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The Aeical Shows which affect the conocnUaticu of au 

aerosol have boen investigated. In a mencdispelse aoosol of 

particle size ,1 to 2 microns and ofhWaceneentrationt  the 

es We to the er.obinod effects or s4Almentationo  difPusima 

and ocaguiation have been observed experimentally, 	differential 

equation k?is been develepeiliedgehivoletes the concentratiln of 

particles with time and ?enitiesad emexerimmes have :been made 

between calculated and experimental values. 

The 	wiz produced by the condensation of a vapour on 

suit4ble nuclei wider coat:coiled conditios and the observations 

were fuje in an ultramicroscope cell 2 miilimetres deep and of 

sucth diaoetar that chances in the vertical directia prodiminalgd, 

Teo methods of oservations sere used, In the firstl  the 

measurements sensmtOos on photomicrographs; pa.rtiole size was 

determined by measuring the distance which a particle fell in 5 

secorlA WAI cmrice comentration was determined at intervals 

of lj to )U se:muds using short exposure, This method was 

limited to concen eati-,4s of less than 10' „Jar ticles pvr cubic 

centtmetre *here individual particles could be distinguished. 

For hi,  .cr concentrations photometer Ws used. This 

consisted of aliictosaltiplier, a narrow bandowidth AAifier 

aizi 6kra amwater. -.''artiole size w,,,s detlned from the angular 



distribution of the scetterod UgPt and coneentr 

were followed by oe4suring the intensity of light scattered at 

fixed angie 

xaly.;rimeatal results Nacre campar -rivAlc414,  and nwlerieully 

und fttisfectory agreemen as obta1ned:0 Furthert  a relation 

has be btu 	for tl efficiency of coafplation in an 

electrioally charger aerosol. 



MiCrOnSi; a.,t the legit 

emitratiAq u,s accut 10 grams. 

a dialxrsion of Urea mow se MU 
in th. gas. It is 	stable tee OM 

40tion of cf..rtaissiosical pissesoss 

eaUSe 	is 	properties is described in tills thssis• 

ark is calgoisstsry to am investigatiun of the ocibsstios 

o 	acteriatiss lir *Mutate endear* partieularlw of those mists 

soh are ..-usponsible Car eikaosicus *dab nometimss oo.fur 

the er,,..nke,30 of mxins diesel enflame* 	losions of this 

kind aro pro! ate in au oil oist farmed by 	evadoration 

ubrioating oil fto-. an oiLl'ac,ted sarfete in the crankcase 

iii sur,seopent conde09ation of thc vapour in a cooler region. 

booa sho4m that the mint in combustible if the 

concentratton of oil is sufeicientk,,  high . ut further 

is reinired cono„rning the changga in iy 	tratice 

time acid certain ohessteristic 	as 

ps diitima $lik of *11 Mete pr 

shthat the7 contained logo ambers 

of rsadi in the zallgc 

limit of irra..sma ai.0v, 

or oil p cubic centimetre of 

t4e 	t, much research h,is been carried 



pie of , Teols, but 3st of the systems mined have been 

too com4ex to re it of adeqtyate cont:s.-01 of the variables. 

Numerous 'steal phenomat;a aMot the concentration and 

frequently ImposAble to st„, rate their efeects completay 

so that it is necesnary to eonside r the interaction m two of 

Cum. 	_mportant causes of cowentration oh..tzlges in en 

aerosol. are sedimentation, difInsion, couplation and to S030 

extent, ph se changes. The variation of concentrstionsdth time 

t env point is given by two differamaial equ4.tions4 in one 

roma may be considcres to be so dilute that the probability 

0f iraary coilisim.s of the particies is nOgligiblo, ,Aral in the 

other, a term i introduced to ac,"int for 	g coi4sions. 

The first e.-itwtion WWI derived by vo@ ftoluchowiki (1915) 

r,...itcs the eseesetration in a aaf arreeol to the effect of 

esininsntatioti ant glifftwies. DaWM OW) bun PkU lathed 

aclutiocs subject to certain boundary conditions but it does not 

appear that they here tees subjected to experimental verific;tion. 

The second e1,uatiOR. is s more concentrated as 	makes use of 

von neolachomaki's ( 91) theoretical cipatien. Its derivation, 

aKears c* page 

ti two r t 	 .)erincu 1y ing 

KAM nOrOlialS 	 Vapour pr flatiV 

so that liken. Ohnni$01 
	 The exklourcoen 



de 	 or 

pro; 

surmised* w 	Ggorrieti cut w th the 	Pt 
obtaleed with sal uLtradaroecope. llere comma r 

'sure studied with a photeautt., 



4, 

OF 	OOL. 

The charsolgoristics of ::411„aiuronolt,, 

The more isportunt characteristics or an 6:cresol are 

particle size alid shu„pe, concentration. and the Aysical prOperties 

of the two'Alamos. The rez of particle sine mmy vary considerably 

and cn 	represented by distriheddieSfaraftion; for meet 

purposes howevec, it is Aequate to use the dispwroden -T whieh Li 

defined as the ratio of the standard deviation 	(4c)of the 

particle radius 	' to the arithmetic mean radius a 

.e. 

Then 	 ,J 1, the aerosols are referred to 

S$ INSidiaperee snit when it ja greater than 0.1, as pokidisperse 

OA NW 111,2). 

In this thesis, the &ceoLs considered are dispersions of 

small spherical drops prodigal b motion of involatile 

lilAids. 

II. 2 TO0,4A, 	 la az) aPT0001. 

There are two types of 	sic.J. process which may be obseeved 

in anesoi theft which are iwzirssic properties und those 
which may be induced. gemc or them cause irrevercible Changes 



in the particle concentration or changes in rtiole size, 

while othrs wane no otTtervable chang 	tsoever. 
The valous ilierAtIona 	OZWeilielltkr bt3 discussed ewer the 

folowing hc--dizcs 

1. 	Those *den are the result of motioa ci the gArs molecules. 

The 4 ,13,=-Lical properties of the smol pkaticles. 

3, 	tu.se olunges. 

40 	'hoe preduced b electraavuetic r4lalatios. 

2. 4. The phisical properties zesulting fro= the molecular 

motion of the gas. 

The molecules of a s are in continuous random motion and if 

particle of rAius comparable with the room free path of a alts 

meleoule is inteoduced, it is subjected to bombardments which 

cause an invader motion, oalied the riAi1 otir, T• 

velocities of the perticies ()int the 'iaxwell.-eltTeaan Lava ;And 

the proidabllity 	010 of a velocity' u is 

= 	 m14)1 	(2) 

Ihc result of the ruadom motiou is to use diffusiou9  aal 

according to ,Ack's Law (18i4), the rate at which particles pass 

through unit area, renal to the comentratim wailleut gradr  0 



vl 	1-) 
rar A 

(3)  

Llastein (19D6) showed the difrusivity to be 

bir 

(4)  

Az the rz:44ius. of thc prticles is caa)arble * the mowi free 

path o tfte &as molecules, they behave 	if the medium is 

iiiscontInuods and e.tiou (4) is modified b the 	 factor' Pi. 

) r   F 
61r9q 

nu4sea and 7 	(19%1::. allowed this factor to have a value &ma 

by 

a 

The rtte at viihigh the aumxical coucentratiou ilIcreases in a 

small acme of volume is given by Fick's second law of diffusion;- 

(7 .  

PrOM equation (4) it is seen that the diffusivity is inversely 



propmtional 	the ream of a 3,4r icie. ,Arentually the 

particles irlinge on the walls or their container and ma, adhere. 

The boundary coriditloas in diffuslou problwo can be represented 

w the oonditions 

= 0 at the wall for particles ehleh are completely absorbed. 

and 	0 if perfect reflection occurs. 

brownial motion also causes particles to collide with 

one another and if coalescence occurs, two particles of radius 

a form one or radius 21/3a. Vc Imoluchowski (i 916) derived a 

rclatim for the rate of change of concentration due to coagulationz  

(9) 

ubstituting from ckpation 64,, it la øe& that the coagulation 

coefficient K is given bar 

K 
3 n? 

In deriving this reLtiouship it *tie assumed that all the jartioles 

coalesced on coi.ision; an assumption which will be discussed 

further in Lhapter 

It is :wen that the rate of c,oguiatic tnereasea ee the squat-0 



of the concentration and Is related to the particle vAius on4 
through the elip foster 

7orse less imortmat consequences of the moleculnr moti 

the gasenas ano are *rotation of the droplc 3, OCOgUlatiOn fn a 

atm 	1 and the drift of a ;article Ina t ture 

gradient. 

II. 2.2. The d,namical properties of av 

AT a ?article in e Uk1 is .A)ted upon by a force, it will 

be acceleratcal to a velocity at which the resicIive fame I'llgytu" 

is equal to the accelerating force. ?his expresArou is valid 

provided that the fl is stleamlino, that the fluid behotes as a 

contihnum and that tnere is no ihterfenewe itrom ott.r ?artScles or 

from the walls or the cotatuinek. 

It the radius of the partioleli is comparable with the MkUn 

free path of the gus 00.14011XS the vesistance is reduced by the 

slip factor P. 

the gxavitational field, the acceleratilLg force is 

A 'T1 4
.3 

3 -. 	j 

so thA th t tiizai vclooW 

V :z 



reaohed r 

rod le 

grvit4r 

droplets of the 

no longer spherical if 

than 	but etas figure 

1')avics 	t 	error of less than 

1 :L for rAdii up 	' microns and far (/,, 	) equfAl to lam.ce 

he Urminal 	incroases - the square of the radius. 

feeetad by 	particles ur 	the concentration is 

greater than 10 ggi.cm. 	The effect of neigh 

cies has bey:a studied by 	gers (1942) who showed that 

decreased by feztor 

the particles in unit volume of 

aerosol. 

also =dined by 	r 	tY or surface a at 

s 	tic l di -440 Z from plane horizontal surf.ce the 

velocit.y is 	sod tg a Vaetw 

ws 	if 



1Q, 

imateriran OXJMiNell until the mails i 
	

microas. 

particle mfr also acquire a determine* Veleali, madam Is 

action of a contrifu al force, ecaiLvibrations, am electric Vlead, 

or intense radiaticn. 	thc last effect nued be coneid4red 

here, 

The raalat 	ing 	ou a 4a surface evtc,  a 

pressure 

P * 2  
a 

where s i t t1 vector 

c is the velocity of light. 

Y'cv jaw 

Hemet  when an electromagnetic r 	Oa 10  is 

incident cn ?ortiolo of radius 4,  the pres-u.re in clven 

alpz.calmateki b;),  t tx,u,Ation 

p 

2J 	se changes  in  

jhase changes mmv occur due to evAporation fraa the surface of 

the JJeplets, to 	dation or to spontaneous onoleatio- 

The rate at which a particle &Tcwa or evaporates it depaident 



on, its 

properties, 

the evaporation of  

of The vapmir at4 	y steal 

by Bradley A a (1946) roc 

of rt4iUS s is 

      

      

r 

    

   

n:4 

     

of 

is the ooliisiou area for a gus took and ess 

ev4poratiru molecule 

is the gas 7z. Aire 

T 
2_ rf 

01- 13 thc,  epoV:leieat of ageovnodatioa 	SS 

sukface of the drop (-20) 

uati- 	equalky well to oenkIv; .ton ir 

sign is rumovea. 

the 



12. 

:Iles the radius of the droplet is very small. the vapour pre 3ure 

p at the surface exceeds the saturatdcar presure p, at a 

plane surface in t ratio given Iv 

(1 6) 

7his equation Viii derived b,i Thomson Gerd Kelvin) (1081) and 

is known as the ":.;eivin effect. ,-, a.Alculation shows that for Dgii.1?, 

pip, , at roan tuvc;ratnres  hs a value of 1.1.1 for a dartiols of 

radius 0.1 mdcrons0 

The rate of ovapora 	of such a small particle ast be 

written 

P 

If large numbers of particles eo&enime simultaneously, they will 

conpete far the vapour nolecules and leiss (1951) ha oho= that 

in a coadessiss across). thc rate of axowth of a particle is 

vt t & 	p 	011- 



where J  i3 the, rate of cooling 

ia the 0onstuat .in. the va;loar ccmentrution relation 

= 

of r)articles per (=xis. 

miautos to the rels 	0 of 

growth 
	

idle at coat; ,it tesperuturc 
	

be 

Jett 

us a 

of tho onvircv t 

of such 1,)artidids commence growth 

it 	aerosol results. 

The *WI iwve of • 

whoa the vapour be 
	

Cad 

4. r 9,5) have sl.ho.,4 

duri8graddos collisie 

aggresstes become stable if tatly 

the rate of formationJ is gives 

it 

to be aggregates of molecules 

vapcur. 

itical rius 

cm vm, 

J 
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wiscaa X. is the numbz of molecules mil- 

v.  is the volume ccoupied by one molecule In the 1izd 

IL 2.4 The offeot_of electromagnetic rlAtlation. 

An incident been of light has a negligible effect cia the 

plvsie1 pro?. -ties o an eareedly but the wAy in which light 

is scattered is charactcristic of the ?article slag and 

concentration. If the rlidius of a particle in conskierab4 

th 	tho wavelength than the incident light i 	fraeted 

according to thc laws of genwetric optics. -4mevcco  this 19 

ne im-er true if the radius is cowtniArable to the wav4114011 

of the incident light9  as diffraction oot_urs and the light is 

3o4ttr4 ia ali directions. 

2or a single traisparent dielectric sphere, the total 
amount of light scattered was aluxiu by 5!e4  ids (i94) to be 

24‘T-1 lo (4/3 TT a ) 
A 4  

(23) 

is the rfractive index of the material of the sAlere 

is the incident intensity of ilAmtnation 

w1< j,1 

The intensity of the light att 	at 
	

te the 



Jr 

izioilleat 14 
	

tbg rtia whigh %ABobtaU 

(1i6) 

(4,:z 1-1  2 
71 	, 

=. 

T. is the list-wale free the particle to thepoint of 

obecoratims  cohere 	>> a Goa ef,) ( 

This asciumas the incidant light to be twooiarised and in the 

case of .)1,iwwp pore“ wave being incident cu the particle 

the relation becooes 

(21+) 

n 	4)ta 4,  4 

-,5‘ 
(4. A 

ehere n 	r and 

t the z.41.1u8 or the particle is or tbc 	order a the 

uavelengt3 or light so that 	then the relations 

beceme ver," coskJlex, ;he tots.1 ibt scatlered bv a single 

particle 

(26) 

where a 	axe ocepLux fnnstins of LIsi i4709 

lochtikae scatters amount of o°  pc unit eToss 

eeetiOnel area, so tha 
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(27) 

wher00( 
	

qr a 

and the intensity of the light scattered at an angle to the 

inciaent direction is 

2 

Tts 	_22 1
0 	

2' 
	( 28) 

R 

-where 
	Q 

The function 	is the component of the scattered light with 

its electric vector perpendicular to the plane of observation 

and i2  has its electric vector perpendicular to 

The functions K.1 , i , i2. 	and p , have been tabulated by 

Lowan (1949) for several values of refractive index and the 

parameter c,4( 

The optics of small spherical particles has been discussed by 

van der Hulst (1946) ihho considers the -)henomena observed in a 

range of values of a/‘  , and also the effect of absorption by 

the particles. 

The radiation pressure exerted by any electromagnetic radiation 

has been mentioned in section II. 2,2 of this discussion. 
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CH49Ta III, 

I iTELNINARY aPERWENT9 

III. 1. 

e preliminary investigation us made to determine the 

important characteristics of the oil aerosols, the relative 

m agnitudes of the changes in concentratton and the conditions 

for more precise experiments. 

The observations were made by means of a microscope 

using samples from a nolydisperse aerosol. The samples were 

collected in a sedillentation cell and the droplets were allowed 

to settle ob to a microscope slide. 	53amples were taken at 

teo points si and 	(figure 3.1) as the aerosol flowed through 

a vertical tube of le ems. diameter. 

III. 2. The aerosol generator. 

The aerosol was formed b, rapid condensetion of oil vapour 

in the apparatus shown in fieuee 	In the evaporator Al  

a stream of nitrogen wee saturated with oil vapour at 500°C and 

passed through the jet 13, into the mixing chamber 4, where it 

was mixed with a second stream of ni-, ogen GOOLE:a to 

Conseguentle the vapour was cooled, became highly supersaturated 

and condensation occurred . To obtain a steady flow of gas 

and vapour, the two steams of nitrogen were obtained from a 



I 
30c.n. 

1 	0 ...... 

GENERAL ARRANGEMENT 

[ 	 
s, FIGURE 3.1. OF APPARATUS. 

3 0 t..I. 	, 

G 

FIGURE 3.2. THE GENERATOR 



103 004 tt4 0Y1i0dor ellathe oil w48 fe1 into the evaparv.tor 

by neaps of a pump driven by a wrtor with au electronic 

contra 	oil USW V48 'Telpa 3J' havine LI vapour prouzure 

at lemn. teen 13 ens. mercury at rood tmlaperaturQ. 

erosols or wasa eementration up to h) 4  go. 	were 

obtained mit% this separAus but they were leeking inA1,  

hcnogenvity and their concentration vorio4 r4th time. 

Analisis of tha aerosols. 

mlexoscope and sedimenttlan oeli wet used for the 

vxLmination et the drc2lets slam this method was direct 

And the -7,aratus could he asrvaUed quickly. 

	1ine the aerosol 

:t w4 necespar:,- to obtain a rq)ronentAt.vr 	21e oe the 

tV:rOi &n0 to collect - 1 the pGrticles in it on a slide 

where the,: mild be =lure . The neclimealtatioi, 

(figure 

 

3. 	17;,4a mile ralfficieatly s)arm to limit te 

of particles which overlap one Alother. it oceslated of two 

slides ill  zç1 seo.„:.rk,ted tly a spew St  44td oms• thick 

and Pv,ving a oirauIor hole of 1 am. diamstuv. Affiams ,late 

a, 2 cm. sowre 5 faced into the lower slide, 	means 

of 	plate the two olldes mad be moma simnitilneousliy to 

enclose almoenvolulc of arosol. 7-rie aldes and spacer 

were hems& inanetal bloakwhich oouId be tyatea to the 

apveraiM06 



The  3edirrteutation  Cell 

3.3a 

3.3 6. 

figure 3.3 



) taai 
2 	2 

r 

2(moi) cm 

21'3 [ 
A 
r 

9.c 

?les of an sicosol 
	

floig, were 

isolated by means of a special valve (figUro 3.4). When o2en,... 

this vaive preseatod no ebstruoticn to the aerosol (fiAre 

but :ihen c10 	tfifilee 3.40 4 ttAti011br.C, volt= of a, enaol ass 

Jnolatod and 	splc crybeexttauted with the sedimentation 

nell. 

