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ABSTRACT 

The f'ormation of' ordered struc:tures in monol.çers of' spheres, 

rods -and di8C~ on a horizontal vibrating plate have· been ·studied over 

a range of' surf'ace concentration and part;icle axis ratio. -The nuinber 

and· orientation distributions of' th~ aggregates of' CY'~cal particles 

either restiIlg on a solid surf'ace· or fioating at a liquid surf'ace were 

cOlDpUted f'rom· photographs of' the system. at various times.· It was f'ound. 

that a dJn,aJidc equil.ibrium ws established where, at a given concentration, 

the degree of' aggregation depended on the.f'requency of' the vibrations but 

was independent of' the axis ratio 0 

The mmaber distribution of' close packed hexagonal crystallites 

of' spheres with time during vibration of' a monol~er vas stud1ed as well 

as the f'ormation and propagation of' dislocations resulting in V-type and 

equilateral triangle-type crystallites when an init~ close packed 

assemb~ was vibratedo 

The number and. orientation distributions of' cylindrical chaine 

or rouleaux of' discs were measuredin 3-dimensional aseemblies ~jected 

to vibration. 



FORE,WORD 

This thesis de scribes the formation of highJ..y organized 

structures in monol.qers of. spheres. rods. and discs and in multiple 

l.qers of discs subjected to v.lbrator:y motion. 

(iv) 

Part l 1s an introduction to the problem giv1ng a brief 

review of the general background and s~~ting forth the scope of the 

inveBtigationoThe main portion of the experimental. vorlt is presented 

in Part II, which has been written in a manner su1tabl.e for publication 

in the scientitic l.1terature vith llttle or no furt.her modificationo 

Thus, the main part is ccmpl.ete vith its abstract, introduction,· discussion 

and references. 

Additional. detaUs of the experimsntal apparatus and proced.ure 

are given in Appendices l and IIo 

5d1ne concluding remarks and suggestions for further. work are 

presented. 1Il Part III 0 
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PART l 

GENERAL INTRODUCTION 



Patterns of order resul.ting tram arrqs of geometricall.y 

regular figures have attracted the attention of man throughout the agesl ) 

and have stimulated his advance in the field of the phy'sical and mathema-
/ 

tical sciences as well as in the artso 

In. ~ areas of scientific investigation such patterns of order 

are visibleunder the microscope as with clusters of living cells in a 

COlo~2) or as tactoids ill· dispersions of colloidal particle;); in the 

sUbmicroscopic reglon they ~ be inferred from X-ray diffraction patterns 

in the hexagonal or cu bic close packed arr8.ngement of atoms in the crystal 

lattice or in the rod-like structures of soap mo1ecul.es within micellae 

in aqueous solution4) 0 

This thesis is eoneerned with a study of the orderillg whieh 

resu1ts in two and three dimensional assemblies of uniform macroscopic 

partieles of regular geometI7 when these are brought into relative motion 

by the application of mechanical vibrationso It is known that under 

conditions where the particles in the assembly have limited room to move 

and trequently collide with neighbouring members of the group, the;y can 

be aggregated into highly orgaïli~ad strüetures variously ealled lattices, 

mosaics and eI7stallites in which they are arranged in some kind of :ma.Jd.Jnum 

density or minimum potential energy stateo 

A prerequisite for the for.mation of such structures appears to 

be the regul.ar and uni:rorm geometry of the particleso Thus an assembly 

1. 

of roughly cylindrieal pul.pwood logs in a holding boom or towing raft, in 

whieh the partieles have approximately the same length but different diameters, 

forms a mosaie of aggregates (see Figure la, Part II) in whieh a number of 

10gs are aligned with their long axes paral1el.o Litwiniszyn') showed that 



a similar mosaic pattern of rode could be fonned by vibrating pieces of 

wire of uniform length on a horizontal fiat plate. He considered the 

patter.n to be characterized by a distribution density fUnction g(~,t) 

gi ving the fraction of particles in the total assembly which at time t 

form a,r, angle ~ contained .in! the interval (~,~ +L\~) with an arbitrarily 

fixed direction. 

Other examples of rod like particles forming ordered structures 

are the lamellar micelles of soap molecules in solution such as sodi:um, 

oleate 4)' and dispersions of colloidal particles su~h as FeO.OH aggregated 

into tactoid~). 

Regular structures are also formed by assemblies o:f disc-like 

particles such as the biconcave mammaJ1an red blood cell (see Figure lc, 

Part II) which aligns itsel1' with its neighbours in a face to face 

orientation resulting in cylindrical chains called rouleaux6). Rouleaux 

of biconcave, non nucleated red blood cells have been observed in vitro 

and in vivo in many mammaJ s but not in the nucleated amphibian biconvex 

cells :in which the geometry is unfavourable for such aggregation. It was 

also shown in a very early investigation of the phenomenon7) that sma1l 

cork dises poised to float vertieally on a water surface quickly arranged 

themselves in rouleaux. 

The arrangement of spheres in two and three dimensions has been 

studied in connection with both liquid and crystalline structure. Bernal8 ) 

used models of randomly packed uniform ball bearings to account for certain 

o:f the properties of liquids; a sUnilar model was used by Scott9) in bis 

work on liquid structure. 

Arrays of reguJ.ar cu bic or hexagonal close-packed spheres have 

been used as models of crystals. It became apparent, however, that such 

2 



regular structures could not explain certain observed properties such as 

Plasti~ity. eiectrol;rtic ~onductivity and crystal. strengthlO) 0 Conseq~ently 
it was necessary to postulate departures from the ide~ perfect crystal. 

in which uniform lattice arrays of atoms are interrupted by fiawso Darwin 

sbowed that lattice arrqs of atoms in real. crystal.s are not continuous 

thro~out the crYstals but are broken up into blocks by discontinuities 

at the block boundaries; sueb an ide~ imperfeot crystal was thought to 

be like a mosaiciÎl which each part is perfect relative to its neighbourso 

Later investigators showed that though actuaJ. crystals are not perfect, 

Darwin's ideally imperfect crystal is not an accurate .representation of 

crystals existing in nature.. The presentunderstanding of the, nature of the 

deviations from perfect crysta.l.s reaJ.ly began when Frandel and Dehlingerll) 

independently suggested that the mechanical. properties of crystal.s were 

related to the presence of linear imperfections in such cr,ystals. Taylor12) 

proposed that linear deviations from true periodicity now called dislocations, 

were responsible for the relative ease with which most cr,ystals could be 

deformed by an externaJ.ly. applied stress. Soon thereafter Burgers13) extended 
. ,~ 

these notions, and within a few years ~ investigators firml.y established 

the existence of dislocations in crystals. At about the same time Smekal 

pointed out that the explanation of properties such as electrolytic conducti­

vit Y and diffusion required imperfections of a ~~ferent kin~oAlthough 

obviously dependent on the actuaJ. crystal structure, the motion of atoms 

through crystals cannot be explained wi thout requiring an atom to leave 

its normal position in the structure 0 Such a displacem.ent produces an 

imperfection on an atomic scale as distinct from dislocations which affect 

large groups of atome collecti vely 0 

3 



A model ot crystal behaviour~ tirst suggested by Marsball14) 

and later extended by BragglS,,16) is the bubble raft in which an assemblage 

ot a large number ot small air bubbles about l JmIl •. or less in diameter 

tloat on the surtace ot a soap solution. They are held together by. surtace 

tension either in a single layer as shawn in Figure lbot Part II, or in 

a three dimensional mass. Such ratts show hexagonal and cub1c close 

packing~ as wel.l as the propagation ot dislocations and recrystallization 

ot the assemblage after stirring. 

