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In this work a method of determination of size distribu-
tion of colloidal particles has been developed. For comparison
with other methods, a review work is presented in the synopsis
part and the pertinant experimental results have also been

presented.



ABSTRACT

When particles are in polare medium the molecules
of the liguid will abhsorb on the surfaces of the
particles. The resulting permanent electric dipole
moment is used as the specification of the size of
particles. Using the behavior of anisotropical particle:
in a rotating electric field, the SDF is determined for

polydisperse system of particles.



CHAPTER 1

SYNOPS IS

1.1 SCATTERING OF ELHBCTROMAGNET IC WAVE BY SPHERICAL PARTICLES

The vector wave equations of electromagnetic wave propagat

ing in anisotropic media are:

&>
1 3B _
Cl.ll‘l E+ c‘a"_'t' O --------- D R onoo-(l"lll)
n_1 8D, 4 =
Cul‘l H e E ‘é—"' + C“J ---------- R I (1"'112)
By~ B @ SEATELAARR I s L T Al Ao ¥ s
1 -
Biv D ALt xS (1-114)

Using constitutive law and equations above the vector wave equa-

tions which could be derived are;

% o E ?‘2?3
AE+0‘§—E+ET;—'2'=[) D T O I (1"115)
t
afie B L 10%H (1-116)
Bt C a;z"‘ -------------------

where o and ¢ are the conductivity of the medium and the speed
of light respectively. For the field quantities written in the
form;

- - =S
A = (G ¥ iB) Hp (iU\t} RN (1-11?)
the Maxwell's equations reduce to the form;

- b

CurI'H = IkM "B Jouisive STy e (1-112a)
>

Cur}. E = -ik ” rrrrr "R tt;llniﬂui (lwlllb)
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Where, m° = w-i 1%2 ....... A e N R P IR B ) ¢

and k is the propagation constant in Vacuym- The solution of

equation (1-112) is given by;

m, = /m/2 [Cos(éﬂgiﬂ} + 1 Sin [35%19)], n=0,1

41lo
Ew

and tan @ =

For homogeneous media equations 1-11Tb and 1-112ashould have

solutions whose components satisfy the wave equation;

ay = X%ty 0. AELAsfims The (1-119)

For a plane wave travelling along the Z-direction ¥ has the form,
¥ = exp (i(~kmz +wt)), Where km is the propagation constant in
the medium with refractive index m. The wave will be damped if

m has a negative imaginary part and is undamped if m is real.

A
In the latter case )\ = 75 . For propagation through two different

media of refractive index m, and m, the boundary conditions used
to solve the differential equations are; n x (ﬁz*ﬁl) = 0 and

B B3

nx(fz—kﬁ) = 0, which hold for the tangential components. For

normal components the boundary conditions are;

B4

2% 2
. (m2 iy lT!l

&

=

) = 0 and

n (ﬁz-ﬁl) = 0, where n is the unit normal vector from_;he
direction of propagation to the interface (6). Based on these
arguments the solutions of the wave equation could be obtained.

It is assumed, as in most usual cases, that the scalar wave equa-

tions are separable into spherical coordinates and because of the



additivity of the scattered intensity, assumes solutions of the

type;

¥

_(Cos (1¢)
in *[ ]

Sin(14)

Pi (Cos¢)Z, (mkr)... (1-120)

where ¢ is the azimuthal angie.

In equation (1-120) n and 1 are integers and n>1>0. Pi(tose)

is associated legender polynomial and Zn(p) = J§T2n+i(p] is the
spherical bessel function. By virtue of equations (1-115) and
(1-116), the field vectors fi and ¥ must'be solutions of

6K+k2m21
then; ﬁ? = Curl(rY) and mkﬁw = Curl ﬁ?, should also satisfy the
vector wave equations. In addition if U and V are two indepen-

0. 1f further ¥ satisfies the scalar wave equation

]

dent solutions of the sealar wave equation and ﬂu, Nu, ﬂv and
ﬁv are the derived vector fields, the Maxwell's equations will

be satisfied by;

H = m(-mu+1ﬁvj
Equation (1-121) shows that the components of T and ﬁ, should
be written interms of the scalar solutions U and V. In the

case of a homogengous sphere an assumption is made such that

m, = 1 and iy # 1 and also the field quantities be experssed as;

E = R, exp(-ikz+ iwt) and H = A exp(-ikz+iot) h

U and V can be obtained as;

U = expliwt) Cos¢ £ (-1)° %%%%T) Pl (Cose) z, (kr)

n

U e O

1

3 - 3 N _130 2n+l 1 =
and V = exp(iwt) Sin ¢ nilt 1) naT) Pn{CosB] “n(kr)



The scattered wave, hence obtained outside the sphere is given

by;
= (o ks s zall 2R+l ol (2)
U exp(iwt) Cosonil an{L) eI, Pn((:osa)hrl (kr)
= oo S o S AZnel ) L (2) o
V = exp(iwt) Sing I bn(17 =Py Pn(Coee)hn (K2)s o (1=325

n=1
Equation (1-122) is the modified form of equation (1-120) and

(2) _i"exp(-ikr
h "7 (kr) WE;L——l.

Using the boundary conditions atfter representing
() 2z (2) = (m2)iz @) = S,(2)
X (2) = ~2,(2) = ~EFIN, (2)= € (2)
y (2) = zh (2) ;4= Bhda.. Hie)

and taking the argument X = ka, y = mka, where a is the radius

of the sphere; the coefficients a and bn then obtained are,

¢H{Y)wn(x]-nwntx)¢;(y)
n Ty Y OO-m(x) YT )

and
mp ) (Yo, ()= (v e p (X)

b =
b om ! by )y, ()= )y, ()

the scattered field at a large distance 1s approximated by the

asymptotic behaviour of equatiobn (1-122) to be;

_ -iCos¢ g - in+l
u = -—'FI'_—— exp{lkr iwt) E anm P;II(COSB]

n=1

. =iSing . ¢ s : S 2n%] ] \b
Vv = =221 exp(~ikr+ivt) L N T+l Pn[Cosej -
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Therefore, the tangential field components }% and HB can be

derived by designating;

: 1 Y Jpen
8) = =r— losA
H”(Lns_j S51ne inftos )
and <1Di{ﬂnsﬂ}
'rni(»-'JS()] - — i E TR

o3 T & W e "i e A e Y
as; LG Hs 5 exp(-ikr+iwt) Cos¢ Sl(e)
e }? exp(-ikr+iut) Sing S, (e)
where
v i ot empldndl
f)ll\ﬂj' = nilmmlé (Cosg) + bnTn(COSB]J
S.(a) = ? 2n+1 [b n_(Cose) + a r (Cose)]
E A

As the radial component decays more rapidly than the normal and
the tangential it is neglected. For illumination by a plane

pelarized wave; U0 = exp(ikz+iwt).

