions

Figure 9 shows the outer edge of the illuminated penumbral region as defined by the cut-off
angle, y. Concentric within that region is the umbral region which can be illuminated by the
entire lamp face. Its boundary is defined by the angle 0 as shown.

For a given {H, W. y, D} the value of can be altered somewhat by the choice of number,
size and spacing of ring stops, but ¢ cannot exceed y. As an indicator of the relative sizes of
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cones, it is convenient to define the Penumbral Factor, vi, as

tan (5)
tan 7

A relatively large Nalue of ii (approaching unity) would imply a relatively large umbra and
a narrow penumbra; i.e. a sharp cut-off.

A zero value of vi would imply a zero value for #; i.e. the umbral region would be a cylinder
centred on the lamp axis and with a diameter equal to the diameter of the lamp face. A negative
value of ,) would imply a negative value of 0 which could only occur in practice if the outermost
ring stop had an internal diameter smaller than the diameter of the emitting face of the lamp and
if the remaining ring stops had internal diameters which increased with decreasing distance
from the lamp so as to asoid vignetting of the extreme umbral rays. In the case of negative -q,
the umbral region of' illumination extends only for a finite distance from the lamp, viz. to the
distance where the extreme umbral rays intersect on the lamp axis. Absorption of useful light
by the baffle is greater as I tends towards negative values.

The Penumbral Factor will therefore be an indication of the geometrical efficacy of the
baffle for a given cut-off angle. In Appendix A, it is shown that if (2) and (3) are satisfied,

I DIW -- 21N

I . D.I 2(6N

A graph of i? is given in Figure 10. It is clear that larger values of N and smaller values of DIW
are conducive to larger values of -q. However, the improvement in -q for increasing N is pro-
gressively less (i.e., a diminishing return situation).

3.5 Design Compromises

The layout and orientation of the workplace, windows, observers, etc., will indicate the
preferred values for the cut-off angle, y, and the total baffle length, H. The term (2H tan -Y)
can then be evaluated. From Equation (I), this term should be equal to (W - D), and there-
fore should be considered when seeking a suitable lamp.

Lamp characteristics-including directionality (illustrated by its intensity polar diagram),
total output, suitability for dimming, availability and practicability-will further constrain the
lamp choice. Of those eligible, the lamp with the smallest emitting face should be chosen as this
will yield the most favourable Penumbral Factor. Lamp diameter, D will then be known and
so W may be calculated using equation (I). Should it not prove possible to find a suitably small
lamp, a larger lamp and a larger baffle (i.e., a larger value of H) should be considered.

Rearranged workspace, different luminaire positions or recessed luminaires may allow a
longer baffle.

After the iterative procedure above has identified the compromise which is most satisfactory
to the designer, {H, IV, D, y; will have been defined.

The number of spacings, N, or ring stops. (N - I), will determine the ring stop width, T,
and inter-stop spacing, S, if equations (3) and (2) are used. Although more rings would increase
the Penumbral Factor, more manufacturing expense would be incurred. Moreover, because
diffraction at each internal edge produces some stray light, the number of rings has also to be a
compromise between a large number for good geometrical efficacy and a small number for the
smallest amount of stray light.

Consequently, it was judged for the present purpose that the number of spacings, N, should
be selected from the range four to ten. In other cases.values near four or less may be a suitable
compromise when minimising stray light is considered particularly important, or when a very
low DiW ratio is used. Values near ten may be considered more suitable when a relatively large
umbra is required.

Finally, equation (4) can be used to derive the upper limits for the angles on the inner
surfaces of the ring stops. For ease of manufacture, some standardisation of ring angles may be
preferred. This would result in the use of angles less than those calculated. Acute angled edges
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should be avoided because of their greater susceptibility to damage in manufacture and service,
as well as the greater potential injury hazard if the edges are sharp.

4. PHOTOMETRIC CRITERIA

4.1 Brightness Contrast

Consider an arrangement where an overhead light source is used to illuminate a specific
area near a window. If that window is used for external viewing, an unwanted image may be
generated as shown in Figure I. For the practical avoidance of this problem, the image super-
imposed on the background should be fainter than the visual detection threshold for those
conditions of observation.

