
~ all" " ';: I "-- _ •. -.... I.,; ERHI NA'rION OF' SIZE 01 .IBD'IION. (SDF) 
..;.---:: 
.--- FU NCTIO B'l ELEC ROOl'"'ICAT .. HE THOD 

A 'fHESIS 

PRESr"NTJ:;O TO THE 

SCHOOL OF GRADUATL STUD I ES 

AND 

THE FACULTY OF SCIENCE 

ADDTS ABABA li!UVERSITY 

IN PARTIAL FUI.FILL TNT OF T HE 

REQU I REHENT S E'OR .,- tit. DEGREE 

MASTER OF SC:rENCE N PHYS r CS . 

by 

LTESHOME Ann 
ltl~l . LJ~b. 



O-L 
tabS 
-53 
7L\-

Schoo l of Gr aduate Studies 

DETERMINATION OF SIZE DISTRIBUTION FUNCTION (SDP) 

BY ELECTPOOPTICAL METHOD 

by 

Teshome Abay 

Faculty of Science 

Approved by the Examining Board: 

Dr . Jurgan Weissbarth 

External Examiner 

Dr . A. Spartakov 

Advisor 

Dr. V. Schepilov 

/ Member 

Dr . S . C. Chhajlany 

Chairman 



-... _ ... -_ . .., 
G t . ' . ".lilt 

" 
. .,.. ... ';' .:..ij ,I \. 

"Of A J ~ 

AC KNOWL EDG IN !NT 

It is (i grcat pleas lire to acknowledge JIly indcbteJncss 

to Dr. Spartakov for his valuahle suggestions, botll in the 

installment of experimcntal apparatus and in the formula-

tion of the method. 1 would likc to express my apprecia-

tion to Atc Semcreab Habtetsion, Ato Girma Dagne and W/o 

Harcgua Lemma for thciT cooperation during typing. Finally, 

I wish to express my thanks to 'iI./o Zenebech for her dil igencc 

and patience in typin~ the Thesis. 



---_. 

":-\ ~TS 

INTRODUCTION .... , .. , . . . .. . ........... 1 

CHAPTl:.R 1. SYllOj)jlS ••••.... 

1.1 S'at tTll f ] Ltrom.19netiL ~3ve 

by Sphc~lca pa~ cl~s .. , ........• 1 

1.2 SC3ttere tight a a means of a 

meas lin of .s i ~ .................... 7 

CHAPTER 2 . Retrospective m1.~thods ........... . ..... . 10 

2 .1 l,1icrophotogr.JphlC r'lethod (~lPGt-1) ... ]0 

2.2 DeterminHtion of sor by light 

scatterIng dt smull angles....... 12 

2.3 J)cp1uri atlon .. .. . ...... . 14 

2.4 Nep J (J t. t ric l od .............. 15 

2.5 \1eth~ d ot l,ht scatte in by 

rigl "1" P rr-iclfs ............ 18 

, I ;: . 6 HcctrOol'ti .... · J til fu.:' 1 )n nethod 

for , t i '0" ng colllridJ.J particles 

Silr \,it:l the r all o\\·~r.ce 0:- ,light 

J. t t nU.ltion. . . . . . . . . ........... 20 

, , 
L;\Sl I ", , lifir1ctiun system ffit",thod •••• 22 

~. 8 1et rm llation - . Sl)f. [rom the scat-

tering jjJ (;;:> t r , In to. pre. ence 

of Sie <Ie .. . .. . . ..... ..... . . 23 

CHAPrrn 3. Dt:tc .1linatiJl' SPF"lv l:1 ctr' cptica1 

method.................. .. ..... .... 25 

3.1 rileol ( 1 tormu ation of the 

nH~th, d , .. .. , . . . ... . . .... 25 

3." Arr.pl 1 t u dt..' f C..I'ild+lon AI ... 79 

3.:) D1.t1.'rml 11 i f , I i C:1 ' Sl 31 



-_ .. 

II ' ,p 
, , 

3 . 4 Dctermlnnti I J V f' nt 1 a 1 

..- - Jil(ter . . ... . 32 

3.5 fheor'C"tir.: 1 m(tl'll'J [J t ~l 3t-ion of 

SOl' ..•.. 51 

3.6 liIuat i on uf iwt i nn 

3 . 7 Deduct j on of fUllltlonal ~arrel~tions.. 38 

3. 8 Determination of dj'Hnrution unctjon 

f r om cxperimantal {lat~ u. 'n~ the 

functional ~or 'clat10n5 

3.10 Cell design .. . . . . . . . . . .. . . . . . ... . . . 

40 

3 .1 1 Mc t hou of .lIe t!>u lll~ lht;: a'L~'l" uf lal!g . 46 

3. 12 Procedun: . . . . . . . . . . . . . . 48 

3.13 hpcrimental l!':1,t.l •• 50 

TAB!. fS 

Tab l e 1 26 

Table 2-Jl 50-59 

EX PFR IML TAL GRU'W . ... . . . ....... . . .. 60 

RIf FR I"CfS .• ' • • ..• . .•.•.•.•..••. 



, 
' " 

• 

In thi s work a method of de~crmination of size distribu-

ticn of colloidal particles has been developed . For compariso n 

with other methods, a review work is presented in the synopsis 

part and the pcrtinant ~xpcrjment3] results have also been 

presented. 
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"nen partie leo.; 'jTt.' in pol,nc medi.um the molecules 

of the liqUId 'Wl1J ahsorb on the <;u rfaces. of the 

particles. The re~ultlnp permAnent electric dipole 

moment IS used as tile specificotion of the size of 

particles. U5in~ tIle hcha~~or of anisotropical particle~ 

in a rotating electric fIeld, the SDF is determined for 

polydispcrsc system of particles. 
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CflA PT 'R 1 

SY\OPS Li 

1.1 SCArT FR I~G OF El.rCTPClM ICN HIe WAV E BY SPHFR ICAl PA RT ICL ES 

The vector wave equations of electromagnetic wave propagat 

jng in ani.sotropic media are. 

+ 
Curl E + • 0 . .. .......... ......... (1- 111 ) 

+ 
I 4 n j Curl H aD + (1- 11 2) = C .. ................ at r 

+ 
Div B = 0 .. ................. . . .. . . . . . . (1-113) 

+ 
Div D = 4rrp ........ . ............ .. ... . (1-114) 

Using constitutive law and ~quation~ ahove the vector wave equa ­

tions which could he derived arc; 

+ 
~E 

+ 

+ ~ + 
°dt 

Mf + 

• 0 .. .... .... ......... (1-115 ) 

• 0 .............. ..... (1-116) 

where 0 Rnd c are the conductivity of the medium and t he speed 

of li ght respective ly . Jor the field quantities written in t he 

form; 
+ • • 
A = (a + ie) IXP (i.,t) .............. (1 - 117) 

the Maxwell's equations reduce to the formj 

+ 
Curl H 

• + 
Curl E· -ik II 

(1 - 112a) 

(l-I11b) 
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·h 2 4na \Iii ere . In = w-1 - - ..• • 
" 

....... (1 - 118) 

and k is the pro'j:agatl n Oil t\l" In \.l'UUIt\ · The solution of 

equation (l-ll~) 1 r,1V('II hy, 

and tan 

J 'J T' I' = Iml' [Ces ("'~-

A • 4 IT 0 

£" 

+ 1 S n (~~)] , n = 0, 1 

For homogeneolls medja. cqUJt ions 1 111b and l-llZo should have 

solut i ons whose components 5<\t i fy the wave equat i on; 

IJ.'# = 2 2 -k m 'f •••••••• ..... . . .. (1 - 119) 

For a plane wave travellIng along tll~ Z-dircction , has t he for m, 

" '" exp (i(-krn!. wt) I "'nere km is the prop agation cons t a n t i n 

the medium with rcrrd(ti~L index m. lhc ~ave will be damped i f 

m has a negative imaginan part ;md is undamped if m i s real . 

In the latter case). • ~ For propi..Igation through t wo different 
m ~ 

media of rcfr~ctive inJcx ro l :lnd m? the boundary condit ions us ed 
~ 

to solve the differ~ntial rQuations are; n x 

~ 10 ~ 
nX("'2 - El) = 0, which hold for the tangentia l component s . For 

normal components the houndary conditions are; 

~ 

n • 
-, "'" O. where n 1S the unit normal vec t or fr om t he 

direction of propa~atjon [0 tIle interface (6). Bas ed on th ese 

~rguments the solutlons of tile wave equation could be obt a ined. 