U = Si“t exp (ikr+ iwt)
on: SHOE] o X e
Vi = ) T exp ('_"lkr"‘lkZJUU

lherefore the scattered field components in general are given

by [7];

% S, (8, S. (6,4 B
(Lll : ( >(8,¢) 3(8,¢) 11 exp (-ikr+iot)

) K
LS, (8,4) S, (8,94) 52 s

LE

L ¢
Where Eq and E. are the parallel and the perpendicular field
components with respect to the plane of observation. For

spherical particles, q3(ﬂ,:} = () = sdre.¢) and the scattered

intensities are given by:







For this system the extinction coefficient is given by;

y = ,F'O O-ext #(a) Gda ..... (1-125)

Hence physically measurable guantity, contains the distribution
function 4(a) Gda. Using equation (1-124) the more general form
of the scattered intensity obtained 1s;

w

X = oF
0

-1
Famn ]

5

“_L’Z

o (a) G(a) Eoda cees (1-126)
(r-a)

=

Where G{a) is the shape factor and for spherical particles;

G(a) = 1a’ where a is the size of particle and Y 1is the distance
from the system to the point of observation. Therefore the
appearance of the distribution function in the measurable quant-

ties is meant to the determination of the SDF ¢(a).

1.2 SCATTERED-LIGHT AS A MFANS OF A MFASURE OF SIZE

A remarkable efforts have been done to determine size (SD)
from the measurements of scattered intensities. Assuming that
2 " & .
(a) /m-a/<<1, where k = %; and a~ r<<) as indicated in [7].

Iokzvz{m-l}

# |
(=2 "7 JR(s,e)/%(1+Cos’e),
r 8n°

where 1 is the scattered intensity and R(8,4) = %.rexp(id) dv

> > >

for 5= kr. (m-n), m and A being directions in the incident and

Js

the scattered light. It was also shown that &= 2kb Sin (8/2)

where 8 is the phase angle and b is the bisectrix (7]

D N 1
A7) fexp(is) Qv

Sz (8) Cos@,




where dV is the volume ¢lement of the system. In the limiting
case r << i and for plane polarized incident light (Rayjeigh)
the intensity scattered at an angle 8 from the incidernt direction

i

[7]

v Ly s Wy | x
i, = BE_ ALV "Sin%e .o (1-21)
gt et E 4 A
In principle equation (1-21) can be used to determine the size
of spherical particles. Nevertheless; the size of a parfic]e of
uniform droplet size can be obtained by measuring I, at angles
varying from a forward to a backward dirvection and intergrating
over the spherical surfacé [9]. Extensive methods of size deter-
mination from scattering principles have also been discussed in
[10], for particles having smaller size than the wave length

used.,

For sphere of radius " a" a function G(u) is defined [11];

Gar) = % {h g 1ot naz (1—32) adz;
where U= i%ﬂ Sin 2.

Using the condition, that at firet minimum of two different size

a4 and a,; ;
j 2% GU.) = a2 G(U,)
1 (Gllght By QRS

&

The values of G(U) are tabulated for different U. For two
different angles 8,, 8, corresponding to two different wave
length X, and 4,. U has been evaluated interms of a, and a,.

The size was then determined from the intersections of the two




graphs of Gl{Uj and G,(U) versus 'a" [12], as given in /1/. In

2 13

{1-21) y is the distance from the sphere to the point of observa-
tion and @ is the angle between the direction of propagation of
the scattered and the incident light. For unpolarized incident

light the intensity scattered in the direction @ is given by

2

2 7
. 1']"‘ ih' ’
[‘ = ——r'r—'sr vl—[-’-——l{i’- {]+C0§25) . wa [1"1:2)
1 Srafrtding NS

Equation (1-22) displays the fact that the scattered light by
sphere of any size 1s Eompnsed of scattered light from two inco-
herent plane of polarization which are mutually perpendicular.
In this case the 'EOSEB"rerm, in equation (1-22), gives rela-
tive intensity of the scattered component whose electric vector
lies in the plane defined by the incident beam and the observed
scattered beam. The term unity in equation (1-22), represents
the scattered component perpendicular to the plane of observa-
tion, when multiplied by the factor. For spheres of any size

the general form of equation (1-22) is given in [7].

I = — (i,%i,)

& g 172
which is equivalent to equation (1-123). The complexity of the
different methods arises in the case of polydisperse systems and
failur to identify the property that clearly characterizes size,

despite these; different approaches have still been excuted to

get to a consistent one. =
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CHAPTER 2

RETROSPECT IVE METHODS

2,1 MICROPHOTOGRAPHIC MFTHOD (MPGM)

This method is the most.simple and precise one. One of the
typical (MPGM) for dispersion particles has been discussed in [ 13]
In this method a photographic image of colloidal specimen placed
on a plane has bheen magnified (2500-10000) times. Depending on
the dimensions of particles; 1000 to 2000 particles were compared
with the area of circles drawn on a transparent glass. The me thod
of correcting coefficient was suggested [12], because of the wide

range of the values of the areas of particles and circles. A

more convenient method was suggested [8] using a scanning beam.

A beam of light crosses the particles straightly, the image is
trans formed into a series of electric impulses. The time of each
impulse corresponds to the length of the particle which is viable
to define the density of distribution function ¢(x) of the elec-

tric impulse in accordance with the dimension of the particle.

For monodisperse particles with radius Ro, the probability
dw, that the beam of light will cross the particle in the inter-
val (y, y+dy) is; du = dy/g ... (2-11). But for circular particle

©°

X2+y2 = R: holds and; ~

R = S X0K aF )
Ro Ro - X
Because of the relation; ¢(x) dx = dw ... (2.13) and from equa-

tion (2.12), the SDF for monodisperse system will be;

.
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¢(x) = e (2.14)
RVR™-X

Similarly for polydisperse particles the SDF depends upon the
dimensions of the particles. In this case the general form of

the SDF can be deduced from equation (2.14) and is;

* R (x“+y”)xdR
=

#(x) = Rel f (2.15)

Y/x“+y

Where FiR) is a correcting factor to a circular shape. Equation

f2.15) can be rewritten as;

o (x) . f“ F(sz*yz)de IR (2.16)
X T
18] x+y
jﬁ?
NDenoting .J%?l = H(x) and EL;?—i = p(x);
(2.16) can be written as;
H(x)= [ ¢ x4y )dy  ee (247
0

Where in many cases of practical distribution the function H(x),

can be rearranged to have the form;

" o
%) = c—nx' $ a me i s @ (2.18)

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

~ax” laglezs. tarm)n’
F(R) = e {Zao(a/H - Tﬁ) i (@

Which is the SDF for MPGM. Obviously the validity of this method

depends upon the functional relation given in equation (2.18). In

search of satisfactory method, an emperical approach based upon







- T % R

the sum of the intensities scattered.

1,6) = Ely(p.)

for all particles for small scattering angle [15]
Ig) = f I(p,8) o (p) dp ... (2.22)
0

Fquation (2.22) can be written as;

P
I.8) =/ I(p,8)0(p) dp +

Q
5 1(0,8)8(p) dp ... (2.23)
(1]

Here; p 1s the value at which equation (2.21) gives the most
exact value. For large particles, the first term is much smalle)

than the second term, in that case the equation reduces to;

242
I i ;1(9,B)dn vre (B 28)

o i)

The SDF, ¢{p), can be determined from equation (2.24), as it is

a homcgeneous integral equation. In this method it is possible
to obtain the result more or less quickly. Hence for rapidely
fluctuating process, the method is mere convenientely applicable.
But the draw-back';f this method is in its considerable errors
for values obtained. For large angle of measurement, the error
is some (50-70)%; due 10 the fact that IB(B) decfeases very
quickly when the angle increases. This method is rather widely

used in the investigation of aerosols.