4 



soom OF THE THESIS 

In the present work, described in Part II, assemblies o~ rods, 

discs and ~heres were used in the measurement o~ particle aggregation 

during vibration o~ the system. The ~ollowing is an outline o~ the 

objectives o~ the study and the scope of the thesis: 

., 1) To measure the nlllIiber distribution and orientation o~ 

aggregates in monolayers of rods on a solid plate at various vibration 

~requencies, sUr~ace concentrations and particle axis ratios. 

2) To conduct a similar study in vibrating monolayers of wooden 

rods and poised, vertically ~loating discs at a liquid surface With 

special re~erence to the for.mation and break-up of rouleaux. 

3) To measure the mmiber distribution and orientation of 

rouleaux in a 3-ctimensional assembly of discs after vibrating the system. 

4) To study the growth of a mono1ayer o~ hexagonally c10se­

packed crystallites o~ spheres with time during vibration; aswell as to 

demonstrate the ~or.mation of dislocations and their propagation in an 

originally per~ect c1ose-packed structure. 

The exparimen1iation and results obtained are described in 

Part II which ~orms the main body of the thesis. A general summary and 

suggestions ~or further work are given in Part III. 

5 
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PART li 

THE FORMATION OF ARRAYS BY 
. . 

UNIFORM PARTICLES 



. ABSTRACT 

The ~or.mation o~ organised structures in vibrating mono~ers 

o~ spheres, rod.s and. dises, either resting on a horizontal sol1d. plane 

or fioating at a liquid. ,surface, has been studied.. 

The . size and orientation distributions o~' aggregates within 

mosaics of cyl1ncirical. parliicleswere measured. over a range of surface 

concentration, axis ratio and. d.egree of vibration. With spheres, the 

growth of close packed hexagonal crystal.lites with time ws studied. as 
l 

well as the d.evelopnent of dislocation bound.aries on vibrating anin1ti~ 

close packed. assemb~. 

The size and orientation distributions o~ roul.eaux of d.1ses 

were measured. in 3-dimensional assembl1es stibjected. to vibration& 

The phenomena consid.ered. are o~ interest in connection with 

particle aggregation in dispersions o~ particles of regular geometry.. such 

as rouleaux ~ormation of red. blo<id cellso 

7 



INTRODUCTION 
.. ,. . . 

It 1s lmown that under cert.ain conditions, randomJ..y distributed 

assemblies or macroscopic uni.f'onn spheres,· rods and discs cau ,be ordered 

into structures various11" cal.led. mosaics, lattices and crystal.l1tes. 

Examples oi such structures, illustrated. in Figure l, are the mosaic 

patterns oi iloating pulpwood logs in a boom, the hexagonal clQse packed 
- - . 

arrangement oi crystallites in a raft oi sma11 air bubbles fioating on the 

suriace oi a soap solutionl ) and the iormation oi regular cyl1ndri.cal or 

rouleaux chains or biconcave red blood cells in plasma2) • A varlet Y oi 

iorces are respons1ble ior bringing about such order - the restraint at 

the periphery oi the log boom, the capillary attraction in the bubb~e raft 

and short. range attractive iorces in the case oi the red cells. 

The bubble raft has been usedl ) as a model ior demonstrating the 

existence oi structures supposed. to exist in metal crystals where the atoms 

are held together by the binding iorce oi the iree electrons, and to 

simulate imperfections such as grain boundaries and line diSlocations3) 

which are important in considering plastic deiormation of crystals4 ) • 

The process of forming an ordered structure or rods has been 

analysed by Litwiniszyn5) who showed that a randomJ..y distributed set of 

rigid straight wire segments on a horizontal plate could be ordered into a 

mosaic pattern by vibrating the plateo Statistical11" .. the ordering process 

was described by a distribution density iunction g(~,t) where g(~,t)A~ 

expressed the share oi those elements of the set which at time t fonn au 

angle contained. in the interval 1 ~,~ ~I with a iixed direction. Periect 

order results when a1l the elements of the set tonn the same angle~. The 

8 
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Figure 1. Examples of ordered arrays of parlicles having unii'orm geometry 0 

(a) A towing raft of pulpwood logs on the river showing a 

mosaic pattern of aggregates much like those produced by 

vibrating a monolayer of steel rods as in Figure 2ao (b) A raft 

of air bubbles at the surface of a soap solution forming a two­

dimensional hexagonal close-packed layer of sphereso (c) Two 

rouleaux of biconcave human red blood cells in plasma showing the 

characteristic face to face linear stacking of the discoid 

parlicles. 
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(a) ==~:;.::. 
" 

" Aès\oaili8$ ••• ~. =I$.di8~S. -sphè",s,..istiÎ!g<>l(& .tlat~.,. 

::;~~~~~~ •• ~~·;jr:l~~~~i:~f~;:T···· 
,The.,distribü1iioD.,o~,par.t1c::J.,ee in~gat4its:alî4'"the1r.ol'ient.atiori,.was:: 

'., .. " ..., .",:!" '.":,";':';"':,,>,,,,': ".',',', .. ,!!,."',"'., ',,'!:, .• ',::' ,'/,"i',:::\',I: :' ',:: "",": 

:"",studied' as'.:a~ction" o1:'time~.".,p1ate· size,partfcl~8urtace'; co~entrat1on,.',ol 

_~s rat~.~p.}~',5~·~:~H~~~Cal;~s .•••••• ~~ .• i •.. 
, ,~rizes;1;h~:1"~eOt,,~rimelltsçarrièèlQ11~~:>:: ' 

.. ·(~rCy~al ~icJ.8S: .lJftii"~'~b8aàri8si<l1mneter 
",,'2t) =,0.3]-5' ~,~'::thea)dS~~t~~~trom: 3,.1;~"lO":1fe~:"USedt~>, st~ the ' 

• 'behaviour'otrods o~aF-brèlt~, surface •• ' "WO()deIld~~~:ofthe ,same, 

'âizew~re us,~din~erl.m~ts, ()nili~eurtaceof water. ' 

,:,;" 

'U~ormcfrclÙ.ardiscs~2a ;"',O.32CJ11,' '2b=1..2'7 CIIÏ.'Werê prePared, ' 

fram l.ow density (p '-, 0.'92g1n.cm.~3.) pOlyethTl.enesh~etsoTo eri~ 'that ' 

the disc,s fioat C3d w.tththe faces vertical, eac,hwaspoisedbyinsertinga 

smal' brasssl.~"O.l.; cm. diéUIleter ,and Oo3~ 'CJIL; long, on the edge. They 

wereimmersed inèn approximately 6% aqueous Cd(N0
3

)2 solution, lfhose 
, . . , , 

density~s adjusted so that aU the discs.tloated either just bel.ow the 

air interf'aceor with 1./l0-2/l.00f the diametrical axis abovethe sur1"ace, 
, , , ' , + 

all particl.es as sund ng the same ,vertical. position' (p = 0.998 - 0.014). 

