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ABSTRACT 

This project demonstrates that biological aggregates are fractal. Zooeloea 

ramieera and Sacharomvces cerevisiae aggregates were grown in pure cultures, 

isolated, sized, and dispersed into single cells. Aggregate surface area, length, 

cells per floe, and porosity were determined and used to calculate fractal 

dimensions from four power law relationships. A fractal dimension of 1.94 +.18 

was calculated for Z. ramigera aggregates cultured in test tubes. This value is 

significantly less than the Euclidean value of 3, and indicates that these 

aggregates are highly fractal. §• cerevisiae aggregates cultured in test tubes had a 

fractal dimension of 2.86 +.33 indicating that these aggregates are less fractal and 

more compact than Z. ramigera aggregates cultured under identical conditions. Z. 

ramigera aggregates cultured in a mixed Virtis reactor had a fractal dimension of 

2.87 +.29 indicating that the fractal nature of these aggregates is a function of 

the fluid environment. 
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1.0 INTRODUCTION 

Microbial attachment to surfaces and other microbes is pervasive in nature 

and in engineered biological reactors (Costerton et. al. 1978). Freely suspended 

aggregates observed in nature are comprised of bacteria, yeasts, cellular slime 

molds, fungi, and algae (Calleja 1984). In marine systems large amorphous 

aggregates, called marine snow, contain most of the organic and inorganic 

compounds found in the water column (Logan and Alldredge 1989). In suspended 

growth biological reactors used for wastewater treatment, the formation of 

biological floes is required for proper bioreactor operation. Cell separation from 

the effluent stream by gravity settling, filtration, and centrifugation is enhanced 

by the formation of large, fast settling aggregates. Aggregation of biological and 

inorganic particles can be induced by the addition of chemical coagulants; 

however microbes posses the unique ability for self-induced aggregation. 

Understanding why microbes aggregate, and the aggregation mechanisms 

involved in attachment, is important to the operation of suspended biological 

reactors. A microbial motive for the formation of biological aggregates has not 

been proven. A variety of environmental conditions have been shown to induce 

aggregation, but the only common condition which seems to promote aggregation 

is microbial starvation (Calleja 1984). Since aggregation is prevalent in nature, 

attachment should confer some advantage over unattached cells. Within the 

aggregate, interactions between adjacent cells may support commensalism, 

mutualism, parasitism, or genetic exchange; also the aggregate may shelter 

individual cells from predation. Cells within the aggregate may also increase 

nutrient uptake compared to dispersed cells (Logan and Alldredge 1989). 

Alternatively, the hydrodynamic environment may promote selective growth of 

aggregates, such as the activated sludge system where suspended cells are washed 



13 

out and aggregates are recycled. 

Aggregates are formed from particle collisions generated by differential 

settling, Brownian diffusion, and shear coagulation; particles attach by chemical 

bond formation, and bridging. In water treatment clarifiers, low shear, variable 

settling rates and high particle concentrations increase particle collisions, and the 

formation of aggregates. Particle attachment occurs through a variety of 

mechanisms. The addition of chemical coagulants increases attractive forces 

between particles and promotes aggregation. In fermentation reactors, yeast cells 

form aggregates via chemical bonds between ambient ions and carboxyl groups 

present on the cell surface (Calleja 1984). Most bacterial aggregates are formed 

from bridging of various appendages such as pili, fimbriae, cilia, filaments, fuzz, 

and hair (Calleja 1984). 

The irregular aggregate shape common to most aggregates in treatment 

systems makes it difficult to quantify the aggregate geometry, and to calculate 

aggregate properties dependent upon the geometry, such as density and porosity. 

Historically, researchers have characterized the irregular shape of aggregates by 

qualitative statements, or by quantitative approximations derived from Euclidean 

geometry. For example, activated sludge floes have been described as 

evenly-lobeled or tree like (Maxham and Hickman 1978); other commonly used 

terms include wispy, irregular, diffuse, and tenuous. 

Two principle quantitative techniques used to characterize aggregate 

morphology are shape factors and signature waveforms. Shape factors summarize 

several aggregate measurements made from two dimensional projections, into a 

single index to indicate how closely the aggregate approximates the shape of a 

circle. This method often requires complicated image analysis techniques, and 

neglects many details of a highly irregular form (Li and Ganczarczyk 1989). 



14 

Signature waveforms are used by transforming a 2-dimensional image into a 

1-dimensional waveform which is subjected to Fourier analysis. Unfortunately, 

signature waveform techniques are tedious and may be indeterminate as shapes 

become highly irregular (Li and Ganczarczyk 1989). 

In the past 20 to 30 years a new geometry, called fractal geometry, has 

provided a basis for understanding irregular structures such as mountains, clouds, 

rivers, and coastlines (Mandlebrot 1982). Fractal geometry has recently been 

applied to study a wide array of chaotic systems and phenomena, such as 

turbulence, Brownian motion, the structure of macromolecules, gels and 

aggregates, and the density of forests. 

Mandlebrot (1985) describes a fractal as an object which contains parts 

similar to the whole in some way. In fractal geometry the term similar has two 

connotations, self similar and self affine. A self similar fractal appears 

identical under different magnifications, meaning that each axis is scaled 

by the same factor, as illustrated in Figure 1.1. In each successive clus

ter, as the aggregate size increases by a factor of 3 ball diameters, the 

number of balls per cluster increases by a factor of 5. Each of the clus

ters in the figure is self similar because growth along the horizontal axis 

is indistinguishable from growth along the vertical axis. A self affine 

fractal can also be scaled with cluster size, but the scaling factors of 

each axis are different. As illustrated in Figure 1.2, growth along the 

horizontal axis exceeds the growth along the vertical axis. 

Mandlebrot discovered that all fractals display scaling invariance, and that 

scaling can be modeled by power law relations that do not agree with Euclidean 

geometry. The area of a Euclidean object, such as a square, is proportional to its 

length squared, or A » 1^. However, for a fractal object the value of the 
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J OtAMtTtnS ° 9 OUMCTCRS 

Figure 1.1 Computer generated self similar fractal aggregate (Meakin 1988) 

Figure 1.2 Computer generated self affine fractal aggregate (Ball et al 1985) 
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exponent will be some value other than two. Measurements of the Missouri 

river, for example, indicate that the basin area is proportional to the source to 

mouth length raised to the 1.66 power, not the 2.0 power (Mandlebrot 1982). 

Mandlebrot defines the value of the exponent, used in the scaling relationships, 

as the fractal dimension. In the Missouri river example, Mandlebrot states that 

area ~ length^/®1, where D1 = 1.2 is the 1-dimensional fractal dimension. 

When a fractal dimension equals its subscript (i.e. D1 = 1), the area-length 

relation reverts to its Euclidean form. 

A fractal can be generated from random events, such as the formation of 

clouds by random air currents and temperature fluctuations, or deterministic 

events, such as the computer generated fractal shown in Figure 1.1. Most of the 

fractals found in nature are produced by random events. Random fractals and 

deterministic fractals are inherently different. The scaling invariance displayed by 

random fractals is statistical and requires data averaging when calculating scale 

invariant properties (Meakin 1988). Deterministic fractals can be precisely 

mapped upon themselves. 

Fractal geometry can be used to characterize the morphology and the 

physical properties of an object. For example, the Missouri river, with a 

fractal dimension of 1.2, has an irregular shape that does not conform to 

Euclidean geometry; if the river were a smooth shaped line, the fractal dimension 

would equal 1. A river with a fractal dimension larger than 1.2 would have a 

more irregular shape than the Missouri river. 

Fractal geometry can also be applied to identify aggregation mechanisms. A 

typical zinc metal aggregate is shown in Figure 1.3a; Figure 1.3b shows a 

computer generated model, which visually resembles the real zinc metal 

aggregates. The model aggregate is generated by simulating the Brownian motion 



Figure 1.3a Zinc metal fractal aggregate with fractal dimension of 1.66 
(Matsushita 1984) 
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Figure 1.3b Computer generated fractal aggregate with fractal dimension of 1.66 
(Witten and Sander 1981) 
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of a particle near an aggregate. A single particle is allowed to diffuse towards 

the aggregate until the particle collides and sticks to the aggregate, then another 

particle is allowed to diffuse, and so forth. The visual similarities between the 

real and model aggregates suggests that zinc metal aggregates are formed by 

collisions with single diffusing particles that stick immediately to the aggregate. 

This correlation between the real aggregate and the model can be numerically 

confirmed using fractal geometry. Both the real and model aggregates in Figure 

1.3 have a fractal dimension of 1.66 (Matsushita et al. 1984, Witten and Sander 

1981). 

RESEARCH OBJECTIVES 

This research addresses four major objectives: to show that microbial 

aggregates are fractal, to determine how microbial aggregates are formed, to 

calculate aggregate porosity as a function of aggregate size, and to calculate the 

fractal dimension and the aggregate porosity for identical cultures under 

different hydrodynamic conditions. 

This study demonstrates that microbial aggregates are fractal by calculating 

fractal dimensions for pure culture Zooeloea ramieera and Saccharomvces 

cerevisiae aggregates from a power law relationship between the number of cells 

per aggregate and the aggregate size. Fractal dimensions were also calculated from 

three other power law relationships between aggregate porosity and aggregate size, 

aggregate surface area and the number of cells per aggregate, and aggregate 

surface area and aggregate size. The fractal dimensions of Z. ramieera and 

£. cerevisiae aggregates are compared to the values obtained from computer 

models described in the literature to determine how microbial aggregates are 
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formed. The data is also used to calculate aggregate porosity as a function of 

aggregate size. 

Aggregate properties, such as porosity, are a function of the fluid 

mechanics and the environment of the aggregate (Hunt 1986). Therefore, the 

fractal dimension and porosities of Z. ramieera were examined for aggregates 

cultured in two different hydraulic environments; rotating test tubes, and a 

mechanically stirred and aerated bioreactor. 
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2.0 LITERATURE REVIEW 

Fractal geometry is a new scientific field. Although, there is no neat and 

complete mathematical characterization of fractals (Mandlebrot 1987), fractal 

geometry is concerned with geometric scaling relationships and the symmetries 

associated with them (Meakin 1988). 

Aggregates formed in turbulent and chaotic environments have a tenuous 

morphology that appears fractal. Fractal geometry can be used to characterize 

irregular structures using relationships derived from Euclidean geometry, such as 

area - length^, and volume ~ length^, except that fractal objects scale to 

different powers than Euclidean objects. Previous research on the fractal nature 

of aggregates has concentrated on colloidal aggregates and aggregates generated 

using computer models. These results have indicated that the fractal dimension 

conveys information on aggregate morphology, and the mechanisms of aggregate 

formation. This research is reviewed below. 

2.1 Sizing Aggregates 

Due to the irregular shape of most aggregates, several techniques have 

evolved for sizing aggregates. Sizing techniques cited most in the literature define 

the largest dimension and the radius of gyration. Other techniques define: the 

shortest dimension, the geometric mean, and the dimension perpendicular to 

settling. 

Figure 2.1.a shows an aggregate completely enclosed by a circle; the circle 

diameter is the largest dimension. Even before fractal geometry was applied to 

aggregate studies, researchers studying coagulation, floe settling, density, and 

porosity used the largest dimension to characterize floe size (Ganczarczyk 1969, 

Parker et al. 1971, Englande and Eckenfelder 1973, Sezginet et al. 1978, and 



REACTION LIMITED CI • CI - 3d 
M = 16,332 

180 DIAMETERS 

Figure 2.1a Measurement of the aggregate largest dimension of a computer 
generated fractal aggregate (Meakin 1988) 
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Tambo and Watanabe 1979). Measuring the largest dimension perpendicular to the 

direction of sinking was used to describe the in-situ settling behavior of marine 

snow (AUdredge and Gotschalk 1988). 

Figure 2.1.b shows the same aggregate, but the floe breadth or shortest 

dimension is measured. Shortest dimension measurements were used to calculate 

the substrate diffusion path into an aggregate, however obtaining accurate 

measurements was reportedly difficult (Mueller et al. 1967). 

Figure 2.1.c shows one possible interpretation of the aggregate geometric 

mean. Here the aggregate largest dimension and the maximum dimension 

perpendicular to the largest dimension are averaged. The geometric mean has 

been used to calculate fractal dimensions of yeast and gold aggregates (Davis and 

Hunt 1985, Weitz and Oliveria 1984). 

The radius of gyration is the average floe radius measured from the floe 

center of gravity to the floe perimeter: 

Rg = i „ S (n2 - ri2)1/2 2.1 
2 N2 

where Rg is the radius of gyration, N is the number of particles in the 

aggregate, rj is a vector from an arbitrary origin to a fixed cell within the 

aggregate, and rj is a series of vectors emanating from the same arbitrary origin 

to each cell within the aggregate. To calculate Rg each cell within the aggregate 

must occupy a space which can be specified (x, y, and z coordinates must be 

known). For biological floes and most colloidal aggregates this is not possible, 

however Rg is easily calculated for computer-model aggregates. 
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REACTION LIMITED CI - CI • 3d 
M = 16,332 

180 DIAMETERS 

Figure 2.1b Measurement of the aggregate shortost dimension of a computer 
generated aggregate (Meakin 1988) 



REACTION LIMITED CI - CI - 3d 
M = 16,332 
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1B0 DIAMETERS 

Figure 2.1c Measurement of the aggregate geometric mean of a computer 
generated aggregate (Meakin 1988) 
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2.2 Scaling Relationships For Fractal Aggregates 

There are several power law relationships used to characterize fractal 

aggregates. Most of them relate the aggregate size to other properties such as 

mass, density, porosity, settling velocity, area and light scattering. Sections 2.2.1 

through 2.2.4 highlight the relationships used in this research. Section 2.2.5 

discusses three other scaling relationships cited in the literature. 

2.2.1 Area-Length Scaling 

Area is proportional to length2 for Euclidean objects. Fractal objects obey 

different scaling relationships (Mandie brot 1982 ): 

A _ L2/Dl 2.2 

where A is the 2-dimensional projected surface area, L is the aggregate length, 

and D 1 is the !-dimensional fractal dimension. The fractal dimension subscript 

represents the Euclidean value, so D 1 is ]-dimensional, 02 is 2-dimensional and 

so forth. In the Missouri river example (section 1.0), Mandlebrot used the basin 

area and the source to mouth distance, or largest dimension, to calculate the 

fractal dimension. By a similar analysis, Li and Ganczarczyk (1989) determined 

that z. ramigera floes had a ]-dimensional fractal dimension of 1.65, although 

they used aggregate circumference instead of the largest dimension. 

2.2.2 Length-Mass Scaling 

The scaling relationship most often cited in the literature is the mass, or 

cluster fractal dimension, which takes the general form: 

M- LO 2.3 

Mass-length scaling relations can be used to analyze floes grown in 2-dimensions 

which yields a 02, or 3-dimensions which yields a 03. The mass, M(L), is 



interpreted as the mass of a particle times the number of cells within the 

aggregate. If the mass of a cell is defined as unity, the mass of an aggregate 

equals the number of cells in the aggregate: 

N ~ Ld 2.4 

Feder (1989) elaborated on Eq. 2.4 by stating: 

N = p (L/1C)D 2.5 

Here, L equals the aggregate largest dimension, and lc is the cell largest 

dimension. This equation is unique because it states an equality (not a 

proportionality) with the coefficient equal to what Feder calls the number 

density, p. Although Feder does not explicitly define the number density, it 

appears to equal the occupied volume divided by the floe volume, which is one 

minus porosity. 

Aggregate length is not explicitly defined by Mandlebrot (1982). However, 

in the literature where the cluster fractal dimension is derived, the aggregate size 

is defined as the largest dimension divided by the particle length (Feder 1989, 

Mandlebrot 1982, Li and Ganczarczyk 1989). For example, in Figure 1.1 of the 

introduction chapter, the fractal dimension for the four clusters can be 

determined from Eq. 2.4. Cluster "a" contains 5 balls and the aggregate size is 

the largest dimension (3 ball diameters) divided by the particle length (one ball 

diameter), or 3. The fractal dimension is log(5)/log(3) or 1.465. 