2.3 DEFOLAR IZAT ION

This method has its foundation in the Mias Scatteripp thoory
fur sphericai DarticIE&,‘ ihe dight scattered zt the apgle 0
1s anly partly polayized. . The degree of itsr polarizatisn dopends
ipon the size and shape of the scattering particles. Depoluvita-

tron relation i3 deterpised by;

!
o -r-l—'-i (z.313
Ir
where :
ST & Ill

-

are the inteasities pf Se3ttered light at ¢ =5 /2, in the per-
pendicular and paralist pjanef respectively. The intensities of
the Tight scartéred in «mive angle which cerreéspond Lo particles
of vadius r gre glven Ly,

*.J.'
] = —-'; l j\'d.} S % | I--- L] 5-
-ll; Y1k L

and ' = ‘& F X
lh_ = i]rfn) L 23 L& DE]

)|

W

2y

whers T :
[ S *-T'-'. 11] & '111_

aye hasic Mie funigions, Corresponding to¢ the scattered 11ght

at 8 = 1/2, ill and i}r depend on the relative rafracrive inder
n '

D

- =65 where
np. is refractive index of particies and
n , is refractive index of the mediun.

For polydisperse system we have

o =2 Gofr) dF ... (2.34)
& Bt

%3

o« F 12 C . T4
llr é Ilrtwfr} 4z o xe (2 E25)
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Here @(r), is the distribution function in size, C is the nor-
malization constant.
The SDF assumed [16] has the form;
: =T .
('r rOJ exp(- (—s‘_o) )! for r:ro

0; for r ST s o (2502

¢ (r) = {

Where 2 and S are parameters of distribution function. %y is
the smallest radius of particles and S is the modal radius. He
by determining T and s it is possible to find #(r). Taking ir

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

Fiq(p,a) .
° R, ,a) heAady
where P = anq
A
and
s 3%5;

Practically it ig possible to find o. Ploting the theoretical
value of cexp' p and q can be found from the coincidence of the
two curves. As a result L and s can be determined for the
determination of ®(r) as discussed in [16].

A

2.4 NEPHELOMETER

The technique, as in the case of other methods, is based o
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; > >
Sam_ p/ajf */bi/_ | (2.41)
1000d> j 2%

t/c =
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Where t is the scattering coefficient; C ratio of volume of
particles to total volume of colloide, n is the refractive index.

For a given 2,
nnd

G"!—i—'—

where "d, is the diameter of particles. It is assumed that all
particles are sphere of equal diameter. a; and bj are functions
of a and n
' me= £ .

n
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 as;

- fLieata. @.an

where I is the intensity of the incident light and "dx, is the
thickness of the layer; the value of t/C is calculated theoretical-
ly and the resulp is given in [17] for A= 5461A°. For this value
of wave length of the light the change of t/c for small change of
m is very sharp in accordance with the relation (2.41). For
smoothening of this sharpness a logarithmic operation has been
used in order to interpolate between consequtive tabular values.

il

Hence;

log I = log S+I_(a,m)*S,(a,m).

This gives

aja ' al~

log & = log Z+I (a,m) log(m-1) ... (2.43)

It was shown,[18], that the function is approximately linear to
log(m-1), when t is maximum, and also log %—-clog A. For the
case of maximum A, in the visible region, the slope WS" of the
curve % versus A, will be; [19]

i‘I______A4444444____________——————————————---'---'---------------------
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. _ralogr
T {angl]

g = -(dlogr d log(n/a) dlogr aloga
. (a‘log%) ¥ mﬁ—%ﬁ}‘ -(_ﬁ)%) la ogz)
N dlogt (d log (m=1.
alog(m-1) q.n d Togl )
A

From equation (2.43), the equation obtained is;
3 (loga . (dlogn
S3Tom )1d (aiogl)_l

' A

the resulting equation hence is;
e B -7 3lo alogr \ m-l)
(2=% og A J][1+(a og | aiogim-ii
’
dlog (m-1 dlogn ! 1
The values of ““H%%éff—l and Hﬁﬁé%"' can be estimated from theore

tical tables or from the plot of the function 1/c. The other two
terms are determined experimentally, which are necessary in find-

ing the values of v or t/C, Sometimes it is more convenient to

use the value;

St _ _2(t/c
T s ogt )

where as, for polydisperse system

T
= -] &
T % Ci(c‘

The light scattering coefficient for such a system can be written

in integral form as;

e ——




o

() =/ T F)ad ... (2.45)
0 0

Where F(d) is the distribution function of particles in size.

We can write:

Tyl o rod(r/c)
(S| =1 G

0 0 d

o

= f (ST/C)F(d)rsE e se (2.86)
o]

t/c and St/c in equations (2.45) and (2.46) can be calculated

and give us the possibility to write F(d) as;

n o
1 | r . n A7
(= I (= gl o1 e ) P M (2.47
C o i=1 c io % J
St n Sr. 2
(=) =z ( 1‘ JFRIARd s« .. (2:48)
e ey Ll

In case of logarithmic normal law of distribution equation

(2.47) and (2.48) can be rewritten as;

{I’) = ? f { )1 ’
Brla. ey Y 13
EY)..= flg%;ﬂ,
0 1=1 ¥ %
where £, is given by
= £ 4o
f. = T%F b e 2t%dr;
 : r;..;t.-ﬁt_
: TlSS
where 4 logd-loga
oL Tog o

for an average diameter d of particles aggd o characterizes the

half width of the curve [27] , [20].

o







P 2 S
, i ™ li(IE-Io)e Tl o
we obtain; T 1 (1710, B — .. (2.55)
i

r+

E "o

o

In order to determine the SDF, n, and Py have to be deter-
mined. In this respect, the experimental curve of the relaxa-
tion time of the particle after switching off the electric field
has to be used. Experimentally it is possible to determine [21]
graphical curves at the separate parts. It means the real
experimental curve is the combination or sum of the separate or
individual curves which correspond to define group of particles.
Thus family of exponential curves for real experimental one can

be written as;

ay nt -t _t=R%0
‘&"‘-- EB T. O (2456)

o
s
1]
et

comparing equation [2.55] and [2.56]), the result 18

s 2l
exp(—%g)c
i
oty wmenea e R AL (2.57)
1 !
¥ 1;,(1-15)

1

where Cla —
: 2(1,-1)
I n,l -

j=y 1 E¥R0y

Iquation [2.57] gives the final result; for each length &, the

respective n; can be found and the SDF can be ploted. rio'Ti’Ioi

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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.6 ELEBCTROOPTICAL DIFFUSION METHOD FOR ESTIMAT ING COLLOTDAL

PARTICLES SDF WITH THEIR ALLOWANCE OF LIGHT ATT ENUAT ION

This was suggested and developed in [22]. The theory is based
upon the electrooptical properties of particles, there by giving
different approach to SDF. The value of the optical effect asso-
cianted with the relaxation time of the colloidal particles orienta-
tion after the removal of the rotating F-field is assumed to be
related with ¢(r) through an integral equation. The stated problem
is of none-correcting class (choige of parameters). A more detailed
nethod of solution has been suggested [22]. The polarized light was
send through colloid solution, which contains particles oriented by
rthe rotating fieid. After switching off the field the rotary
diffusion motion of particles hegins from saturation state. Hence

the intensity of the polarized light will have different values.