5vfore usitr, thp rudiments' .ou 	the 

oIeencd r4 pas through a b...aeon flasu. 

vuoh& ort4w, the drOaetS AAVG4 t 1cas shapc aua the 

radius of the dwoplat3 w6lre oa1culatt4 frum the Oim.GLeimis Qt 

thi, Iola, This 041caltlaaw. 	cvibea r„Ay (1945) atia 

1 biased. oz twc rtaa,evna cbtd5u0 by Ca, L4,111011. 

tho true rAius of the drop 

	

gle rails of the 	ficast thii glass 

Is the radius nf curvature et the ammo cortex.” of Om 
leas 

!a the ancle of contact a the liqui4 with the glass 

	

ls the refractive in 	:Jf the liquid Aith regard to oil 

13 the distsnoe of the focal point of the lens fom, the 
0 s11:-.T.xe 



The, 

L- b 3 if  c• 



loft in flaw 

t .as found ilapcs ble to &Itemize the fso 

radius les,1 tkuux nIcrons and itle curve *A.  WirtriVail 

to saalle radii Although zueh pw weave Ss not Strictl 

tified, The spread factor gv,ks fOund to be criticalie 

dolerilaat 	the surfsvo of the liac Aad Although the gleos 

surface 7f an oArefuiiy tat foe cAch esperM2ent the results 

wore not very epro.tueible. 'Ate surfeits Ms asslei with 

sevt,rel mAtetiea", *web as aqueous wetting ezents, siI1001010 

and orgssts es** re with  at greatly dimiui0hing the OPreja 

and Although po3,ytetrafitme 	.it could 

ObtALIIKA 	With. r 	'iolent. 	1. 	surface Wkr OFD 

traZIPW:ent 

	

irse edwAntuseo the 0, read 	toemble Isms  

	

'Ted. Vle llaIt of reso 	of the rsicresteve was 

ii. 	lans 	 1P,meter  was produced by 

,k 	 so hxat 

mow the Obj 

be 

0.5 

a droplet 	jil Q104;ont ANA4LUS. 

III. 3. 	Tpc wieroscoAl 

A projectioa twieroscoi:c (fi 

obscrwor could focus the 

aticrons and 
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heat ray s 

and 

bed is VI, 

ger* trent. wowed 

re 

  

definition. 	of 49  16 and :5 cm. 

used in canJuooti wf.tV . au eyepiece of powe 

att= alligaltiCiit 	12,71) tines and 
	

0 4t.;110 

just under 0.5 edemas. 

III. 3.3  1110 	sis 

bution was 
	

b the oeedure described 

image of a at' 10t fi 	.:;.r:c? fitted 

then t)e 

Q.!7,  tind 

of the Wore/scope Wee c4pertossosd on the images 

►and well i?artice which occupied part or the 

stisparell with tho Meek otraes nrJa dots and could 

od in aw one stew 6 intervals of radios %teas 

crons. Tho analysis was recowded with the aid of ea 

electrcoognetie counter which consisted of two banks of 5 counters. 

Of these 9 could be operated b. y-  micro switches and the tooth counter 

recorded evtav time a ssltoh aMall +.142ps"ciSSOCI. 	th this al to P3000 

of Apparatus 9 different groups of dro9leto could be ocuntna spa 

the total number determined 31=1ton-wank. 

34 4rit*04ie or the sedimentation cell. 

The seople of droplets col 1.0etcd on the loess oilio of the 

ntaiico 4011 lus found to by voreprossoWilos for the 
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rellavring rooms 

P.art 404  mr1A2214A...PMP  4119thL'r. 

To prevent all appreciable proem-ties, of partioles cmerlapi,isg 

on th 2.idc„ the number prucnt ehould be loos than i0 

asmning 

 

fl overage raitus of I micrva 	1949;. 

collect such a Luster from an aerosol of 	particle* cm 

re 	red a cell of de?th i0"3  awe  In the sedimentation...A 

dvacribad, whilh Atas j.j13 	&mop, the error in araerlical 

coacentratloodue to ovorlapua aboat 

tAlactAIN deaositiou  

2-, particle of rJlius a „ initiall/ situated at the loadies 

edgp 

 

o 1.,,ht,upper .932,400  4aula strike tIv lower aliLla at a distance 

from it* le,,ding ea3p Mgt% tlut 

(3) 

u is the velocity at IshiCh the slides clone, u 

V is the seftmeatelitoa v4loci y o a particle of 

is the soporotioo or t%u slides  

The relative diatmee at shich LKarticles nettle out bre elven in 

Table 3.1 



euvaa,1*.q.../Yearii0IMOPM ,411.111016411.1.1414101.140109001M.71.0 

- NA.111.1.41.0. 

UN= er particle ediametati 	1edy 	tanoe eraa 1 4ive eke 
lealea.,94.***.A..*1.1.1.0.101/1....t<mn. 

6 

I 

0.1 

10 

00) 

(4Asurdiag the duraiti of the Lxxticle is 1g4.out and u =107/m4  

It owl be seen theta  p,artieles larger thga micron are deAsitod 

so near to the lo-ding edge of the lowereirlo that they cannot be 

observed but smaller oartioles had adequate t 	to seta's on the 

main ama of th slide. 

A reh,surtoent of the also diutributiou along the 10 slide 

(fIgmro 366) she 	that partioles of rAius greater thi.:n 

miarous mere mare thidkIly de?osited in the eirst zii,imetre or the 

44i113 elsewhere., 

ixoncitt44 4.0 1i1 **We 
articles of radii lses than 0.) ilierma 	APPreasb17 

saw strike the upptx aureole* of the COIL 	111411110111,fttiO3 of thie 

afar dwell *hat portiales of ,44 microns and less wells do2ooited 
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(d) 

If th slide* Were closed ra? 	tur, er was spot uin 

the aerosol, In ileum 3.8 it is even that medium size pavtioles 

were distributed uniformly over the surface of the sli4o, but the 

smaller ones a11. r is regions *thigh atornatti. This turbulence 
mid.  well have mused the smanwpart4elee to be osrrioa sow free 

the cell. 

dependod on their y 1e;:11 

WeiL (t947) slimed that th43 auraliv with *Loh 

owl* Oxon could be estimuted was deposiest on 

the bedroom& ,7nnistent aver-c:stinatIn (or stimation) 

of the particle size atv be caused by this ik 4.61c:ea:Li effect. 

(f) apato s?.1eV3„ 

The ist4 Ly fah the droplc. Eta t-ad 
	tht; zwitAwe of 

the glass Irar ?We aba it was 	Jzible to obtain neither 

repmucibiliti sic unitorutty 	ee. Conseyluentlg the 

factor could wow over tF w z‘re) of :3: e: elide aai fraz 

oz sli .0 to the next. 



were 

0 	 om or th 

Fri thew 	 jn bunts it 114s found that the 

e poAydispe 	dispernicn K:vd a vane of 

or 3. 	purt1c14s observed h4 mail of 00;  to Askroms 

but it u* ;,,e3,3.ible that smAlle,r particles wene ?resent but not 

detected. r.,:he vats concentratienavaehed values/1'10 	al 

-lea concentration might be as high as 

und that the observatilns wore 

stxle 	 of 
	

high dispersIcts.. It was conoltzierj. 

therefore that would be ageoreery 	mlonorlisperse aerosols 

In subecquont w 

The methoa of 
	

the 

wore l."-*rapl-caent&tive, the droplets 	 ;1:11J rlia,War 

.1:6 the aerosol was disturbed exceAtselt 

I» CIlaptars VII and VIII, two setheds 

wore selected because they were rapid 	causcAl - a 

the mr o1 

7!ocau ,o of turbulswe in the 

obsa ation tubes  little Wicatiau o the nag 



evaporation aud 

Louse 111042,,,, 

tO 4,Weize: 

seam or raa$73  

in the e 
k tc:r 

1:11v  f4a4 	th generator, 

time tne at„eoeol during tue oaw 
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GliA!'711/ IV  

REyIET  OF P'JVIOUS  

In the filst section of this chapter, methods or analysis are 

discussed which may be utildsce: in the study of aerosols. The 

second section is devoted to a discussion of the effects of 

sedimentation, diffusion and coagulation. 

IV. 1. Uethods of analysis of aerosols. 

In the preliminary experiments, it was demonstrated that 

the method of analysis should be such as to cause no disturbance 

in the aerosol and should be rapid and aoplicable to the measurement 

of particles of 0.05 to 5 microns. kal optical method appeared to 

be most suitable. 

Direct observation by means of a micro-cope is restricted by 

the very short working distance (c.a. 1 mm.) of microscope object 

ives which are capable of resolving the particles. Even so, it 

is imposible to resolve particles of less than 0.5 microns by this 

method_ 

:n indirect method can be used depending upon the property of 

the Particles to scatter suffloient light for a diffracted image to 

be formed by the microscope. This is the basis of a method (the 

ultramicroscone) first used by Zsigmondy and riiedentopf (1903) to 

count wry small particles. The working distance of such a 

microscope is of the order of a centimetre and particles as small as 



0,431 microns can be observed 
	

vBash 19g+). 	it 

UCCON'Ary-  to .'suesoma mane of P iouring the particles. 

bwmayffidech t 	Jettrsined rA,11 4M miall as 3.1 micros* 

me, -suremants of thoWacdimentaCon moat,  of p,irticlei 

ty 	4p.cm. 	Iht brightness of the diffraction pa 

of 	re 

r setheds of mcAtur 

utilise the optical proparti 

(199) Iva eaployed the theory ii 

else and numrical concontrati. 

indirectly.  ay 4 .1ndoisma 002) 
the mthed vve very udjosp. 

size aul concentration 

d in ciliapter II 	ainottbk- 

to determine particle 

2,:x se aerosols, 	rticle 

size Ras me Awed from the inttaa a'itj of the transtittee light and 

ram either the intensity or the dezreo of 	izdtion of the 

uttered light. 	'he ooncentmt 
	

from 	'c: to of 

thelight trz..nmaittea or scattare. 

t convenient moth 

de9ends a 	filtriA 	at  

gored volume of the b.ur 

:4  

mat,(4ial troll a. 

1. 	There re trio of hA=r raetheds wortki 

lor mention. The first Au the mcasureaent et tea: concentration 

a of , suiAl amount of radioactive me.te,Ial introduced into 

ts orn and -iammS-1940). The second le the mothen used 

to me,: uro putticles as mmol, as 0,jA micwons 

of the attracted Aines 	e,,  K- 
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I'I. 2. Invcstization of the behaviour 	 acrosols. 

It is convenient to discuss earlier work under the he.-,dings 

1. edimentation and Diffusion. 

2. Coagulation. 

3. ?actors which retard coagulation. 

4. Mc combined effedts of sedimentation, diffusion and 

coagulation. 

IV. 2.1. 	.1(2dimentation and diffusion. 

IteWs expression for the resistive force experienced by a 

sphere moving through a fluid 

f = 6 -1  av 	 (1) 

was modified by Cunningham (1910) to account for the 'slip effect 

( see page Ii ). 

f = 6-nloi av F 	 (2) 

Knudsen and "Aeber (1911) evaluated the slip factor and obtained 

the equation 

= 1 + ) k.).682 0.281 exp(-1.57 a/ () 
a 

Accurate determinations of the sedimentation velocities of 

xmll liquid spheres have been made by Yillikan (1913) and Hopper and 

Laby 0940. Davies (1947) examined the validity of the 7tOkes - 

Cunningham lan and showed that the error increases with particle 



 

c 	
 

t 

 

(6) 

30. 

size and is 1 for a particle of radius 17 microns in air. 

(Density of particle 1 gm.cm73  in air at 20°C and 760 	Fig ). 

Certain problems of distortion and circulation in liquid droplets 

were investigated by Merrington and Taehardson (1947), 

lieny of the fundamental laps of diffusion have been examined 

experimentally and are described by Jost (1952). The study of the  

diffusion of colloidal particles has centred on an examination 

of the 3rownien motion of einlc articles in a liquid. 1,,inotein 

1905) showed that the diffusivity of a particle of radius r was 

given by the relation 

k T (4-) 

 

711111 

This expression Should be multiplied by the slip factor 1'0. Westgren 

(1918) measured the diffusivity of small particles and used the 

result to calculate Avogadro's number 11 since 

= R 
	

(5) 
k 

where R is the gas constant 

The relation expressing concentration changes due to diffusion 

in a field of force was derived by von amoluopowski (1915) 
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This equation h-s been solved for various boundary conditions 

when D is constant and v is the sedimentation velocity. Five 

different conditions are indicated in the table below. 

Table 4.3  

The problem of diffusion in a field of force. 

Boundary Conditions Investigation 

Upper surface Lower surface Theoretical ent 

Free 

Free 

Free 

77efiecting 

von 'Imoluchowski 
(1915) 

( von anoluchowsk c;errin (1916) 
(1915) 

( Fdrth 	(1917) Fdrth 	(1917) 

Free Absorbing Davies (1949) 

-eflecting Reflecting aoxi and 
eaver 	(1924) 

absorbing Absorbing Davies 	(1949) This Thesis 

Perrin (1916) derived and verified the folowing expression for 

the density distribution of particles (or molecules) in the 

atmosphere. 

r. 	no exp. ( :s10 
kT 

(7) 

whore n
o 

is the numerical concentration at an arbitary zero 

xi 	is the concentration at a height h above the zero. 



The reiitt 
	 th 

water. 

:tirth (1947) examined the probability distribution oe single 

particics of gamboge aol xerour2 in water when enclosed in a Lined 

count cell arri derived 4i theoretical rel-tir-n ..:a=1.1iming the surf 

to be refleetirc. 

IV. 2.2 	clazulation. 

The following expression far the rate of coagulation stts 

derived by von 'molachowski (1917) 

gg 	••• 4';'. 	 (8) 

whore -A.. 	Ak  
3/7 

flattoraeu et al(i927) pQiuted out that the all,) factor should hs 

(9) 

Iz a laiter paper by th ae uthora(1 929; the ciict of 

mixture of to particle olado is ddseussed. Ihey mods a careful 

stuk of coagulation in smoeMiun chloride aerosols (1932) and 

obtained export-rxtal ranee of K 20 to 2,10; higher than those 

given bj equation (9 	Tikhnrairov it g (t9) extended this 
treatment to apedydispyrso aerial ami 	1 following 

expression for X 



aPsts 
IV 

whore A derives fem tac slip factor 
a 

*1 
	

C (a) da 	etc. 
13 

IV.2J, 	actors which retard 
4  

In Witten to deriving equatioWilihooirce et a (1942) 

showed that intermolecular forces *cull affect the rate of elagastifil 

by reducing the probablity of coalescence in collision. Using 

pokdisperuse aeroigois or lubricating oil/experimentai values or K 

were obtairszed which were 1.2 to 1.3 times those pre:dieted by 

von 7x.oluctiortakifS actuations  but in good agreement with their 

thc Mozi,  

Ttçy 	 49) aerived a me_iiftxd equation for the 

coasaMase of charstj  particles. 

Direct observation of coalescence between two particles vas 

made by 	(i935,,  who used an ultramicroscope to cilia 	the 

impact cif dust 9article13 with a wall; ho states that 10 to 

of the ,xxtiol‘s mbounded4 Zed,y (i)144) 	 ta:rink (1947) Wei 

$imilar vete' fox' the observation of binftr,_:  collisions, and dike* 

that lie coalsoormee wee  gook bat mach experiments *re income:WOW 



uniesn etercoseepic tutage is °bac-mode 

IV. L04. The combined effects or seitawsdatioal,  ilitteelse  

cut 
GiIimpie et al (1947 and 1953) observed the change* or Pertlige 

aloe and of conoentrsti(m 14, stirred ammonium ofalwido aerosol 

contained in a cube et steamsi,2 ?. They ahowed that the chaugos 

in ococentration could be represented bly equ.lti 

go 

Ithere 	ia a. parameter of coagalation 

ie a parameter for the 106e to the mar': ,• 4 or the 

container. 

ith t 	phrialOtere were shomi to be affected by electric 

ohealls. 	the particles end 'lc varied 4 a *motor if 110 at:16,4442 

the aerosols were of similar airae Ctistriketian. The ober 

distribution ill aerosols of various asteriale has boss muminal 

(reilLarspio (1955))and the vriatioz o k and 14ial411 charge 

detztrtained. 	ccwalation faCtOr .6a.13 bean calculated i'or an 

conaintirc of particles a to different r,,,,r141. but ea 

adeveta theerw Minot been derived yet to a000unt raiz, ter the 

eeneestretion chews eheorrci,, 



• L 	 W# 
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I. 	DEA 44140tAllt- 

11 oquatiou 	be diarived t Account for the coutlentration 

changes due to sedimentation, Offusiou and ca4u1,4tz.ou in a 

ouodisp<xse liquid aerosol is is cook,latek enclosed. 

,ellsider the changes in the wrtic41 direction in such au 

&as-m(0.4.4 of laentical particles coufinea ootmema two horizontal 

piLtne aa4 asume thA the 7.ilanes are compistely ShmeOblue und A t 

imrticles 	ocalueee on collision with one slesthL. 

if sedimentation were the of Ay process wing motion of the 

particles, the surtAce of the 	000i IlVeto d be sharpl,y defined and 

tho upper surrioe wothia eau tit the to 	velocity (see flip 'c f/.1; 

atrrusiou alone *ere to oevar g  e,i4e1 mashers of darticies would 

red the up-per texl liwor  Anne 1.41.14'` tao cork:C.1:th atiri gruciiiiat 
tiouls1 be olatinuous and s„ _lsetrieral. about the inicl-iloiAt Of the oefl 

figart= 	tam too plieneueua occurred simultaneousk, a 

co-Wiz:41mA concentration gradient w.luld be set up, and the 

of vmskisum concentration WOUlki =VC fiatiWrialltiS with time (114,;,re !).3) 

$.;oaguletion *mad a*. 44. dleart:i00 in the tarl,rical cnnt-x-gltrtaion 

which s xs uat3 t 	in ooptice and the rte of &arouse would tall in 

tine. a z 3,rsed with sedinvntatiou find ditl'usiono  its 

effect would ocxiar .Dt the point Or neitiallle 41111111116tration (nem 5.0 
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GRAPHS OF THE NUMERICAL CONCENTRATION  IN A  CLOSED VESSEL. 

V.1 	Sedimentation 
	

V.2 	Diffusion 

0 

Distance 
from the 
top of 
the cell. 

numerical concentration r) 
r 

The concentration at any time is 
zero above a certain value of z 
and is no below. 

n 

The concentration decreases 
symmetrically about the mid-
point of the vessel. 

V.3 	Sedimentation and diffusion V.Z.4 	Sedimentation, diffusion 
and coagulation. 

