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ABSTRACT 

Fractal dimensions of aggregates formed under natural and 

engineered fluid environments were investigated. Latex 

microsphere aggregates were generated under two separate 

hydrodynamic environments. Fractal dimensions were determined 

using power law relationships and relationships with slopes 

of aggregate size distributions. Aggregate properties were 

measured with a particle counter and an image analysis system. 

Aggregates generated in a paddle mixer and a rolling cylinder 

had D3 fractal dimensions of 1.92+0.04 and 1.59+0.16, 

respectively, indicating rolling cylinder aggregates are more 

fractal than paddle mixer aggregates. Fractal dimensions of 

marine snow aggregates were determined from image analysis of 

in-situ aggregate photographs at two different research 

facilities. Fractal dimensions from the two facilities were 

equal, indicating this analysis technique is independent of 

equipment and analyst. Fractal dimensions were determined for 

sloughed biofilm aggregates in trickling filter affluent aged 

under four different fluid environments. D1 and D2 fractal 

dimensions were 1.29+0.03 and 1.71+0.04, respectively, and 

remained unchanged. 
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1.0 INTRODUCTION 

Formation of aggregates and subsequent removal from 

water columns by gravity settling has proven to be critical 

to the operation of engineered water treatment, wastewater 

treatment, and natural marine systems. Coagulation rates in 

these systems are a function of the fluid-mechanical 

environment and nature of the primary particles. Efforts to 

better understand these systems are focusing on attempts to 

characterize the rates of formation and the morphology of 

aggregates (Hunt 1980, Jiang and Logan 1991). 

Studies have shown that aggregate formation and removal 

by gravity settling is the primary mode of transport of 

organic and inorganic material from surface mixed layers to 

bottom sediments of seas (Shanks and Trent 1979). This flux 

is a nutrient source for deep sea and benthic organisms and, 

therefore, an important link in sediment formation and marine 

food cycles. Marine snow is a class of macroscopic 

aggregates consisting of a conglomeration of fecal pellets, 

clay and mineral particles, living and decaying 

phytoplankton, remains of appendicularian houses, and various 

other materials. Marine snow aggregates are fragile and 

amorphous/ and found throughout the water column of most 

seas. In-situ measurements indicate these aggregates are 

roughly 0.1 to 100 mm in size, with settling velocities 

ranging from 10 to 200 m/day (Alldredge and Gotschalk 1988). 
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Sedimentation, or gravity settling, is one of the most 

widely used unit operations in water and wastewater treatment 

for removal of particulate, biological, and chemical floes 

from the water column. One example is the removal of 

sloughed biofilm floes from trickling filter effluent. The 

trickling filter is a fixed-bed, biological treatment process 

consisting of a large, open tank filled with a bed of highly 

permeable media. Wastewater is continuously distributed over 

the media and percolated down to collecting underdrains. The 

filter media acts as a support for biological growth 

(biofilm), which degrades organic material present in the 

wastewater. The biofilm consists of a biological community 

including aerobic, anaerobic, and facultative bacteria, 

fungi, algae, and protozoans. Cell mass continuously 

accumulates in the biofilm until excess cell mass is 

periodically sloughed off and removed within the effluent. 

Sloughed cell material, or biofilm floes, are removed from 

the effluent in a settling tank. 

Aggregates, such as sloughed biofilm and marine snow, 

typically have irregular morphologies with properties that 

are difficult to measure. Properties of interest are those 

which effect coagulation and settling velocity, such as size, 

density, and porosity. Previous coagulation studies have 

assumed spherical aggregates (Hunt 1980). Traditional 

methods of characterizing aggregate morphology have been with 
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shape factors and signature waveforms (Li and Ganczarczyk 

1989) . Shape factors provide quantitative measurements of 

aggregate departure from spherical shape, but these 

techniques fail to include details of aggregate boundaries. 

Signature waveforms are Fourier analyses of aggregate 

projections transformed into waveforms. Besides being 

difficult to calculate, signature waveforms are indeterminate 

for highly irregular shapes. 

Fractal geometry (Mandelbrot 1982) provides a method for 

the characterization of highly irregular aggregate 

morphologies. A fractal is an object having a constant shape 

that is independent of magnification; this is referred to as 

scale invariant self-similarity. Fractal geometry is a 

branch of mathematics that uses power law relationships 

similar to those used in Euclidean geometry. Fractal power 

law relationships, however, have variable exponents called 

fractal dimensions. The concept can be more clearly 

demonstrated by considering an example comparing fractal and 

Euclidean geometry. Beginning with two identical spheres, 

one of the spheres can be transformed into a fractal by 

cutting away parts of it (Figure 1.1). Assume the fractal 

maintains a characteristic length or size (1) equivalent to 

the sphere diameter (d) . The volume (V) of the sphere is 

proportional to the diameter raised to a power of 3.0, while 

the volume of the fractal is proportional to its size raised 
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\ 

Euclidean Fractal 

V^-d3 (1-1) V=c3P3 (1-2) 
6 

A^d2 (1-3) A=cf2 (1-4) 
4 

P=nd1 (1l5) P=c/^ O-6) 

Figure 1.1 Comparison of Euclidean and fractal geometry. 
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to some power less than 3.0, called the 3-dimensional fractal 

dimension (D3) of the fractal. Similarly, the projected area 

(A) of the sphere is proportional to the diameter raised to 

a power of 2.0, while the projected area of the fractal is 

proportional to its size raised to some power less than 2.0, 

called the 2-dimensional fractal dimension (D2) . It follows 

that the projected perimeter (P) of the sphere is 

proportional to the diameter raised to a power of 1.0, while 

the projected perimeter of the fractal is proportional to its 

size raised to some power greater than 1.0, called the 1-

dimensional fractal dimension (D.,) . Higher degrees of 

morphological complexity coincide with fractal dimensions 

which depart further from corresponding Euclidean exponential 

values. Fractal dimensions, unlike shape factors, are not 

simply measures of departure from spherical shape. 

Incorporating more details of aggregate boundary, fractal 

dimensions are a measure of the degree of morphological 

complexity and irregularity (chaos). Note that the size of 

the fractal is not required to be the maximum diameter, as it 

is in the above example. Radius of gyration, geometric mean, 

minimum diameter, and other parameters can also be used to 

represent aggregate size. Choice of size, however, has a 

negligible effect on fractal dimensions (Wilkinson 1989). 

If sizes, volumes, projected areas, and projected 

perimeters are known for a group of aggregates, all three 
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fractal dimensions can be calculated from relationships 

illustrated in the example above. Size, projected area, and 

projected perimeter of aggregates can be measured with image 

analysis or other methods. Unfortunately, measurements of 

aggregate volumes are potentially difficult or impossible due 

to the small size and irregular shape of aggregates. 

Therefore, different relationships must be used to calculate 

D3 for aggregates. 

Factors affecting fractal dimensions of coagulated 

aggregates are: initial particle concentration, sticking 

efficiency of the particles (chemical and biological surface 

properties), and chemical and hydrodynamic conditions of the 

solvent. Higher initial particle concentrations produce 

denser, less fractal, aggregates due to increased particle 

penetration into the cluster (Kolb et al. 1986). Higher 

particle sticking efficiency produces increasingly tenuous, 

or more fractal, aggregates due to decreased particle 

penetration into the cluster (Witten and Cates 1986). The 

hydrodynamic environment of coagulation controls the 

coagulation mechanisms, which also affect fractal dimensions 

of aggregates, as further discussed below. 

Several studies have shown that aggregates of both 

inorganic (Lin et al. 1989, Weitz et al. 1985, Schaefer et 

al. 1984, Matsushita et al. 1984, Forest and Witten 1979) and 

organic (Li and Ganczarczyk 1989, Zahid 1987, Logan and 
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Wilkinson 1990) aggregates are fractal. Substantial evidence 

also suggests fractal dimensions can be used to identify 

coagulation mechanisms under which aggregates are formed (Lin 

et al. 1989, Jiang and Logan 1991). 

There were three main objectives to this study: (1) to 

determine the effects of two different controlled 

hydrodynamic environments on fractal dimensions of standard 

particle aggregates generated in the laboratory, (2) to 

determine fractal dimensions of marine snow aggregates from 

in-situ photographs, and to compare these results with the 

same analysis performed at another research facility, and (3) 

to determine the effects of different engineered 

(hydrodynamic) environments on fractal dimensions of sloughed 

biofilm floes over time. 

Four different fractal dimensions were determined for 

standard particle (latex microsphere) aggregates formed in 

two different fluid mixing environments (paddle mixer and 

rolling cylinder apparatus). Aggregate properties were 

measured using both an image analysis system and a particle 

counter. Fractal dimensions were calculated with power law 

and size distribution relationships. Using in-situ 

photographs, fractal dimensions of marine snow aggregates 

were determined and compared with results from another 

research facility. Trickling filter effluent was aged in 

aerated, shaken, stirred, and rotated hydrodynamic 
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environments. Fractal dimensions of the sloughed biofilm 

floes were calculated and compared as functions of age and 

environment. 
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2.0 LITERATURE REVIEW 

Aggregates have been formed under controlled 

environments in laboratories for investigating the transport 

of minerals and nutrients in marine systems, and the 

performance of unit processes in water and wastewater 

treatment facilities. Physical properties of aggregates have 

been measured either in-situ or by transporting the 

aggregates to a laboratory for analysis. An alternative has 

been to form aggregates under controlled laboratory 

environments simulating conditions in the field. 

Measurements of aggregate concentrations and geometrical 

properties have been made with microscopes, image analysis 

systems, particle counters, and a variety of other equipment 

and techniques as described below. 

D1f D2, and D3 fractal dimensions have been calculated for 

several different aggregate types under a variety of 

conditions. Methods for calculating these fractal dimensions 

involve relationships between aggregate properties, such as 

size, projected area, projected perimeter, settling velocity, 

porosity, and slopes of size distributions (Logan and 

Wilkinson 1990, Jiang and Logan 1991). Another fractal 

dimension, called the boundary fractal dimension (Db) , has 

been developed for characterization of relatively dense 

aggregates (Kaye 1989). 
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2.1 Fractal Dimensions of Aggregates 

Fractal dimensions have been calculated for aggregates 

with a wide variety of relationships and techniques. Fractal 

dimension results from the different relationships and 

techniques do not always coincide. Relationships and methods 

that are easy to use and provide accurate and consistent 

fractal dimension results are needed. A review of 

relationships and methods used in previously reported 

research is provided below in this chapter. 

The majority of research has focused on 3-dimensional 

fractal dimensions (D3) of aggregates. Relationships 

developed by Logan and Wilkinson (1990) and Jiang and Logan 

(1991), however, indicate 1 and 2-dimensional fractal 

dimensions (D1 and D2) may be related to the magnitude of D3 

in certain cases. Also, there are two very important 

relationships between D2 and D3: (1) if D3<2.0 then D3=D2, and 

(2) if D3>2.0 then D2=2.0 (Meakin 1988). 

Boundary fractal dimensions are intended for relatively 

dense aggregates, and are readily calculated with image 

analysis equipment and computer programming. 

2.1.1 One-Dimensional Fractal Dimensions 

D1 fractal dimensions have been calculated for aggregates 

with a projected area-size relationship (Eq. 1.6): 
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p~lD1 (2.1) 

where P is projected perimeter, 1 is size, and D, is the 1-

dimensional fractal dimension of the aggregates. D1 equals 

1.0 for Euclidean objects, and is greater than 1.0 for 

fractal objects. Wilkinson (1989) used this relationship to 

determine D1 values of 1.07-1.20 and 1.01-1.07 for Zj_ ramiaera 

and SJJ. cerevisiae aggregates, respectively. Li and 

Ganczarczyk (1989) used a similar relationship between 

aggregate projected area and perimeter to calculate D1 values 

of 1.65 and 1.89 for Z. ramiqera aggregates. 