Largest dimension and geometric mean (normalized and non-normalized), 

and the radius of gyration have all been used to size aggregates in fractal 

dimension calculations (Table 2.1). Table 2.1 shows that computer modelers 

consistently used the radius of gyration to define aggregate length. Aggregate 

studies of yeast, gold, silica, and zinc defined aggregate length in the five 
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TABLE 2.1 Fractal Dimensions Calculated Using N ~ L*** 

Aggregate Length 

Type Scale 

Yeast 

Yeast 

Gold 

Gold 

Sitica 

Zinc 

Metal 

Model 

Model 

Model 

Model 

Model 

Model 

Model 

Model 

Hodel 

GM 

GM 

R 

GH 

Rg 

Rg 

LD 

LD 

LD 

Rg 

Rg 

Rg 

Rg 

Rg 

Rg 

Rg 

Normalized Fractal Reference 

Dimension 

Yes 

Yes 

Ho 

Yes 

Ho 

No 

Yes 

Yes 

Yes 

No 

No 

Ho 

No 

No 

No 

No 

2.0 Davis and Hunt (1986) 

1.74-2.23 Hunt (1985) 

1.75-2.05 Ueitz et at. (1985) 

Ueitz and Oliverfa (1984) 

Schaefer et al. (1984) 

Matsushita et al (1984) 

Forest and Uitten (1979) 

Feder (1988) 

Meakin (1988) 

Uitten and Sander (1981) 

Botet et al. (19B6) 

Kolb et al. (1983) 

1.75 

2.12 

•1.66 

*1.68 

*1.26 

1.465 

*1.66 

1.78 

*1.38 

*1.45-1.50 Heakin (1986) 

*1.66 Meakin (1983) 

2.03 

E.Oi?" 

Kolb (1986) 

Botet and Julien (1985) 

NOTES: 

1) GH = aggregate geometric mean 

2) LD = aggregate largest dimension 

3) Rg = radius of gyration 

4) * = 2-dimensional fractal dimenson (fractal dimensions without * 

are 3-dimensional aggregates 

5) R = aggregate radius 
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different ways listed in the opening sentence of this paragraph, with the largest 

dimension being the most common. The radius of gyration for silica and zinc 

aggregates was calculated from transmission electron micrographs since individual 

cell locations could be determined. The D3 values in Table 2.1 ranged from: 1.74 

to 2.23 for yeast aggregates, 1.7 to 2.02 for gold aggregates, 2.12 for the silica 

aggregate, and 1.465 to 2.03 for the model aggregates. The D2 values ranged 

from: 1.66 for the zinc aggregate, and 1.26 to 1.66 for the model aggregates. 

2.2.3 Area-Mass Scaling 

The relationship between area and mass for fractal aggregates can be 

defined (Meakin 1988) as: 

where A is the aggregate projected surface area, M is the aggregate mass, and D 

is the two or three dimensional fractal dimension. The number of cells per floe 

can be substituted for mass yielding: 

Model aggregates constructed to simulate carbon particles present in exhaust 

streams analyzed using Eq. 2.7 were found to have a 3-dimensional fractal 

dimension of 2.3 (Medalia 1971). 

2.2.4 Length-Porosity Scaling 

Aggregate porosities have been calculated using several different methods, 

including volumes, mass balances, the floe water content, and Stokes law. 

If the number of equally sized particles in a floe is known, porosity can be 

calculated from occupied volumes using: 

A - M2/D 2.6 

A ~ N2/D 2.7 

1-e = N vc/Vf 2.8 



29 

where e is porosity, vc is the average cell volume, and Vf is the floe volume. 

Substituting Eq. 2.4 into Eq 2.8 yields: 

1-e - LD3/L3 ~ Ld3"3 2.9 

Eq. 2.9 shows that the porosity of Euclidean aggregates (D3=3) does not 

change with aggregate length, however the porosity of fractal aggregates (D3<3) 

increases with aggregate length. 

By definition porosity can also be calculated from: 

Pf-Pm Peff 
1-e = = 2.10 

Pc-Pm delta (P> 

where pf equals the floe density, pc is the density of an average cell within the 

floe, pm is the density of the floe interstitial fluid, and peff is the effective 

density. Substituting Eq. 2.10 into Eq. 2.9: 

Peff~L°3"3 2.11 

From a mass balance, the volume of a floe can be expressed as: 

Vf = Vf e + W/pc g 2.12 

where W is the aggregate dry weight, and g is acceleration due to gravity. The 

porosities of marine snow aggregates (Table 2.2) were calculated by Alldredge and 

Gotschalk (1988) from Eq. 2.12 assuming the volume could either be 

approximated by ellipsoids or spheres, and that the density of euphausiid fecal 

pellets was equal to the density of an average cell. The dry weight was 

determined by desiccating individual floes for 24 hours. However, marine snow 

has a highly irregular shape; using Euclidean formulas to calculate the aggregate 

volume imposes inaccuracies which are difficult to quantify. Also marine snow is 

a diverse assemblage of inorganic and organic particles. Assuming the density of 

an average cell equals the density of one of the components is not likely correct. 



TABLE 2.2 Aggregate Porosities 

Aggregate Average 

Type Porosity 

CaCO, .41-.64 

Fe20^ .69-.88 

FeOOH .84-.89 

Carbon black .58-.82 

Activated Sludge .82-.95 

Activated Sludge .999 

Activated Sludge .73-.90 

Z. ramigera .63 

Yeast .90*.95 

Hold Pellets .99 

Hold Pellets .83 

Diatoms ,999 

Marine Snow .97-.99 

Computer Generated .984 

Computer generated .975 

Computer generated .995 

NOTES: 

References 

Korisake and 

Okyana (1981) 

Li and 

Ganczarczyk (1987) 

Smith and Coakley (1983) 

Mueller et al. (1966) 

Mueller et al. (1967) 

James and Smith (1975) 

Yano et al. (1961) 

LogBn and Alldredge (1988) 

Alldredge and Gotschalk (1988) 

Torrbo and Watanabe (1979) 

Goodharz-Nia (1977) 

Logan and Hunt (1988) 

1) Data in this Table previously reported in Li and Ganczarczyk (1989). 
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A mitigating factor is that Eq. 2.12 is not highly sensitive to variations in the 

average cell density (Alldredge and Gotschalk 1988). Changing the average cell 

density by + 16% resulted in negligible changes in porosity (Alldredge and 

Gotschalk 1988). This suggests that the assumption of constant cell density may 

be less important than the Euclidean shapes used to calculate volume. 

For biological floes in liquid media, the percent of water or media in the 

aggregate is equal to the floe porosity expressed as a percent value. The 

percentage of water in a floe, Pw, can be calculated from (Mueller 1966): 

100 (Pd-1)/Pw 
Pw = 2.13 

<Pd/PmH 

where p^ is the density of a dry floe, and pw is the density of a wet floe. 

Mueller (1966, 1967) determined the dry floe density of aggregates by washing 

the floes with distilled water, centrifuging the floes and measuring the density 

using a pycnometer. The floe wet density was determined by centrifuging and air 

drying the floes until small spheres were formed, followed by immersion into 

solutions of varying density until settling did not occur. Table 2.2 shows that the 

average porosity of aggregates from pure culture Z. ramieera aggregates, strain 

I-16-M, was 63% and the porosity of activated sludge floes ranged from 

73%-90%. 

There are some problems with Mueller's approach. Washing and centrifuging 

the floes prior to pycnometer analysis may result in water loss from the cells 

which would increase the aggregate dry density. Air drying the floes prior to 

immersion will change the floe morphology, density, and apparent structure. 

Furthermore, mass transfer between the floe and the standard density solution 

will change the floe wet density. Mueller recognized this latter point and changed 

his standard density solution from potassium bromide (1966) to either carbon 
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tetrachloride or xylol (1967), since water is immiscible in CCI4 and xylol, mass 

transfer into the floe was reduced. 

The floe density can also be solved using Stokes law from measurements of 

floe settling velocity and floe size (Li and Ganczarzyk 1986), For example, Stokes 

law was used to calculate the porosity as a function of aggregate size for 

activated sludge, aggregates shown in Table 2.2 (Li and Ganczarczyk 1989). 

Several Euclidean assumptions are used in developing Stokes law, which may not 

be valid for fractal aggregates. To develop Stokes law, consider a steady state 

force balance for a sphere in a creeping or laminar flow regime (Reynolds 

number less than ,1); 

Fg - Fb = Fd 2.14 

where Fg is the force due to gravity, is the buoyant force, and F^ is the 

drag force. Expanding Eq. 2.14: 

U2 

Vf (Pf-Pm) g = Af pm Cp 2.15 
2 

where pf is the floe density, pm is the density of the surrounding fluid, g is 

gravity, U is the settling velocity, and Cjj is the drag coefficient. For a spherical 

object with the Reynolds number less than .1 the drag coefficient equals (Bird 

Stewart and Lightfoot 1960): 

24 u 
CD = 24/Re = 2.16 

U d 

where Re is the Reynolds number, u is the kinematic viscosity, and d is the 

aggregate diameter. Substituting Eq. 2.16 into Eq. 2.15 yields: 

2 Vf (Pf-Pm) d 
U = 2.17 

24 Af pm u 
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Solving Eq. 2.10 for (pf-pm) and substituting into Eq. 2.17: 

2 Vf (1-e) (pc-pm) d 
U = 2.18 

24 Af pm u 

Substituting for (1-e) from Eq. 2.8 cancels Vf from Eq. 2.18: 

2 N vc (Pc-Pm) d 
U = 2.19 

24 Af pm u 

Since N ~ and Af ~ L^/^l^ and letting d = aggregate length, Eq. 2.19 can 

be expressed as: 

LD3 l 
U ~ ~ LD3+l-2/Dl 2.20 

L2/D1 

For Euclidean objects (D3=3 and Dl=l) Eq. 2.20 is equivalent to Stokes 

law and U ~ L2, but Eq. 2.20 shows that for fractal objects settling velocity 

is not proportional to lA Also, Eq. 2.16 which specifies a value for the 

drag coefficient, is based upon creeping flow around a rigid sphere with no bulk 

flow through the sphere. However, highly porous aggregates are generally not 

spherical and are subject to bulk flow, although Logan and Hunt (1988) showed 

that bulk flow through an aggregate does not appreciably change the settling 

velocity. Since U is not proportional to L2, and Cjj does not equal 24/Re for 

fractal objects, applying Stokes law to calculate the floe density and porosity of 

aggregates is appropriate for Euclidean aggregates only. 

Li and Ganczarczyk (1989) compiled data from previous settling rate 

studies to show that biological aggregates are fractal (Table 2.3). The fractal 

dimensions were calculated using peff - L^"^. Effective densities were 

determined using Stokes law (Li and Ganczarczyk 1989). Aggregate length 

was defined as the: floe area by Lagvankar and Gemmell (1968), floe width by 
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Boadway (1978), largest dimension perpendicular to settling by Tambo and 

Watanabe (1979), and the floe largest dimension by Magara et al, (1976) and Li 

and Ganczarzyk (1987). The Mitani et al. (1983) and Zaid (1987) references 

(cited in Li and Ganczarczyk 1989) were not available. Although, their 

calculations rely upon Stokes law to determine the fractal dimensions (Table 2.3), 

the data does demonstrate that these aggregates were fractal. Even though the 

individual fractal dimensions may be incorrect, the wide range of fractal 

dimensions, 1.4<D3<2.85, indicates that the fractal dimensions of the aggregates 

will not all equal 3. 

Alldredge and Gotschalk (1988) calculated the porosity and effective density 

of marine snow as a function of aggregate size. Porosities (Eq. 2.12) and 

effective densities (Eq. 2,21) were calculated directly using a gravitational 

analysis of the aggregates: 

W 
Peff ~ (J ~ Pm/Pd) 2,21 

Vf 

where pm, the density of the interstitial fluid was the density of seawater at 

ambient conditions. Log-log transformations of the data show that peff ~ L"1-^ 

and that porosity ~ L"1^ (Alldredge and Gotschalk 1988), and therefore, the 

fractal dimension equals 1.4. 

Settling velocity-length relationships have been empirically developed from 

settling rate studies. Activated sludge floes settle with velocity ~ L*^, (Li and 

Ganczarczyk 1987) and marine snow settles with velocity - L*2^ (Alldredge and 

Gotschalk 1988). These studies provide experimental evidence that Stokes law, 

velocity ~ L2, does not accurately simulate settling rates of fractal aggregates. 



TABLE 2.3 Fractal Dimensions of Aggregates 
Calculated From Stokes Law 

Aggregate 

Type 

Fractal 

Dimension 

References 

Ferric 

AI LID 

Alum 

Clay-Iron 

Clay-Magnesium 

Activated Sludge 

Activated Sludge 

Activated Sludge 

Activated Sludge 

Trickling Filter 

Effluent 

2.61-2.85 Lagvankar and Genmel (1968) 

2.302-2.324 Boaduay (1978) 

1.59-1.97 Tarabo and Watanabe (1979) 

1.92 Tambo and Watanabe (1979) 

1.91 Tembo and Watanabe (1979) 

1.4 Tombo and Watanabe (1979) 

1.44-1.49 Hagara et si. (1976) 

1.70-2.09 Hitiani et al (1983) 

1.45-2.0 Li and Ganczarczyk (1987) 

1.73 Zahid (1987) 
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Hunt (1985) substitutes the fractal relation, peff ~ L*53-3 for the effective 

density in Stokes law which gives: 

U ~ LD3~3/L2 ~ L03"1 2.22 

Eq. 2.20 predicts that activated sludge has a fractal dimension of 1.55 

and marine snow has a fractal dimension of 1.26. Comparing these values to 

values obtained from effective density-length relations shows that the activated 

sludge floe is within the reported values in Table 2.3 (1.45-2.0), and the marine 

snow value is 10% less. Little can be concluded regarding the activated sludge 

results because both fractal dimension computations relied on Stokes law. 

However, the marine snow results suggest a fair correlation between the 

velocity-length and peff-Iength relationships. However, equation 2.22 is 

true only for aggregates where area ~ length2. For fractal aggregates area ~ 

length2/*-*1; with this substitution Eq. 2.22 becomes identical to Eq. 2.20. 

2.2.5 Other Relationships 

Fractal dimensions can also be obtained using light scattering 

techniques. Light intensity, S(q), and light scattering angle, q, can be related 

using the following power law relationship: 

S(q) ~ q~D 2.23 

Eq. 2.23 gives more precise results than mass ~ length*-® relationships, and 

minimizes floe handling (Meakin 1988). 

Alternately, a density-density correlation function can be defined as: 

c(L) ~ LD"d 2.24 

where c(L) is the average density of an object at a specified distance from a 

point on the object. Typically, c(L) is calculated from light scattering experiments 

or from particle coordinates generated in a computer simulation (Meakin 1988). 
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Also, aggregation mechanisms can be monitored as a function of time 

from: 

Rg - t1/** 2.25 

where t is time, and D can be either D2 or D3. 

2.3 Properties of Fractal Aggregates 

Figure 2.2 shows six computer generated aggregates with their corresponding 

3-dimensional fractal dimensions and illustrates the primary mechanisms by which 

inorganic aggregates form. The horizontal axis lists the three mechanisms which 

are considered to be the kinetic rate limiting processes: reaction limited, ballistic 

limited, and diffusion limited. Aggregation growth is considered to be diffusion 

limiting if aggregation growth is limited by the collision frequency of particles 

during aggregation formation, or by Brownian motion (Witten and Cates 1986). If 

clusters or particles are transported by bulk flow and stick immediately and 

irreversibly upon contact, the event is described as ballistic aggregation. This 

occurs for aggregates formed in advective flow or in systems where aggregates 

form under gravitational settling. Aggregate growth may also be limited by the 

sticking efficiency; in reaction limited aggregation there is only a small 

probability that colliding particles or clusters will stick (Witten and Cates 1986). 

The vertical axis of Figure 2.2 lists the two mechanisms by which particles 

can join the aggregate, monomer-cluster where the aggregate grows one particle 

at a time, and cluster-cluster where aggregates grow from collisions of smaller 

aggregates. 