It is assumed, a~ in n~~t uStlal case~ . that th e sca l ar wave equa -

tions are scparai1le loto c;pilcrl.:'al coordina t es a nd bec a use of the 
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additivity of the scattered intpnsity, assumes solutions of t he 

type; 

• In 
=[COS(1~)J 

Sin(l') 
(mkr) ... (I-IZ0) 

where ~ is the azimuthal angl£'o 

In equation (1-120) n anJ 1 arc integerc:; and n > 1 > O. P~ (Case) 

is associated lcgenJer polynomial and Z (p) "'.; -zn Z ! (p) is the n n+ 

spherical bessel function. By vlltue of equations (1-115) and 

(1-11~), the ficlJ vector ~ and 1 must be sol~tions of 

6A+k 2m2A '" O. If further" satisfies the scalar wave equation 

+ 
then; M'i' = Curl(1,) and mk~ ~ Curl • 

+ 1,., should also satisfy the 

vector wave equations. In addition if U and V are two indepen­

dent solutions of the se' lar wave equation and Mul ~uJ t:l v and 

N
v 

are the deri ved veLlol ficld~ I th€' 'taxwell' 5 equations will 

be satisfied by; 

F - f.'! +j~ 
v u 

(1-121) 

i1 = m H1 +i ill ) u v 

I.l:{uation (1-121) shows that the components of 1 and H, s hould 

be written intcrms of tile scalar solutions U and V. In the 

case of a homogeneous sphere an aS5umpt1on is made such that 

m
Z 

~ 1 and m
1 

I 1 ~nd 3150 the field quantities be experssed as; 

t", Ax exr(-ikz+ iwt) and H "" Ay exp(-ikz+il:lt) 

U and V can be obtained 3S; - 2n+l p~(cosa) U = exp(i .. t) COS~ t ( -1 ) n Z (kr) 
n-1 

n(n+l) n 

and V = exp(iwt) Sin ¢ f. (_lln 2n+l p~(cosa) Z n (kr) 
n(n·lJ n-1 
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The s~attered wnve~ hence obtained outside the sphere 15 given 

by; 

U '"' exp(lwtJ pi (Cose)h (2) (kr) 
n n 

v = exp(it<;t) 
0> • r 2n+ 1 

S,n. 1 -b (1) ::-;:=n-
n"'l n nt n·, J 

pi (Cose) h (2) (kr) 000 (1-12: 
n n 

Lquation (1-122) is the modifiod form of equa tion ( 1-120) and 

(1) on+l Ok ) 
h - (kr) • 1 exp(-I r 

n ----vT 

Usin g the boundary cond Itions atter represent ing 

"'n(') - zZ (zl • 
n 

X lz) • -, (z) • n n 

(nz)lz +t (Z) • n , 

and taking the argument X = ka, y _ roka, ~here a is t he radius 

of the sphere; the coefficients an and bn then obtaine d are, 

and 

a n 
• 

~"t (Y)." (x )-tnl· n (x)", ~ (y) 

.j,"~(y) y[x)-mon(x) y' (y) 

m~ ~ ly), n (x)-. n (y). ~ (x) 

m>;, (Y)Yn (x)-"n (Y)Yn (x ) 

the scatteTed field at a large distance is approxima ted by the 

asymptotil.. ht::haviC'llr of equation (I-ll2) to be; 

-iros! - 2n+1 P~(CoSO) U • exp(ikr"iwt) E a 
kr n-I n n(n+TI 

-iSinj - _Ct+1 1 'b 
V • cxp(-ikr+i .. tt) r.--1jP (CoS6) n n+1 n n 

--------------------------------
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There f c-rc, the al1f1cntia qelJ (omponents 1] and li e can be 

deri ved 11 Y dcsi~n3t ng, 

and 

a s; La = He -
- I: 

'~e = lie = 

hhere 

S (0) • 
" 

n (Cose) • S~L- 1'1 (COSO) 
n 1. 11 n 

'1'1 (Cos e) 
n 

tJ)(Lose). --ro 

-1 
('xp(-tkr" i t 1 COS~ kr 

- l exp(- i k r +iwt) Sin t ki' 

SI (0) 

S2 (0 ) 

As the radial ~oml'onent dcrays more raoi dly than the normal and 

the tangentia l i t is ne~ l ected . For illumination by a plane 

polarized wave: Uo = exp(ikz +iw t J . 

1I " See"~ cxp(ikr+ iw t ) -rk""r 

exp(- ikr+1kZ)U 
" 

I'hcrcforc the scattered f j eld component s In gene ral are given 

exp (- ikT +i wt) 
ikr 

hhere '1.1 a nd Fr :lre the parall e l and th e perpendi c ular field 

components kith respect to the pl ane of observa tion. For 

In t ensltics are PIV~ll h)': 

~----------------.. --........... 
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For this system thr extinction )~fflcicnt is given by; 

-, ' f Q<Xt $(a) Gda .... (I-US) 
o 

Hence physic311Y mra5ural1le quantity. contains the distribution 

fun("tion ~(a) Gda. Usin~ <,quatton 11-124) the more general form 

of thp scattered intensity o~r~lned lSj 

- F f ¥ Z .(a) G(a) [ da 
oK (r-a) 0 

(1 -1 Z6) I • 

~~cr~ era) is the shape factor and fOT spherical particles; 

G(u) "" rra Z .... here a is the size' of I,article and Y is the distance 

from the system [0 the point of observation. Therefore the 

appCar1nc.e of the distribution function in the measurable quant-

tjc~ i5 Me~nt to the det~rmin3tion 0 the SDF +(a). 

l .• SlATTHllD'L1GHT AS A MFA~S OF A mASURE OF SIZE 

A remal i-.ablc effol"ts have been done to d e termine size (SO ) 

from the me~~urenlcnts of scattered intensities. Assuming ttl3t 

"'n (a) /m-a/«l, where k ... =-- Clnd a'" T«}. 35 ind i cated in [7]. 

I • 

> 

I k ZV Z (,,-1) 2 Z 
o 1 ->r _ IR(a,.)1 (l~Cos a), 

r"8n-

""here 1 .is the scattered intensity and R(a ,f) :::t ~ f exp(il5) dV 

for 5:: ky. 
...... .. (m-n). m and n being directions in the incident a nd 

the scattered li~ht. It was al.:;o shown that 15:< 2kb Sin (e/2) 

\ ... hc're n is the rhase angle and b is the bisectrix [1] 

dV C:sJ (
s (a)) 

I ik 3 tm-l) "'--"211 -f exp(l&) 
5Z (a ) 
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~Ilere dV is th~ v~~umc 1 ment )£ tile system. 1n thE" lL'Tlitinr 

cast.: r «~ and for l:l.ne p Jari2ed incjdent light (Ra\lCi9h) 

the intcno;;itv - att n'd ~t n aT1\.Z ce from the inCLdentdirection 

l·.;: . - . 
(1- 2 1 ) 

1n prlncipl~ equation (1-21) c~n be used to determine the size 

of spherical particles. Severtheles~; the size of a particle of 

unJform droplet size can be obtained by measuring Ie at angles 

yarying from a forward to a back\\'ard direction and intergrating 

over thu spherIcal sllrfac~ [9]. Extensive methods of size deter-

mil~at on from ~catterin~ vrinciplcs h1ve also been discussed in 

lID], for rarticle~ Jl~ving smaJler size than the wave length 

U~f·u. 

For sphere of radius " a " a function 

where 

lJ .. ing 

a 1 
od 

the 

G ((I) • 

U • 

..::ondition, 

1 /1 -lzu 
V -1 e rra 2 (l_z2) 

4 a Sin e 
-)- r . 

that .< fiT!'"t mInImum 

G(u) is defined 

adz.; 

of two different 

Th~ values of GfU) are tabuJated for different U. FOT twO 

[ I J] ; 

size 

different angl~s e]. 8
2 

corresponding to two different wave 

length Al and A,. U 11as been evaluated interms of a 1 and a Z' 

The size ~as then determined from the intersections of the two 

~-----------------------..... 
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graph" of G
1 

(U) nd 2 rli) \' rs I~ ";1" [12]. as g ven in /1/. In 

(] - 21) r is the dlst,l1~ce f,"om the <,rhere to the point of observa­

tion and e i~ the anglr he weerl the direction of propagation of 

the scattered and thr in_idellt light. For unpolarized incident 

light the i~t~lSitv ~a[t{yed in the direction e is 2iven by 

9 l lit.. 1 V2 
• -.,. I -y- /-.,-

., TO. m" 2 }.-
2 II +Cos s) . •. (1 - d) 

f-.quarion (l-ll) dl~plays the fact that the scattered light by 

~phere of any size is l"ompo:;ed of scattered light from two inco· 

herent plane of nolanz.ation which are mutually perpendicu)fU. 
, 

In this cas€' the '\.:os-a" term, il equation (1-22) , gives rela-

tive intensity of the scattered component whose electric vector 

lie~ In the plane defined by the incident beam and the observed 

sc~ttrred beam. The tClm unity 111 equation (1-22). repTe~ents 

the s,,'attl red component perpendh"ular to the plane of observ3-

tjon, when multlplil'd bv the factor. For spheres of any size 

the general f011ll )f equation 0-22) is gi_ven in 17]. 

, 
) - . 

I "" ---. .. 11 +.1"'1) 
R~£ '" 

which is equival,:nt to i"qu3tion (1- 123'). The complexi ty of th e 

different methods arl~es ill the case of p01ydisperse systems and 

failur to idcTltlfy the property that c learly characterizes size, 

despite thpse; dlfferent approaches have still been excuted to 

get to a consistent onc. 
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ellA PI ER l 

~LTR05I'LCrrVF ~ITHODS 

.1 \fJ(ROI'IIOlOGF\PH IC MrTllOIl (~PGM) 

lhjs mctllod IS the mo~t simple and precise one. One of the 

tn: i at l'1PG\ ) for dispe rsion pa rticles has be en d iscussed in r 13 ] 

In ttl i s mt-thod a photog raphic image of co ] loidal s pecimen placed 

\,n a plane; has b('en magnified (2500-10000) times. Depending on 

the dimensions of part icles; 1000 to 2000 particles were compared 

wit-,h the area of circ les d rawn on a transparent glass. The method 

of correctlng cocfficlent was suggested {12]. because o f the wide 

range of the values o f the areas o f pa rticles a nd c ircles. A 

mon' ( onvl..'nient method was sugges ted [8] using a scanning beam . 