2.1.2 Two-Dimensional Fractal Dimensions 

D2 fractal dimensions have been calculated for aggregates 

using the relationship: 

( 2 . 2 )  
N~1D 

where N equals the number of particles per aggregate, and D 

is the 2 or 3-dimensional fractal dimension of the 

aggregates. D2 values ranging from 1.26 to 1.85 have been 

calculated for a variety of aggregate types with this 

relationship (Table 2.1). Aggregates must consist of a 2-

dimensional, monolayer of particles for calculation of D2 with 

Eq. 2.2. 
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TABLE 2.1 Two-Dimensional Fractal Dimensions of Aggregates 
Calculated With N~l° 

Aggregate Type D? References 

Metal 1. 66 Matsushita et al. (1984) 

Metal 1. 68 Forest and Witten (1979) 

Computer Model 1. 45-1.50 Meakin (1986) 

Computer Model 1. 66 Meakin (1983) 

Computer Model 1. 26 Feder (1988) 

Computer Model 1. 38 Kolb et al. (1983) 

Computer Model 1. 66 Witten and Sander (1981) 

Bacterial 
Colony 

1. 70-1.85 Matsuyama and Matsushita 
(1992) 
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Another relationship for the calculation of D2 is: 

A~l°2 (2 • 3) 

Logan and Wilkinson (1991) used Eq. 2.3 tc calculate D2 for 

bacterial and yeast aggregates formed in rotated test tubes, 

and bacterial aggregates formed in a bench-top fermentor. 

Bacterial and yeast aggregates formed in rotated test tubes 

had D2 values of 1.69 and 1.92, respectively, indicating 

bacterial aggregates were more fractal than yeast aggregates. 

Bacterial aggregates formed in a bench-top fermentor had a D2 

equal to 1.78, indicating these were also fractal. 

2.1.3 Three-Dimensional Fractal Dimensions 

Eq. 2.2 has also been used to calculate D3 fractal 

dimensions of aggregates (Table 2.2). Computer modelers of 

aggregation have consistently used Eq. 2.2 for calculation of 

fractal dimensions of simulated aggregates. 

Lin et al. (1989) used a method called static light 

scattering to measure D3 values of gold, silica, and 

polystyrene aggregates formed under controlled aggregation 

mechanisms. The method uses the following relationship: 

iCqJ-q^3 (2 • 4) 
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TABLE 2.2 Three-Dimensional Fractal Dimensions of Aggregates 
Calculated With N~1D 

Aggregate Type D^ References 

Yeast 2. 00 Davis and Hunt (1986) 

Yeast 1. 74--2 .23 Hunt (1985) 

Gold 1. 75-•2 .05 Weitz et al. (1985) 

Gold 1. 75 Weitz and Oliveria (1984) 

Silica ' 2 . 12 Schaefer et al. (1984) 

Computer Model 1. 46 Meakin (1988) 

Computer Model 1. 78 Botet et al. (1986) 

Computer Model 2. 03 Kolb (1986) 

Computer Model 2. 00 Botet and Julien (1985) 

Bacteria 1. 79-•2 .99 Wilkinson (1989) 

Yeast 2. 66 Wilkinson (1989) 
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where I(q) is the light intensity, and q is the scattering 

vector. All three colloidal systems had an equivalent D3 of 

1.85+0.1 for diffusion limited cluster aggregation (sticking 

efficiency = 1.0), and 2.10+0.1 for reaction limited cluster 

aggregation (sticking efficiency < 1.0). These D3 values are 

also equivalent within a standard error to D3 results of 

computer modeled aggregates simulating the same aggregation 

mechanisms, indicating aggregation mechanisms of any type of 

aggregate can be identified with fractal dimensions. 

Li and Ganczarczyk (1989) incorporated another scaling 

power from settling velocity-size or density-size 

relationships for calculating D3 values from N~1D: 

U~lc (2•5) 

p_lC-2 (2.6) 

where U is settling velocity, p is effective density, and C 

is an exponential constant. Assuming validity of Stoke's 

law, it follows from Eq. 2.6 that 

N~lc+1 (2-7) 

and 

D3=C+1 ( 2 . 8 )  
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The resulting settling velocity-size relationship 

(2.9) 

was proposed by Wilkinson (1989) . D3 values ranging from 1.40 

to 2.85 were calculated with this approach using data from 

previously reported aggregate settling velocity tests and 

effective density measurements (Table 2.3). 

Logan and Wilkinson (1990) incorporated D3 into the 

relationship developed between aggregate porosity (p) and 

size by Alldredge and Gotschalk (1988) and Logan and 

Alldredge (1989) as: 

Dj values of bacterial and yeast aggregates, and aggregates 

from previously reported porosity-size data were calculated 

with Eq. 2.10 (Table 2.4). D3 fractal dimensions of bacterial 

and yeast aggregates were 1.8+0.3 and 2.9+0.5, respectively. 

D3 values of general and diatom marine snow aggregates were 

1.39+0.15 and 1.52+0.19, respectively. D3 values of normal 

and filamentous bioreactor aggregates were 1.3 and 1.0, 

respectively. 

(i-p)-i0'-3 (2.10) 
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TABLE 2.3 Three-Dimensional Fractal Dimensions of Aggregates 
Calculated With Reported Settling Velocity and 
Effective Density Data 

(From Li and Ganczarczyk 1989) 

Aggregate Type D, References 

Activated Sludge 1. 45-•2. 00 Li and Ganczarczyk (1989) 

Ferric 2. 61-•2. 85 Lagvankar and Gemmell (1968) 

Alum 2. 30-•2. 32 Boadway (1978) 

Alum 1. 59-•1. 97 Tambo and Watanabe (1979) 

Activated Sludge 1. 40 Tambo and Watanabe (1979) 

Clay-Iron 1. 92 Tambo and Watanabe (1979) 

Clay-Magnesium 1. 91 Tambo and Watanabe (1979) 

Activated Sludge 1. 44-•1. 49 Magara et al. (1976) 

Activated Sludge 1. 70-•2. 07 Mitani et al. (1983) 

Trickling Filter 1. 73 Zahid (1987) 

(From Logan and Wilkinson 1990) 

Marine Snow 1. 26 Alldredge and Gotschalk 
(1988) 

Estuarine 1. 78 Gibbs (1985) 

Lacustrine 1. 39-1. 69 Hawley (1982) 

Oceanic 2 . 14 

Oceanic 1. 94 

Oceanic 1. 57 Kajihara (1971) 
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TABLE 2.4 Three-Dimensional Fractal Dimensions of Aggregates 
Calculated With Reported Porosity and Size Data 

Aggregate Type References 

Marine Snow 
(general) 

1. 39±0.15 Alldredge 
(1988) 

and Gotschalk 

Marine Snow 
(diatom) 

1. 52+0.19 Logan and 
(1989) 

Alldredge 

Bioreactor 
(normal) 

1. 3 Tambo and Watamabe (1979) 

Bioreactor 
(filamentous) 

1. 0 Tambo and Watanabe (1979) 

Zooaloea ramiaera 1. 8±0. 3 Logan and 
(1990) 

Wilkinson 

Saccharomvces 
cerevisae 

2. 9±0.5 Wilkinson (1989) 
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Recognizing that the approach taken by Li and 

Ganczarczyk (1989) relied on the validity of Stoke's law, 

Logan and Wilkinson (1990) attempted to develop an aggregate 

settlingvelocity-size relationship more suitable for fractal 

aggregates. Eq. 2.2, 2.3, and 2.10 were combined with a 

force balance equation on a settling particle (Bird et al. 

1960), resulting in: 

u„1d3+I-'>2 (2.11) 

D2 is incorporated in this relationship eliminating the 

Euclidean assumption that A~l2 for fractal aggregates. Eq. 

2.11, however, still carries the assumption that drag 

coefficients derived for impermeable spheres (Stoke1s law) 

apply to fractal aggregates. D3 values were calculated with 

Eq. 2.11 using data reported from marine aggregate settling 

velocity studies and assuming a D2 of 2.0 (Table 2.3). When 

D2 equals 2.0, Eq. 2.11 simplifies to Eq. 2.9, the 

relationship used by Li and Ganczarczyk (1989). D2 results 

in Table 2.1, and for bacterial and yeast aggregates (Logan 

and Wilkinson 1991), are significantly lower than 2.0, 

suggesting the D3 values reported in Table 2.3 are 

overestimated. It should be noted that when D2 equals 2.0 

(i.e. Euclidean objects) Eq. 2.11 simplifies to Stoke's law 

(U~l2) . 
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Jiang and Logan (1991) derived relationships between 

fractal dimensions and slopes of steady-state aggregate-size 

distributions. Theoretical size distribution functions, 

originally derived by Hunt (1980) assuming spherical 

particles, were revised for application to fractal 

aggregates. Individual expressions of fractal aggregate 

properties, such as mass, volume, density, porosity, and 

settling velocity, were derived for use in development of the 

fractal aggregate-size distribution functions. Again, the 

drag coefficient derived for impermeable spheres in Stoke*s 

law was assumed to be applicable to fractal aggregates. The 

drag coefficient (CD) expression (White 1974): 

CD=(24/Re)+[6/(1+v^e") ]+0.4 (2.12) 

was converted into an empirical power law function of the 

Reynold's number (Re): 

CD=aRe"b (2.13) 

Constants a and b were determined so Eq. 2.13 matched Eq. 

2.12 for different ranges of Re. The resulting settling 

velocity relationship with aggregate size 
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u<_1(D3-H3-02)/(2-b) (2.14) 

remained essentially unchanged from Eq. 2.11, only differing 

when Re>0.l. Development of the size distribution functions 

required four assumptions also made by Hunt (1980) : (1) 

aggregate-size distributions are steady-state, with a 

constant source of primary particles and larger aggregates 

removed by sedimentation; (2) certain aggregate size ranges 

have one predominating coagulation mechanism; (3) a constant 

sticking efficiency throughout the distribution; (4) single 

parameter characterization of each coagulation mechanism. 

Hunt (1980) determined particle size ranges where the 

coagulation mechanisms predominate (Table 2.5). Fractal 

aggregate size distribution functions in terms of volume and 

size were derived for each coagulation mechanism. Fractal 

dimensions appear in slope (derivative) expressions of all 

but one of these size distribution functions (Table 2.5). 

Slopes were calculated from previously reported aggregate-

size distributions for calculation of D3. Slopes from 

aggregate-size distributions expressed in terms of equivalent 

diameter (recorded with resistance type particle counters) 

were corrected with the following equation: 

sv=(Sl-2)/3 (2.15) 
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TABLE 2.5 Slopes and Fractal Dimensions From Discrete 
Aggregate Size Distributions Assuming Steady State 
(Jiang and Logan 1991) 

Coagulation Brownian Shear Differential 
Mechanism Sedimentation 

Size Range <2 2-40 >40 
(Mm) 

Sv _ 3 
2 - 3 ('-A) 

_ 3 _ 1 ^ 2+D3-D2
v |  

2 2D3[ 2-b J 

Observed - 1 . 9 0 , - 2 . 1 3  1 to
 

• CO
 

to
 

to
 

U
) 

Slopes 

sl 
f D3l l + _ 
I 2 J 

_ (D3+5) 

2 
if 2+D3-D,) 

-  X  3 +D3+ 3  2  

2( 3  2-b J 

Observed - 2 . 6 5  - 3 . 7 , - 4 . 4  - 4 . 6 5 , - 5 . 3  
Slopes 

D, 2 . 4 0 - 3 . 7 5  1 . 6 1 - 2 . 3 1  
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where st is the size distribution slope in terms of equivalent 

diameter, and sy is the corrected slope in terms of aggregate 

volume. D3 values from shear coagulation and differential 

sedimentation studies ranged from 2.4-3.75 and 1.61-2.31, 

respectively. One drawback to this method was the extreme 

sensitivity of calculated D3 values to changes in slopes of 

the size distributions. This might be a reason for 

calculated D3 results which were higher than 3.0. 