During aggregation, two diffusion-limited particles or clusters approaching 

each other in a random trajectory are likely to make their initial contact at a 

point near an exposed tip of the two objects, thereby minimizing particle 
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Figure 2.2 Summary of the computer generated aggregates illustrating the 
kinetic rate limiting aggregation mechanisms on the horizontal axis, 
the particle addition mechanisms on the vertical axis, with the 
corresponding D3 values (Schaefer 1989) 
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penetration into the cluster. For a ballistic path partial penetration is more likely 

to occur before contact. In the reaction limited case, penetration is most likely 

because several collisions can occur before the clusters stick. As penetration 

increases, the aggregate becomes more compact, and the fractal dimension 

approaches its Euclidean value (Witten and Cates 1986). Figure 2.2 shows that the 

diffusion limited fractal dimensions are less than ballistic or reaction-limited 

fractal dimensions for cluster-monomer and monomer-monomer growth 

respectively. Also, the cluster-cluster fractal dimensions for ballistic aggregation is 

less than the reaction limited case. The ballistic and reaction-limited, 

monomer-monomer aggregates have fractal dimensions equal to 3 and are 

Euclidean in nature. 

Aggregates formed by single particle addition have different properties than 

aggregates formed by cluster collisions, even if both aggregates are formed under 

identical rate-limiting conditions. Figure 2.2 shows that aggregates formed by 

single particle addition have finger-like strands emanating from the aggregate 

interior for the diffusion and ballistic cases, whereas their cluster collision 

counterparts appear wispy without a well defined nucleus. All of the single 

particle aggregates are more compact than their cluster collision counterparts. 

Diffusion and reaction limited aggregation is further described below. 

2.3.1 Diffusion Limited Aggregation 

The term diffusion-limited aggregation (DLA) is a shorthand notation for 

diffusion-limited, single-particle addition, aggregation. Witten and Sander (1981) 

designed the first DLA computer model. In their model a seed particle was 

placed at the origin of a 2-dimensional lattice. A second particle was added at 

some random site a large distance from the origin and allowed to move in a 
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simulated random walk until it collided with the seed particle. The sticking 

efficiency was 100% and bonding was irreversible. Additional particles were 

similarly added one at a time at some random site a large distance from the 

origin and allowed to diffuse until colliding with the aggregate. This procedure 

was repeated about 3500 times. Witten and Sander (1981) calculated the fractal 

dimension from c(L) ~ lP^-2 ancj from n „ Rg^2> Both power law relations 

yielded fractal dimensions of 1.66. 

Forest and Witten (1979) did an experimental study of 2-dimensional metal 

aggregates formed by quench condensing metal vapors. The fractal dimension, 

D2 = 1.68, was determined from a micrograph by drawing increasingly larger 

boxes around the aggregate, counting the particles within each box, and applying 

N ~ L^, where L is the box side length divided by the average particle largest 

dimension. By comparing the results of the experimental and simulation studies, 

Witten and Sander (1981) concluded that the metal vapors were formed by 

diffusion limited, single particle, aggregation. 

In a separate study, two dimensional zinc aggregates were grown by 

electrodeposition (Matsushita et al. 1984). The fractal dimension was calculated 

using c(L) ~ L°2-2 and N ~ Rg^ from computer analyzed photographs. The 

value of the fractal dimension for both relations was 1.66. which is the same 

value obtained for DLA computer model aggregates. 

2.3.2 Diffusion Limited Cluster Aggregation 

The observation that the DLA model in Figure 2.2 does not visually 

resemble certain colloidal aggregates, such as the gold aggregates in Figure 2.3, 

coupled with the fact that the fractal dimensions of DLA models and gold 

aggregates were different, led to the development of diffusion limited cluster 
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Figure 2.3 Gold colloid aggregate formed via diffusion limited cluster 
aggregation (Feder 1989) 
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aggregation (DLCA) models. Meakin (1983) developed a hybrid model where a 

fixed number of particles were simultaneously allowed to move in a 

random walk. Initially, numerous small aggregates formed, and as these 

aggregates collided with each other, increasingly larger aggregates were formed 

until only one aggregate remained. The sticking efficiency for all collisions was 

100%, and the resulting bonds were irreversible (no aggregate breakup). By 

methods similar to Witten and Sander (1981), Meakin found that the 

2-dimensional fractal dimension ranged from 1.45-1.5. Botet et al. (1986) 

developed a similar DLCA model and calculated a 3-dimensional fractal 

dimension of 1.78. 

The fractal nature of gold colloid aggregates was characterized by Weitz and 

Olivera (1984). They generated 3-dimensional aggregates by addition of excess 

pyridine, and then dried the aggregates on a 2-dimensional surface. The authors 

state (without proof) that the drying process, where the aggregates were 

transformed from 3-dimensions to 2-dimensions, does not alter the fractal 

dimension if the fractal dimension is less than 2. Using TEM images, the fractal 

dimension was calculated from both the c(L) ~ and N - L^, where L 

was defined as the sum of the largest dimension and the aggregate dimension 

perpendicular to the largest dimension divided by the particle largest dimension. 

Both the mass-length and density-density correlation functions gave 3-dimensional 

fractal dimensions of 1.75. By comparing the appearance and the fractal 

dimensions of the real and simulated studies, Botet et al. (1986) concluded that 

gold aggregates formed in the presence of excess pyridine were diffusion limited 

cluster aggregates. 
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2.3.3 Reaction Limited Aggregation 

As the study of colloidal aggregates progressed, it was discovered that some 

aggregates did not conform to either the DLA or DLCA models. Botet et al. 

(1986) produced a 3-dimensional reaction limited cluster aggregation (RLCA) 

model where the sticking probability ranged from 0-100%. The fractal dimension, 

calculated from N ~ Rg^, was determined to be 2.00. This fractal dimension is 

greater than a value of 1.75 produced using the DLCA model, indicating a more 

compact cluster. In similar RLCA simulations, Julien and Kolb (1984) obtained a 

fractal dimension of 1.98, and Brown and Ball (1985) obtained a fractal 

dimension of 2.11. The literature does not offer an explanation for the variability 

of the fractal dimension for the different models. 

Schaefer et al. (1984) studied 3-dimensional silica colloid clusters by 

measuring light and X-ray scattering. The use of these two scattering techniques 

allowed data to be taken over a large length scale (27-10,000 angstroms), and 

minimized floe handling. Silica particles, 27 angstroms in diameter, were 

aggregated by adjusting the pH to 5.5 and by varying salt concentrations. 

Functionally, silica aggregation is identical to the gold colloid system where 

repulsive electrostatic forces are reduced and aggregation is controlled by Van 

Der Waals forces of attraction. Silica aggregates were determined to have a fractal 

dimension of 2.12. The authors postulated that particle rearrangement within the 

cluster may have accounted for the intermediate value. However, since the silica 

aggregation process is slow, reaction limited cluster aggregation may predominate 

(Meakin 1988). The value of the silica fractal dimension, 2.12, is close to the 

range of values, 1.98-2.11, reported from RLCA model studies. Particle 

rearrangement is further discussed in section 2.3.7. 
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2.3.4 Crossover From Reaction Limited to Diffusion Limited Aggregation 

Weitz et al. (1985) was experimentally able to simulate two regimes of 

irreversible kinetic aggregation using gold colloids (Figure 2.4.) Gold aggregates 

were formed by three methods: addition of excess pyridine (10"^ moles) to 

promote rapid aggregation, a small dose (10~^ moles) for slow aggregation, and 

an intermediate dose (10-^ moles). Fractal dimensions were calculated three ways: 

measuring the variation of the radius of gyration with time, Rg ~ t^*^ (Eq. 

2.25), using TEM images, N ~ L^, and light scattering, S(k) ~ k~D3 (Eq. 2.23). 

The fractal dimension for the excess pyridine aggregates equaled 1.75 for all 

three relationships. The aggregates formed from the slow aggregation process were 

too compact to be visually resolved by TEM. The other methods yielded fractal 

dimension values of 2.05. At intermediate doses the fractal dimension initially 

equaled 2.05, then changed to 1.75. They concluded that rapid aggregation was 

controlled by diffusion limited cluster aggregation, slow aggregation was mediated 

by reaction limited cluster aggregation, and at the intermediate dose aggregation 

was initially reaction limited but crossed over into the diffusion limited regime 

(Weitz et al. 1985). At intermediate pyridine doses, the concentration of clusters, 

as well as their diffusion constants, decreased with time so that diffusion played 

an increasingly important role in limiting the kinetics (Weitz et al. 1985). 

In a similar study, silica aggregation kinetics were varied (Aubert and 

Cannell 1986). The rapid aggregation process led to a fractal dimension of 1.75 

and the slow aggregation process yielded a value of 2.08. These results are similar 

to values obtained by Weitz et al. (1985) and are symptomatic of a system which 

initially forms reaction limited micro-clusters before crossing over to diffusion 

limited aggregation. 
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Figure 2.4 Gold colloid aggregates formed via; (a) diffusion limited cluster 
aggregation and (b) reaction limited cluster aggregation 
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2.3.5 Self Similar Fractals 

Self similar aggregates have the same fractal dimension for different scaling 

relationships (Meakin 1988). Therefore, an aggregate can be identified as self 

similar by comparing the fractal dimensions obtained from different scaling 

relationships. The diffusion-limited gold aggregates characterized by Weitz et al. 

(1985) are self similar because the fractal dimension from three separate power 

law relationships equaled 1.75. The fractal dimension of marine snow aggregates 

calculated from effective density-length and porosity-length relationships equaled 

1.4, indicating self similar structures. The self similar length scale is limited 

in range from the size of a cell to the size of an aggregate. However, scaling 

invariance may cease at length scales less than the aggregate size due to physical 

properties such as aggregate collapse under gravity, and the effects of thermal 

fluctuations or shear flow (Meakin 1988). The limits of scale invariance can be 

determined by constructing a double log plot from a power law relation and 

inspecting the data for a change in slope. 

2.3.6 Self Affine Fractals 

Self affine fractals are characterized by aggregates having different fractal 

dimension values for measurements made in different directions on the aggregate. 

The effect of affine sticking rules, illustrated in Figure 1.2, was investigated by 

growing clusters using the same growth rules as the DLA model, except that 

particles which collided to the left or the right of the seed particle had a 100% 

sticking efficiency, while particles that collided at the top or the bottom of the 

seed particle stuck with some efficiency less than 100% (Ball et al. 1985). In the 

left to right direction of growth N ~ while in the other direction N ~ Y^. 

The scaling factors (3/2 and 3) for these self affine fractals remained constant as 
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the sticking efficiency in the top or hard direction of growth was varied, and 

any degree of affine growth caused the clusters to grow into compact rod shaped 

clusters. 

2.3.7 Aggregate Restructuring 

Aggregation can often be considered to proceed in two stages (Meakin 

1988). First, clusters contact and are held together by relatively weak Van Der 

Waals forces. These weakly bonded clusters can be disrupted by thermal 

fluctuations, external forces, or by the momentum of colliding clusters resulting 

in particle rearrangement and a more dense aggregate. Clusters which remain in 

contact eventually become more rigidly bonded by sintering or bridging and the 

formation of ionic or covalent bonds. After the formation of rigid bonds, 

aggregate restructuring does not occur. 

Aggregate restructuring has been simulated in several computer models by 

allowing particles to reposition themselves so that the number of bonds within an 

aggregate is increased. This results in a more compact structure and a 

higher fractal dimension. Table 2.4 shows the effect of restructuring on several 

computer model aggregates. For each aggregate restructuring increased the fractal 

dimension by approximately 10%. The largest increase occurred in the first 

restructuring stage. After particles became stable, restructuring was minimal and 

the fractal dimension did not change. 

2.3.8 Initial Particle Concentration 

In all the computer models described above, the initial particle concentration 

was assumed to be very low. For the DLA models, only one particle diffused at 

a given time. In the DLCA and RLCA models, the average distance between 



TABLE 2.4 Effect of Aggregate Restructuring 
on the Fractal Dimension 

Aggregation Nunber of Restructuring Stages 

Mechanisms 0 12 3 

Diffusion-Limited 1.80 2.09 2.17 2.18 

Ballistic 1.95 2.13 2.18 2.19 

Reaction-Limited 2.09 2.18 2.24 2.25 

NOTES: 

1) Date in this Table previously reported in Heakin (1988). 
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particles was much greater than the particle length. Kolbe et al. (1986) generated 

a 2-dimensional hybrid DLCA model where the initial particle concentration was 

much higher, but the exact concentration was not given. The fractal dimension 

increased from 1.42, for the DLCA model, to 1.75 for the hybrid model. Higher 

particle concentrations increased particle penetration into the cluster resulting in a 

more compact aggregate and higher fractal dimensions (Kolb et al. 1986). 

2.4 Properties of Biological Aggregates 

Previous models reported in the literature have been constructed to simulate 

aggregation mechanisms of colloidal aggregates. If one of these models also 

simulated the aggregation mechanisms of biological floes, then comparing the 

fractal dimensions of model aggregates and biological floes could be used to 

interpret how the floes were formed. It is important to relate the known 

properties of biological and model aggregates to determine if comparisons between 

the two are valid. 

2.4.1 Cell Attachment Mechanisms 

Z. ramieera is a rod-shaped motile bacteria which flocculates using cellulose 

fibrils. The fibrils function as grappling hooks which ensnare other bacteria. 

Fibrils are thin, mostly present in twisted bundles, and form an irregular network 

between attached cells (Deinema and Zevenhuizen 1971). The presence of cellulase 

will break the fibril bonds between attached cells (Deinema and Zevenhuizen 

1971). Extracellular fibrils have been found in almost all pure culture bacterial 

floes. The synthesis of the fibrils is determined by the genome of the organism 

(The Procaryotes 1981) 
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Flocculation of most zoogloea species is enhanced by the presence of a 

zoogloea, or gelatinous, matrix which acts as a capsular environment that 

surrounds clumping cells. The term zoogloea is derived from Greek and means 

animal glue. Bacteria within the zoogloea matrix actively grow and divide with 

the daughter cells remaining in the matrix (The Procaryotes 1981). For some 

zoogloea strains, such as I-16-M studied in this research, floes are formed from 

fibrils but no gelatinous zoogloea matrix has been observed (The Procaryotes 

1981). 

Krul (1977) showed that flocculation of strain I-16-M can be stimulated or 

inhibited by adjusting certain chemical concentrations. The addition of NaCl or 

Na2HP04/NaH2P04 from concentrations of 2 to 20 mmoles strongly stimulated 

floe formation. Krul (1977) stated that the stimulatory response could not be 

attributed to the effect of ions in the ionic double layer, since the multivalent 

ions were less stimulatory than the monovalent ions. Addition of Ca++ and Mg++ 

ions from a concentration of 1 to 2 mmoles inhibited flocculation. No 

mechanistic explanation was offered for the stimulatory or inhibitory responses 

observed. This effect appears to be species specific because similar treatments 

with NaCl and Na2HP04/NaH2P04 on bacteria isolated from activated sludge 

that were also known to flocculate, showed no increase in flocculation. 

Flocculation of Z, ramieera begins during the second half of log growth, and 

older floes are increasingly difficult to disperse with cellulase. 

£5. cerevisiae is a well studied, ellipsoid shaped, flocculating yeast used in 

fermentation processes by the beer and bread industries. Like Z. ramieera. its 

ability to flocculate is genetically mediated. At physiological pH, yeast surfaces 

are negatively charged due to the presence of carboxyl and other anionic 

functional groups. At a pH of 2, the cell surface charge is nearly neutral. Cells 
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are thought to attach by bridging using Ca++, or in some cases Mg++, and 

carboxyl groups present on the cell surface (Calleja 1984). The exact nature of 

the bridging is unclear, but may be a direct linkage between the Ca++ ions and 

the carboxyl groups, or a longer bridge involving intermediate polypeptides (Hunt 

198S). The number of bridges needed for stable attachment has not been 

determined (Hunt 1985). In the absence of Ca++ or Mg++ ions the negative 

surface charge is sufficiently repulsive to keep the cells suspended. 

Flocculation of §. cerevisiae occurs rapidly just prior to the stationery 

growth phase. Flocculation can be stimulated by the addition of Ca++ ions or 

inhibited by the addition of a chelating agent, such as EDTA. §. cerevisiae floes 

can be dispersed by raising the temperature to 80 degrees or higher, adjusting 

the pH to 2 or lower, or by ultrasonication (Hunt 1985). Several researchers have 

demonstrated that §• cerevisiae flocculation is reversible (Hunt 1985). 
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3.0 METHODS AND MATERIALS 

Three similar experiments were conducted to determine fractal dimensions 

and floe porosities of biological aggregates. For each experiment, pure culture 

aggregates were grown, isolated from the culture and sized with a microscope, 

dispersed into single cells, and the dispersed cells were counted, as illustrated in 

Figure 3.1. The specific culture conditions, experimental procedures, and 

equations used to determine the fractal dimensions and floe porosities are 

presented below. 

