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THE INFLUENCE OF SMOKE LAYER DEPTH ON THE ATTENUATION OF LIGHT
IN A SIMULATED SCATTERING ATMOSPHERE
by
N.W. WOOTTEN AND W.R. LANE

SUMMARY

Measurements of the flux received by variously orientated surfaces
from an omnidireotional light source in smoke layers of differsnt depths
are presented and discussed.

It is shown that the aitenuation of the flux incident on a forward
facing surfeace in & smoke layer of given vertiocal transmission 1s constant
for a given source distance/smoke layer depth ratio. This does not apply
in the presence of a reflecting ceiling which enhances the flux in all
measurements, nor to surfaces facing in other direotions.

The data have boen related to o limited series of field measurements

to derive a scaling faotor which might be used to predioct the flux likely
to be recelved under other oconditions in the natural atmosphere.

(8gd.) H.,L., Green,
Supt., Physios Research Division,

(8gds ) A.S.G. Hill,
NWW, MEG Deputy Director.
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THE INFLUENCE OF SMOKE LAYER DEPTH ON. THE ATTENUATION OF LIGHT
IN A SIMULATED SCATTERING ATMOSPHERE
by
N,W. WOOTTEN AND W.R. LANE

INTRODUCTION

A previous paper (1) ocontained a report of measurements of the flux
reoceived, in the presence of a shallow layer of amoke, by & plans surface
at ground level from an omnidireotional light source on the ground or in the
alr, The leyer had tho same depth in all the experiments, By careful
control of the conditlons in the chamber it has been possible to produoce
smoke layers of various depths and to astudy the effect of this depth on the
flux received.

Due to the large number of variables involved the present investigation
has been confined to two boundary conditions (a) floor and ceiling absorbing
and (b) floor sbsorbing and ceiling refleoting. These represent the |
environmental conditions most frequently encountered (viz., ground of low
albedo and olear or oloudy sky) end for which the greater number of fisld
measuroments are availablo (2).

The earlier report (1) suggested the introduction of a "scaling" factor
to rolate the then available fleld measurements with thoge ‘,made in the
chamber for one smoke lsyer depth. A more deteiled snalysis of the field
measurements is new available (2) and by suitable scaling the chamber
results ocen be related to measurements at greater fisld distances.
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EXPERIMENTAL PROCEDURE

Pull details of the instrumentetion and experimental arrangements have
been previously reported (3) and only a brief outline will be given here.

The smecke ohamber was & olosed room (10.6 m x 6 m x 2.8 m high) nommally
having mett black walls, floor and ceiling. A reflecting oceiling, when usod,
was of white,diffusing paper (albedo 0.5) suspended 1.5 metres above the
floor. The source, which produced an almost spherically symmetrical illu-
mination and was water-cocoled to prevent conveotion within the smoke, was
placed on the fleor. Photovoltaic cells and photomultipliers, both covercd
with ground opal diffusing screens, were also placed on the floor at
various distances from the source, some vertical - facing towards or away
from the source ~ and others horizontal - facing upwards, The photo-currenta
were meaesured with a sensitive galvanomoter.

A stable smoke layer near the floor was produced by passing fog-oil
smcke through orushed solld carbon dloxide. The smoke was gently stirred
with an array of fans; the dogree of stirring determining the helght to
whioch the top of the layer rose. With fairly shallow layers (up to 0.5
metres thick) the depth remained steady throughout the experiment, which
lasted about two hours, while the smoke concentration fell from about 1.5
g/m3 t0 a very low value, The change in droplet-size distribution osceurring
during this time has been shown to huve very little effect on the diffuse
transmission (4), With thiocker layers there was & gradusl sinking of the
top of the layer the depth of which was noted by meens of a vertlcal soale
in the ochamber. A collimated-beam transmissometer was used to measurs the
attenuation coefficlent of the smoke whioh was adopted as the parameter to
characterlse the smoke in the various experiments,

In all, 24 experiments were carried out (11 with the absorbing ceiling
end 13 with the reflecting ceiling). They covercd smoke layer depths from
0,25 to 2 motres and distances up to 8 metres from the source. Tho range
of attenuation cceff'iolents was 0 to 5 metrea'1.
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RESULTS
t——

To facilitate the presentatinn of the results symbols have been given to the
parameters that ere to be discussed,
the height of the refleeting coeiling in metres.
= pmoke layer depth in metres,

4]

= ground range from the source in metres.
= the flux in theo absence of smoke,

- N "% " pnosence " "

= tho attenuation coefficient in metres —1.