Jiang (1992) proceeded to derive relationships between 

D3 and slopes of non-steady state discrete size distributions 

of fractal aggregates: 

P3= 1+Sl (2.16) 
3 l+sv 

where st and sv are slopes of corresponding non-steady state, 

aggregate-size distributions in terms of size and volume, 

respectively. Jiang (1992) has suggested using cumulative 

size distributions to obtain more accurate slope 

measurements. However, size distributions used by Hunt 

(1980) and Jiang and Logan (1991) were discrete. Cumulative 

size distributions of aggregates have a smoother shape than 

discrete size distributions and therefore it is easier to fit 

a slope to the data. Slopes of cumulative and discrete size 

distributions are related by: 



34 

s<v=sv+l (2.17) 

s<t=sl+l (2.18) 

where s<v and s<t are slopes of cumulative size distributions 

in terms of aggregate volume and size, respectively. Eq. 

2.17 and 2.18 are only valid for corresponding linear 

portions size distributions. The relationship between D3 and 

slopes of non-steady state, cumulative size distributions is 

obtained by combining Eq. 2.16, 2.17, and 2.18: 

D3=f±i (2.19) 
S<„ 

which is valid for any corresponding linear or non-linear 

portions of the size distributions. These relationships 

between D3 and slopes of non-steady state size distributions 

(Eq. 2.16 and 2.19) are valid for all three coagulation 

mechanisms, unlike slopes of steady state size distributions, 

which have different relationships for each coagulation 

mechanism. 

2.1.4 Boundary Fractal Dimensions 

Boundary fractal dimensions (Db) of aggregates are 

obtained from a relationship between aggregate projected 

perimeter and the box size of an overlying grid: 
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p~y1-°b (2.20) 

where P is projected perimeter, y  is box size, and Db is the 

boundary fractal dimension of the aggregate. Originally 

developed by Kaye (1989), the technique involves observing 

the projected aggregate boundary on a grid of known box size. 

Projected perimeter is estimated by the product of the box 

size and number of boxes intersected by the aggregate 

boundary. As the box size is reduced, the estimated 

projected perimeter approaches the actual value. This 

technique is implemented using computer programs and an image 

analysis system. 

2.2 Measurement of Aggregate Properties 

Measurement of aggregate properties is difficult due to 

the small, usually microscopic, size of the aggregates. 

Fractal aggregates also have highly irregular shapes that are 

difficult to quantify. The objectives of aggregate property 

measurement for fractal analyses are: to obtain accurate 

measurements without altering the fragile structure of the 

aggregates, and to obtain measurements of a high number of 

aggregates within a practical amount of time for 

statistically significant accuracy. Aggregate parameters to 

be measured include size, volume, projected area, projected 

perimeter, and number of particles per aggregate. Equipment 
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and techniques that measure a high number of aggregates 

accurately and quickly without altering the morphologies of 

the aggregates are needed. 

Several different types of equipment and techniques have 

been used to measure aggregate properties for fractal 

analyses. Image analysis systems and particle counters are 

the most popular (Li and Ganczarczyk 1989). These and other 

equipment and techniques that have been used are summarized 

below. 

2.2.1 Image Analysis 

Image analysis systems measure geometrical properties of 

objects such as particles and aggregates. An image analysis 

system consists of a camera, monitor or digitizing pad, and 

a computer containing the image analysis software. The 

camera can be equipped with a 35 mm lens for analyzing large 

objects, or mounted on a microscope for observing smaller 

objects. Objects viewed by the camera are projected on the 

monitor, and computer software converts the projection into 

a black-and-white, or digitized, image. The digitized image 

is then analyzed by the computer software for number, size, 

projected area, projected perimeter, and other properties of 

the objects. The total number of pixels in the monitor or 

digitizing pad limits the sensitivity of the system. 

Contrast between objects and their backgrounds is extremely 
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important. Objects on a background of similar color or 

brightness will not be defined accurately by image analysis. 

Matsuyama and Matsushita (1992) used an image analysis 

system to measure radius of gyration and projected area 

(number of pixels) for fractal analyses of bacterial 

colonies. Photographs of the colonies were analyzed with a 

digital image analysis system. The relationship between size 

and number of particles per aggregate (Eq. 2.2) was used to 

calculate fractal dimensions. D2 fractal dimensions of seven 

different bacterial strains ranged from 1.70 to 1.85 (Table 

2.1) . 

Li and Ganczarczyk used an image analysis system to 

measure size, projected area, and projected perimeter for the 

fractal analysis of activated sludge floes (1989). Samples 

were prepared by agar solidification (Morand 1965, and Li 

1985). Floes were transferred by pipet to a Petri dish, and 

10 mL of 1.5% regular agar solution at 50°C added. Floes were 

uniformly distributed in the dish by gently rotating it 

before solidification of the agar. They claimed that 

solidification of the agar stabilized the floes without 

altering aggregate morphology. A relationship between 

aggregate settling velocity and size (Eq. 2.9) was used to 

calculate fractal dimensions. Resulting D3 fractal dimensions 

ranged from 1.45 to 2.0 (Table 2.3). 
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2.2.2 Particle Counter 

Particle counters determine number and mass or volume of 

particles in liquid suspensions. Particle counters consist 

of a conductive fluid in a glass tube with a small hole or 

aperture. An electrical current flows across the aperture 

between two electrodes, through which particle suspensions 

are pumped. Particles passing through the electrical current 

cause resistance, which is monitored by a computer. The 

computer records the number and magnitude of the resistance. 

Standard sized particles are used to calibrate the magnitude 

of resistance, and different aperture sizes can be used for 

various ranges of particle sizes. 

The complexity of shape or surface roughness of 

particles have a negligible effect on particle counter 

measurements (Allen 1981). Particle counters have been 

claimed to be unsuitable for analysis of highly porous 

aggregates (Li and Ganczarczyk 1991) due to likely distortion 

and breakage of these aggregates by the pressure of flow 

through the small aperture. However, Hunt (1980) found that 

a particle counter was capable of measuring size 

distributions of clay aggregates. 

A common method of reporting size distributions from 

particle counter data has been in terms of aggregate 

equivalent diameter (Faist 1980, Hunt 1980, and Li and 

Ganczarczyk 1991). Equivalent diameter, which is the 
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diameter of a sphere of equal volume as the aggregate, 

underestimates the maximum size, 1, of the aggregate (Jiang 

and Logan 1991). 

Particle counters have been used to measure aggregate 

size distributions, but never originally for the purpose of 

calculating fractal dimensions. Jiang and Logan (1991) used 

previously reported particle counter data to calculate 

fractal dimensions from relationships with slopes of 

aggregate size distributions, as described above (Section 

2.1.3) . 

2.2.3 Other Methods 

If size and projected area are the only aggregate 

geometrical properties needed, simpler methods can be used 

without the necessity of expensive equipment. A drawback to 

simpler methods is the longer amount of time required, which 

results in smaller, statistically less significant data sets. 

Logan and Wilkinson (1991) isolated single bacterial and 

yeast aggregates from rotated test tube cultures for sizing. 

Samples were transferred from suspensions to a Petri dish by 

pipet with the tip cut for a larger opening. The Petri dish 

contained a 2-mL drop of solution which provided enough 

dilution so that single aggregates could be transferred from 

the dish to a well slide by pipet. The aggregates were then 

sketched by viewing the slides on a microscope under 10X 
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power. Aggregate sizes and projected areas were determined 

from the sketches, and used in a projected area-size 

relationship (Eq. 1.4) for the calculation of D2 fractal 

dimensions. The number of particles (cells) per aggregate 

(N) were determined by dispersing the cells within individual 

aggregates, preparing filter slides, and performing direct 

microscopic counts of the number of cells. This data was 

then used in Eq. 2.2 for the calculation of D3 fractal 

dimensions. Resulting D2 values for bacterial and yeast 

aggregates were given above in Section 2.1.2. 
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3.0 METHODS AND MATERIALS 

Three different types of aggregates were studied; latex 

microsphere, marine snow, and sloughed biofilm. Latex 

microsphere aggregates were generated in the laboratory using 

both a paddle mixer and a rolling cylinder apparatus. The 

marine snow aggregates were formed in their natural 

environment, in coastal waters of the Pacific Ocean near 

Santa Barbara, California. Sloughed biofilm aggregates were 

obtained from the effluent of full-scale trickling filters at 

a municipal wastewater treatment facility. After transport 

to the laboratory, the sloughed biofilm aggregates were aged 

under four different hydrodynamic environments. Aggregate 

properties were measured by image analysis and a particle 

counter. Four different fractal dimensions were calculated 

using the relationships presented below. 

3.1 Latex Microsphere Aggregates 

Fractal dimensions of latex microsphere aggregates 

generated in two different engineered environments were 

compared. Fluoresbrite Carboxylate Microspheres with yellow-

green color and 0.92 nm diameter were obtained from 

Polysciences, Inc. The microspheres were 2.5% latex, and 

stored in a solution of deionized water at a concentration of 

approximately 5.81E+10 microspheres/ml. For this research 

the microspheres were diluted in an artificial seawater 
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coagulation of approximately 4E+06 microspheres/ml. 

Microsphere concentrations were measured by optical 

absorbance (A600) . 

Results of an experiment testing two different methods 

for measurement of dispersed microsphere concentrations 

indicated optical absorbance is more accurate than turbidity. 

The relationship between optical absorbance and microsphere 

concentration was linear, while turbidity versus 

concentration was nonlinear (Figure 3.1). Optical 

absorbance, therefore, was used for all measurements of 

microsphere concentrations in this research. 

3.1.1 Coagulation Environments 

Microspheres were coagulated in two different 

hydrodynamic environments created in the laboratory at room 

temperature (23°C) using both a paddle mixer and a rolling 

cylinder apparatus. 

Three 1 L beakers filled with 800 mL of microsphere-

seawater solution were placed on a Phipps and Bird Six Paddle 

Stirrer (model 7790-400). The apparatus consisted of six 

stainless steel stirring paddles mounted on a frame and 

driven by a variable speed electric motor. Paddle heights 

were adjusted to mid-depth of the solution, and the stirring 

speed set at 30 rpm. 
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TABLE 3.1 Artificial Seawater Recipe (Riley and Skirrow 1965) 

Compound Concentration 
(g/L) 

NaCl 24.014 

MgCl2 5.095 

Na2S04 4.007 

CaCl2 1.127 

KC1 • 0.679 

NaHCOj 0.196 

KBr 0.098 

H3BO3 0.027 

SrCl2 0.025 

NaF 0.003 

TDS 35.271 
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FIGURE 3.1 Concentration measurements of dispersed latex 
microspheres (0.92 /^m diameter). 
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The shear velocity (G) imparted to the solution calculated 

from a force balance on the paddle was 30 sec"1 (Appendix A) . 

The rolling cylinder apparatus consisted of two rollers 

mounted horizontally on a frame. A variable speed electric 

motor drove one roller while the other roller spun freely. 

The position of the free spinning roller was adjustable to 

accommodate different container sizes. Eight, round, 60 mL 

glass bottles with straight ends, wide mouths, and screw caps 

were filled with microsphere-seawater solution for 

coagulation on the rolling cylinder apparatus. Teflon cap 

liners (Dyn-A-Med) were installed to prevent adherence of 

microspheres to the inside of the bottle caps. The bottles 

were completely filled by capping them while submerged in a 

1 L beaker full of microsphere-seawater solution. This 

procedure avoided entrapment of any air bubbles which would 

interfere with solid body rotation of the solution within the 

bottles. The filled bottles were then placed on the 

apparatus, and the rotational speed set to 7.5 rpm. 

3.1.2 Aggregate Sampling 

Microsphere aggregates from the paddle mixer were 

sampled by pipet every 12 hours for three days. Portions of 

each sample were set aside for analysis with the particle 

counter, and the remainder diluted and filtered onto 0.2 /xm 

Poretics polycarbonate membrane filters pre-stained black by 
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the manufacturer. A range of dilutions were prepared and 

filtered for each sample. Filters were then placed on slides 

and held in place with immersion oil for microscopic 

examination and image analysis. 