3.1 Growth of Biological Aggregates 

Two microorganisms, a bacteria and a yeast, were used in this study. A 

pure strain of Z. ramieera (I-16-M) was obtained from American Type Culture 

Collection (ATCC 19623) and sustained on nutrient agar (23 g/1) plates and 

nutrient broth (8 g/1) suspended cultures. A pure §. cerevisiae culture was also 

obtained from American Type Culture Collection (ATCC 60593) and sustained on 

Yeast Malt (YM) extract agar plates and suspended cultures. The recipe for YM 

extract is 3 g/1 malt extract, 3 g/1 yeast extract, JO g/1 glucose, and 5 g/1 

peptone. Flocculant cultures used in the sizing experiments were inoculated using 

a sterile loop to transfer floes from the suspended cultures. Floes developed 

within these cultures in 24 hours. Inoculations were also made from plates, but 

the development of floes took a longer and variable period of time (1 to 5 days). 

In experiments 1 and 3, Z. ramieera and $• cerevisiae aggregates were grown in 

rotating test tubes. In experiment 2, £. ramieera aggregates were developed 

in a mixed and aerated batch reactor. 

Experiment 1: Suspended cultures of Z. ramieera were grown in test tubes 

clamped to a rotator (Roto-Torque Fixed Speed Model No. 7637-20) operated at 

32 rpm at ambient temperature (23° C) for approximately 24 hours. 



53 

Cell Counting And 

Cell Sizing 

Section 3.4 

Aggregate Sizing and 

Aggregate Isolation 

Section 3.2 

Aggregate Dispersion Into 

Single Cells 

Section 3.3 

Growth of Biological Aggregates 

Experiments 1, 2, and 3 

Section 3.1 

Calculation Of The Fractal Dimension 

And Aggregate Porosity 

Sections 3.6 and 3.7 

Figure 3.1 Experimental protocol 



54 

Experiment 2: Suspended cultures of £. ramieera were grown in a Virtis 

reactor (Omni-Culture Reactor Virtis Co.) mixed at 160 rpm, aerated at 1 liter 

per minute, and the temperature was controlled at 28° C. 

Experiment 3: Suspended cultures of £. cerevisiae were grown on the rotator 

as described for experiment 1. 

3.2 Floe Isolation and Sizing 

In experiment 1 the culture supernatant was poured from the test tube and 

discarded, and the remaining flocculant solution was poured into a sterile petri 

dish, and covered. Approximately 50 ml of ultra pure water (Milli-Q Water 

System Millipore Corp.) was added to the petri dish to dilute the solution and to 

provide floe separation. Individual floes were then transferred into 2 ml drops of 

ultra pure water in a second sterile petri dish using a sterile, 100 ul pipet tip cut 

between the 25 and 50 ul markings. This transfer step aided the separation of 

the aggregate from other suspended cells. The pipet tip was then rinsed with 

water from the edge of the 2 ml drop, and the floe was transferred onto a 

concave slide. 

The floe isolation procedures used in experiment 2 were identical to 

the above procedures, except that floe transfer from the Virtis reactor to the 

petri dish was done by pipetting 5 ml from the reactor (with the impeller 

stationary) to a petri dish. Floe transfer from the reactor to a petri dish was 

frequently repeated to avoid aggregation of reactor floes in the petri dish. 

§. cerevisiae aggregates were too large to be sized by the above method. In 

experiment 3 the yeast floes were vortexed until the floe broke apart into many 

small pieces. Since fractal aggregates are comprised of self similar pieces, it was 

assumed (but could not be verified) that vortexing the floes into small pieces 
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would not alter the fractal dimension of these aggregates. In general, smaller 

yeast floes were more susceptible to mechanical disruption during pipetting than 

the Z. ramigera floes. Aggregate break-up was reduced by allowing the floe to 

settle out of the pipet during transfer instead of forcing the aggregate out of 

the pipette. Floes settle out of the pipet tip in a few seconds so this procedure 

was very rapid. 

FIocs placed on conclave slides were sketched using direct light microscopy 

(lOx power). The aggregate largest dimension and geometric mean were 

determined from the sketches using the following information. The largest 

dimension was defined as the diameter of the smallest circle which would enclose 

the entire floe. The geometric mean was defined by enclosing the floe in a 

circle, and dividing the floe into equal sections spaced 22.5 degrees apart; at each 

22,5 degree increment, a floe diameter was measured, and the eight resulting floe 

diameters were averaged. 

3.3 Floe Dispersion Into Single Cells 

The Z. ramigera floes were dispersed into single cells by adding cellulase 

(Table 3.1) to the floe to break apart the cellulose fibrils. The §. cerevisiae floes 

were dispersed using a strong sulfuric acid solution (pH=2). 

After a floe was sized, the floe was rinsed off the concave slide with ultra 

pure water (for floe rinse volume see Table 3.1) into an acid washed, sterilized, 

glass scintillation vial. The vials containing £. ramigera aggregates were vortexed 

for approximately one minute and rotated for approximately one hour at 30° C. 

Vials containing §. cerevisiae aggregates were vortexed and then stirred (10 

minutes) with a 3/8 inch magnetic stir bar. Table 3.1 shows the volumes of the 

standard solutions used for floe dispersal. 



TABLE 3.1 Floe Dispersion Solutions 

Constituent 2. ramigera Z.ramigera S.cerevisiae 

Rotator Virtis Rotator 

Ultra Pure Water 580 ul 1350 ul 

Cettulase (1) 400 ul 

Cellulase (2) 200 ul 

Formaldehyde (3) 400 ul 

Sulfuric Acid (4) 10,000 ul 

Floe Rinse Volume 20 ul 50 ul 500 ul 

total volune 1000 ul 2000 ul 10,500 ul 

Notes 

1) 10 mg/ml solution of powdered cellulase (Sigma Chetnical No. 

C-7377). 

2) direct injection of liquid form cellulase (Chemical 

Dynamics Corp. No 18-3610-70). 

3) 10X fomaldehyde (EH Science) solution. 

4) d = pH 2 sulfuric acid (Fisher Chemical) solution. 
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ramiaera floes cultured in the Virtis reactor were preserved with a 

2% formaldehyde solution for later cell counting (section 3.5, control experiment 

4) Forty-eight floes grown in the Virtis were sized during two experiments; the 

dispersed cells were counted the following three days for each experiment. In the 

test tube experiments 6 to 10 floes were sized, dispersed, and counted in the 

same day. This was repeated until a total of 48 floes were analyzed. 

3.4 Cell Counting and Cell Sizing 

Cell counts of dispersed floes were determined by epifluorescence 

microscopy with acridine orange (Aldrich Chemical) stained cells (Hobbie et al. 

1977). Sample volumes for cell counts were varied from 5 to 50 ul for Z. 

ramieera. and 50 to 400 ul for g. cerevisiae. to maintain approximately 30 cells 

per microscopic field at lOOx power. These samples were pipetted into an acid 

washed, sterilized, test tube containing ultra pure water and 100 ul of acridine 

orange (1% by volume), to a final volume of 1 ml. Each tube was vortexed, and 

the sample left undisturbed for 2 minutes. 

Stained cells were then filtered onto 25 mm diameter, 0.22 um pore 

diameter, polycarbonate surface filters prestained with Irgalan black (Poretics or 

Nucleopore). The tube was triple rinsed with 1 ml ultra pure water to remove all 

remaining cells. Fifteen randomly selected fields were counted per filter at lOOx 

power. The total number of cells was obtained by multiplying the average 

number of cells per field by the number of fields per filter. Fifteen randomly 

selected cells were sized by measuring cell length and width with the microscope 

eyepiece micrometer. Cell sizing was done daily in the test tube culture 

experiments and twice for the Virtis experiments. 
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3.5 Control Experiments 

Five control experiments were conducted to determine: (1) the effect of 

suspended bacteria interfering with the floe cell counts, (2) if the floes were 

completely dispersed, (3) if cells were adsorbing to the concave slide during 

sizing, (4) the effect on cell counts from formaldehyde preservation, and (5) the 

difference between the 2-dimensional largest aggregate dimension, as observed in 

the microscope during floe sizing, and the 2-dimensional largest aggregate 

dimension, obtained from floe settling video recordings. The first control 

experiment was run each day of the test tube culture experiments, and the Virtis 

experiments. The latter four control experiments were performed once. 

Control Experiment 1: During floe transfer from the floe holding petri dish 

to the floe rinsing petri dish, suspended bacteria are concurrently transferred. The 

number of suspended microbes transferred with the floe was determined by 

running a parallel control to the floe sizing, dispersing, and counting experiments, 

using a 20 ul sample, transferred with a cut pipet tip, that did not contain a 

floe. The resulting suspended cell concentration was subtracted from the floe cell 

counts. 

Control Experiment 2: To determine if the Z. ramieera floes were being 

completely dispersed, three floes were isolated and placed into separate 

scintillation vials containing SO, 100, and 200 ul/ml solutions of liquid form 

cellulase (Chemical Dynamics Corp). After vortexing and rotating the sample for 

one hour, SO ul samples were removed from each vial for epifluorescence cell 

counting as previously described. However, the remaining 9S0 ul from each vial 

was stained and filtered through a S um depth filter to remove individual cells. 

Microscopic inspection of the filters at each cellulase concentration revealed no 
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floes. The experiment was repeated with three S. cerevisiae floes dispersed at a 

pH equal to 2. No floes were observed. 

Control Experiment 3: The third control experiment consisted of two parts. 

In the first part, a 20 ul sample (with no floe) from a Z.- ramieera culture was 

placed into an acid washed, sterilized, scintillation vial with 980 ul of ultra pure 

water and 100 ul of acridine orange. The sample was then filtered and counted 

(section 3.4). In the second part, a 20 ul sample from the same £. ramieera 

culture was transferred to a conclave slide and placed under the microscope for 5 

minutes. The sample was then rinsed with 580 ul of ultra pure water into an 

acid washed, sterilized, scintillation vial containing 400 ul of a 10 mg/ml 

powdered cellulase (Sigma Chemical Co) solution. After vortexing and rotating for 

one hour at 30° C, 100 ul of acridine orange was added and the sample was 

filtered and counted as above. The average number of cells per microscopic field 

from the first part of the experiment, 35.9, was essentially equal to the average 

number of cells per field from the second part, 35.8. Therefore, cells were 

not being adsorbed on to the conclave slides during the cell sizing procedure. 

This experiment was only performed for the Z. ramieera culture. 

Control Experiment 4: Three £. ramieera floes were isolated and dispersed 

with the cellulase solution used in the Virtis experiment (Table 3.1). Cell counts 

were immediately preformed using 50 ul samples for each floe (section 3.4). The 

remaining dispersed cells were allowed to age for two days in the refrigerator 

and the cell counts were repeated. The average number of cells per field from 

the initial cell counts (21.4/field) was only 2% different than the aged cell count 

(21.9/field) showing that cell preservation with formaldehyde did not change the 

number of cells per floe. 
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Control Experiment 5: Z. ramicera and £. cerevisiae aggregates were grown 

in separate rotating test tubes (section 3.1) and then isolated and sketched at lOx 

power (section 3.2). These floes were then placed in a 3 ml cuvette filled with 

nutrient broth and allowed to settle. Two video cameras, facing the back and the 

side of the cuvette respectively, were used to record the floes during settling. 

Both images were simultaneously filmed on a split screen monitor. The largest 

aggregate dimension, measured from the microscope sketches, was compared to 

the largest aggregate dimension observed in the camera system during 

sedimentation. Aggregate lengths for the 2-dimensional microscope sketches were 

compared to the multiple 2-dimensional images obtained from the video system. 

3.6 Determination of the Fractal Dimensions 

The eight equations used in this study to calculate Z. ramigera and S. 

cerevisiae cluster fractal dimensions are listed in Tables 3.2 and 3.3. These 

equations were developed from four power law relationships of: porosity-length, 

mass-length, area-mass, and length-area. The length-area relationship yields a 

1-dimensional fractal dimension, and the other three relationships yield 

3-dimensional fractal dimensions. For each relationship, the fractal dimensions 

were also determined using a non-dimensionalized dependent variable (length or 

area). The non-dimensional floe area was calculated by dividing the floe area by 

the average cell surface area (Eq. 3.2 from Table 3.2). The non-dimensional 

floe length was calculated by dividing the characteristic floe length by the 

average cell length (Eq. 3.4, 3.6, and 3.8 from Table 3.3). 

Fractal dimensions were determined by a log-log transformation of equations 

1-8. For example, equation 3.5 becomes: 

log(Nc) = log(a) + D log(L) 3.9 



TABLE 3.2 Aggregate 1-dimensional Power Law Relationships 

Equation Linearized Form Slope Eq. # 

Af = alD1 l&g(Af) « logta) + Dllog(L) D1 3.1 

Af/ac = a(l/tc>D1 log(Af/oc) = tog(a) • D1log<L/lc> 01 3.2 

NOTES 

1) Af = floe projected surface area 

2) a = equation coefficient 

3) L = floe characteristic length (largest dimension or geometric mean) 

4) D1 = 1-dimensional fractal dimension 

5) ac = cell projected surface area 

6) lc = cell length 



TABLE 3.3 Aggregate 3-dimensional Power Law Relationships 

Equation Linearized Form Slope Eq. # 

1-e » BLd3'3 logO-e) = log(a) + (D3-3)log(L) D3-3 3.3 

1-e = o(L/lc)D3"3 log(l-e) = log(o) + <D3-3)log(L/lc) D3-3 3.4 

Nc = at03 logCNc) « logta) + D3log(L) D3 3.5 

Hc = aCL/lc)D3 log(Nc) = log(a) + D3log(L/tc> D3 3.6 

Af = aHc2/D3 log(Af) = log(o) + (2/D3>log(Nc) 2/03 3.7 

Af/ac = aHc2/D3 log(Af/ac) = log(a) + (2/D3)log(Nc) 2/D3 3.8 

NOTES 

1) e = floe porosity 

2) a = equation coefficient 

3) I = floe characteristic length (largest dimension or geometric mean) 

4) 03 = 3-dimensional fractal dimension 

5) lc = cell length 

6) Nc = cells per floe 

7) Af = floe projected surface Brea 

8) ac = celt projected surface area 

9) Eq. # = Equation Nurber 
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Therefore, the fractal dimension for the length-number relationship is the slope 

of the regression line. 

The cell surface area, as used in Equations 3.2 and 3.8, was obtained by 

modeling the Z. ramigera cell as a right circular cylinder, or 

ac = Ic wc 3.10 

where lc is the cell length, and wc is the cell width. For g. cerevisiae cells, the 

surface area was obtained by modeling the cell as an ellipsoid, 

ac = 3.1416 rmjn rmaj 3.11 

where rmjn is the minor radius and rmaj* is the major radius. The floc projected 

surface area was determined from the floc sketches by counting the number of 

squares occupied in a grid from the floc sketches. 

3.7 Porosity Calculations 

If the number of cells per aggregate is known, the porosity can be directly 

calculated from: 

1-e = (vc Nc)/Vf 3.12 

where e is the floc porosity, vc is the cell volume, Nc is the number of cells per 

floc, and Vf is the floc volume. Following the convention of others 

(Witten and Gates 1986, Li and Ganczarczyk 1987, Logan and Alldredge 1989) 

the floc volume is defined as the volume of a sphere just enclosing the 

aggregate. For each floc, two porosities were calculated based upon the aggregate 

largest dimension and the geometric mean. Combining Equations 3.3 and 3.12 

yields the fractal relation: 

(1-e) ~ L°3-3 3.13 

which is equal to Eq. 3.1 in Table 3.2. 
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The cell volumes for Z. ramieera were calculated using: 

vc = (3.1416/4) dc
2 lc 3.14 

where dc is the cell diameter and lc is the length of the cylinder. Cell volumes 

for §. cerevisiae were calculated using: 

vc = (3.1416/6) rmjn
2 rmaj 3.15 

where rm;n is the minor radius and rmaj is the major radius. 
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4.0 RESULTS 

Figures 4.1.a, 4.1.b, and 4.1.c are examples of the ramigera and £. 

cerevisiae floes sketched in the three principal experiments. The ramigera floes 

are highly tenuous while the §. cerevisiae floes appear more regular or Euclidean 

in nature. Sketching the §. cerevisiae floes to scale was relatively simple and 

accurate compared to sketching the £. ramigera floes. Besides the more tenuous 

shape, Z. ramigera floes were elastic and building vibrations caused the floc 

appendages to move during sketching. Therefore, the largest dimension, geometric 

mean, and floc surface area data for the $. cerevisiae floes is considered more 

accurate than the Z. ramigera floes. 