The horizon sky luminance is known to vary from about 10 4 cd m 2 on dark moonless
overcast nights to about l04 cd m 2 on clear sunny days (Ref. 5). If B, is the luminance of sky
background and Bi is the luminance of the just distinguishable superimposed image, then the
threshold of brightness contrast W) is given by:

B1= . (5)

Experiments with a large number of observations (Ref. 5) have established that C is a function
both of background luminance and of image size, as shown in Table 1.

Unfortunately, published threshold contrast data mostly refer to disk-shaped targets, and
while those data can be applied to square targets or other compact shapes of similar area with
some justification, extension of the data to the complex luminance distribution of the baffle
image appears to be beyond validity. Seen from the cut-off area (i.e. 0 > y. Figures I and 2)
the image consists of an ellipse (which is the foreshortened circular exit pupil of the baffle)
through which can be seen illuminated elliptical arcs (the diffracting edges of the ring stops)
overlying the light traps which are generally much fainter than the arcs. The effort required to
gain threshold contrast data for this special case would appear to be incommensurate with the
value of the results. As a crude but much easier alternative, consider the approximation that the
intensity of the baffle exit pupil seen from the cut-off area arises from a uniform luminance
across the exit pupil area. For the image to be invisible according to this approximation. its
luminance B, must satisfy

B< B,, (6)

where e is the threshold contrast appropriate to a disk of solid angle equal to the solid angle
of the exit pupil seen by the observer. In practice (and this has been confirmed by observation),
the non-uniform distribution of luminance could be expected to result in the brighter parts of
the image being above threshold %Ahen B : c B. However, the image as a whole is inconspicuous
in practical terms, and inequality (6) is thus more properly a criterion for inconspicuity.

TABLE I
Thresholds of brightness contrast, c, for %arious levels of background

luminance and stimulus diameter

(Derned from graphs of H. R. Blackwell's data
Fig. 5.3 in Reference 5)

Disk target
stimulus Background luminance (cd m- 2)
diameter 10 .1 10 2 I0( 102 10

4

arc minutes

360 0079 0-020 00045 .0028 .0028
121 018 0"030 0'0056 "0028 .0028
55 032 0"045 0-0063 .0028 "0028
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4.2 Angle and Voltage Effects

If A represents the cross-sectional area of the baffle exit pupil, then the foreshortened area
seen by the observer is given by:

visible area 7 A cos t. (7)

The intensii of the image is that of the source attenuated by the window reflectance, R.
Consequently, the image luminance is given by:

Bi R I, (8)
A cos 0'

where 1,,. is the intensity of the source in the given direction, U, at a given voltage, V.
The effects of H and V on /0. are independent (except for small effects of no practical con-

sequence arising from interaction of the spectral characteristics of the lamp filament and
reflector) and so a voltage factor and an angle factor can be defined:

lY I 'Imax Fo Fr. (9)

where imax is the lamp intensity at rated voltage along the lamp axis. F, (a function of U) is a
characteristic of the lamp and baffle combination. Fr (a function of V) is characteristic of the
particular lamp.

Combining equations (6), (8) and (9) produces the following:

R Imax F,, Ft ,
.4 cos Ut

which can be arranged to:

F,, Fv E B, A

cos 0 R /max

Therefore the condition for inconspicuity reduces to

F,, Fr f B,

COS 0 R Bmax"

where Bnax is the lamp'- !uminance at its rated voltage along its axis (i.e. /,,ax A). The design
aim is for (10) to be satisfied in the cut-off region where

4.3 Ideal Baffle Performance

The PAR 38 incandescent spotlamp (described in Appendix B) has a maximum luminance
at its emitting face of approximately 6 - 10" cd m 2. Window transparencies, like glass or
perspex. have a reflectance of about 4",, for each surface for incidence angles of less than 60'.
Consequently. the %alue of 0.08 is used for R. Other parameters in inequality (10) depend
upon the prevailing luminous conditions which can vary markedly. The two extreme con-
ditions are considered below.