Aggregates from the rolling cylinder apparatus were 

sampled with a pipet by removing and opening a bottle every 

24 hours for eight days. Once opened, bottles were not 

further used. The rotational speed had to be checked and 

adjusted back to 7.5 rpm after removal of each bottle." 

Samples were prepared for image analysis and the particle 

counter with the same procedures used for the paddle mixer 

apparatus. 

3.1.3 Sample Analysis 

The image analysis system used consisted of a video 

camera, monitor (512x512 pixels), and a personal computer 

containing image analysis software (Olympus Cue-2). Slides 

of the fluorescent microsphere aggregates were analyzed under 

4OX and 100X power by connecting the camera of the image 

analysis system to a microscope (Olympus BH-2) equipped with 

a mercury lamp (Chiu Technical Corporation Mercury-100). 

Calibrations of the system were performed by tracing known 

distances between scored lines on a Petroff-Hausser bacteria 

cell counter. Aggregate-size distributions of each sample 

were measured by analyzing randomly selected fields on the 
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slides under 40X power until a minimum of 2,000 analyzed 

aggregates accumulated for each sample. Aggregates with 

maximum diameters less than 3.0 pm were excluded from 

analyses for two reasons: to avoid analyzing Euclidean 

primary particles, and to match the size range analyzed by 

the particle counter. Measured and recorded aggregate 

properties included: maximum, minimum, and average diameter, 

projected area and perimeter, and shape factor. Size 

distributions were expressed in terms of maximum diameter 

(size). 

Analyses of aggregates for boundary fractal dimensions 

were performed under 100X power by image analysis in 

conjunction with an external computer program developed by 

Jiang (1992). The external computer program automatically 

generated projected perimeter-box size relationship data 

individually for 25 randomly selected aggregates. 

Unfiltered portions of microsphere aggregate samples 

were analyzed with an Elzone 180 XY resistance-type particle 

counter (Particle Data, Inc.) equipped with a 48 /zm orifice 

tube and a 200 iiL volumetric tube. The conductive fluid, or 

electrolyte, used in the particle counter and for sample 

dilution consisted of a 3% NaCl-distilled water solution 

filtered twice through 0.2 jLtm polycarbonate membrane filters. 

Calibrations were performed with standardized 5 /zm and 15 /Ltm 

latex microspheres. Set at log 10 scale, the measurable size 
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range of aggregates was approximately 3-25 nm. Samples were 

diluted to a level where a minimum of 2,000 aggregates were 

analyzed without excess coincidence. Aggregate-size 

distributions were expressed in terms of equivalent diameter, 

and converted to terms of aggregate volume. 

3.1o 4 Calculation of Fractal Dimensions 

D, and D2 values of microsphere aggregates were 

determined with projected perimeter-size and projected area-

size power law relationships (Eq. 1.4 and 1.6). Power law 

relationships were linearized by performing log-log 

transformations (Table 3.2). Slopes of the linearized 

equations equal the fractal dimensions, and were calculated 

by linear regressions of data from the aggregate-size 

distributions measured by image analysis. 

Db values were determined with Eq. 2.20, which is also 

a power law relationship. The slope of the linearized form 

of the relationship is in terms of Db (Table 3.2). As stated 

above, the computer program automatically generated projected 

perimeter-box size data for 25 selected aggregates. Data for 

each aggregate were plotted on a graph. Slopes were 

calculated for linear portions of the graphs by linear 

regression. Db values were then calculated from the slopes. 

D3 values were determined from relationships with slopes 

of steady and non-steady state, fractal aggregate-size 
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TABLE 3.2 Aggregate Power Law Relationships 

Equation Linearized Form Slope Eg. # 

P=c1l°1 log(P) = logfc,) + D^ogtl) D1 1.6 

A=c2lDz log (A) = log (c2) + D2log(l) D2 1.4 

P=Ŷ b log(P) = (l~Db) log(Y) 1-Db 2.20 

•A DJ D, 
A=CN log(A)=log(c)+_ilog(N) — 

d3 d3 
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distributions. Aggregate-size distributions in three 

different formats were used: discrete, discrete-data 

averaged, and cumulative. All three formats were expressed 

in terms of aggregate size (image analysis data) and volume 

(particle counter data). Table 3.3 contains a summary of 

relationships between D3 and slopes of aggregate-size 

distributions in the discrete format (Table 2.5 and Eq. 

2.16), where slope equations from Table 2.5 have been solved 

for D3. As indicated in Table 2.5, these relationships depend 

on the assumption of steady or non-steady state aggregate-

size distributions (Section 2.1.3). For the steady state 

assumption, D3 values can be determined from slopes of size 

distributions in terms of aggregate size or volume. The non-

steady state assumption requires slopes in terms of both size 

and volume for the determination of D3 values. D3 

relationships for the steady state assumption also depend on 

the coagulation mechanism that forms the aggregates. 

Relationships under Brownian diffusion were not used because 

aggregates in the Brownian diffusion size range (<2 /xm) were 

excluded from size distributions in this research (Hunt 

1980) . Slopes of discrete aggregate-size distributions with 

the data-averaged format were also used in Table 3.3 for 

calculation of D3 values. Data-averaging was performed by 

calculating the geometric mean of every four data points in 

the discrete aggregate distributions. Every four data points 
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TABLE 3.3 Relationships Between D3 and Slopes of Steady and 
Non-Steady State Aggregate Size Distributions in 
the Discrete Format 

Coagulation 
Mechanism 

Size 
Range 
(Aim) 

D3 
(steady 
state in 
terms of 
volume) 

^3 
(steady state in 
terms of size) 

, * (non-
steady 
state) 

Brownian <2 —2s^—2 l+st 
1+Sv 

Shear 2-40 
3 

2sv+3 

-2st-5 l+st 
1+sv 

Differential 
Sedimentation 

>40 
-ib-l+D, (2b-4)st+3b+D2-8 l+st 
2 * 3-b 1+SV 

l+4sv-2bsv 
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were then replaced with respective geometric means for the 

discrete-data averaged aggregate distributions. Equations in 

Table 3.3 were converted with relationships between slopes of 

discrete and cumulative size distributions (Eq. 2.17 and 

2.18) for the calculation of D3 values from slopes of 

aggregate-size distributions in the cumulative format (Table 

3.4) . 

Portions of aggregate-volume distributions used for 

slope measurement should contain aggregates within an 

equivalent size range to the size range of aggregates from 

slope measurements in corresponding aggregate-size 

distributions measured by image analysis. This was 

accomplished by approximating aggregate-volume distributions 

from the particle counter in terms of aggregate size. Eq. 

1.2 and two assumptions were used for the approximation: (1) 

the smallest aggregate measured by the particle counter had 

a size of 3.0 ^m, and (2) D3=D2. The first assumption is 

based on a spherically arranged aggregate of 10 microspheres, 

which contains a solid volume equal to the volume of the 

smallest aggregate detected by the particle counter in this 

research. The second assumption is valid only when D3<2.0 

(Meakin 1988) . D3 was assumed equal to the value of D2 

calculated for aggregates in the size distribution measured 

by image analysis with the projected area-size power law 

relationship (Eq. 1.4). The coefficient in Eq. 1.2 (c3) was 
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TABLE 3.4 Relationships Between D3 and Slopes of Steady and 
Non-Steady State Aggregate Size Distributions in 
the Cumulative Format 

Coagulation 
Mechanism (steady 

state in 
terms of 
volume) 

Brownian 

D3 
(steady state in 
terms of size) 

°3 
(non-
steady 
state) 

-2s <i s<i 
S„, 

-2s .-3 
Shear 3 s<i 

2s<v+l "IX 

Differential 
Sedimentation 

--b-l+Dp 
2 * 

1+ (4-2b) s<v 

(2b-4) (s<t-l)+3b+D2-8 s<L 
3^b 
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estimated using the two assumptions and the volume of the 

smallest aggregate measured by the particle counter. Sizes 

of aggregates in aggregate-volume distributions measured by 

the particle counter were then approximated using the assumed 

D3 value and the estimated coefficient (c3) in Eq. 1.2. 

Linear portions of distributions were used whenever available 

for more accurate slope measurements. 

3.1.5 Control Experiment 

The analysis of aggregates with the image analysis 

system used for this research required operator judgements of 

light levels that would accurately defined aggregate 

morphologies. Proper choice of a light level resulted in 

digitized images of aggregates that closely resembled the 

aggregates as viewed through the microscope. A control 

experiment testing the level of accuracy in selecting light 

levels and measuring aggregate projected areas was performed 

with microsphere aggregates generated in the paddle mixer 

experiment. 

A major benefit of using latex microspheres in aggregate 

studies is that they are all equal in size and shape within 

the manufacturer's standard error. Microsphere volume, 

projected area, projected perimeter, and other properties can 

be calculated using the microsphere size specified by the 

manufacturer. If the number of microspheres per aggregate 
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(N) is determined, aggregate solid volume (V) can be 

calculated by 

V=NV0 (3.1) 

where V0 is the solid volume of a microsphere. If filtered 

aggregates consist of a monolayer of microspheres lying on 

the filter surface, aggregate projected area (A) can be 

calculated by 

A=NA0 (3.2) 

where A0 is the projected area of a microsphere. Projected 

areas of microsphere aggregates calculated with Eq. 3.2 equal 

the true projected areas of the aggregates assuming a 

monolayer of microspheres on the filter and equal size and 

shape of the microspheres. The control experiment consisted 

of comparing calculated projected areas (Eq. 3.2) of 

microsphere aggregates with projected areas measured by image 

analysis of the same aggregates. Two hundred microsphere 

aggregates within the size range of 3-10 /xm (determined by 

image analysis) were randomly selected from slides prepared 

for the paddle mixer experiment. Direct counts of the number 

of microspheres in aggregates under the microscope with 

multiple layers of stacked microspheres on the filters were 

not feasible. Therefore, only aggregates consisting of a 
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monolayer of microspheres on the filters were selected. The 

number of microspheres per aggregate (N) were determined by 

direct counts under 100X power. Projected areas of the 

aggregates were calculated with Eq. 3.2. The same aggregates 

were then analyzed under 4OX power with the image analysis 

system for size and projected area. 

The resulting projected areas of aggregates measured by 

image analysis are compared with projected areas of the same 

aggregates calculated with Eq. 3.2 graphically in Figure 3.2. 

Projected areas of microsphere aggregates measured by image 

analysis were slightly higher than calculated projected 

areas. The reason for the increased area was that the 

fluorescence of the microspheres produced a ring of light 

(halo) around them, making them appear larger than their 

actual size. Halos filled pore spaces between microspheres 

of the aggregates, causing over-estimation of aggregate 

projected areas measured by the image analysis system. This 

halo is a characteristic of the high fluorescence of the 

microspheres, and should not affect image analysis of 

aggregates consisting of non-fluorescent material. 

Effects of the halo on fractal analyses of microsphere 

aggregates were determined with the power law relationship 

between aggregate projected area and size (Table 3.2) using: 
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(3.3) 

where A is projected area, c2 is a coefficient, 1 is size, and 

D2 is the two-dimensional fractal dimension of the aggregates. 

The power law relationship was linearized by a log-log 

transformation: 

The slope of the linearized form equals D2. The D2 value of 

the 200 selected microsphere aggregates for the control 

experiment can be calculated with the projected areas 

measured by image analysis, or the projected areas calculated 

with Eq. 3.2. Both projected areas were used to calculate D2 

values for comparison (Figure 3.3). Aggregate sizes were 

measured by image analysis for both methods of projected 

areas. D2 values were 1.86+0.07 and 1.87+0.08 using 

calculated aggregate projected areas and projected areas 

measured by image analysis, respectively. The D2 values were 

equal within a standard error, indicating the halo had a 

negligible effect on fractal analyses of fluorescent 

microsphere aggregates. 