(11} Spheres: Steel. baU bearings of 0.476 cm. 'diameter were 

used to $t~ the behaviour of hexagonally cl.ose packed monol~ers on a 

sol.id surface" the plate being painted bl.ack to accentuate the diSl.ocations 

between aggregates tor.med during vibration. 
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(b) Three dimensional assemblies 

Polythene discs having the dimensions given above3 but 

.unweighted, were used for the 3-dimentional experimentso 

(c) Procedure 

:13 

(i) Monolayers. A weighed sample containing a known number of 

particles was placed in a heap on the solid plate or strewn at random on 

to the liquid surface. The plate, which was attached to the base of a 

Fisher Vibromatic Polish~rS), was then set into mechanical vibration at 

frequencies which could be varied from 10 to 100 sec -1. The plate diameters 

could be varied from 26 to 41 cm. diametero The vibration consisted of a 

reciprocating up, down and turning motion causing the particles to move in 

a counterclockwise direction around the plate and to arrange themselves 

into a monolayer consisting, in the case of cylinders, of a mosaic of 

aggregateSj this is illustrated both for solid and liquid surfaces by the 

photographs in Figure 2. 

The plate was photographed at various time intervals using a 

Nikon F 35 mm. camera, or continuously with a Bolex 16 mm. reflex cine 

camera at 16 frames/ second, the epticaJ. axes of the cameras being normal te 

the piane (XI-plane, Figure 3) of the monolayero The films were subsequently 

ana.lysed frame by frame by projecting them onte a drafting table. 

For the purposes of analysis, aggregates of cylinders in a mosaic 

pattern were defined .as those structures in which the particles were all 

aligned at the same angle W with respect to the Y-axis (Figure 3a) and 

teuching, the discs face to face 3 the rods lengthwise. Aggregates, or 

crystallites of spheres were defined as those structures in which the 

particles assumed a hexagonal close-packed structure. 
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Figure 20 
Formation of a mosaic of structures in a vibrating monolayer 

'of c.ylinderé. (a) Steel rods, r = 5097, c = 0082, resting 
. p 

on a solid surfàcè. (b),Wooden rods, r = 5.97, c = 0
0
78 

p . 
floating at a water surface. (c)Polyetbylenè dises r = 0.25, 

p. 
c = 0.78,. poi;:,ed to float vertica.lly in a 6% aqueous cadmium. 

nitrate solution. The aggregates here resemble rouleaux of 
redblood cel1s2,7)~ . . 1 
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Figure 2. Formation of a mosaic of structures in a vibrating monolayer 

of cylinders. Ca) Steel rods J r = 5.97, c = 0.82» resting 
p 

on a solid surface. (b) Wooden rods, r = 5.97, c = 0078 
p 

floating at a water surface. (c) Polyethylene dises r = 0.25 3 P 
c = 0.78, poised to float vertically in a 6% aqueous cadmium 

nitrate solution. The aggregates here resemble rouleaux of 
red blood cells2,7) • 
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Figure 30 Coordinate system used, to ,a.na.lyse l)rientations of aggregates 

of cj'lindrical particleso (a) Monolayers on sqlid -plate or 

l1quid SUl'face showing the angle ~ of aggregates of rods' and 

dises with the Y-axis arbitrarily chosen at the beg1nning of 

an e:xperiment. (b) Orientation of ,d4-scs in multUqers showing 

the polar angles 'e and ~ with respect ta the Z-axis as the 

polar axi~. 
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The surface concentration in each experiment was calculated 

fram the total number of particles, the area of their median plane and 

the surface area of the vibrating plate. However, at the wall of the 

plate or container there was a noticeable tangential alignment of 

single cylinders and aggregates of 2 and 3 particles (see FigureS 

below) • In these experiJnents the particle 'count was therefore lllDited 

to those cylinders whose centers were at a distance greater than â in 

the case of rods, and 12. in the case of discs, t'rom the wallo The total 

particle count was never less than 600. For the spheres, a central 

rectangular demain on the plate containi ng' ca. 1500 particles when 

hexagonaJ.ly close' packed was used to an.alyse the particle distributions. 

(ii) 3-<Ümensional assemblies. .The polythene discs were 

allowed to accumulate at random in a glass beaker" 1302 cm. diameter 
.,' 

and 1700 cm. height up to a level of approximately 15 cmo The beaker 

was securely clamped with its base on the plate of the vibrometer and 

then subjected to vibrationo The particleswere shaken down into 

rouleaux-like structures which were fixed in situ by pouring in an 

epo~-type resin as monomer (Waldex 1202, Waldor Enterprise Ltdo) to 

which a catalyst had been added 15 secso previously, resuJ.ting in a very 

rapid polymerization so that after l minute at roam temperature the resin 

had the consistency of taro To avoid disturbing the discs a thick 

circular pla.te .fitting tightly into the beaker was placed over the 

particles and the resin poured in through a centrally located hole. No 

obvious disturbances among the discs could be observed during this 

operation. 

The cylindrical cast of the beaker contents was isolated by 

breaking the glass and then cut along the median, XY-plane into five 1" 

1.6 



thiek dises ueing a band saw 0 These pieees were further eut into strips 

(see Appendix 'n-) along an axis, previously ehoeen to be the Y~axis. 

The number and orientation dis~ribution o! dises and roulea'llX 

was earried. out in each strip. The ~-orientation o! the axis o! revo­

lution o! those particles close to the surface o! the cut section was 

obtained !rom measurements o! the angle o! the eclge o! the disc with 

'respect to the Y-axis (= ~ ± 7r./2). The 9-orientation o! the axis of 

revolution with respect to the Z-axis (Figure 3b) wae obtained !rom the, 

measured thiclmess 2a 1 in the XI-plane and the relation 

sine = al/a, 

or !rom the angle o! the disc edge with the Z-axis (1t/2 - e) for those 

partieles visible on the eut edge in the YZ-planeo A number of discs and. 

aggregates eomprising cao .35% o! all discs were situated in the interior 

of the strips and. for these the orientations could not be estimated.o 

:1.7 



3. RESULTS 

(a) General. 

Upon vibrating the assembly ot rods on a solid surtace, the 

mosaic pattern ot aggregates shown in Figures la and 2a wae to:rmed very 

quickly. The individual stru.ctures could be seen continual.l.y shi!ting 

their $ZI-orientation and to break up and retorm e1sewhere. Subsequent 

ana.lysis showed that a condition ot ~lléIlIdc equilibrium was reached 

within 1 minute at a vibration trequency ot 100 see-1 and in 2 minutes 

at 10 sec-1 • A sjml1ar pattern ot behaviour was observed with the wooden 

rods on the surtace ot water (Figure 2b), although the time required to 

reach equilibrium was somewhat longer. 