The concentration decrease is 	There is a flattening of the 
assymetric and the mode of the 	region of maximum concentration. 
distribution moves downwards with 
time. 



, 2. Al  44,1710!314 	dftu44._ 0  0 field of term 

''tari1uchry,vriki 93 e,iuAktion for thk; effects of diffusion in a 

field or force can be used to abevnine the oencustratils changes 

caused 

 

b simultaneous sedimeatation and Vision in aa aerosol. 

chaAtr A. it will. ac keidpiletl to problet Coaocugag the 
couutsoenoo or ,,,,,airititaco. 

U a particle is in',..roan:1;mo isoticll in a 11614 of force, its 

aa::oleration et AI instant cousit o 	cu. -cent due to the 

field vaid a rapidlz: fluctuating co 	 .'nt which is a Ouxacteristic 

of aratragan nott-on.. ?ran tSc cipression for the aceclicautieti of 

the particle th* prObebilikr that at will hvc ccrt,ln ce-ordiaatos 
gp4t*' 

	

n Iihasskat a given tine c4=la be i:lerived. 	i evaluating the first 

nectrid mammits of the velocity distributien, the folloicing 

(,..ruz-3:ton is derived for the ratc of change of a unction -'(rt), the 

probabilit that a particle /Ian tie sxtial co dthate r at a time 

t. 
T 

I • 	" 

Smoluchosski's equation) 
.111•111.1 

4 
Per 	gent,ra.lt ..:e4.VAInt of Vic: Vivo* ot lirovadas 110ti014 see paper 

br C'aandraseithsf (194.5, 	ev, 	be. 	1. 	i:kplation for 

diffusice 

 

in field it lbrce is dcrivcd cia p6ge 41, that few 

coat5ulatios oa page 60. 



where D s 

The prol,ability of a single particle have co-ordies100 () 

is the fraction 14 which they occur in the total number et 

obs6rvationso  aternativekv, it is the fraction, 

which /us oo-ordLnate 

(2) 

whore z is the numerical coacentratim: of pswticlee at a pints, 

u is the total concentratiota in the system. 

Than equation (I) may be expressed in the tams 

divr ( D gradrn 
	V/ ft 

For a uni-disonsional system in the gravitatir)aal field 

equation (3) bermes 

  

(4) 
t Cs a 



where 

 

 

t 3tokee veloci*Y. 

..44, 	.$01.4.441  .of 

	

vi; 	1 919 h plblished a getxxal solLitiort or 

htituttlrdi !lubjeet to thr.: foiming boundary conditions ;- 

2he comentrati,u is taitially uniform la t cell 

1.04 II In no  at t 
 

(b) Partials, sire iteiorbst at the surface of the two herisoutaL ) 

	

planes 	 i (5) 

a a 0 at is 	0 	t 	0 

nu t z 	L t>O 

4,3witioti ( w"s obtpIng,d to & o ub 	roma iad the 

saustitutilns 1- 

t 
.t1 	tr• 	

140C 

	

(6) 

where 	is • -1,c depth of the cell 



hi 4. 

the seaimcnation velocity of a partici*/ 

.4c) 	 coucentrevUott 

'hore 
V 

fire 

(a) C 	at T 0 0 	0
.d, 

(3) 	=  

1 40104 *1-41v1 thiS CrItiatt n b;nordareiti of tic v,-r-Lables 

laud obt.1.13o4 

(9) 

	

122 	 trf vJ 	evr 

	

/4. 	(1 :13i  but (2 1- 	 v)] 

exp L 	u)  

4 a 



LO 

V.4. The effect of coagnletianduring diffnsion in a field of force. 

3moluchowsicA's equation is applies/Ale to an aerosol at 

such low concent,atiln that no interference between partici** scours, 

,Imlevers  if two ?articles of radius a approach one another 

sufficiently closely to coalesce, the number of particles of radius 

a is reduced by two. The probability of this event is the 

probability of 0. particles enter ire the sphere of Influence radius T 

of another particle. To account for the process of coagulation 

equation (1) must be modified. 

The equatiA4 

j 	grar 	
fi 

can be considered as the result of a diffusion current 	, so that 

a td 	, 	...i 	( ,)1  ) 
(10) r TT 

If a small absorbing element is introduced into the system 

fi 	
I 	I 	\ 	rc , 

rt ; 	1' '1 	- 	- 	; • 	j•t 	..L 	— 	,-; • ,:, 	-., ,- C) ,_: 

. 	, 

where 	the volume of the element 

' is the diffusion current at a distance from the absorber 

is the diffusion current in the vicinity of the ubsorber. 
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If there are n spherical absorbers per unit volume then ;- 

v 

divr  (j) dr = 	(J0) ar - n 	divr(in) J 1 (12) 

where divr  (j2) is integrated over the value '/ of a single sphere. 

Then using Gauss's theorem :- 
4  
div j T 	= 	cis 

	
(13) 

where a is the surface of a sphere 

hence 

divr  (j) 	= divr  (Jo) - 4TI 1112  (JR) 	(14) 

In deriving the rate of coagulation of particles in free Brownian 

motion, Smoluchowaki (4916) showed that the differential equation 

B 17:  ) ,4 	+ 	2 L 	(15) 
772' 	r 

or 	r 	D A  4 	(o r) 
6 	t 	 r 2 	 (16) 

had to be solved with the boundary condition uJ = 0 at ill 	= R 

i.e. oomplete absorption. coaurred at the surface of the sphere. 

The solution obtained was 

=60  1 	R +4 R erf r- R. 	(17) 
r "a, 1757E_ 

where c,ywas the distribution function near the sphere and 

,,was the distribution function at r 	oc). 
0 



4.2. 

Firth (1917) in solving problems dealing with diffusion in a field 

of force used the transform 
TW 	 2  

•k.0 exp v = 	(r ro) 	v t 
410 I 

Consequently, equation (16) is to be solved after the transformation 

represented by (18) has been made. However, it can be seen that 

in (18), if r ro 	0 and a time t is considered, so that 

tc÷.,

2 2 )  

then 

and 	is given by equation (17) 

Then JR  = [D grade 	- 
L4 tx)r  

beoames = flD gradr  - E0 ., Lo ( 1 - R +12 erf r 
r 	r°.k 	17E7 

D 
( 20 ) 

This assumes that intervals of time of the order of lc are negligible 

i.e. t >> 	If guji) were to be observed only during such 

an interval, fluctuations would be apparent. 

Therisubstituting the result (20) into (14) 

divr(J) 	= div
r  (j o) 4-tv nR2 	D. ( 	(21) 

and (10) would be replaced by 

(18) 

L.1-  C, ( 1 9 ) 

= R 
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()0) = divr. t3t 
D gradr  1,4 - 4-onR 'A1T (22) 

  

Then using the transformation by which equation (3) was obtained 

from equation (1) 

n 	= 	divr 	D gradr n - 1S4 	4i.rtDRn2 	(23) 
Id t 

Assuming R = 2a and consider all the spheres in diffusion 

t) n 
 

= dive 
i-D 

 grade  n - 41  nl - 8/TDan2 	(24) 
77 

Considering the vertical dimension only :- 

i. n 	=D c \ . n 	- v t)n - 8 Tr Dan2 	 (25) --2 -!- T 6 z 	77 

Equation (25) may be obtained in a non-dimensional !cm ly the 

substitutions made to derive equation (7). 

Then 

 

)c 
(77 

(26) 

where 

and 

 

D 
vL 

  

  

V 

   

The equation doeJ not account for tiie particles produced by 

coagulation. The assumption is made that two particles of 

radius a collide coalesce and the concentration is then 

reduced by 2. 	it is not proposed to derive an additional 

term to account for the production during coagulation , of 
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partie:ws of radius 21/3 a. 

V.5. Discussion of solutions of the equations. 

There is no analytical method of obtaining a general 

solution of a non-linear partial differential equation of the 

second order such as equation (26). Several attempts were made 

to fit a possible solution and then test it or to find a 

transform to make the equation linear; both of these methods were 

unsuccessful. 

A relaxation solution was attempted (see appendix 1) but the 

solution converged slowly and rounding off errors accrued, so the 

method was discarded. 

The solution of partial differential equations by computing 

machines is still being investigated and it would appear that this 

equation can only be solved when such techniques have been developed. 

A numerical method was used to obtain values of the parameters 

c›,/, and 6 , using the procedure described below. 

7. 6. 	The equations expressed in finite differences. 

The equations 

(7) 	0 0 
T 	772 	47,77  

and (26)% c = 	c 	c 	K
2 

772 -774 
can be expressed in finite differences form by making the 

substitutions 

3 (27) 02  - 0k  



e3  
2h 

cl  • 03  - 2co 

h2  

where 	02;  03, 04  and co  represent the concentrations at 

intervals h and H in the Z T plane as shown in figure fSand 

45. 

(27) 

h =az ; H = T =Cat . v 
L 

C3  1,  
H 

1 

C, 

Hence 

0 

equation (7) may be written 

o (01  • 03 - 200) • 21Z21 	(28) 
h2 	2h 	2H 

and choosing an interval H = h2 this becomes 

0 	= 	0,( (ci 	c3 - 2c o
) - o - c3 	c2 	ck  (29) 

2h 



( 	)ci 	+ 1 )03  
h2 2h 	h2  2h 

and assuming H = h2  
2 

0 = ▪ co  - 2 
•••••••••••• 

h2 

Equation 	becomes 

46. 

0 = 
h2  

0 + 03 2c
o
) - (01  

 

0
3
) 
▪ (°2 	

off)
S°0

2  
(30) 

211 

    

2h 

  

- (02  - 0)2/1;2 
	

(3 1  ) 

These equations are used below in numerical analysis of the results 

and in appendix 1 in a relaxation solution. 

EquatioL (28 may be written 

0 = 	x11 - x12 -  1x13 
	

(32) 

and from the experimental results (see chapter VII) xli , x12  and

may be evaluated in terms of the measured values of a and 

the interval h ( =6Z). 

Consequently from two equations such as (32) 

0 	= CY. x11 

1.:I.X x21  

- x12 - x13 

x22 - I x23 

values of > and 1 may be obtained and compared with,,( and 1 

calculated from measurements of the particle radius a . Examples 

of the uses of these equations is given later. 
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be represented by the equation 1- 

48s 1951) 

up,za:Aurstin ratio 	and the teurature Imre faictions 

of th tte an3• Ett'asol of very for disprsion amid be 

btailwAl. Consequentlgt  the radius of a droplet Iva not 
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It the liquid contains iJ males of a solute of higher 

molecu.lar 	it I 936) h..4 5:40,413 tUt this relation 

bet:Me 3" 

(5) 



where 	in u rActor depending ors the propertlee of the solutc. 

quently*  d soluble nucleus decreLece the evaporation of the 

aro9. ior a partials which c4rries a electric charge e 

relation (2) **t be reeritten (Ja. Ibus604903) 
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in 	equal sectionc(figure 	sistances connected in 
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total current through the coil. 

it was essential to obtain streamline flow in the condensation 

tube since turbulence or convection would cause mixing of the 

aerosol with undondensed vapour. 

It was found that the radial temperature eredient was large 

enough to cause p slightly larger partielesto form near the axis of 

the tube. Consequently, the inlet to the observation cell was 

arranged to accept only the aerosol formed in a. small zone near to 

the axis. 

lince the nucleus source was heated to 800 or 90000, it was 

Possible that ions or thermoelectrons might be produced but sa the 

sodium chloride Toas evaporating at the same time recombination'of 

ions and electrons could oceele The use of a pure salt and an 

alumina sheath round the heater to prevent the production of nuclei 

other than sodium clioride particles was adequate but some nuclei 

however might carry an electric charge. 

The on1:3 other nuclei which might be present in the apparatus 

were those due to stray radioactivity and cosmic rays and the 

average rate of production of ions by these effects is 2 per am. 

per second. With the usual flaw of 20 cm-7! of ges per second, the 

time of residence of the aerosol in the condensation ttbe (50 ams. 

long and 2.2 ems. diameter) vias about 12 seconds and in this time 

3 24 ions per on would be formed; this was negligible in an aerosol 
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soaiam chloride 

Table 	6.1 Physical characteristics of materials used in production of aerosols. 

Material 	Density 	Melting 
gm/cc 	Point °C 

Boiling Point Refractive 
Index 

Diffusivity Vapour Pressure 
20 	-,.30 	200 	300 

00 

ems. Hg 
400 

Molecular 
Weight 

Surface 
Tension 

Lubricating oil 	0.9009 
Telpa 	30 	15/15 

Initial 210 
Final 	400 

1.496  104 	1.7. 
10-4 

2 32.6 
dynes/an 
2100 

Cetane 	0.7711 	18.1 
n. Hexadecane 	20/4 

287.5 1.4360 19°C 
1.4347 20°0 

0.0380 
0.0385 
0.0393 

14.97°0 
16.97 
20.01 

7.9. 	8.10-2  
10-5  

8.1 226.44 

Dibutyl Phthalate 1.0619 	ca 	-35 

C6114(CO204T-19)2 
Mono .n,D.b .P 	75 

338 1.4929 20 
x 
).034. 
0.0386 
0.0415 
0.0426 

15.0 
19.90 
25.00 
30.00 

1,3 	2,5 
10_6 lo- 

605. 
io-1  

7.1 278.34 

Dioctyl Phthalate 0.990 	-50 

C61/4(002C81117)2 I 	15.5° 
di-2-Ethylh.exyl 
Phthalate. 

386 1.485 	20 
D 

6.5. 	1.8. 
10-8  10-4 

1.1. 
- 10 1  

8.1 390.5 

Tricresyl 	1.17 	ca. -30 
Phthalate 
(Tritolyl 	77 
Phosphate) I 

para. 

410 
Hg,yellow 
1.5565 

19°C Green 
1.5551 

lo-5  10-3  1 56 368.36 

DAillonyl Phthalate 0.97088 c /14
di

, ..-.(C•Q 	41•1'-')• 	20/ - trimethyl 
hexyl phthalate) I 

340 

Hg.yellow 

1'4838 1 9°C Green 
.1..4815 

2. 	6.5. 
10- io-5 

2.10-1  39 418.34 

Bradley and Shellard 194.  

Birks and Bradley 1949 

Stull (1947) 

Small et al (1948) 

10-7  
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clrAvra  

THE QTIOGRAMIO QBSERVATIO  

introduction. 

To test the theories discussed in chapter V experiaients 

were designed to enable the changes in concentration In 

monodisperse aerosol enclosed between two horizontal plane 

surfaces to be me,Asured. From the meAenrements, values of the 

parameters of the differential e•uatinan could be calculated and 

compared with those predicted by the theory. This appeared to be 

the simplest test of the validity of the equati 

For each value of the parameter, a family of sulfaces in 

c.Z.T. space should exist. 

:n ultramicroscope was used to observe the aerosol, the 

concentration being determined by a direct count of the number 

of particles in a known volume and particle size being calculated 

from measurements of the Stoke's velocity. The changes in 

concentration were reeorded by a series of photomicrographs obtained 

when the aerosol was enclosed in a specially designed cell through 

shich passed O. narrow beam of light. The cell, the illumination 

system and the camera were mounted on an optical bench with the 

aerosol generator immediately above it (figure 7.1) 
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VII. 2. uesim of experiments and a9)aratus 

Measurements of the concentration and particle size in a 

monodisperse aeros.)1 were required for comparison with theoretical 

values predicted by equations (7) and (A) which were derived 

in chapter V. 

	

T 	
L. /4 

C 02 	(2) 

	

c T 	
0 2;2 y , 

liter* (;%, 
v 

and 	111 X ao  
010111119•1104•••••ftor 

V 

For a given aerosol, it is seen that Y is a function of the 

depth of the cell which should be designed to permit observations 

of a convenient range of values of the parameter. 

From the solution of equation (1) obtained by Davies (1949) 

it is seen that 10 K is greater than unity diffusion is more 

important than sedimentation in causing concentrati-n changes 

whereas the converse is true whenc=\tends to 10-4. Values of 

are plotted for different particle sizes and cell-depths in figure 

7.2 from which it is seen that the required r nge of - is 

obtained in aerosols of the particle size to be investigated 
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'J.() 	to I microns) in a cell a.1 ems. deep. 	. calculation 

frog toae's law shows that a particle of 1 micron radius would 

fall this distance in about 10 seconds and one of 0.05 microns 

in about 1000 seconds thus allowing adequate time for obsarvation. 

In the construction of the cell it was found more practical to make 

the depth o.2 ems. Values of the coagulation parameter 

oetween 10-4  and 1 woula be obtainable in such a cell if the 

initial concentration was 10 particle am. 	(figure 7.3). 

The aerosol should enter the cell without encountering any 

obstruction and should then be coorpletely enclosed at A constant 

temperature 

VII. 3. The apparatus. 

1/11.3.1. Genaral arraripment. 

The essential components of the apparatus mounted on an 

optical beach are shown in figure 7.4. The observation cell was 

situated Immediately below the stopcock through which the aerosol 

was admitted. The cell was mounted on a pillar ii and a 

thrust bearing I permitted partial rotation in a horiz -atal plane. 

aa arc 	'was used as a source of illumination and observations 

were made using the ultramicroscope J and the camera K both 

mounted on a rigid arm 
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VII. 3.2 This observation cell. 

Details of the cell in which the aerosol was observed appear 

in figures 7.f, to 7.9. 	it was constructed in three sections fan 

a block of brass 7 cas. in d,  eter and L.  ems. high (figures (.5 
and i.6:. Two slides 3 and 5  were used to isolate a volume 

1 	2 
of aerosol whic was then illuminated through window 	and 

observed through a second window 	. The illuminating objective 

01 and the microscope objective 02 can be seen in figure /.5 
The upper and lower sections of the cell gave it rigidity,increased 

the thermal capacity and supported parts of the optical system. 

The mode of operation of the slides is indicated in figure 

7.6. Motion of a lever caused a cam to rotate and a pin fixed 

to it exerted a translational force on the slide. 

The window 	figure 7.6 was made from a thin film of mica 

whicn was held in elace by a brass plate and two screws and 

cemented at the edges. The thin mica films were obtained from a 

selected sheet by splitting the edge with a razor blade, inserting 

a drop of cater end easing a thin card along the cleavOgaplane to 

obtain complete separation. The process was repeated until the film 

was sufficiently thin. It was then sealed into olace with 

acetone collodion and trimmed when dry. 	leellophane, 2erspex', 

very thin glass and cellulose nitrate films were examined but 

failed to meet many of the requirements. 
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The smaller window V (figure 7.) was made from a piece 

of micro cover glass sealed in position with Yicein'. 

Since the windows were rather fragile a pressure release 

(figure 7.9) was usee to prevent the aplication of a pressure 

greater than 1 cm. of water. 