Figure 3.2 also illustrates the log-log transformation 

of a power law relationship between aggregate projected area 

log (A) =log(c2) +D2log(l) (3.4) 
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and the number of microspheres per aggregate: 

A=cN o2/D3 (3.5) 

The slope of the linearized form of Eq. 3.1 equals the ratio 

of D2 over D3 (Table 3.2). A linear regression of the data in 

Figure 3.2 resulted in a slope of 1.0, indicating D2 equals 

Dj for the microsphere aggregates generated with the paddle 

mixer. 

3.2 Marine Snow Aggregates 

Photographs of marine snow aggregates were analyzed for 

fractal dimensions, and compared with a fractal analysis of 

the same marine snow photographs performed at the University 

of California in Santa Barbara. Marine snow aggregates were 

photographed in-situ by A. Alldredge and C. Gotschalk of the 

Marine Science Institute at the University of California-

Santa Barbara (UCSB). Alldredge and Gotschalk photographed 

marine snow during SCUBA dives in the San Pedro Basin and the 

Santa Barbara Channel off the coast of Santa Barbara, 

California in the summer of 1986 during late mornings. 

Photographs were taken in a plane parallel to the direction 

of sinking at a fixed focal distance from the camera lens 

using a wire at a depth of 10-15 m. A transparent ruler 

photographed at the same focal distances as the marine snow 
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provided the scale. Seventy-seven of the photographs (8x10 

inch) taken were suitable for image analysis. Each 

photograph contained only one aggregate. The marine snow 

types in the photographs were classified by A. Alldredge into 

five different categories: diatoms, larvaceans, fecal 

pellets, amorphous, and miscellaneous. 

3.2.1 Photograph Analysis 

Marine snow photographs were analyzed with the image 

analysis system by connecting a 35 mm lens to the camera of 

the image analysis system. The camera was mounted on a stand 

with the lens approximately 1.5 feet above the surface of the 

table. Photographs were placed on the table under the lens. 

The system was calibrated by analyzing the photographs of 

transparent scales taken in-situ at the same focal distances 

of the marine snow photographs. Lighting was provided by the 

fluorescent ceiling lights in the laboratory. All aggregates 

in the photographs were analyzed for their size, projected 

area, and projected perimeter. The computer program 

developed by Jiang (1992) was used for analysis for boundary 

fractal dimensions. 

3.2.2 Calculation of Fractal Dimensions 

Another classification of marine snow was added to the 

classifications made by Alldredge. All aggregates containing 
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minor amounts of miscellaneous material were added into the 

miscellaneous group (total miscellaneous). Dlf D2, and Db 

values were calculated for each individual category of marine 

snow aggregates as determined by Alldredge, and for all 

aggregates combined into one group. The same power law 

relationships and methods used for the microsphere aggregates 

were used for marine snow (Table 3.2). 

3.2.3 Analysis Comparison 

Alldredge and Gotschalk also analyzed 24 of the marine 

snow aggregate photographs using an image analysis system 

(MegaVision) at the Marine Science Institute of the 

University of California at Santa Barbara (UCSB). The 

aggregates were selected from all five of the marine snow 

categories made by Alldredge, and analyzed as one group. 

Aggregate property measurements of the same 24 aggregates 

analyzed in this research at the University of Arizona (UA) 

were used to calculate fractal dimensions at UCSB. The 

resulting marine snow aggregate property measurements and 

fractal dimensions from UCSB and UA were compared 

graphically. 

3.3 Sloughed Biofilm Aggregates 

Sloughed biofilm aggregates obtained from the trickling 

filter effluent were aged under four different hydrodynamic 
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environments to determine the effects of age and hydrodynamic 

environment on fractal dimensions of the aggregates. 

Sloughed biofilm aggregates were obtained from the effluent 

of full-scale trickling filters at Pima County Wastewater 

Division's Roger Road municipal wastewater treatment facility 

in Tucson, Arizona. The temperature was approximately 70° F 

in the late morning of February 4, 1991. Trickling filter 

effluent samples were transported to the Environmental 

Engineering Laboratory at the University of Arizona in a 

cooler on ice. 

3.3.1 Aging Environments 

Biofilm aggregates were aged under four different 

hydrodynamic environments: stirred, shaken, and aerated in 

flasks, and rotated test tubes. Three 150 mL samples of 

trickling filter effluent were prepared in 250 mL flasks. 

One sample was aerated with 0.213 L/min of air through an 

aeration diffuser at the bottom of the flask. A cotton 

stopper covered the flask opening. Another sample was 

covered with a cotton stopper and placed on a shaker table 

(Lab-Line) set at 100 rpm. The third sample was stirred with 

a magnetic stir bar (1.5 inch) while covered with a cotton 

stopper. A fourth hydrodynamic environment was created by 

connecting a test tube (30mL) half full with trickling filter 

effluent to a test tube rotator (Roto-Torque) set at 32 rpm. 
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3.3.2 Sampling and Analysis 

Samples were taken from each hydrodynamic environment by 

pipet every 24 hours for five days. Well slides of the 

samples were prepared by adding a drop of sample to a well 

slide containing two drops of distilled water. 

Sloughed biofilm aggregates on the prepared slides were 

analyzed under 10X power and direct lighting with the image 

analysis system camera connected to a microscope, similar to 

the method of analysis for the microsphere aggregates' 

explained above. Microscopic fields were randomly selected 

and analyzed until a minimum of 200 analyzed aggregates 

accumulated for each sample. Aggregate properties measured 

included size, projected area, and projected perimeter. 

3.3.3 Calculation of Fractal Dimensions 

D, and D2 fractal dimensions were calculated for each 

sample using the power law relationships in Table 3.2 (Eq. 

1.4 and 1.6). Resulting fractal dimensions from the four 

hydrodynamic environments were compared with each other over 

time. 
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4.0 RESULTS 

4.1 Fractal Dimensions of Microsphere Aggregates 

4.1.1 Paddle Mixer 

Several large microsphere aggregates formed in the 

paddle mixer apparatus containing the microsphere-seawater 

solution within 36 hours and the initially cloudy suspension 

turned clear after 72 hours. Aggregates were sampled after 

3 0 hours. Analyzed aggregates ranged in size from 3 to 70 

Mm. Larger floes estimated to be 2 to 5 mm in size were too 

big to be sampled by pipet end were disregarded. Some 

aggregates settled to the bottom of the jars, while others 

were observed floating at the surface and stuck to the 

stainless steel stirring paddles. 

Power Law Fractal Dimensions: Fractal dimensions, 

standard errors, and correlation coefficients calculated from 

power law relationships for microsphere aggregates generated 

with the paddle mixer are summarized in Table 4.1. 

Aggregates less than 3 /xm in size were excluded from analyses 

and a majority of the aggregates analyzed were less than 40 

/zm in size. The predominating coagulation mechanism of 

aggregates within the size range of 2 to 40 |im is shear (Hunt 

1980). Power law fractal dimensions, therefore, were 

calculated for aggregates within the size range of 3 to 40 
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TABLE 4.1 Power Law Fractal Dimensions of Microsphere 
Aggregates: Paddle Mixer 

Eq. # Equation # of Fractal R2 
Floes Dimension 

1.6 P^l"1 823 1.19+0.01 0.96 

1.4 A=C21D2 823 1.89±0.02 0.92 

2.20 P=y1~°b 25 1.49±0.01 0.99 
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respectively (Figures 4.1 and 4.2). Both D1 and D2 had 

correlation coefficients greater than 0.92. Aggregates 

less than 5 /m in size were grouped into size classes by 

the image analysis system. This is caused by a lack of 

resolution in the image analysis system since for smaller 

aggregate sizes, the resolution of the image analysis 

system becomes limited by the pixel size. D,, and Dz values 

calculated disregarding aggregates below 5 /m in size were 

equal to the D1 and D2 values from aggregates 3 to 40 /m in 

size indicating these lower size class limitations did not 

affect the results. Boundary fractal dimensions were 

calculated for 25 randomly selected aggregates. The 

average Db value and corresponding error for the 25 

aggregates was 1.49+0.01. The Db values had an average 

correlation coefficient of 0.99. 

Size Distribution Fractal Dimensions: Slopes of 

microsphere aggregate-size distributions, standard errors, 

and correlation coefficients from the paddle mixer are 

summarized in Table 4.2. Size distributions in the 

discrete, discrete-data averaged, and cumulative formats 

were all linear within the aggregate-size range of 3 to 10 

/urn (Figures 4.3-4.8). As explained in Chapter 3.1.4, size 

ranges of aggregates were approximated for distributions 

expressed in terms of volume. D3 was assumed equal to the 

D2 value of 1.89 determined above. The size of the 
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TABLE 4.2 Slopes of Microsphere Aggregate-Size Distributions: 
Paddle Mixer 

Distribution Format # of Slope R2 
Floes 

Discrete -volume 1,396 -2.11+0. 06 0.97 

-size 758 -3.07+0. 19 0.93 

-averaged volume 1,458 -2.10+0. 05 1.00 

-averaged size 766 -3.08+0. 06 1.00 

Cumulative -volume 1,396 -1.13+0. 01 1.00 

-size 766 -2.18+0. 01 1.00 
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smallest aggregate measured by the particle counter was 

assumed to be 3 £tm, and aggregate volumes were correlated to 

their approximate sizes (using Eq. 1.2). Lines representing 

this correlation are shown in the aggregate-volume 

distribution graphs (Figures 4.3, 4.5, and 4.7). Aggregate 

size ranges of 3 to 10 were approximated in volume 

distributions with this correlation to match the linear 

aggregate-size range of distributions in terms of size. 

Correlation lines for the case of D3=3.0 are also shown for 

comparison. Discrete size distributions were data-averaged 

by calculating geometric means of every four data points, and 

using the results in place of the four data points. 

Slopes of discrete and discrete-data averaged 

microsphere aggregate-volume distributions were -2.11+0.06 

and -2.10+0.05, respectively (Figures 4.3 and 4.5). 

Corresponding slopes of discrete and discrete-data averaged 

distributions in terms of size were -3.07+0.19 and -

3.08+0.06, respectively (Figures 4.4 and 4.6). Slopes of 

cumulative distributions in terms of aggregate-volume and 

size were -1.13+0.01 and -2.18+0.01, respectively (Figures 

4.7 and 4.8). Correlation coefficients for all slopes of 

discrete distributions were greater than 0.93. Both 

cumulative distributions in terms of size and volume had 

correlation coefficients equal to 1.00. 
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D3 values and standard errors calculated from the slopes 

of microsphere aggregate-size distributions are summarized in 

Table 4.3. Linear portions of the size distributions 

consisted of aggregates within the size range of 3 to 10 urn. 

