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SUMMARY

by

Comparison is nede betweon moasuroments of the light flux at the
boundary of a layer of polydisperse fog-oil smoke, due to radiation
from a point source vutside tho layer, and predicted values based on
the "Six Flux" nothod of caleulating light scattering by small particles,
Agroement is found wvhen the boundary is ebsorbing,but with a partially
roflecting boundary (nlbedo 0.5) the experiments show o greater increase
in flux, due to reflcction, than the thcory predicts. Again contrary
to the theory the flux increasc boecomes grestor as the angle of
incidence is reduced,

N

(sgd,) H,L. Green,
Supt., Physics Rervarch Division,

NWW/.7RL/MC

(sgd.) A.8.G. Hill,
Deputy Director,

RESTRICTED




RESTRIGTED = - RN
SR SRS

roe

b i LRI

PORTON TECHNICAL PAPER (R) 34

es o0 as on ee
fon. %4 wa 0s ss

DATE: 27th March, 1961

LIGHT TRANSMISSION THROUGH A FOG-OIL SMOKE LAYER WITH AN
ABSORBING OR PARTTALLY REFLECTING BOUNDARY

By

N.7. Wootten and ‘7 R, Lane

INTRODUCTION

The development of a method of producing a steble well-defined
shallow layer of fog-oil smoke nesr the floor of & chamber(t) has made
it possible to compere measurcments of the transmission of light through
such a cloud with those predicted from the theoretical analysis of
radiation transport in such & system made by Chu, Clarkc and Churchill
(2), and with some results of smell-scale experiments with donse disper-
sions of latex particles undertaken by Scott and Churchill (3).

Chu, Clarke and Churchill besed their mathematicel troatment of
transmission of eleotromagnetio rediation through e multiple scattering
nedium on a model in which the anguler distribution of radiation scattered
by & single particle is represented by six components - one forward, ono
beckward end four perpendiculer to tho dircetion of propagation, They
have uscd this "six~-flux" representation to obtain enalyticel solufions
for cortain ceses including that of a parallel plane dispersion of
poarticlos, bounded by one ebsorbing or partially reflecting surfaco and
illuminated by & point source outside it; for this configuration they
have computed the flux incident on the boundary surface as a function
of the optical thickness of the dispersion, the angle of incidence of the
radiation and the boundary refleotivity, 4 brief outline of the six flwx
model of multiple soattering is given in the fppendix to this paper.

Scott and Churchill (3) later published meesurements of the flux
received from e point source by a 27 receiver located in the partially
refloeting boundary, Thelr oxperimental dispersion consistcd of very
uniforn (0.814Au diam) polystyrenc latex particles suspended in an
aqucous solutifn of glyocl, Heptane was introduced above the dispersion
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to evoid optiocel discontinuity et the interface, and the scurce, a neon
lamp (A = 0,427 u) loocated in the hoptane, wac moved horizontally and
vertically relative to the recelver., The ratio of the flux striking
the recelver in the presence and absence of the dispersion ./as nmoessured
for a number of dispersion depths, Loundary reflectivities, end source
positions, The results were correlated graphically end found to be in
reasonable agreement wlith the theoretical solution.

The work doscribed in the prescnt paper was undertaken to ascertain
to what extent the theorctical computations are elso supported by
neasurements made in & polydisperse oil-smoke layer.

SMOKE CHAMBER BEXPERIMENTS

& layoer of fog-oil smoke, 0,5 m deep, wes produced on the floor of
a chamber (approx. 41m x 6m x 3m) by passing the output of a thormal
generator through boxes containing crushed s0lid carbon dloxide as
descrived in the appondix to reference (1). A light source consisting of
& 24 volt, 150 watt lemp in r woter-coolcd jacket couldbe placed at any
heipht above the floor and 2r-cosine reccivers (consisting of photo-
voltaic cells, or photonultipliers, covercd by ground opel glass
diffuscrs) were ploced fecing upwerds at known distences from the ground
zero of the source to mersure the flux felling on a horizontel surfrce.
The ratio of tho flux in the presencc of smoke to thet in the absence
of smokc was found from these measurcments, The floor wos normelly bilack
(nlbcdo 0,05) but could ke overleid with white lining prper (albedo 0,50).