In assembling the cell, metal surfaces in contact 'were coated 

with 'Vaseline' to prevent leaks and all internal surfaces were 
e 

painted dead blank to diminish stremi reflections. 

The cell was aesigned so that observations could be made 

between 0 and 90'j  to the incident beam. The photographs were 

all taken at right angles but the photometric measurements 

described in chapter VIII were made at various angles between 0 and 

900. 

VII. 3.3 Illurimatio. 

A narrow beam of light passing diaeeetrically through the cell 

was obtained from a mercury arc. The leas 13 (figure /.4) focussed 

thr light in the plane of the vertical slit L (figure 7.10), an 

image of which was formed at the centre of the cell by 

Objective 0 in the block P. The optics of the system are 
2 

shown in figure 7.4 a. 

The initial brightness of the aro was 20,000 candles am-3, 
Frect,c,  

and since an appreciable 4mmedeies of energy was emitted in the infra 

red region of the spectrum, five thicknesses 11 and C of heat 
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absorbing glass (01120) each elm. thick were interposed between the 

arc and cell. These transmitted 59% of the visible energy and 

10-5, of the infra red. 

shutter D was opened only during observations. The beam 

through the cell i shown in section in figure 7.11 and in 

profile 7.12. Its breadth was of the order of 0.01 cus. 

VII. 3.4 The ultramicroscope and camera. 

an objective 02  (figure 7.5) was fitted behind the 

observation window e, and formed a real, inverted image of the 

contents of the cell in the plane of the film in the camera. 

The objective had a numerical aberture fyr .15, a focal 

length of 2.5 cas. and a working distance of 1./  craw.  The 

camera body was oiaLeined from a 'nea Ootois' 35 mm. camera and 

was fitted with an adjustable extension tube J so that the 

distance between the lens and the film was 17 ems. The shutter 

0 wes an isesign 'epsilon' having exposure tines of 1/150 to 1 

second. The camera was mounted on a rigid steel arm e, 1 cm. 

thick and 5 ems. wide. 

VII, 3.5  Align ient of the ap42.11.a,es. 

The cell was fixed with its optical axis 17.5 cies, above 

the top of the opt,cal bench and this axis used as a datum line. 

The other components were adjusted until the beam passed 

diametrically through the cell, each being adjustable as follows.  
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(a) The arc ? (figure 7.4) had lateral and vertical adjustments. 

(b) The condenser (figure 7.4) had 'lateral and vertical 

adjustments and could be rotated slightly about lateral and 

vertical axes. 

(0) The slit k (figure 1.4, could be adjusted in a longitudinal 

direction by screws z.1  .04; (figure 7.10) and could be tilted 

slightly by screws 	. The tube in which t c slit was mounted 

allowed some longitudinal motion and enabled it to be rotated 

about the oDtical axis. 

(4) The block F (figure 7.4) carrying the slit and the objective 

could. be  moved a few degrees in eith,r direction about the 

vertical axis of the cell. 

(e) The objective 02  (figure 7.5) could be moved to focus the 

camera. 

dignment of the optical sstem wts obtAine,  by the following 

procedure. 

ith the aid of a pointer fixed at a heightof 17.5 as. 

above the optical bench, all com2onents were made to lie on 

the optical axis and the centre portion of the arc was then 

focussed onto the slit. By making a di act obaLrvation through 

the ultramicroscope, which was set in line with the optical axis 

of the sxstem, the slit was adjusted until no apoarent sideways 

motion occutl'ed when it was rotated through 100°. 
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Focussing of the camera was carried out in two stages. 

The celi was filled with aerosol and a microscope eyepiece was 

held in the plane of the film) the objective was then 

adjusted until individual ,2,rticles could be seen. 	Accurate 

focussing was obtain-d with a piece of clear film having several 

fine scratches on the emulsion side. The microscope was carefully 

adjusted until the images of the scratches coincided with these 

scratches. 

V4.1.4.The experimental procedure. 

The photoeiorograph.-7used to record the changes in the 

aerosol were obtained by the technique described below. The 

measurements which were then made on the photomicrographs are 

described in the subsequent sections. 

VII. 4.1  __T.4240.044qr9a42h41. 

The generator was set to give the desired aerosol and was 

allowed to reach steady conditions. A visual observation was 

made using the ultramicrosco,-Je to estimate the total tine of 

settling and the photographic exposures were then made at intervals 

corresponding to a tenth of this time. In each experiment, the 

procedure described below was followed. 

To fill the cell, valves and B shown in figure 7.9 were 

opened and the aerosol allowed to flow freely through the 

apparatus. The flow was stopped by closing valve B and a few 
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FIG.7.15 PARTICLE SIZE. 	 FIG.7.16. CONCENTRATION CHA.NSES 
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seconds later, valve e. Then the initial concentration was 

recorded by an exposure of J.1 to 1 second as soon as the 

aerosol had become statioeary (figure 1.13). 	epeated obser-e,;ions 

of concentration c:eanges we e made at intervals of 10 to 60.  

seconds after the slides (figures 7.14 to 7.20; had been closed 

and the changes were recorded by photogre)hie exposures of 0.1 

to 1 second. 

Particle size was recorded by a larger exposure of 1 to 

10 seconds (figure 74. 

The volume of aerosol observed in the cell was determined 

from measurelenst of the breadth of the bean end from the area 

abserved on K photographic negative. The breadth of the beam 

was recorded in each experiment when the slit (figure 7.4) had 

been rotated tnrouge 9)°  and the cell refilled. 

The photographs taken in a typical exec riment are tabulated 

(Table 7.1) . Blemishes in the neettive were reduced in number 

by pleaaring the photographic solutions with distilled water and 

filterig them 'awe use. 



Table 7.1 The photoirs.vhs used in a ty 

..4x;)crirzent number A '126. 

Exposnre 
Nwaber 

Demoriptine 
Seconds Thze 

Seeoudn 

i igure  
k 

1 Initi2, conceMration 0.5 

2 Zezo of experiment 0 0.5 04 

3 varticle size .25 .Q.5'y 05 

4 Ocncentratiou as a 
Au:lotion of time. 

32.5 4.0 - ., .16 

5 ,,articie size 60.25 4:5 .1' .17 

6 (.,oncentr tion 77.5 40' '; .18 

7 Concentration 90.25 j.5 .19 

8Concentration 1W-25 J.5 .20 

9 Width of been 0.5 .21 

.,z..... . 

tion. 
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VU. 4,2, Determination of the initial comentration.  

The initial concentration was determined from the exposure 

made just before the slides were closed. The lhotogreph oeteine 

es the slides closed showed the particles in lateral motion and 

could not be used for measurements though it could be used to 

ver- ='y that the aerosol was spatially homogeneous. 

The particles in a known area were counted when the photographic 

negative was projected onto a screen. ; graticule with a 

vertical dimension equal to the magnified image of the depth of 

the cell and divided into ten equal horizontal elements44.telere. --1 

wee superimposed on the screen, its width as about a third 

of the height ( 29.6 ems. x 11 ems. with magnification of 

13'4.3 times). 

counting the number of particles in each element and 

dividing by the volume, the initial concentration was determined 

es e f.nctien of position in the cell. Particles, lying on a 

boendary were included in the element in which their mid-points 

la;. 

e typeical result appears in Table 7.2 

Ihe intensity of the beam was a maximum at the centre of 

the cell due to the effect of the small spertures in the system. 

vek.,  Consequentlyiemaay particles were observed at the centre of the 

cell than near the to or bottom. This distribution was 
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determined in each experiment and was used in section V.1 to 

calculate the relative concentration c. 

vis. 4.3. Determination  of  theAhangillg concentration. 

The concentration at successive intervals was determined, 

as previously described (see 	...xes 7.15 to 7.20). 	The results 

of a typical experlment are shown in Table 7.2 

Vii. 4.4. Determination Of particle size.  

radius of a particle was determined by means of the 

Stokes - Cunningham relation given in chaptef I 

V= ) 4. • 	 ) 	 (3) 
go! 

The vertical distance d, which a particle fell in an exposure 

time e was determined by mesuring the distance s'on a 

photomicrograph with a travelling microscope; then 

d = s' 
(4) 

where 1 is the magnification of the photographic image. 

The velocity, v, is given by 

s' 
eg 

:ience the radius of the particle could be determined gr,ohicalizi 

from (j). 

Since the ,Alotogn:phic image spread so that a point object 



Table 7.2 

creme 
inizaber 

er of particles observed in each element of the cell Figure. 
Z = 0.05 0.45 0.25 0.35 0.45 0.55 0.65 0.75 0.89 0.95 

1 9 11 13 13 12 11 18 11 7 6 7o1  

3 2 6 11 11 12 12 14 #2 14 6 7.15 

4 0 0 3 10 11 10 10 10 13 5 7.16 

5 0 2 4. 10 11 10 ii 12 11 8 7.17 

6 0 0 0 6 14 11 11 8 9 4 7.18 

7 0 0 0 0 3 7 9 13 8 5 7.19 

8 0 0 0 0 1 4 9 9 7 3 7.20 

-5 
Volume of single el rent 	m 1.59. 10 	cubic centimetres. 

5 
Initial concentration 
	

7.00. 10 	particles per cubic centimetre .  
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appeared 	a circle of O.J05 ems, radius, the width m of a 

particle track oa the negative was deducted from the length s 

so that the corrected fora of equation (ii) is 

m 	(6) 

In each experiment, the length and width of ten tracks 

were measured. The sample was obtained with a graticule of 

such spacing that two or three tracks wee observed in each 

area; particles in three or four areas WePO at different 

depths in the cell wee mesured. The arithmetic mean radius 
OMR 

a for the particles observed was calculated, a tysical result 

being shown in Table 7.3 
VII„4„5. Determination of dispersion of the particle radius. 

The standard devialhn Cr( .)  of t1 particle radii was 

calculated and the dis,nersionfb0 was obtained fram the relation, 

where LT-  (a) 	= 	L 

The necessary measurements are shown in Table 7.3 

VI 
	 lame of an eiossent of the observation  cell.  

The voluT:e of a single element (figure 7,22) was determined 

(7) 

a 
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Table 7.3 Determination of partice size  

ErSpsrillentiimber 126 Frame number 	Figure number 7.4 

Length of 
trail* of 
film 

claa. 

Breadth of 
track of 
film 
can. 

Distance 
fallen by 
parkicle 

Velma* of 
particle 
*4 	-1 

x lUems.sec. 

Radius of particle 

icrons. 

6.60 

8.42 

9.71 

1048 

4.41 

7.22 

10.33 

12.33 

8.29 

U.0269 	0.0028 

0.0232 	0.0018 

0.0304 	0.0031 

0.0358 	0.0043 

o.0386 	$3.0046 

0.0189 	0.0046 

0.0274 	0.0040 

0.0380 	0.0045 

0.0446 	0.0046 

0.0310 	0.0041 

111111141111111 mosammasrroaakewoo 

1.49 

1.32 

1.66 

1.94 

2.10 

4,88 

2.41 
11 • 

.....411.11111mv+ 

0.205 

0.150 

0.220 

0.240 

0.250 

0.148. 

• 21.)2 

0,246 

0.275 

0.216 

Xagnificatios 	= 
aposure time e = 
Kean radius 	a 4 = 
R. .3. radius (a2)t= 
Standard deviation 
of radius 0-(a) 
Dispersion of radius 

(a) 

6.485 
c'eJti seconds 
J.219 microua 
J.222 1.icrons 

0.j344 microns 

0.157 
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by measuring the depth of the cell L, the effective breaeth b 

of the beam awl the width w which was obsrved when the 

negative was projected. 

The depth was measured with a travelling microscope and gave 

= 0.2237 	0.0003 ans. 

Hence 	= 0.0224 S. 
10 

The breadth b of the bean was determined in each experiment 

using a photograph (such as figure 1.21) of given magnification 

taken with the cell filled and the slit horizontal. The breadth 

was of the order of J.01 ems. 

The width w of the element was determined during projection 

of a negative to termine numrical concentration and was equal 

to the width of the graticule divided by the magnification. The 

width of the element was of the order of 0.1 ems. 

Consequeatly the volume of a single element is given by 

the relation 

V = bwL ems. 	 (0; 
10 

is or the order of 10-5  cm. 

VII. 4.7. 	Determination of the magnification.  

The apparent depth of the cell was measured in a photograph 

and since the true depth was known the magnification _L of the 
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Alotograph cosist be salcslated. It was determined in each 

cx?oriment since it eharemtiOnni the ultramicroscose was refocussed. 

The values of a were approximately x 6.5 i- a negative and 

x 13 under the Projector. 

VII. 5. The experimental results. 

VII. 5. 1. To illustrate the treatment of the results, the 

calcalationsmade is a tyoical experiment are presented. The parameter 

in equations (i) and (2) we e calculated from measurements of the 

numerical concentration and were compared with values calculated from 

the particle size which W.t3 measured. 

The photographs obtained in a tysies1 experiment appear in 

figures .1J to 7.21 and are described in table 7.1. 

The measurements made in the detersination of particle size 

from figures 7.16, ap)ear in table 7.2. The concentration at various 

times and posiC.ons in the cell were measured frma figures 7.13 and 

7.15 to 7.20 and the results are shown In table '/.2. 

Since the measurements of concentration were subject to 

random variations with time and positioe, they were smoothed cefore 

making any calculatisns. The relative concentration C 
	n was 

"o 
calcslated and was again smoothed ( %is the initial n Avalon). 

From the set of values of c tso or three equations were 4140164 

and solved simultaneously for 	and ii ( ors:, Si and 'NO. To 
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avoid 
	

) ns rcarding the radius, the intrval of true time 

2A-Tt 11400 used in the calculations, not the reduced time T. Lent 

step of the process will now be desctibed in detail. 

The values of the concentration were smoothed by the following 

procedureg- 

!epresent the unsmoothed values by 

7.4 

njk 	agi in th.s table bel*

Table 

1 2 3 4 

t n n n n n 
1 11 12 13 14 15 

t n U n n n 
2 21 a 23 24 25 

3 31 32 33 34 35 

Then the smoothed values of n are obtained as follows ; 

First smoothing in the Z direction 

(41  
jk 

e.g. 

(n 	) 	...3 n 	4.- 

jk 

Li a 
14 	.\ 13 -- 12 13 

These values were then smo thed in the 

following equations 

t directiczi, by using the 



	

4 n 	n 
ak 	L- 	.k 	jk 

r- 	 1 
e.g. (n ) 	in 	n 

34 	34 	44 

In table 1.5, horizontal and vertical arrows Jwaicate swathing 

in the ditectton ( content(i ; and the t direction 

( constant 2 ). 	Va.11.4.ec of n obtkined by smoothing table 

7.1 appear in table 7.5. 

The relative canei-tratio c was caiouiated ( 0 (. 0 < I ) 

for each position in the cell n.nd the values were further smoothed 

by clotting them first difference c against t for a constant 

value of 7, (table i.6) drawing the graph which best fitted the 

points and reading snzoothed values oftc from the gra>h. 

Since there was an apparent variation of initial concentration 

with depth the values or no  at the appropriate position in the 

cell were used to calculate c ). 	These differences were used 

to obtain a new set of values of c at intervals of 10 second

(tasle 1.) 

,511,; the fiite diffelence eqwction (28) chapter V 

vain-3 of 	and H were calculated 

3 2) I 
VIA 
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(10 



9.55 10.74. 10.44 
7.55 6.91 10.00 

3 
2.52 

2.18 .  

1.76 
7.33 	4.24 
8.ii 	4.70 

J.66 1.88 
jtO 1.77 

6.44 7.33 6.66 
5.03 ,T.59 4.74 

7.55 9.55 
8.68 t0.36 

5.44 
5,81 

.66 	• 2.66 	.22 	1.93 	9.66  
.33 	1..69 	• .15 	7.27 	9.52 

10.89 10.89 9.33 5.55 
10.59 9.85 8.9 9,07 

0.33 1.44 3.44 5.44 
0.22 1.07 2.51 4.29 8.&) 

0 

9. 
11.04 

able 7.5 

mialues *f nmeriaal campantr  
0.05 t. 0.25 0.35 0.45 0.55 0.65 

-----/- 4.33 
4 	4.92 

10.99 12.22 12.33 12.74 12.99 
9.36 11.0/ 11.73 12.45 12.77 

6.11 8.7, 10.55 1 i. 12.33 
6.28 6.44 10414 11.36 11.85 

12.99 11. 
1 • 

2.88 
12.10 

8.787.00 
10.03 
	6.81 
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Table 	7.7 FinAl values of relative oonceutration 

0.45 Time 	Z 	0.05 
Seconds 

0.15 0.25 0.35 0.55 0.65 0.7!--  0.85 0.95 

1.000 1.000 1.000 1.000 1.000 1.000 1,000 1.000 1.000 1.000 

10 0.520 3,690 0.720 0.904 0.930 0.935 0.949 0.986 0.998 0.940 

20 0.340 3.526 0.618 0.816 0.869 0.934 0.933 0.966 0.988 0.928 

30 0.238 0.416 0.478 0.734 J.818 0.930 0.920 0.943 0.973 0.912 

40 0.173 0.336 0.414 0.655 J.771 0.916 0.904 0.919 0.953 0.888 

50 0.127 0.276 J.384 0.579 0.725 0.888 0.883 0..03 0.929 0.857 

60 0.097 0.229 09)32 0.505 0.676 0.847 0.855 1.863 0.897 0 819 

70 0.077 0.193 o.284 0.433 0.621 0.793 0.18 0.828 0.860 0.793 

80 0.062 0.165 0.241 0.363 0.558 0.727 '3.769 0.785 0.813 0.719 

90 0.054. 0.140 0.201 0.294 0.03 0.646 0.706 0731 0.757 ,J.656 

100 0.050 -.115 0.163 0.24 0.388 0.544 0.626 0.656 0.690 0.587 



2 
(12) 

Similarly values of N-1  ç nd H may be obtajne• from equation 

(30) chapt,r 

h
2 	2h 	2H 

i'rom the values of c in table 7.7, values of 
	onagr were 

calculated 4nd the isult is sho6n in Figure 7.25, (The method 

of calculating ( and H is similar). Hefore discussing calculation 

it is advisabe to observe the for.d of the intervals h and H 

which occur in the diff.rence equations since the reduced co-ordinates 

7, and T were used, where 

(13, 
and 	" = t.v 

The interval in 7, is h and is equal to 0.i, which it; the distance 

between the mid-points of adjacent horizontal elements of th‘ cell. 

The interval in T is a and since T = t. 