The scaling properties of random fractals are subject to large fluctuations 

among individual data points (Meakin 1988). Figure 4.2, developed from control 

experiment 5 in section 3.5, shows that the largest dimension of Z. ramigera 

aggregates varied depending on the method used to measure the largest 

dimension. The largest dimension of eight Z. ramigera aggregates measured 

from microscope sketches was 8% lower to 30% higher than the largest 

dimension measurements from monitor 1, and 10% lower to 41% higher than 

monitor 2. On average, the largest dimension measured from microscope 

sketches was 7% higher than the measurements from monitor 1 and 15% higher 

than the measurements from monitor 2. 

During the aggregate sizing procedures for experiments 1-3, only one largest 

dimension measurement was obtained and aggregates were averaged into 100 um 

size classes since Meakin (1988) recommends data averaging. 

Floes sized in this research varied from 590 um to 3260 um in largest 

dimension. The minimum floc size was limited to the size that could be visually 

isolated without a microscope and captured for analysis. The maximum floc size 
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Figure 4.1a Typical sketches of £• ramieera aggregates cultured in rotating test 
tubes. The circles denote the microscope field diameter at lOx 
power. 



Figure 4.1b Typical sketches of Z ramieera aggregates cultured in the Virtis 
reactor. The circles denote the microscope field diameter at lOx 
power. 



Figure 4.1c Typical sketches of S- cerevisiae aggregates cultured in rotating test 
tubes. The circles denote the microscope field diameter at lOx 
power. 
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Figure 4.2 Largest dimension measurements of eight ramieera floes by: 
microscopic sketches (+), video recording of floes settling in a 
cuvette, monitor 1 (x) and monitor 2 (square). 
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was limited by the field width at lOx power on the microscope. 

During the cell counting procedure for ramieera cultures, micro floes up 

to 10 microns long (largest dimension) were occasionally observed. In the Virtis 

experiment, 13 micro floes were encountered while counting a total of 720 fields. 

The cells on the micro floe surface were counted, but cells within the floe could 

not be included. By this counting method, each micro floe contained an average 

of 99 cells. Generally, all the bacteria on the micro floe surface could be focused 

in the same plane of depth suggesting a flat shape. The number of micro floes 

observed during cell counting for the Z. ramigera test tube rotator experiment 

was not recorded. In g. cerevisiae experiments, micro floes of 5 to 15 cells were 

observed, but all the cells within these smaller floes were able to be counted. 

The acridine orange stain consistently provided bright green or red images of 

the Z. ramigera cells. However, the §. cerevisiae cells appeared shadowed, and 

only the cell silhouette was fluorescent. If not for the larger size of the JS. 

cerevisiae cells this lack of fluorescence would have necessitated use of a 

different stain. 

4.1 Fractal Dimensions 

Fractal dimensions were calculated for each of the three experiments using 

Equations 3.1-3.8 from section 3.6. For Equations 3.1-3.6 aggregate size was 

defined as either the largest dimension or the geometric mean. Fractal dimensions 

were also calculated for Equations 3.2, 3.4, 3.6, and 3.8 by forcing the log 

transformed regression line through the origin. 

4.1.1 1-Dimensional Fractal Dimensions 

Table 4.1 summarizes the 1-dimensional fractal dimensions, standard errors, 



TABLE 4.1 1-Dimensional Fractal Dimension for Z. ramieera 
Aggregates Cultured in Test Tubes 

Equation Largest Dimension Geometric HeBn Eq. # 

D1 R2 D1 R2 

Af = a L2/D1 1.18 +.08 .99 1.10 +.09 .99 4.1 

Af/ac = a (L/IC)2/D1 1.20 +.12 .97 1.12 +.07 .99 4.2 

TABLE 4.2 1-Dimensional Fractal Dimension for Z. ramieera 
Aggregates Cultured in a Virtis Reactor 

Equation Largest Dimension Geometric Hean Eq. # 

D1 R2 D1 R2 

Af = a L2/D1 1.12 +.11 .95 1.08 +.07 .99 4.1 

Af/ac = a (L/IC)2/D1 1.15 +.13 .95 1.07 +.06 .99 4.2 

TABLE 4.3 1-Dimensional Fractal Dimension for S. cerevisiae 
Aggregates Cultured in Test Tubes 

Equation Largest Dimension Geometric Hean Eq. # 

D1 R2 01 R2 

Af = a L2/D1 1.04 +.01 .98 1.01 +.02 .99 4.1 

Af/ac = a (L/LC)2/D1 1.07 +.06 .99 1.01 +.02 .99 4.2 

NOTES 

1) Af = floe projected surface area , 

2) a = y-axis intercept 

3) L = aggregate largest dimension or geometric mean 

4) D1 = 1-dimensional fractal dimension 

5) ac = cell projected surface area 

6) lc = cell largest dimension 

7) Eq. # = Equation Nurber 
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and correlation coefficients for £. ramieera aggregates cultured in rotating test 

tubes. The four fractal dimensions ranged from 1.10 to 1.20, with the correlation 

coefficients (r2 values) greater than .97. Within a standard error the fractal 

dimensions for all calculations are equal. Fractal dimensions values determined 

by largest dimension were approximately 7% higher than the geometric mean 

values. The fractal dimension values for the normalized Eq. 4.2 were 

approximately 2% higher than the non-normalized Eq. 4.1. 

Table 4.2 summarizes the 1-dimensional fractal dimensions, standard errors, 

and correlation coefficients for Z. ramieera aggregates cultured in a Virtis reactor. 

The four fractal dimensions, slightly less than the fractal dimensions of Z. 

ramieera aggregates grown in test tubes, ranged from 1.07 to 1.15, and the 

correlation coefficients were .95 or higher. Within a standard error, the fractal 

dimensions for all calculations are equal. The fractal dimension values calculated 

from the largest dimension were 4% to 8% higher than the geometric mean 

values. Normalizing increased the largest dimension value by only 3% and 

decreased the geometric mean value by only 1%. 

Table 4.3 summarizes the 1-dimensional fractal dimensions, standard errors, 

and correlation coefficients for £. cerevisiae aggregates cultured in a rotating test 

tube. The fractal dimension values, lower than the Z. ramieera values, ranged 

from 1.01 to 1.07, and the correlation coefficients were .98 or higher. Although 

the standard errors were less in Table 4.3 than Tables 4.1 or 4.2, the fractal 

dimensions for all calculations were still within the standard error. The fractal 
I 

dimensions calculated from the largest dimension were 3% and 6% higher than 

the geometric mean values. Normalizing increased the largest dimension fractal 

dimension by 3%, but the geometric mean value was unchanged. 
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4.1.2 3-Dimensional Fractal Dimensions 

Table 4.4 summarizes the 3-dimensionaI fractal dimensions, standard errors, 

and correlation coefficients for £. ramieera aggregates cultured in rotating test 

tubes. The 3-dimensional fractal dimensions were calculated from three power law 

relationships. For the 1-porosity ~ length^"^ relationship, the fractal dimensions 

ranged from 1.80 to 2.41, and the correlation coefficients ranged from 0.64 to 

0.75. The fractal dimensions for the number ~ length^ relationships ranged 

from 1.79 to 2.35, and the correlation coefficients ranged from .87 to .97. Both 

area - number^/^ relationships had fractal dimensions equal to 4.35, and both 

correlation coefficients equaled .95. In Equations 4.3, 4.5, and 4.6 the geometric 

mean fractal dimensions were higher than their largest dimension counterparts; in 

Eq. 4.4 the fractal dimensions were essentially equal. Normalizing did not 

consistently effect the fractal dimension values. The normali2ed fractal dimension 

values in Equations 4.4, 4.6, and 4.8 were lower once, higher three times, and 

unchanged once as compared to their non-normalized counterparts in Equations 

4.3, 4.5, and 4.7. 

Table 4.5 summarizes the 3-dimensional fractal dimensions, standard errors, 

and correlation coefficients for Z. ramieera aggregates cultured in a Virtis reactor. 

The fractal dimensions for the 1-porosity ~ length^"^ relationships ranged from 

2.18 to 3.54, and the correlation coefficients ranged from 0.17 to 0.71. The 

correlation coefficients for the largest dimension calculations of Equations 4.3 and 

4.4 are too low for their corresponding fractal dimension values to be significant. 

The fractal dimensions for the number - length^ relationships ranged from 2.39 

to 2.99, and the correlation coefficients were 0.87 or higher. The fractal 

dimensions for the area ~ number^/^ relationships in Equations 4.7 and 4.8 

equaled 3.92, and the correlation coefficients equaled 0.85. The largest dimension 



TABLE 4.4 3-Dimensional Fractal Dimensions For ramieera 
Aggregates Cultured in a Test Tube 

Equation Largest Dimension Geometric Hean Eq. # 

D3 RZ D3 R2 

1-e=a L03"3 1-80 ±>30 -n 2-41 i"18 4-3 

1-e=a (L/lc)03"3 1.98 +.24 .75 1.96 +.35 .64 4.4 

Nc=a L03 1.79 +.28 .87 2.30 +.16 .97 4.5 

Nc=a (L/lc)D3 1.94 +.18 .94 2.35 +.22 .96 4.6 

Equation D3 Eq. # 

4.7 Af=a Nc 2/D3 4.35 +.05 .95 

Af/oc=a Hc' 2/D3 4.35 +.05 .95 4.8 

NOTES 

1) D3 = 3-dimensional fractal dimension + standard error 
2 " 

2) R = correlation coefficient 

3) e = porosity 

4) a = y-axis intercept 

5) L = aggregate largest dimension or geometric mean 

6} lc = cell largest dimension 

7) Nc = cells per aggregate 

8) Af = aggregate projected surface area 

9} bc = cell projected surface area 

10) Eq. # = Equation Nunber 



TABLE 4.5 3-Dimensional Fractal Dimensions for Z. ramieera 
Aggregates Cultured in a Virtis Reactor 

Equation Largest Dimension Geometric Mean 

D3 R2 D3 R2 Eq. # 

1-e=a L03"3 3*40 ±-39 *17 2-37 t-23 -60 4-3 

1-e=o Cl/lc)D3"3 3.54 +.34 .29 2.18 +.21 .71 4.4 

Nc=a Ld3 2.99 +.36 .87 2.39 +.04 .99 4.5 

Nc=a (L/LC)D3 2.87 +.29 .94 2.59 +.23 .97 4.6 

Equation D3 R2 Eq. # 

Af=a HC
2/D3 3.92 +.06 .85 4.7 

<Af/ac)=a NC
2/D3 3.92 +.06 .85 4.8 

NOTES 
1) D3 = 3-dimensional fractal dimension + standard error 

J " 
2) = correlation coefficient 

3) e = porosity 

4) a = y-axis intercept 

5) L = aggregate largest dimension or geometric mean 
6) lc = cell largest dimension 

7) Nc = cells per aggregate 

8) Af = aggregate projected surface area 

9) ac = cell projected surface area 
IP) Eq. # = Equation Nurber 
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fractal dimensions were 20% and 10% higher than their geometric mean 

counterparts for Equations 4.5 and 4.6 respectively. The fractal dimension values 

for largest dimension and geometric mean for Equations 4.3 and 4.4 can not be 

compared because the largest dimension fractal dimensions were insignificant. 

Normalizing caused the fractal dimension to go down twice and go up once, and 

stay the same once. 

Table 4.6 summarizes the 3-dimensional fractal dimensions, standard errors, 

and correlation coefficients for S- cerevisiae aggregates grown in test tubes. The 

fractal dimensions for the 1-porosity ~ length^-^ equations are all insignificant 

due to low correlation coefficients. For the number ~ length0^ relationships, the 

fractal dimensions ranged from 2.66 to 2.86, and the correlation coefficients were 

0.88 or higher. The area - number^/^ fractal dimensions equaled 3.92 and the 

correlation coefficients equaled 0.81. The fractal dimensions computed by largest 

dimension were 5% less and 2% more than their geometric mean counterparts for 

Equations 4.5 and 4.6. Normalizing caused the fractal dimensions to go up once 

and stay the same twice. 

4.1.3 Forcing the Intercept for 3-Dimens!onal Fractal Dimensions 

In section 4.1.2 fractal dimensions were calculated from log transformed 

linear regressions where the y-axis intercept was calculated. This section reports 

fractal dimension values based on regressions where the intercept was forced 

through the origin. Since the regressions were performed on log-log 

transformations of the power law relationships, .forcing the intercept through the 

origin, makes the power law coefficient "a" equal one. Forced intercept 

regressions were done for normalized equations only. Correlation coefficients for 

the forced intercept regressions were not calculated, however the correlation 



TABLE 4.6 3-Dimensional Fractal Dimensions for £. cerevisiae 
Aggregates Cultured in a Test Tube 

Equation largest Dimension Geometric Mean Eq. # 

D3 R2 D3 R2 

1-e=a Ld3"3 2-89 i-46 -01 2.87 +.29 .03 4.3 

1-e=a CL/l_)D3"3 2.84 +.39 .05 2.78 +.32 .18 4.4 

Nc=a L 2.66 +.34 .88 2.80 +.23 .96 4.5 « .03 

Hc=a (l/lc)D3 2.86 +.33 .96 2.79 +.37 .96 4.6 

Equation D3 R2 

Af=a MC
2/D3 3.92 +.10 .81 4.7 

(Af/ac)=a NC
2/D3 3.92 +.10 .81 4.8 

H0TES 

1) 03 = 3-dimensional fractal dimension + standard error 
2) R2 = correlation coefficient 
3) e = porosity 

4) a = y-axis intercept 

5) L = aggregate largest dimension or geometric mean 

6) lc = cell largest dimension 

7) Nc = cells per aggregate 

8) Af = aggregate projected surface area 

9) ac = cell projected surface area 
10) Eq. # = Equation Nurtoer 



coefficients from forced intercept regressions should be less than correlation 

coefficients from calculated intercept regressions. 

Table 4.7 summarizes the fractal dimensions and standard errors for Z. 

ramieera aggregates cultured in test tubes. The fractal dimensions ranged from 

2.36 to 2.71. The fractal dimension values in Table 4.7 for the 1-porosity ~ 

length^-^ and the number - length^ relationships increased compared to the 

fractal dimensions reported in Table 4.4 (computed intercept), but the fractal 

dimension for the area - number2/D3 relationship decreased from 4.35 to 2.60. 

Table 4.8 summarizes the fractal dimensions and standard errors for Z. 

ramieera aggregates cultured in a Virtis reactor. The fractal dimensions ranged 

from 2.24 to 2.69. Forcing the intercept did not have a consistent effect on the 

fractal dimension values compared to calculating the intercept. The fractal 

dimensions for the 1-porosity ~ geometric mean^-3 relationship in Table 4.8 

(forced intercept) and Table 4.5 (calculated intercept) remained essentially 

unchanged. The fractal dimensions for the number ~ largest dimension^ and the 

area - number^/D^ relationships were less in Table 4.8 than Table 4.5, but the 

fractal dimension for the number ~ geometric mean^ relationship was greater in 

Table 4.8 than Table 4.5. 

Table 4.9 summarizes the fractal dimensions and standard errors for £. 

cerevisiae aggregates cultured in test tubes. The fractal dimensions ranged from 

2.04 to 3,28. The fractal dimensions for the 1-porosity ~ length^"^, number ~ 

length^, and area ~ number^/^ relationships in Table 4.9 (forced intercept) 
% 

were less than the values reported in Table 4.6 (calculated intercept). 