(a) Dailiht

Values of 101 cd m and 0-003 are used for B,, and E respectively (see Section 4.1)
as representative of bright daylight conditions. After substitution, inequality (10) becomes

Fr <F, 6.25 10 4. (11)

Cos U

If the lamp is operating at rated voltage, Fr equals unity, and therefore for inconspicuity
when 0 exceeds Y,

F, 6.25 • 10 1. (12)
Cos U

7



(b) A ight-time

As cited in Section 4.1, a %alue of 10 1 Cd In is suitable for B. on a vcr) dark night.

From Table I, tile most conservative value of t is 0.079. Larger %alucs arc applicable to
smaller stimuli. After substitution. ( 10) becomes

I-6 - 10 J (12)

i.e. an attenuation of about 10 orders of magnitude is required. Because illumination lesels
required at night are less than during the da) -especially %here a degree of dark adaptation
is required for the operator's eses- a small value of /*I should be expected for night
conditions. Vioweser. from experiments in the mock-up it seems unlikely that an I"v value
of less than 10 1 %ould allow enough light for visual tasks within tl-co and similar cabins
and consequently it wkould be desirable for the angle effect (i.e. F,, cos 0) to contribute an
attenuation of at least six orders of+ magnitude for angles greater than the design cut-ofl
angle. Therefore it is desired that

F,
I 10 (13)

cos Li

for all values of 0 greater than '.

From the above it appears that the night-time criterion (13) is the more demanding and should
be used in the design or selection of a suitable baffle. For best use of the available light near the
baffle axis, no attenuation should occur fOr angles less than the design cut-off angle. and there-
fore the ideal angle effect is described as:

log F, ) - 0 for U y I, 14a)(Cos .
and

log F 6 for Vi > ',,. (14b)

Ig( Cos ()
This is shov, n in Figure 13. In practice with a cslindrical shade or baffle, vignetting results in the
penumbral region shon in Figure 9 not being illuminated as brightly as the umbral region.
so accounting for part of the difference between ideal and actual performance. The actua! cur\cs
in Figure 13 arc based on tile experimental work described in the following section.

5. PHOTOMETRIC EXPERIMENTS
5.1 Apparatus

All of the experimental work described in this section used a single Philips PAR 38
dichroic lamp as described in Appendix B. The lamp was fitted in a 'Quad Minor' lamp housing
wAhich is a die-cast metal filting made by the Kempthorne Lighting Compan\ (catalogue number
K 7141). This housing contains attachment points for a shade or baffle.

Three attachments were esaluated: a commercial 'anti-dazzle screen' and two protot\pe
baffles developed at ARL within the design guidelines gi\en in Section 3 and using the parameters
listed in Table 2. The internal angles of the ring stops are given in Table 3.

Prototype A used ring stops of approximately 2-5 mm thickness with the inner surface
turned to pro% ide the desired angles given in Table 3. Prototype B used thinner rings of about
1.25 mm thickness: these were cut from sheet material, pressed in a die (to provide the 30-
surface) and then machined in a lathe (to provide the 10 surface). The resulting sections are
shown in Figure II. The cylindrical shades were fabricated from sheet aluminium over most of
their length. The outer rim of both prototypes was of black neoprene rubber to minimize injury
potential. Both sets of ring stops were made from an aluminium alloy with a relatively high
magnesium contcnt; this alloy was chosen for its turning and edge-keeping qualities.
Appendix C contains photographs of the lamp. shades and rings. Specifications of Prototype B
are detailed in Garden Island Dockyard I)rawing No. 534 225 (26 February 1979).

_ = 111111118



TABLE 2

Parameters of ARL prototype baffles

Description Symbol Dimension

Lamp effective diameter D 100 mm
Effective length H 180 mm
Width overall W 150 mm
Ring stop width T 25 mm
Ring stop spacing S 30 mm
Number of ring stops N - I 5
Cut-off angle y 35'
Penumbral Factor 0

TABLE 3

Angles of the internal ring stops

Angles of internal edges of ring stops (degrees)

Ring stop number Computed Selected for Selected for
Maximum* Prototype At Prototype Bt

11 Oel 0(2 22l Ot. I  It

5 50"2 16'7 50 10 30 10
4 43-8 31-0 40 20 30 10
3 35-8 42'0 30 30 30 to
2 25-6 50'2 20 40 10 30
1 13"5 56"3 10 50 10 30

(farthest from lamp)

* Computed using equations (4a) and (4b) and the parameters of Table 2.

t Selected for ease of manufacture.