Othor paranmcters determined during thesc experiaents were (a) the
optical density of the smoko, meesurcd by the trensmission of a collireted-
bean densitometer, (b) the mess concentration of tho smoke, dctermined by
aspiration throuch filters of "Millipore"™ metoriel, and (os the droplet
sizo distribution, detcrmined with the 2id of & conifuge fittod with glass
slides conted with a thin olcophobic film, These measurcments werc mado
at intervals during cach cxperiment and werc plotted ageainst time, The
values of nll thc parameters at any given time could be obtained fron
theso graphs and could, thercforec, be reloted to oach othor,

RESULTS 4ND CALCUL.,TIONS

The most convenicnt reans of comparing tho results of our experimeonts
with the publishced theorotical valucs is in the form of a graph of the
flux ratio plotted against the optleal thickness of the dispersion for
verious valucs of the angle between the dircetion of the ineident beanm
and the normal to the receiving surfacc. Our expcrinmental data were
rcdueed to this form by means of the procedurc outlined below, The
symbols used are meinly thosc given in (3) to make for ease of comparison,
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The angle 6 between the direction of the incident team and the
normal (Fig,1) is determined by the height of the source and the distance
of the receiver from ground zero, The flux ratio P is the ratio between
the flux falling on a horizontal surface in the presence of e dispersion
to that in the absence of thes dispersion. The optical thickness T is
the product of the dispersion depth t, the number N of perticles per unit
volume and the effective scattering ares o of the droplets. The latter
is determined by the droplet size and the“scattering coefficient K_, which
is the ratio of the total flux scattered by a droplet in 21l directione
to the flux incident on the geomelricel oross section of the droplet, K
in turn dopends on the paramcter a= rd/A (where d is the droplet diameted
and A is the wavelength of the light uscd). The values of K  wcre
cbtained from Penndorf's tabulations (5) for a substance of the same
refractive index es the for-oil, nomely 1,50, From consideration of the
speotral distribution of the radiation and the spectral response of the
photocells and photomultiplicrs used it was calculated that the value of
A appropriate to these cxreriments was O.60/u.

A1l the chamber experiments were started with es nearly as possible
the semc smoke concentration. A complete analysis of drop-size distribu-
tion as dotermined by the conifuge measurements, =nd mass conoentration,
from the miliipore samples, wes made for three of the eight experiments
and these were rolated to the ettenuation coefficient, ¢, determined by the
densitometer, The value of ¢, which ie (dven by tho expression

T= e X (wherc T is the transmission of a collimeted beam over a
distence x), has beon used in all previous chamber experiments to
charactcrizc tho smoke eloud,

The change in the cumulative percentage number distribution was
detormined as the cloud aged and this showod thot the moan droplet
diemeter inorcascd with time (Fig,2). The variation of mass concentra-
tion ond of ocwith time was also found end in Fig.3, the relation between
the two is given. By taking the mean value of the drop size in enroch
sucoessive 20% range of tho numbor versus size distribution the relative
masses in each range could be determined, These are given in Table 1,
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Table 1

Droplet size and mass distributions in fog-oil smoke

[ Mme from | _1!
commencement; 0 30 : 60 |
of expt (min) ; | S
M Mean Mean l _ ] Mean Average
RanZe ~. diam_.g).l) % me.ss diam.(}a) % mass l diam.yx) % mess | % mass |

0- 20 0,50 | ko5 0,62 | Lot | 0.69 | 4,5 ol

20 - 40 0.63 8,6 0,82 9.4 ; 0.88 9,6 9.2

L0 - 60 0,75 | 1k.5 0,97 | 15,5 1 1,02 |15.6 15,2

60 - 80 0,88 | 23.6 143 1 2,5 0 1,22 | 24,7 2,2

80 - 100 1412 48,8 1.40 i 46,5 | 1,50 45,6 47,0

(It is interesting to note here that although the size distribution
changes as the cloud egges the relative mass in the 20% ranges remzins almost
constant),

From the total measured mass and the relative estimated mass, the number
n of droplets of a given size range per unit volume of the cloud could be
determined, The mean size in each range was also used to determine o‘ﬂ.