In the case o:! the dises !loating beneath the surtace in 

cadmium nitrate solution the situation was quite di!:!erent. When the 

partieles were stirred into the container and brought into collision by 

:18 

the velo city gradients in the suspending solution, they tended to approaeh 

each other in a tace to tace orientation and to torm rouleaux6,7) (Figure 20). 

The aggl'egates thus. tormed at tirst increased in length very quickly and 

then more sl.owly as the solution appeared to have come to reste The etteet 

ot vibrating the plate in this case was to break up the long chain rouleaux 

into sma"er aggregates and many single dises. As with the rods, a dynamic 

equi1ibrium was reached aiter a certain time, depending on the vibTation 

frequency. Upon arresting ... vibration, longer rouleau.xrapi~ retormed and 

atter the l.iquid had come to rest slowly increased turther in lengtho The 

same behaviour was observed when the discs were only 80% submergedo The 

various stages ot the above described pro cess are il.l.ustrated Qy the photo-

graphs in Figure 4. 
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FiguI'e 4. Rouleaux of. polythene 'die~e, rp = 0~2.5,c = 0.78 .. as in 

Figure 2c .. initia.l.q s.t rest (a)" then 1· e.econd. (b)ahd~.5 

seconds (c) atter vibration cammenced showing br~ak ·up.of· 

aggregates~ (d) and (e). show theassembq 1 'second and 

60 seconds after arrest1ng the vibrat:lon with the r$formation 

oflarger aggregatee. 

.,.: ... 



Figure 4. Rouleaux of polythene dises, r = 0.25, c = 0.78, as in p 
Figure 2c, initially at rest Ca), then l second Cb) and 25 

seconds Cc) after vibration commenced showing break up of 

aggregates. Cd) and (e) show the assembly l second and 

60 seconds after arresting the vibration with the reformation 

of larger aggregateso 
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(b) Monola:yers of rods on solid surfaces 

The results of the' a.nal1'sis of the numbers, sizes and orientati.on 

ot aggregates of steelrods were plotted in, terms of the differential and 

integral distribution functions definedas' follQWs: 
, , 

Let ~, a2, a,3 ••••• anbethenumbers of aggregates having sizes 

1.2.,3, ••••• n conta:in:ing ~, 2a2',3~ 'o •• u nanparticles at time t. 
. ' , . . .' . 

Let the total numbe~ of aggregates Lan = A, and the totalnumber of, 

particlesL nan = ,N. 

We defme two number distribl,ltion tunctions • 

. (1) The distributiondensity tunction f(nJjt) which expresses 

the traction of those aggregates of the set wbich at a given time t contain 

n part1cles. 

'(U) The distribution density function g(n,t) which expresses 

the traction of particles in the set which at a given time t are contairied 

in aggregates ot, number n. 

In comparing the results obtained at different axis ratios and 

surface concentrations the system was allowed to come to equilibriumo The 

time independent tunctions are then 

n 

F(n) = L t(n) 

IFI 

where F(n) and t(n) are the respective aggregate number integral and 

difterentiaJ. distributions,; and simllarly for G(n) and. g{n), the particle 

, number distribution tunctions. 

Moreover, sinee 

f{n) = an 
A 

f(n) 

and g(n) 

= H&Uù. 
nA 

20 
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SimUar~.we def'ine the oriE'lltation distribution f'unctions 

f'(~,t} and g(~,t} which give the respective share of' those aggregates 

and particles of the set· which at the moment t.f'ormwitt& a fixedcoordinate 

an angle ~ contained in the interval I~,~ + df6/ 0 • Unlilte the number 

distribution functions,they are aSsumEld to be cont:i.nuous and are 

periodic. in. ~ with the period .,2} 0 Thus· 

and 

or at equilibrl.:wn 

f(~,t} = f(~~mn,t} . m = 1,2, 0000 , 

F(~}. 

11 

~f(~}df6 = l 0 

o 

with 

Typical number distribution :runctions at a vibration fre~ency 

of 10 sec-l are shawn in Figure 5 in which are plotted the arithmet~c 

mean values and root mean square deviations in f(n}, g(n} and F(n}, G(n} 

from 15 experiments with steel roller bearings r = 5097 and c = 0082 at p -

equilibriumo Whereasthe differential particle distribution fUnction at 

first increases with n, reaching a peak at n = 4, the differential aggregate 

distribution function decreases continuously with increasingn to the 

large st aggrégate size found, n= 17. As is evident frœn Figure Sa and 

Table 2 which lista values of the i'unctions obtained in a typical experiment, 

the R.MaS. deviations in f(L) and g(n} are large compared to those in 

F(n} and G(n}" the latter were therefore usedin comparing resulta obtained 
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Figure 5. DifferentiaJ. (a) and integral (b) number distribution 
functions obtained at equilibrium in a monolayer of' rods 

at a solid surface, rp = 5.97, c = 0.82 vibrating at 10 sec-1 

shown in Figure 2a. The values p10tted are the mean of. 15 

experiments; the standard deviations are shown by the bars. 
The open and c10sed circles refer to the partic1e and 

aggregate distributions respective1y. 
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ra TABLE 2 

,Equilibrium. number distributi<>n of panicles and aggregates 

ot cylinders, r=5.97, c=O.82, '10 vibrations/second p . . 

n an Dan .t{n) g{n) F{n) G{n) 

,1 49 L.9 .~. 0.189:!:O.005a) 0.046!0.002a) 'O.189!o.OO,a) 0.046!o.002a ) 
". ., 

2 46 92 + 0.177:.0.009 + 00026.:.0 0005 0.366too011 
+ . 

00132.:.o0006 

3 43 129 
.. + . 
00165.:.0.012 + 00121:.00009 + 0.531.:.00006 + 0.253..:.00008 

4 35 140 
+ .... 

0.1.35:.0.009 + 0.1.31.:.0 • 010 
.. + 
0.666-0.007 + 

003~oOl1 

5 25 125 
+. 

0.096.:.0.006 + . 0.117.:.00009 + 0.762:.00007 + 00501.:.00012: 

6 16 96 
+. 

0.062:.0.008 + 0.090.:.0 0 011 . + 00824.:.0.007 00 591:!:oo016 

7 1.3 9J. 
+ . 

0.050:.0.005 + .0.085.:.0.006 
. . + 
00874.:.00008 + o o 67fi!O 0 016 

8 9 72 + 0.0.35:.0.005 + 00067.:.0.011 + .00909:.00007 00743:!:o.018 . 

9 6 54 + OoO~.:.o.OO4 O. 050!o. 010 + 0.932:.00008 + 00793:.00017 

10 4 40 + 0.015.:.0.004 + 00037.:.00009 + 00947..:.00006 + 00830:.00020 

II 4 44 
+ . 