. \ I 'l"". of" light cresses the particles straightly, the image is 

tran~foTmed into a seri('<: o f clpctric impulses. The time of each 

' rnr ul~ (orre5ponds t( the len~th o f the partjcle which is v iable 

to deftne the Jcrl~ ity of dlstriblltlOn function t( x) of the e lec­

tric impulse in acco rdance witll the d imension of the particle. 

For monodisperse particle.:; wi th radius R • the probability o 

J~, that the b~am of l ight wlil CTOSS the particle in the intcr-

V<ll b. y+dy) is, r:l.a; == dy/ F.
o 

.. , (2-11). But fo r c ircular partIclE 

l ' X +), .. = R2 holds and; 
o 

dw • xdx 

Bec<luse of the rela tion; t (x) dx c dw 

(2 .1 2 ) 

(2. 13) and f r om equa-

tio n (2.12), the- SllF for monoJispe rse sys tem h ill be ; 

----------------------............ ... 
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(2.14) 

Similarly f~r polydisrer~e particle~ the SOF depends upon the 

dimpnsions of the p.:trtjcJe~. In this case the general form of 

tile Sllf can 'e deduced from equation (2.]4) and it' . , 

,(x) • Ret .. , (2 . 15) 

\'.11 C H.! fCR.) is a corrcctinp, factor to a circular shape, f::qUo.tlon 

'~.lSJ csn he rewritten as; 

~ = f 
- .u/xZ+yZ)x dR 

x 7 +y2 " x 
rr 

nenoting ...!iY H(x) and F \ Ix J 
x x 

(' 10) car. be written aSj 

Hex)"" f 
o 

l ' 
'" (x +y" )dy 

(2.16) 

- '" (x) ; 

.... (t.l -) 

h11crc in many cases of pTactical distribution the function II Cx), 

can be rearranged to have the form; 

(2.18) 
H(x) • 

For the type of the function H(x) equation (2.17) has the form; 

F'R) = 
2 

- aX e (28 (a/n -
o 

a 2 4 
~)R +2a 1 (a/n)R ) 

Whj_ch is the SDF for fo.tPGM. Obviouc:]v the valldity of this method 

uepcnd:s upon the functional relation gIven in equation (2.18). In 

search of ~Rtlsfactor) method, An emperical approach based upon 

~---------------------...... 
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the 5U~ of the intensities scattered. 

I. (6) • LIN ( p ,S ) 
" N . 

for all particles iOT small srattering angle [15] 

1(0) • r lip,S) t (0) dp ... (2 . 22) 
o 

fquation (2.22) can be wri tten as; 

o 
r, lS) • r 1(p, 6 ) Hp) dp + 

o 

r l(o,S )'(0) do 
p 

(2.23) 

Here; p IS the value at wiu.ch equation (2.21) givE's the most 

exact value. For lar~e particles, the first term is much sm311cl 

than tile second term, 1n that case the equation reduces to; 

l 2 
• c;o(p)p J1(p,S)d, 

p S 2 
IrS) 

.,. (2 . 24) 

The SDF, 4'(,,), can be determined from equation (2.24), as it is 

a homogeneous intcrral equation. In this method it is possible 

to obtain the result MOt"C or less quickly. lIenee for rapidely 

fluctuating process, the method is more convenientely applicable. 

But the draw-bac.:k of this method is in its considerable erTors 

for values obtained. For large angle of measurement, the error 

is some (50-70)\; due to the fact that lr~) decreases very 

quickly \~hen the angle increases . rhis method IS rather widely 

u~ed in the investigation of a~rosols. 
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Here ~ (r), is the distribution function In size, C is the nor­

malization constant. 

The SOF assumed [16J has the form; 

(r-r J exp(-(!;.!o )3); for r>r 
• (r) • {a 0 - a 

0; for r < r 
a (2. 3b) 

Where TO and S arc parameters of distribution function. TO is 

the smallest radius of particles and S is the modal radius. HE 

by determining TO and s it is possible to find t(r). Taking ir 

account equation (2.31), (2.32), (2.33) and (2.36) we get 

a • 
FU (p,q) 

(2.37 ) F
1r 

(p,q) 

where p • 2nro. , 
and 2ns q • -,-
Practically it is possible to find a. Plating the theoretical 

value of 0exp' p and q can be found from the coincidence of the 

two curves. As a result TO and 5 can be determined for the 

determination of t(rJ as discussed in (16]. 

2.4 NEPHELOMETER 

The technique, as In the case of other methods, is based 0 

the ability of COlloidal systems to scatter light. By determin 

ing the intensity of light scattered by a system it is possible 

to determine the size of the particles and SDF. According to t 

Mie theory; 

tic ,. .•. (2.41) 
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Where ~ is the scattering coefficient; C ratio of volume of 

particles to total volume of colloidc , n i s the refr active index. 

For a given At 
• I1nd a ....., 

where "d" is the diameter of particles. It is assumed that all 

'particles are spher e of equal diameter. 3 j and b j are functions 

of ex and .:2 
n 

m • 

As the thickness of the medium through which light is propagating 

increases the intensity of light decreases and this can be stated 

in equation form aSj 
dI 

- Tc1x • T (2.42) 

where I is the intensity of the incident light and "dx" is the 

thickness of the layer; the value of TIC is calculated theoretical­

ly and the result is given in [17] for A'" 5461AO. For this value 

of wave length of the light the change of Tic for small change of 

m is very sharp in accordance with the relation (2. 41). For 

smoothening of t his sharpness a logarithmic operation has been 

used in order to interpolate between consequtive tabular values. 

Hence; 

This gives log ~ - log ~+Io(a.m) log(m-l) .. , (2.43) 

It was shown,(lB], that the function is approximately linear to 

log(m-l), when T is maximum, and also log ~ -:: log 1. For the 

case of maximum 1, in the visible region, the slope ,,5" of the 

curve ~ versuS 1, will be; [19] 

• 
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S : _(alOS')\ d 10g(n/.u-(.~og,)\ ('lOg.)\ 
a'logn d log II • o'A n. O"A -

T a,m r- m - e- d 
• ' A 

( 
'JOg,) d log (m-I 

- aIog(m-I) d ,-5: ( d 10gA ) 

From equation (2 . 43) , the equation obtained is; 

and 

('(IOga»\ • 
~logA d 

the resulting equation hence is; 

S' _fl_(dlogn )J[I+('IOg,)\ ]-
d log A .logd n m'I 

alop I d IOf (m- l ) 
.Iodm-lJ J!'. d og A 

, A 

The values of d log (m-I) 
d log A 

d log n and d log>. ' can be estimated fTom t heore-

tical tables or from the plot of the function Tic. The other t wo 

terms are determined experimentally, which are necessary in find-

1ng the values of T aT tiC, sometimes it is more convenient t o 

use the value. , 
5, = _(3(,/C])\ 
c 3T'Oi'T d 

where as, for polydisperse system 

, 
, •• C.(-l, 

i 1 c 

The light scattering coefficient for such a system can be wri t t en 

in integral form as; 
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(2 . 45 ) '(r)! ' !~ ~ F (d)6d 
o 0 

Wh e re F Cd ) is t he distribu t ion function of par t i c le s in sile . 

We can write: 

(S~)I .; (a(T/c)1 F(d)6d 
coo a togA 

d 

• ! (ST/
C

) F(d) 6d . ... (2 . 46) 
o 

./e and ST/C in e quati ons (2 . 45) and (2 . 46) can be c alculat e d 

and gi ve us th e possib il ity t o write F(d) as; 

(ST) • ¥ (¥)! ;F (d )6 d (2 . 48 ) 
c i-I i 0 

In c ase of l oga,rithmic normal law of distribution equati on 

(2 .47 ) and (2 . 48) can be rewritten as ; 

where fi i s given by 

whe re 
t = log d - log d 

l og" 

fo r an average diamete r d of par t ic1es a1] d a char acte ri zes the 

half wid t h o f t he c u rve [ 27 J [20] . 
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we obta in; (2.55) 

In order to determine the SDF , n. and 9.. have to be deter-
1 1 

mined . In thi s re spec t. th e experimen t al curve of the rclaxa-

tion time of the particle after swi tchin g off the elec tric field 

has to be us ed. rxperimental l y it is possib l e to determine [21] 

graphi cal curves at the separate parts. It means the real 

experimen t a l curve is the combination or sum of the separate or 

individual c urves wh ich correspond to de fjn e group of particles . 