= " ] ]

torms of the smoke layer depth.

B/H = ground range in terms of the smoke layer depth.

The first step in the assessment of the measurements was to plot, for each
experiment, the obscrved photocurrents, the smokn layer depth and the collimated
transmissions against time, TFrom these graphs the smoke leyer depth and flux
(¢n erbitrary units) could be found for given values of the attonuation coeffi-
oient. (The latter is obtained from the rolation T = exp (- o x); where T is
the collimated transmission and x is tho path length ~ in this case 1 notre).

(a) Surfaces facing the source

It is now possible to relate the various experiments by piotting I/Io

against H feor vorious values of R and o, These graphs are given for the
surfaces facing the source with an absorbing and reflecting ceiling in
Figs«. 1 and 2 respootivoly.

The effoot of the scattering within the smoke is bettor demonstrated

in Fig, 3 whore I/I_ has boen plotted ageinst R/H in torms of o, This
(o] H

shows that I/'I° is censtant for given values of R/H and oh and means that
if the smoke loyor depth and the distance from the source are doubled whilst
the smoke concentration 1s reduced *to give tho samo optical thickness the

value of I/Io remalns the same. It must be romembered, howevor, that I°

is reduced, in this case to 0,25 of the original value, by the inverse square
law,
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From FPig. & it is scon that for a reflecting ceiling this relationship
doos not hold and there is no simple expression for the value of I/Io

in terms cf R/ and oy  The effect of the reflecting ooiling is shomn in

Pig. 5 where the collected results are plotted as I/I° against C/H for
given values of R/H and 0. Although limited in their extent these ourves

show that, at least for small values of Oy to o firsi approximation the i
maximun velue of I/I for a given R/H is obtained when B/H ~ 2 C/H, ) !

For low values of o at distances R = H the flux gain by scattor from i
+he smoke b.nd reflection from the ociling is equal to the loss of flux by
attonuation of the direct beam of 1ight; so no net loss results. Even at
distances of R = 8H the recoived flux ocan be as high as 30 per cent of that |
without smoke and with an absorbing ceiling.

The contribution of the refloeting oeiling is shown in Fig, 6 where .
the results of experiments with the two differont coilings are compared, J
It 1s evident that thg enhencement of the flux due to ceiling refloction .
is inoreased as the distance from the source inoreases and as the smoke
layor depth deoreases. Tiis flux inorease veries from 4.5 times at a |
distance of 1 motre to some ten or twenty times at a distanco of 8 metres
with low smoke layers, An inorease in the attonuation coefficlent of the
smoke produces a rolative increase in the flux due to reflection from the
oeiling, The broken ocurves of'Fig. 6 are basad on moasuremonts whore the
photoourrents in the experiments with an absorbing celling were very small
and any ratio, such as that now being discussed, based upon them 1s less
relisble, .

(b) Horizontsl surfaces

Tho ratios of the fluxes on vorticslly upwerd facing surfaces (U) and
forward faoing surfaces (F) are shown in Figs. 7 and 8 for absorbing and
roflecting ceilings respactively. In both cases the ratio U/F inoreases
with inorease in the attenuation ocvefficlionts In the case of the
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ebsorbing ceiling the ratio incresses with smoke layor depth. The

. roflecting ceiling, whilst inercasing the flux on the horigontal surface,
also makes the ratio U/F almost indepondent of the smoke layor depth,

. With an absorbing ceiling the value of U/P is of the order of 0.1 for
o =1 m"1 at all smoke layor depths, and riscs to the order of unity for

o=5 md‘ and a smnke layer depth of 1 ms There 1s a general incresase

in the value of U/F with a reflecting ceiling and it can be as high as 1,5

() Surfeces facing away from the source . |

Flgs. 9 and 10 show the values of the ratio of the flux on a backward
faoing surfece (B) to that on the forwerd facing surface (F) for the verious
expsrimentsl conditions. The dopth of smoke does not appear to have quite
so marked an effect as in the oase of the horizontel surfaces, With an
sbsorbing oeiling there is a stoady increase in B/F with distance from the
source rising to asbout 0.3 at a distance of 4 metres for large values of o,
With a refleoting ceiling there 1s & more wapid initial rise after which
the ratlo goes through a maximum or reaches n oconstant value; this is
sbout Ouk for large values of o and ococurs at a distance of about 2 metres,.
The optical density of the smoke has an influence on B/F whioch inoroases
with inoreasing o. For smokes of o =4 m-", B/F remains less than 0.1
except for the caso whon the smoke depth is squal to the heilght of the
reflecting ceiling,