0.015.:.0.005 
, + 

00041.:.0 0 01.3 + 00962-00006 + 00871.:.00028 , 

12 3 36 + 0.,012:.00005 + 00 034.:.0 oOll 00 914!o 0 006 üo90~00~ 
1 

1.3 2 26 00OOS!ooOO4 + 00024.:.0 oOll 00 982!o 0 005 + 00929.:.00020 

14 2 28 + 00008.:.0.003 00 026!o 0 010 + 00990.:.00004 o 0955!o 0 017 

15 1 15 + 0.004.:.0.003 + 00014.:.00000 + 00994.:.0.004 + 00969..:.0.014 

16 1 16 + 0.004..:.0 0 002 00 015!o 0010 + 0.998:.00004 + 00984.:.00009 

17 1 17 + o o oo4:.() 0 002 + 00016.:.00009 10000 10000 

18 0 0 0 0 10000 10000 

A = 260 li = 1070 

a)R.M.So Standard deviations calculated .t'rom 15 experiments. 



at dirterent rp and c. The particle and aggregate number distributions 

vere unattected by- changes in. the diameter ot. the vibrating plate (and 

hence H). 

As illustrated. in Figure 6a" the change in particle distribution 

at a vibration trequenq 10 sec-l alter the tirstminute is quite small 

shoving that equilibrium is rapidly- established.. This was tound to be· 

true whether the particles 1l8re initiall.y heaped onto the plate or al! 
al i gned in parallel roW'S ldth ~ = 0" and the tinal equilibriùmdiBtributions 

were identical in both cases. As the vibration trequency- wasincreased. 

trom 10 to 80 sec-l the la.rger aggregates broke upas shawn in F1gure6b 

with the most probable partiale density shittiilg tromn = 4 ton =3. 

At ·each axis ratio. the distributions vere shi:t:ted toward 

larger n as the surtace concentration ws increased tram 0.39' to 0.82' 

(F).gures 7 and 8)" althoughas shawn in Table 3. the peak in g(n) still 

occurred at n = 4. At a given c" however" the distribution curves vere 

not sign:i ticantly aftected by' changing r p (Table 4). 
, , 

The distribution ot partiicles with respect to the angle ~. g(~), 

24 

was not significantly ditferent fram random and independent of. concentration 

and axis ratio. The scatter in the measured values of G(~'+ 20) -G(~), 

the mean of which are listed in Table 5" is quite large (S.D..-':t 20%), 

and there is a tendenq tor the particle density- to be higher in the 

region fi} = 400 - 800 • 

(c) Monol.ay"ers of rods and discs on liguid surfaces 

Table 3 shows the mean equilibrium distribution G(n) for rods 

on a liquid surface to be ver.y close to that obtained for rods on.the 

solid surface when ,the trequenq J r and c are the same 0 

p 
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Figure 60 (a) Change in parlicle number distribution with time (minutes) 

for steel rods rp = 5097, c = 0082 on a solid surface at 10 
vibI'ations/secondo 

(b) The effect ot increasing the vibration trequency trom 
10 sec-1 (open circ1es) to 80 sec-l (closed circles) on the 

integral and ditterential (inset) particle number distribution 
at equilibriumo 
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TABlE 3 

Integral partic1e number distributions for rods~ r = 5.97 as a . p 

n 

1 

2 

3 

4 

5 

6 

8 

10 

14 

17 

N = 

function of concentration~ 10 vibrations/second 

G(n} solid surface 
c = 0.39 c = 0.59 c = 0.82 

0.064 0.055 0.046 

0.179 0.154 0.1.32 

0.32.3 0.278 00253 

00477 o.us 0.385 

0.611 0.527 0.500 

0.713 0.634 0 .. 592 

0.857 0.795 0.742 

0 .. 929 0.887 0 .. 840 

1000 0.974 0.962 

1.00 1.00 1.00 

685 1055 1475 

G(n} water surface 
c = 0.80 

0.048 

0.141 

0.250 

0.,382 

0.499 

0.586 

0.746 

0.858 

0.967 

1.00 

760 
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rp = 10·0 c ..... 
CI 

rp = 2·85 

0·4 0'4 
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Figure 7. The effect of i,ncreasing surface concentration on the integraJ. 

distribution ot particles in aggregates at r= 10.0 and p . 
rp = 2.85. The curves" in order of increas1ng aggregation 

(trom top to bottom) rater to c = 0.40, 0.59 and 0.89 at 

rp = 10.0" and c = 0037" 0.60 and O.74tor rp = 2.85. 
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Figure 80 Photographs of aggregates of steel rods r = 10
0
0 at 

' p 
increasing mean surface concentrat~ons c = 0~40 (a)JI 0059 (b)# 

and 0089 (0) oorresponding te the curves given in. Figure 70 
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c 

Figure 8. Photographs of aggregates of steel rods rp = 10.0 at 

increasing mean surface concentratipns c = 0.40 (a), 0.59 (b), 

and 0.89 (c) corresponding to the curves given in Figure 7. 
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TABI.EA 

..... :' .. 
Humber distribut1onof'particlEisand aggregates of' rods, . 

"';0' 

C = 0.60. as f'unction.of' axis . ratio, 10. vibrations/second 
'," 

F.(nl G(n) . 
n r= 2.8S . p r - S.97 p r == 10.0 p ..... rp- .2.8S r=S.97 p .. r= 100· p .• 

1 0.188 0.210 0.219 .. 0.049 ·o.OSS 000S9 
\ 

. . . 

2 0.379 0.401 0~39S O.lS1. 0.lS4· O.lSS 1 

3· o.SSO O.SSS O.S68 0.286 OoZl8 00291 

4 0.696 0.687 0.701 . 0.438 0 .. 418 0.433 

5 0.792 0.772 0.793 0.S62 o.S2:I .0.5SS 
L.. 0.8S4 0.842 0.855 Oci660 Oci634- ·0.6SS u 

7 0.896 0.8<}0 0.904 0 .. 739 00722 0.74J. 

8 0.929 0.926 0.929 0.809 0.79S 0.806 

9 0.9S0 0.949 0.9S0 0.861 00847 . 008S7 

10 0.967 0.963 00962 0.893 00887 0.,890 

11 00979 0.974 0.975 0.933 ·0 .. 921 0.922 

12 0.988 0.982 0.983 0.954- 0.944 0.954--
15 1.00 0.993 00995 1.00 00974 0.989 , 

17 1000 1.00 1 0 00 1.00 L •. OO 1.00 

1r240 2:12 241 N=925 10SS 915 



. TABLE 5 

. . 