The effective velue of the optical thickness T was taken asEnO’st for

the five ranges into which the drop sizes were divided, The effective
value of o was taken as the mean value found for these ranges. The relation-
ships between T, o and « are shown in Fig.h.

The close agresement of the various relationships in the three experiments
(well within the limits that could be expected from the naturs of the experi-
ment and the methods of sampling the fog-o0il smoke) and the nea:ly linear
relationshlp between the calculated opticel thickness and the measured
attenuation ccefficient gave confidence in the use of o as the character-
izing parameter, This was taken as the reference for the comparison of the
flux ratios for the different boundary conditions and geometrical coafigura-
tions in the whole series of experiments.

The flux ratio P measured in the experiments when the sourre was above
the smoke layer were plotted for given values of o against tan 6 and the hest
ourve was fitted to them (Fig.5). From this ocurve the appropriate values
wore plotted against T (¥ig.6) giving the final curve on which the comparison
with the theoretical predictions can be made,

DISCUSSION OF RESULTS

For comparison with a previous series of smoke-chember experiments (1)
P was plotted against ground distance from the source, The agreement was
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very good for ell readings when the source was above the smoke layer but
for a source height of 0,5m, which 1s the approximate height of the smoke
layer, the values of P were sometimes above those previously obtained
and somctimes below, Although the smoke layer is stabilized at about
0,5m its height may well vary by a few centimetres so that the source
may sometimes be immersed in the smoke and sometimes be outside it; this
would affeot the fluxes reoceived by distant receivers, Such slight
variations in the smoke layer height will have very little effeot on

the flux received when the source is located well above the layer,

When plotted as a function of tan 6 the curves of P for different
source heights show little deviation from a constant value, This is in
accordance with the findings of Churchill and his collaborators (3).

COMPARISON WITH THEQRY

Only & few of the data given in (3) are suitsble for a direct
comparison but in (4) additional values of the flux ratio as a function
of tan 6, T and boundary reflectivity are given, The flux ratio E,
quoted there, however, is defined as the ratio of the flux on a
horizontal surface in a dispersion to that fallinf normally onto &
surfage facing the sourcc in the absence of the d'.spersion, P is there-
fore obtained by dividing E by the appropriate value of cos @,

In Fig.6 interpolated and extrapolated values of P,for a reflecting
boundary of albedo 0,50and at given valucs of T and tan 0, obtained from the

data (L) are plotted together with the results obtained in our experiments,

Comparison of the theorotical values of P given in (2) and (3) for
different velucs of a (in the former « = 10,0 and in the latter a= 6,0)
indicatc that P is & function of a, The value of a in the smoke chamber
experiments varies slightly with o but lies between 4,5 and 5,5
The theoretical values quoted are for o« = 6,0 so this will account for
their being slightly higher than the experimental values with an absorbing
boundary, Apart from this the smoke chamber results and theoretical
predioctions for an absorbing boundary show good agroement,

For a partially reflecting boundary (albedo 0.50), however, the smoke
chamber results arc somewhat higher than the theory predicts, Thie is
contrary to the trend in the latex dispersion experiments (3) where Scott
and Churchill conclude thaet "the effvct of reflectivity on the trensmission
is essentially independent of the angle of incidence but inoreases signifi-
cantly vrith the optical thickness of the dispersion", Winilst the smoke
chamber experiments support the latier part of this conclusion comperison
of the curves in fig.6 shows that the increase of flux due to the presence
of a reflecting boundary is greater at low values of tan € than at higher
values,
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CONCLUSTONS

It has been shown by chamber experiments that the attenuation of-
light flux in a layer of polydisperse fog-oil smoke with absorbing
boundaries agrees with the valuee predicted by the "Six Flux" theoretiecal
method of celeulating light ascattering in acrosols, It appears, howover,
that the theory underestimates the lncrease of flux due to a refleoting
boundary, pertioularly at narrow angles of incidence.
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Appendix to P.T.P,QRZZQ