	

t v 
	

C .14,1 

In r.,lading the values of the iiret aif.A.;rencs from the graphs used 

for smoothing new intervals in t of 10 seconds have been taken. 

uonseouent3;y 	H 	10 v 	
(15) 



ax 
11 1 

b 
1 

at;„ b2  

where 	v is en -noon 

luetie,  (3) my be rewrilAen 

a x 
	 (i6) 

where 	411 
	ON 
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C4) 

14, 

 

x
i 

It is seen that 110 values of o occur in table 7.7, permitting 

72 equations ouches (16) to be obtained whereas only two were , 	I  

required. Owing to the length of the calculation required;  a fractional 

analysis of all the p02 ibis values of 7, was not atteepted. 

If intervals of h = e.2 and 	t = 20 seconds were taken, 

values of c could be obtained at points having co-ordinetes in 

the -paws of 	between 0025 and 0.15 and t 20 seconds to 

.Tjj secends. 

Two equations free from bias we obtained from the sumo of the 

values of c obtainee at the points indicated in table 77 by a dot 

for the first equation and a cross for the second. 



Table 7.8 	results of .2tEliment 	12.6 
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ladius 

Disoers 

Volum of single clement 

Initial concentration 

Mane concentration 

Theoretical value of 

Experimental value of 

Theoretical value or 

Experimental value of  

' 219 	0.0;).1 mars 

0.157 
r. 

1.59. 10 -.  

J41 -N- 

= J.W54 

= j.Quj4 (from: and no) 

t calculated 

= 7.00. 10" 	i.a.rticlep; am
.3 

1.0. 10-7 froa u gm.cm- 



VII. .1,4,1 	Discupelion of the eccurkee of the measurements 

ylx. 6.14__geesurements made en the photographic kliegs. 

In making the meesurements on the negatives, it vas aesume1 that 

they contained a representative s le of the centento of the 

observation cell. 	The lieit o resoluti.n of the lens ern J.J0024 

VW. and the r.$ius .f the Ire: disc produced in the image space 

was 0.Jji6 elms. 	,TIAlgt was scattered in the photographic emulsion 

and ceused some diffusencse in the image. 	'though the grain 

size cal only 0.0002 cms., the limit ol! eesolution of the medium 

vla$ ).0h20 CAMS. 

a result of these factors the image of a point object wee 

e diffuse circle who radius was a function of the brightness of 

the, object and the method of processing the negative. Although 

the negative may have shrunk during the processtng, shrinking was 

nut atical2y aceounte for in the measurement of the -aznification. 

The eirer in a meesuremect made on the negatives is due to the 

travelling mieroccooe and the difficulty of setting the cross-wires 

on a diffuse edge. 1n setting the raicroscoe to Observe a sharply 

define.' line, the standard deviation of 10 consecutive -e- 	Wse 

e.eue27 ces. but for the comparatively diffuse imege of a partial; 

it eas increased to e.ee039 cms. 

In the detnaination of ,article size a connection wah made to 

the tack length for the spread of the photographic ieege by 



Now the variance V(x) of a variate x isgivzi by the relation 

Y(z) 
	

(21) 

TN) 

(22) 

Mance the standard 
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deducting the width of a track from its length. The ezror in 

measuring the length of the tack on the DOgatiVe w taken to 

be ,:i.ujO4 cms.; the standard deviation of iO repeated settings. 

-11 the me:isurements depend on the 4.,xcnracy with which the 

magnificationM is deteAalned. 

(1 9) 

whore L is he lepth of the cell 

is the aparent depth in a magnified Imago 

The separation L of the to slides vt-1:1 measured with a 

travelling microscore and was ./.2.37 	0.0j03 

The separation L' is a ty dc.A. photograph was 1.4541 t j.0j04 cmas 

The error in V mAy be estimated a e0A,ma ;- 

M 

Hence 



J(M) 	Pateri 
Since the inths of L L' and their 

know4f (61) could be determined 

(4)  

44os that the er-ors of the basic measurements have been assessed, 

the errors of the determination of particle size andmocuntration 

mAy be evaluated. 

VII. 0 	agr_et determination of particle elec. 

In the measurement of particle size, the length of a truck 

on a photographic negative W48 me,sure6, the corresponding 

length in the cell was calculated and the dedimentation 

velocity determined. 

In Lvdition to the errors in the determination of the track 

length and the magnification, thoe in tilting the exposure and 

reading the graph of 'Itokes Law must be considered. 

The camera shutter was calibrated by 2aliaae Ae ton Ltd. 

and the erlor was stated to be 2,, kpr exposure times up to 

I second, exposures of 5 to 20 seconds were timed with a stop- 

Autch .where the error wasAJ.1 or 2 to ,J.5 	• 

From equations (3)and (5 the radius is given by 



1 

L 	J 
	 24) 

where b 
	 F. 

4 11 

The standard dev1atio of the radius may be determined by an 

argument similar to that used to obtain equation (23). 
MO. 

(a) 	a ! 	 

2 b2  

111/ 	1119.1. 
e2  

In the equation, s' is the track length corrected for spread 

(sec; equation (6), s' = s-m), and 11"(b) is taken as the error 

in reading the graph. If this error were negligible 

z-) (a) = 0.002 microns for a = .1 micron 

2% 

J.003 microns for a 	1 micron 

It was decided that an error of 2 to 	ws tolerable and 

the graph of Stoke's Law was plotted an the appropriate scale. 

rAll Brownian motion superimposed on the medimentati:-11 

velocity v of a particle during an interval of time t 

reeults ii a vertical displacement z 	zo  which is given 

r, 	(26) 



In thin relation, rz  represents the 

(t)
z 

dt 
	

(27) 

where -,(t) is a fluctuating velocity cowponent, characteristic 

of the 3rownian motion and the L(t)z  is the eom ,onent in the 

ireetion. P(t) follows a letzvellian distribution. 

In the determination of ?article size, an ors.rvation was 

wade of the apparent vertical displacement of a particle in a 

given time, and from this a velocity was calculated. If the 

observation h7,41 eeeorded the co-ordinate zo  at time t = 0 and 

z at t =the mean value of a - zo  oalculated for several 

particles would enable the sedinntation velocity to he 

determined 
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Fro n this, the root mean square radius could be calculated. 

Alternatively, a value of v could be determined for each particle 

track and used to calculate an arithmetic mean radius. 

With the photographic method the dis)laeemenisof the particle 

vas cont)i.iously recorded during an iritLxvJ, of time e. 

Consequently, the displacement observed o not the mean value 



3 (29) 

Because 

but the -1AXiMLIM value of the modulus of 	2 
0 

A 0 it folloes that 

and the particle else determined was slightly too large but there 

is no a lc way of calculating the requisitc correction. 

An alro.iimate correction may be made as MIMS. Since 

the relaxation time /?, 	is of the order of 10 Seconds 
( 

;for a radius of 0.1 inter 	a ropreacw.atiVe sample of the 

tailividual displacements of the Brownian pavticle shoal be 

Observed. 	An approximattm to the positive half row in 	*MY 

normal distribution is 30C 

d 	Ve44.0,4-4 
	 3e.) 

where to the steadart deviation of the waiate. 

This assumes that the dImplegementjer 30—Or less has a 

pnohability of 99.73:,-. 

In the 3rownian motion 

(z2) 
	

(Zit) 
	

(30) 



66, 

Consequently, if 10 articles were obse ved the mean value of 

C was 

 

Hence 

 

3.3 

This correction vo.s ap?lied in sev, re.1 determinations or 

particle size and then the order W,  3 correct but the magnitude 

too high. In the graA of values of the parameter 	, the 

theoretical value of -I was eietarmined for radius which had 

not been corrected by this method. 

VU. 64 Aocuraqy or the measurements of the initial concentr-tion. 
In the detemination of the initial concentratio.T, the 

number of .?articles in a certain area of the ehotogra3hic 

negative vu3 counted and divided by the correvonding volume. 

The errors of counting the partieles are due to the 

personal error and obscuration of one particles by k,nother. 

Since the volume obse, ved is a small part of the total, 

statistical fluctations in concentration z,,re apprecieble 	The 

notion of particles may cause an aeParent increase in the 

concentration and variations in intensity of the beam which 

affected the counting of °articles. 

The :"ereonal error was expressed as the etendard deviation 



of 1",.n re )eated cuts of 0110 area and was found to be 6 

of the total numberof particles. 

lime the beam h,d an upfzeciable thickness it was possible 

for a particle nearer the came a to obscur, a more distant 

particle. The error introduced can be estimated from the 

probability of overlap of circles falling at s..-ndom into a 

plane area. This problem was investigated by ixmitage (i949) 

.,ho showed that the percentage 6,ror,:ls given by 

2 nal  
• 

  

where 	is the nambr of particles of radius a obseved 
in an area A 

Then the true nunbQr U is given by 

(.4) 

100 

iAguation (3)  apAies to the overlapping of identical circular 

discs; c is plotted against n in figure 7.23 for two 

different radii. 

In drawing the graph, the effect of mading of the 

photographic image has been neglected but sobimeatation is 

accounted for by taking the area of the track made by a fulling 

particle. 
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(55) (n) 

In a typical 70.6 , the average number of 
particles in one element. 

It may be setAl that for :,articles of I micron radius the 

effect ia of the orde cf 3 when 10 particles are observed in 

the field. ',:aking into a. cunt the irrajiation of the photo-

&aphic image, the number of particles which can be observed is 

10
2

cerres2onding to the maximum concentratinn observie 

of 107  particles e
A

m-'. 

Since the number of particles al  observed in each element 

was but a small fraction of the total number in the cell, 

statistical variations were obseved from one element to the next. 

Assuming these variateona to follow * eoisacer drstLibution, the 

standard deviation is 

and 	Cv  (n) = 

The standard deviation ,-)e the particles in IU elements was 

calculated and found to be 6.6, which is rather more than expected 

from equation (35) and includes the personal er,or. 

Since the particles were in motion, migration occurred in 

and out of the• volume if the ouservatirms wee carvied out for 

an appreciab 4-  time. Then the number of +-micles 'ecorded in 
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in a photomicrograph would be larger than the number ?resent at 

any instant. When the motin was due to sedimentation, no 

error was introduced if only those ?articles were cauntod which 

had their mid-points in the element. In Brownian motion, the 

mean square )ath (in one dimension) is given by equation (30). 

Consequently, if a particle of 0.1 microns was obseved for 10 

sEcolia?, 	CPA 
	

1.5 . 10-2  ass. about the 

with 14  the beam consequently au a particle might be lost . 

If so, the average coneentrationliet5M should still be the 

true value, since it is expected thA as many particles diffuse 

in a'.  out during an interval as long as 10 seoonds. The particle 

size determined would be in error as the track would be cut Short. 

ii 
?his result is only an approximation. The probability 

that a particle somewhere inside a volume r will have emerged 
after a time t 	is called the probability after-effect 
factor. (Chandrasekbar (1943) P.4.5). 

When the motions of the indiviaual -,xticlus are governed 
by the laws of 9rownian motion 

  

41'1 dr;,-,  
(4 

b,Dt 

where r1  is the oosition eV a particle at t = 0 
rk is its position after a time t extended 

and the integratien is extended over all points inside 	• 

If the particle3follows linear trajectories but have a 
ilaxwellian distribution of velocities then the probability after-
effect i given by the relation 

?o 	s 	kT F 
where s is the surface sItescethe volune element 
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few imperfections were observed in the photographic 

negative, but the majority of them were easily distinguished 

from particle tracks and 	the total number of imperfections 

in the area of negative obs,::rved were of the order of 10, the 

error introduced would be negligible. 

The errors in the measurement of volume of an element were. :- 

Error in measurement of depth of element L = 0.0003 cm 
10 

rzor in aeasurement of breadth of e1enent b = 0.004 ems. 

,rror in measurement of width of element w = 0.00038 ems. 

The standar:3 deviation d (V) of the volume may be obtained fits 

an evation similar to (23) giving 

c (V)= 	6.8. 1 
The standard 0eviation of the initial concent.cation is 

(11
) = n v(131) V(dij ---7- 

ni  
(6) 

i. the number of particles in one element of volume. 

riieut which has been Ciactazo 
Mal 

lii 11.1 particles /element 

1/ n1 
= 11.1 

10 10 

V 1.59. 1 - 

where n, 

In the e- 
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V(V) 	= 	4.65 . 10-15  

	

/A 	,9, 8 . 105  particles cm73  

Renee cr (n) = u.62 . 104  

The error of the average of the initial concentration in 

the experiment desctibed was 9.51 but is of the order of tY; when 

the concentration is as high uL, 107 particles omil  

	

VII. 644 	 Errors in determination of the changing conoentration. 

The concentration determined during the experiments was 

subject to the cirors which affect the initial concentrati-m. 

Nowever, the values obtained were carefulay smoothed and it was 

not posAble to detraine the random errors to which the 

individual values of n(Zt) were subjected. Consequently 

it 7415 iMq0Skli,)10 to attach an error to the relative 

concentration. 

There are certain other errors which are not random. 

The distribution of intensity in the beau caused an ay,arent 

variation in concentratim with depth but this was corrected 

by calculating the relative concentration in each element of 

volume a a fraction of the initial concentration in that 

element. 

Same consistent errors may have been inLoduced by the 

smoothing otocess which would tend to reduce high values, 
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increase lower values and reduce the curvature of the graph. 

VII 6.l 	riors indetermination of dispersion. 

The determination of the dispersion irefi affected by errors 

of measurement of nerticle size which have bc.en described above. 

A further erlor is introduced due to the rownian motion. 

The root mean square value of the vertical displacement of a 

particle during a time t is given by equation (30) 

Consequently the dispersion of the aerosol cannot be 

determined by this method if it is lese than a value given by  

ratio 

(d)  (37) 

 

where c (d) is the staerlerd deviation of the track length 

an 	7/ is the mean value. 

VII. 616 Latieetion of the socarsolo!of the parameters. 

Since no estimate oodld be mean of the error i the 

relative conceatration, it was not possible to assess the 

accuracy of the experimental determination of the parameters 

and ‘,." Consequently the results obtained by numerical 

analysis of the concentration measureeonts were compared with 

those calculated from measuremente of the rudius. in figure 



Table 7.9 TYPipal vaules of the meosuremen  

,arti le size 	 J.W1 microns 

1.0 	',j.02 microns 

(An error of 5, was tolerable and the graph of 
Stoke's Law which was used in the determination 
was plotted on a scale which would permit such 
an accuracy„ 

Numerical concentration 	10' 
	

particles c11- 

ig 	7.4.104  
NUmer of particles per element 10 	1 

200 + 4.5 

Volume of an element 	(1.5 	).007) 1°-5 al3  - 

4agnification of the negatives 6.5 	+ 3.009 

92a. 
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7.4 several values of the parnmeter#/are shown. 

	4•2_,...P./4941,4041.2_9t.V.W.I.4.4.dit.Y. Ar 	..9xPerimalltaa. 

In order to ensure oas)lete freedom from secondary effects 

the experiments were carried out und::r carefully controlled 

conditions. 	The factors which might invalidate a result are 

discussed below and their magnitudes are assesed. 

1. ;.lass motion of the aerosol. 

2. lotion of the pa:cticis under the influence of the incident 

radiation. 

J. Interference with the motion of the particls by the walls 

of the observation cell. 

1.. Evaporation of the particles. 

5. The eftect of dispersion of particlx; size. 

6. Fluctuations in initial concenttatiom 

VII. 6.2.1 sass motion of the aerosol. 

!ass motion could be caused by convection in the a-rOsol 

or by air leaking into the cell. 	In eithz,-.. instance, this 

would result in motion in a v.,rtical direction near the centre 

of the eel and radial near the upper and lower surfaces. 

In each expeiiment, One exposure of between and 20 seconds 

was used in the determination of the particle size. If the particles 

have moved at an angle greater than 100  from the Vtritaii, it 

was as4iumed that mass motion had occurred and the experiment was 
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rejected. This effect was usually found to be due to leakage 

and it wae necessary to replace the windows in the cell 

from time to the as dinenyl Phthalate removed the adhesive. 

VII. 6.2.2 Motion due to radiation. 

In chapter II it was shown that radiation of intensity I 

- on a particle would exert a pressure P given by ;- 

1' 
	

(38) 

where (.; is tce velocity of light 

hence the fozo i on a particle of rk;diw5 	is given by 

2 p a' I 	 :11 
C 

This force would produce a terminal veleeit v given by 

(40) 

The initial brightnesn of the arc was 2.104  condles. cm' and, 

from the dimensions of the optical Tistm, the intensity of the 

beam in the cell Wus calculated to be of the order of 0.1 erg.om-2  

Hence for a particle of 1 micron radius :- 

vr = 1.9. 10-12 cm_sec-1 

secUmentatiori velocity was c.a. 10-2  ca.sse this 



was negligible. 

The )hcnoaenon of Aoto2horLsis has no-.: yet 'oe,a eufately 

exIlained. 	'-)rtieles have been observed to ..aove in comt)lex 

orbits and the motion is probably due to a radiometer effect 

but there was no evidence of such motion in any of the photo 

microgaphs observed. 

62jIuterferenoeofthewal3.aoftheobeervationoell 

'with the !action of the _particles. 

The effect of the walls of a cylind,„r through which a 

sphere was falling was determined by Ladenburg (1907) who 

showed that the velocity decleascd by a factor 

(41) 

1 2.4 a 

where R is the radius of the qi..1,adl.:r. 

In the observation celi 	cus. = 

= i c. 

Bence the correction is :,i.J.J04)
-.I which is not ac?reciably 

din: rent from unity. 

The effect of a horizontal surface 	studied by flopper  

ana Grant (1948) who showed that the decrease In the velocity 

at a distoace z from a holontal plane was 

I.125
S 
	 (42) 
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This factor is appreciable at a distance of 10cms. from the 

bottom of the cell and therefore, particle size determination 

should not be made in this region. 

VII. 6.2.4 Lvaporation of the particles. 

In chapter II it was ahaein that the rate of evaporation of 

a single droplet surrounded by vapour of concentration co  

as given approximately by the equation 

a de. 
at (43)  

Sul example, the r,L•,-te of evaporation is calculated when 

droplets of .1 and J.1 microns are suriounded by saturated 

vapcatr. 

or dinonyl phthalate 

0 	0.03 cm2  sec71  

m, = 6.98.10-22  gm. 

co = 1.25.106  molecules cm at 20°  

= J.971 • .cm. 

Then 	a da = 2.7. 10-172  cr4Lsee;' 
at 

and the time taken for the radius to decrease by 10 is 
1.84 a, 1016  sees. 

Hence for an initial radius of 1 micron t = 1.6. i06  

(44)  

and for 0.1 micron t = 1.65.10-  aecs. For a decrease of 1 



the times are i 	10d  am* 1.85. 10 respectively. 

The Kelvin effect becomes ap)reciable when the radius of a 

particle is S.1 microns or less but it can be sees that the 

effect of evaporatios is negligible duri.w an experiment which 

lasts 103 seconds or less. 