~rientat1on d1st1'1bu~1on8' ofcylincers on solid 
and,'llquid'S11rfaces 

~ 
degrees r=0.25 p " 

c = 0.78 

0 00110 

20 0.106 

40 0.130 

60 0.107 

80 0.097 

100 0.115 

120 0.118 

140 0.ll4 

160 0.102 

a)Average of 5 experiments 

G(~ +2Q) -G(9JJa) 

r p=2085 .. 

c= 0.74 

00095 

0.103 

0.112 

0.131 

0.108 

0.119 

0.ll4 

0.105 

0.110 

1220 

+ -0.020 

5-
:','1 

r=5.97 . p .... 

c= 0082 

·0.113 

O •. lll 
, 

0.337 

0.123 

00102 

00109 

0.101 

0.093 

0.109 

1510 

+ . .:.0.022 

30 
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b)Standard deviation from random distribution G(~ + 20) - G(~) = O.lU 



Measurements of thell'Wllber distributions were JDade w1th the 

weighted po~hene discsin Cd(~03)2 sol.utioJl at various c.betore. during 

and &!ter vibrating the qstem~ The etate of aggregation· atter .. initial.ly 

stirring in the .discs and waiting 1.0m.nutes 1s shown b7~urves 1. and ,4 ' ' 

of Figure 9a atc = 0.59 and 0.39 respective~. 'At thelower coœentration . . '. ,:'." . '. .' , 

there was ~ much ldsher proport;ion of ~gates ha~ ~. >,4; ".4CJ1,Of , 

, particl.es being in agregates: l:ia'ViD8n> a, the se campdsing1.5" of all. ' 
. ,. '-

aggregates; at c 1:: 0.59 the respect1w'PrQportions are 16% àndit,%.The 

time course of break, up and refomation during and, a.:tter~rat1ngat . 

'60 sec-1 for 39secondsat c= 0.59 .is ~ustra~ed in E'1gare 9b for g(l.) 

and g(6) and the values of f(n}. a.relist,edin Tabl.e 6.It is eV1dént 

that there is firet a rapid increasein lW1gle discs and roul.eaux, n ~ 4, 

at the expense of l.arger roul.eaux (see: al~o Figure 4). the maximum g(n) 

31. 

being at n = 3 ~ As expected the degrfle of break up mcreased. 1d.th increasing 

frequency. Atter a sl.ight' reaggregation the system appeared toreach 

equil.ibrium atter approx. 27 seconds~ On stopping vibration. longer 

roul.eaux reformed rapidl.y. The initial distribution •. in Which the :maximum 

g(n) is at n = 4, was reached after about 10 minutes. 

At equilibrium during vibration the ~-?rientation distribution 

vas close to randam (Table 5). 
. . . 

(d) MonoJ.ayerq of spheres on solid surfaces 

Two types of experiment. were carried out: 

(i) The epheres were randoml,y diatributed over the horizontal 

plate at a surface concentration of 65%. The assembq consisted of a 

number of aggregates in which the spheres were hexagon.al.q cl.ose packed. 

These 'lDAy be call.ed two-dimensional crystall.1tes and •. as illustrated in 
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(a) Integral partiéle n~~r di:~ributions' 01" discs in cLum. 

nitrate solution, c = 0.59, be1"ore (1), 1 second, after 

beginning vibration (2), and at equilibrium 25 seconds later (3)0 
Curve 4 is the initial distribution at c = 0039 showing higher 

proportion of large rouleauxo 
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. (b) Time course of break up during and after vibration for the 
same system as in (a) at c = 00590 The values of the differential 

distribution fUnctions gel) and g(6) are plotted against timeo 
/ 

The vibrations bring about an inereased formation of single dises 

at the expense of rouleaux of n > 4. 



TABlE 6 

Humber distribution of rouleaux of dises floating in cadmium 

nitrate solution, c= 0.59. 60 vibrations/second 

n At rest 
t = -3.1 sec. 

]. 00Zl6 

2 0.171 

:3 00129 

4 00129 

5 0.095 

6 00065 

7 0.041 

10 0.018 

A = 170 

F(10}= 0.948 

f(n} a) 
vibrating - b} 

t = 7.6 , seco t =25.0 sec. 

0.364 0.345 

00256 0.260 

0.176 0.176 

00104 0.096 

0.056 0.059 

0.026 0.029 

00011 0.011 

00004 0.004 

269 242 

0.990 0.983 

,At rest 
t = 69.3 sec. 

00258 

00Zl4 

00159 

0.108 

00089 

0.054. 
\ 

, 0.020 

0.005 

200 

0.970 

}' 1 a Vibrations at 60 sec- cammenced at t = 0, ceased at t = 39 sec. 

b)System at equilibrium 
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Figure 10a were separated. f'rom each other by non cr,ystalllne· or "grain" 

boundaries two to three particle d1am.eters wide. The bOunclarie~) contained 

numerous lIf'aul.t" l.ines where the spheres were not in close pacldng, as well 

as singlet spheres, and vacant sites. 

When the system. vas subjected to vibration ata low, ,f'requency 

of' 10 sec-l, recrystall.1zation took, plac91) , 'i.e. the crystallitesgrew 

in area at the expense of" the grain boundaries f'rom which singlet spneres 

and sm8ll aggregates become attaehed in hexagonal close' paeking. (Figures 

lOb and c). The process of' 'ordering continued. by depleting the peripheral. 

area of' the plate of' partieles until. the great màjority of' spheres bad 

colleeted in a f'ew close packed erystallites of' over 100 particles each. 

The particle distributions were 'f'ollowedin a central rectangul.ar 

domain 19 cm. x ]3.5 cm .. and the results of' a typicaJ. eXperilnent are given 

in Table 7. It can be seen that whereas at zero t:ime, c = 0.41, there 

were 86 cr,ystallites, the large st , of' which contained only .32 spheres; 

af'ter 2 minutes there werebut 10 crystallites of' which the largest 

contained. 647 spheres and the concentration in the demain was 0.81. 

(ii) The spheres were arranged in a hexagonalclose-packed. 

monolayer, i.e. one single crystallite as illustrated in Figure ll.a nth 

the surface concentration (area of' circle/area of' hexagon eircumscribing 

sphere9» = 0.907. When the system was subjected ,to vibration at a f're­

quency 10 sec -l, l.inear deviatioru?) or dislocations f'rom the periodic 

arrangements were observed (Figure lib). These came about by displacements 

of spheres from their regular position in the structure. ' Cinef'ilms of the 

process 'showed that it was similar to that postulated by Taylor4) and 

observed by Braggl) in the spherical bubble raft. Thus" it began with the 
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Figure 10. The effect of vibrations on the size of cr,ystallites of 

hexagonally close-packed spheres (ball bearings 0.48 cm. diameter) 

resting on a solid surface. The photographs show a central 

domain of the plate. (a) t = 0; small cr,ystallites separated 

by grain boundaries can be seen. (b) t = l min. (c) t = 2 min. 

after vibration started: the cr,ystallites increase in size at 

the expense of the grain boundaries qnd the surface concentration 

has grown fram 0.41 in (a) to 0.81 in (c). 
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Figure 11. Linear dislocations arlslng from the vibration of a hexagonally 
close-packed monolayer of spheres. Ca) Close-packed layer~ 
c.f. Figure lb. (t) Dislocations in adjacent rows. Cc) Dis­
locations meeting at 600 to produce V-structure. Cd) Formation 
of 6- structure through meet ing of 3 dislocat ions at 600 • 
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appearance of a point ·dislocation in which a sphere· moved to the left or 

right by an amount equal. to the distance between neighbours. ~he dislO­

cation then moved fram. one side of thecrystallite to the otherl._t~e end 
, . ' . . . 

result being a slip b.Y one.p&rticlediameter with the structures on either 

side of the Une bOUndary remajning. undisturbed (Figurellb). I4ne 

dislocations wereconti.nua.il.yformed during vibration and ofteu inter-
. . " . .' . 

sected each otherat .a.Il angle of 600 . to fom'V-type (Figure llc)·aild 

However, their 

existence was temporary· ând . they- disappeared again ·behind .the path.· of 'the 

advancing dislocations •. 