.. Outline of Six-Flux Model of Multiple Soattering by Dispersions

For thin dispersions of uniform particles or limited paths of trans-
mission such that re-scattering is negligibdle, the transmission and angular
distribution of scattered radiation oan be described by a simple exponential
attenuation law and application of the Mies theory of scattering of elesctro-
magnetic radiation by dielectric spheres, In dense or extensive dispersions
such that the mean free path for radiation is comparable with or less than
the least dimension of the system, multiple scattering becomes significant
and the classical expressions for scattering are inadequate,

Multiple scattering by a dispersion of non-absorbing particles is
desoribed mathematically by the iransport equation (1, 2) obtained by an
cenergy balexce over a differential volume of unit oross section and length

dSQ along the direction é. .

‘i'i‘ag R s Mot (7, Q)+ NGS/ (e, B £ (8, BY) aof ()
¢ 0

in which

i(r, Q) = the spcoific intensity, defincd gs the energy intercepted
per unit time by a;uni% area at r, per unit so0]id angle
from the direction) ncrmal to the area, where r is the
radius vector from the origin of thc co-ordinate systom and
Q is a unit veotor representing direetion., In general

i(;, b) is a funotion of five variables, three for position
and two for direction.

f (ﬁ’ 61) = the angular distribution function for single secattering,
which gives the fraction of energy soattered from a beam
in the direotion Q' into & unit solid angle in the
direction ', For spherical particles tho anguler dis-
tributign is symmetrieal about the incident direction
and £ (0, Q') reduces to £ (8) as illustrated in fig.A.1.

N = Number of perticles per unit volums of the dispersion.
o = effective cross scotion of a particle for scattering,

The scattering cross section and the density of particles can be
combined to give the mean frec path for soattering (1/Ng). The oross
sectlion, the mean free path and the angular distributionfunction are
functions of the dimensions and refractive index of the particles and of
the wavelength of the rodiation (Mie theory).

Exaot sclutions of the transport equation have been worked out for
only e few cases and for highly idealized conditions - isotropic scattering
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in dispersions of infinite thickness -~ but useful approximete solutions
can be obtained if the angular distribution from a single scattering is
represented by a number of discrete components. In the six flux model

of Chu and Churchill (3), illustrated in Fig.Al, the angular distribution
function for single scattering by sphericel particles, £(0), is resolved
into a forward-scettering component f£, a backward sosttering component

b, and four equal sidewsys-scattering components s, defined as

1r/2
f =27 / £(8) cos®?0 sin 0 a6

27

n
b = 2w/ £(0) cos?p sin g 48
/g
/2

end s =% (1 ~f ~-0b)

(£(68) is the fraction of radiation scattered into o unit solid angle
in the direction (), see Fig.Al).

The specific intensity within & dispersion can thus be represented
by six discrete components, By ...... E., in the positive and negative
direction in three orthogonal dirrctions, The representation for the
case of obliquely incident radiation frcm a source outside & plane-parallel
dispersion is shown in Fig,A2, Use of this six flux model permits reduction
of the transport equation to a set of six simultaneous differential
equaticns, whose solution yields the six components of the flux at any
point,

The solutions obtained by Chu and Churchill for the case of obliquely
incident radiation from a source outside a plane-parallel dispersion
having a partially-reflecting boundary can be expressed functionally as

z
E, =¢, (5 0, bT, sT, R) i=1,2, 3,4 5 6

where % = No_z = normal distance (z) into the dispersion expre med in
mean free paths

T= No;t = thickness (t) of the dispersion expressed in mean
free paths,

0

f

azimuth angle of $the incident radiation

R = reflectivity of the boundary.

1

The enalytical solution is extremely complex and computations are
feasible only with the aid of an automatic computer. Chu, Clarke and
Churchill (4) have undertaken such computations for a number of particular
cases and have published graphical correlations illustrating the effeots
of the verious variables on the ratio of the flux at any point in the
presence and sbsence of a dispersion of particles of given optical
properties,
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