fhe optical effect N(t) is given by
Net) =4 /7 Cos’e-1)F(s,t)Sn0de .. (2.61)
0

where Tt )
ir -2
N{t) » . .4 (206&)
I,

Lo (8) and Ill(t) are light intensities crossing through colleid

which are polarized perpendicular dnd parallel to the electric

field respectively. &k = kll(r}-klr(r) is the diffevence of

extinction coefficient of particles of radius r along and across

the long and short axes respectively. F{o,t) is a function of the

angular distribution of the axis of particles with respect to the

direction of the electric field.

e
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It can be shown that

N(t) = ak(1=372 Sins) ' .... (2.63)
where sin2e= r"Sin%eF(6,t) Sin 8 do;
. :

If t = 0 and all particles were oriented completely then

Sin’e = %(1-e'°nt] L (2.64)

as given in [10l. Where D is the rotary diffusion coefficient,
solving equation [2.63) and [2.64] N(t) will be; N(t) = ake'bnt
[2.65]. This equation can be used for polydisperse system and the
optical effect is;
N(t) = !af(r)e-ﬁn(r}tdr ..... (2.66)

0
Where f(r) is the SDF. N(t) can be obtained experimentally and
f(r) has to be found in Tichonov's space Né of regular function
with their metrix;

df1 df

1€,-6,01 =1 1(8)~f )2+(a——-a—3)215dr cass [(2567)
W G- Lt 2 ry dr,

1
The functions f, and f, are the elements of the space W,[23].
Hence by this approach it is possible to solve the problem by

removing the none-correct class. In the conditionally correct

class using the method of regularization for solving equation

(2.66), the authors have found;

a 2
b(r) =S k(r,o)f(p)dp-a[ngézl - £(r)) ... (2.68)
0

LS[+D(r)*tD (o)1t
6[D(r)+D(p)]

where K(r,o0) = -




is the kernel of the integral equation. Also b(r) reduces to

to
b = s N(t)e
(8]

-6D (1)t 4,

« is the parameter which is calculated from equation;

2 to a
(BN)" = s . [] e
o O

6D (r)tea yaroN(t))%dt ... (2.69)

2 ‘ : : g
Where (BN)~ is experimental error, t 1S the interval of time

[o,to] which determines time of measurement of N(t).

2.7 LASER DIFFRACTION SYSTEM METHOD [24)

In this method it was pointed out that SDF to be determined
using superimposed fraunhofer diffraction pattern of moving particles
on a focal plane of a lense. In addition, the obscuration of
diffracted light intensity of slits by obstacls behined the slits
was analyzed and the influence of particle numbers in a unite

volume on diffracted light intensity was estimated.

A system of Linear equations were developed and used to

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

different radii,l,, L,, Ly were obtained from;
L, = agyW /by * a1gWp/0p* vpe 2 815"/ Pn
L, = ay,W;7b; + azoWy/byt «oe * aynin/Pn
i | + z e
Ln 5 an1w1/b1 ¥ an2h2/b2 wea ¥ “nn“nfan

where st' are gross weights.

The light energies were detected using a photodetector, and

N
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CHAPTER 3

Determination of Size Distribution Functien (SDF)

by Electrooptical Method

3.1 Theoretical Formulation of the Method

When particles are placed in a rotating electric field (R-fiel

(22,26] , they will be oriented by the field. This field is set inmt

rotation by using a three phase voltage input. The oriented colloi

will rotate with angular velocity;;clagging by a certain angle a,

constant in time, from the field.

in Figure 1.

The experimental.scheme is shown

0

iy
* - - oo U by &

- B | ()

e
c o o~
s & LTD

P

S, source; L, lens; p, polarizer;

0, oscillograph;

H, solution with electrodes;

Since the syssem of ©

the solution is a kind of

In the above optical scheme rotation of suc

velocity w , relative to the i

/,2 ;
Fig. 1:

Diagram showing the apparatus
for setting up the field into

rotation.
Ph, photomultinlier

A, amplifier;

J, generator.

riented colloidal particles possess dichrois®,

wpolaroid" and therefore acts as "analyz

h analyzer with angula}

mmovable polarizer "p" causes
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sinusoidal modulation of the light with frequency 2w. The
depth of modulation depénds on the perfection of the analyzer
as a second polarizer. The modulated amplitude can be observed
and measured on the screen of an oscillograph "0 ' after a
preliminary amplification by the photomultiplier Ph. For parti-
cles having a permanent dipolmoment 3, the predominant factor
of orientation in the R-field, the equation of motion is;

uE Sina= ﬁV[P]wF vi A (3.201)
where wg is the frequency of the R-field.

The left side of equation (3.101) represents the moment of
the R-field, and the right side is due to the 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 minor
axis (Table 1) and is calculated.in [27). n is viscosity of
the liquid; a, angle of lagging of the vector y from the field

direction. For a prollate ellipsoid;

2 Y
u= 3.8y (V2P Cos )3 ... (3.102)

|
| 8 | 10
P14 Paisi g 1 .4 6

[

(p]| 6.0|7.5]9.0|14.0}20.1(27.7 |35.8

56.1 | 80.5

Table'1l: Calculated values of [P] for a given value
of P[27]
L] in equation (3.102) is the sum of the dipolmoment of all
water molecules capable of forming a single layer of 1 cm

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 colloidal particles, v 1s purely surface property

[28], and is associated with the angle

e
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of inclination g of the water molecule dipole axis relative to the
partial ‘'surface. If "1" is the long axis which corresponds to the

- vy ->
direction u, then; h

2
1= [{5}%)' ‘.r]]”3 ... (3.103)

Obviously; Sina = V[P]anqu eos (3.104)

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

Sina = B[P)lul: voo (3.205);

where B(P) - Twrnt-camp— P {3-106)
w4

For monoshape particles, the dependence of B on the parameter ,P"

is very weak, and is quasi - linear, (Fig. 2-a).
cmfsee (0 B(P)1
2 =

1- /

= 'l >
o 10 P

T

Fig.2 (a) Dependence of B on the parameter P for
polydisperse monoshape particles.

Therefore y
; Sin a= Blug; «-- (3.107)
Hence from equation (3.107) it is clear that each kind of particle

; , th
has its own angle o . If fora given wp, E and 1 ate constants,

o a critical frequency

the dependence of Sin a, on wp iS linear upt

wg,» Fig. 2b.
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Sina ? P
Sine

(B)-arbitrqry
Shape :

——— e -

o -
Wy

& 4
"ot
=
e v |

Fig. 2-b: Dependence of ,Sina" on the field frequency,
wg+ The value of we is increased only upto
wer+ Which corresponds to the angle a = w/2.

Aw)]
A(U)T (b)
1
1 L
|
9 Cer ”; = 6Er

Fig. 3: The variation of the amplitude of modulation A(w)
with the field frequency uwy. (a) For monoshape
particles (b) For polydisperse system of particles

of arbitrary shape.
Hence increasing of a could be possible upto T4 i after which the

Modulation of light would be stopped instantancously. In the case

°f polydisperse colloid such picture is not possible. First the
MoSt big particles will stop its orientation when the angle o

aSsumes the value /2. If further wp 18 increased, the situation
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will hold for the more smaller and smaller ones until all particles
are exosted. From equation (3.104) it is clear that a« is propor-
tional to "1"; that is when Up 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 the
frequency increases. Therefore, it is clear that experimentally
measured value of A(w) contains the real information concerning the

distribution function in size.