Thus family of exponential curve~ for real experimenta l one can 

be writ ten as; 

"t • 
"0 

n 
, e 

i=1 

t-tio 

'1 .... (2.56) 

comparing equation [2.S5] and LZ.56], the result i s: 

t· 
cxp(~) C 

i 

whe r e 

n. = 
1 

c = 

(2.57 ) 

1 

£quation [2.57] gives the final result; for each length t i the 

respective n
i 

can be found and the SDF can be ploted . ~io'~iJloi 

are calculated by comparing experimental and theoretical curves 

in accordance with the method given by the author of this section 

[21] . 
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2 . 6 ELOCTROOPTICAL D1FFUSJON METHOD FOR F.ST IMATING COL LOIDAL 

PAR'rIC L ES SDF WITH 'fHf.lR AL LOWANC r OF LIGHT ATT £NUAr ION 

This \Io'3S sugges ted and developed in (2 2]. The theory is" based 

upo n the ele c troopti cal prope r ties of part i c les , th ere by giving 

differen t approach t o SDF. The value of the optica l effect a SSQ­

ci~ ted with t h e rel axati on time of the col loidal pa rticles orlenta­

t io n after the removal of th e r otat i ng "t:-£ield is ass umed to be 

re lated with t( l' ) t hrough an i n tegral equation. The stated pr obleJ1l 

is of none- c orrect in g class (choice of parameters). A more de ta iled 

method of solution has been sugges ted" {22]. The polaTized light was 

send t hrough colloid s olut ion , which contain s pa Tt.i cles oriente d by 

th e rotating field. Af t er switch ing off t he field the ro taTY 

d iffusion mot ion o f pa rticl es begins from saturation s tate. Hence 

t he intensity of the polariz.ed light will have dif f erent value s . 

The optical effe,t N(t) is given by 

where 

N(t ) .~ ,"(3 Cos 2e_l)F(o,t)Sinede •• • (2.61) 
o 

N (t ) • 
11r(t ) 

Tll (tl 

. " 
(2 . 62 ) 

llr(t) and III ( t ) are ligh t intensities crossing th r ough colloid 

whi ch are po lar i zed perpendicular and pa'ral lel t o the electric 

field res pe ctively. ok· kU (r) - klr( r ) i s the d ifference of 

extinction coeff i cient of part ic l es of radius T along an d acro SS 

t h e long an d short axe s respecti vely. F(e . t) is a func ti on of th e 

an gular dist ri bution of the axi s of particles with respect t o the 

d irection of th e electric field . 
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It can be shown that 

N (t) • ok (1 - 3/2 Sin2e) .... (2.63) 

where Si0 2e= 's' 2 f 1n eF(e , t) Sin&de; 
0 

If t • 0 and all par ti cles were oriented comple t ely then 

(2 , 64 ) 

as given in [ 10} . Wh e r e D i s t he ro t ary diffus i on coefficient, 

so lving equ a t ion [ 2 . 63 J and [ 2 . 64J N(t) will be ; N(t) • oke-
611t 

[2.651 . This equa t ion can be used for po]ydispersc system and the 

optical eff ec t i s; 

a 
N( t ) • f f(T)e- 6D (T)t dT (2 .66 ) 

o 

Where fer) i s th e SDF. N(t) can be obtained experimentally and 

fer) has to be found in Tichonov's space w~ of re gular function 

with their me t rix i 

(2.67 ) 

The functions £1 a~d ~ .f2 are the elements of the space W~[23]. 
Hence by this approach it is possible to solve the problem by 

removing the none - co r rect class. In the conditionally correct 

class using the method of regularization for solving equation 

(2 . 66), the authors have found; 

where 

b (T) • : k (r, p)f(p) d p _a[d 2f~r) 
o dT 

K(r , p) • 
l_e6[+D ( r)+tD(p)J to 

6[D(r)+D(p)) 

_ f(T)J ... (2.68) 
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is the kernel of the integral equation. Also b (r) reduces t o 

to 
b • I N( t) e- 6D (r)tdt 

o 

a is the parameter which is ca}culated from equation; 

(6N)2 = r: [: e-6D(r)tf·(r)dr_N(t)12dt . .. (2 . 69) 
o 0 

Where (6N )~ i s experi mental error, t is the inte r va l of t ime o 

lo,t
o

] which determines time of mea surement of N(t ) . 

Z.7 LASIR DIFFRACTION SYSTIM MEl'HOD [ 24J 

In this me thod it was pointed out tha t SDF t o be determined 

using supe rimposed fraunh ofc r di ffrac tion pattern of moving particles 

on a focal plane of a l e nse. In addition, th e obscuration of 

diffracted l ight i ntensi ty of slits by obS t8 Cls bchined t he s lit s 

was an alyzed and the i nfluence of particle numbers in 3 unite 

volume on di ffracted light intensity was est imat ed. 

A sys tem of Linear equations were developed and us ed to 

dete rmine particle's radius. The energy on the torifaces,having 

different radii, L
I

, L2 , L3 were obtained from; 
. -

Ll • a11W1/b1 + a1ZWZ/b 2+ + alnWn / bn 

L
Z 

• "Zlw1lb1 + a22WZ/b Z+ + aZmWn / bn 

where W.s' are gross weights. 
J 

The light energies were detected us ing a phot ode tcc t oT, and 
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t~rse values were SUh~tltuttd 1n the .bov~ P~JltlO to tt'lln 

particles aia..l~tt·r n 1 • b,. b . 
• n 

The drat.: back of thi!' me'thod ic; t1lat the nurnher of par"lcles 

that the method (.'I aV(>1"rl.l _lll(~JlSI,l llllnlm cd the nf..u nee of 

ob~tacles on the mea~ ~rcd intensity. 

2.d DETERMINAUSlN OF SJJF FROM [HE SCA1TU(]NG TI!; lCATRlX IN 

THE PRESFNC1_ OF SPl-nU..l14hJ ;'J 

~np'ul aT' dlstributj ('jl"l (\OF' I')f thf' c;cartl!rr-d int£'n it). A 1 IS'~T 

;..;a~ usc;'J as a light sOLIn.:'" faT scl "-ld:nlnou .• fI ,w,." of parth:l('~. 

A speckle \I-as obs,",TveJ 1n tile recordifa" plan, ('1" I' r' Ie Ie 

.-;i,e: r» )., small nn.glc light diffr~ ti"n l~"<:: ;,~ AI' of 

the ."'(.aTtered intensity c0no;;iuercd '''''IS , 

I (6) • 
.~ 

T~T' 'k,·. ) 
1"'1 1 j 1 

.. . ti . 

con t~nt. hi 

th~ presence of spc~kle the Int~nslty 

N-j N-1 
J.(.)1.tO) Co. (R,-r.., 

1 J ' 
• (2 HZ, sea) • J(e)+l r 

l'/here R. is the opt i ctl path length from the pa,"i. }- 1.1 the 
1 

recording point. Tile dependence of Sla] on th~ ra~dom plrticte 

dis tribution .... 'as tlsed 3S ttl~ startitlg poil"t ot d t lmin~tl0n 

token"" s,eJ -ICe)L I>' ] .. SDF. lhis depend'Ln(c wa~ 

J,I h'. ,,,,- Ii: ,1~ a ~". '1. H rt 
ObtaiM.J. -W.. . 

11 ~ '1' (' '1 ~D' 
J fer) 

I 
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CHAPTER 3 

Determination of Size Distribution Function (SDF) 

by Electrooptical Method 

3.1 Theoret i ca l For mul ation of the Method 

When particles are placed in a rotating electric field 

[22,261, they will be or iented by the field. This field is set 

rotation by using a thr ee phase vol tage input . The or iented col 
. 

will rotate with angular velocity ~ f.It' la gp:ing by a cer t ain angle a , 

constant in time, from the field . The eXDeriwental . schome is 

in Figure 1. 

>-E)-

........ 
-, 

:rl~ 

/ 
Fig. l: 

- .. 

o 

rl Ph . 6) ........ 

-oE~ - : ~ - ~Y % 
~ . . 

~ 1 0 I 
Diagram showing the appa ra t us 
for setting up the field into 
rotation . 

f-

5 , source ; L, l ens; P, polarizer; 

0, oscillograph; A, amplifier; 

Ph, nhotomultinlicr 

H, solution with electrodes; J, generator. 

Since the sys tem of or iented colloidal particles JfO$UU dichro is • • 

'd" and therefo r e acts as "analy' 
the solution is a kind of "Polaro~ . 
In the above optical scheme rot3tion of such analyz.er with angular 

velocity ~ t relative t o the immovable pola ri z.er "P" causes 



• 

- , 

- 26 -

sinusoidal modulation of the light with frequency 2w. The 

depth qf modulation depends on the perfection of the analyzer 

as a second polarizer. The modulated amplitude can be ObS!TVed 

and measured on the screen of an asci.] logr apb "0" after a 

preliminary amplification by the photomultiplier I~. For parti­

cles having a permanent dipolmoment ~, the predominant factor 

of orientat ion in the R-field, the equat ion qf motion is ; 

. E Sin. = nV [P] wr ... (3. 101 ) 

where wF is the frequency of the R-field. 