All photometric measurements were made in the ARL Vision Laboratory using a Pritchard
Photometer (Model 1980, Serial Al19). The photometer objective lens was located 3.75m
from the lamp emitting face and a measuring field of 3.2 %%as used. The results w ere subsequently
confirmed using a viewing distance of 9.3 m and a measuring field of I . Decade changes to the
photometer's sensitivity were made by using appropriate combinations of:

(i) photometer aperture restriction:

(ii) neutral density filters: and

(iii) electronic attenuation.

5.2 Voltage Effect

The lamp was mounted facing the photometer in a darkened room. In order to achieve
accurate alignment both lamp and photometer were adjusted in azimuth and elevation to give
a maximum photometer luminance reading.

The lamp was connected through an adjustable autotransformer ('Variac') to a stabilised
230 V supply. The lamp voltage was monitored with an analogue 'AVO' voltmeter.

9



The voltage was adjusted in ten-volt increments downwards from the rated voltage. Photo-
meter readings of luminance with no filter, with the red filter and with the blue filter were recorded
as B;,, B,d and Bhilu, respectively. From these readings, the following data were calculated
for each voltage:

(i) the lamp intensity along its axis, It, B1' A, where Ad is 0.034 m2, the area of the
photometer's circular measuring field subtending 3.2' at 3.75 m:

(ii) the Intensity-Voltage Factor, Fr - I'rn/ax;

(iii) the blue/red ratio - Bbhu,./Br.d; and

(iv) the colour temperature from the blue/red ratio using the curve calibrated by the photo-
meter manufacturer.

Figure 12 shows a graphical record of the results.

5.3 Angle Effect

The lamp was operated at a constant voltage of 230 V.
The lamp was mounted in a fitting which had been adapted to provide measurable adjust-

ment in elevation angle. The zero position of the angular scale was calibrated using an inclino-
meter. The photometer axis was aligned with the zero angle line. Lamp luminance was measured
for viewing angles to 90 in 5- increments. These measurements were first made with the lamp
and fitting without any baffle and were then repeated for each baffle.

Using the measured luminance B,, for each viewing angle 0, the following data were
calculated:

(i) the intensity in the given direction,/,, B,, At,;

(ii) the Intensity-Angle Factor, F, - ,,/max: and

(iii) for comparison with other baffles. log F,, cos 11.

The results are shown graphically in Figure 13.

6. DISCUSSION

It is desired that useful illumination be available on and near the lamp axis and that simul-
taneously the off-axis aspect of the lamp be practically invisible to an observer. It was shown in
Section 4 that this objective demands that the off-axis luminance be about six orders of magnitude
less than the on-axis luminance. Further, it is desired that the transition from no attenuation
to full attenuation should occur over a small range of viewing angles in the region of the chosen
cut-off angle, y. Therefore the gradient of F,, versus 0 curve should be greatest where 0 is near Y
and relatively small elsewhere.

It is clear from Figure 13 that both the PAR 38 lamp alone and the PAR 38 lamp with
a conventional louvre shade provide a steady decrease in the luminance as the viewing angle is
increased. At 75'. the attenuation reaches about three and four orders of magnitude respectively.
For control cabin applications like Flyco, this is not good enough.

For each of the prototype baffles described in Section 5. the design cut-off angle %%as 35. The
experimental results plotted in Figure 13 show that an attenuation of 5.5 orders of magnitude
was achieved for viewing angles greater than 50. No further improvement was evident at greater
angles. Experimentally, this is very close to the physical limit set by diffraction for the given
number of rings (as a new razor blade edge appeared comparably as bright as a similar length of
a ring edge). Further improvement would require a reduction in the number of rings but this
would require an increase in the baffle dimensions and or a decrease in the Penumbral Factor.

For angles between 10 and 35 (in the penumbra) the baffles provided some unwanted
attenuation. As desired, the gradient dF, dO is greatest when 0 is near 35-. In the region of 35'
to 50'. attenuation was less than desired even though the lamp face was no longer visible. Light
scattering by the atmospheric aerosol, and diffraction and specular highlights from the sharp

10



ring edges seemed to be the main mechanisms. The two prototypes exhibited similar performance
over the entire angular range. Although Prototype A generally provided more attenuation, the
two curves in Figure 13 are close together. More detail is shown in Figure 14. Because this dif-
ference is so small, it is considered that any choice between the two prototypes should be made
on other criteria.