3.2 Amplitude of Modulation

The 1ight absorbed, polarized along a, direction, by particles

having dimensions from 1 to 1+dl will be:

—d![l)=16{Cosz(ub-u(l))Ku(1)+Siﬂ2(UO'G(IJKT(1)1N°(1Jd1- PRl . 1 3

where K, (1) and Kr(l) are reflections coefficients for particles

along and across the long axis. I, is the incident intensity; N,

total number of particles and #(1) is the distribution function 1in

size. For particles, having arbitrary dimensions:

: ' 2 3.202
= cr 2 v Si ~a(1))K_INe(1)dl. e (3.
1A )=I £ = {Cos  (a, a(1))K,*+8in" (a v

where 1__ = gl ... (3.203). The value I(l;,) has an Gxtrent
34 2 mp ; .
which corresponds to one of the axes of the colloidal polaroide.

At the extremum values:

difl) .o ... (3.204)
i) .o ... ¢

0
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The extremum condition is.specified by &, when a, satisfies the.
relation:
1
= Iocrf(IJSinZG(l)dl
tan(2a) = T . vne (92205}
s “Tf(1)Cos2a (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 plane of polarization along and across

the direction made by a and is given by:

Al (3.206)

cr) - I; "I_;:goo "

where

1
cr
I-() = I [1- £°F K(1,a)Ne(1)d1 ... (3.207)

and K(1,a) = Cos®(5-a(1))K,(1)+Sin” (G-a)K_(1)

1
Also, I = 10[1-;Cr H(l,a)Ne(1)dl. «.... (3.208)
0

u:QOO(lch
Here H(l,a)= Sin?(a-a (1))K,(1)+Cos” (@-a (1))K,.
Consequently, the amplitude of modulation is equal to:

1 -
AQ) = I, £ T {Cos® (a-a (1)-Sin’ (G-a (1))}aKNS (1)d1. ... (3.209)

cr) 0

Representing, £(1)= NaK(1)e(1); AK(1)= K,(1)-K.(1);

€quation (3.209) can be rewritten as;

( ) 1& (3‘

Differentiating equation (3.210) with respect to 1 ., we obtain;

dA(lcf)- (3.211)

cr

= I, (£()-F(lc,)}
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where F(lcr) is the derivative of the second integral in equation
(3.210).  For most real models the value of the term F(1.,)s has
been found out to be (3 to 4)% of f[lcr). and is neglected in

comparison with f(lcr). BEquation (3.211) in this case bocoios;

dA(l..)
“EI"SE' =1 f0.), e (3.212).

cTr

Using equation (3.203), the resulting equation will therefore be;

dA(1
cr) | aACog) = IE(1 p)ens(3.215)

T —T_

3.3 Determination of 1cr

In the qualitative analysis of the preceeding section, it is
seen that both the amplitude of modulation and the slope of the
graph of A(MEF),'versus wp are dependent on the critical length

1., of each particle. In order to determine 1 .; B, has to be

known priorly. For this two ways have been employed. The first

method is, "Electrooptical v-meter method [29). In this case it

is necessary to méa§lre the relaxation time v, of disorientation

of particles and to find the average volume of particles;

%' ﬁiit . .301):
At A

where T is temprature; k, Boltzwamnn's Constant and n is the viscosit)

of the liquid used. For monoshape particles;
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2
1 - 3%‘?% ve. 43.302),

where 1 is the radius of an ellipsoid. On the other hand equatic

(3.107), gives;

SN
LR X
BmF

By the help of equation (3.213) the expression obtained is;

1
" 3 dA (L)
b 1) B a o)
—x e mF il
13- ) - el vo. (3.303)
F fdA[j"’F} d(]fw]
od(ymF)

Comparing equation (3.301) and (3.303), B is given by;

v
B=[ialfl™ ... (3.308)

where Y is the value of the integral in equation (3.303). Since
all values in equation (3.305) can be measured experimentally, B

can be determined from experiment.

3.4 Determination of t by Electrooptical t -metex

When rectangular electric pulses are applied to a colloidal

s : 1 ]
solution; (Fig. 4a), the polarized light passing through the pla

of capacitor C will be modulated as shown in Fig. 4b.

(@) P gy Ph & |

S - =F = |- A oy xe11 RE Tyt
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i i ™ ':
' : 119
! | o o
I 4 l ! t ,
| ' i
' ] ! ‘
AP ¥ i 4 e
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Fig. 4: Apparatus and the modulated impulse for
investigating the orientation - relaxation
curve and for measuring t, with t-meter.

S, source; L, lense; P, polarizer, Ph, photo-multiplier; A, ampli-
fier; O, oscillograph; (a) diagram of r-meter, (b) the form of~
rectangular electric pulses, (c) 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); to-Interruption period

(relaxation time).

During the time of the pulse action (t, or t_ Fig. b and c), the

particles are oriented by the field. Relaxation occurs in the

i i : i ity I of the
intervals between tor During the period t, the intensity

Polarized light decreases or increases in accordance with the
T - .. (3.401
expressions; I = I_ exp (-y } otv¥l"e | [l-exp( Sﬂr)] . (3 )
’ R : . he given

1 1

depending on the sign of the electrooptical effect for the g

colloid.
Formula (3.401) is valied for monodisperse colloid of the
same shape and therefore gives a sign *- The corresponding relaxa-
tion is described as monoexponential one. Real solution, in
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general, exhibit polyexponential relaxation, but the degree of
deviation from monoexponentiality and the consequent degree of
uncertainty which this introduces into the interpolation can be
estimated only from experimental data. t-meter 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 v, for the same exponential law, a straight lihe
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 region.

The other method of determining B has been described in [28].

It is based upon the values of uj, 8 and P through equatiom (3.306).

3.5 Methed of Detemination of SOF.

From equatioﬁn?b.ZUl), it is possible to find an expression

where for spherical particles

3v. s
r'(i'; »

containing the SDF #(r),

and V is the volume of particles. For particles approximating to
. 1\ b-;
a prolate ellipsoidal revolution, 1- c#n be given By




R T 8

3p? 2 4y

LSS e ] (**—]

Also for spheres P =1 and r = E%— ane (553013

P "
The expression which involves 'the distribution function in size,

¢(r), follows from equation (3.212), which is;

aA (M)
op o
The left side of equation (3,30Z) can be determined experimentall;
and I0 is the measured intensity. Thus we have three unknowns, N
AK(r) and e(r). Two more equations are required in order to obta
¢(r) explicitly.. In general the relational dependence of the

three unknowns can be written as;

o) BN, T aK(x),8(r)) = 0 g ooy

@z(Nz,Io“K(r)_,Hr}) =0

Therefore, equations: 3.502 and 3.503 give;
= 0
@1 (Nlr IOQK(T),O (r))

Qz(Nz_alnak[r).ﬁ(rJ] 93 ... {3.508)

dA (Yop)
ITpg)

To obtain dependences (3.504-1

-_IONaK(r)Q(r)

) and (3.504—2) jt is possible to

i ilibri state, in &
perturb the distribution function of an equilibrium ’

certain volume V, (Fig. 5).
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Fig. 5: Centrifusion experimental scheme for perturbing,
the system from equilibrium state, in order to
establish equations (3.504).

G, rotational velocity; Vl, volume occupied by
particles suspension in distilled water; Vz, volume
occupied by pure water; L,,L, and Lg are lengths

in (cm.) W, partition.
.