(e) 3-dimensional assemblies ot discs 

The JNJD.ber and orientation distributions of the discs tound in 

the epoxy reain cast of thebeaker after vibratingat 100 sec-lfor 

12 hours are given in Table 8 and. plotted in Figure 12. 

The mean volume concentration of discs in the cast was calculated 

to be 0.47; this compares with the maximum possible concentration. of 0.91 

for discs in hexagonal close packed layers. In contrast to the aggregates 

found inmonol~ers of cylinders, the rouleaux-like strUctures in the 

multilayers were of sma') size, 90% of all particles being found in 

aggregates having n", 5. As with the monolayer experiments g(n} had a 

maximum (n=3)whereas f(~) decreased with increasing n. 

The ~orientation distribution showed a sma)) deviation fram. 

randomness. The values for G(e} given in Tabl.e 8 illu8trate a marked 

orientation of discs with their faces cl.ose to the vertical (9 = 900 ), 

3'1% of aU particl.es having orientations 9 > 700
• 
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TABlE 8 

Number and. orientation distribution o! discs~ 

rp= 0.25~ in3-dimensional assembly 

-_._ .. " .. _.---

Aggregates Orientation 

n a - G(n) !èS G(~20)-G(!èS) e G(e+1O)-Q(e) 
n degrees degrees 

--
1 

~ 135 0.1.26 i 0 0.132 0 00.054 1 
1 

-2 U5 00360 
1 

20 00:t2'7 10 0.051 
! 

3 88 00606 
1 

40 O.ll2 20 00061 

4 53 0.805 60 0.084 1 30 00112 

5 22 0.907 80 0.082 40 Oom 

6 9 00958 ~oo OoUS 50 00158 

7 5 0.990 120 Oolll 60 Oolll 

8 - 0.990 l40 0.U2 70 0.C$7 

9 - 00990 ~60 00102 80 0.216 

10 - 1.00 
-- -----. ---- -------

N = 1070 N = 660 1 N = 893 
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Figure 120 ~- and e- integral orientation distribution functions in a 

3 dimensional assembly of discs~ r = 0025~ after vibrating 
p 

the parlicles in a large beakero The solid lines drawn are 

the best fit of the exper.imental pointso The G(e) curve 'shows 

that a preferred orientation of parlicles with their faces 

close to the vertical (e = 90°) has 9ccurred; the dashed line 

corresponds to random distribution. 



-e 4. DISCUSSION 

These qualitative experiments demonstrate that a two-dimensional 

assembly of particles in which the freedom of each member to move is 

limited by collisions with others, and in which rods (and dises) brought" 

into relative motion can fOIm mosaic structures aild ihthe case of spheres" 

hexagonal close-packed cr,ystallites. 

The uniform size of the particles and their geometry must be 

regarded as cardinal features of the patterns of order. Thus it was found 

that at a given surface concentration and degree of vibration, the number 

distribution of aggregates of the steel rods was independent of their axis 

ratio 0 

It also appears that it is the shape and unitorm aize of the 
, 

polythene discs and the biconcave red blood cella which allows them to 

for.m linear chains or rouleaux7). However, the immediate cause of aggre-

gation ia different in the two systems. v[ith red blood cella it is 

probably due to short range attractive forces dependant on the presence 

oi' the protein fibrinogen in the plasma, for the cella when washed free 

of plasma and dispersed in pnysiological saline, while still biconcave in 

shape, do not form rouleauxll)o The polythene discs, brought into collision 

by the flowing liquid or by convection currents, form loosely associated 

rouleaux: resulting in a lowering of the potential energy oi' the systemo 

But they are easily dispersed again by vibrating the assembly; similarly 

rouleaux of red blood cells which are more fi~ associated may be broken 

up by shearing the bloodl2) as in i'low through a tube or in the annulus of 

a Couette viscometer. The rouleaux of dises are analogous to the floes or 

3-dimensional aggregates seen in aqueous flowing suspensions of pulpwood 
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f'1bres - irregular rodllke f'lexible partieles of axis ratio about 50 •. 

Rere a dynamic equilibril1Dl is established as the nocs are being constantly 

broken down and built up by the action of' the velocity gradient13). As 

the gradient increases so the average size of' the noc in the suspension 

decreases. 

The formation of' aggregates in the toWing rafts and holding 

booms of' pulpwood logs again illustrates the importance of' geOliletry for 

here. the logs, while of approximately unitom. length have a wide distri­

bution of diameters. 

Fjna"Y, it should be noted that ordered arrays of rodlike units 

are also found on the molecular scale as in the lamellar micelles14) 

present at and near the surface of soap solutions" as well as in liquid 

cryst.als or tactoidi5) f'ound in certain polymer solutions. 
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2a 

A 

2b 

n 

LIST OF SD'JBOLS 

length of axis of revolution of rod or disc , 

number of aggregates containing n particles 

total number of aggregates 

length of diametrical axis of rod or disc, diameter 

of sphere 

number of particles in aggregates 

total number of particles 
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N 

f(n),F(n) respective differential and integral number distributions 

g(n),G(n) 

of aggregates 

respective differential and integral number distributions 

of particles 

rp particle axis ratio = a/b 

t tÏJhe 

~ orientation of axis of revolutionwith respect to Y-axis 

9 orientation of axis of revolution:. wi th respect to Z-axis 

g(~),G(~),g(9),G(9) respective differential and integral partiale orienta­

tion distributions with respect to ~; distributions 

with respect to 9 0 



PART nI 

GENERAL SUMMARY 

AND 

SUGGESTIONS FOR FURTlER WORK 



GENERAL SUMMARY 

The main conclusions drawn from the experimental wnrk, and some 

gener~ similarities observed between aggregates of particles and certain 

aggregates met in practice. such as atoms and molecules in a crystal, 

rouleaux of red blood cells etc., is presented briefly followed by 

suggestions tor further work. 
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(1) The periodic hexagonal. arrangement of spheres in 2-dimensions 

can be used as a model for the arrangement of atoms in a cr,tstall ). The 

fonnation of dislocations resulting in V-type arul equilateral 6. -type 

structures in a close-packing model, indicated that 5indlar behaviour may 

be expected in a crystal when subjected to strain. As a result of strain, 

atams may slide over each other on certain crystal planes producing 

plastic defo:n:nation2). Thus to obtain real strength from the crystal, the 

main problem is to eliminate ail dislocations from the crystal. The 

dislocations can be blocked by work-harde~) in which it is hammered 

so that dislocations mutually entangle one another's movement in various 

directions with the result that none can move easily. Furthermore the 

tonnation of numbers of small crystallites, numerous dislocations and 

other faults in the model bubble rai'tl ) indicated tbat the crystal is in 

a state of non-homogeneous strain. The growth oi' close-packed hexagonal 

crystallites with time showed that strain bas disappeared in the process 

of recrystaJ.lizationo This is in qualitative agreement with the· experi­

mental model of a mono~er oi' spheres described in Part II oi' this the sis. 