The left side of equation (3.101) r ep r esents the moment of 

the R-field, and the right side is due to th e viscousity of the 

media. V, is volume of particle; [P], shape factor which is 

related to P, ratio of the semi-major axis to the semi minOT 

axis (Tab l e 1) and is calculated in {27] . n is viscosity of 

the liquid; a, ~ngle of lagging of the vector; from the field 

direction. For a prollate ellipsoid; 

(3.102) 

P 4 5 6 8 10 
1 1.5 2 3 - .. , 

[P] 6.0 7.5 9.0 14 .0 20.1 27.7 1 35 . 8 56.1 80.5 

Table 1: Calculated values of fP] for a given value 
of P[27] 

~l In equation (3. 102) is the sum of the dipolmomcnt of all 

f 1 cm
2 

water molecules capable of forming a sinple layer a 

and P is the ratio of the semi - minor axis to the semimajor of 

the ellipsoid. Since the molecules of water adsorb on the 

surfaces of col l oidal paTticles, ~ is purely surface property 

[ 28] , and is associated with th e anfle 
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of inclination 8 of the water molecule dipole axis relative to the 

partial ,'surface. If "I" is the long axis which corresponds to the 

direction;) then; 

3 2 l{3 
1 • [(r.) V] ••• (3.103) 

Obviously; Sin.' V[P]nw/.E ... (3.104) 

after combining equations 3.102, 3.103 and 3.104, we have; 

Sin.' B(P)l"" . .. (3.10,) ; 

where B (P) • . .. (3.106) 

For monoshape par.ticles, the dependence of B on the parameter "P" 

is very weak, and is quasi - linear, (Fig. 2- a) . 

C~.IO·. B(P)' 
2 

1 

,L-,--_~ ___ > 

o 1 10 P 
.... ... ' 

Fig.2 Ca) De.pendence of B on the parameter P for 
polyJisperse monoshape particles. 

Therefore, 
Sin.' Blw

F
; . . . (3.107) 

Hence from equation (3 .107) it is cleaT that each kind of particle 

h · 1 If-- S1'ven " F ' E end 1 Rte constants, th as l.ts own ang ea. .1.\ ..... _ 

the dependence of Sin 
II i.' , Fig. 2b. er 

. l' ar uptc a critical frequency 
Q, on WF 15 In e 
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Sin'" I 
monoshape 1 

o~----~------> 
WF 

(bH Ubitfl.q.t'Y 
shape . 

0:------------4 

Fig. Z-b: Dependence of "Sino" on t he field fre quency . 

wF o The val ue of wF is increased only upto 
wer e which corresponds to the angl e 0 = ./2. 

A(tJ) ( t. ) 

1 

1 f--------~ 

o Wer 
o 

Fig. 3: The variation of the amplitude of modulation A(ID) 

with tlle • .field frequency " F' (a) For monashape 
particles (b) For polydisperse system of particles 

of arbitrary shape. 

Hence increasing of a could be possible uptc Yh ; after which the 

modulation of light would be stopped instantaneously. In the case 

of Polydisperse colloid such picture is not possible. First the 

most big particles wil l stop its orientation when the angle (1 

assumes the value ~/2 . If further wF is increased, the situation 
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will ho ld for the more smaller and smaller ones until all particles 

a re exo$ted. From equation (3.104) it is clear that a is propor­

tional to "1"; that is when tl.i F increases a increases too. The 

amplitude of modulation (Fig. 3) of the light must be decreased 

because the number of mudulators becomes smaller and smaller as t he 

frequency increases . Therefore, it is clear that experimentally 

measured value of A(w) contains the real i nforma t ion concer nin g th e 

distribution func t ion in size. 

3. 2 Amplitude of Modulation 

The light absorbed, polarized along ao dir ection , by particles 

having dimensions from 1 to l+dl will be : 

-dI(l).J ' {Cos 2 (a _.(1))X,,(l)+Sin2 (. -.(l)K (l))N+(l)dL ... (3 . 2( 
o 0 a r 

where K .. (1) and KT (1) are reflections coefficient s for particles 

alon g and across the long axis. 10 is the incident intensity; N, 

total number of particles and ~(l) is the dist r ibution function in 

size. For particles, having arbitrary diRiensions: 

where 

which 

1 • 1 
cr BWF 

corresponds 

( 203) The value 1(1 ) has an extremum ... 3., cr , 

to one of the axes of the colloidal polaroide. 

At the extremum values: 

dI(l) cO '" (3.204) 
~ 
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The extremum condition is specified by CI J when (I, 50tis fies the 

relation: 
1 

tan(Z,,) = 
r ° er f (1) SinZ. (1 )dl 

1 . '" (3.Z05) 
{, er f (1 )CosZ. (1 )dl 

The amplitude of the modulated polarized light, passing through' 

the system of dichroitic particles is proportional to the difference 

of intensities of light at plan e of polarization along and acrosS 

the direction made by a and is given by: 

(3.Z06) 

where 
1 

1- (1) • I [1- f cr X(l ,. )Nt (l)dl ... (3.Z07) 
• ° ° 

and X(l,.) • Cos Z (a-. (l))X .. (l)+Sin Z (a - .)Xr(l) 

1 
Al so, 1+

90
°(1 ). I [l_r er H(l ,.)Nt(l)dl. ...•• (3.WS) 

a. _ c1' 0 0 

Here H(l,.)' SinZ (a-o (l))X .. (l)+COSZ(a-.(I))Kr • 

Consequently, the amplitude of modulation is equal to: 

A(l ) = I /er (CosZ(a_.(l))_SinZ(a-.(I)))6KNt(l)dl. .. , (3 .Z09) 
c1' 0 0 

Representing, f(l)= NAK(l)t(l); AX(l)- K .. (l)-Kr(l); 

equation (3.209) can be rewritten as; 

A(l ). I /er f(l)dl~ZI i er SinZ(o-.(1))f(l)dl. 
cr 0 0 0 0 

..• (3.210) 

Differentiating equation (3 . 210) with respect to leT' we obtain; 

..• (3.211) 
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where F(lcr) is the derivative \,f the ~ec.ond lntt&ul In .qult 10n 

(3.210). For most real mouel s lhe value of the tera ftl ) cr • h • 
been found out to be l3 to 4)\ of fll l • cr 

• nd is ne,le'ted In 

comparison with f(lcr) . I·qua t ion n.zll) In thlS CI e btco.~'j 

Using equa t ion (3 . 203), the resulting quallon w111 th refor. be, 

3.3 Determination of leT 

In the qualitative analysis of the prectt'dina sect 1.on, it 11 

seen that bot h the amplitude of modulation and the slope o{ the 

graph of A(~~F)' versuS -r are d pendent on the cr1tlCI1 length 

leT of each particle. In orde r to deter~lne Ie,; 8, hal to be 

known prlbrl)C . FOT this tWO ways have been eaployed. The ftrs 

method is, "Electrooptical '(-",cter .. thod {Z9]. In this else i 

is necessary to meaSlne the relaxation t1. t, of di.soTientat on 

of particles and to find the averlat volu.r of plr iele ; 

... (3.301 ); 

where T is teJlprature; k, U:z..-nn'. Constan anJ" is tht YI co~it 
of the liquid used. For eono~h.pe partiel. 
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•.. (3 . 302), 

where 1 is the radius of an ellipsol·d. 0 h I n teat ler hand equa tic 

(3 .10n, gives; 
3 

(_1_) • 

&oF 

By the help of equat i on (3 . 213) the expression obtained is~ 

•. . (3 . 303) 

Compari ng equa t ion (3.301) and (3.303), B is given by; 

(3.305) 

where Y is the value of the integral in equation (3.303). Since 

all values in equation (3.505) can be measured experimentally, B 

can be determined from experiment. 

3.4 Determination of T by Electrooptical 1" -meter 

When rectangular electric pulses are applied to a colloidal 

solution ; (Fig. 4a), the polarized light passing through the pIal 

of capacitor C will be modulated as shown in Fig . .th. 

Ca.). L f' ,{\r Ph 0 o s =- - A 
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(1,) E t 

t. 

(C) I 

Fig. 4: Apparatus and the modulated impul se for 
investigating the orientation - relaxation 

curve and for measuring t, with T-me t er • 

5, source; L, lense j P, polarizer, Ph, photo - multiplier; A, ampli­

fierj 0, oscillograph; (a) diagram of T-meter J (b) the form of 

rectangular electri c pulses, (e) modulation curve for light pass­

ing through a colloidal solution subjected to the rectangular 

electric pulses. I-intensity of transmitted light t+ and t_ periods 

of field action (orientation periods); t - Interruption period o 

(relaxation time). 

During the tiJlle of the pulse action (t+ or t_ Fi g. band c), the 

particles are oriented by the field. Relaxat i on occurs in the 

intervals 
.. 

between t . During the period intensity I of t the 
0' 

0 

polarized light decreases or increases in accordance with the 

express i ons; 1 • 

depending on the 

Colloid. 

I exp '(. " ) or I • I [1· exp( ·t,'T )] • .. (3.401) 
o 7T 0 

sign of the elect r ooptical effect for the given 

the 

Formula (3.401) is valied for Inonodispers e colloid of the 

same shape and therefore gives a sign +. The corresponding relaxa-

tic . . Real solution, in 
n ~s described as monoexponentl.al ol1e. 
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general, exhibit polyexponential relaxation, but the degree of 

deviation from monoexponentiality and the conseqoent deGree of 

uncertainty which this introduces into the interpolation can be 

e~timated only from experimental data. T-metcr method decides 

this problem experimentally, The modulation curves are observed 

on the oscillograph screen with the exponential time scale, 

triggered by the rectangular electric pulses passing through the 

integrated RC -circuit. When the selected value of RC becomes 

equal to T, for the same exponential law J a straight line 

appears on the screen of the oscillograph. If the relaxation 

curve cannot be linearized, the same exponential law will not hold 

If, most or at least a considerable particles relaxe in accordance 

with the same exponential law, the relaxation curve will be 

quasi-linear (by selection of RC) over a considerable Wregion. 

The other method of determining B has been described in (ZS]· 

It is based upon the values of loll' Band P through equation (3 • ..!D6). 