In the above scheme, the wblume V, is filled by pure water. This

cell is placed inte centrifusion, the partition is removed and

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

of centrifusion process, the partition is closed automaticgliy.

The process is stopped and each particle in volume Vi and V, will

be mixed. So we obtain two different colloidal systems and two

different distributign functions 0, (1) and %, (r). Obvieusly each

of them depends on the primery function o(r) which we have before.

These dependences can be written in the form;

Z,Ga(x), *y (e)) = O
Z, (a(r), 05(r)) = O

} ee (3.505)

i f
Experimentally it is possible to measure the amplitude ©
1 i tems, and
light modulation Al(l/mp] and Ay (Yup) for both colloidal sSyste
' ° unations
¢ (r) and ¢2(r) can also be calculated. Therefore, €4




e B

(3.504) can be rewritten as:

1. aA(qu)
mpj— = 1 4K(r)e(r) N

ey TotRimie N,

a7 e e L

4, Zl (e(r), &1(1')) =0

L [3.506,

5. IZZ (¢(r), ¢2(rj) =0

6y B, = Nl_+N2

3-§: Equat ions of Motions

During centrifusion process, the forces that act on the
: ¢ g 1 3
particles are; Inertial and Centripetal forces, xmé, T w?, X

4

and -3-“621-3 w and 8, are densities of partic

2 .
c X respectively. &,

; dx 5
and water respectively. The other force, 6srnyy , is the force
friction. Therefore, the equation cf potion will be;
o= A

dX scoudioz + 2 Ly M8, 601
a:E Cr tl)cl - { )

and this gives; x = xofgxp(cfl.l; ), where £ is given by;

a2 (e)drs Af wp = (1)

pet N if w, is constant,

g =1
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3-7. Deduction of Functional Correclations

The functions ¢, (r) and %, (r) depends not only on r, but
also on mc(t). So they are functions of the parameter £. From
equation (3.601) follows that, #, = ¢1(r,5) and ¢,= wz[r,g). 1f

the total number of particles is N, then N ., is the number of
St

particles per unite length in volume V, before- the centirfuge.
If a particle of radius r at a given £ has coordinate Ly, then in

the starting moment of centrifusion its coordinate was;

X, = LZExp(-Crzz) cv. (3.701)

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

start of centrifusion less than io’ could remain in Vl and particles

of radius r, which has coordinates 1in the starting moment of

centrifusion greater than io would leak to volume VZ' The total

number of particles, nl(r,E) dr, whose radius is placed in the

interval (r, r+dr), in volume V, at @ given £ 183

2E :
N e = Lg)elrien: if ¥ <p

n, (r,&)dr = 2
0 IR LE P

.. (3.702

: : i which
where n, is the linear density. o is the radius of particles
Substituting

crossed the distance from L, 10 L, at the given 5.

e value of ¢ determined 153

L, and L; in equation (3.701), th

1

|5
1 251 3.703)
p = (gF 1n£I) Sl ESudiee

. Wy 3 he volume Vy»
[he tctal number of particles N, (8) remaining i 1

after centrifusion is;
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L s
r%tl"e )
I T T : I rs
2 P ¥2 -cr
“1)-7 (= e T &1)a(r)d
L 775 St
¢, (r,€) = vev (3.708)

O;if T. 2

e

3.8 Determination 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. £ (r,8)= N; (£)8K(r)e, (r,€)

2. £, (r,8)= Ny (£)aK(r)e, (,6)

. 74 Nl(z)- Nu

4. N, (g)= Nt

L
5. R
B W
g L o
6 / [ri o E-1]o(r)dr = Q.
K o ¢

Reffering to equatien (3.506); when the first equation is divided

by the secoﬂd and alse by the third, the results obtained are;

1
M[E;-J. NI(E) fir o ¢ (r) vve (3.801)
.S Tk ’1 T, E

F
| aA (=)
and (“’P Ny (8) gy o(x Zws, (5 802)




s

Using equatioms (3.705) and (3.708), Q can be written as;

Lsion
(e S-1)f(r)u

Q = A {vs £3.803)

Because of the relation N1+N2 = N, then utt = 1, Substituting
t = 1-u, in equation (3.802) and using equation (3.801), the value

of u obtained is;

L
ZEL ST B
3"(;— 3 < g II-J?éT%—Ej

Up = .

2
(I Ir, ¥ £ i ;)) ”(f (r 38 L ETr, EJ)

Combining this last equation with equation (3.801) the result
obtained is;

L 2
p ze‘.cr E_l)o(r)dr = w&{] Y (3-805-3)

where,

L 2 L L,
(E_z_e-cre;_l)[r:_“ cr£ mrlr)__

vig) s )
£, (r £) yJ LZ flh‘,ﬁ
s Biudlatal P2 L Y TR ) (3.805-b)
33
(.ltm] L, L)
Elnd, | LB i)
In order to determine w(g); the values © Bop * 1"72

and £, (r,g)have to be detérmined. The functions £(r), £ (r,5) and
| } f e gations 3,506=1, 3.5006.:

fZ{TsEJ are the tangents t© the curves of €4

Thus the function ¢(r),

analytical solutior

we are interestec
and 3.506-3 respectively.

3 SatT " As the
in, is obtained from equation (3.805-a). A%




1f the reors aiati T
oy he integral equation wasn't found, a numerical method was
used instead. Rewritting equation (3.805-a) as;
4 i‘: 1"1":
] I-'I.!_J"J ‘_‘\‘!' - 11.[‘_]‘] = -1.{.] 3 Ilj-h(]l.?]
U 1 4

T, L : : " L
fhe solution of equation (3.806) was obtained by dividing ¢ into
n equal intervals of length '"h,, such that 3 r: = j+h; where

i =1,2,...n. Replacing equation (3.806) by a terminal sum and

measuring ¢ () for m=- points, the system of equations obtained

T K2
: £ N 1'{'{‘]
L a. [{ ...-} '_1 i,: .'L-‘l-[_'}:ll = -'.'f_:l a0 ‘3-85.‘?]
k=1 ik rj— 1
where 'l_“\_ i= the coefficient of ;'-1'11'-1}'i"}i guadrature formula.
[hen ©. is the value at ' which p= ih.
For experimental determination of ¥ (5, the functions £,{r,&)

In order to reduce the effect of the

and f£,{r,g) were calculated.

. 3 - - . r 5 cantrif < 9 ‘ - #
F-t.l(:l\j_rl_g of i_};;rf_lcles t0o thy wall ._'ir 111€ cantrizu 1on d[”‘dr.\ltl'l.c"
yelation i'il'.,.'_‘ + £, (r,g)= £(r)-

L

was calculated from the

¥y _Ir-r)
LS

nd Discussion

2-9, Exgeriggntal Results anc S

/
‘ L] Y 10T |-_ rh i rribu » Ty
This method was used for determination of the distribution
i 1 - Jp o ammortant spec me g dis-
function in size of the prﬂttltdll} important specd n, a i
les. being in water, ai

persion of synthetic diamond. The partic
pavamelers,

characterized by the following
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n= lO'ECGS;Gl = 3.6 %ﬁﬁ;a= > Eﬂg;

cm cin

uy= 1.9x107 5 cgsE, g = 85%; E = 0.7 Cgsk

[P}

From esquation (3.102) the value of 8¢ is found out, by
measuring the dipolmoment, u. by the help of equation (3,101).
In this case E Ny dndw are measured experimentally. The
value of V is eonne;te& with the value of t, through eguation
(3.301). The method of determination of t and a; is explained
in 3.4 and 3.11, from which follows, ¥ and as a result the value

of & can be foﬁnd'out for calculating the value of B from equi=

tion (3.106).