V1I. 6.2.5 The effect of dispersion of particle size. 

If the aerosol were polydisperse, the parametersee. and :- 

being fusctions of the particle radius may vary with time and 

position in the cell. 

AS an example of the effect of dispersion, the dietribution 

of particles in the cell is calculated in appeedix 2 assuming 

sedimentation to be the only process cauaisg coscestratioa 

changes. If the initial concenteetise is Lied-farm through the 

cells  the relative cancesteaties is gi 	t':;6 of time and 

position by the relation 

—.2 
ZT) = erf ( ' )2 

  3 e- 

It can be seen tat sincee- and are not disectly 

proport:Lonal te the radius, the values determined from oonositmOk-

ioa measuzements in a poIydisperse aerosol differ from thole, 

calculated fro the average radius. 

The parameterY• is proportional to 

(45) 
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410 
	 (46) 

(47) 
a2 

Then dL 

and 

da 
a 
3 	(a) 

Calculating the dispersion 1 of 

(03 = 

Sinilarky 

(48)  

(a) (49)  

Consequently it can be seen that the parameters are very sensitive 

to the dispersion of the aerosol. 

'M.. 6.2.6 Fluctuations in concentration. 

Occasionally, the initial sample of aerosol contained a 

small volume of higher concentration and diffusion frau this 

region occurred during the experiments. 

If the concentration in the region was not more than 1O 

greater than that in the remainder of the sample the effect 

was com}letely eliminated by smoothing the results. If the 



concentrati n fluctuations were se ,n to be very high the 

experiment as I ejected.. 
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TabIn 7.10 eronols. 

centration Di rnion 

0 

0.079 1.34 • 10 

0.112 .2 r 1u 

o.220 10 0 	57 
5 

L;.299 10
6  

0. 

O.3 8 10 
6 

0.529 10 0.344 
5 

0 810 2.18 10 0.13 
5 

0.828 7.0 . 10 0.,301 
4 

2.6 
	

1.76 • 10 



7. ,o sions. 

considerable nullber of aerosols have been examined with the 

up aratus described in this chater. It was found that particle 

sizes 14 the range 0.0.6 to 2.6 microns could be measured at 

concentrations below 101 particles 	, The errors of the 

measurements have been assessed. 

It was not possible to study aerosols of higher concentrations 

due to adjacent particles obscuring one another under the micro-

scope. In the next chapter a method which can be used at higher 

concentrations is discused although the method is apAicable tc 

certain particle sizes only. 

The Browalian motion introduces an error into the measurament 

of particle size in the photomicrograph. 	n uncertainty of the 

order of (271t) 	is attached to the determination of the position 

of a particle. The position could be determined more accurately 

during a short observation but this would introduce a larger error 

into the determination of the time of observation and vice versa. 

Values of the parameter in equation (1) have been obtained 

by tao distinct methods and are plotted in Figure 7.24.:.; In one 

concentration was determined as a function of time and position in 

the cell, and values of the parameter were calculated on the 

assumption that the theory given in chapter V. was vslid. For 
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the same ae osol, measured radii were used to calculate values of 

They are represented by the line in the graph and it is 

seen that good agre,ment was obtained. The discrepancy is 

alwyys in the same direction and can be attributed(to the erAw 

in the measurement of particle size, due to the effect of the 

Brownian motion. 

This would suggest that it is more accurate to detez,n±ne the  
concentration changes in an aerosol. ;Ind hence calculate the 

particle size than to determine particle size from measurement of 
„ 2 

sedimentation velocities. The error (2) t) can be made 

negligibly small by short observations since no information is 

required concerning the velocity of the ,)article. 

,Ale to the difficulty in measuring higher concentrations,  
the value of the coaguiation paraneter 	in equation (2) was always 

less than 0.01 	and the measurements of the concentration were 

not sufficiently accurate to allow 	to be dat:rmined. 
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CHAPTR VIII.  

THL I0TO1IC TiLNIUL 

11111.1, Introduction. 

hen a small particle of isotropic dielectric material 

is illuminated by a parallel beam of light, whose wavelength is 

comparable with the radius of the particle, light is scattered 

in a regular and known manner. Tile theory of scattering derived 

b4tje was discussed in section 11.4. where reference was made 

also to tables of relevant functions. 

'article size and concentration in an aerosol may be 

determined by means of this theory since the scattered intensities 

are additive unek:r certain conditions and the characteristics of 

the material of the aerosol are measurable. several methods of 

analysis of aerosols by measurementof scattered light have been 

described by Sinclair (1950). 

VIII. 2. Outline c) the method used. 

The determination of particle size and concentration require 

measurements of the intensity and angular distribution of the 

scattered light. The aerosol is enclosed in the observation cell 

described in the previous chapter, and the intensity of the 

scattered light is measured with a photoelectric photometer. 

Particle size is dLtermined from measurements of the 
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variation with the angle of scattering of the intensity of mono-

chromatic might. The initial numerical concentration is 

determined from the light transmitted by the aerosol and changes 

in concentration are determined from the variation with time of the 

intensity of the light scattered at a given angle. The apparatus 

is arranged so that light can be accepted from any one of the 

ten elements into which the depth of the cell is divided. 

V111.3. :.00aratus.  

V111.3.1. General arrangement. 

The apparatus shown in figure 8.1 utilized the observation 

cell described in the previous chapter, An intense, parallel 

beam of light illuminated the aerosol and a photometer as used to 

measure the intensity of the scattered light. 

Y/X10.3412._ The illumination. 

Light from the arc A figur_ 3.1 was focussed onto an 

adjustable slit S1 by means of a condenser tip..6 in iaage of the 

slit was formed in the focal plane of a 16 mm. objective O by 

me,nz of a lens 0 	This second lens was necessary since the 
3 

construction of the objective maue it impossible to place the slit 

at its focus. This arrangement produced divergent pencils of 

parallel light since the arc was not a point source of light, so 

that the divergence was limited by al mm. slit S , . Heat 

absorbing filters ill and C and the shutter D in figure 7.4 
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were also included to limit the heat entering the cell. 

The light beam was interrupted GOO times /sec. by a rotating 

shutter R, since the photometer uti.Lized an 	amplifier. 

7111.3.3 The photometer. 

The photometer used to measure the intensity of the scattered 

light comprised a photomultiplier, an I.C. 	plifier and au 

ammeter (figure 8.2). It was arrange so that light could be 

accepted from different positions in the cell and at various angles 

to the incident beam. 

V111.303.1 The optical system of the photometer. 

The optical system transmitted light scattered by the aerosol  
to the cathode of the photomultiplior (figure 6.1 and 80), 

suitable precautions being taken to _educe stlay light in the 

system. 

real image of the aerosol in the cell was formed in the plane 

of the horizontal slit 35  by means of a 25 ma. objective 02  and 

the light transmitted by the slit was focussed on the cathode 

0 of the photamultiplieriby a cylindrical lens It. Light from 

each of the 10 regions of the cell, could be received by the photo-

multiplier since the horizontal alit 3
5 
 which could be moved in a 

vertical di ection by means of the micrometer screw 14g(0.1347 ems. 
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gap) limited the depth from which light was accepted to less than 

a tenth of the vertical dimension (0.22 cms.) of the cell. Dy 

adjustment of the micrometer, the slit 3p the lens LA  and the 
e4  

photomultiplier ware moved simultaneously so that light (figure 

3.3) always fell on the seme region of the cathode. This was 

important as the sensitivity of the cathode was not constant over 

its whole surface. 

The vertical slits33  and S limited the angle from which 

light was accpeted in a horizontal plane. The angle of acceptance 

2u, was calculated from the relation 

2u = tan-1 

y 
is indicated in figure 8.4 

The angle of aeceptance of the vertical slit 33 was 19 minutes 

of arc and of the horizontal slit S5  26 minutes of arc. So that 

light could be accepted at various angles to the incident direction, 

the 1)hotometer was mounted on a rigid steel arm 1 am. thick and 7 

cms. wide which could be rotated between 0 and 900 to the direction 

of incident beam. 

YI.U. 3.3.2. 	photomultiolier. 

The photamultiplier used was an R.C.A. 931 A. whose characteristicks 

are described by engstram (1947). A potential difference of 50 to 

100 volts uaz applied between adjacent secondary electrodes and 
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was obtained from a potentiometer network connected in series with 

10 high tension batteries. Yith such an arrangement a maeimum 

sensitivity of 1200 UnPs, watt-1 
was obtained at the wavelength 

of 5500 angstrom when the potential difference between adjacent 

electrodes was 100 volts. The random emiseion of electrons in 

the photomultiplier was reduced by using only 90 volts and the 

sensitivity was consequently reduced to 2000 amps. watt 1. The 

sensitivity of the photeaultinlier was not apnreciably reduced by 

using an intermittent bea of light provided the freqnency was 

less than a megecycle per second. 

The current from the anode of the photamultiplier passed through 

a megohm resistor and the voltage theray produced vas applied 

to an amplifier (figure 8.2). 

VIII. 3.3.3 The amplifier. 

An A.C. amnlifier was designed to have a high amplification 

factor and a narrow bnnnwidth. It was used because it was more 

stable than a D.C. one and a high gain erns necessary to enable 

aerosols of low concentration to be investigated using the 

photometer. To increase the signal noise ratio of the photometer, 

the frequency response was limited to a narrow band on either side 

of 600 c.p.s., the frequency at which the light was interrupted. 

In the circuit diagram (figure 8.3) the four stages of the 

amplifier are indicated. 	The valves used we -e pentodes; 3..2. 41.8 
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for voltage amplification and a Fen 45 in the oa.Out stage. 

The grid circuit of the first valve which eeceived signals from 

the photomaltielier included a gain control consisting of 6 

resistors of 20 M to 1 K. 	(Only three are Ethon in figure 8. 

The second and third stages incorporated parallel-tee filters 

tuned to &)O c.,),s. (Sturtevant. J.A. 1947). 	The output stage 

utilized a iexa 45 valve and in the anode circuit wa a transformer 

having a voltage ratio of 30:1. The output of the amplifier 

was indicated by an ammeter in the secondary circuit of the 

transformer. 

Uneaated oscillations were minimised by using decoupling 

condensers in all eleiSe circuits, and a cathode condenser in the 

last stage only, and precision component; were used in the 

filters. .A.1 connections to batteries, and the photomultiplier 

and grid leads were screened and the anode circuits and cathode 

circuits mere shielded from one another. High tension batteries 

were used to obtain 220 volts for the amplifier and the valves 

were indirectly heated by current from accumulators. A constant 

voltage vas maintained by this arrangement for a period of one or 

two hours. 

VIII.3•34. Alignment of the apparatus. 

iirst, a boas of light was made to pass diametrically through 

tho observatioo sell, using the method described in chapter V11.0 



I 08. 

Then parallel light was obtained by adjusting the position 

of slit 31 until a sharp image was seen by a telescope focussed 

to receive light from an infinite distance Ethel when placed to 

receive the illuminating beam. A vertisal-filter was necessary 

to protect the observer's eyes. 

The light w4s then focussed onto the photomultiplier when the 

photometer was in line With the incident beam. The objective 

02  was adjusted until a sharp image of the upper and lower surfaces 

of the cell was formed in the plane of slit k. To achieve this, 

the photonultiplier and the cylindrical lens were removed, a 

ce of ground glass placed in the plane of the slit so as to 

eceive the image which was observed with a lens. (iithough it was 

convenient to determine the magnification at this stage, the 

procedure is described below). 	white card was fitted in place 

of the cathode of the photomultiplier and the lens 17  was replaced 

and adjusted until a sharp image of slit 3 was formed in the centre 5 
of the card. Finally the photamultiplier was replaced. 

To determine the magnification of the optical system, slit 

Q5  470.15 adjusted by means of the micrometer until its upper edge 

coincided in turn with the mid-point of the upper and lower surfaces 

of the cell. The size of the imnge  was obtained from the 

difference in the two readings of the micrometer ana, since the 
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depth L of the cell was known, the magnification Li could be 

calculated. 

So that the concentration could be measured at 10 different 

heights in the cell, the width of slit S4  ea s adjusted to 0.08 

of the vertical uLicnsion of the image of the cell. 

This se,earatica was made slightly less than one tenth of the 

depth of the magnified image to avoid me.wuring light reflected 

from the surfaces of the cell %hen the concentration was 

determined in the top and the bottom regions. 

VIII.4. Behaviour of the apparatus. 

The apparatus was required to have a linear response, an 

adequate range of sensitivity and to be stable; and the light 

received by the photometer should not include light reflected 

from the walls of the cell. 

VIII.4.1. Linearity of the photometer. _ 

To determine the res2onse of the ohotometer to various 

intensities, Lo neutral wedge of density range 0 to 2 was placed 

in the incident beam. Only 0.5 ems. out of a total of 15 ems. 

of the wedge %ere operative at any one time. Light was allowed 

to fall on the photometer directly and the reading of the 

ammeter was taken for various settings of the neutral wedge. 

In figure ,.6, the meter readings are plotted against the 

transmission which vas directly proportional to the intensity 
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of the light falling on the photometer. 

V211.4e2„ The sensitivity of  the photcieter, 

The luminous energy scattered at 90°  to the incident light 

by a single particle varied from 10-12  to 10-10 
 
watts, steradian-1 

per watt. om-2  of incident light as the radius increased from 0.1 

to 0.6 microns. An the assumption that the incident beam had an 

intensity of the order of 10-1 watts cm-2
op the energy scattered 

was 10-13  to 10+11  watts. steradian-1, Consequently, the 

luminous energy received by the photometer was of the order of 

10-13  to 10-11  watts. (The solid angle subtended by the lens 

of the phtometer was of the order of 1 steradian). 

The sensitivity of the ehotometer e,s 10 amps. watts 1  and 

when the currents produced were applied to a 1 megohm resistance, 

the voltages sensitivity was 109  volts. watt-1. 

The voltage across the resistance produced by single particles 

in the cell eould therefore be between 10-4 and 10-2  volts. 

Since a full scale deflection of the meter (10 divisions) was 

obtained when a signal of 0,1 volts at 600 c.p.s. was applied 

to the amelifier, at maximum gain, a single particle would 

produce a defleotion of between 10-1  and 10 divisions. The 

sensitivity could be reduced by edjusting the gain control e by 

reducing the potential applied to the secondary electrodes of the 

photomultielier or by reducing the width of the slit S 



.r: 	 ,W The amplifier was designee to elake/J -ekbout 40. (c.P.s.) 

The lerk oureent produced by the photomultieller due to 

theemionio era/mien and leakage across its base produced a deflection 

of 2 divisbns which could be regarded as equivalent to a zero 

error. Deylight of low intensity was not recorded since the 

arailifter did not respond to e direct current but appeared to 

increase the renAom emission of electrons ie the photomultielier. 

It can no be seen that the range of sensitivity hee a lower 

limit of between 10-1  and 10 particles per division for radius 

The signal to raise the ratio is proportional to the square 

root of the bandwidth C1::;-) of the amplifier and is a function 

of it  , where it  is the thereonic emission from the cathode. 
I 

of I and 0.1 microns. The apparatus can be sued for high 

concentrations by reducing the gain of the aselifier 30 that the 

ueeer limit depends not or the apparatus but on the scattering 

erocess. 	:hen the concentration in the aerosol is hieh secondary 

scatterine occurs and results can no longer be simply interpreted. 

V111.4.3 Stability of the apearatue. 

The duration of en experiment was of the order of 3J to 40 

minutes and the apoaratue aa- required to give consistent 

readings during that time. 

There ean no aeareciable change in the sensitivity of the 

amplifier over a eeriod of one hour, erovided that the batteries 



were in good condition and steady conditions had been attained 

aftei switching on. 	,,owever, there were frequent fluctuations 

and 	variations in the voltage of the mains which 

affected the intensity of the tu:c. Also, the hot-spot on 

the electrodes of the mercury arc moved about rapidly and caused 

variations in the intensity of the light falling on slit 

Random movements of about 5:.; of the needle oi the ammeter 

occurred necessitating _eplication of all readings. 

V111.4.4 atrr liht in the aparatus.  

Bran thou the interior of the apparatus was painted dead 

black, au appxeciable amount of light vas reflected when it was 

wetted by the aerosol liquid. 	the beginninz of each 

experiment, this light was meam!red with the cell filled with 

filtered nitfogen and this reading was deducted from subsequent 

feadiags taken  with an aerosol in the cell. Bowever, it was not 

possible to correct for light which was scattered by the 

aerosol and then reflected by the cell walls. 

VIII. 5. The exp,rimentel procedure. 

Viii. 5.1 Setting the apparatus. 

Before measurements were made with the photometer, the 

optical system was aligned using the methods described in section 

VIII.3.3.4. The sensitivity of the photometer was adjusted by 

n]teans of the voltage a)plied to the photomultiplier and bx 
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varying the gain of the amplifier. A fince adjustment of the 

response of the apparatus could be achieved by varying the width 

of the slit S 

VIII. 5.2. Determination of particle size, 

when a small particle of isotropic dielectric material in 

illuminated by a beam of parallel light, the intensity I, of the 

light scattered at an angle G to the incident light is given by 

the relation discussed in chapter IIs- 

wiser* 

i2) watts/unit solid angle/  
watt.aa2  incident light. (2) 

The functions 14 and i2  are complex but have been tabulated at 

100  intervals in the range 0.5 K  ç, by Lowan (i90) whose 

tables were used in the measureseets described below. The 

incident light was assumed to be unpolarized. Examples of the 

angular inter sity distribution are given in figure d.7. 

With the aerosol flowing through the cell the intensity 

distribution was determined at intervals of 100 	It wan necessary 

to correct these readings for the relecttion of light from the 

walls, and a preliminary (let::: ination was made of the I when 

filtered nitrogen was flowing. 

Since absolute values of the intensity of the scattered 
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light were not required, the meter readings were plotted directly. 

Consequently, the apparatus could be used only in the range where 

the resnonse was linear. Figure 3.8 shows some typical 

values obtained. 

When the position of the maxima of the intensity distribution 

had been determined, then particle size could be obtained from a 

graph (figure 8.9) of the position and number of maxima plotted 

against radius; this graph vas ebtairani fD the tables of the 

fuction lj  and i2. 

1311. 5.3 Determination of the initial concentration. 

If a parallel beam of light of intensity Io  is incident on 

an ensemble of n ;articles, the intensity of the transmitted 

light 1 is given by the relation 

I() 
	exp 	K (aril a2 

 

Li 

	
(3) 

where K(a) is the scattering area coefficient and has been 
tabulated - Lowan (1949) 

L 	is the length of oath through the aerosol. 

Consequently the initial numerical concentration can be 

determined by lacing the photometer in such a position that 

the incident light passed through the cell and fell directly into 

the photomultiplier (i.e. at 	= 0). 	1. re ding of I' was 

then obtained and this was proportional to the intensity of the 
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incident light I. - corresponding value of I" was obtained 

with an aerosol flowing through the cell. 