The predominating coagulation mechanism of aggregates within 

the size range of 2 to 40 /Ltm is shear (Hunt 1980) . However, 

equations corresponding to both the shear coagulation and 

differential sedimentation mechanisms in Tables 3.3 and 3.4 

were used to calculate D3 values. D3 values calculated with 

the shear coagulation equations and the steady state 

assumption in terms of size ranged from 1.15+0.77 to 

1.35+0.06 from the discrete and cumulative distribution 

formats, respectively. D3 values calculated with the shear 

coagulation equations and the steady state assumption in 

terms of volume ranged from 2.38+0.08 to 2.50+0.42 from the 

cumulative and discrete-data averaged distribution formats, 

respectively. D3 values calculated with the shear 

coagulation equations and the non-steady state assumption 

were 1.86+0.53, l.89±0.29, and 1.92±0.04 from the discrete, 

discrete-data averaged, and cumulative distribution formats, 

respectively. D3 values calculated with the differential 

sedimentation equations and the steady state assumption in 

terms of size were less than 1.64 for all three distribution 

formats. D3 values calculated with the differential 

sedimentation equations and the steady state assumption in 
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TABLE 4.3 Three-Pimensional Fractal Dimensions of Microsphere 
Aggregates: Paddle Mixer 

Distribution Steady Steady Non-
Format State- State- Steady 

Size D-, Volume P7 State P7 

Shear 
Coagulation: 

Piscrete 1. 15+0. 77 2. 46+0. 49 1. 86±0. 53 

Piscrete-Pata 
Averaged 

1. 16+0. 26 2. 50+0. 42 1. 89+0. 29 

Cumulative 1. 35+0. 06 2. 38+0. 08 1. 92+0. 04 

Pifferential 
Sedimentation: 

Piscrete 1. 51+0. 38 -0 .12+0 .01 1. 86+0. 53 

Piscrete-Pata 
Averaged 

1. 53+0. 12 -0 .12+0 .01 1. 89+0. 29 

Cumulative 1. 63±0. 02 -0 . 31+0 .01 1. 92±0. 04 

* These P3 values were calculated with the equations in 
Tables 3.3 and 3.4 corresponding to the shear 
coagulation and differential sedimentation mechanisms. 
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terms of volume were negative for all three distribution 

formats. D3 values calculated with the non-steady state 

assumption are equal for all three coagulation mechanisms 

(same equation)• 

4.1.2 Rolling Cylinder Apparatus 

The microsphere-seawater solution within the cylinders 

remained cloudy throughout the eight days of the rolling 

cylinder experiment. The solution therefore did not 

coagulate in the rolling cylinders to the same extent it did 

in the paddle mixer. Nevertheless, many small aggregates and 

some very large, irregularly shaped aggregates formed in each 

bottle. The large, irregularly shaped aggregates were 

visible after 48 hours and grew to sizes of approximately 20 

mm after 6 days. These aggregates were too large to be 

sampled by pipet and were disregarded. Aggregates sampled on 

the seventh day ranged in size from 3 to 13 /xm. 

Power Law Fractal Dimensions: Fractal dimensions, 

standard errors, and correlation coefficients calculated from 

power law relationships for microsphere aggregates generated 

with the rolling cylinder apparatus are summarized in Table 

4.4. D1 and D2 values were 1.14+0.01 and 1.68+0.02, 

respectively (Figures 4.9 and 4.10). Both D1 and D2 had 

correlation coefficients lower than 0.90. Boundary fractal 

dimensions were calculated with the same method as the paddle 
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TABLE 4.4 Power Law Fractal Dimensions of Microsphere 
Aggregates: Rolling Cylinder 

Eq. # Equation # of Fractal R2 
Floes Dimension 

1.6 P=cll°1 2,102 1.14±0.01 0.89 

1.4 A=C2lDz 2,102 1.68±0.02 0.75 

2.20 P=y1~°b 25 1.42+0.06 0.98 
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FIGURE 4.9 One-Dimensional fractal dimension of 
microsphere aggregates generated in a 
rolling cylinder. 
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FIGURE 4.10 Two-Dimensional fractal dimension of 
microsphere aggregates generated in a 
rolling cylinder. 
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mixer experiment. The average Db value and corresponding 

error for the 25 aggregates was 1.42+0.06. The Db values 

had an average correlation coefficient of 0.98. 

Size Distribution Fractal Dimensions: Slopes of 

microsphere aggregate-size distributions, standard errors, 

and correlation coefficients from the rolling cylinder 

apparatus are summarized in Table 4.5. Size distributions in 

the discrete, discrete-data averaged, and cumulative formats 

expressed in terms of volume were all linear within the 

aggregate-size range of 3 to 8 /zm (Figures 4.11, 4.13, and 

4.15). All three size distribution formats expressed in 

terms of size were non-linear (Figures 4.12, 4.14, and 4.16). 

Size ranges of aggregates in distributions expressed in 

terms of volume were approximated with the same methods used 

for the paddle mixer. D3 was assumed equal to the D2 value of 

1.68 determined above. The size of the smallest aggregate 

measured by the particle counter was assumed to be 3 /zm. 

Using these assumptions and Eq. 1.2, aggregate volumes were 

correlated to their approximate sizes. Lines representing 

this correlation are shown in the aggregate-volume 

distribution graphs (Figures 4.11, 4.13, and 4.15). 

Aggregate size ranges of 3 to 8 /zm were approximated in 

volume distributions with this correlation to match the 

linear aggregate-size range of distributions in terms of 

size. Discrete size distributions were data-averaged with 
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TABLE 4.5 Slopes of Microsphere Aggregate-Size Distributions: 
Rolling Cylinder 

Distribution Format # of Slope R2 
Floes 

Discrete -volume 4,269 —3.31+0. 05 0.99 

-size 2, 039 -3.76+0. 28 0.93 

-averaged volume 4,289 —3.51±0. 11 1.00 

-averaged size 2,066 -3.72±0. 45 0.97 

Cumulative -volume 4,269 -2.30+0. 01 1.00 

-size 2,039 —3.66+0. 16 0.97 
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the same methods used for the paddle mixer. 

Slopes of discrete and discrete-data averaged 

microsphere aggregate-volume distributions were -3.31+0.05 

and -3.51+0.11, respectively (Figures 4.11 and 4.13). 

Corresponding slopes of discrete and discrete-data averaged 

distributions in terms of size were -3.76+0.28 and -

3.72+0.45, respectively (Figures 4.12 and 4.14). Slopes of 

cumulative distributions in terms of aggregate-volume and 

size were -2.30+0.01 and -3.66+0.16, respectively (Figures 

4.15 and 4.16). Correlation coefficients for all slopes of 

discrete distributions were greater than 0.93. Cumulative 

distributions in terms of size and volume had correlation 

coefficients of 0.97 and 1.00, respectively. 

D3 values and standard errors calculated from the slopes 

of microsphere aggregate-size distributions are summarized in 

Table 4.6. Again, equations corresponding to both the shear 

coagulation and differential sedimentation mechanisms in 

Tables 3.3 and 3.4 were used to calculate D3 values. D3 

values calculated with the shear coagulation equations and 

the steady state assumption in terms of size ranged from 

2.31+0.65 to 2.51+1.13 from the cumulative and discrete 

distribution formats, respectively. D3 values calculated with 

the shear coagulation equations and the steady state 

assumption in terms of volume ranged from 0.75+0.08 to 

0.83+0.07 from the discrete-data averaged and cumulative 
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TABLE 4 . 6 Three-Dimensional Fractal Dimensions of Microsphere 
Aggregates: Rolling Cylinder 

Distribution Steady Steady Non-Steady 
Format State-Size D3 State-Volume State D3 

Shear 
Coagulation: 

Discrete 2 .51±1. 13 0. 83±0. 05 1. 19+0. 30 

Discrete-Data 
Averaged 

2 .44+1. 79 0. 75±0. 08 1. 08+0. 45 

Cumulative 2 .31+0. 65 0. 83±0. 07 1. 59±0. 16 

Differential 
Sedimentation 

Discrete 2 .10+0. 56 -0 . 03±0 .00 1. 19±0. 30 

Discrete-Data 
Averaged 

2 .06+0. 90 -0 .03+0 .00 1. 08+0. 45 

Cumulative 3 .00+0. 32 -0 . 05+0 .00 1. 59±0. 16 

* These D3 values were calculated with the equations in 
Tables 3.3 and 3.4 corresponding to the shear 
coagulation and differential sedimentation mechanisms. 
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distribution formats, respectively. D3 values calculated with 

the shear coagulation equations and the non-steady state 

assumption were 1.19+0.30, 1.08+0.45, and 1.59+0.16 from the 

discrete, discrete-data averaged, and cumulative distribution 

formats, respectively. D3 values calculated with the 

differential sedimentation equations and the steady state 

assumption in terms of size were greater than 2.0 for all 

three distribution formats. D3 values calculated with the 

differential sedimentation equations and the steady state 

assumption in terms of volume were negative for all three 

distribution formats. D3 values calculated with the non-

steady state assumption are equal for all three coagulation 

mechanisms (same equation). 

4.2 Marine Snow Aggregates 

Photographs of 77 marine snow aggregates were taken in-

situ off the coast of Santa Barbara, California. The 

photographed aggregates were classified into six different 

categories of marine snow, and analyzed for their fractal 

dimensions with the image analysis system. The aggregates 

ranged in size from 1 to 60 mm. Twenty five of the 

photographs were of diatom aggregates ranging from 2 to 60 mm 

in size. Seventeen of the photographs were of Larvacean 

aggregates ranging from 1 to 11 mm in size. Twenty of the 

photographs were of fecal pellet aggregates ranging in size 
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from 1 to 17 mm. Nine of the photographs were of amorphous 

aggregates ranging in size from 2 to 7 mm. Six of the 

photographs were of miscellaneous aggregates ranging in size 

from 1 to 5 mm. All aggregates containing minor amounts of 

miscellaneous material were added into the miscellaneous 

group and called total miscellaneous. Thirty four of the 

photographs were of aggregates containing at least minor 

amounts of miscellaneous material. Total miscellaneous 

aggregates ranged in size from 1 to 23 mm. Twenty four of 

the photographed aggregates were also analyzed for their 

fractal dimensions with a different image analysis system at 

the Marine Science Institute of the University of California-

Santa Barbara (UCSB) for comparison. 

4.2.1 Fractal Dimensions 

One-Dimensional Fractal Dimensions: D1 values, standard 

errors, and correlation coefficients of the six categories of 

marine snow aggregates are summarized in Table 4.7. All D, 

values were greater than 1.0 (Figures 4.17 to 4.23). The 

amorphous aggregate category had the highest D1 value of 

1.82+0.53 (Figure 4.20). Correlation coefficients, however, 

were less than 0.9 for the amorphous and miscellaneous marine 

snow categories, but both categories consisted of less than 

10 aggregates. The miscellaneous (total) category had the 

lowest D1 value of 1.11+0.07 (Figure 4.22). The entire group 
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TABLE 4.7 One and Two-Dimensional Fractal Dimensions of 
Marine Snow Aggregates 

Group # of 
Floes 

D! R2 R2 

Diatoms 25 1. 30±0. 08 0.92 1. 86±0. 13 0.90 

Larvaceans 17 1. 63±0. 13 0.91 2. 21±0. 17 0.92 

Fecal Pellets 20 1. 19+0. 09 0.90 1. 34+0. 16 0.80 

Amorphous 9 1. 82+0. 53 0.63 1. 63±0. 72 0.42 

Miscellaneous 6 1. 65+0. 29 0.89 1. 49±0. 35 0.82 

* Total 
Miscellaneous 

34 1. 11±0. 07 0.88 1. 28±0. 11 0.81 

Total 77 1. 29±0. 04 0.94 1. 76+0. 06 0.92 

* Not a mutually exclusive group. 
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of all 77 photographed marine snow aggregates analyzed 

together had a D1 value equal to 1.29+0.04 (Figure 4.23). 

Two-Dimensional Fractal Dimensions: D2 values, standard 

errors, and correlation coefficients of the six categories of 

marine snow aggregates are also summarized in Table 4.7. All 

D2 values were less than 2.0, except the larvacean aggregates. 

The fecal pellet aggregate category had the lowest D2 value 

of 1.34+0.16 (Figure 4.19) and the larvacean category had the 

highest D2 value of 2.21+0.17 (Figure 4.18). Fecal pellet, 

amorphous, miscellaneous, and the total miscellaneous 

aggregate groups all had D2 values equal to respective D1 

values within standard errors (Figures 4.19-22). Correlation 

coefficients for those four aggregate groups were less than 

0.83. Diatoms, Larvaceans, and the total group of aggregates 

had correlation coefficients greater than 0.9. The entire 

group of all 77 photographed marine snow aggregates analyzed 

together had a D2 value equal to 1.76+0.06, with a correlation 

coefficient of 0.92 (Figure 4.23). 