3. 5 f:!ethod at Determination of SDP 

" - (3.201), l"t is possible to find an expression 
From equat10n 

containing the SDF t(r), where faT spherical particles 

3V Vs 
r • (r.) , 

and V is the volume of particles. For particles approximating to 

a prolate ellipsoidal revolution, 1- can be given by~ 



,~ • 

.. . 

- 35 -

Also for spheres P = 1 and T : 
1 

Jlo>F 
... (3.501) 

The expression which invol ves ·the distribution function in size, 

t(r), follows from equation (3.212), ""hich iSj 

... (3.50Z) 

The left side of equation (3. 02) can be determined experimentall: 

and 10 is the measured intensity. Thus we have three unknowns, N 

AK(r) and to (r). Two more equations are required in order to obta 

¢(r) explicitly. In general the relational dependence of the 

three unknowns can be "ri tten as; 

.1 (Nl.loOK(r).t(r» • 0 

.Z(NZ.loOK(r).t(r» • 0 

) ... (3.503) 

Therefore. equations 3.502 and 3.503 give; 

°
1 

(N
l
,I06K(r).O(r» • 0 

0Z(Nz,I"oK(r).t(r » • 0) ... (3.504) 

• I NoK(r» (r) _ 0 

To obtain dependences (3.504-1) and (3.504-Z) it is possible to 

of an equ ilibrium state, in a 
~erturb the distribution function 

certain vo lume V
l 

(Fig. 5). 
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• • • • '. ..' . . • . ' I • • • 0) r _ , , I 
, I r 12. , .. ! 

",,,~---- L 3 ----JI 

Fig. 5: Centrifusion experimental scheme fo r pertur bing, 

the system from equilibrium state, in order to 

estab l ish equations (3.504) . 

• 
00, rotational velocitYi VI' volume occupied by 
particles suspension i n distilled water; V2 ' volume 
occupied by pure wateri L1 , L2 and L3 are lengthS 

in (em.) .... ' , parti ticn. -
In the above scheme , the .-blume V

z 
is filled by pure water. This 

cell is placed into centrifusion, the partition is removed and 

begins to rotate with angular frequency ~. After a few moment c 

of centrifusion process, the partition is closed automatically. 

The process is s t opped and each particle in volume Vl and Vl will 

be mixed. So we ob t ain two different colloidal systems and tWO 

different distribu~i9r f unct i ons t l (1' ) and tZ(r) . Obviously each 

of them depends on the primery function fer) wh ich we have before . 

These dependences can be writ t en in the form; 

) .. , (3 . 505) 

Experimen tally it is possible to measure the amplitude of 

light modulation Al (l/ wF) and AZ (JI;F) for both colloida l systems. M<I 
Therefore , equations 

~l (r) and ~Z (r) can also be calculated. 
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(3.504) can be re~rittcn as' • 

1. dA (, F) 
d(lu

F
) • ioAK(r)¢(r) K 

z. dAl (J/w
F

) 

a tIl "F) 
I oIK(r).l (r)N1 

3. dAZ (1/"F) 

an/ wF ) = I o6K(r).Z (r)NZ 
... (3. SOb) 

4 . 21 (HrJ. '1 (r)) • 0 

5. Zz (.(r). .z (rj) • 0 

6. N • Nl + N
Z 

3 2: Equation .. of ~Iotions 

During centrifusion process, the torccs that act 011 the 

particles are; Inertial and Centripetal Corers, 
4 3 ~ J 11'6 1 r we x 

4 3 
and '311 6 ZT w~ x rcspectlVcly. 6

1 
and 6

2 
nrc densities of paTtil. 

dx 
and water respectively. The other force, 611rnor ' i~ the force 

friction. Therefcrc, ,,::he equ'Hion ,f J!'otioTI ~,ill be; 

and this gives; 

~ = Cr2. X .. , (3.601) 
at c 

x = 
• • 

x Exp (er 
o 

), where t IS given by; 

It w' (t)dt; 
, =' {o C 

~2t 
C 

if l' const nt. 
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31. Deduction of h .. nttional COTrclation~ 

The f·UlCtions tl (r) and ~] lr) depends not only on r, but 

also on we (t) . $0 they arc fur.ctions of the parameter E;. From 

equation (3.601) follows that, 01>1 "" 1It1 (r,t) and ~2'" JbZ(T,~) . If 

the total numher of par t icle::> is N, then ~~L is the number of 
2 1 

particles pcr unite length in volume Vl before the centirfuge. 

If a partIcle of radius r at a given' has coordinate L2, then in 

the starting moment of centrifusion its coordinate was; 

- z Xo • LZExp (-Cr tl .. , (3. iOI) 

It means only particles of radius T, which had coordinates at the 

st ut I) f .... elltrifusion less than X
o

' could remain in Vj and particles 

of radius r, which has coordinates in the starting moment of 

ccntrifusion greater than Xo would leak to volume Vl ' 
The total 

number of particies, n] (r,F.) dr, whose radIUS is placed in the 

interval (1', r+dr), in VolUfl'C Vl at a given ~ is; 
2, b (J.ze-cr - L1)Hr)dr; 

.' {'2 1 
... 

if r < p 

o if r > P 

(3.702 

h P 1
'5 th" radl'U5 of particles which 

\.1;' erc TIl l.5 the linear density. ... 
supstituting 

crossed the distance from L1 to LZ at the given l;. 

Lad L' . (3.701), the value of p determinl:d is, 
2 n 1 In equatlon 

... (3.703) 
p = 

II ( ) remaining in the volume Vl, 
ie tctal number of particles Nl t 

after centrifusion is; 
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L 2 
? -CT ~ C(l-. ). (r) 
1 

if r ~ D L2 p L2 2 
) ocr r C -1 -I (r:'. ·l).(r)dr 

I "I 

... (3.708) 

o if r < p 

3.8 Determina t ion of the Distribution Function from Experimental 

Data Using the Functional Correlations 

In order to obtain a working equation for experimental data, 

some notations are used, these are; 

1. £1 (r,I;)- Nl (OAK(r)-l (r,!;) 

2. £2 (r,O· N2 (I;)AK{r)t 2 (r,C) 

3. Nl (0= Nu 

4 • 

5. 1 • a 

6. 
2 

• ocr 1; -11+ (r)dr • Q. 

_9 """ 

( '.506)', when the first equation is di vided Reffering to equation ~ 

by the second and also by the third, the results obtained are; 

dA(f-) N (1;) 
F • ",1,-_ • fer) u' 

dA---'-( "-1 ) N f 1 (r, n 
1 "F 

t (r) 
+1 (r,t) 

... (3.801) 

and 
1 

dA(-) N (tl 
__ ",;F" • _1,,--_ 
dA

2 
(1...) N 
"F 

f (r ~ • _.;.' .;;(r",le,-• rztr.t 1 +2 (r. tl 
... (3.802) 
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US1'Jlg .'qu',ltion<.· l" 70S) d (' -0' _ J, an oJ •. " Q can be wrIlten dS, 

L 2 2 -cr , 
lee -])£(r)u 

1 Q ... (J '0 ) = 

1. Substltutmg 

t .. I-ll, in equation (3 . 802) and using t:'quation (3.801), the value 

of U ohtained is; 

1.2 fer) 
f! ) fITr:n 

u 

CombinIng this last equation with equation (3.801) the' result 

Oht3ined is; 
p L 2 

I (~e -cr '-I).(r Jdr • >ttl 
o 1 

n.MOS- .1) 

\",herc, 

$ (,) • 
:\ ~o -h) 

h .l ues of r.,..1-, L1 ,! :"f{r) 
In ot'dey to determine ~(r.); t e v B F -

.Ild f (r ,) "-v' to l'" dett'rmined. 
1"'"'- ' 

The Iunct lOll!' {frl, f) (I,t) and 

;. L I ;.506 .. 
h CU1~ 5 of eQU t Olt 

f
2

(r,c) are the tangent5 to t e 
1 tere tee r ). 

and 3.506-3 respectively. 