Now I 	= I" 

o 	 (4) 

and since the radius a was known, K(a) could be obtained 

from tables and 

(5) 

L 

VIII. 5.4 Determination of the relative eoncenration 

The concen ration changes in the aerosol were determine& 

by a proceaure similar to the photographic method described 

earlier. The photometer was set to receive light at an angle 

correspondIng to one of the maxima of the angular intensity 

distribution (figure 8.8) and the variations with time in the 

meter ve,.tdIng Ii(t) were recorded. 

The background illumination I" was determined after the cell 

had been swept out with filtered nitrogen and the slide oiased. 

The changes in concentration were followed by the following 

procedure. The cell was filled La the mannar described in 

section V1I.4.3 and after the photometer slit S5  had been 
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set to receive light from one of the regions of the cell, the 

slides were closed and the photometer reading was recorded at 

five second intervals until the deflection had been less than one 

percent of the initial reading. If the initial value were l'(0) 

then the relative concentration c is given by 

	

c = It) 	I" 	(6) 

	

Ii(o) 	- 	in 

i'(o). I'Tt) and I" were determined for each of the 10 horizontal 

rgions of the ocse, v,tion cell. Typical results for the 

variatirn of 11(0 	Iu and c with time and position in the 

cell are shown in figure 8.10 and 8.11. 

VIII.6. Discussion of results. 

Results obtained with the photometric ap)aratus were compared 

eith those obtained under identical conditions by the photo-

graphic method. 

11111.6.1 	Particle size. 

Particle sizes in several aerosols were determined by the 

photometer which was then replaced by the camera and track lengths 

were measured in the photomicrographs obtained. eo.el values 

obtained appear in table 3.1 

The measurements were not sufiiciently accurate and several 

improvements in accuracy could be made but they would, require 



Table 8.1  

   

    

    

ehotometric measurement 	Ohotographic measurement 

Radius in microns 	Radius in microns 

2. J.51 

3. 0.55 
	

0.56 

4. 0.45 
	

0.42 
^...1.1911144.• 

The concentration was 105  to 106  particles, 

modification of the a°3aratus. 

5.1noe the intensity of the light scattered by °articles of 

radii greater than 0.5 microns radius varies from maximum to 

maximum by a factor of 103, a photameter having a logarithmic 

response would be more suitable and a method of obtaining this is 

discussed in section VIII.7. 

The values of the theoretica- functions are tabulated at 

intervals of IU degrees, and this was found to be insufficient. 

'al increased accuracy could be obtained if further values 

were interpolated using the method described by Van der kuist (1949). 

The curves shown in figure o.9 could be plotted as the position of 

the maximum values of the ratio Iff 

Iy 
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where I 	is the intensity of the light scattered when the 

aerosol was illuminated by the mercury green line - of wavelength 

461 aegstroms and l that scattered from an incident illumination 

by the yellow line 5784 angstroms. 

VIII. 6.2 Meesurement of the initial concentration. 

The photometric method has been developed for the 

investigation of aceosols of high concentration. The initial 

concentration was obtained in terms of the transmission I of the 
I0  

aerosol from relation (5) and it can be seen that the method 

could be uns-kaisfactory at low concentrations since 	would 

Ie  
then be the ratio of tee, nearly equal quantities. 

Concentrations of 106 to 107 particles oa 	were determined 

by this method and these results are comparable with the results 

obtained by means of the photographic method. 

V111.6.3 Determination  of the relative concentration. 

The relative concentration in a given aerosol was determined 

as a function of time and position in the cell by means of both 

the photometric and the photographic technique. The results are 

presented in figure 6.10 and it can be seen that they are in 

good agreement with one another. 

The accuracy of the measurement is indicated in figure 3.11, 

where the concentration dterminations are plotted as a function of 
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time and the standard errors of eight determinations are indicated. 

The range of error was between 2 at the initial value to 10 

at the final reading. 

Since the method was sufficiently rapid to permit concenation 

measurements at 5 second inte.cvals the mean of four readings was 

calculated And the distcibution vas plotted with a time interval 

of 20 seconds. This mean value vas much more accurate since the 

standard deviation vas reduced by 

VIII.7. Conclusions. 

The photometric technique described in this chapter was 

applied to the investigation of concentration changes in several 

aerosols with concentrations in the r:Alge 106  to 108 particles am 

which were higher than those which could be measured in the 

photographic experiments. 

Since the method was more rapid, a larger number of 

observations of the aerosol could be made and the results were 

consequently more reliable. 

The measurement of particle size was not affected in any 

way by the Brownian motion which limited the range and the 

accuracy of the photographic determinations. 

Values of the coagulation parameter ' 	of the order of 0.1 

or 1 could be obtained by this method since it was possible to 

measure concentrations of 10d  or 109  particles om73. 
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The apoaratus could be imptoved by com9ensating for the 

fluctuations of the arc. If a small fraction of the light 

were made to fall on to a second photomultiplier P2   (figure 8.12) 
sjosirt.ni 

and the eurowit from the amplifier (A2) supplied to a transformer 

in op?osite phase to the circuit from the first photomultiplier, no 

current would flow in the transforer when the luminous energy 

falling on both photomultipliers was the same. The condition 

could be achieved by means of a neutral wedge W placed in front 

of the second photomultiplier. 

The transmission of the neutral filter could then be used to 

determine the ratio I 	The advantage of the arrangement is that 
It" 

the filter might have a linear or a lonrithmic characteristic. 

The sensitivity could also be improved by using a photamultiplier 

in which the random emission of eleotrons was less. 
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CliePTErs 	X „ 

kfrA'1.,11.1feifT OF UZS CONO4NTRAVON. 

Measurements of mass 	 tration of the aerosol were 

required for comparison with values calculated from easu 

of particle size end numerical concentration and for 

calibrating the generator. 

The method employed consisted of weighing the material 

filtered from , 	due of aerosol. To verify that no 

significant quantity of liquid ceased the filter, a condensatin 

coil was connected in series with the filter (see figure 9.1) 

IX.2 The filter medium. 

Sintered glass filters were finally selected after several 

different media including asbestos wool, glas, wool, slag wool, 

cotton wool and filter wiper has been tested; and the results 

are shown in table 9.1. the media were dried and the increase 

in weight was determined after they had remained for 2L hours in 

an atmosohere 95 relative humidity at 1590. 

Filters formed b2 eacking one gram of material into a tube 

of 2 ems. diameter were shaken vigorously and the los;; in weight 

determined. 

The same filters were used to determine the mass concen 
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&ration in a 1:71veu polydisperse aerosol and their efficiencies 

compared with that of asbestos wool. 

In the last test the "flux of each filter was examined for 

particles by mans of an ultramicrsco)e. It was found that 

sintered glass filters responded most satisfactorily to these 

tests and that they ha-; added advantage of being available in the 

nost convenient form. 

lk.5. The apparatus. 

The aparatus is shown in the diagraa (figure 9.1). iy 

means of a pump (2  a measured stream of aerosol was withdrawn 

near the observation cell and passed through the filter A and 

a condensation coil i.. 	trap F was fitted to prevent liquid 

running down the walls of the tubes leading to the observation 

cell and filter. 	filter G prevented aerosol entering the laboratory 

atmos,)here. 

The oonansation coil was of the type described, by La Vier (1950) 

and consisted (figure 9.2) of four rectangular tarns of 5 mm. bore 

glass tubing. The upper portions were wound with a heater 

element and the lower part was innersed in liquid nitrogen. The 

heater vaporized the droplets in the aerosol and the vapour 

condensed on the cold walls of the tube. The )rocess was 

effective since the difrusivity of the vapour molecules is 

much greater than that of the drolets. 
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Table 9.1 &aination of filter media. 

Observation Yiedium Joistu.e ass on 	'el.itive 
absorbed sluJcing 	efficiency with U..1. 

isbestos wool 

Slag wool 

by 
eight 

u.+. 

fine dust 100 othing 
visible 

Grit 
Short fibres 97.5 

Cotton wool 15.5% Nome 91 

Glass wool 2.9g Short fibres 51 

Filter paper Name 

Sintered glass 0.2g None 100 Nothing 
visible 

      

2.dvantes Disadvantages. 

 

a io5ent Changes in weight 

 

  

Weight not constant 

Forms channels 

Forms channels 

High pressure drop 

'Available in 5 
grades of 
porosity. 
Can sealed into 
any pyrex glass 
apparatus 

Thin disc is soon 
saturated with 
filtered material. 

 



)gc 

A_ A f-e 

• •' 	el 	1'  
' 	1 

I 	C 

	

( 	, 

/ 

L 	N -46.1\I -\\ 	) N CO 	 i 	 RE 



124. 

?rocedure. 

Before the aerosol rns filtered, the rate of flow was adjusted 

while the aerosol w.-„s passing through 0. see 	filter J having the 

same resistance to flow as filter A. The flow could then be 

rapidly divert e4 to filtcr at the beginning of detecmination and 

shut off at the end by means of a :uick-release valve I (figure 9.3) 

which was the t:pe described by May (1945). 3y this means the delay 

in attaining the • lAuired rate of flow was made negligible and the 

flow could then oe maintained constant by adjustment of the needle 

valve H. 

The ground glass jo,aits were sealed 4ith silicone xease to 

prevent leaks but this was removed with ether before weighing the 

filtc4 and the coil. 

To remove any moisture which condensed on the outside of the 

filter and condensation coil, they were heated to 120° for 5 minutes. 

The evaporation of dimomyl phthalate during this time was 

negligible. 

Any experiment in which the increase in weight of the condensation 

coil was greater than 5% of the increase in weight of the filter was 

rejected since this was accepted as evidence that the filter was 

saturated or that there was a leakage of ail into the aaratus. 

i,!oisture could easily be dtected in the condensatim coil as the 

droplets did not wet the walls. 
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L. 5, 	'forance of the 	ratuc.  

Eeperimental values of the mass eeneentretion were _  cpared. with 

those calculated from the vapour pressure assuriing compl te naturation 

at the temperature of the evaporator. They were found to differ by 

a factor of one tenth due to incomplete saturation and due'to 

deposition of aerosol on the walls of the condensation tube. 

IX. 6. Accuracy of the measurements. 

The accuracyfp the method depends on the accuracy of weighing, 

measuring the floe rate and time of 00Iloction. The belance used 

to weigh the filters War; 10400 to an error of t 0.1 mgm., the filters 

were found to be constant to 0.2.11000, end' total increase in wlIght 

of the order of 0.1 mac, The maximum error of the flow gauge was 
al-  e e  cm3esec i  when-the flow rate of 20 cmesec and the stopwatch 

wes found to have an error of * o.2 seconds by comparison wfththe 

ost Office telephone clock (TIg) aver a period of 1 hour. 

The standard deviation o' Oni of the measurements of mass 

concentration (m) is given by 

= mi V(w )  
2 

( 1 ) 

where V(w) etc. stands for the variance of w etc. 

is the increase in weight of the filters 

f 	is the VQ1u.d of gas meeeured 
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is the time bf obsGrvatioa. 

The standard deviation of the me4:suremk;ats of mass concentration 

varied from 0.5% At 10-4 
	

7.  to 2 ';4; at 5.10 gm. om73. 



X. 1 .  

14 discussing coagulation, it has been assumed that coalescenee 

always occurs as the result of binary collision. The theoretical 

discussion which follows indicates that this assumption may be unt,ue 

and that coalescence occurs only under eertain conditions. 

Derjaguin (1935) observed that when charged particles struck 

a 2lane surface some ef them rebounded and Tunits4y (1939) derived an 

expression for the coagulation coe ficient of charged particles. It 

is proposed to use a TaVr6 different approach ,Lnc:4 to derive a more 

gent. ral expression. 

X.2. ......-1Alhe"Ealtheon-------X. 

In chapter 1., the problem of ditOusion in a field of force was 

discussed with soeoial I.Lference to the earth's gravitational field. 

The Smoluenowski equation (1) can be used when the force is no 

longer constant. 

Now 1.),3 	- 	Li ,o 	(i) 
13,1- 

whre „,„, is the probability that the particle 11a co-oidinate 
r at a time t. 
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/S.r4
In  

6  Ti I ar 

is the accele 	per 	caused by the Wt 
7Coroe. 

'Ale force may be due to a potential V where 

- gra 	V 

Such a force ay be due to the fol..owing causes ;- 

1. Free electric Charges on the particles. 

2. Intermolecular forces - the Van der TaalT, forces. 

3. The momentum of evaporating molecules. 

4. The momentum of gas molecules le;wing the surfae of the 

drop, c.f, the radiometer effect. 

7. 	:Radiation pressure; this is in gen,,:ral a negligible. force. 

NO, 04:41  -.air 4 	 (9) 

where j was a steady diffusion curleut per unit area 

and 

T/ 	gradr  =4) (3) 
r- 

If the dirWsion current is replaced by a flux 

then 

where a represents area. 



exp. 

hence 	j exPN5jr) 
q 

r\ (- 
Substitute from (5) 

1 	() F exp( 13 v) 

1IMID 

and R = 2a 

Then since 
	

F is not a function r, 

ILA'{ 
Consiaor one stationary particleiradius a and others diffusing 

towards it, then the flux into unit solid angle is constant 

where 

i.e. 	(/ F = constant 

is a solid angle 

Hence 
F 

r2 "5? 

where r is themcdulus 

Substitute the potential V in equation (3) then 

-F.1 grad
r  V 	

grad u) 

131  

which may be rearranged to give 

of the radius vector. 

(5) 

exp.(40 
q 

 
q  

D 	gradr  b3 exp. V) _\ 
(6) 

D gradrp exp 	(7) 

and 

R. 

A)( rad
r 

 --e—:-p 

  

(8) 

where R is the sphere of influence of the stationary sphere 

(j kA(("4-1-"-P  41:1 

r 
e,v 

(9) 
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The flux over the whole surface of thesphere, assuming 

symetry is given by 

k A  t V: --- 

r 	(10) 

Now the boundary condition when complete absorption occurs at the 

surface of the sphere is 

= 0 

Take t, 	t,,ia , the average value 

a distance from the sphere 

Also, in general 	Vim, = 0 

Then F 	= 	--r;  71) IA 	 (12) 

\-) 
9v 

When the problem of two diffusing particles a1 and a2 is consider4, 

the relative diffusivity D12  muse replace D where 

D
12 = D1 

D
2 

Hence 	g 	.0 
= 	 (s3v, 

	

in 	" P 0-V-- 1  r  • 
where V12  is the potential of oneVparticle with respect to the 

other. 

When an aerosol of u.merical concentration n is considered, 

there are n such possibilities of collisions, and the rate of 
2 

(13) 
i,1,„4 ,4i 	4,), 

) 

, 
of the probability density at ) (11) 

) 

1 



(15) 

-;\ 1-t- Tr 	rl 

coagulation is 
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putting R = 2a 

and 	= m 
q 
	

kT 

Several examples are considered below. 

X.3.1 	The coalescence of particleshaving an electric charge. 

Consider two particles having charges e
1 and e2' then the 

potential V is given by the relation 

V =e1e2 
r 

when the separation is r 

Then 	n = 

f*1 t 	
c4.) 

44k  
Now put r = 1 

x 

and 	= e1e2  
kT 

 

(16) 

e. :Pc 17 	4. 

 

Then 
„ = 

) t 

  

2 
4 D n 

 

L c,‘ 
exp 	six 
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(c.f. Tunitslcy 1939) 

(17) 

Now consider several examples of this. When the drops are 

uncharged 

is zero 

Dn2  

Kn2 (18) 

-4"the value obtained by noluchowski. 

When the drops have charges of equal magnitude and opposite sign 

e1  = 	e2 

e2 
kT 

n 	Kn2 

= e 

i.e. is negative 

When tht; drops have charges of equal magnitude and the same sign 

el = e2 
an 	Kn2 
"EF 
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The magnitude of the effect may be seen if 	is evaluated. 

0102  

kT 

= 1.42. e
1
e
2 . 10-3  

a 

where e1 and e2 
	are in units of electron charge 

a is in microns. 

Hence the expansion used to obtain relation (17) is legitimate 

provided 

01  e2 
	

10 
a 

When the particle size L, of the order of 1 micron, charges of 10 

electron units will have an appreciable effect on the rate of 

coagulation. 
-3 

In an aerosol of concentration n particles cm. in which 

a fraction p cf the particles have a positive charge, q a 

negative charge and s = (1 - p - q) are uncharged, the fraction 

of collisions between particles of like charge is g , between 

particles of unlike charge h and between uncharged particles is i, 

then the fraction of each type of collision is given in table 10.1 

The number of collisions which can occur between one set of 

unlike particles, e.g. pq, is :- 

( 21 ) 

pC, q 

is: 0 
	 and k = 0, 1, 2, 3, 	 np 



Type of collision 	Participating fraction Fraction of collisions 

o V 

	

g = 1 	(np-lf.)(nq-K) 
n2  PCI 

P7 / h 	= 12 1  (np-2K) (np-2K-1) 
n K:0  

, 

2  '17: 

	

4 
n 	

(nq-2K)(nq-2K-1) 
0  

	

i = 1 	(np-K)(ns-K) 
n 

AS 
4 	

/ 	./ I 5'.  (nq-K) -K) 
724)  
" k 

.5r 
/ 

	

1 	(ns-2K)(ns-2K-1) 

Unlike charges 

Like charges 

Uncharged particles 

Pq 
(P > (1) 

PP 

qq 

Ps 
(P> s) 

qs 

(q;> s) 

ss 

n 
or 	(np 	K) (nq 	K) 

	p> 
14, To 

Between like particles the number of collisions is 

2 
< (MI) .• 2K) @43, 2K - 1) 

I< t* 

Table 10.1 	Fraction of each type of collision 

The .rate of coagulation is then 

134. 

(22) 

(23) 
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A eollisicr. between a charged and uncharged particle is 

considered to be identical with a collision between uncharged 

particles provided the material is nonpolar so that a charge 

distribttion over the surface of a particle is not induced. 

This theory is applicable for only a short time because collisions 

of particles alter the particle size and charge distributions in the 

aerosol. 	Also, if a particle participates in one type of collision, 

a fraction is then removed and the factors g, h, i, overestimate the 

fraction of each type of collision. 

The changes in the charge distribution have been discussed by 

t1.ziitsky (1939). 

3.3 Evaporating droplets. 

If a droplet pf radius a is maintained in an atmosphere of its 

own vapour which is just saturated, evaporation occurs if 

_.P._ 
	1 

P 

Two droplets about to collide will be influenced by the 

evaporating molecule. They must pass through a potential barrier clue 

to the energy of these molecules and the potential and its effect on 

the rate of coagulation are calculated below. 