The experimental results are given in Tables 2, 3, 4, 5, 6,

7. 8, 9, 10 and 11, The function y(£) which 1s found out from

»

experiment is ploted in Fig. 7 and the curve of the distributior

function, ¢(r); is ploted in Fig. 8.

The result obtained by electronmicroscop is compared with

the result obtéiﬁed by plectrooptical method. In the former
case, 3000 particlesgwere used. CompaTing the two methods the
results obtained are in good agreement with the physical dis-
tribution. Therefore, the method, ElectrooptiCﬂl method of
jed to 2 real distribution.

determination'of SDE, can be appl



< 44 -

3.10 CELL DESIGN

= - ‘ :
fhe rotating electric field is produced in the cell

shown in Fig, 6.

ﬁ_ﬂ Vo
L ©

00 /g
AT

Electrode holder &an

d \‘611: }-‘.k‘j,

Fig. 6: a)
e, f,g,h, i are Lissajaus figer
of fhe second ordey obtained in the
measurement of the lag angle a.
The cell contains a special block with three nickel electroedes
The clectrodes

juoroethylene holders.

4 45-150mm long. The electrode

mounted in two polytetrsf

are three rods 3mm in diameter an
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axes are parallel, and their projections on a perpendicular
plane correspond to corners of an equilnteral triangle with
10-mm sides. When these electrodes are connected to the phases
of a three-phase sinuscidal voltage source with frequency w, an
electric field of constant intensity L, but votating with angular
velocity w, is produced on the axis passing through the center
of the equilateral triangle. For determination of F at a given
amplitude of the phase sinusoidal voltage Uo’ experiments were
carried out with a model cell, geometrically similar to the
experimental cell but approximately five times as large. FE was
measured near the cell axis by means of ‘a probe connected to an
oscillograph and a tube voltmeter. The medium was tap water.
Control experiments were carried out in the real cell with a

smail probe and demonstrated that the modeling was correct. For

the experiment cell with the electrodes of dimensions specified

above the relation between the field intensity L and U0 is given

by the expression;

E=1.4 V0 V/cm,

3.11 Method of Measuring the Lag Angle a

s yoltag = U si
Use of the phases of the three-phase voltage U Lo in

e.g., phase 1 is applied to the

(wt+$), supplied to the cell,
Then the optical sinu-

horizontal input of the oscillograph.
he scanned as a sinusoid

soidal signal of frequency 2w will

ous figure of the second order appears

of frequency w and Lissaj
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on the osciilograph's screen. The form of this fipgure will depenc
on the position of the axis of the polarizer P. The latter is
now turned so that the Lissajous figure acquires the form of the
characteristic "pit" (Fig. ﬁc}. This means that at the instant
when the voltage of phase 1 is passing through zero (the vector

E in the apparatus is Horizontal) the axis of maximum absorption
of the analyzer is parallel to the transmission axis of the
polarizer P. (It is assumed that the oscillograph plates are
connected so that light causes an upward deflection of the
oscillograph beam.) We measured the anple of lang a of the
absorption axis of the celloidal particles behind the field k.

In practice this angle is measured much more simply and accuratel:

phases 2 and 3 are changed over by means of a switch in Fig. 1.

lhen the field begins te rotate in the opposite direction

and the Lissajaus figure becomes decomposed (Fig. 6b). P is now

turned through an angle © such that the figure again becomes a

pit (Fig. 6e). It is easy o Sc€ that the required lag angle is

urned in the direction of

found that 8 >180°, this means

a = a/2, P should be t _the original

rotation of the field. If it is
that the transwiss&oﬁ axis and not the absorption axis of the

analyzer or of the colleidal particles Jags behind the vector
of the field E by an aﬂéle @ <90°. In that case all the proce-
d be performed with a Lissajous figure

dure Jdescribed above shoul
+ and not of 2 pit (Fig.

avorable cases roaches

i 6f,¢ and h).
having the form of '‘hump

The precision in determination of a 1n 8 f



a & 0,57,
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In order to obtain the rotating electric field the

pscillator was built. The oscillator consists of three resist-

ance - coupled amplifiers in a ring circuit., Self excitation

of this circult produces sinusoidal oscillations at the anodes,

three tubes with a relative phase shift of exactly 120°,

| {1

o

3.1 Procedure

The apparatus shown in Fig. 1, was constructed.
The sample in distilled water was illuminated
using a white light source (ADZ - 50 DC lamp).
Using a three-phase veltage source, a rotating
field E of magnitude 0.7 CGS was applied.

A modulated intensity was observed on the screen

of the oscillograph "0, . After amplification

by the'photomultiplier A, the modulated intensity

was measured (Relative units).

Keeping E at constant value, the rotational fre-

quency was increased and for each increament the

amplitude was neasured (Table 2).
The values of f and the corresponding sizes were
Relative units

calculated using gquation (3-213).

. h
are used for the values of 56

is perturbed psing centrifusion experi-

The system

ment Fig. 5 and

a) The cell with the sample was set intc d
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rotation (without the partition) at w_ = 314.2
¢
~F p
(sec) and for each interval of t = 6min. Step
5 was repeated for the particles in volume V, upto

t = 54 minutes.

b) The function f., and the corresponding sizes were

calculated using the relations;

dﬂz(l/wF) .
ail?w?]_ = L)

and equations (3-805); relative units are used and

the results are given in Tables 3,4,5,6,7,8,9 and 10.

The distribution function was determined using equation

(3-807) and the tables above by simpsons method of

computation (Table 11).
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TABLE 2

tsm,gun

No. 2 sl s rad s lrs f e bmlie i3] w i as
107 2.32 1.88 1.34] 1.8 1.04| 1.00| 0.84| 0.76| @.72{ 0.67 | 0.63

(sec)
10 4.3, 5.3 7.44] 8.44] 9.60|-10.47 | 11.90{12.73| 13.84 | 15.01 | 15.92
SeC i | T . Y
rx10° 112.4 |15.6 22.9 {25.0|28.3 | 30.9 | 35:3 |37.6 | 40.0 |44.4 |47.0
cm. S e e - e P

A 48 | 53 63 | 66.{ 69 | 72 | 76 | 80 | 80 | 80 | 79
rel-un : : . 4 _..l
Tel-un | L= 3 LE

£ 55 22} 18 13 J10] 9 7 5 2 g s B
rel-un o _ W oen - e - PR R e I S Al
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TABLE 3
t = 6min; £ = 3.54 X 107 secul, w, = 314.2 sec !