4.2 Floe Porosity 

Floe porosity is determined from cell size, aggregate size, and the number of 



TABLE 4.7 Effect of Forcing the Intercept on 3-Dimensional 
Fractal Dimensions for Z. ramieera 
Aggregates Cultured in Test Tubes 

Equation Largest Dimension Geometric Mean Eq. # 

D3 03 

1-e=a (L/lc)03*3 2.36 +.01 2.52 +.02 4.4 

Nc=a (L/lc)D3 2.56 +.01 2.71 +.01 4.6 

Equation 

<Af/oc)=a Hc
2/d3 

D3 

2.60 +.01 

Eq. # 

4.8 

NOTES 

1) D3 = 3-dimensional fractal dimension + standard error 

2) Eq. # = Equation Hunber 

3) e = porosity 

4) a = y-axis intercept = 1 

5) L = aggregate largest dimension or geometric mean 

6) lQ = cell largest dimension 

7) Nc = cells per aggregate 

8) Af = aggregate projected surface area 

9) ac = cell projected surface area 



TABLE 4.8 Effect of Forcing the Intercept on 3-Dimensional 
Fractal Dimensions for Z. ramicera 
Aggregates Cultured in a Virtis Reactor 

Equation Largest Dimension Geometric Kean Eq. # 

D3 03 

1-e=a (L/lc)03"3 2.24 +.03 2.41 +.01 4.4 

Nc=a (L/lc>03 2.48 +.02 2.69 +.01 4.6 

Equation D3 Eq. # 

(Af/ac)=a HC
2/D3 2.47 +.01 4.8 

NOTES 

1) D3 = 3-dimensional fractal dimension + standard error 

2) Eq. # = Equation Nurber 

3) e = porosity 

4) a = y-axis intercept = 1 

5) L = aggregate largest dimension or geometric mean 

6) Lc = cell largest dimension 

7) Nc = cells per aggregate 

8) Af = aggregate projected surface area 

9) ac = cell projected surface area 



TABLE 4.9 Effect of Forcing the Intercept on 3-Dimensional 
Fractal Dimensions for §• cerevisiae 
Aggregates Cultured in Test Tubes 

Equation Largest Dimension Geometric Mean Eq. # 

03 03 

1-e=a CL/lc)D3'3 2.04 +.04 2.12 +.03 4.4 

Nc=a (L/lc)D3 2.53 +.02 2.63 +.02 4.6 

Equation 03 Eq.# 

(Af/ac>=a Mc 2/D3 3.28 +.01 4.8 

NOTES 

1) 03 = 3-dimensional fractal dimension + standard error 

2) Eq. # = Equation Number 

3) e = porosity 

4) a = yaxis intercept = 1 

5) L = aggregate largest dimension or geometric mean 

6) lc = cell largest dimension 

7) Nc = cells per aggregate 

8) Af = aggregate projected surface area 

9} ac = cell projected surface area 



cells per aggregate, per section 3.7. A statistical analysis of variance showed that 

at the 95% confidence level cell volumes measured on different days (for a given 

experiment) were not significantly different from one day to the next. The 99% 

confidence level was not tested. Therefore, the porosity values reported in Table 

4.10 are based upon cell volumes averaged over the entire experiment, as opposed 

to cell volumes measured on a given day. 

Table 4.10 provides ramieera and §• cerevisiae floe porosity values for 

experiments 1-3 based upon largest dimension and geometric mean characteristic 

floe lengths. For all calculations the floe porosity is 0.81 or higher indicating that 

the floes were all highly porous in nature. Comparing the rotated Z. ramieera 

culture with the mixed Z. ramieera culture indicates that, within experimental 

error, floe porosity remained unchanged as the shear rate increased. Table 4.10 

also shows that the porosity of £• cerevisiae floes, within experimental error, was 

equal to Z. ramieera floes cultured in the same hydrodynamic environment. 

Calculations based upon largest dimension characteristic floe length produced 

higher floe porosities than the corresponding geometric mean calculations, 

although the porosities are equal within the experimental error. 
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TABLE 4.10 Floe Porosity Values Based Upon Largest 
Dimension and Geometric Mean Characteristic Lengths 

Largest Dimension Geometric Mean 

Floe Size Flex: Floe Size Floe 

(microns) Porosity (microns) Porosity 

Range Avg Range Avg Range Avg Range Avg 

Z. remfgera 590-2210 1130 .94-.99 .98 +.01 360-1320 750 .81-.98 .93 +.05 

rotator 

2. ramigera 600-2580 1440 .9S-.99 .99 +.01 490-1570 900 .94-.99 .97 +.02 

virtis 

S. cerevisiae 810-3260 1700 .94-.99 .98 +.01 630-2470 1380 .86-.99 .95 +.03 

rotator 

Notes 

1) Avg = average 
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5.0 DISCUSSION 

Fractal geometry can explain how aggregates form and how aggregate 

properties, such as porosity, vary with floe size. Fractal aggregates are 

characterized by geometric scaling phenomena which are quantified by the fractal 

dimension (Meakin 1988). Different aggregation systems can then be compared 

based upon the value of the fractal dimension. However, Table 2.1 shows that 

fractal dimensions have been calculated by different aggregate sizing and 

regression analysis techniques. The compatibility of all these techniques has not 

been verified. 

This section compares the fractal dimensions of £. ramieera and S. 

cerevisiae floes using largest dimension and geometric mean sizing techniques, 

when the aggregate size is normalized, and when the log transformed regression 

line is forced through the intercept. This section also compares porosities and 

fractal dimensions of: Z. ramieera floes cultured in different hydrodynamic 

environments, Z. ramieera and £. cerevisiae floes cultured in the same 

hydrodynamic environment, Z. ramieera and S- cerevisiae floes with different 

types of biological floes, and compares biological floes to computer model 

aggregates. 

In fractal geometry D1 values should be greater than or equal to one and 

D3 values should be less than or equal to three (Mandlebrot 1982). Tables 4.1-4.3 

show that the D1 values of Z. ramieera and §• cerevisiae floes ranged from 1.01 

to 1.20, but in Tables 4.4-4.6 the D3 values of £. ramieera and |5. cerevisiae 

floes ranged from 1.79-4.35. For the porosity-length and number-length 

relationships (Equations 4.3-4.6), when the value of the correlation coefficient 

exceeded .60, the D3 values were always less than 3. However, the D3 values for 

the area-number relationships (Equations 4.7 and 4.8) all exceeded 3.0. 
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Therefore, the area-length, porosity-length, and the number-length relationships 

gave fractal dimension values within the theoretical limits, but the fractal 

dimensions for the area-number relationships all exceeded the theoretical limits. 

Area-number relationships are discussed in Section 5.7, however in Sections 

5.1-5.6 when D3 values are cited to gain insight about some floe property, or for 

comparative purposes, the D3 values obtained from the A ~ n2/D3 relationships 

are not considered. 

5.1 Effect of Aggregate Sizing on the Fractal Dimension 

Aggregates have been sized at least five different ways: as a largest 

dimension or a geometric mean, including both normalized and non-normalized 

forms, and as the radius of gyration. Since the definitions for largest dimension 

and geometric mean vary, the number of sizing techniques is probably larger. 

For example, Alldredge and Gotschalk (1988) and Tambo and Watanabe (1979) 

measured the largest dimension perpendicular to settling, while Mueller et al. 

(1966) derived a nominal floe diameter based upon settling velocity data. Weitz 

et al. (1985) used largest dimension measured from TEM images. Davis and Hunt 

(1985) and Weitz and Oliveria (1985) averaged the largest dimension and the 

dimension perpendicular to the largest dimension. Meakin (1988) does not 

explicitly define L, but in his paper where the concept of the fractal dimension 

is derived, L was defined as the aggregate largest dimension divided by the 

particle largest dimension. In Meakin's modeling work (1986 and 1983) the radius 
i 

of gyration is used to define L. 

It is not clear what effect the various methods of aggregate sizing has on 

the magnitude of the fractal dimension. However, to make comparisons between 
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studies, it is necessary to assume the fractal dimension is constant for these 

different methods. 

Largest dimension and geometric mean: In this research, the fractal 

dimensions calculated from largest dimension and geometric mean were not 

equivalent. Figure S.l shows that the D1 values based upon the non-normalized 

largest dimension were greater than the D1 values based upon the non-normalized 

geometric mean for all experiments. Figure 5.2 shows that the D1 values based 

upon the normalized largest dimension were also greater than the normalized 

geometric mean D1 values for all experiments. Within a standard error however, 

the fractal dimensions based upon the largest dimension and the geometric mean 

were equal. 

Using number-length relationships, Figure 5.3 shows that the D3 values 

computed from non-normalized largest dimension aggregate sizes were less than 

the non-normalized geometric mean D3 values for experiments 1 and 3, but 

greater than the non-normalized geometric mean D3 value in experiment 2. The 

D3 values for experiment 3 were equal within a standard error; in experiments 1 

and 2 the D3 values plus or minus the standard error did not overlap. 

In Figure 5.4 where aggregate size is normalized, the D3 values based upon 

largest dimension were less than the corresponding geometric mean D3 values for 

experiment 1, but greater than the geometric mean D3 values for experiments 2 

and 3. The D3 values for experiments 2 and 3 were equal within a standard 

error; in experiment 1 the D3 values plus or minus the standard error did not 

overlap. 

These results indicate that fractal dimensions based upon largest dimension 

and geometric mean calculations are not equivalent. If the D3 values from 
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Figure 5.1 D1 values from experiments 1 (£. ramigqra cultured in test tubes), 2 
(Z. ramieeta cultured in Virtis) and 3 (£. cerevisiae cultured in test 
tubes) calculated from non-normalized largest dimension (+) and 
geometric mean (x) aggregate lengths. 
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Figure 5.2 D1 values from experiments 1 (Z. ramieera cultured in test tubes), 2 
(Z. ramieera cultured in Virtis) and 3 (£. cerevisiae cultured in test 
tubes) calculated from normalized largest dimension (+) and 
geometric mean (x) aggregate lengths. 
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Figure 5.3 D3 values from experiments 1 (Z. ramigera cultured in test tubes), 2 
(Z. ramigera cultured in Virtis) and 3 (£. cerevisiae cultured in test 
tubes) calculated from non-normalized largest dimension (+) and 
geometric mean (x) aggregate lengths. 
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Figure 5.4 D3 values from experiments 1 (Z. ramiaera cultured in test tubes), 2 
(Z. ramigera cultured in Virtis) and 3 {&. cerevisiae cultured in test 
tubes) calculated from normalized largest dimension (+) and 
geometric mean (x) aggregate lengths. 
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Figures 5.3 and 5.4 are averaged together, the largest dimension D3 values are 

25% less than the geometric mean values in experiment 1, 15% greater in 

experiment 2, and 1% less in experiment 3. 

In the fractal literature, only Weitz and Oliveria (1984) size aggregates by 

calculating a geometric mean. They obtained equivalent fractal dimensions using 

c(L) ~ lP3-3f an(j N _ where c(L) is the average density of an object at a 

specified distance from a point on the object and L was the geometric mean. 

Their D3 value of 1.75 for gold aggregates was compared to the D3 value of 

diffusion-limited cluster-cluster models, 1.80, which use Rg to calculate D3. This 

comparison of gold aggregates to model aggregates is supported by Meakin's 

(1988) assertion that fractal dimensions calculated from N ~ Rg**^ and N ~ 

give equivalent fractal dimensions for similar aggregates. Weitz and Oliveria 

(1984) did not however, show that the fractal dimensions will be equivalent when 

geometric mean and largest dimension techniques are used. 

Normalizing aggregate length: Both the D1 and D3 values calculated from 

non-normalized and normalized equations are unchanged within a standard error 

for all cases (Tables 4.1-4.6). The averaged normalized D1 values are 

approximately 2% higher than the average non-normalized D1 values (Table 

4.1-4.3). The average normalized D3 values are less than .1% greater than the 

average non-normalized D3 values (Table 4.4-4.6). Normalizing by division of the 

average cell size did not significantly alter the fractal dimension values. 

Dividing a power law equation by a constant (normalizing) does not change 

the value of the exponent. A log-log transformation of a power law equation 

shows that normalizing shifts the curve up or down, but the slope does not 

change. Changes in the fractal dimension in Tables 4.1-4.6 occurred after 
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normalizing because of data averaging. The non-normalized and normalized data 

were arranged into 100 um groups prior to averaging. Normalizing changed the 

data groupings, which in some cases resulted in a different fractal dimension. 

Forcing the Intercept through the origin: Fractal dimensions were calculated 

by forcing the regression intercept through the origin for normalized relationships. 

Calculating the regression intercept yields different D3 values than forcing the 

regression intercept through the origin (Tables 4.4-4.6 and Tables 4.7-4.9). There 

is no consistent effect on the fractal dimension from forcing the intercept 

through the origin. 

If there is no change in the fractal dimension when the intercept is 

calculated or forced, the experimentally determined fractal dimension value may 

be extrapolated to aggregate sizes smaller than the range tested. However, if the 

D3 values change, it could be assumed that their is a crossover in aggregation 

mechanisms for some aggregate size less than the size range tested. Aggregation 

cross over has been observed to occur at approximately 100 um for alum floes 

(Tambo and Watanabe 1979). 

In experiment 1, the D3 values for the porosity-length relationship (Eq 4.4, 

based on the largest dimension) increased from 1.98 to 2.36 and also increased 

from 1.94 to 2.56 for the number-length relationship (Eq. 4.6) when the intercept 

was forced. However, in experiment 2, the D3 values based on largest dimension 

decreased from 2.87 to 2.48 (Eq. 4.6). In experiment 3, the D3 values based on 

the largest dimension decreased from 2.86 to 2.53, although the D3 values for 

experiment 3 are within the standard error (Eq. 4.6). 

In experiment 1, the forced intercept fractal dimension increases, which 

suggests that at some aggregate largest dimension less than 590 um the 
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aggregation mechanism changes denoted by a discrete change in the fractal 

dimension, or the fractal dimension of aggregates at some size less than 590 um 

is greater than the fractal dimension of aggregates greater than 590. This 

hypothesis supports the contention that Z. ramieera aggregation mechanisms may 

change due to the increased presence of cellulose fibrils during aggregation. A 

decrease in fractal dimension with size is similar to the phenomena observed with 

cross over from reaction-limited to diffusion-limited aggregation. 

In experiment 2, the forced intercept fractal dimension decreases. From the 

arguments above, this suggests that the fractal dimension of smaller aggregates is 

less than the fractal dimension of larger aggregates. If aggregate restructuring is 

responsible for the observed increase in the fractal dimension with shear, and if 

large aggregates are more susceptible to aggregate restructuring, then the fractal 

dimension of floes in a high shear environment could increase with size. The 

literature reports that shear has little effect on the fractal dimension (Li and 

Ganczarczyk 1986), however the effects of high shear environments were not 

tested. 

In experiment 3, the fractal dimension calculated by forcing the intercept 

decreased, but was within a standard error. If this is interpreted to mean that the 

D3 value does not change as the aggregate size decreases, then there should be 

no aggregation cross over for yeast cells. This correlates with the fact that yeast 

flocculate rapidly and rapidly flocculating systems have not demonstrated cross 

over aggregation mechanisms (Weitz et al, 1985). 
i 

5.2 Effect of Floe Sizing on Floe Porosity 

Average porosities, shown in Table 4.10, calculated from the largest 

dimension are 5%, 2%, and 3% larger than the average porosities calculated from 



94 

the geometric mean for experiments 1, 2, and 3 respectively. However, for each 

experiment the largest dimension porosity was within a standard error of the 

geometric mean porosity. 

Calculating the floe volume from the aggregate largest dimension includes 

portions of the sphere which are obviously not part of the floe. Therefore, the 

actual porosity may be less than the apparent porosity calculated from the largest 

dimension. Calculating the floe volume from the geometric mean should yield a 

better approximation of the actual floe volume than from the largest dimension. 

Since the aggregate volume is not a Euclidean shape, it seems that the floe 

volume should be calculated by applying fractal geometry. Since area -

length^/*^, it should follow that volume ~ Iength^/Dl^ however this relationship 

is never presented in the literature. Mandlebrot (1982) states that volume ~ 

area^/^, but this D2 can not be calculated unless the volume is known, and 

Mandlebrot (1982) does not suggest any method to calculate the volume, nor does 

he present any other means to calculate this D2. It is not clear how the actual 

volume of an aggregate can be determined. 