The molecules which evaporate from the droplet have energy 3/2 kT. 

This will be lost on collision with a molecule or with another particle. 
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If the mean free path of the vapour molecule is 	a particle which 

collides with the one under consideration will encounter the molecules 

in a vobizmall a2 ;>\ 

Hence the potential distribution about the evaporating droplet 

is r)where 
2 

V(r) 	= 3 17 c(r) a 2;\ 	kT 
	

( 2 4 ) 
2 

where o(r) is the number of molecules per unit volume at a distance r. 

The distribution of molecules diffusing from a spherical surface is 

given by equation (17) chapter V. 	It is :- 

  

r F 
C 	").DtYi 

(25) 

  

As before K 	- grad
r V 
	

(26) 

and equation (15) is written 

cl t 	„Q„ p 	r 

The integration would present considerably difficulty and the follow-

ing assumptions are made to facilitate a solution of the problem. 

Provided that the mass which evaporates in a time t defined by 

(Dt)
1 
 = r R 	 (27) 

12.- :rt. negligible proportion of the droplet the distribution of molecules 

it apprcxtely c so that 



ci.v.) , 
i i 	V d i 	 r 

r  / ) iz, T 

, p_3-11—  cc 	(1 (30) 

(31) 
p c 

2 
V 	3 -7 - co  a kT 

2 

The molecules which evaporate lose their original energy at a distance 

of one mean free path from the surface chf the droplet and it can be 

assumed that 

2 
211-  co  a ,1kT 	in the range 

and V = 0 at r). R + 

R 	'?‘ ) 
) (29) 

)
) 
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(28) 

Consequen-qy 
A 	

i 
.,-1 

f 
I —.11 
	/ 

_ _e_A r  31_ 	S
r' 

Tx l, _q ____ 
) 	rl  IR 	1- I 

	
k J. 

eN 

k 
R 

R 

When two droplets collide, the concentration of evaporating molecules 

is effective at a distance 2 not 	. 
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If coalescence occurs when the two droplets are just in contact R = 2a 

and. 

stp,2 "TT (12A 

This equation is valid if the particle size does not change appreciably 

due to evaporation during the time considered. 

If no evaporation occurs, then equation (32)- is identical with 

Smoluchowski's coagulation equation. For example, consider 0.1 

miclon droplets of dinonyl phthalate at 20°C. 

concentration of the vapour molecules is of the 
-10 

Then the numerical 
5 	-3 

order of 10 cm. 

and the exponent is of the order of exp. 10 
	

which is negligible. 

However, for water droplets of the same size the exponent becomes 
5 

exp. (10 ) and the coagulation rate would then be negligible. 

X.3.2. 	The effect of Van der Waals forces. 

Tikhomirov et al (1942) state that due to van der Waal's forces 

the rate of coagulation is increased by a factor 

(33) 

of equation (14). 

NO derivation is given but the forces are stated to cause an attraction 

cif 

L 
(32) 

(34) 
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London (1930) has calculated the interaction energy between two 

atoms. 	The potential is 

2 
V 	= 	- 3 	h 1,4.5 

 P6
r 

	 (35) 

where ki  is a characteristic frequency 

h is Plarck's constant 

P is the polarizability of the atoms 

r is the separation of the atoms. 

He also assumed that these forces are additive. 

X.4. Discussion. 

The theory developed in this section indicates that coagulation 

occurs at a rate which is different from that calculated by 

Smoluchowski and the examples given indicate that the variation may 

be considerable under certain conditions. The problem of calculating 

the changes in_particle size distribution and charge distribution has 

been briefly discussed and certain relevant relations have been indicated. 

In deriving the theory, it was assumed that coalescence would 

occur immediately if two particles made contact. However there is the 

possibility of films being adsorbed on the surface of the drops when 

the energy of cohesion of the liquid in the two droplets might be 

affected so that coalescence is hindered. In such a case colliding 

droplets would require suffieient energy to enable the surface to 

increase and to disrupt the film. 
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Two drops approaching one another sweep away gas molecules in 

their paths. When their separation is small, the resistance g 

will be increased since the gas molecules can no longer move freely. 

(c.f. e.g. Chapter II.) 

In this, section, a number of factors influencing coalescence 

have been considered. The relation produced initially is 

sufficiently general to enable other factors to be considered but 

difficulty may be encourtered in calculating the ottantial barrier 

which must be penetrable for ocalescetice to occur. 



wra XI. 
OZUSIONS. 

The purpose of this investigation was to obtailA information 

concerning the concentration changes which occur in an aerosol. 

The aerosols examined consisted of liquid droplets of radii in 
7 

the raze O.U6 to 2 microns and in concentrations up to 10 

particles pez• cubic centimetre, 

ASny of the previous studies have been made without sufficient 

eeetrol of the variables and without an adequate theoreticaj. 

investigation. One of the more vigorous investigations wL,.s 

carried out by lleepie et al (1947) and (1953) who 

examined the Changes which occurred in the concentration of an 

aerosol enclosed in a cube having a vdOme of 0.2 cubic metres .  

They showed that the rate of change in concentratin could be 

represented by the equation 
2 

dn 	-kn 	n 
	 14 

dt 

The o04?Iliation parameter k and the surface loss parameter/5 

varied by a factor of 10 for aerosols of similar size 

distribution. 

In the present work, it has been shown that the 

concentration changes in dilute aerosols can be represented by 



the partial, ttertuatiel etpatlint ; 

• 

no mass 

natio' 114 the enseel, that the particles acre involatile at that 

that onsets 0 woosatin -lere 	In cha)tcr V. 

the following ev.ation *as Ccerived to account to? the. "(Mots 

of coagulati,A In Addition ;- 

  

 

(3) 

w;41 dortcd ca4 thc AMIUM,Ai04 that orkv collision 

between too dartioles resalt*4 1,4 coalescence nv0  this 

osaueption 	dit,ousaeil in A04-0 'otail In chapter K, laws 

ettleets of electric charges co the Nr ioloa and of 

innossation of the droplets wello ennsiTtrodi 

The esportssotAl sock *as carried out using, a moarl 

d perm aerosol produced by 	ator 3intilar to that UN, 

The intxximetatioa of the osperiosnta4 moults was 

Uplifted. Three elethods of dotendUilaz :.tarticle 

slop and oco0Ostrstion in au aerosol sere es4owed. 14 the 
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prelininau experinents, a sofsiJAentation cell was used to take 

similes of the aerosol but Lhe method was shown to be 

unreliable. aibsequently, the aerosol was examined while 

enclosed in a soecial cell. ,t low concentrations, the 

photographic method was found to be adequate, but when the 

concentration was sufficiently hiji for the photographic images 

to overlap, a photometric method was used. 

The La tler generator was used since the information 

available indicated that aerosols of low dispersions could be 

producred. The ratio of the standard deviation to the mean of 

the particle radius was used by La ;ler as a criterion of 

disp,rsionl an aerosol being termed monodisperse if the ratio 

were leas than 0.i. There are no published data with which 

to compare the dispersion obtained but the values vele slightly 

larger than J.1. 

The rang.s of partic,.e sizes :o.0, to 2 microns) and 
3 	7 

concentrations (10 to ie particles per cubic oentimetrej 

produced by the generator were adesuate for this work but the 

control of the apparatus was not as rigid as might be desired. 

The characteristics of the aerosol being produced could easily 

be changed but the magnitude of the change was rather indefinite 

so that the required setting was ulti-motely obtaineo by trial and 

error. To obtain aerosols of lower dis)ersion would require very 
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e c 	ol of the ten peratur of the a;,pparatua.  

hich might form and perhaps fractionation of 

tyre nuclei.  

With the photographic technique the individual par (Iles 

be observed on the photomicrographs obtained andi t was 

found possible to measure particles of radius 3.06 to 2 mierone 

	

4 	7 
with an error of 4 gq., and M concentratims of 10 to 10 

particles per 	 centimetre. 

The range of aeelicatien of the technique is limited for 

very saall ,re areticfes by the eiTect of Brownian lestieft and for 

lono partials*true Short time taken to settle out completely. 
7 

Oemmentrstisse up to 10 par.iclos per cubic oentiftetre could be 

determined mithout the error due to OW r1ap beoamirc 42,e iable, 

The lower limit vez inposed by the statistical errors eco ing 

apereciable when less than 10 partieles were visible in the 

photomicrographs. 

The values of the par 

over tseedormamarmnents of co centration agreement 

with theoretical values pro 	that the effect of  

fluctuations in concentration had been smoothed out, 

nee the measurements c, f cc centration involved very much 

smaller errors than the measur nt of particle size, the method 

would ag1rer sui,t le f©r the determination of the ultramicroscopic 

d from 

atistical 



particles,. 

The photometric) technique used a method of analysis dependant 

on optical seatterine meesuremeets which are applicable in the 
3 	9 

range u.1 to 1 micron. eoneentiatioas in the range 10 to 10 

particles 9cr cubic ceatActre can be measured but it is 

expected tet the accuracy is diminished at higher concentrations 

due to the effect of secondegy scattering. 

The method is at present limited t) the study of aerosols 

of log dispersion but it would appear possible to develop it for 

the study of polydisperse aerosols if measurements are made of 

the light scattered in various directions. 

in chapter V. two theories relating to concentration changes 

in an aerosol were discussed. Davies transformation of 

lmoluchowski's equati n has been shoe as a result of the 

present experimental investigation to give an accurate 

description of the changes occurring in a dilute aerosol. The 

experimental and theoretical values of the earametere( were 

in good agreement with one another as seen in Valve 7.25 but 

there is a discrepancy when the aerosol is disperse since 

is a fuectioe of the cube 0i Lae /radius. 

The second equation which is applicable to the changes in a 

concentrated aerosol, has been developed by the author but 

cannot be appraised until further raezeatrements have been made. 

The values of the coagulation parameter can then be used to 
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examine the coalescence theory developed in chapterX. 

numerical analysis was used in the calculation of the 

paraeleteroZ . Since the measurements of concentration were 

subject to statistical fluctuations, considerable smoothing 

of many readings was carried out to obtain a single value of the 

parameter. 

nth the photometric determination however, a larger volume 

was examined, more readings were obtained and consequently 

the results were much more consistent and it should be possible to 

utilize them without further t.eatment. 

The equations derived in chapter V for the rate of change 

of concentrati'n due to sedimentation, diffusion and coagulation 

in an aerosol is applicable to other systems. For example 

in certain flames, molecules(or radicles) are produced, diffuse 

migrate and recombine. In a spark, ions are formed, diffuse and 

migrate in an electric field and there is the possibility 

of recombination of positive and  negative ions. In a wet film 

of paint, which contains several pigments which are initially 

well mixed, the colour changes considerably as particles of 

different pigments diffuse to the air-paint interface, and to the 

paint-substrate sur:Lace and also settle, float or form aggregates. 

The future development of the theory would appear to require 

consideration of mass motion. Indeed, the next step might well 
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be accomplished by replacing the diffusivity of a particle by 

the eddy diffusivity but it ooulu no longer be assumed that 

complete absorption of particles occurred at the surface of the 

enclosure. The sedimentation velocity might be modified to 

acoaant for mass motion produced by convecti)n. 

The Brownian motion of particles has several other effects 

in eaditiion to the diffusion of the aeroaol. 

In particular an uncertainty of (2Dt) is attached to the 

determifektion of the oosition of a oarticle at any time. If 

the time t of observation is made long enough for it to be 

measured acuxatey the position of the oerticle be,oramos uncertain. 

This principle is of fundamental importance in all measurements 

made with thsLruments of such high .:esolution that molecular 

phenuAena become observable. 

The phOtometer described in chapt.r VIII needs modification. 

Compensation must be mode for the flicker of the are and the 

response should be yulde logarithmic. Vurther, tabulation of the 

scattering functions is reAuired at smaller inteevals and this 

can be achieved by interpolation using the present tables. It 

should then be possible to obtain the required data for 

comparison of the calculated and experiaewal values of the 

coagulation paraaeter and to test the coagulate theory 

developed in chapter X. 
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Relaation solutL)n of  tho equations derived in chapter V. 

7,c).-otion of equation (26) was attempted using relaxation 

r_,etho(12- 	It was seen •t.;,at this c.qu<)tion could be expressed 

in terms of finite differences instead of in differentials. 

2 
i,e. 	co  + / c; + 4  )

c3 
h2 h

2 
2h 

(c2 ) 
4 — 2 (1) 2h 

The ri&t hand- side of this equation is zero when the equation 

,ontains 'the ,..r,;a -ialues of c. 	For an approximation to cl  there 

is a residual R amd the equation may be written 

R = 	6 cc - 2-Xco  + ( - 1 0  
7 1 

h2 	2h 1  
- -1103  (c  - 04) 1  

(h2  2h 2  2177 

(2) 

The relaxation technique may be used to obtain a solution of the 

equation (i.e. wlien R = 0) by assuming numerical values of c 

at intervals of Z and T, and calculating the residual. Using the 

network of values of c in the Z T plane, as shown in figure 1, 

values of c are assumed and the residual R is calculated at each 

point in the network. Then by the operation represented in figure 2 
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Figure 1. 

6he reciducilat each point is made zero. 

Figure 2. 

(N.E. This operator is non-linear) 

As an example consider the point Z = Q.3, T = 0.3 where 

value of c can be _'..,presented by c (3.3) and take an interval 

h - 0.1. 

Mtn a unit operator decreases c (3.3) by (6  + 20( ) and the 
0.01 

effects on the other four values of c are 



o 
0  

0(3.3) 	Morement to c = 	-1 

Al. 3. 

Increment to residual a .(6 + 	24K ) 
0.01 

°1 00+05) 0 = + 	c • 1 
k0.01 0.21 

A, 	! 

0.02 

C7  c(2 e1; 0 
410.01 0,2)  

04  c(3-r) 0 + 	1 
0.02 

P:y repeated operations, it is possible to make the residuals zero 

at ea,ih n.7;ac- of the net7ork and the correct values of c have thus 

been obtin€d, 

The solution of the sedimentation-diffusion equation was attempted 

by this method (i.e. when )( = 0) but it was found that the solutions 

converged very slowly, rounding*off errors and arithmetical mistakes 

accumulated so that the method was rejected. 

The differential equations may be considered as two problems. 

A 'jury' proUen. in the Z direction whereis defined at the 

boundaries Z = 0 and Z = 1 and the values of c must be 

found between the two boundariesiand a 'marching' problem in the T 

direction where c is defined at T = 0 and the rate of change 

must be used to obtain values of c at subsequent values of 

T. The imarcning' problem is more difficult to solve and probably 

causer 	the slow convergence of the solutions. 
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Appendix 2. Sedimentation in a Polydisperse Aerosol. 

If the particle size in the aerosol follows a Gaussian 

distribution then c(a) represents the fraction of particles 

having radii in the interval a to a + da 

c(a) 	= 	2 	exp. - \ a - 	a i 	da 	(1) 
r 
2 Ti 	 2 c 

Then the fraction of particles having radii greater than a1  is 

c(a >ai) 	= erfc_ a1  - a 	(2) 

In sedimentation a particle of radius a1  initially at z = 0 

will reach a position z1  in a time t, so that the sedimentation 

velocity Vi  of the particle is given by 

z1 	 (3) 
ti  

This velocity is approximately proportional to the square of the 

radius 

vl 	= b a
2 	

(4) 

If a and. t are written in terms of the reduced co-ordinates Z and T 

(see chapter V.) 
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= 

t v 

= Z 
V 

t1 	T1  

Then from equations (3), (4.) and (5) it can be shown that 

- 2 
al  = Al v 

TI 
b 

Since equation (4) can be used to determine the rom.s, radius 

equation (6) can be rewritten as 

1 
al 
	Z

I 
2 
	

(7) 
Ti  

If at a time Tl  all particles of radius al  have just fallen below 

the co-ordinate Z , the concentration of all particles at Zl  is 

given by the relation 

c (ZiTi) 	= wrf 
1 
2 ] (8) 

where 4 is the dispersion 	 

a 

(5)  

(6)  
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where ambiguity may arise symbols are defined in the text. 

collision area. for gas and vapour molecules, 

a 	radius of a particle 

a 	arithmetic mean radius. 

coefficient of accommodation for molecules on a surface. 

c4 	the parameter in the equation of diffusion and sedimentation 

V Li 

b 	breadth of beam 

dynamical friction experienced by a particle/unit velocity 

671 r  

a 

c 	velocity of light 

co 	numerical concentration of vapour molecules. 

o 	numerical concentration of vapour over a lane surce at 
saturation. 

O 	relative concentration of ?articles 	n 
no 

parametcr in the equatii:. of diffusion, sedimentation and 
coagulation 

=Kn0 L 

rate of cooling of vapour in degrees eentigrade per unit time. 

angle 



dL usivity of a particle. 

diffusivity of a molecule 

dispersion of radii of particles or coefficient of 
variutIn of r .dus 

= 	(a)  

a 

length at particle track 

e 	exposure time - of photograph 

electric charge 

electric field intensity 

error due to overlap 

dielectric constant 

frequency 

the slip factor for a ,arliele moving in a fluid 

flux of energy or of tarticles 

g acceleration due to the force of gravity 

mt 	viscosity 

h interval A i used in difference equatio- 

H interval Lff uaed in difference equation 

lwainous intensity of soattured light 

10 	intensity of incident light 

diffusion current 

k ,loltzomn's constant 

scattering area coeflident. 

X 	the coagulation coefficient 	kT 
7 
J 

Vorce exerted on unit masl in a field 

Li 	 a length, 



depth of observation cell 

mean free path of gus molecules 

wavelength of light 

mass of a droplet 

mass of a molecule 

refractive i&ex  

magnification of a photograph 

numerical concentration exp/....3sseu afl ?articles per cubic 
centimetre. 

Avagadro's number. 

P 	atmospheric pressure 

p 	vapour preasure 

Pa 	vapour pressure at a 4al4o surface 

Pa, 	radiation ores3ure 

Pr 	vapour pressure at surface of rddius r 

where /3 = 6 r 

R a radius 

sphere of influence of a ?article 

the ga3 constant 

radius vector 

density of material of particle 

Co 	density of gas 

S ':0ntingis vector 

a 	surface area 

0-  (a) 	staadard deviation of a 

surface tension 



element of volume 

e 	angle 

t 
	

time 

T 	reduced tie co-aidinate 

absolute tempereture 

velocity 

sedimentatin velocity (unless specified) 

V(e) 	veriance of a 

V 	volume of particles per cubic cent5metre of aerosol 

V 	potential 

Y1 	solid angle 

width of beam 

xor,is 	spatial co-ovainates 

X1Y,Z 	reduced spatial co-ordinates 

ta.) (ru) 	probability of particles having co-ordinates ru. 
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