In, is obtained from equatiOn t3. bOS a • 
t e n hti 11 oluti(H 
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• 
of th )ll~eaTal cq.13tion I h I,-, CI ... t I.lf:J, 1 nJl1 r C'J m thoo \,1S 

I" rl ..i lstead. Rewritting cqufltion (5.805-a 

" r 
o 

L.., l_r L 

S-) ",' - 11 (ri· r • t( I .. (3.800) 

r'he -,otllrion of equa ion (3.g06) \oi,lS oiltJ.iflCd by dlvldin~ 0 LlitO 

T1 l-qual intcTval~ of lengt.h "h" such that; r; ,. j.h; Iooherc 

j "' I, ) ... n. Replacing equati.on (~SOo) by ,J tCrJlJinal ,,11 and 

m "~\.lriJlg y (~) for n - point~, th\'o ~~'stl'm of cqua.tions ohtaincd 

-. : 
j L J_(l12 , 1 
'a"j[(C'l -I 

k=l 1, 1 
1 , kh)h' £ 

i 
.•• (3.807) 

\ hC''" J
ik 

js the coefficient of ':lPl,lYlag flu,:lJratJTc fOl
lf
llla. 

l ~n i is the \alue at ;o'h;r'h -.: ih. 

an,! [ 'r ,: '; \"ere calculated. In ordeI 
leOUce the rffc~t of the 

F01' expcri~cntal det 'rrlin:lt)On of (), f 

t. . ,> 
~ticklng of particles ~o th~ w,lli or tIle ~ ntrlfu~ion apl13r:ltu~, 

+ f (, • E (r). 
tz(r,.;) was calculated fro the rC'J~tillll 11 

3 q. Expcriffi.,nta1 Re~'Jl t 
VI 

I " 
II 1. --- Ion 

This method ",'a5 used C'T det I 
n:lti'Il .r"1 

.' . . . of the p"crl"'allY i~l,ort~nt ~ ec 
Jdllctl.On l.n ~lze .~.... 

p(;rs ion of synthetic diamond . T!ll' part 1 1 ~~. 
In 

ch:nacterized bv the {o]lol,,;ng p >,1' , 
r 

1 t fl tlon 

n, IS-

r, r 

, 
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r P) = 6 

From equ:\tinn 13.102) the value of 8 lS fouwJ OU1, bv 

mC.1<;t;ring the dipC'li/lol!H~nt,~ , by th(' help of equi.\tion 1"31(1\ 

In this ~Jse t, n, :mdc..J arc meac;urcd experimenta l ly. lh 

tIlrotlt:.h eULI.1ti n 
value of V is connected ,.,'ttll the value of 

~l11r.d 
(-.301). The nethod of determination ~f 
111 3.4 and 3.11 , from \-:hi.c:h f)lIo\\~. 11 and 'IS a reo.;ult the- val\! 

(If 8 can be found out fer calc \1' tl"g thc' v 1 c' of n tT 

don (3 . 106). 

The expeTiJ'llf"ntal r L'lts art.' gi en In 1al les 1.. " 
( 

R. I) . 10 and 11. 'fhc funr tl n ~ l ) "h H 1 

experiment is pJotcd in Itg." nd t!w urve of t". 1 ,T,' \tlO' 

function , ,(r), i~ plctE"d in ri~. 8. 

c r ng t 

The result obtal nl J' tl nl"i\.T 
1 C P If 

I b 
. J ,. 11"ct,Qlpti ul m,·h ( •• n t-

tle result 0 tal~C 

case, 3000 particJe~ ~~ 
1 th the al 

results obtained arE' ]J1 ~ood ag TE'me"'.t 

t ribution. 
Therefore, the ro •• thod. 11 ctrClopt If.:.a I IIc'hod 

~ i d '0 ' rC list J 

determin'Jtion ot St'!'. can IJ~ app 

f 
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The rotating ll(.',"trir fiel 

hD\I'n in Fig. b • 

1 rOC!:.l 

b ed e 

n t 

CXJ V\:W V· 

Fig. 6. a) he(.trOd' hol .. T 
, . 

c,f,g,h. i arc 1 J 

of the ~l'r:cn I ("'d"" I t 1 tJ 

meas.urclT'f'nt f t,lt: la r 1 

The cell u..Hltain~ a !'pcci~l1 blod Io'ith thr 

n!ountcd In t~o pol¥tptr:lfluor0t.t i \ICn 

3rt"' three; Tod..- 3mll' in diameter no 
, 

n • 

r 

e t 

1 
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axes are parallel. and their pro)l'ctic I 'n a r'l'rp ndlC l]I)r 

plane correspond to corneTS of <In equilateral tri'ln~ll' ... ith 

l U -'~rn sides, When these electrode JT(' o:mectcd to the "hast.' 

of ,1 three-phase sinusoidal VClt3gC' (lur C \<lith frequc!l(,;Y 101, an 

e}c .. tric field of constant illten it}' I, ut !Ol.ltlllj! with angular 

Y{'locity (0.', is produced on the a:o:-; pn:-;:-;ing through tht' (entc."y 

of the equilateral trianr:le; For dt.'termination of f" at a riven 

:1fl1n'irucle of the phase sinusoidal voltay,e lI('1' experiments \<Ierc 

c lrieu out \\ith OJ model cell, gcom tr ('ally simda.r to the 

('xoe rifnental c('ll but approXlJil1tcI\ fl·~ tiDle..; '.is large. f \1\',1 

f!lt' ;j<;ur~'!d near thl' cell axis by mums of <l probe conn("cu'd to an 

(","il1o~raph and a tube vo1tmeter. Th£' :J',~,dlum wa t,IP water. 

(~~HttOJ experiments were carried out In tl,(., re1l lell ""lth 

~mall probe and demonstrated tilat th "odclinS ~lS correct, ro~ 

the ~xreriment cell wHh the elccrrod(." { 
ji nSlon~ "pC'dfl d 

.liH)H' the relatloll bcn.:een tile fi 1 lir n tv L l.n1.1 U IS l\~n 

bv tilt, (Jxprc~s ion; 

.; • 1 1 

L ' 1.1 \' I/em. a 

~1ethOd of ~Ie~ls .!,in.s h L" -_.-
f h t

hrc ~ ,Ill t \ It:l (' I) 'S U 51!! 
[1se of thL~ pha,~es 0 teO 

ht"'ll), supplieu to the cell, e. 

I of t Ce oscill0~.raph, 
1 rJ70ntal input " 

. • .1 lC n led a' I n Ol~ 

"oidal signal of frequency • 

figtl of th " and r ·r "0 

If f"C'lluency , ~md Liss a joU5 
H 
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on tht: osc i 1 lograph t screcn. [he form of th l S fi p,'lre w 1 11 d(' p(' 

on the position of the oxis of the- polarizer P. The latter J' 

no\" turned '0 that the 11SS:ljOUS fHure acquire the form of th 

characteristic ''')it'' (F'g. c. rhi~ mrans th~tt at thl' instant 

.... hen the voltage of pha~c 1 b nass lnR: through zerCl (the vector 

* E in the 3pparatus 1S lIori;:ontal) the a.x15 of maximum ahsorption 

uf tIle analyzer is para l lel to the transmi~sjon axis of the 

pol;.\ri7cr P. (It is assumed that the osdlJog r aph plrttc5 arC 

.::onnectf'd so that 1 i pht causes an uploiaru deflection of the 

osclilograph beam.) We r.'Ieasur d the anp]e of lang () of t c 

absorption axis of the colloidal rartlcle~ behind the f'eld t. 

( 

1n practice this ;1U~le is measured much more simply and aC('lITatc>} 

pha:e~ , And 3 are chal1rcd over hy mcall q of a switell in ~lg. I. 

fhen the field he~ins to rotate in tht opposite dlTe~tiorl 

and ~he Lissajaus fipure becomes d~composed rFi~, 6t!). 
c 

turned th Tough ~n angl e (l such that the ii "liTe ilg4 n l,.(.: 

pit (ri~. 6e). 
It is C35Y to see that the r~q\liTed lag ~nrle i~ 

0: '" u/2. 
P shOltld be turned in the dircction of ,the originill 

If it i~ fowld that e)o IS0
0

, thiS means 
rotation of the fieJd. f .. he 
that thp transmis5jon axis and not the JhsorrtiO~ 3Xl~ 

. 1 ' 'a~~ hchind the \e tor 
or of the collol,I'] partie cs to 

o 
of the field E by an angJe rt <90 . 

In thOlt ca~(' :ttl t~ proce-

. p"rfol'mcd with 3 LlSSinOU~ riJ!UTC 

dUTe Jcscribed abovE.> shoul J 0(" ... 
Pl.! (riC!. rLt: 1n' hl. 

h:n'i'lg the form of "hU!l1p" Olnct not rf 
r h 

, 
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.. In ordtr to Obtain the rotatIng cl ctrl~ flCI t hI..' 

T . he OSCillator con~i ts of thrre r~~i~t-

- .:oupled a:uplifie s in a rinr O:1.1"c\.Iit. Self eXC1.t:tl on 

is (:i((;uit produn, c::inusolC1al Q.cillutionc; ,~t the mod ", 

three tubes wlth a rel:Hiv~ phase "hift of (,J:actlv 120°, 

3.1 Procedure 

J. The apparatus shown in Fig. 1, 1~a5 (on<;tructed . 

The sample in distilled \\'(ltl'r ""as illuminated 

using a .... hite light source (ADZ - SO DC lamp). 

Using a three-phase yoltage source , :t rotatin~ 

field E of lllagnitude 0." l:CS W:lS .pplied. 

~. ,'. modulated intensity \o.aS obsl:rvE-G on the ::,;crecn 

of the O~ cil1ogriipj· "0" Aftt;l amplification 

hy the ph("ltomultipUer \. the modll ted Intcflslty 

~). !\ecri.np f- (It constant valuf. the rotational frt'-

amp1 i tuJP was mf'asure-d (Tab I ). 

b. The \ialue" of f :lOd the corr c:ronrt 
IJ!! j" c; we 

cal Lul ItPl) usfnr. eOU.:lt ion ( 
R tat \' unIt 

7 

are used for thr \,;)]UI,;:> {If ' f,,· 

lhe system is pertutbed usin~ 

mcnt Fig. Sand 

l>tTlf n 

OJ 
The cell ""lth the sample ...... 3S set 11 to 

T 
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rotation (witho u t the pa r tit i on) 

-1 
(sec) and fo r each i nterval of 

at w '" 314 . 2 c 

t "6mi n . St e p 

5 was r e pe ated for the pal"ticles in vo l um" V t ... 2 lip 0 

t = 54 minutes . 

b) The function f 2 and the co r respondin g s i zes were 

calculated usin ~ rhe r e lati ons ; 

a nd equations (3-805) ; re l at i ve unit s arc used a nd 

the results ar E' given i n T<lb l c-s 3 , ';, 5,6 , 7 , 8 , 9 an d 10 . 