Boundary Fractal Dimensions: Boundary fractal 

dimensions were calculated for each individual marine snow 

aggregate. Average Db values, corresponding errors, and 

correlation coefficients for each of the six categories of 

aggregates are summarized in Table 4.8. Average Db values 

were equal for all aggregate categories, except larvaceans 

and miscellaneous. Average correlation coefficients for all 



105 

TABLE 4.8 Boundary Fractal Dimensions of Marine Snow 
Aggregates 

Group # of 
Floes 

Db R2 

Diatoms 25 1.42±0.02 0.99 

Larvaceans 17 1.48±0.05 0.98 

Fecal Pellets 20 1.38±0.03 0.98 

Amorphous 9 1.42±0.02 0.99 

Miscellaneous 6 1.34±0.03 0.97 

* Total 
Miscellaneous 

34 1.39±0.03 0.98 

Total 77 1.42±0.03 0.99 
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aggregate categories were greater than 0.97. The entire 

group of all 77 photographed marine snow aggregates analyzed 

together had an average Db value equal to 1.42+0.03, with an 

average correlation coefficient of 0.99. 

4.2.2 Analysis Comparison 

Projected area measurements made by image analysis 

systems at UCSB and UA of the 24 selected marine snow 

aggregates are compared in Figure 4.24. A 45° line shows 

where the results would lie if measurements from UCSB and UA 

were equal. A majority of the projected area comparisons lie 

near the 45° line, indicating results of the two analyses were 

equivalent. Aggregate size and projected perimeter 

measurement comparisons from UCSB and UA also lie close to 

the 45° line (Figures 4.25 and 4.26). A majority of the 

aggregate projected perimeter measurement comparisons lie 

above the 45° line, indicating aggregate projected perimeter 

measurements from UA were lower than UCSB measurements. 

D1, D2, and Db values calculated with marine snow 

aggregate property measurements from UCSB and UA are compared 

in Table 4.9. D1 values were 1.46+0.13 and 1.37+0.08 from 

UCSB and UA, respectively (Figure 4.27). D2 values were 

1.67+0.14 and 1.88+0.12 from UCSB and UA, respectively 

(Figure 4.28). Db values were 1.49+0.02 and 1.44+0.02 from 

UCSB and UA, respectively. Corresponding fractal dimensions 
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TABLE 4.9 Fractal Dimensions of Marine Snow Aggregates 
Measured at UA and UCSB 

Fractal Dimension UA UCSB 

D1 1.37+0. 08 1.46+0.13 

°2 1.88±0. 12 1.67±0.14 

Dh 1.44±0. 02 1.49+0.02 
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were equal from UCSB and UA within a standard error, except 

the Db values. 

4.3 Sloughed Biofilm Aggregates 

Sloughed biofilm aggregates were aged under four 

different conditions: shaken, stirred, rotated, and aerated. 

Initially, the aggregates were 30 to 450 nm in size with D, 

and D2 values of 1.29 and 1.71, respectively. Aggregates in 

the shaken, stirred, and rotated test tube environments had 

insignificant changes in size after four days. Aggregates 

from the aerated environment decreased in maximum size from 

450 to 330 /im. Fractal dimensions of the sloughed biofilm 

aggregates in each condition did not change significantly 

over four days of aging. Overall fractal dimensions for each 

environment were obtained by calculating average fractal 

dimensions from results of the four days having correlation 

coefficients greater than 0.9 (Table 4.10). D1 values from 

the four environments were equal within a standard error, 

ranging from 1.25+0.04 to 1.31+0.02. D2 values ranged from 

1.68+0.03 for the stirred environment to 1.86+0.05 for the 

rotated test tube environment. 
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TABLE 4.10 Fractal Dimensions of Sloughed Biofilm 
Aggregates Aged Under Different Fluid 
Environments 

Environment D1 R2 D? R2 

Shaken 1. 30±0. 04 0.93 1. 7 6+0. 02 0.93 

Stirred 1. 27+0. 02 0.93 1. 68+0. 03 0.92 

Rotated i. 25±0. 04 0.93 1. 86+0. 05 0.95 

Aerated 1. 31±0. 02 0.92 1. 70+0. 03 0.92 
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5.0 DISCUSSION 

Fractal dimensions are a measure of the degree of 

morphological complexity and irregularity of objects. 

Fractal geometry provides a method for the characterization 

of highly irregular aggregate morphologies. Aggregates 

important to environmental engineering are those formed in 

water treatment, wastewater treatment, and natural systems. 

Past research has established that aggregates formed in 

coagulation processes are fractal (Li and Ganczarczyk 1989, 

Logan and Wilkinson 1991). 

Settling velocity is one of the most important 

characteristics of aggregates to the function of water 

treatment, wastewater treatment, and natural marine systems. 

Aggregate properties such as size, density, and porosity, are 

factors which affect their settling velocity. Relationships 

between fractal dimensions and aggregate settling velocity 

have been developed and investigated (Li and Ganczarczyk 

1989, Logan and Wilkinson 1990, Jiang and Logan 1991). The 

relationship between fractal dimensions and aggregate 

settling velocity is complicated by Euclidean parameters 

inherent from Stoke*s Law, such as the drag coefficient (Cd) . 

The relationship, therefore, is not fully understood. 

Measurement of aggregate parameters, such as size, 

density, porosity, and settling velocity is difficult due to 

the small, usually microscopic size of aggregates, and their 
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highly irregular morphologies. Practical methods for the 

accurate and reliable measurement of aggregate sizes and 

settling velocities have been developed (Alldredge and 

Gotschalk 1988). Porosity and density measurements, however, 

are time consuming and require numerous assumptions 

(Alldredge and Gotschalk 1988, Wilkinson 1989). 

D1, D2, and D3 are the three fractal dimensions most 

commonly used for the characterization of aggregate 

morphologies. D3 is considered the most meaningful of the 

fractal dimensions because it is related to the density, 

settling velocity, and porosity of fractal aggregates. 

Unfortunately, D3 is also the most difficult of the fractal 

dimensions to measure. Relationships used to calculate D3 

values of aggregates include: number of particles per 

aggregate, light intensity and scattering (Lin et al. 1989), 

aggregate settling velocity (Li and Ganczarczyk 1989, Logan 

and Wilkinson 1991), aggregate porosity (Logan and Wilkinson 

1991), and slopes of steady state aggregate size 

distributions (Jiang and Logan 1991). Application of these 

relationships to aggregates is tedious and time consuming, 

and the accuracy of results are uncertain. In contrast, 

measurement of D1 and D2 fractal dimensions of aggregates 

using power law relationships is fast and accurate. 

Application of the power law relationships (Eq. 1.4 and 1.6) 

involves the measurement of aggregate sizes, projected 
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perimeters, and projected areas. These parameters can be 

measured quickly and accurately with image analysis 

equipment. Both D3 and D2 are components of aggregate 

settling velocity relationships developed by Logan and 

Wilkinson (1990) and Jiang and Logan (1991). Also, important 

relationships between D2 and D3 have been derived by Meakin 

(1988). 

This research used relationships from the natural 

progression of the comparison between fractal and Euclidean 

geometry developed in Chapter 1.0 for the calculation of one 

and two-dimensional fractal dimensions. D1 and D2 values were 

calculated with the power law relationships (Eq. 1.6 and 1.4) 

for microsphere, marine snow, and sloughed biofilm 

aggregates. D3 fractal dimensions were calculated for 

microsphere aggregates using relationships with slopes of 

steady state aggregate size distributions developed by Jiang 

and Logan (1991). The relationships were extended for the 

assumption of non-steady state aggregate size distributions. 

Three different distribution formats were investigated: 

discrete, discrete-data averaged, and cumulative. 

5.1 Microsphere Aggregates 

Results of the control experiment demonstrated that 

projected area measurements of microsphere aggregates by 

image analysis are over-estimated due to the halo around them 



118 

caused by their fluorescence. The periphery of the 

aggregates and pore spaces within the aggregates are filled 

with glowing light that registers as aggregate material to 

the image analysis system. Larger aggregates have 

proportionally larger halos, and over-estimation of projected 

area measurements by image analysis are proportional to 

aggregate size (Figure 3.3). Therefore, the slope of the 

projected area-size relationship, or D2, remains unchanged by 

halo. The calculated D2 value of 1.86+0.07 in the control 

experiment was nearly identical to the D2 of 1.87±0.08 from 

image analysis. Although size, projected area, and projected 

perimeter measurements are over-estimated, fractal analyses 

of microsphere aggregates are unaffected by the halo. This 

halo is a characteristic due to fluorescence of the 

microspheres, and would not affect image analysis of 

aggregates consisting of non-fluorescent material. 

The control experiment also revealed that D2/D3 equals 

1.0, or D3=D2, for microsphere aggregates sampled from the 

paddle mixer. The linearized power law relationship between 

projected area and the number of particles per aggregate (Eq. 

3.5) has a slope of D2/D3. For the paddle mixer aggregates, 

D2/D3 was 1.00+0.02 (Figure 3.2). This result is significant 

because of the difficulties involved with D3 measurements. 

If D3=D2, D3 measurement is unnecessary and the associated 

difficulties may be avoided. Meakin (1988) derived two 
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important relationships between D3 and Dz: (1) if D3<2.0 then 

D3=D2, and (2) if D3>2.0 then Dz=2.0. 

Equations corresponding to both the shear coagulation 

and differential sedimentation mechanisms in Tables 3.3 and 

3.4 were used to calculate D3 values. The differential 

sedimentation mechanism equations assuming steady state 

produced negative D3 values for both paddle mixer and rolling 

cylinder aggregates (Tables 4.3 and 4.6). The shear 

coagulation mechanism equations produced D3 values which were 

more reasonable. Also, the aggregates analyzed in this 

research were within the size range determined by Hunt (1980) 

to be predominated by shear coagulation. These results 

indicate the aggregates from the paddle mixer and rolling 

cylinder were formed under predominating shear coagulation. 

This is not a surprise for the paddle mixer, and also agrees 

with the belief that rolling cylinder aggregates are formed 

by particle collisions with the container wall and not by 

differential sedimentation (George Jackson, Texas A&M, 

personal communication) . 

Three different size distribution formats (discrete, 

discrete-data averaged, and cumulative) were investigated for 

their effect on D3 results from relationships with slopes of 

aggregate size distributions. D3 fractal dimensions did not 

differ significantly between the three formats in either the 

paddle mixer or the rolling cylinder (Figures 5.1 and 5.2). 
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Standard errors were larger in the discrete format than the 

cumulative format. Standard errors were also larger for size 

distributions than volume distributions, indicating the 

particle counter produces distributions with more accurate 

slopes than the image analysis system. 

There were major differences between D3 values calculated 

using steady and non-steady state assumptions in both the 

paddle mixer and rolling cylinder. D3 values for paddle mixer 

aggregates, based on the steady state assumption, were less 

than 1.36 and greater than 2.36 from distributions in terms 

of size and volume, respectively (Figure 5.1). The non-

steady state D3 values from the paddle mixer ranged from 1.86 

to 1.92, approximately midway between the steady state 

results from distributions in terms of size and volume. From 

the rolling cylinder, D3 values with the steady state 

assumption were greater than 2.30 and less than 0.84 from 

distributions in terms of size and volume, respectively 

(Figure 5.2). The non-steady state D3 values from the rolling 

cylinder ranged from 1.08 to 1.59. These distinct 

differences between D3 values with the steady state assumption 

in terms of size and volume indicate the aggregate size 

distributions within the paddle mixer and rolling cylinder 

were not at steady state. Correct D3 values in these cases, 

therefore, must be obtained with relationships assuming non-

steady state distributions. The D3 values determined in the 
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rolling cylinder were also highly inaccurate, and should not 

be included in this analysis. Therefore, based on the above 

stated conclusions, the D3 fractal dimensions were 1.92+0.04 

and 1.59+0.16 for the paddle mixer and rolling cylinder 

aggregates, respectively. 

D1 and Db fractal dimensions did not differ significantly 

(within a standard error) between the paddle mixer and 

rolling cylinder aggregates (Figure 5.3). D2 fractal 

dimensions equaled D3 for both the paddle mixer and rolling 

cylinder aggregates within a standard error, supporting the 

results of the control experiment above. These results also 

agree with relationships between Dz and D3 determined by 

Meakin (1988), since D3 was less than 2.0, and D3 equaled D2 

for both the paddle mixer and rolling cylinder aggregates. 