Doerivation of an kmpirical Equation

It was folt that an equation rolating I/Io, o and R would be useful to
. summarize the influence of the two varisbles on the flux ratio, The results
of the exporiments with the gbsorbing boundaries was suitable for analysis as

1/1, was constent for o ond R in terms of H (Fig.3), To includo two other

variablbs s nomely the height and albedo of tho refleoting ceiling, and toke into
acocount the fact that I/Io was not o simple function of ¢ and R in torms of flayer
depth (Fig. i), would require more data than are svailable at present,
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Visual inspection of thesc curves and trial-and-crror fitting of

appropriate functions of R and o show them to be opproximately fitted by the
equation

Log I/I = =0.23 crH°'6. (R 08

Values of I/'I° computed from this equation are plotted as broken lines in

Figs 11. Thoy compare falrly well with the experimentsl curves so that the
equation can be said to give a useful indication of the influence of R and o
upon the flux ratio.

Comparison with messuremonts in the aimosphere

The previous report (1) suggested a "scallng" factor, relating tho chamber
oxperdiment results to fiecld measurements, of 2 motres in tho chamber equivalent
to 1 mile in the field. The smoke layor depth in the chamber was at this time
rastricted to 0.5 m and the scaled range to 4 miles, Variation of tho smoke
leyer depth has made it possible to extend the chamber range to 16 units (1 unit
being the dopth of the smoke layor). If an effeotive natural atmosphere height
is assumed tho ficld ranges oan be expressed in torms of this,

Seatter in the fi0ld results, duc to variations in the meteorologlcal
oonditions, necessitated the derivation of a sct of empirical ocurves to describe
the rolations betweon flux, rango and visibility in the atmosphere., Thosc are
givon in Pig. 9 of Rof. (2). When thoso aro reduccd to ranges oxprossed in
terms of assumed offeotive atmosphero heights, the flux is almost the same for
any given vnlue of the cquivalent range. In othor words, any assumed effcotive
height of the ostmosphere will produco as good a correlation with the chamber
rosults as any other assumed height (within reasonablc ostimates of the
atmosphore height). '
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Taking the curves of Fig. 9 of Ref.(2) at their face value, the relation
between chember results (Fq) and field measurements (Ff) is given by

Fofpe = (/)%

For the smaller values of R/H this approximates to unity end does not

invalidate the socaling factor derived in Ref. (1) under the 1limited conditions
then operative,

CONCLUSIONS

(1) For absorbing boundaries the ratio of flux in smoke of a given vertiocal
transmission to flux without smoke is constant for a givon ratio of di.tance to
smoke layer depth.

(2) With a refleoting oeiling, of albedo 50 per cont at a height of 1.5 metres
above an absorbing floor, the meximum value of the ratio of flux with smoke to
fliux without smoke is obtained when the ratio of ocoiling height to smoke layer
depth is approximately half the distance in metros,

(3) The enhancement of flux due to the roflecting ceiling increases with
distance but is less marked for deep smoke layors than for shallow ones.

(4) 1Incresse in smoke layer depth and attenuation coefficient for a relatively
non-absorbing smoke inoreases the flux on an upward facing surface rolative to
that on a surfoaoe facing the source. In the prosence of a refleoting ceiling
this ratic can he as high as 1.5 : 1.

(5) Tho ratio of the flux roceived by a surface facing away from the source to
that on a surface faclng the source incrocases as the distance from the source
inoreases. The smoke layer depth has a less marked sffect than in the case of
upward facing surfaces and the offect of the refleeting ceiling is to inorease
the ratio somewhat at shortor distances, but tho inercasc becomes less at
greater distances,
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(6) An empiricsl equation which ropresents tho oxperimentslly dotcrmined valuocs
of the ratio of flux with smoke (I) to flux without smoke (Io),with absorbing
boundaries, fairly well is

Log I/Io = = 0,23 chO.G . (R/H) 0'8,

whero R is distance expressed in torms of the depth of the smoke layer and Oy

is the attenuation coefficient in units of (layer depth) -,

(7) A complete correlation betwesn chamber experiment results Fo and field
measurements Ff is not possible due to the lack of information on the effective

height of the natural scattering atmosphere.
4 Oﬁ 25
The rolationship Fo/'Ff w (R/H) // is tontatively proposod.
1.3
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