(2) In the assembly of discs, i'loating beneath the surface in 

Cd(N03)2 solution, the particles have a tendency to approach each other 

in a face to i'ace orientationo The aggregates thus i'ormed first increased 



in length very quic~ and then more slow~ as th~ solution appeared to 

have come to reste This p~sical model of rigid discs is of interest 

in connection with blood rheology, and demonstrates the importance of 

,- shape in the formation of linear chains of red cells in the blood, called 

rouleaux4)0 It is of interest to note that the formation of rouleaux in 

a model system was first shown by Norris5,6), using smaJJ. cork discs so 

poised as to fioat in a vertical position. He observed that they 

arranged themselves in "rolls" or IIc;w1indrical masses" i.eo rouleaux 0 

From the marked analogy' existing betwe~n the modes of arrangement of the 

discs and the red blood cells, he considered tbat the phenomena were 

innuenced by the same universal law of cohesive attractiono 

(3) Upon vibrating the assembly of rods on a solid surface" 

organized structures7) as in the log boom were fonnedo Subsequent analysis 

showed that at a low i'requency of vibration, the number differential 

particle distribution function at i'irst increased with n, reaching a peak 

at n = 4 whereas the number ditferentiaJ. aggregate distribution f'UllCtion 

decreased continuous~ with n and that both distributions were unaffected 

by changes in diameter of the vibrating plateo Furthermore, the most 

probable particle density shitted to lower n with increasing frequency 

of vibrationo At each axis-ratio" the di:'tributions were shitted to 

larger n with increasing surface concentration but at a given surface 

concentration remained unafi'ected by changing the particle axis-ratioo 
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SUGGESTIONS FOR FURTHER WORK 

The following recommandations for further studies are made: 

1. Ta study the effect of spheres or differeIIt sizes on the distri­

bution of aggregates in 2-dimensions. 

2. To etudy the number of contacts and. near contacts existing in 

randœn pacldng of equal sized spheres in 3-dimensions. 

3. To study the aggregates foœed in monodisperse vibrating 

suspensions of drops at knowm. concentration in a pure liquid by measurl,ng 

the distribution in drop size resu1ting from coalescence. The work could 

be extended ta systems containing various amounts of surface active 

materials. 

4. Ta conduct preliminary etudies of the behaviour of aggregates 
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in the Poiseuille flow of dilute suspensions of rigid and deformable spheres. 
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APPENDIX l 

Fisher Vibrometic Polisher 

General Description 

A photograph of the vibrometic polisher i8 given in Figure I. 

It consists of a .nat-bottomed metal bowl. in which the particles are 

placed. The bowl is supported above the base casting by four heavy 

leaf-springs. The base is attached toone balf of a driving magnet. 

while the other ha.lf' is attached to the bowl. When the magnetis pulsed. 

the bowl tends to move down towarda the base , but at the same time because 

of the heavy springs the bowl is alao twisted about the vertical through 

ita centre. Consequently it undergoes a reciprocating combined up and 

down and at the same time turning motion. 

Operational Procedure 

The apparatus is placed on a rigid support such as a table or 

bench. The feet on the base casting may be adjusted in order to bring 

it to a level position, a spirit level being incorporated in the top of 

the base part. 

A rheoBtat control 1s located on the front panel of the polishero 
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This control varies the x-ate of vibrations of the bowl. and hence indirectly 

the speed with which elements move in the bowl. The range of frequency 

of the vibrations is fram 0 to 100 sec-le 



Figure 1. 

Photograph ot Fisher Vibrometic Polisher. The picture 

shows the instrument mounted with a flat bottomed metal 

bowJ. of 26 cm. diameter. It was possibJ.e to replace this 

b,y difterent size bowls to"accommodàte larger numbers ot 
rods of higher axis ratio. 
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APPENDIX II 

Photographs of Strips Out from.,the .. Pobmerized· ... '" 

Cast of Pol:ythene Discs 

The deta.ils of the experimental procedure in fixing and 

a.naJ.ysing the or.ientation aDd distribution of rouleaux in the vibrated 

miiLtil.qers of discs were given in Parti II of the thesis. 

The Figure over1.eat shows four successive 1." strips in order 

fram top to bottomcut along the Y-axis (F.;gure .3b~ Part II) at the 

same distance fram the centre from four 1.11 thick' discs sectioned along 

the median .. XI-plane of the po~erized.beaker contents. The photographe 

were taken al.ong the X-axis and. show discs and aman. roul.eaux (the mst 

probab1.e aggregate having three discs) sectioned b;y the cut in the 

YZ-plane. 
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Figure;II. ·l'hotograph·· o~·. ~C)ur'strip8 ·1iak~.tt'omthè,"~ .'. 

castof:vibrated ~sC8 in··JIl\Ü.t~s,. 
" .. ,'.-
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APPENDIX .III 

Calcul.ation of Fraction ofSur.[ace AreaOccupied 

py Spheresin Closest Pac}dng 

A closest pack1ng of like spheres arranged on the poilr'.:.s of 

a tr1angu18.r latt1ce 1s shawn in F1gure. IIIa... The structure 1s pecUll.a.r 

in the sense that each sphere is in· intimate cont.act· w:i.th six spheres·in 

its neighbourhood, thus occupying the available space mostef'f'ic:1.entq. 

In 2-dimensions, the spheres become }Jircles. 

To cal.culate the portlon of' the total. surf'ace area occupled 

by the circles we need to f'ind the area of'the regular hexagon circum­

scribing the sphere, radius Il" 

Each of' the six isosceles triangles div1~ the hexagon in 

the f'igure has height a and· base 2R tan ,30, hence their area ls 

a2tan ,30 = R2/{J" • 

The ef'f'iciency with which the available surf'ace is utilized in 

this close packing ls then given by 

Area of' sMere 
Area of' hexagon 

lNJ.-= 6 -0.907. 

Simil.arly, it is easy to, showthat in cubic close pacldng 

(Figure IIIb) the f'raction ls given by 

Area of'· sphere = 'JtR2 = 'Jt 

Area of' circumscribed square J+R2 4' 

= 0.786 0 
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(a) '" (b) 

. ~--r.<v' ".' ...... 4-

_.~---------- .. _.---_ .... ~_ ..... _-->. ---------;----.----------

Figure nI. Hexagonal Ca) and cubic Cb) close packing o! sphereso It 

is evident !rom mere in~pection that the packing in the 

!ormer 1s more e!!icient than in the latter. To calculate 
the traction o! the total area occupied by spheres resting 

on a horizontal sur!ace it ls necessar,y to !ind the areas 

o! the respective circumscribed bexagon and square shown in 

the !igure. 
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