The D2 and D3 values from the paddle mixer and rolling 

cylinder aggregates, the results of the control experiment 

(D2/D3 = 1.0), and the relationships between D2 and D3 

determined by Meakin (1988) provide substantial evidence that 

D3=D2 when D2 is less than 2.0. The more difficult D3 

measurements are unnecessary, therefore, when D2 is less than 

2.0. Logan and Wilkinson (1991) calculated D2 and D3 fractal 

dimensions of bacterial aggregates cultured in rotating test 

tubes and a bench-top fermentor. D2 values for both the 

rotating test tube and bench-top fermentor aggregates were 

less than 2.0. D3 equaled D2 for the rotating test tube 
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aggregates within a standard error. D3 for the bench-top 

fermentor aggregates, however, was much higher than D2. D3 

should equal D2 for the bench-top fermentor aggregates, 

because D2 was less than 2.0. D3 of the bench-top fermentor 

aggregates may be incorrect due to difficulties associated 

with D3 measurements. The corresponding correlation 

coefficient was less than 0.9. 

The D3 fractal dimension of rolling cylinder aggregates 

was lower than the D3 value of aggregates from the paddle 

mixer, indicating rolling cylinder aggregates are more 

fractal than paddle mixer aggregates. Similarly, the D3 

fractal dimension of bacterial aggregates in a rotated test 

tube was lower than the D3 value of aggregates from the bench-

top fermentor (Logan and Wilkinson 1991). Fluid environments 

within the rolling cylinder and rotated test tube may induce 

milder collisions and less particle penetration into 

clusters, generating aggregates that are more fractal. In 

contrast, fluid environments within the paddle mixer and 

bench-top fermentor may induce harder collisions and deeper 

particle penetration into clusters, generating aggregates 

that are less fractal. 

D3 fractal dimensions of both the paddle mixer and 

rolling cylinder aggregates were within the differential 

sedimentation range (1.61<D3<2.31) determined by Jiang and 

Logan (1991) with the steady state assumption (Table 2.5). 
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The paddle mixer and rolling cylinder aggregates analyzed for 

fractal dimensions in this research, however, were within the 

size range predominated by shear coagulation (2 to 40 /itm) 

determined by Hunt (1980). Slopes of aggregate size 

distributions in terms of volume from the paddle mixer 

(discrete format) were within the range of -1.9 to -2.13 

reported by Hunt (1980) for marine particles under shear 

coagulation. Distribution slopes in terms of size from the 

paddle mixer were not within any of the reported ranges. For 

the rolling cylinder, distribution slopes in terms of size 

were within the range of -3.7 to -4.4 reported by Hunt 

(1980), but distribution slopes in terms of volume were not 

within any of the reported ranges. Several factors may 

explain differences between distribution slope and D3 results 

from Jiang and Logan (1991) and from this research. Mainly, 

aggregate size distributions in this research were not in 

steady state as assumed in the analysis by Jiang and Logan 

(1991). Also, Jiang and Logan (1991) used marine particle 

aggregate size distributions determined by Hunt (1980), in 

contrast to latex microsphere aggregates used in this 

research. 
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5.2 Marine Snow Aggregates 

5.2.1 Fractal Dimensions from In-Situ Photographs 

D1f D2, and Db fractal dimensions were calculated for the 

different categories of photographed marine snow aggregates. 

D1 values were greater than 1.0 for all the categories (Figure 

5.4). D2 and Db values were less than 2.0 for all the 

categories, except larvaceans. These results indicate the 

aggregates are fractal. D1 and Dz values indicate fecal 

pellet and miscellaneous . (total) aggregates are more fractal 

than the other marine snow categories. Correlation 

coefficients of fractal dimensions were lower for marine snow 

categories with fewer representative aggregates. The 

amorphous and miscellaneous categories consisted of 9 and 6 

aggregates, respectively, and the fractal dimension results 

were ambiguous due to large standard errors. Categories with 

more representative aggregates had higher correlation 

coefficients and lower standard errors. These results 

indicate minimum numbers of representative aggregates are 

necessary to obtain meaningful fractal dimension 

measurements. Larvacean aggregates were the exception with 

a D2 fractal dimension greater than the theoretical limit of 

2.0. The larvacean category was represented • by 17 

aggregates, and correlation coefficients for the fractal 

dimensions were greater than 0.9. The D2 fractal dimension 
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FIGURE 5.4 Fractal dimensions of different marine snow 
aggregate categories. 
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of the larvacean category may be incorrect due to the 

inability of the image analysis system to detect transparent 

net structures of larvaceans called "houses". Db fractal 

dimensions did not differ significantly between the aggregate 

categories, ranging from 1.3 to 1.5. 

There are no reports of D,, D2, or Db fractal dimensions 

of marine snow aggregates in the literature. Only D3 fractal 

dimensions of marine snow aggregates have been reported. D3 

values of marine snow aggregates were 1.26 and 1.39 from 

settling velocity and porosity relationships (Eq. 2.9 and 

2.10), respectively, and D3 was 1.52 for diatom aggregates 

using the porosity relationship (Logan and Wilkinson 1990) . 

Results of the microsphere aggregate experiments supported 

the relationship between D2 and D3: D3=D2 when D3<2.0 (Meakin 

1988) . Based on those results, D3 can be assumed equal to D2 

when D2 is lower than 2.0. D2 fractal dimensions were 

significantly lower than 2.0 for all the marine snow 

categories in this research except larvaceans. The D2 fractal 

dimension of 1.28+0.11 for the miscellaneous (total) category 

equals the D3 value reported for marine snow from the settling 

velocity relationship within a standard error. The D2 fractal 

dimension of 1.34+0.16 for the fecal pellet category equals 

the D3 value reported for marine snow from the porosity 

relationship within a standard error. The D2 fractal 

dimension of 1.86±0.13 for the diatom category is 
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significantly higher than the previously reported D3 value for 

diatom aggregates calculated from the porosity relationship. 

The previously reported D3 value for diatom aggregates may be 

incorrect due to assumptions of aggregate density necessary 

to calculate porosity. These results indicate fractal 

dimensions of marine snow aggregates can be obtained from 

image analysis of in-situ, photographs. 

5.2.2 Comparison of Fractal Analyses 

The fractal analysis of 24 of the photographed marine 

snow aggregates in this research (UA) was compared with the 

fractal analysis of the same aggregate photographs at the 

University of California-Santa Barbara (UCSB). Image 

analysis systems were used in both analyses. The 24 

aggregates were selected from all of the marine snow 

categories. Projected area, projected perimeter, and size 

measurements of the aggregates were similar from UA and UCSB. 

D1 and D2 fractal dimensions calculated at UCSB were equal to 

the D1 and D2 fractal dimensions calculated in this research 

within a standard error (Figure 5.5). Db fractal dimensions 

also did not differ significantly between UCSB results and 

those obtained here. These results indicate fractal analyses 

of marine snow aggregates by image analysis of aggregate 

photographs taken in-situ are reproducible and independent of 

the image analysis system and analyst. 
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FIGURE 5.5 Fractal dimensions of marine snow aggregates 
measured at UA and UCSB. 
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5.3 Sloughed Biofilm Aggregates 

D1 and D2 fractal dimensions were calculated for sloughed 

biofilm aggregates in four different hydrodynamic 

environments. Aggregates were analyzed for fractal 

dimensions on each day of the four day experiment. D1 and D2 

of the aggregates were initially 1.29 and 1.71, respectively. 

Fractal dimensions of the aggregates did not change 

significantly in any of the four environments during the four 

day experiment (Figures 5.6 and 5.7). Fractal dimensions 

also did not differ significantly between the four 

environments (Figure 5.8). D1 fractal dimensions for all four 

environments were equal within a standard error. Dz fractal 

dimensions were equal within a standard error for three of 

the four hydrodynamic environments. These results indicate 

that neither aggregate age or hydrodynamic environment affect 

the fractal dimensions of sloughed biofilm aggregates. 

Fractal dimensions of sloughed biofilm aggregates have 

been previously reported. D1 and D3 fractal dimensions of 

sloughed biofilm aggregates from trickling filter effluent 

were 1.1 and 1.73, respectively (Li and Ganczarczyk 1989). 

Assuming D3 equals D2, D3 values of sloughed biofilm aggregates 

from this research are similar to the D3 value reported by Li 

and Ganczarczyk (1989). D1 fractal dimensions from this 

research also did not differ significantly from the D1 value 

reported by Li and Ganczarczyk (1989). These results 
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FIGURE 5.6 One-Dimensional fractal dimensions of sloughed 
biofilm aggregates over time. 
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FIGURE 5.7 Two-Dimensional fractal dimensions of sloughed 
biofilm aggregates over time. 
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indicate a consistent nature of sloughed biofilm aggregates 

from trickling filters. 
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6.0 CONCLUSIONS 

There were three main objectives to this research: (1) 

to determine the effects of two different controlled 

hydrodynamic environments on fractal dimensions of standard 

particle aggregates formed in the laboratory, (2) to 

determine fractal dimensions of marine snow aggregates by 

image analysis of in-situ photographs, and to compare these 

results with the same analysis performed at another research 

facility, and (3) to determine the effects of different 

engineered (hydrodynamic) environments on fractal dimensions 

of sloughed biofilm floes over time. The conclusions are 

summarized below. 

1) Latex microsphere aggregates formed in a rolling 

cylinder apparatus were determined to be more fractal than 

those formed with a paddle mixer, with three-dimensional 

fractal dimensions of 1.59+0.16 and 1.92+0.04, respectively. 

D3 values determined using relationships with slopes of size 

distributions in terms of aggregate size and volume and 

assuming steady state were unequal indicating aggregate size 

distributions within the paddle mixer and rolling cylinder 

were non-steady state. Also, D3 was less than 2.0 and equaled 

D2 within a standard error for both paddle mixer and rolling 

cylinder aggregates supporting the relationship between D3 and 

D2 derived by Meakin in 1988 (D3=D2 when D3<2.0). 



138 

2) Fractal dimensions of marine snow aggregates can be 

determined by image analysis of in-situ photographs. One and 

two-dimensional fractal dimensions of marine snow aggregates 

were determined to be 1.37+0.08 and 1.88±0.12, respectively. 

These results were equal within a standard error to D1 and Dz 

values determined for the same photographs at a different 

research facility suggesting that fractal dimension results 

from this analysis technique are independent of image 

analysis equipment and analyst. 

3) Fractal dimensions of sloughed biofilm aggregates are 

unaffected by aging or fluid environment. D., and D2 values of 

sloughed biofilm aggregates from trickling filter effluent 

were 1.29 and 1.71, respectively. These values did not 

change significantly over four days within four different 

fluid environments: aerated, stirred, shaken, and a rotated 

test tube. 
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APPENDIX A: CALCULATION OF SHEAR VELOCITY 

The shear velocity (G) imparted to the microsphere-

artificial seawater solution by the paddle mixer was 

calculated with a force balance: 

P y/2 

VVPfJ 

V = fluid volume = 1.0 L 

uf = fluid viscosity = 0.01 cm2/sec 

P=power=Fv 

F=force = icdAppv, 2 

r = paddle radius = 7.6/2 = 3.8 cm 

Ap = paddle face area = 2.6 x 7.6 = 19.8 cm2 

Cd = coefficient of discharge = 1.2 

vf = vortice velocity = 0.75vp 

vp = paddle velocity = or = 27rrs 

s = paddle speed (rpm) 
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G = 
^(O^Sj'CrfAprV 

\i/a 

vfV 
0. 211CdApr3 (27TS)3 

1/2 

vfV 

._| 0.211(1.2) (19.8) (3 . 8)3 (27T)3 
(0.01)(1,000) 

1/2 

(s/60) 3/2 

G=0. 178S3/2 

If s = 30 rpm: 

G = 0 .178 f 30)3/2 = 30 sec'1 
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