Subjectively it was considered by several observers with control cabin experience that both
prototypes were successful in providing adequate night-time desk illumination without a dis-
cernable window image of the lamp against a black background. The highlights from the baffle
ring edges were visible but were considered inconspicuous. In simulated daylight conditions
also the system was considered effective.

In production it may be possible to make several economical changes from the prototypes
without any practical reduction in performance. For example, an opaque plastic moulding may
be suitable for the outer cylindrical shade.

Finally, beam shaping by the use of non-circular apertures appears feasible and could
sometimes be of considerable value. The foregoing design technique can be applied to appro-
priate axial sections, thereby allowing a practical arrangement to be formulated.

7. CONCLUSION

The need for an effective directional spotlamp baffle has been described. A suitable baffle
has been devised, a method of design has been developed and prototypes have been made and
tested.

Experimental results and subjective evaluations confirm that the new baffle meets the
performance characteristics required. For control cabins, baffles designed with the method
described will allow spotlamps mounted in appropriate positions on walls or ceilings to be used
for workspace illumination without the disadvantage of unwanted conspicuous reflections in
the windows.
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SYMBOLS

A Cross-sectional area of lamps

Ad Area of photometer measuring disk

Bblue Lamp luminance as measured through photometer's blue filter

Bt Image luminance in a given direction

BmaK Lamp luminance along its axis at rated voltage

Brett Lamp luminance as measured through photometer's red filter

B , Sky luminance

Bv Lamp luminance along its axis for a given voltage

B6 Lamp luminance at rated voltage in a given direction

D Lamp diameter

Ft Intensity Voltage Factor lI/lmax

F, Intensity Angle Factor o/Ulmax

H Baffle length

'max Lamp intensity at rated voltage along its axis

4' Lamp intensity along its axis for a given voltage

Lamp intensity at rated voltage in a given direction

10. Lamp intensity as a function of 0 and V

N Number of spaces between ring stops

R Reflectance of window transparency

S Axial distance between ring stops

T Radial width of ring stops

V Voltage applied to lamp

IV Internal diameter of baffle outer case

Angles of internal edges of ring stops

Angles of rays at ring stops

y Cut-off angle

Threshold for brightness contrast

Penumbral Factor

0 Angle between baffle axis and light path to observer from the lamp/baffle exit
aperture

Angle between baffle axis and light path from source

Umbral cone half-angle
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FIG. 5 PERSPECTIVE OF RINGS WITHOUT OUTER CASING
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FIG. 7 REFLECTIONS FROM EDGES OF RING STOPS CAN ENABLE RAYS TO EXCEED
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APPENDIX A

Geometry of the Spotlamp Baffle

The spotlamp baffle is a cylinder of length H and width W with internal flat ring stops of
uniform width T as shown in Figures 4 and 5. The diameter of the light-emitting face of the
lamp is D. The clear aperture of the baffle is given by (W - 2T) which generally will be
different from D.

1. Cut-off Angle

Figure 4 shows the direct ray paths at the maximum angle at which any part of the emitting
face of the lamp can be seen, i.e. the cut-off angle, y. This is determined geometrically by a line
joining one extreme edge of the light source to a point on the lower inside edge of the baffle
on the opposite side. It is clear that this angle is given by

tan,= (D W) (Al)

2. Spacing

To determine the maximum axial spacing, S, between adjacent stops or fins of the light trap,
consider the geometry shown in Figure 6.

Imagine a cylindrical shade initially with no ring stops. Then to any given point on the inside
surface of the cylinder, a ray is drawn from that point on the lamp face which maximises the
incident angle 0. A second line (to represent a ray diffusely reflected at a maximum value of the
angle 0 to an observer) is drawn just clear of the lower edge of the shade as shown. Opaque stops
of dimension T are then located so as to touch those lines. This will ensure that the region
dimensioned S, cannot be illuminated directly by the source, and the region dimensioned S 2 is
always obscured from the observer's view.