No. 1 2 & 4 5 6 7 8 9 10 11
10" %0 s 15| 2.89] 2.07| 1.62] 1.32] 1.11| 0.96| 0.85] 0.76/| 0.69 | 0.63

-1
(sec)
10% 1.94| 3.46| 4.83| 6.19] 7.58] 9,00 10.40 | 11.80 | 13.15 | 14.60 | 15.91
sec
10" s 70!10.20]15.50/18.90|22.40(26.60 | 30.80 | 34.90 | 38.90 | 43.10 | 47.00
cm.
A 10.00l 21 | 30 | 34 |38 |40 42 43 45 44 45
rel-un
£, 30 |20 |20 |16 |15 | 11 7 3 1 0 0
rel-un
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TABLE 4
t = 12min, £ = 3.54 X 10’ sec”!, w, = 3.14.2 sec” ]

~ No. 1 2 s+ Jamda |y 5 sl 7 8 9 e D
10—2:»__1 6.47) 3.201 2.20f 1.68| 1.35| 1.13! 0.98| 0.85| 0.76 | 0.69 0.63
(sec)

103/w 1.551 3.12| 4.55! 5.96] 7.40| 8.84| 10.20| 11.70 | 13.15 | 14,60 15.91
sec.

rxlos 9.6 | 9.2 {13.4 |17.6 {21.8 126.2 | 30.2 | 34.6 | 38,9 43.1 | 47,0
cm.

A 12 23 27 35 40 a4 47 48 49 49 50
rel-um

fz 35 24 14 11 9 i 6 3 2 0 D
rel-un
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TABLE 5§

t = 18min, £ = 1.06 X 10° sec’!,

|

No. 1 2 3 4 5 6 7 8 9 10 11
10"2u.- 6.94| 3.89{ 2.31} 1.64| 1.26| 1.04| 0.84 {0.76 |0.67 {0.60] 0.55

o
(sec)
103/w 1.54 2.57 4.32| 6.10| 7.96| 9.65] 12.00{13.15 [14.87|16.75| 18.29
Sec
msxr 4.6 1 7.5|12.8 |18.0 {20.0 |28.5 {35.2 | 38.9 {44.0 | 49.4| 53.9
cm.,
Az 19 30 34 40 47 51 53 54 54 55 56
Tel-un
£, 41 35. 1.« z2-—pe- a1 "7 3 2 N L
rel-un




¢ = 30min, & = 1.78.X 10° sec.”

= B3 =

TABLE 6

!

No. 1 2 3 4 "9 U e 8 9 10 | n
10”20 o 221 2.0112.87|2.001.51 [1.26 [1.05] 0.89 | 0.78] 0.69 } 0.65
(sec:)'1
10° /6 106! 4.97] 3.49 | 5.00]6.6 |7.969.7011.29 | 12.84 14.47 | 15.92
sec
cw10® | 3l 5.7 25 | st |la0 jids |i52 pESS 53 | s4 | S5
cm.
A, 8 151' 26 | 31 ] 40 | 49 | 52| 83 53 | 54 | 55
rel-un

0 0
£, RO N T O L o ) 2
rel-un




TABLE 6
. 3 ] o]

t = 30min, £ = 1.78 X 10" sec.
No. 1 2 g e s Eetl 9 8 |9 10 | 1
07" w 0.421 2.01 |2.87] 2.00| 1.51} 1.26| 1.03| o0.89| 0.78 | 0.69 | 0.63
(sec)']
10%/u 106! 4.97 |3.49] s5.00] 6.6 | 7.96] 9.70| 11.29{ 12.84 | 14.47 {15.92
S5ec l
rx10° 131157 Las| su] ao | 40| 52| 53 | 53 |} S& |55
cm.
A, s | 15 Pas st atae | sz} Esai it SEat T HEETES
rel-un

9 0 0

f2 43 39 24 20 | 15 11 7 4 -
rel-un
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TABLE 7

t = 36min, £ = 2.12 X 10° sec”!

No. 1 2 5 4 5 6 7 8 9 10 1
10"2m 9.42 !5.67f 2.98{ 2.05| 1.54] 1.23 1.00| 0.89| 0,77 0.70] 0,63
-1

(sec)

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

rx105 3.1 5.2 110.0 |14.4 {19.3] 24,2 | 28.5 | 33.5 | 38.5 | 39.5 |47.0
cm, .

Az S 15 25 33 42 50 51 55 54 55 56
rel-um

£, a4 40 25 10 15| 11 8 4 2 0 0
|_rel-un
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TABLE 8
¢ = 42min, £'= 2.12 X0 sec™ ;:
'i ‘ s
vo. | 1|2 |3 IR PR
=
102 | 0.42] 6.16 |3.20 [2.09 |1.56 {1.25 [1.04 |4.89 [0.79 J0.70 FO:65
5 | | |
(sec) .

103/&5 1.06 1.62] 3.12| 4.78] 6.40} 8.00 9.89 | 11.21} 12.73 | 14.34 15.92

Sec |

5 % 10° 3.2 4.31 0.2 |14.5 | 19.0 {24.0] 28.2 | 32.4 | 37.7 42.9 | 47.0
l

cm J_

I
A, 10| 19{ 20| 30 | 44 | 52| 53 sa | 570 |58 | 58
rel-un 1

|
£, as! a1 | 24| 22} 15 ] 22| 7 3 1 o {0
rel-un




t = 48min, £ = 2.84 X 108 sec
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TABLE 9

1

No 1 T 4 5 6 7 8 9 10 11
1072 | 9.42] 6.47] 3.15| 2.11} 1.55| 1.26} 1.05 0.90| 0.79| 0.70| 0.63
(Sec) )

103/ | 1.06! 1.55| 3.18 4.74] 6.44| 7.96 9.53| 11.13]12.73 | 14.34 | 15.92
Sec.
rx10°! 3.1 a6 | 9.2 |24,0]19.2]23.5 8.2 | 32.9 |'37.6 |.42.7 | 47.0
Cm.,

Ay 11 [ zz | st | ] 4| ¥ 49 | 55 59 59 60
rel-um

£y 48 46*24 sl ey By 9 4 1 0 0
rel-un




t = S4min, £ =3.19 X 10" sec
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TABLE

10

8

1

No. 1 T, Ak O AR TR 8 9 0 | 1
lﬂ-zm =

o 9.2 ]6.79 [3.24] 2.13) 1.6 | 1.31 1.00] 0.92| o.80| 0.70| 0.63
{Sec)
10° / 10611.47135.1 | 4.6 6.24 7.65] 9.15 10.90{ 12.53| 14.21 15.92
Sec.
o x10° |30 |44 Jo.1 j13.8|18.6|22.8 [27.0 | 32.2 } 37.0 | 42.0 47.0
m'
A, g |16 |2z |37 ] aa | 45 | 51 58 o | 62 | 63
rel-un
£, 51 |48 {25 [21 | 14| 12 | 8 6 2 0 0




- 8D =

TABLE 11

Ex 107 sy | rxi0iem | e(r)'10” A9
(sec) > ¥ (€) v ot K3

0 .18 B 0 0 =
3.54 .25 .08 1.0 .38 .05
7.09 .15 .04 2.0 1.27 .07
10.6 11 .06 3.0 1.52 .08
17.8 .07 .08 4.0 1.65 .08
21.2 .04 .08 6.0 1.28 .08
24.8 .03 .08 8.0 75 .08
28.4 02 | .08| 10.0 .58 .09
31.9 .02 08| 12,0 35 10

.
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The curve of ¥(E)
verases the centrifusion
parameter g »
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for 3000, particles.
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Fig.10

The graph of the £lcpe of
he Amplitude of liodulation
for the unjurteried system.
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Fig.I1
T Tthe dependence of the slope
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after centrifusion at £=3.54xI07(sec.” )
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