It is also assumed in porosity calculations that the cells were the only floe 

constituent. Z. ramieera floes contain cellulose fibrils which are not accounted for 

in the porosity determination. Actual porosities of ramieera floes may be less 

than the apparent porosities reported in this study. Since the volume of fibrils 

present in a floe has not been previously estimated in the literature, the 

magnitude of this error is unknown. 

5.3 Effect of the Hydrodynamic Environment on the Fractal 
Dimension and Floe Porosity 

The D3 values for Z. ramieera aggregates cultured in rotating test tubes 

were 1.79 and 1.94 for the largest dimension number-length relationships 



(Equations 4.5 and 4.6 from Table 4.4) and the corresponding fractal dimensions 

of Z. ramieera aggregates cultured in a Virtis reactor were 2.99 and 2.87 

(Equations 4.5 and 4.6 from Table 4.5). The geometric mean D3 values were 2.30 

and 2.35 for the test tube cultures and 2.39 and 2.59 for the Virtis cultures. The 

D3 values for Equations 4.5 and 4.6 were equivalent within a standard error. 

The largest dimension average porosity equaled .98 ±.01 for ramieera 

aggregates cultured in rotating test tubes and .99 +.01 for Z, ramieera 

aggregates cultured in the Virtis reactor (Table 4.10). The porosities are 

equivalent within a standard error. The geometric mean average porosity equaled 

.93 +.05 for the test tube cultures and .97 +.02 for the Virtis reactor (Table 

4.10). These porosities are also equivalent within a standard error. 

Average porosity data should not be directly compared between experiments 

1 and 2 because porosity is a function of floe size, and the average aggregate 

largest dimension for experiment 1 (1130 um) was less than experiment 2 (1440 

um) (Table 4.10). Table 5.1 shows that the porosity of like sized aggregates for 

experiments 1 and 2 are within a standard error for three of the four examples 

cited. Therefore, the different shear environments did not cause a significant 

change in the porosity of Z. ramieera aggregates as calculated in this research. 

The fractal dimension data shows that D3 values increase with shear, 

indicating that the aggregates are more compact as shear increases, but the 

porosity data suggests that shear has no effect on compactness. Figure 4.1. shows 

that an aggregate formed in a high shear environment (4.1.b) has more 
i 

finger-like strands and appears more stretched out than aggregates formed under 

low shear conditions (4.1.a). When a circle, with diameter equal to the largest 

dimension, is drawn around the aggregates, the high shear aggregate has more 

area within the circle but outside of the floe than the low shear aggregate. 
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TABLE 5.1 Floe Porosity of Like Sized Aggregates Based Upon Largest 
Dimension and Geometric Mean Characteristic Lengths 

Largest Dimension 

Average Average 

Floe Size Floe 

(microns) Porosity 

Geometric Mean 

Average Average 

Floe Size Floe . 

(microns) Porosity 

2. ramigera 1240 

rotator 1440 

Z, ramigera 1200 

virtie 1390 

S. cerevisiae 1080 

rotator 1300 

+20 .99 +.01 

+20 .98 +.01 

+60 .99 +.01 

+70 .99 +.01 

+40 .97 +.01 

+60 .99 +.01 

860 +20 .95 +.02 

960 +0 .95 +.01 

850 +30 .96 +.02 

950 +20 .98 +.01 

880 +50 .96 +.02 

1120 +50 .96 +.02 
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Therefore, the floe volume approximation is more accurate for the low shear floe 

than the high shear floe and the porosity calculations for the low shear floe 

overstate the actual porosity less than the high shear floe. The magnitude of the 

error is unknown. The fractal dimension calculations do not contain such 

approximations; the correlation coefficients for the fractal dimensions reported 

above are .85 or higher. Therefore, the fractal dimensions may give a more 

accurate representation of the change in floe structure than the porosity data. 

The mechanisms responsible for an increase in floe compactness with shear 

are unknown, although the transfer of momentum from colliding particles has 

been cited as one factor responsible for aggregate restructuring (Meakin 1988). 

Aggregates in a low shear environment may undergo less particle rearrangement 

than aggregates formed in a high shear environment. This hypothesis is supported 

by an observed increase in the fractal dimension of Z. ramigera aggregates with 

increasing shear. 

5.4 Comparing the Fractal Dimension and Porosity of 
Biological Aggregates 

Since the fractal dimension derivations in the literature use the largest 

dimension divided by the cell length for aggregate size, D3 values calculated 

from the normalized largest dimension aggregate sizes (Equations 4.4 and 4.6 from 

Tables 4.4-4.6) are considered the most appropriate values. Also, since the 

correlation coefficients are consistently larger for the number-length relationships 

(Eq 4.6), than the porosity-length relationships '(Eq. 4.4), more accurate D3 values 

can be obtained from the number-length relationships. Figure S.S shows the 

normalized, largest dimension, number-length relationships for experiments 1, 2, 

and 3. The D3 value for Z. ramigera aggregates cultured in test tubes equals 
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Figure 5.5 Log(Cells per floe) ~ Log(largest aggregate dimension/ cell 
length)*5-*: Z. ramieera cultured in test tubes (+), Z. ramieera 
cultured in Virtis (x), S- cerevisiae cultured in test tubes (*). 
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1.94, the D3 value for Z. ramieera aggregates cultured in the Virtis reactor 

equals 2.87, and the D3 value for §• cerevisiae aggregates cultured in test tubes 

equals 2.86. These results show that under similar culture conditions the D3 

value, including the standard error, of £. ramieera aggregates, 1.94 +.18, is less 

than the value of g. cerevisiae aggregates, 2,86 ±.33. If the same comparison is 

made using geometric mean fractal dimensions, the D3 value of Z. ramieera 

aggregates, 2.35 +.22, is less than the value of £. cerevisiae aggregates, 2.79 +.02. 

Table 5.1 shows that for like sized aggregates, the largest dimension porosity 

of Z. ramieera is greater than §. cerevisiae in one case and less in the other 

case. In the first case the porosities are not within a standard error, but in the 

second case the porosities are equivalent within a standard error. The Z. ramieera 

geometric mean porosities are less than the §. cerevisiae values in both cases, 

although they are equivalent within a standard error. 

Since S. cerevisiae floes appear more spherical than Z. ramieera floes, it is 

logical that §. cerevisiae aggregates would have higher D3 values and lower D1 

values, as observed. §• cerevisiae floes may be Euclidean. Within experimental 

error, the D3 value of §• cerevisiae. 2.86 +.33, overlaps 3.0, and the D1 value, 

1.07 +.06 almost overlaps 1.0, Z. ramieera aggregates cultured in the Virtis 

reactor may also be Euclidean with D3 = 2.87 ±.29, and D1 = 1.15 ±.13, although 

their visual appearance suggests they are fractal. Z, ramieera aggregates cultured 

in test tubes are fractal with D3 = 1.94 ±.18, and D1 = 1.20 ±.12. 

The higher D3 values of 5- cerevisiae floes suggests that the yeast 

aggregates should be less porous than the Z. ramieera aggregates. The porosity 

data however, indicates that the porosity of Z. ramieera and S. cerevisiae floes 

are approximately the same. The presence of cellulose fibrils in Z. ramieera floes, 

and the irregular shape of the Z. ramieera floes may explain this anomaly. If Z. 
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ramieera floes have a greater quantity of extra-cellular material than §• cerevisiae 

floes, then the error incurred in the occupied volume calculation is greater for 

the Z. ramieera floes than the £. cerevisiae floes. Also, since the ramieera 

floes have a more irregular shape than the £. cerevisiae floes, the ramieera 

aggregates have more area within an enclosing circle that is not part of the 

aggregate than £. cerevisiae aggregates. For two floes of equal largest dimension 

the calculated floc volume of the £. ramieera floc would equal the £. cerevisiae 

floc. However, the actual floc volume of the Z. ramieera floc would be less than 

the £. cerevisiae floc. These two factors both overstate the porosity of Z. 

ramieera aggregates more than £. cerevisiae aggregates. 

If the fractal dimensions and porosity data are accurate as reported, then it 

would appear that fractal objects are not necessarily more porous than Euclidean 

objects. Two factors however, cell shape and size, may preclude comparisons 

between Z. ramieera and §. cerevisiae systems. £. ramieera cells are rod shaped 

with an average length of 2.2 um and width of .94 urn. £. cerevisiae cells are 

ellipsoidal with an average major diameter of 5.1 um and minor diameter of 3.0 

um. The effect of cell shape and cell size on the fractal dimension and the 

porosity has not been addressed in the literature. 

Li and Ganczarczyk (1989) reported that Z. ramieera has a D1 value of 

1.65, while this research reports D1 values of 1.20 and 1.15. This suggests that 

the aggregates analyzed by Li and Ganczarczyk (1989) are more fractal than 

the aggregates analyzed in this research. Comparing D1 values between these two 

studies may be inappropriate because Li and Ganczarczyk (1989) defined 

aggregate length as the aggregate circumference, while this study used the 

normalized largest dimension. D3 values for Z. ramieera aggregates are not 

reported in the literature. 



Hunt (1985) reports D3 values ranging from 1.74 to 2.23 of four S-

cerevisiae strains and this research reports a D3 value of 2.86 for a fifth strain. 

The largest aggregate measured by Hunt (1985) had a geometric mean of 

approximately 50 um, and the smallest aggregate measured in this research had a 

geometric mean of 630 um. If these studies can be compared, the results indicate 

that an aggregate cross over mechanism does exist for £• cerevisiae. However, the 

cross over does not mimic colloidal systems where the initial aggregates have 

lower D3 values than the larger aggregates. D1 values are not reported in the 

literature. 

Figure 5.6 demonstrates that the porosity of fractal aggregates increases as 

the floe length increases. For example, the porosity of marine snow and 

activated sludge floes ranged from approximately .63 to greater than .99 over 

the range of aggregates sized. The slope of the Z. ramiaera aggregates was less 

than the other aggregates indicating that Z. ramiaera aggregates are less fractal 

than the other aggregates in Figure 5.6. Euclidean aggregates would have a slope 

of zero on a graph of 1-porosity vs. aggregate length. 

5.5 Self Similar Aggregates 

According to Mandlebrot (1982), aggregates are self similar if they have 

identical fractal dimensions calculated from different power law relationships. 

Within experimental limits of error, Z. ramiaera aggregates cultured in rotating 

test tubes are self similar. In experiment 1, the D3 values computed from 
I 

porosity-length and number-length relationships for the largest dimension were 

essentially equal, with D3 equal to 1.80 and 1.79 respectively (Table 5.2). The 

corresponding normalized D3 values are also essentially equal, with D3 equal to 

1.98 and 1.94 (Table 5.2). The D3 values calculated from porosity-length and 
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Figure 5.6 Occupied volume (I-porosity) correlations with aggregate size for 
several different types of aggregates from both natural and 
engineered environments: solid line, Z. ramieerar dashed line 
Marine snow (AHdredge and Gottschalk 1988); chain-dash line, 
diatom floes (Logan and AHdredge J989); dotted line, activated 
sludge (Tambo and Watanabe 1979); chain-dot line, bulking 
activated sludge (Tambo and Watanabe J 979), 



TABLE 5.2 Self Similar Fractal Aggregates 

Experiment 3-Dimensional Fractal Dimensions Calculated Self 

Hunber From L Equals Largest Dimension Similar 

1-e-L03"3 N-LD3 1-e~(L/lc)D3"3 N-(L/lc)D3 

1 1.80 +.30 1.79 +.28 1.98 +.75 1.94 +.01 Yes 

2 Unknown 2.99 +.36 Unknown 2.87 +.29 Unknown 

3 Unknown 2.66 +.34 Unknown 2.86 +..33 Unknown 

Experiment 3-Dimensional Fractal Dimensions Calculated Self 

Number From L Equals Geometric Mean Similar 

1-e-L03'3 N-L03 1-e~(L/lc)03*3 N~(L/lc)D3 

1 2.41 +.18 2.30 +.16 1.96 +.35 2.35 +.22 Yes 

2 2.37 +..23 2.39 +.04 2.18 +.21 2.59 +.23 Yes 

3 Unknown 2.80 +.23 Unknown 2.79 +.02 Unknown 

NOTES: 

1) L = Aggregate Length 

2) e = Aggregate Porosity 

3) D3 = 3-Dimensional fractal dimension 

4) N = Hunber of cells per floe 

5) lc = Cell length 

6) Unknown = D3 value indeterminate due to low corelation coefficient 

7) Experiment Nimber 1=2. ramigera cultured in test tubes 

8} Experiment Number 2=2. ramigerB cultured in Virtis reactor 

9) Experiment Hurfoer 3 = S. cerevisiBe cultured in test tubes 



number-length relationships for the geometric mean were equal within 

experimental error. 

7.. ramieera aggregates cultured in a Virtis reactor also appear to be self 

similar. In experiment 2, the D3 values computed from porosity-length and 

number-length relationships for the geometric mean are equivalent within the 

experimental error (Table 5.2). The D3 values associated with the porosity-length 

relationships for the largest dimension are unknown due to low correlation 

coefficients (Table 5.2). Therefore, comparing D3 values based on the largest 

dimension for experiment 2 is not possible. 

In experiment 3, the self similarity of £. cerevisiae aggregates can not be 

determined from the data. The D3 values for the porosity-length relationships 

from the largest dimension and the geometric mean are unknown due to low 

correlation coefficients precluding comparisons with the number-length D3 values 

(Table 5.2). 

5.6 Comparing Biological Aggregates to Model Aggregates 

To understand how aggregates are formed, the fractal dimension of real 

aggregates can be compared to computer generated aggregates. If the model 

realistically simulates the aggregation mechanisms of the real aggregates, their 

fractal dimensions will be identical. Unfortunately, as mentioned in Section 5.1, 

aggregates formed via different mechanisms may have similar or identical fractal 

dimension. Therefore, it is important to compare the known aggregation 

mechanisms of biological floes with models to determine if equivalent fractal 

dimensions are meaningful or coincidental. This section compares aggregation 

mechanism crossover, particle/cluster bonding, and particle/cluster motion of 

biological and model aggregates. 
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Biological aggregation is more complex than inorganic aggregation because 

microbial attachment is a function of substrate concentration, and microbes grow 

and divide. When excess substrate is available cells may collide and not stick. As 

the substrate concentration decreases and growth is limited, ramieera bacteria 

produce cellulose fibrils, which increases the sticking efficiency of cells (Deinema 

and Zevenhuizen 1971). This suggests that aggregation of £. ramigera could begin 

in a reaction-limited regime and cross over into another regime as the sticking 

efficiency increases. This phenomena has not been simulated by any of the 

computer models found in the literature. §. cerevisiae cultures flocculate more 

rapidly than Z. ramigera cells. Therefore, the sticking efficiency of yeast may 

change from 0% to some other value in a short period of time. This suggests that 

a crossover does not exist, or that it happens very rapidly. Since the models do 

not account for cross over, §. cerevisiae aggregates may mimic computer models 

more than Z. ramigera aggregates. 

Z. ramigera cells attach by fibrils; cell wall contact between adjacent cells is 

not necessary for attachment to occur. Photographs of Z. ramieera aggregates 

indicate that the fibrils are slightly longer than an average cell and the distance 

between adjacent cells is typically one cell length (The Procaryotes 1981). 

Inorganic particles, and particle attachment in computer models, however, requires 

particle contact. Also, model aggregates are comprised of particles and empty 

spaces. £. ramigera aggregates are comprised of cells, empty spaces, and cellulose 

fibrils. The concentration of cellulose fibrils in an aggregate has not been 

determined, so this deviation from the models may or may not be significant. £. 

cerevisiae aggregates form from covalent bonds, which is a close approximation 

of the bonding that occurs in the model aggregates. 
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Particle motion of real aggregates is controlled by three coagulation 

mechanisms: Brownian diffusion, shear, and differential settling (Hunt 1980). 

Particle motion of the model aggregates is controlled by diffusion-limited, 

reaction-limited, and ballistic aggregation (Meakin 1988). Diffusion-limited 

aggregation simulates Brownian diffusion with a sticking efficiency of 100%. 