The distrib ution f unction was de t~ rmin ed us in g equat i on 

(3 - 807) and the tab les above by simpsons rce thod of 

computation (Table 11). 

... 

, 
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l'ABLf 2 

t '" CD ~". .. . , 
7 13 ~o. 1 Z 3 _ ~ 4 _ I 5 _ ~ 

1~:;)119.42 4.71 3.14/ 2.3211.8i 1.57j 1.341 I.I!I LOll 1.001 0.84 \ 0.761 5.72 

1/ - - -~- - - --

_f--8 J 9 j ]0 I n I 12 

1031~ !.I 2.1 3 . 2 4.3 f' 5. 3 6.4 7.44 8.441 9.601'10.01]1.90112 . 73113 .84 
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Irg1- un t- . 
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58163 b6 
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28 .3 30.9 

I 
69 72 

9 

1 
7 

35.3 

76 
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_L 

37.0 \ 40.0 

80 1 80 

2 I 0 

14 1 15 

0.67 1 0.63 

15 .011]5.92 

44 . 4 147.0 

~o I 70 

\ 
n (' 
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No . [ 

IO-2w 5 .15 

:) - 1 (sec 

lO3w 1. 94 
sec 

,-
l' .10 

5 5 . 70 
em. 

" 10.00 
rel-un 

f2 32 

reI - un 1 
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TABLE 3 

t"'6min;( 
= _ 7-[ 

~.54 X 10 sec , w • 
e 

314.1 scc~l 

2 3 4 5 6 7 8 9 

2 . 89 2.07 1. 62 1. 32 1.11 0.96 0 .85 0.76 

3.46 4.83 6 .19 7.58 9.00 10.40 11.80 ' 3. ' 5 

10. 20 15 . 50 18 .90 22 . 40 26 . 60 30.80 34.90 38 . 90 

21 30 34 38 40 42 43 45 

29 20 16 15 11 7 3 1 

• 

10 11 

0.69 0 . 63 

14.60 15.91 

43.10 47.00 

44 45 

0 0 



t = 12min, ;. 

No. I 2 

- 2 
10 w_ I 6.47 3.20 

(sec) 

10
3/w 1.55 3.11 

sec. 

.- r x 105 9.6 9.2 

em. 

A 11 13 

reI-un 

f2 3S 24 

re l- Wl 

- 51 -

TABLE 4 

7 -I :: 3. S4 X 10 sec I 

3 4 5 6 

1.20 1.68 1. :;S 1.13 
• 

4.55 5.96 7.40 8.84 

13.4 17 .6 21.8126 . 2 

27 35 40 44 

14 11 9 7 

, 

c 
• 3.14.1 sec-I 

7 8 9 10 11 

0 .98 0.85 0.76 0.69 0 .63 

--
10.20 II. 70 13.15 14.60 1 S. 91 

30.2 34.6 38.9 43. J 47 .0 

47 18 49 49 50 

6 3 2 0 0 



II . " • • >:, :. 

No. 

10- 2w 

lsec}-1 

10
3/w 

sec 

5 
10 Xl" 

C". 

'2 
n::'I-un 

f2 
reI-un 

1 2 

6.94 3.89 

1. 54 2.57 

4.6 7.5 

19 30 

41 35 

- 5:: - • 

TABLE 5 

t = 18min, < = 1.06 X 108 sec- I, 

3 4 5 6 7 B 9 10 11 

2 .31 1.64 1. 26 1.04 0 .B4 0 .76 0.67 0.60 0 . 55 

4.32 6.10 7.96 9.65 12.00 13 .15 14.87 16.75 IB. 29 

12.8 18.0 20.0 2B.5 35.2 3B.9 44.0 49 .4 53.9 

34 40 47 51 53 54 54 5, 56 

32 29 11 7 3 2 0 0 0 



- 5, -

TABLE 6 

t = JOmin, < = 1.78 X 108 sec.-
l 

No. I 2 3 4 5 6 7 8 9 10 II 

10- 2w 9.41 2.01 2.87 2 .00 1. 51 I. 26 1.03 0.89 0.78 0.69 0.63 

rsec)-I 

103;w 1.06 4.97 3.49 5.00 6.6 7.96 9.70 11. 29 12.84 14.47 15.92 

sec 

r x lOS 3.1 5 .7 25 31 40 49 52 53 53 54 55 

em. 

A2 8 IS 25 31 40 49 52 53 53 54 55 

rel-tul 

£2 43 39 2. 20 15 11 7 4 2 0 0 

re l- un 



, 

- 54 -

TABLE 6 

t " ~nin. ( = 1. 78 X !O8 scc.-1 

No. 1 2 3 4 5 • 7 8 9 10 11 

I 

10- 2 w 
. 

9.42 2.01 2.87 2.00 1. 5J 1. 26 J.03 0.89 0.78 0.69 0.63 

(see)-1 

10
3
/" J.06 4.97 3.49 5.00 6.6 7.96 9.70 11. 29 J2.84 l4.47 J 5.92 

sec 

l' x lOS 3. J 5. 7 25 3J 40 49 52 53 53 54 55 

em. 

Az 8 15 25 3J 40 49 52 53 53 54 55 

reI-un 

f2 43 39 24 20 J5 11 
, 4 2 0 0 

rel-tnt 



• 
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TABLE 7 

t = 36min , , = i.I2 X 108 sec-I 

No. 1 2 3 4 5 6 7 8 9 10 11 

10- 2 
til 9.42 5.67 2.98 2.05 1. 54 1.23 1.00 0.89 0.77 0.70 0.63 I 

(secf 1 

103/w 1.06 1. 76 3 . 35 4.87 6.50 8.16 9.65 11. 30 13.05 14.21 15.92 

sec 

r x 105 3.1 5.2 10.0 14.4 19.3 24.2 28.5 33.5 38 . 5 39.5 47.0 

em. . 

A2 9 15 25 33 42 SO 51 55 54 55 56 

rei -uTI 

f2 44 40 . 25 10 IS 11 8 4 2 0 0 

rel-lDl 

• 



s 
, 
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TABLE 8 

I 
No. 1 

, 2 3 4 S 6 7 8 9 10 11 

10- 2 
til 9.42 6.16 3.20 2 .09 1.56 1. 25 1.04 4.89 0.79 0.70 0.63 

c)-1 (sec 

l O3/w 
I 

1.0 1.62 3.12 4.78 6.40 8.0 9.89 11. 21 12.73 14.34 15.92 

Sec 

r x l OS ~ . l 4.8 9.2 14.5 19.0 24.0 28.2 32.4 J7.7 42 .9 47.0 

cm 

Al 10 19 29 30 14 52 53 54 57 58 58 

reI-un 

£2 48

1 

41 24 21 15 12 7 3 1 0 0 

reI-un 

• 

• 



• 
, 
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TABLE 9 

t • 48min. ·2.84 X 10
8 

sec-
l 

I 

No 1 2 3 4 5 6 7 8 9 10 11 

10- 2w 9.42 6.47 3 .1 5 2.11 LSS 1. 26 LOS 0.90 0.19 0.10 0.63 

(Sec) -1 

of" 
~I' 10

3
/" l.06 l.SS 3.18 4 . 74 6.44 1.96 9.53 11.13 12.73 14.34 15.92 

~ .~ Sec. 
" 

r X 105 3.1 4.6 9.2 '14.0 19.2 23..5 2&.2 32.9 31 .6 .42.7 41.0 

cm. 

A2 1l 22 31 39 44 48 49 55 59 59 60 

reI-un i 

£2 48 46 24 21 I 16 11 9 4 1 0 0 

reI-WI 

• 
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I 
1 

No. 

10
3 /w 

Sec . 

em. 

1-

, 
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TABLE 10 

t • 54min, , • 3.19 X JOB sec-1 

1 2 3 4 5 6 7 8 9 10 11 

9.42 6.79 3 . 24 2 . 13 1.6 1.31 1.09 0.92 0.80 0.70 0.63 

1.06 1.47 3.1 4.69 6.24 7.65 9.15 10.90 12.53 14 . 21 15.92 

3.1 4 .4 9.1 13.8 18.6 22.8 27..0 32.2 37.0 42.0 47.0 

37 8 16 27 44 45 5\ 58 59 62 63 

21 51 48 25 14 12 8 6 2 o o 

~ 
I 

I 

-- - -
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TABLE II 

o . 18 

3.54 .25 .05 

7.09 . 15 .04 

10.6 .11 .06 

17.8 .07 .08 

21.2 .04 .08 

24 . 8 .03 .08 

28 .4 .025 .08 

31.9 .02 .08 

o o 

1.0 .38 

2.0 1. 27 

3.0 1. 52 

4.0 1.65 

6.0 1.28 

8.0 .75 

10.0 . 53 

12.0 , 35 

•• • 

.05 

.07 

.08 

. 08 

.08 

.08 

.09 

.10 

, 

; 
i 

~ 

I 

~J .... ________________ ...... .c~~~~~::::::=-=.~--~::- :~- :;====--~~--- . , 
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