From consideration of similar triangles containing the angle 4,

S1 T
S- Q W/2 - D/2"

and therefore

S1 2TQ (A2)W ,: D - 2T"

From similar triangles containing the angle 0,

S2  T
S2 - P W'

and because

S 2 + P H - Q - S1,

it follows that

S2 =w(H - Q - Si). (A3)

The maximum spacing between stops which can still prevent observation via a single diffuse
reflection is therefore S, plus S2 . Using (A2) and (A3) this spacing, Smax, is



2T+ T (H Q  2T )Si~=W D-27"- W( W D D-20

which reduces to

TH + TQ (W .- D) (M
W W(W-D--2T) (A4)

As the parameter Q varies through a series of values from zero for the uppermost ring stop to
(H -- SI) for the ring stop farthest from the lamp, the above formula indicates that Sma. varies
through a corresponding series of values from

(TH)(2TH)W W+ D]

A constant spacing between ring stops may be desirable for ease of manufacture and the
spacing therefore should not exceed the smaller of these, viz.:

THS = W (M)

The number of ring stops is one fewer than the number of spacings, N, which is determined
by the baffle length, H, divided by the spacing between adjacent ring stops, and rounding up if
necessary. Therefore if S is determined by equation (A5),

W 1 _ W( M
T >N > (A6)

When WIT is selected to be an integer,
w

Nt T" (A7)

Should the constant spacing be used, the ring stop farthest from the lamp will be closer to
the shade rim than necessary. The cut-off angle will then be determined by the location of the
inner edge of that ring stop. The value for the cut-off angle would then be

y = arctan (W -. - 2T) (A8)

2(H - S)

which would be only a little smaller than the value given in (Al) above.

3. Angles for Sharp Edges

The angles #I and 82 are defined in Figure 8 and can be determined geometrically as follows:

tan I W-T

and

2(H - P)tan P2 . ..
W - D-2T

Because P = n S where n is the ring number from the outer end (n = I to (N - 1)) as shown
in Figure 8, and using S from Equation (A5), the first of these becomes

tan A =( n T)(TH).

(W -- W

Using Equation (A7), this reduces to

tang _H = ({T). (M9)
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and similarly

tan (I _ )(W i~ 2_ (A 10)

4. Penumbral Region

The umbral region is formed by a cone defined to include the circular periphery of the lamp's
emitting face and the circular inner edge of the ring stop farthest from the lamp. As seen in
Figure 9, the umbral cone has a half-angle, , which is determined by

tan#- (W/2 - D/2 - T) (Al l)

(H - S)

The Penumbral Factor, 71, defined as

tan.0

tan y

can be expanded using equations (A8) and (Al l) to

= ( W -- 2I)

Using (A7) in order to express T in terms of the number of spacings, N, it follows that

7 W - D - 2W/IN

7, =W + D -2WIN)

which reduces to

I -D/W - 2/N (A12)

1 DIW - 2/N

This relationship is shown graphically in Figure 10.



APPENDIX B

Spotlamp Data

Trade name: Philips Cool-spot 'Attralux' PAR 38

Description: 220-240 V, 150 W incandescent pressed-glass lamp with spherical-
paraboloidal dichroic reflector

Overall diameter 121 mm

Overall length 133 mm
Edison screw 27 mm cap

Total luminous output
at rated voltage: 1600 to 1700 lumen

Intensity at rated voltage: 7000 cd on axis
5000 cd at 50 off axis
3500cd at 8' off axis
3000cd at 100 off axis
2000 cd at 15' off axis

Illuminance on axis at
rated voltage: 2800 lux at I • 5 m

1120 lux at 2.5m
570 lux at 3- 5 m

Maximum luminance of
emitting surface at
rated voltage: 62 x 105 cd m- 2



APPENDIX C

Photograpbs of Lamp, Shades and Rings



FIG. Cl LAMP HOUSING WITH COMMERCIAL GRID TYPE LOUVRE SHADE

FIG. C2 ARL BAFFLE (PROTOTYPE A)



r w/

FIG. C3 ARL BAFFLE (PROTOTYPE B)

FIG. C4 SAMPLE RING SECTION (PROTOTYPE A)



FIG. C5 SAMPLE RING SECTION (PROTOTYPE B)
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