Reaction-limited aggregation also simulates Brownian diffusion, but the sticking 

efficiency is reduced. Ballistic aggregation simulates differential settling at a 

sticking efficiency of 100%. 

Although shear coagulation is the dominant coagulation mechanism in water 

and waste water coagulation systems, there is no aggregation model in the fractal 

literature which simulates shear coagulation. Aggregation of Z. ramieera in the 

Virtis reactor was likely controlled by shear coagulation. In the rotating test tube 

experiments, cells coagulate by Brownian, shear, and differential settling 

mechanisms, with differential settling being the least dominant. A test tube 

clamped to the rotator sits in a nearly horizontal position. Consequently, the 

settling depth is too shallow for differential settling to occur. Since there is no 

method to calculate shear in a rotating test tube, it is unclear whether Brownian 

diffusion or shear is the dominant coagulation mechanism in the rotating test 

tube experiments. Therefore, comparing the fractal dimension of the computer 

model aggregates to %.* ramieera aggregates cultured in the Virtis reactor is not 

appropriate, and may not be appropriate for the rotating test tube experiments. 

Differential settling is an important coagulation mechanism in water and 
* 

waste water clarifiers, so the ballistic models may be applicable to real 

aggregation systems. However, the concept of sticking efficiency as applied in the 

computer models is incomplete compared to coagulation theory. The concept of 

sticking efficiency is defined by McCave (1984) as collection efficiency and is 
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equal to the sticking efficiency times the probability of encounter. For ballistic 

aggregation to accurately simulate differential settling the sticking efficiency and 

the probability of encounter must both equal 100%. McCave (1984) shows that 

when a settling aggregate is about to collide with a particle, the particle can 

move around the aggregate with the fluid streamline. For the collision to occur, 

the particle must deviate from the fluid streamline. Larger sized particles have a 

higher probability to deviate from the fluid streamline than smaller sized particles 

(McCave 1984). 

Ballistic monomer-cluster aggregation occurs by fixing the position of a seed 

particle and introducing particles from a random position with an equivalent 

direction of motion. If an incoming particle is on a collision course with the seed 

particle, an aggregate is formed. There is no accounting for particles moving 

around the aggregate in the fluid streamline. Therefore, the path of the incoming 

particle in the ballistic model does not accurately represent the true particle 

motion in differential settling. 

Ballistic cluster-cluster aggregation occurs by fixing the position of a 

seed cluster and introducing clusters from random positions with an equivalent 

direction of motion. Again, there is no accounting for cluster movement around 

the aggregate in the fluid streamline. However, since the incoming clusters are 

larger, deviation from the fluid streamline is more likely to occur in a system 

under differential settling. Therefore, ballistic cluster-cluster aggregation should 

more accurately simulate differential settling than ballistic monomer-cluster 
« 

aggregation. 

Comparing the D3 value of Z. ramieera aggregates cultured in test tubes 

with the computer model aggregates suggests that Z. ramieera aggregates form via 

cluster-cluster aggregation. The Z. ramieera D3 value is 1.94 +.18 based on the 
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normalized aggregate largest dimension (Eq. 4.6 Table 4.4). Assuming the D3 

value equals 1.94, comparison with the computer model D3 values in Figure 2.2 

suggests that £. ramieera aggregates form via ballistic cluster-cluster aggregation. 

From the above discussion, however, ballistic aggregation is not considered the 

dominant mechanism. Table 2.4 shows that particle restructuring within the 

aggregate increases the D3 value. Therefore, ramieera aggregates with a D3 

value of 1.94 could form via diffusion-limited cluster-cluster aggregation followed 

by intra-aggregate cell restructuring. Since £. ramieera aggregates bond from 

fibrils instead of cell wall contact, and since shear coagulation may be the 

dominant coagulation mechanism, it is not certain whether the comparison with 

the models is meaningful or coincidental. 

Comparing the D3 values of §. cerevisiae aggregates cultured in test tubes 

with the computer models suggests that £. cerevisiae aggregates form from 

monomer-cluster cell collisions. The D3 value, 2.86 +.33 (Eq. 4.6 Table 4.6), 

nearly encompasses all three rate limiting mechanisms (reaction, ballistic, and 

diffusion limited) within a standard error. If the aggregation is diffusion-limited, 

then particle restructuring would seem likely to occur. Ballistic aggregation is not 

considered to be dominant. If the aggregation is reaction-limited, then particle 

restructuring may or may not occur. 

The above discussion does not consider the effect of cell concentration on 

the fractal dimension. Meakin (1988) reported that D3 values can increase with 

cell concentration. Therefore, cell concentration, not particle restructuring may 

cause the D3 value of Z. ramieera to exceed the diffusion-limited cluster-cluster 

D3 value, and for the D3 value of S- cerevisiae to exceed the diffusion-limited 

monomer-cluster D3 value. 
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5.7 Power Law Relationships 

This section discusses the development of two power law relationships, A ~ 

N2/D3f and i_e _ ld^-3 por relationships, alternative relationships are 

developed and discussed. 

Area-number scaling:The validity of the area-number scaling relationship 

has never been proven in the literature. The only study found in the literature 

that uses the area-number relationship was Medalia (1967). From ballistic 

monomer-cluster model aggregates, with 73 particles or less, Medalia (1967) 

determined that A ~ N-®', or D3 = 2.30. The D3 value for ballistic 

monomer-cluster aggregation however, equals 3.0 not 2.30. Meakin (1988) states 

that the D3 value was incorrect because the aggregates used by Medalia (1967) 

are too small to be in the scaling regime. This suggests that Medalia's methods 

were incorrect, but that the area-number scaling relationship is valid. However, 

no researcher has proven this to be the case. 

Equations 4.7 and 4.8 from Tables 4.4-4.7 show D3 values of Z. ramieera 

aggregates equal to 4.35 and 3.92 for experiments 1 and 2, and 3.92 for §. 

cerevisiae aggregates for experiment 3. The correlation coefficients equaled .95, 

.85, and .81 respectively. These D3 values exceed the theoretical limit of three 

(Mandlebrot 1982), and they can not be dismissed due to low correlation 

coefficients. 

Meakin (1988) states that A - jsj2/D3. no development or explanatory 

remarks are offered. This relationship, however, can be developed by substituting 

L ~ NVD3 into A ~ L^, although A ~ applies to Euclidean shapes only. 

For fractal aggregates A ~ which yields A ~ N^/D3 ***. Substituting DI 

values (Dl = 1.20, 1.15, and 1.07 for experiments 1, 2, and 3) from Eq. 4.2 
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in Tables 4.1-4.3 reduces the D3 values to 3.62, 3.41, and 3.66. These values are 

still higher than the theoretical limit. Li and Ganczarczyk (1989) determined that 

Z. ramieera floss have a D1 value of 1.65 from aggregate circumference instead 

of aggregate largest dimension. Substituting this D1 value, the Z. ramieera D3 

values are reduced to 2.64 and 2.38 for experiments 1 and 2. This is greater than 

the D3 range of 1.80-1.94 for experiment 1 (Table 4.4), and less than the D3 

range of 2.87-2.99 for experiment 2 (Table 4.5). Regardless of the D1 value 

selected, for the area-number D3 values to be consistent with the D3 range of 

values above, the area-number D3 value for experiment 1 must be less than the 

D3 value for experiment 3, which is not the case. Biological aggregates exhibit 

scaling from area-number relationships, however, the resulting D3 values for A -

N2/D3 are not correct, and the D3 values from A - n2/D3 D1 ^o not agree 

with other relationships. The use of area-number relationships to determine the 

fractal dimension of biological aggregates appears to be incorrect. 

Porosity-length scaling; As stated in Section 2.3.4 of the literature review, Li 

and Ganczarczyk (1989) determined D3 values from aggregate size and settling 

velocity data by using Stokes law to calculate the floe effective density. From 

Stokes law, peff ~ U/L^ and from experimental evidence U ~ L^, where C is 

some exponent. Combining these two relations yields: peff ~ L^-2 (Li and 

Ganczarczyk 1989). Since peff ~ L^"^, n and Ganczarczyk (1989) determined 

the fractal dimension by setting the exponent C-2 = D3-3 or C+l = D3, and U 

~ L^3-l, This is identical to the result (Eq. 2.22, Section 2.2.4) which Hunt 

(1985) derived by substituting peff - into Stokes law. However, Eq. 2.20 

of Section 2.3.4, which incorporates the fractal relation A ~ L^/*-^, states that U 

LD3+l-2/Dl 
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In Table 2.4, D3 values determined from Stokes law were presented for 

several aggregate types. For these aggregates, the only D1 value in the literature 

is for trickling filter effluent aggregates, D1 = 1.1 (Li and Ganczarczyk 1989). 

D3 = 1.73 for the trickling filter aggregates (Table 2.4), which was calculated 

from U ~ L^-lf so U ~ L*^. However, Eq. 2.20 predicts that .73 = 

D3+I-2/D1, and D3 = 1.55. If A ~ L^/^l is used in the development of Stokes 

law instead of A ~ L^, the D3 value of trickling filter aggregates is reduced 

from 1.73 to 1.55. 

It appears that the D3 values in Table 2.4, which are derived from Stokes 

law, are too high by the amount 2-2/Dl. Therefore, the activated sludge D3 

values, 1.4-2.09, reported in Table 2.4 should be reduced by the amount 2-2/Dl. 

Also the marine snow (Alldredge and Gotschalk 1988) D3 value of 1.4 should be 

reduced by the amount 2-2/Dl. To apply Stokes law to determine D3 values, it 

seems that D1 values must also be calculated. 

5.8 Suggestions for Future Research 

Many of the experimental methods embodied in this research, such as 

sketching floes, counting cells, determining the floe projected surface area, and 

floe characteristic lengths required laborious hand calculations. There are two 

resulting disadvantages: the number of data points obtained is limited by time 

constraints, and the accuracy of the data is dependent upon numerous hand 

calculations. 

Since fractal analysis of randomly generated aggregates requires data 

averaging (Meakin 1988), it is beneficial to have a large data set. For this 

research, 48 floes were averaged into six or seven data points prior to the 

regression analysis. Meakin (1986) however, averaged hundreds of aggregates into 
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eight data points prior to his regression analysis. To analyze large numbers of 

biological floes the data acquisition process could be automated with image 

analysis equipment. This would also reduce the number of hand calculations 

required and the risk of error. 

A second refinement would be to monitor the flocculation time of each 

culture while data is taken. In this research, time was not a controlled variable; 

cultures were inoculated approximately 24 hours prior to an experiment, but the 

time was not recorded. If time dependent data were obtained, the aggregation 

mechanisms could be monitored more closely. This is important because two 

aggregates with identical fractal dimensions can have different aggregation 

mechanisms. For example, the RLCA model in Figure 2.2 has a fractal 

dimensions of 2.09 and DLCA models with particle rearrangement have fractal 

dimensions from 1.80-2.18. Therefore, an aggregate with a fractal dimension of 

2.09 could be formed by RLCA or DLCA followed by particle rearrangement. 

The fractal dimension for a RLCA aggregate is constant with time, but the 

fractal dimension for a DLCA aggregate with particle rearrangement increases 

from an initial value of 1.80 to a final value of 2.18. Intermediate values are also 

possible for partial particle rearrangement. Therefore, time dependent data 

provides additional information for identifying aggregation mechanisms. 

Devising a method to monitor flocculation time is not trivial. Since the lag 

period for cell growth will vary, recording the inoculation time would not 

suffice. If growth of the culture was monitored prior to flocculation, a baseline 
I 

time could be established for a specific cell density. Then as each floe is sized, 

the time could be recorded. One drawback to this approach is that individual 

floes will form at different times. However, if a large number of floes were 

analyzed, data averaging may mitigate the effect of floes forming at different 
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times. Another possible drawback is that the production of cellulose fibrils, which 

initiates flocculation, may vary with cell density. Preliminary experiments would 

be required to establish a correlation of cell density with the onset of 

flocculation. 

Another desirable refinement would be to size smaller and larger floes. This 

research sized floes from 590-3260 um in largest dimension, whereas Schaefer 

(1984) analyzed much smaller floes from 27-10,000 angstroms. A larger size 

distribution improves the chances for observing a cross over from one aggregation 

mechanism to another. Tambo and Watanabe (1979) calculated effective density as 

a function of aggregate size from Stokes law. They observed an aggregation 

mechanism cross over at approximately 100 microns for clay-aluminum floes. 

With the methods employed in this research, this cross over would not have been 

detected. Larger floes could be sized by viewing the floes through a lower 

magnification under the microscope. Sizing smaller floes would require a more 

sophisticated refinement. Floes smaller than about 600 um are difficult to see and 

therefore difficult to pipet. 

The primary goal of the suggestions for future research discussed above is 

to more accurately determine the fractal dimension of biological aggregates over a 

wider aggregate size, and to obtain time dependent data. Since much of the 

information learned from fractal geometry involves comparing fractal dimensions 

of different aggregation systems, more accurate fractal dimensions will make these 

comparisons more exact. In this research the standard errors were so large that 
I 

comparisons with other systems were hindered. The methods employed in this 

research were not well suited for analyzing smaller aggregates. Therefore, cross 

over into different aggregation mechanisms for smaller aggregates could not be 

detected. Also the methods employed in this research do not consider the effects 
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of aggregation over time. Identical fractal dimensions could be arrived at by a 

single aggregation mechanism, or a combination of aggregation mechanisms. In 

order to distinguish between the two, time dependent data must be obtained. 
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6.0 CONCLUSIONS 

The four primary objectives of this research were: 1) to show that microbial 

aggregates are fractal, 2) to classify the method of aggregate formation by 

comparison of the magnitude of the fractal dimension with computer derived 

fractals, 3) to calculate aggregate porosity as a function of aggregate length, 4) to 

calculate the fractal dimensions and porosity for Z. ramieera cultures under 

different hydrodynamic conditions. The conclusions are summarized below by 

objective. 

1) Z. ramieera aggregates cultured in test tubes were determined to be 

fractal with fractal dimensions of D3 = 1.94 ±.18, and D1 = 1.20 +.12. However, 

the fractal dimensions of Z. ramieera aggregates cultured in a mixed reactor were 

within the range of values expected for Euclidean objects, with fractal dimen

sions of D3 = 2.87 +.29, and D1 = 1.15 +.13. A comparison of the D3 values 

obtained from porosity-length and number-length power law relationships for Z. 

ramieera. indicate these bacterial aggregates have a self similar structure. Fractal 

dimensions obtained for the yeast §. cerevisiae aggregates cultured in test tubes 

were also within the range of Euclidean values with D3 = 2.86 +.33, and D1 = 

1.07 +.06. 

2) A comparison of the D3 values obtained for Z. ramieera with D3 values 

from computer models suggests that Z. ramieera aggregates cultured in test tubes 

form via cluster-cluster collisions. The kinetic rate limiting mechanism (diffusion, 

reaction, or ballistic) was not precisely determined because the D3 value plus or 
I 

minus the standard error (1.94 ±.18) overlapped all three mechanisms. Since the 

aggregates were cultured in test tubes in a nearly horizontal orientation ballistic 

aggregation is considered unlikely. If the D3 value is assumed to equal 1.94 then 

the Z. ramieera aggregates may form via diffusion-limited, cluster-cluster 
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aggregation followed by intra-aggregate particle restructuring. Comparing the D3 

values of Z. ramieera aggregates cultured in the Virtis reactor to computer 

models is deemed inappropriate because fractal computer models do not account 

for shear. The D3 values for £. cerevisiae aggregates cultured in test tubes 

suggests that the aggregates form via monomer-cluster collisions. The D3 values 

are within the range expected for aggregates that form by either 

diffusion-limited, monomer-cluster aggregation with intra-aggregate particle 

restructuring or reaction-limited monomer-cluster aggregation. However, computer 

models do not accurately simulate microbial aggregation processes since cell 

attachment is a function of substrate concentration, and since computer models do 

not simulate shear coagulation. 

3) Z. ramieera and §. cerevisiae aggregates are highly porous. The average 

porosity for Z. ramieera aggregates cultured in test tubes equaled .93 +.05, for Z. 

ramigera aggregates cultured in a mixed reactor, .97 +.02, and for S. cerevisiae 

aggregates cultured in test tubes, .95 +.03. 

4) D3 and D1 values are a function of the hydrodynamic environment. 
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